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Abstract

Digital Product Passports (DPPs) are rapidly emerging as core infrastructure for sustain-
able manufacturing, enabling lifecycle transparency, circular economy practices, and
regulatory compliance. This paper presents a comprehensive systematic review of 225
peer-reviewed studies and classifies the field across more than twenty attributes span-
ning study type, sector, data and information modeling, architecture, technology stack,
governance, scalability, and sustainability impact. The analysis of the literature shows
that the field is dominated by conceptual and framework papers, with limited empiri-
cal validation and fragmented modeling practices; blockchain is the most frequently
proposed enabler but raises concerns about scalability, cost, and energy use, pointing
toward hybrid architectures in practice. Regulatory alignment, especially within the EU,
is accelerating, yet global standardization remains uneven, and formalized data mod-
els and modeling languages are inconsistently applied. Sustainability claims are wide-
spread, but robust, comparable indicators and lifecycle assessments are rare, constrain-
ing evaluation of real-world impact. We synthesize these insights into a unified DPP
lifecycle framework based on information inheritance (from components and processes
to products and materials), and outline a research-and-policy agenda that prioritizes (i)
harmonized open standards (e.g., AAS, RDF/OWL, sector schemas), (ii) hybrid, in-
teroperable technical architectures, (iii) measurable impact metrics and verification, and
(iv) inclusive, multi-stakeholder governance with clear roles and incentives. Advancing
along these directions can transition DPPs from policy-driven pilots to scalable, audit-
able infrastructures for digital traceability, resource efficiency, and sustainable industrial
transformation.
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Introduction

The Digital Product Passport (DPP) is defined as a standardized digital record that trav-
els with a product across its lifecycle, providing detailed information on origin, materials,
repairability, reuse, recycling, and overall sustainability attributes [1]. As a key enabler of
circular economy practices, the DPP enhances transparency and data sharing among stake-
holders, thereby supporting sustainability in modern manufacturing. With industries placing
a greater emphasis on sustainability, traceability, and transparency, DPPs offer an alternative
that fits within the context of the circular economy and allow for the abandonment of con-
ventional linear production methods. DPPs assist global sustainability goals by facilitating
responsible production and material reuse by integrating comprehensive information about
a product's materials, environmental impact, and lifetime data into a digital format.

DPPs have been proposed as essential instruments for enabling lifecycle data traceability,
regulatory compliance, and circular product management. By aggregating and exchanging
structured product information throughout a product's lifecycle from design to end-of-life,
DPPs promise to operationalize transparency, sustainability, and informed decision-making
across global supply chains. Figure 1 provides a conceptual overview of the core functions
of DPPs, highlighting how they integrate technological infrastructure, stakeholder interac-
tion, and lifecycle intelligence to support sustainable manufacturing and circular economy
objectives. The capacity to monitor products from the point of production to end-of-life is
essential in sustainable manufacturing. DPPs contribute significantly to this by minimizing
waste, improving recycling procedures, and guaranteeing resource efficiency and material
recovery [2]. DPPs make it possible for stakeholders, including producers, customers, and
recyclers, remanufacturers, and reuse actors to get real-time updates on a product's sta-
tus, including information on its origin, usage, and recyclability. Making educated judg-
ments, maximizing material flows, and enhancing resource recovery all depend on having

Fig. 1 Conceptual overview of
the role of DPPs in sustainable
manufacturing, illustrating their
core functions: lifecycle data
tracking, support for circularity,
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access to such thorough data [3]. Emerging technologies such as blockchain, the Internet of
Things (IoT), and artificial intelligence (AI) have been shown to support DPP deployment
by ensuring data security, enabling real-time monitoring, and offering predictive analytics
for decision-making [4-6]. Applications in the automotive sector [7] and electronics [8]
illustrate how DPPs enable tracking of critical raw materials, support recycling pathways,
and facilitate sustainable product lifecycle management.

Despite their promise, DPP adoption faces significant challenges. One major issue is the
lack of industry-wide standards, which complicates framework development and interop-
erability across global supply chains [9]. Data privacy and intellectual property concerns
further hinder information-sharing, especially in competitive industries like automotive and
electronics [5, 7]. Cost is another barrier, as the infrastructure needed for IoT, blockchain,
and data analytics may be prohibitive for SMEs [10]. Finally, while regulatory initiatives
such as the EU’s Ecodesign for Sustainable Products Regulation provide momentum [9],
global coordination remains limited, creating fragmented standards and compliance frame-
works [5].

This article provides an in-depth examination of DPPs and their role in advancing sustain-
able manufacturing. By synthesizing the most recent research and addressing technological,
regulatory, and industrial dimensions, this study closes identified gaps in standardization,
regulatory integration, and sector-specific applications.

In contrast to prior research, this review focuses exclusively on the integration of DPPs
into sustainable manufacturing methods. While existing literature often centers on techni-
cal aspects such as blockchain or data security, this paper extends the discussion to include
regulatory frameworks and industry-specific adoption barriers. Despite the growing number
of review papers on Digital Product Passports, several systematic gaps remain insufficiently
addressed. First, most existing reviews focus on specific technological enablers (e.g., block-
chain, IoT, or traceability platforms) or single sectors (e.g., batteries, textiles, construction),
without offering a cross-sectoral, multi-dimensional classification of DPP research. Sec-
ond, prior reviews rarely apply a consistent analytical taxonomy spanning study type, data
and information modeling, architecture, scalability, governance, and sustainability impact,
which limits comparability across studies. Third, while sustainability is frequently cited as a
motivation, existing reviews seldom assess how sustainability impact is defined, evidenced,
or measured, leading to largely qualitative or aspirational conclusions. Fourth, the role of
formal modeling languages, data standards, and information inheritance across lifecycle
stages remains fragmented or overlooked, despite being critical for interoperability and
scalability. Finally, most reviews stop at descriptive synthesis and do not consolidate find-
ings into a unified lifecycle-oriented framework that explicitly links DPP design choices to
circular economy and industrial implementation needs.

In response to these gaps, this review pursues four explicit objectives:

(1) to provide a comprehensive, cross-sectoral synthesis of DPP research based on a
structured taxonomy applied consistently across 225 peer-reviewed studies.

(2) to analyze DPP implementations across technical, informational, organizational,
and regulatory dimensions, including study type, data and information modeling, architec-
ture, scalability, governance, and stakeholder involvement.

(3) to critically assess how sustainability impact is conceptualized and evidenced in
the literature, distinguishing between high-, medium-, and partially substantiated claims.
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(4) to propose a holistic DPP lifecycle framework grounded in the principle of informa-
tion inheritance, spanning raw materials, manufacturing, use, maintenance, remanufactur-
ing, and recycling.

Research Questions

Given the exploratory and integrative nature of this systematic literature review, the study
is guided by a set of research questions rather than formal hypotheses. The objective is to
synthesize, classify, and critically assess the existing body of knowledge on Digital Product
Passports in sustainable manufacturing. Accordingly, the review addresses the following
research questions:

RQ1: How is existing DPP research distributed across study types, industrial sectors,
and product categories?

RQ2: What technological architectures, data and information modeling approaches, and
digital infrastructures are proposed or applied in DPP implementations?

RQ3: How are governance models, stakeholder roles, and regulatory alignment
addressed in the DPP literature?

RQ4: How is sustainability impact conceptualized, evidenced, and assessed across
existing DPP studies?

RQ5: To what extent do current studies support a lifecycle-oriented and interoperable
DPP framework spanning design, manufacturing, use, and end-of-life stages?

The remainder of this paper is structured as follows: Sect. "Previous Review Papers on DPP"
reviews previous literature reviews on DPPs and their limitations. Sect. "Methodology"
outlines the methodology used for systematic paper selection and coding. Sect. "Results"
presents the results across multiple analytical dimensions. Sect. "DPP life cycle Frame-
work" develops a comprehensive framework for the DPP life cycle, detailing its role from
raw material extraction through manufacturing, use, maintenance, remanufacturing, and
recycling. Sect. “Critical Discussion” offers a critical discussion of systemic challenges
and opportunities, and Sect. “Conclusions” concludes with actionable recommendations for
research, policy, and industry.

Previous Review Papers on DPP

To identify existing review studies on DPPs, we conducted a structured search across Sco-
pus, Web of Science, and Google Scholar. The search strings combined the terms “Digital
Product Passport” with “review,” “survey,” or “literature review.” We applied the following
inclusion criteria: (i) the paper explicitly focuses on DPP or closely related concepts in cir-
cular economy and sustainable manufacturing; (ii) the study is peer-reviewed and published
in English; and (iii) it provides a structured review, survey, or synthesis of prior litera-
ture. Papers that only mention DPP in passing without providing a substantive review were
excluded. This process initially yielded 34 records, of which 19 met all inclusion criteria
after screening titles, abstracts, and full texts. These 19 papers represent previous review
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studies and are distinct from the main corpus of 225 primary research articles that are sys-
tematically analyzed in Sect. “Methodology”.

The DPP idea has quickly become well-known in conversations about sustainability and
the circular economy. A wide range of frameworks, techniques, and applications are reflected
in the growing body of literature that aims to use DPPs to improve data interchange, trace-
ability, and transparency throughout product lifecycles. This section synthesizes contribu-
tions from 19 key papers, providing a comprehensive view of the state of research on DPPs
and their role in supporting sustainable manufacturing and circular economies. Below is the
timeline showing how the number of DPP review papers has evolved from 2017 to 2024
(Fig. 2). It illustrates a clear acceleration in scholarly interest, after 2020, reflecting both the
growing maturity of the concept and strong policy drivers. Early studies between 2017 and
2019 were sparse and exploratory, but since 2021 the number of reviews has expanded sig-
nificantly, coinciding with the launch of the European Green Deal and the Circular Economy
Action Plan, and most recently the Ecodesign for Sustainable Products Regulation (ESPR)
[9, 10]. These frameworks positioned DPPs as a cornerstone for sustainable production,
material traceability, and compliance, creating strong incentives for researchers to explore
technical, regulatory, and governance aspects of the topic. Recent reviews confirm this shift,
showing a diversification of themes, from blockchain and IoT integration to sector-specific
applications in fashion, batteries, and construction [5, 11, 12] indicating that DPPs have
moved from a niche idea into a mainstream sustainability research domain.

This growth in scholarly output is also reinforced by industrial and market developments.
The global DPP market was valued at over USD 200 million in 2024 and is projected to
expand at an annual growth rate exceeding 30% by 2030 [13], underlining the practical rel-
evance of the field. Industry pilots in textiles, electronics, and batteries demonstrate increas-
ing adoption, with leading fashion brands and automotive manufacturers testing DPPs for
transparency, circularity, and compliance [8, 14]. At the same time, initiatives such as the
European Battery Passport and textile-focused pilots highlight how regulation is being
operationalized through real-world platforms [3, 15]. Together, these academic, regulatory,
and industrial drivers explain the sharp rise in review literature captured in Fig. 2, and they
signal that DPP research is entering a phase of consolidation and empirical validation.

Timeline: Evolution of DPP Review Literature (2017-2024)
10+

Cumulative Number of Review Papers

2017 2018 2019 2020 2021 2022 2023 2024
Year

Fig.2 Evolution of DPP Review Literature (2017-2024)
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Psarommatis and May [16] highlight the potential of DPPs in modern manufacturing
by enhancing transparency and sustainability [1]. Their paper focuses on how DPPs facili-
tate improved information flow across product lifecycles, fostering circularity in production
processes. This perspective is echoed by Hariyani et al. [11], who emphasize the role of
digital technologies in advancing circular economy practices and how DPPs are integral to
enhancing lifecycle analysis [11]. Both papers underscore the central role of DPPs in bridg-
ing information gaps that inhibit circularity.

DPPs' architectural considerations are explored by Wiesner et al. [12], who propose a
reference architecture that supports batch-level traceability in manufacturing supply chains
[12]. This is further complemented by Greiner et al. [5], who investigate blockchain-based
consortia to improve interoperability between DPP systems, demonstrating the use of dis-
tributed ledgers to secure and share sustainability-related information [5].

In supply chain-specific studies, Chaudhuri et al. [4] explore DPP applications in elec-
tronics, presenting pathways for embedding circularity through transparent data exchange
[4]. Zhang and Seuring [2] extend this discussion by reviewing various use cases of DPPs
in sustainable supply chain management, emphasizing the role of digital tools in facilitating
circular supply chains [2].

The role of blockchain and decentralized systems is reinforced by [5], who focus on
secure, decentralized data exchange in DPP systems, a critical factor for ensuring transpar-
ency in circular economy ecosystems. Similarly, Voulgaridis et al. [6] provide a broader
technological framework for DPPs as enablers of the digital circular economy, particularly
through the integration of IoT and data exchange protocols [6].

Jakubowicz and Yarahmadi [8] delve into traceability techniques, emphasizing how
DPPs can manage ABS plastics and improve recycling processes [8]. Rumetshofer and
Fischer [15] build on this by focusing on plastic material tracking, presenting DPPs as a
critical tool for material traceability, which is essential for the circular economy [15].

An earlier investigation by Walden et al. [17] frames DPPs as key enablers of the circular
economy, focusing on their role in product lifecycle management and transparency [17].
This view is shared by [18], who identify the specific data needs for integrating DPPs into
lifecycle decision-making, providing detailed insights into how DPPs support sustainable
production and consumption [19].

The practical challenges of DPP implementation are addressed by [20], who highlight
the potential for DPPs to enhance data-driven lifecycle analysis. In contrast, [21] propose a
universal definition for DPP ecosystems, focusing on the stakeholder concerns that must be
addressed to achieve widespread adoption.

Koppelaar et al. [3] extend the application of DPPs to critical raw materials, specifically
focusing on reuse and recycling [3]. Their study underscores the growing need for DPPs in
mitigating resource scarcity, particularly in the context of global supply chain disruptions.

In terms of technical and legal requirements, [22] investigate how DPPs must align with
existing circular economy regulations, ensuring that the systems not only support technical
interoperability but also meet legal and sustainability standards [10]. Jansen et al. [9] pro-
vide a broad overview of ongoing initiatives, outlining various projects that contribute to the
development and deployment of DPP systems across different sectors [9].

Building on this, Jansen et al. [23] identify the core technical requirements for DPP
systems, derived from structured stakeholder analysis, offering insights into what needs to
be addressed for successful DPP deployment [23]. Finally, [24] focus on the adoption of
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DPPs along the electric vehicle battery (EVB) value chain, discussing enablers and barriers
to adoption, thereby contributing to the understanding of sector-specific challenges in DPP

implementation [25].
Summary Table: Contributions from Literature

Theme Key Contributions from Literature Relevance to Current Study

DPP in Circular [11, 16] discuss DPPs' role in enabling Sets the foundation for under-

Manufacturing circularity by improving transparency and standing DPP's strategic role in
lifecycle analysis sustainability

DPP Architecture & [5, 12] propose blockchain and batch-level ~ Crucial for developing a robust,

Interoperability

Sector-Specific DPP
Applications

Blockchain & Decen-
tralization in DPPs

Traceability &
Recycling

Lifecycle Manage-
ment & Data Needs

Challenges in DPP
Adoption

DPP in Resource
Management
Technical & Legal
Requirements

Adoption Barriers in
DPPs

reference architectures for secure and in-
teroperable DPP systems

[2, 4] explore DPP use cases in electronics
and supply chain management

[6, 26] emphasize blockchain and IoT frame-
works for decentralized DPP systems

[8, 15] focus on material traceability and
recycling using DPPs

[17, 19] emphasize lifecycle management
and data requirements for DPP integration

[20, 21] discuss the challenges of DPP adop-
tion and propose a universal definition for
DPP ecosystems

[3] focus on DPPs' role in critical raw mate-
rial reuse and recycling

[9, 10, 27] explore technical and legal con-
siderations for DPP implementation

[23, 24] focus on adoption barriers and
stakeholder requirements, particularly in the
EVB sector

scalable DPP system architecture

Illustrates sector-specific DPP ap-
plications, particularly in electron-
ics and supply chains
Demonstrates the technological
enablers of secure, decentralized
DPP systems

Key for understanding how DPPs
can improve traceability and
recycling processes

Provides insights into the data
needs for integrating DPPs into
lifecycle management systems
Identifies challenges and adoption
pathways critical for ensuring
widespread use of DPPs
Highlights the importance of DPPs
in managing scarce resources
Ensures the alignment of DPP
systems with technical standards
and legal frameworks
Sector-specific insights into adop-
tion challenges, particularly for
EVB applications

From the review of these 19 papers, DPPs are a cornerstone in advancing circular econo-
mies and sustainable manufacturing practices. The variety of strategies, from traceability
systems for recycling to blockchain-based architectures, illustrates the wide applicability of
DPPs across sectors and businesses. Important obstacles still need to be overcome, mainly
in the areas of stakeholder engagement, data governance, and interoperability.

Many people support the use of blockchain for safe, decentralized data exchange [5, 26],
although [10] point out that concerns about data privacy and regulatory compliance require
more research. Furthermore, research indicates that although technical criteria for DPPs are
becoming better understood, more precise legal frameworks are still required to guarantee
their widespread adoption [20, 21].

Finally, adoption barriers, particularly in sector-specific contexts such as the electric
vehicle battery value chain [7, 24, 25], underscore the importance of aligning DPP system
design with the specific needs of industries and stakeholders. Without overcoming these
barriers, the full potential of DPPs to foster circularity may not be realized. Future research
should focus on addressing these sector-specific challenges while maintaining the flexibility
to scale DPP systems across multiple industries.
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While existing review papers have significantly advanced understanding of DPP con-
cepts, technologies, and sectoral applications, they collectively exhibit several limitations.
Most reviews focus on isolated dimensions, such as blockchain architectures, regulatory
drivers, or sector-specific pilots, without integrating technical, informational, and gover-
nance aspects into a unified analytical framework. Moreover, few reviews systematically
examine data and information modeling practices, despite their centrality to interoperability
and lifecycle continuity. Sustainability impacts are often asserted but rarely categorized
or evaluated in a comparable manner. Finally, none of the reviewed studies provides a
lifecycle-spanning framework that operationalizes DPPs as dynamic, evolving informa-
tion artifacts across multiple product lives. These limitations motivate the comprehensive,
taxonomy-driven and lifecycle-oriented approach adopted in this study.

Methodology

We define our structured literature review (SLR) methodology in this section for DPPs in
sustainable manufacturing. A methodical and replicable approach was employed to gather a
thorough, pertinent, and high-caliber dataset to examine the present condition, challenges,
and future trajectories of DPPs.

We employed a systematic literature review to consolidate existing knowledge. This
approach was selected to identify essential themes, knowledge deficiencies, and trends
while ensuring transparency and replicability. The SLR directs DPP research analysis across
various industries, emphasizing its applications, technological facilitators, and obstacles.
The review employed a predetermined analytical framework to classify studies based on
DPP objectives, technological architecture, and sustainability effects. The study ensured
quality and relevance by using rigorous inclusion and exclusion criteria.

By using a structured review approach, this work synthesizes the present collection of
knowledge systematically and comprehensively. This method was selected to identify main
themes, knowledge gaps, and trends while remaining transparent and reproducible. The
SLR is the basis for examining DPP research across diverse fields, focusing on applications,
technological benefits and challenges. Studies were organized according to their long-term
sustainability benefits, technological enablers, and stated objectives. Rigorous guidelines
for inclusion and exclusion ensured that only relevant, peer-reviewed, and substantive
works were retained.

Using well-known academic databases ScienceDirect, Scopus, Web of Science (WoS),
and IEEE Xplore, we conducted our literature search. These databases were chosen as they
cover a wide range of disciplines, particularly in new technologies, manufacturing, and
sustainability. The search employed combinations of the terms “Digital Product Passport”
OR “DPP” with “sustainability”, “circular economy”, and “traceability” using Boolean
operators to refine results. The initial search yielded 157 ScienceDirect papers, 101 Scopus
papers, 38 Web of Science papers, and 10 IEEE Xplore papers, for a total of 306 records.
After removing 49 duplicates, the dataset comprised 257 unique records.

The screening process applied predefined criteria:

@ Springer



Circular Economy and Sustainability (2026) 6:207 Page 9 of 52 207

Inclusion and Exclusion Criteria

The selection of studies followed explicitly defined inclusion and exclusion criteria to
ensure relevance, quality, and consistency.
Inclusion criteria:

(i) peer-reviewed journal articles, conference proceedings, or book chapters

(ii) publications written in English

(iii) studies that explicitly address Digital Product Passports or closely related product life-
cycle data mechanisms within the context of sustainability, circular economy, traceabil-
ity, or regulatory compliance.

Exclusion criteria:

(i) non-peer-reviewed sources such as reports, white papers, theses, or policy briefs

(ii) publications that mention DPPs only superficially without substantive conceptual, tech-
nical, or analytical contribution

(iii) duplicate records across databases.

In addition, a limited number of studies in which DPPs were not the primary focus but were
treated as part of broader discussions on digital traceability, lifecycle data management, or
circular business models were retained when they provided meaningful contextual or meth-
odological insights. Studies that only referenced DPPs tangentially, without analytical rele-
vance, were excluded. The screening process, including identification, duplication removal,
eligibility assessment, and final inclusion (n=225), is documented using a PRISMA flow
diagram (Fig. 3) [28, 29].

After title, abstract, and full-text screening, 32 records were excluded, leaving a final set
of 225 papers included in the review. In applying the criteria, we retained a small number
of studies where DPP was not the central topic but was treated as part of a broader discus-
sion (e.g., digital traceability, circular business models), as these provide useful contextual
insights. By contrast, papers that only mentioned DPP in passing without substantive rel-
evance were excluded.

The search and selection process is summarized in Fig. 3, which follows the PRISMA
guidelines. The diagram illustrates the number of records identified, screened, excluded, and
finally included in the review (n=225), ensuring transparency and consistency.

An analytical framework stressing important features of DPP research guided the analy-
sis of the selected papers. The characteristics were categorized into general topics covering
study type, industry uses, technological framework, challenges, and environmental impacts.
Studies were evaluated, for example, depending on their analysis of conceptual frameworks,
empirical data, or pilot projects. The framework also documented aspects of technologi-
cal integration, including blockchain, IoT, and Al, along with the challenges related to the
implementation of DPP systems. The data extraction process entailed meticulous exami-
nation and coding of the abstract, methodology, and findings sections of each study. This
approach assured the methodical gathering of all relevant information, therefore enabling an
elaborate study of the body of work. Not explicitly stated attributes were classified as "not
stated," coupled with brief clarifying notes.
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[ Identification of studies via databases
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Fig.3 PRISMA flow diagram

The gathered data were arranged and examined using content analysis methods. Further-
more, the data was administered and represented through Excel, enabling the methodical
extraction and classification of information.

The data synthesis process entailed a thematic analysis of the studies, highlighting simi-
larities and disparities in their methodologies, results, and implications. The analysis encom-
passed attributes including the objectives of DPPs (e.g., traceability, lifecycle management,
regulatory compliance), technological frameworks (e.g., centralized, decentralized, hybrid),
and challenges (e.g., cost, data privacy, interoperability) to furnish a comprehensive under-
standing of the domain. We explored main research trends and shortcomings by matching
our observations.

Given the extensive scope of this review, covering 225 papers, the handling of references
required a balance between completeness and readability. To avoid overwhelming the main
text with an excessively long sequence of citations, the decision was made to consolidate
the full list of reviewed papers in Annex 1, where they are presented with their detailed clas-
sifications. Within the article itself, references are selectively included to illustrate sectoral
applications, methodological approaches, or representative examples of high-, medium-, or
not-stated sustainability impact. This ensures that the discussion remains narratively clear
while still anchored in the evidence base. We recognize that citing all 225 papers in-line
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would reduce readability and risk weakening the analytical insights of the review. Instead,
our approach preserves transparency (through Annex 1) while allowing the body text to
focus on patterns, trends, and representative cases. This strategy is consistent with recent
large-sample reviews in sustainability and digitalization research, where annex-based refer-
ence reporting is used to manage scale without compromising scientific rigor.

Results

Based on the reviewed literature, we provide a comprehensive overview of the current state
of research on DPPs, covering a period of 4 years from 2021 to 2024. In this overview, we
cover a wide range of industries, product types, and use cases. In this section, the quantita-
tive findings of the dataset analysis are presented, with the number of papers for different
classes of each attribute as well as percentage distributions as supporting evidence of the
findings. Accordingly, we discuss each attribute in terms of its dominance, trends across
domains, and implications for research and practice. Figure 4 illustrates distribution of
papers distribution per year. The figure shows an exponential growth in the number of the
papers related to DPP.

It should be noted that in some of the following results the category “Other” aggregates
cases with only one or two occurrences in the dataset. Because these values appear too
infrequently to allow for meaningful separate categories, they were grouped together to
maintain readability of the figures. Illustrative examples of such cases are mentioned in the
text where relevant.

Study Types

Based on the results presented in Fig. 5, the majority of the papers we analyzed employ a
conceptual or framework-based methodology, and are in the preliminary and exploratory
phase of research on DPPs. 95 papers (42.22%) were classified as conceptual studies, and
focus on overarching ideas, preliminary frameworks, and alignment with policy agendas
instead of presenting applied findings. These contributions frequently describe the charac-
teristics of DPPs, their governance structures, and their potential to facilitate sustainability
or transitions to a circular economy. Although ambitious, many of these papers lack imple-
mentation strategies and validation steps, and concentrate instead on system level analysis.

Fig. 4 Year distribution of papers
Number of Papers peryear

138

73

Number of Papers
©
o

20 10
0 p— |
2021 2022 2023 2024 2025
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Fig.5 Type of Studies
Type of studies
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Review articles represent the second largest category with 42 papers (18.67%) that offer
structured summaries of existing research. These studies consolidate definitions, evaluate
policy strategies, and define future research requirements. Most are narrative reviews with-
out a formal methodology, although a few adopt structured or thematic approaches to clas-
sify existing DPP initiatives and use cases.

Application focused research is emerging, but still less common. 35 papers (15.56%)
were classified as case studies, typically describing DPPs in action within specific con-
texts such as fashion, batteries, or electronics. These studies typically illustrate feasibility
or describe real world barriers, yet they demonstrate considerable variability in depth and
detail. In the same vein, 35 papers were classified as empirical studies (15.56%), and utilize
data from stakeholders, surveys, and interviews, among others. Some of these are pilot
implementations, while others concentrate on perceptions, preparedness, or organizational
effects.

10 articles (4.44%) in our analysis focus on the practicality of DPP related enabling tech-
nologies such as blockchain, the IoT, and artificial intelligence. Focused studies like these
often use data architecture diagrams, performance evaluations, and prototype platforms.
Despite being rare, the few that do exist provide insight on important design trade-offs and
practical constraints.

Based on the breakdown of study types, most DPP research is conceptual. However,
there is an increasing trend towards empirical and case-based studies, that shows imple-
mentation and validation are becoming more important. The significant presence of reviews
indicates a collective endeavor to integrate emerging knowledge and situate DPPs within
the wider contexts of digital transformation and sustainability discussions.

Applications in Industry and Products
The examination of industry applications indicates that the majority of papers employ a
cross-sectoral approach, with 65 papers (28.89%) categorized as addressing multiple or

general industry contexts (Fig. 6). These studies typically seek to establish comprehensive
frameworks, infrastructure models, or policy structures applicable across various industries.
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Fig. 6 Types of industries
Type of Industries
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Instead of concentrating on a specific sector, they highlight the importance of flexibility,
interoperability, and overarching design principles for DPP systems.

The manufacturing sector is the most extensively researched, with 34 papers (15.11%)
focusing on discrete or process industries. These studies examine how DPPs can enhance
product lifecycle transparency in smart factory environments and improve supply chain
traceability. For example, [30] propose a framework for classifying product data in manu-
facturing to support DPP development, while [12] outline a reference architecture enabling
batch-level traceability across manufacturing supply chains. In this classification, the cat-
egory “manufacturing” refers to studies that address DPPs in general industrial or pro-
duction settings without focusing on a specific sectoral domain. These papers typically
discuss frameworks, architectures, or cross-cutting applications applicable across discrete
or process industries. By contrast, papers explicitly addressing particular domains such as
automotive or electronics were coded separately to avoid double counting. This distinction
ensures that “manufacturing” captures only those contributions with a broad or non-sector-
specific industrial orientation, while sector-specific applications are reflected in their dedi-
cated categories.

The automotive sector follows closely, with 32 papers (14.22%). A large portion of
these address electric vehicle batteries, reflecting both industrial momentum and the EU
Battery Regulation [25]. analyze enablers and barriers for DPP adoption along the EV bat-
tery value chain, while [3] emphasize critical raw material traceability for enabling reuse
and recycling. Together, these contributions highlight automotive batteries as a testbed for
regulatory and technical experimentation.

The construction sector is covered in 23 papers (10.22%), where DPPs often take the
form of material passports. These papers focus on lifecycle design, carbon accounting, and
the integration of Building Information Modeling (BIM). For instance, [31] identify barri-
ers and opportunities for DPP implementation in construction projects, while [32] propose
a modular ontology for developing DPPs to promote circularity in the built environment.
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Fashion and textiles account for 19 papers (8.44%), primarily focused on supply chain
traceability and consumer-facing transparency. Alves et al. [ 14] introduce a traceability plat-
form that uses DPPs to monitor environmental and social sustainability in clothing produc-
tion [14], demonstrating how product-level information can improve accountability across
suppliers. Jeeger and Myrold [33] present a consumer-oriented pilot where DPPs are used to
provide end-users with accessible information on product origin and sustainability creden-
tials, highlighting the potential for strengthening consumer trust [33]. Similarly, Spif et al.
[34] explore the integration of DPPs into apparel supply chains, focusing on interoperability
challenges and the alignment of digital infrastructures [34]. Together, these studies illustrate
how the textile sector is positioning DPPs not only as compliance tools under the ESPR but
also as mechanisms to engage consumers and close information gaps in global value chains.

Smaller but growing clusters address energy (15 papers; 6.67%), electronics (10 papers;
4.44%), food and beverage (5 papers; 2.22%), and aerospace (5 papers; 2.22%). In plastics
and electronics, [8] review traceability mechanisms applicable to ABS plastics [8], while
Rumetshofer and Fischer [15] explore DPPs for tracking recycled plastics [15]. In food
systems, Hoang and Bockel [35] show how DPPs can integrate carbon footprint metrics in
agri-food supply chains [35]. In aerospace, [36, 37] analyze DPP requirements for e-waste
disassembly and circular management of critical components [36].

At the product level, the most common category remains papers without a product-spe-
cific focus (138 papers; 61.33%), instead discussing DPPs as cross-cutting frameworks.
Among product-focused contributions, textiles appear in 27 papers, highlighting traceability
and recyclability of fibers, while batteries are discussed in 25 papers, mainly linked to EV
applications and raw material recovery. Plastics are addressed in 9 papers, primarily empha-
sizing verification of recycled content [15]. Smaller numbers of papers examine electron-
ics and food and beverage products, suggesting that research is still at an early stage but
expanding.

While the previous subsection highlighted DPP applications at the industry and value
chain level, a smaller but significant share of studies address specific products or materials,
focusing on traceability, labeling, and recyclability. The largest group of papers, however,
does not concentrate on a single product: 138 studies (61.33%) discuss DPPs in cross-sec-
toral terms, proposing architectures, governance frameworks, or data models applicable
across product categories. These include, for example, [12], who develop a reference archi-
tecture for batch-level traceability, and [1], who situate DPPs as key enablers of circularity
in remanufacturing contexts. The “Other” category also includes papers addressing niche or
highly diverse product types with very low frequency, such as construction materials (e.g.,
concrete, insulation, prefabricated modules), footwear, electric bike motors, metal-cutting
tools, dairy products, photovoltaic modules, or critical raw materials. These were grouped
together to avoid excessive fragmentation, as each appears in only one or two studies.

Among the product-specific studies (Fig. 7), textiles stand out with 27 papers, reflecting
their priority status under the ESPR. Here, the emphasis is on fiber-level traceability and
consumer-facing labeling. Alves et al. [14] propose a DPP-based platform for monitoring
sustainability attributes across clothing value chains [14], while Jeger and Myrold [33]
show how product-level data can be embedded into garment passports to inform consumers
directly [33]. These works highlight how DPPs move beyond supply chain management to
influence product labeling and responsible consumption.
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Batteries are the next most studied category (25 papers), frequently linked to electric
vehicles but framed specifically around raw material recovery and end-of-life manage-
ment. Koppelaar et al. [3] focus on tracking critical raw materials within battery passports,
enabling reuse and recycling strategies [3], while [7, 24, 25] examine adoption barriers at
the value chain scale. These studies show that battery-focused DPPs often act as prototypes
for material-specific traceability [25].

In plastics (9 papers), the emphasis is on verification of recycled content and polymer-
specific recovery pathways. Rumetshofer and Fischer [15] present approaches for monitor-
ing flows of recycled plastics to ensure compliance and transparency [8, 15] analyze how
DPPs could be integrated into polymer recycling to enhance traceability.

A smaller set of papers address electronics and food and beverages. For instance, Hoang
and Bockel [35] discuss integrating carbon footprint metrics into agri-food passports, while
[36, 37] examine requirements for electronic component passports in e-waste disassembly.
Although these sectors are underrepresented (fewer than 10 studies each), they indicate the
breadth of emerging product-level applications.

Finally, 23 papers (10.22%) mention product implications indirectly, linking DPP frame-
works to categories such as construction materials or machinery without focusing on a sin-
gle product. These contributions demonstrate that while most DPP research still operates at
the system or industry level, concrete product-centered studies are growing, emphasizing
item-level traceability, recyclability, and labeling.

Purpose and Functional Orientation

The literature review of our study indicates that DPPs primarily serve to facilitate transitions
to a circular economy, improve sustainability, and strengthen product traceability (Fig. 8).
Sustainability emerges as the most frequently referenced goal, mentioned in 70 papers.
These studies demonstrate that DPPs function as tools that facilitate the achievement of
environmental objectives, including lifecycle impact assessment, eco-design, carbon track-
ing, and sustainable sourcing. Many studies highlight the strategic importance of DPPs as
essential information foundations for future regulatory compliance, and associate them with
policy instruments like the Corporate Sustainability Reporting Directive and the European
Green Deal.

Traceability is the main theme in 64 papers, and this reflects widespread interest in DPPs
as tools for tracking material origin, ownership, and processing across global supply chains.
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Fig. 8 Purpose of the DPPs
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These papers often highlight the value of DPPs in increasing supply chain transparency,
reducing fraud, and enabling more responsible consumption.

There are 54 papers that discuss the functionalities of the circular economy. These papers
illustrate DPPs as facilitators of product reuse, remanufacturing, recycling, and reverse
logistics. These studies emphasize end-of-life management and use DPPs to facilitate
design-for-disassembly, component separation, or automated sorting. The construction and
automotive industries are among the most active in this sector.

Lifecycle management is the main focus in 19 papers. These studies describe DPPs as
longitudinal data containers that track a product through design, production, use, mainte-
nance, resale, and disposal. Applications often involve smart products, service-based busi-
ness models, or high-value assets where performance data and usage history are relevant to
future owners or service providers.

11 papers in our selection highlight new uses for DPPs. Among other features, these
applications include enhancing customer engagement, providing assistance for predic-
tive maintenance, and providing data for policy analytics. This demonstrates how the
DPP is becoming increasingly active in areas beyond typical compliance and reporting
requirements.

DPP Structures

The structural design of DPP systems differs significantly across the literature, highlighting
different architectural assumptions, data management strategies, and stakeholder responsi-
bilities (Fig. 9). The majority of studies (92 papers) focus on multi-layered DPP designs,
which typically include levels for data collecting, storage, access management, and user
interfaces. These models stress modularity and flexibility, allowing the DPP to adapt to a
variety of data types, lifecycle phases, and stakeholders' views. These structures are typi-
cally proposed in research that focus on cross-sectoral or framework-oriented methods, with
the aim of gaining broad application and scalability.
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Fig.9 DPP structure from the
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51 papers discuss centralized models, frequently focusing on oversight and regulatory
compliance as key issues. These frameworks suggest that a central authority or registry
should oversee DPP data and the rights to access it. Research on regulated industries, espe-
cially in automotive and construction, often favors centralized models, highlighting benefits
such as auditability, consistent standards, and legal accountability.

Decentralized architectures are discussed in 37 publications, several of which utilize
blockchain or distributed ledger technology to manage trust, authenticity, and data owner-
ship. These models are becoming more common in studies concerning textiles, electronics,
and multi actor value chains, especially in contexts where power disparities or cross-bor-
der issues make centralized governance unfeasible. Authors often highlight the benefits
of decentralization, like openness, resistance to interference, and peer-to-peer trust, while
simultaneously recognizing several technological limitations and scalability difficulties.

A small group of hybrid or evolving structures is found in the remaining studies. These
papers propose combining centralized registries with decentralized validation, layering Al
based decision tools on top of blockchain systems, or enabling conditional access protocols
based on stakeholder roles. While these models are not dominant, they reflect the field’s
experimentation with architectures that blend control with adaptability.

Overall, the architectural discourse indicates that DPPs are not a one-size-fits-all solution.
Instead, system structure is closely tied to the intended application, regulatory landscape,
and degree of stakeholder coordination. The coexistence of centralized, decentralized, and
hybrid approaches suggests that architectural flexibility will remain a defining feature of
DPP development going forward.

Modeling Approaches

Modeling approaches in DPP research vary significantly in purpose, ranging from system-
level architecture design to analytical methods used for prediction, simulation, or decision
support. While many papers do not specify a formal modeling method, those that do tend
to fall into three primary categories: data driven, simulation based, and hybrid approaches
(Fig. 10).

A total of 49 papers were coded as applying or proposing data driven models. These
models frequently incorporate blockchain, IoT, or cloud based data systems to gather, struc-
ture, and analyze information across the product lifecycle. Data driven approaches are often
used to create traceability records, monitor carbon emissions, or manage lifecycle events
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Fig. 10 DPP modelling approach
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such as repair, reuse, and recycling. Machine learning is mentioned in some cases to support
classification, anomaly detection, or lifecycle prediction.

Simulation based models appear in 16 papers, most commonly within case studies or
technical feasibility assessments. These studies use simulations to test DPP behavior under
specific scenarios, such as product returns, component disassembly, or recycling flows.
These models are frequently used in circular economy studies and lifecycle analysis, where
controlled virtual environments enable system behavior to be observed under varying
assumptions.

Hybrid models are less common, with 9 papers combining data driven analytics with
simulation or optimization frameworks. These studies aim to integrate real-time data into
decision support tools, allowing for dynamic responses to lifecycle events. Such models are
especially relevant in logistics heavy applications or where predictive maintenance is being
explored.

A large number of papers, more than half of the total, do not specify any modeling
approach. This absence is particularly evident in conceptual and review papers, where the
emphasis is on policy alignment, system proposals, or architectural frameworks rather than
operational modeling.

DPP research includes contributions from engineering, computer science, supply chain
management, and sustainability, as shown by the wide range of modeling methods used.
However, the heterogeneity of modeling approaches indicates insufficient standardization.
This shows the importance of clearly classifying and testing suggested models.

Technological Infrastructure

The technological backbone of DPP systems is a focal point across much of the literature,
with recurring references to blockchain, IoT, cloud platforms, and digital identifiers such as
RFID or QR codes. These technologies are not only proposed as enablers but often define
the feasibility and scope of DPP implementation.

Blockchain is the most frequently cited technology, appearing in 89 papers. It is typi-
cally proposed as a solution for decentralization, data immutability, and multi actor trust.
Use cases range from tracking recycled content in plastics to verifying origin in textiles and
managing battery compliance. While many of these papers position blockchain as a default
choice for distributed data handling, several also note concerns related to energy intensity,
scalability, and technical complexity.
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RFID and QR codes are discussed in 62 papers as mechanisms for linking physical prod-
ucts to their digital counterparts. These identifiers serve as gateways between products and
DPP platforms, enabling real time access to data at different lifecycle stages. RFID is par-
ticularly common in fashion and packaging sectors, while QR codes are proposed for con-
sumer facing applications where mobile interaction is key.

IoT infrastructure appears in 41 papers, primarily in connection with data collection, real
time monitoring, and sensor integration. IoT is often embedded into DPP systems in high
value or high risk sectors like electronics, energy, and aerospace, where condition moni-
toring and predictive analytics are important for asset management and decision making
Fig. 11.

Cloud based platforms are discussed in 31 papers, typically as hosting environments for
DPP data and applications. These platforms are valued for their scalability, remote acces-
sibility, and support for user specific data views. Several studies highlight cloud solutions
as more accessible alternatives to blockchain, especially for small and medium enterprises.

Artificial intelligence and machine learning are mentioned in 29 papers, usually in sup-
port of predictive maintenance, anomaly detection, or lifecycle optimization. These capabil-
ities are still emerging but indicate a growing trend toward smart DPPs capable of adaptive
and automated decision support.

Other technologies appear less frequently but suggest expanding interest in diverse infra-
structures. These include digital twins, cyber physical systems, and knowledge graphs, each
mentioned in a small number of exploratory or technical studies.

The distribution of enabling technologies indicates a convergence of digital innovation
domains around DPP development. However, it also reflects fragmentation, with many stud-
ies proposing siloed or sector specific architectures. This underscores the need for integra-
tive approaches that align technical infrastructure with regulatory goals and lifecycle data
demands.

Standards and Regulatory Alignment

Alignment with existing or emerging standards and regulations is a central theme across
the DPP literature. A total of 66 papers explicitly discuss European Union policies, with
many referencing the EU Battery Regulation, Ecodesign for Sustainable Products Regula-
tion (ESPR), and the broader European Green Deal. These papers often treat regulatory
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requirements not just as drivers but as design constraints, shaping how DPPs must handle
data structure, accessibility, and transparency across product lifecycles.

ISO and IEC standards are referenced in 21 papers, typically in relation to data formats,
lifecycle assessment methods, or digital traceability frameworks. ISO standards related to
environmental management (such as ISO 14040) and product information (such as ISO
10303 for STEP files) are often cited as technical foundations or complementary tools for
DPP deployment. These references suggest a growing effort to ground DPP systems within
globally recognized standards, even when regulatory environments vary Fig. 12.

Sector specific regulations are discussed in 18 papers, particularly in the context of
automotive, construction, and electronics. Examples include vehicle end-of-life directives,
building certification requirements, and RoHS/WEEE directives for electronics. These
papers emphasize the need for DPPs to integrate seamlessly into compliance regimes, serv-
ing both internal decision makers and external auditors.

Digital standards and interoperability protocols are addressed in 15 papers, most of
which call for harmonized data models and common vocabularies. These papers highlight
the absence of shared standards as a major challenge and often propose ontologies, taxono-
mies, or open data frameworks to support cross sectoral and cross border operability.

Despite increasing alignment with formal regulations, 11 papers note a lack of legal
clarity or fragmentation in the regulatory landscape. These studies point to inconsistent
enforcement, slow standardization progress, and jurisdictional differences that complicate
multinational adoption. Some also emphasize the risk of parallel or incompatible DPP sys-
tems emerging without clear governance.

The review suggests that while regulatory alignment is a strong driver of DPP develop-
ment, the absence of unified standards across domains continues to hinder implementation.
Efforts to link DPPs to international standards and EU level policy are advancing, but wide-
spread harmonization remains an unresolved challenge.

An analysis of the modeling languages used across the reviewed literature reveals a
significant gap in explicit data modeling practices within the DPP ecosystem. Of the 225
reviewed papers, more than half (125) do not specify any modeling language, indicating a
lack of formalization or standardization in data representation across studies. This absence
may suggest that many current works on DPPs remain conceptual or architectural in nature,
without deep implementation or technical specification layers. The second largest category,
labeled as “Other” (60 papers), also reflects fragmentation, implying that diverse and often
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proprietary or context-specific modeling approaches are being explored without conver-
gence toward recognized standards Fig. 13.

Among the studies that did state a modeling approach, lightweight data formats such
as JSON (13 papers), RDF (10), and XML (9) are the most common. These languages are
widely used in web technologies and are suitable for structuring flexible, interoperable data
exchanges, especially in decentralized or cloud-based DPP platforms. The relatively low
use of RDF, despite its suitability for semantic data and ontology-based traceability, may
indicate a missed opportunity for enabling rich, machine-interpretable product metadata.
The limited appearance of Asset Administration Shell (AAS) (3 papers), BIM Systems and
IFC (2 each), and UML (1 paper) points to an underutilization of more formalized, industrial
modeling frameworks. This is particularly notable given the relevance of AAS in Industrie
4.0 and of BIM/IFC in the construction sector.

These findings highlight the need for greater standardization and adoption of struc-
tured modeling languages to ensure DPP interoperability, especially in cross-sector and
cross-border implementations. The current diversity of data structures poses a barrier to
integration and automated reasoning, both of which are essential for scalable and robust
DPP systems. Future research and policy initiatives should encourage the development or
adoption of common data models preferably grounded in open standards like AAS, RDF/
OWL, or industry-specific formats to foster harmonization across the rapidly evolving DPP
landscape.

The “Other” category, which accounts for 60 papers, captures a diverse set of niche and
sector-specific modeling approaches that fall outside mainstream standards. These include
OPC-UA (Open Platform Communications — Unified Architecture), a machine-to-machine
communication protocol widely used in Industrie 4.0 environments to support interoper-
ability across heterogeneous manufacturing systems, and EPCIS (Electronic Product Code
Information Services), a GS1 standard for capturing and sharing supply chain event data
that enables visibility into product movement and status. In the construction domain, some
papers reference IFC-SPF (Industry Foundation Classes — STEP Physical File format) as
an alternative to standard IFC models, primarily for structured data exchange in building
projects. A number of studies propose semantic data models without anchoring them to
formal ontologies, seeking to represent product-related knowledge in a lightweight but
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Fig. 13 Modelling languages used
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less standardized form. Others develop custom frameworks for integrating carbon foot-
print metrics or broader sustainability indicators into product data structures, reflecting the
regulatory pressure for environmental transparency. Experimental contributions introduce
invariant learning frameworks, using Al-driven representations to support adaptive and
automated structuring of DPP data. In addition, some papers adopt proprietary formats and
GATIA-X semantic connectors, demonstrating how federated data-sharing environments can
preserve sovereignty while enabling controlled interoperability across companies. Finally,
several studies pursue framework-based categorization, mapping predefined attributes such
as product characteristics, utilization, value chain processes, and sustainability metrics into
structured information models. Collectively, these heterogeneous approaches highlight the
creativity and sectoral tailoring present in the DPP ecosystem, but they also underscore the
lack of convergence toward widely recognized standards, an issue that risks undermining
interoperability and scalability across industries.

Scalability of DPP Implementations

Scalability of DPP implementations remains a central concern across the reviewed litera-
ture, though the way it is reported varies considerably (Fig. 14). The majority of papers
(93 studies) fall into the medium scalability category, meaning that most DPP efforts have
progressed beyond conceptual frameworks and laboratory studies but remain largely con-
fined to pilots, sector-specific projects, or regionally limited implementations. These initia-

tives demonstrate partial stakeholder engagement and infrastructure readiness, yet full-scale
operationalization across industries remains incomplete.

Scalability level for DPP implementation
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Fig. 14 Scalability levels
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By contrast, only 21 studies were classified as high scalability, typically linked to
frameworks and infrastructures designed for multi-sector adoption or regulatory alignment.
Examples include DPPs in the automotive battery sector, where regulatory drivers such as
the EU Battery Regulation require deployment at a pan-European scale. A very small num-
ber of contributions (2 papers) were coded as low scalability, usually describing conceptual
or early laboratory prototypes without evidence of deployment in practice.

In addition, 77 papers fell under the category not specified, indicating that scalabil-
ity was not discussed in sufficient detail to allow classification. Another 32 papers were
grouped as not mentioned, reflecting studies that made no reference to scalability at all.
Together, these two groups highlight that while scalability is frequently recognized as an
important issue, it is still often underexplored in the literature.

For clarity, we standardized these five categories as follows:

Low scalability: Conceptual designs or lab prototypes without real-world testing.
Medium scalability: Pilots, case studies, or sector-specific initiatives with limited
adoption.

e High scalability: Frameworks or infrastructures designed for cross-sector or regulato-
ry-driven deployment.
Not specified: Scalability referenced but without sufficient detail for classification.

e Not mentioned: No reference to scalability at all.

This classification illustrates that the bulk of the literature situates DPP scalability at a tran-
sitional stage, beyond theory, but not yet reaching large-scale implementation [38]. It also
underscores the need for more systematic evaluations of scalability as DPP initiatives move
from pilot projects to regulatory enforcement and cross-sector adoption.

Beyond the clear classifications of low, medium, and high scalability, a substantial share
of the literature did not provide enough information to allow precise categorization. In 77
papers, scalability was not specified: the issue was acknowledged but described only in
vague terms such as “identified,” “requires,” or “designed,” without systematic analysis of
how scalability could be achieved. These contributions signal an awareness of the impor-
tance of scalability, but they stop short of operationalizing it into concrete strategies or
metrics. Another 32 papers fell into the not mentioned category, making no reference to
scalability at all. This omission is noteworthy, as the ability to scale is essential for mov-
ing DPPs from conceptual discussion to real-world implementation, and its absence raises
concerns about the maturity and practical relevance of such proposals.

At the other end of the spectrum, 21 studies explicitly demonstrated high scalability,
most of them linked to regulated domains such as automotive and electronics. These cases
often leverage decentralized or cloud-based infrastructures to enable cross-border data
exchange and interoperability, reflecting both technological readiness and strong regulatory
drivers (e.g., the EU Battery Regulation). By contrast, only 2 papers were classified as low
scalability, typically describing conceptual or laboratory prototypes with limited applica-
bility beyond controlled environments. These studies frequently point to fragmented data
sources, weak stakeholder coordination, or a lack of legal harmonization as barriers that
prevent wider adoption.

Overall, the way scalability is discussed across the literature, from vague acknowledg-
ments to detailed architectural claims, underscores the absence of a unified assessment
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framework. Future work would benefit from the establishment of standardized scalabil-
ity indicators that address technical scalability (e.g., system performance, data handling
capacity), organizational scalability (e.g., governance structures, stakeholder integration,
SME participation), and regulatory scalability (e.g., compatibility with legal frameworks
and cross-jurisdictional requirements). Developing such indicators, alongside systematic
reporting of pilot outcomes and lessons learned, will be critical for enabling the transition
from today’s medium-scalability pilots to tomorrow’s high-scalability, cross-sectoral DPP
implementations capable of delivering sustainable and circular outcomes at scale.

Stakeholders and Governance Models

The effective implementation of Digital Product Passports (DPPs) depends not only on tech-
nological design but also on the active involvement of a wide range of stakeholders across
the value chain. Because DPPs are intended to serve as integrative data infrastructures,
their success hinges on the participation of both public and private actors, each contribut-
ing distinct roles, responsibilities, and incentives. Mapping stakeholder involvement across
the literature provides insights into how DPP ecosystems are currently envisioned, which
groups are prioritized, and where critical gaps in engagement remain. The analysis reveals
clear asymmetries, with manufacturers and regulators dominating most discussions, while
other actors such as consumers, SMEs, and service providers receive comparatively limited
attention.

Stakeholder involvement is a critical dimension of DPP development, with most stud-
ies acknowledging the complex interplay between public and private actors (Fig. 15). The
analysis reveals that 180 papers explicitly reference manufacturers as central stakeholders.
Manufacturers are consistently framed as both primary data providers and key beneficiaries
of DPP systems, particularly in contexts where traceability, compliance, and lifecycle opti-
mization create operational and reputational value. Several studies stress the importance of
establishing stronger incentives and clearer frameworks to encourage participation from
manufacturers, especially among SMEs (11 papers), who face resource constraints and lack
of technical expertise.

Regulators are identified in 44 papers and policymakers in 71 papers, often portrayed as
initiators and enablers of DPP ecosystems. These actors are tasked with defining minimum
data requirements, establishing interoperability standards, and supervising enforcement. In
EU-focused studies, regulators and policymakers frequently appear as both rule setters and
coordinators, particularly in centralized or semi-centralized architectures. Government bod-
ies more broadly are mentioned in 51 papers, reflecting their influence in funding, oversight,
and policy implementation.

Recyclers emerge in 70 papers, highlighting their role as downstream users of DPP data.
Studies emphasize the critical need for standardized and accessible information on material
composition, disassembly instructions, and hazardous content to support efficient recycling
and material recovery. DPP integration with reverse logistics and take-back schemes is fre-
quently highlighted as a way to close material loops.

Consumers appear in 40 papers, though their role is more fragmented compared to other
stakeholders. Some studies propose DPPs as tools for consumer empowerment, enabling
informed purchasing decisions and sustainability comparisons. Others warn about risks
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Fig. 15 Stakeholder types, involved in the DPPs

of data overload and limited usability, pointing to the need for human-centered design to
ensure that consumer-facing features are intuitive, accessible, and actionable.

Other stakeholders are addressed less frequently. Suppliers are mentioned in 30 papers,
generally in relation to upstream data provision and raw material traceability. Industry asso-
ciations appear in 17 papers, often acting as intermediaries to facilitate sector-wide adop-
tion. Retailers (10 papers) and service providers (9 papers) are recognized for their role
in bridging product-level data with end-user services. A small set of papers highlights the
contributions of designers (6), logistics providers (4), remanufacturers (4), researchers (4),
technology providers (4), and contractors (4), though their roles remain underexplored in
the general frameworks.

Governance models proposed across the literature vary in structure and complexity.
Many studies advocate for multi-stakeholder governance frameworks that balance responsi-
bilities between regulators, industry consortia, and third-party validators. Such models aim
to ensure both compliance and innovation while fostering trust among stakeholders. Persis-
tent challenges include data ownership, accountability, and clarity of roles. Several studies
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stress the importance of co-design processes and iterative pilot projects to align interests and
responsibilities before full-scale rollout.

Finally, the “Other” category (302 occurrences) consolidates a wide variety of actors that
appear only sporadically in the literature. This includes NGOs, certification bodies, audit-
ing organizations, standardization committees, financial institutions, and consumer advo-
cacy groups. While each is mentioned infrequently, their inclusion reflects recognition that
DPPs extend beyond traditional supply chain actors to a broader ecosystem of governance,
finance, and societal stakeholders. Grouping these together ensures readability of results,
though their diversity underscores the need for future research to better capture and inte-
grate these complementary roles.

Advantages and Opportunities

The literature highlights a range of potential benefits associated with the implementation of
DPPs. The most frequently cited advantage is improved lifecycle transparency, discussed
in 88 papers.

The support for models of circular economies is the second most prevalent advantage,
which was documented in 69 different articles. DPPs are positioned as major enablers of
reuse, remanufacturing, and recycling as a result of these contributions, particularly because
they provide information on product composition, repairability, and disassembly. Studies in
this category frequently link DPPs to reverse logistics, eco-design, and material recovery
strategies.

Regulatory compliance is mentioned in 56 papers, where DPPs are described as mech-
anisms to streamline reporting and ensure alignment with evolving legislation. In these
papers, DPPs are not just tools for internal management but also function as verifiable inter-
faces between businesses and authorities, facilitating transparency and audit readiness.

Enhanced stakeholder collaboration appears in 39 papers as a strategic opportunity.
These studies argue that by providing a shared data infrastructure, DPPs can bridge com-
munication gaps among supply chain actors, including OEMs, recyclers, and regulators.
This is especially relevant in complex global networks where data asymmetry hinders
cooperation.

Innovation potential is noted in 27 papers, with authors suggesting that DPPs can serve
as platforms for digital innovation in areas such as predictive maintenance, servitization,
and value chain analytics. Some studies argue that DPPs could eventually evolve into smart
product systems, interacting dynamically with other digital tools in manufacturing and
logistics.

A smaller subset of papers also mention market differentiation, consumer trust, and brand
reputation as additional benefits, particularly in consumer-facing sectors like fashion, elec-
tronics, and food. These advantages are typically tied to transparency efforts and the ability
to communicate product sustainability in verifiable ways.

While these opportunities are widely recognized, most papers also acknowledge that
realizing them depends on addressing substantial challenges in technology, governance, and
standardization areas detailed in the following section.
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Challenges and Barriers

Despite the promise of DPPs, the reviewed literature consistently identifies several barri-
ers to their development and implementation. The most frequently cited challenge is data-
related complexity, discussed in 76 papers. These studies highlight data silos throughout
supply chains, fragmented data sources, a lack of uniform formats, and insufficient granu-
larity. Data ownership and confidentiality issues are also common, particularly in industries
with close competition where revealing information could be strategically damaging.

There are 59 publications that discuss legal fragmentation and regulatory uncertainty.
Many of these studies draw attention to legal discrepancies, gaps in enforcement systems,
and uncertainty around compliance standards. One factor contributing to and creating uncer-
tainty is the dynamic character of EU laws like the ESPR and Battery Regulation. Several
papers argue that without clear, harmonized mandates, DPP implementation may diverge
across industries and regions, reducing overall effectiveness.

Technical limitations are identified in 47 papers, particularly regarding system scalabil-
ity, cybersecurity, and infrastructure readiness. While blockchain and IoT are widely pro-
posed as enabling technologies, many authors caution that their integration into industrial
systems remains complex and cost-intensive. Interoperability with legacy systems and the
need for flexible, upgradable platforms are recurring concerns (Fig. 16).

Economic burden and lack of incentives are discussed in 39 papers, with particular focus
on small and medium-sized enterprises. These studies suggest that DPPs may introduce
new costs related to data collection, platform subscription, or compliance auditing, without
immediate return on investment. Several papers propose public support mechanisms, subsi-
dies, or shared infrastructure to offset these burdens.

Stakeholder resistance and coordination difficulties appear in 28 papers. These chal-
lenges include unclear roles and responsibilities, conflicting interests between actors, and
low trust among participants. Some studies emphasize the need for participatory design
processes and pilot programs to build consensus and demonstrate early value.

A smaller group of 16 papers discuss consumer-side limitations, such as low digital lit-
eracy, privacy concerns, and uncertainty about how DPP information will be presented or
interpreted. While consumers are often framed as potential beneficiaries of DPP transpar-
ency, many studies point out that current proposals lack clear communication strategies or
user engagement mechanisms.

Fig. 16 Challenges identified
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Sustainability Impact

Sustainability has emerged as the primary driver for the development and adoption of Digital
Product Passports (DPPs). By design, DPPs are expected to enhance circular economy prac-
tices, improve transparency, and enable resource efficiency across value chains. However,
the extent to which these impacts are realized varies significantly across the literature. To
provide clarity, this review classifies the sustainability impact of DPPs into three categories:
high, medium, and low impact, based on the depth and scope of reported outcomes. This
structured classification allows for a more nuanced understanding of how far current DPP
research and practice have progressed toward delivering measurable sustainability benefits.

Definitions of Impact Levels

e High impact: Studies that demonstrate or project substantial sustainability outcomes,
supported by evidence such as reduced carbon footprint, higher recycling efficiency, re-
covery of critical raw materials, or measurable improvements in lifecycle performance.

o Medium impact: Studies that report partial or sector-specific sustainability improve-
ments, often limited to pilots, qualitative assessments, or sectoral case studies without
broad-scale validation.

e Low impact: Studies that mention sustainability in principle but lack quantitative data,
clear outcomes, or scalability, often remaining at the conceptual or early prototype stage.

High impact (188 papers; 83.6%) The majority of studies position DPPs as high-
impact instruments for advancing sustainability, showing clear benefits across sectors.
The most commonly reported outcomes include:

o Waste reduction and material recovery: In plastics, [ 15] demonstrate how traceability
improves mechanical recycling and reduces mismanagement of post-consumer waste.
In textiles, [S] highlight how blockchain-based DPP consortia can support transparency
in fashion supply chains and promote sustainable practices, while [39] discuss early
German DPP applications that include textiles and apparel, focusing on waste reduc-
tion and sustainable consumption. In construction, [30] and [40] emphasize selective
demolition, reuse of structural components, and the integration of BIM/IFC models for
efficient material recovery.

e Recycling efficiency and resource recovery: The battery and PV sectors are heavily
represented. [41] and [36] show how DPP-enabled tracking of lithium, cobalt, and rare
earth elements supports the EU Battery Regulation by improving recycling efficiency.
[42] extend this logic to PV modules, arguing that DPPs enhance the reuse of silicon and
critical raw materials in solar energy supply chains.

e Carbon footprint reduction and emissions transparency: Multiple studies emphasize
lifecycle data integration for climate action. [43] demonstrate reductions in CO2 emis-
sions through DPP-driven optimization in remanufacturing. Jansen et al. [23] show how
embedding emissions data into product passports enables compliance with Scope 3 re-
porting requirements, which are increasingly critical for global supply chains.

e Circular business models and eco-design strategies: Several works highlight how DPPs
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underpin new value propositions. Psarommatis et al. [1] quantify material recovery and
defect prevention in remanufacturing by aligning DPP data with Zero Defect Manu-
facturing strategies. Wiesner et al., [12] propose a reference architecture that improves
energy and resource efficiency in manufacturing, showing how lifecycle data supports
eco-design. In the fashion sector, [44] illustrate how DPPs enable consumer-facing
transparency, facilitating more sustainable purchasing decisions.

Taken together, these examples illustrate the breadth of DPP applications across industries.
From electronic components and plastics to construction and textiles, the evidence shows
that DPPs are increasingly being operationalized as mechanisms for waste reduction, recy-
cling efficiency, and emissions transparency. The convergence of sectoral pilots around
common goals, resource efficiency, lifecycle extension, and regulatory compliance, strongly
supports the classification of most DPP studies as high-impact sustainability enablers.

Medium impact (33 papers; 14.7%) A smaller but meaningful group of studies fall
into this category. These contributions emphasize sustainability but provide only partial or
sector-specific evidence, often within pilot projects, conceptual frameworks, or exploratory
studies. For example, [45] propose a blockchain architecture for industrial applications that
outlines potential sustainability benefits, but the work remains at an architectural level with-
out quantifiable environmental validation. From a digital infrastructure perspective, [46]
examine how material passports can extend the capability of component digital threads for
lifecycle management, though their study is limited to proof-of-concept implementations.
Similarly, [47] gathers expert perspectives on blockchain in the circular economy, identify-
ing transparency and traceability gains, yet relying primarily on expert judgment rather than
empirical performance data. Finally, [48] reviews the role of blockchain for trade in global
value chains, emphasizing its sustainability potential but noting that concrete, measurable
impacts remain scarce.

These medium-impact studies highlight that while the sustainability potential of DPPs
and related digital infrastructures is widely acknowledged, their benefits are often described
in conceptual terms or demonstrated only in small-scale trials. Advancing from these early-
stage explorations toward systematic, evidence-based demonstrations of measurable sus-
tainability outcomes, such as reduced emissions, higher recycling efficiency, or extended
product lifecycles, remains a key challenge for the field.

Interestingly, no papers in the dataset were classified as “Low sustainability impact.”
This indicates that, across the literature, DPPs are rarely perceived as having negligible or
negative sustainability outcomes. Instead, even in early-stage or conceptual works, DPPs
are generally framed as enablers of sustainability, though the strength of evidence varies
significantly.

Overall, the analysis reveals a strong consensus that DPPs have the potential to deliver
high sustainability impact: over 80% of the literature frames them as transformative tools
for resource efficiency and circularity. However, most of these papers focus on conceptual
potential or sectoral pilots, with relatively few providing standardized, quantitative evi-
dence. Medium- and low-impact studies, though fewer, underline the importance of robust
measurement frameworks. To bridge the gap between aspirational narratives and demon-
strated outcomes, future work should emphasize evidence-based sustainability indicators
such as carbon footprint reduction, recycling efficiency, and lifecycle extension. Establish-
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ing such common metrics will be essential to validate DPPs as genuine enablers of sustain-
able and circular industry practices.

Summary of Findings and Future Directions

The results of this review reveal that DPP research is rapidly expanding but remains domi-
nated by conceptual and policy-driven studies. While there is growing attention to appli-
cation contexts, especially in manufacturing, automotive, construction, and textiles, most
contributions continue to focus on frameworks, proposed structures, and regulatory align-
ment rather than large-scale deployment or impact assessment. Although the objectives of
sustainability, traceability, and the circular economy are frequently mentioned, their opera-
tionalization frequently lacks empirical depth and methodological consistency.

Stakeholder integration and governance emerge as important intersecting themes.
Although they are acknowledged as key players, manufacturers, regulators, and consum-
ers sometimes lack clear roles and duties. According to the literature, adoption may stall or
lead to implementations that are compartmentalized in the absence of inclusive governance
models and clear legal frameworks.

Numerous advantages are acknowledged, including lifecycle transparency, improved
collaboration, and support for circular practices but these are consistently accompanied by
significant barriers. Data availability, regulatory fragmentation, infrastructure readiness,
and cost burdens persist as challenges, particularly for smaller actors and decentralized
supply chains.

Sustainability impact is a dominant narrative, with most papers referencing ecological
benefits. Yet few studies incorporate measurable indicators, and even fewer conduct life-
cycle or impact assessments to quantify those claims. As a result, future research will need
to move beyond broad claims of environmental alignment to develop verifiable and scalable
models.

Together, these findings suggest that the DPP field is entering a transitional phase, shift-
ing from high-level design and advocacy toward practical implementation. Future work will
benefit from deeper methodological rigor, expanded empirical validation, and cross-sectoral
coordination. Pilot studies, stakeholder-centered design, and international standard-setting
efforts will be essential for translating the promise of DPPs into tangible and equitable out-
comes across global value chains.

DPP life cycle Framework

The analysis of the reviewed literature highlights that there is currently no uniform defi-
nition or implementation of the DPP life cycle. Approaches differ widely, ranging from
minimalistic concepts to advanced frameworks. On the one hand, some studies describe
DPPs as simple identifiers or QR codes that provide access to static product data, often
limited to regulatory compliance or consumer-facing transparency. On the other hand, more
sophisticated implementations attempt to integrate DPPs into broader digital infrastructures,
enabling real-time data exchange across manufacturing, supply chains, and product use.
However, most of these advanced approaches still primarily support forward manufacturing
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processes, with limited attention to post-use stages such as remanufacturing, recycling, or
secondary material markets.

A second limitation observed across the reviewed works is that while many papers claim
DPPs enable information traceability, the steps after the usage phase remain underdevel-
oped. Only a minority of studies address how DPPs could support end-of-life decisions,
disassembly, or recycling logistics. For example, in construction-related papers, DPPs are
linked to BIM/IFC models for selective demolition, yet frameworks for re-integration of
recovered materials are not fully detailed. Similarly, in the battery sector, while DPPs are
recognized as enablers of regulatory compliance and recycling, the actual mechanics of how
data is transferred from product use to recycling facilities are often left ambiguous.

The systematic literature review confirms this fragmentation, as a large share of the 225
analyzed papers do not specify a complete product life cycle model, focusing instead on
isolated phases such as manufacturing or usage. Only a few explicitly incorporate remanu-
facturing or closed-loop recycling, and even fewer consider maintenance as a structured
phase where DPP data is updated and reused. This suggests that while the role of DPPs as
carriers of lifecycle information is broadly acknowledged, their dynamic use across multiple
life stages remains underexplored and inconsistent in practice.

Finally, several proposals treat the DPP as a static artifact, a fixed dataset generated
at the time of manufacturing, rather than as a dynamic and evolving passport capable of
being updated, re-assembled, or disassembled as the product moves through different life
stages. This restricts the DPP’s value for circular economy strategies, where accurate and
timely data on material condition, usage history, and repair events are essential for enabling
remanufacturing, reuse, and recycling at scale.

To move beyond fragmented and static approaches identified in the literature, this work
proposes a holistic framework for the DPP life cycle that not only spans the classical stages
of product life but also embeds the principle of information inheritance (Fig. 17). In this
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Fig. 17 DPP lifecycle Framework
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framework, the DPP is not a static container, but a living, evolving digital artifact that grows
and transforms as the product advances through its life stages.

At its inception, the DPP is created during the raw material extraction or sourcing stage,
where it captures key attributes such as origin, certification, and sustainability indicators
(e.g., carbon footprint, critical raw material content, social compliance). This first DPP
establishes the foundation of traceability, providing the “seed” data upon which all subse-
quent product lifecycle information is built.

During the manufacturing stage, the DPP is enriched with process data, quality con-
trol results, and traceability information for components and assemblies. Here, information
inheritance becomes crucial: each component arrives with its own DPP, and when assem-
bled into a higher-level product, their data is not discarded but rather absorbed into the
parent product’s DPP. This results in a hierarchical inheritance structure, where the DPP of
a final product contains all relevant records from its subcomponents, creating a comprehen-
sive digital twin of its history.

Once the product enters the usage phase, the DPP continues to expand. Performance data,
usage conditions, maintenance logs, and even user-driven updates are recorded. Each event
increases the “size” of the DPP, not necessarily in physical storage terms, but in informa-
tional depth. This cumulative growth reflects the reality that as a product’s life unfolds, its
passport becomes richer, containing not only static design and production information but
also dynamic, real-world operating history.

In the maintenance phase, DPPs serve as repositories for repair interventions, component
replacements, and diagnostics. Importantly, when components are replaced, the new sub-
component DPP is linked into the parent passport, while the outdated component’s DPP is
“closed” but still archived for accountability. This ensures continuity and prevents informa-
tion loss, creating an auditable chain of custody across component lifecycles.

The remanufacturing stage introduces the unique capability of DPP disassembly and
re-assembly. When a product is disassembled, its DPP can be split into sub-passports for
components or modules, each retaining its inherited information. When these parts are re-
assembled into a remanufactured product, the component DPPs merge into a new product-
level DPP, which consolidates all historical records into a unified document. This capability
reflects real industrial practices, where reused parts carry forward their histories into new
product configurations, ensuring transparency and reliability.

Finally, at recycling, the DPP plays a decisive role by providing data on material compo-
sition, disassembly instructions, hazardous substances, and potential reuse pathways. Even
when the product is formally retired, its DPP does not vanish; instead, relevant information
is transferred into new material passports that accompany recovered secondary raw materi-
als. This ensures that knowledge generated during a product’s life is not lost but inherited
by the next material cycle, reinforcing circular economy objectives.

An important dimension of this framework is the flexibility of DPPs to cover both batch
and discrete product cases. In industries such as textiles, chemicals, food, and plastics, a sin-
gle DPP may represent an entire batch, recording material properties, environmental impact,
and processing history at the aggregate level. By contrast, in automotive, aerospace, or
electronics, each discrete product (e.g., a car, a battery, or a laptop) is assigned its own DPP,
often inheriting information from multiple component-level DPPs. For a DPP system to be
effective, it must be capable of handling both granular unit-level traceability and aggregated
batch-level tracking, with the possibility to link the two where required (e.g., a battery DPP
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derived from a batch of cathode materials). This dual capacity ensures scalability across
different sectors and supports the overarching goal of achieving transparent, interoperable,
and circular product lifecycles.

Thus, the framework conceptualizes the DPP as a cumulative and dynamic system, where
each new process, event, or transformation enlarges the passport. At the end of its journey, a
DPP is not only a record of one product’s life but a composite of all prior states, subcompo-
nents, and inherited histories. This cumulative growth provides unprecedented opportunities
for transparency, lifecycle optimization, and sustainability assessment, making the DPP a
cornerstone of future circular industrial ecosystems.

Critical Discussion
Maturity and Orientation of DPP Research

The results of this review reveal that DPP research is rapidly expanding but remains domi-
nated by conceptual and policy-driven studies. While there is growing attention to appli-
cation contexts, especially in manufacturing, automotive, construction, and textiles, most
contributions continue to focus on frameworks, proposed structures, and regulatory align-
ment rather than large-scale deployment or impact assessment. Although the objectives of
sustainability, traceability, and the circular economy are frequently mentioned, their opera-
tionalization frequently lacks empirical depth and methodological consistency.

Taken together, these findings suggest that the DPP field is entering a transitional phase,
shifting from high-level design and advocacy toward practical implementation. Future
work will benefit from deeper methodological rigor, expanded empirical validation, and
cross-sectoral coordination. Pilot studies, stakeholder-centered design, and international
standard-setting efforts will be essential for translating the promise of DPPs into tangible
and equitable outcomes across global value chains. Building on this synthesis, a more criti-
cal discussion is needed to evaluate the systemic barriers that currently hinder large-scale
implementation of DPPs.

Governance Models and Stakeholder Integration

Stakeholder integration and governance also emerge as important intersecting themes.
Although acknowledged as key actors, manufacturers, regulators, and consumers some-
times lack clear roles and duties. Adoption risks being fragmented in the absence of inclu-
sive governance models and clear legal frameworks.

Another critical gap lies in stakeholder integration. While manufacturers and regulators
dominate the discourse (referenced in 81 and 69 papers respectively), downstream actors
such as consumers (51), recyclers (32), logistics providers, remanufacturers, and reuse
actors remain underexplored. The role of end-users and recyclers is particularly marginal-
ized, despite being essential for closing the loop in circular systems.

It should be noted, however, that consumer participation in the circular economy and
sustainability requires different strategies compared to other stakeholders, and thus articles
focusing specifically on consumer behavior were not captured within our search scope.
Dedicated consumer-oriented studies (e.g., [43]) highlight this dimension and suggest that
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future reviews should incorporate consumer-focused keywords to fully capture this critical
perspective. Furthermore, few studies propose concrete governance frameworks that allo-
cate clear roles and accountability across stakeholder groups.

Data and Information Modeling Gaps

A primary challenge is the lack of standardized data modeling practices, with 125 papers not
specifying any modeling language and a further 60 using “Other” or unclear formats. Only
a small minority employed structured formats like JSON (13), RDF (10), or XML (9), with
negligible adoption of domain-relevant models like UML (1) or IFC (2).

This lack of formalism and alignment with international standards reflects an immature
ecosystem where interoperability across platforms, actors, and borders remains aspirational.
Without commonly accepted ontologies or modeling schemas, data silos will persist, limit-
ing DPP portability, auditability, and cross-sector integration.

One of the most pressing challenges identified in this review is the lack of a clear and
uniform methodology for allocating information to the correct DPP. The literature reveals a
wide spectrum of interpretations: at one extreme, some proposals reduce the DPP to a mini-
malistic identifier or QR code linked to limited, static product data; at the other extreme,
more advanced studies envision multi-layered frameworks integrated into digital infrastruc-
tures, capturing information across multiple lifecycle phases.

Yet in both cases, the absence of standardized rules for what information belongs in each
passport and how it should be structured creates the risk of fragmentation. Critical lifecycle
data may be recorded in the wrong context, lost in transition, or inconsistently updated,
making continuity across the product lifecycle impossible.

Technological Architectures and Infrastructure Choices

Numerous advantages are acknowledged, including lifecycle transparency, improved col-
laboration, and support for circular practices, but these are consistently accompanied by sig-
nificant barriers. Data availability, regulatory fragmentation, infrastructure readiness, and
cost burdens persist as challenges, particularly for smaller actors and decentralized supply
chains. Scalability, a prerequisite for DPP viability at industrial scale, is cited in varied and
often vague terms. Only 21 papers report high scalability, while most fall into a medium
category (93), suggesting limited deployments, often in testbeds or pilot settings. Forty-one
papers merely identify scalability as a concern without detailed analysis.

The persistent lack of scalable infrastructure is compounded by architectural choices.
Blockchain, although widely referenced (nearly 90 papers), is increasingly questioned
for its operational feasibility. As highlighted by the results, blockchain’s energy intensity,
infrastructure costs, and latency constraints make it ill-suited for high-frequency, real-time
traceability across global networks. This raises serious concerns about its long-term viabil-
ity, especially in carbon-sensitive industries and low-margin sectors. A hybrid architectural
model combining blockchain or distributed ledgers for validation layers with centralized or
cloud-based systems for general data storage is therefore a more pragmatic, energy-efficient,
and flexible approach that should be prioritized in future DPP developments.
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An important imbalance in the current DPP literature is the overwhelming emphasis on
blockchain compared to the emerging role of Data Spaces. While blockchain offers benefits
of transparency, immutability, and trustless verification, it also presents challenges related
to scalability, energy use, and legal uncertainty. Data Spaces, by contrast, align more closely
with European digital policy frameworks and are increasingly tested in large-scale pilots
such as Catena-X and GAIA-X.

Future DPP infrastructures are therefore likely to combine the trust and provenance capa-
bilities of blockchain with the interoperability and sovereignty guarantees of Data Spaces,
creating hybrid solutions capable of scaling across multiple sectors. This dual perspective
remains underrepresented in the literature but will be decisive for moving DPPs from pilot
projects to regulatory enforcement and mass adoption.

On the technological front, enabling tools such as RFID, QR codes, and IoT sensors
are frequently mentioned, particularly in fashion, packaging, and manufacturing. However,
integration with backend infrastructure remains inconsistent. The presence of IoT in 41
papers and AI/ML in 29 signals a growing but still emergent trend toward “smart DPPs”
capable of dynamic lifecycle tracking and predictive analytics. Yet very few studies offer
robust use cases that link sensor data directly to automated lifecycle management or closed-
loop decision-making frameworks.

Scalability and Industrial Deployment Challenges

Despite significant attention to standardization and regulatory alignment, compliance alone
does not guarantee interoperability. While 144 papers declare alignment with existing regu-
lations, primarily EU-focused, the presence of 66 non-compliant or unaligned works under-
scores the challenge of international regulatory fragmentation. Many studies tailor DPP
architectures around specific regional legislation without considering global applicability.
This raises concerns about regulatory islands and parallel frameworks, particularly prob-
lematic for industries with complex, multi-jurisdictional supply chains such as automo-
tive, electronics, and fashion. The limited frequency of studies explicitly addressing future
research directions further suggests that the field remains largely reactive and policy-driven.
Only ten papers focus on forward-looking research agendas, indicating a dependence on
regulatory mandates rather than proactive innovation. This dependency poses risks should
policy directions diverge across jurisdictions.

Sustainability Impact: From Aspirational Claims to Measurable Outcomes

Sustainability impact is a dominant narrative, with most papers referencing ecological ben-
efits. While 206 papers classify their work as having high sustainability impact, there is a
glaring mismatch between rhetorical ambition and methodological rigor. Most studies fail
to incorporate verifiable impact metrics such as carbon reduction or material recovery rates,
or to apply Life Cycle Assessment methodologies. The absence of standardized KPIs and
longitudinal measurement frameworks limits the ability to evaluate whether DPPs truly
deliver on their circularity and climate claims. Several studies implicitly equate traceabil-
ity with sustainability, overlooking the fact that visibility alone does not lead to improved
environmental outcomes without corresponding design, procurement, or recovery actions.
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Implications for Research, Policy, and Industrial Practice

The potential of DPPs to transform product lifecycles, enable decarbonization, and drive
resource efficiency is clear. However, unlocking this potential will require a deliberate shift
from scattered conceptual models to harmonized, data-driven, and scalable infrastructures
grounded in open standards and inclusive governance.

The proposed framework (Fig. 17) addresses these shortcomings by positioning the
DPP as a dynamic and evolving digital artifact based on the principle of information
inheritance. Data from subcomponents and earlier life stages is absorbed into parent prod-
uct passports, ensuring continuity across manufacturing, remanufacturing, and recycling.
Equally important is the capability for disassembly and re-assembly of DPPs, allowing
component-level traceability to persist across reuse and remanufacturing cycles. Without
this modularity, traceability breaks down and downstream actors cannot trust the informa-
tion chain.

A holistic approach is therefore required, uniting researchers, policymakers, and industry
stakeholders around shared principles, including lifecycle coverage, interoperability, inheri-
tance, and supply-chain-aware modeling. Establishing a minimum functional baseline for
DPPs would prevent divergent interpretations, ensure comparability, and align implementa-
tions with the core goals of transparency and circularity. In summary, this critical discussion
highlights systemic gaps in standardization, scalability, stakeholder integration, and impact
assessment that must be addressed for DPPs to evolve from regulatory instruments into
trusted enablers of sustainable industrial transformation.

Limitations of the study

This review has several limitations that should be acknowledged. First, although the
study analyzes a large corpus of 225 peer-reviewed papers, it is inherently constrained
by the quality, scope, and reporting practices of the underlying literature. Many studies
lack detailed technical descriptions, empirical validation, or standardized metrics, which
limits the depth of comparative analysis. Second, the review focuses on peer-reviewed
academic publications and excludes grey literature, industrial white papers, and policy
documents, which may contain relevant insights into real-world DPP deployments. Third,
the analysis is predominantly based on English-language sources, potentially underrep-
resenting regional initiatives reported in other languages. Finally, while the classification
framework captures a wide range of dimensions, the categorization of attributes such as
sustainability impact and scalability necessarily involves interpretative judgment, despite
efforts to apply consistent criteria. These limitations should be considered when interpret-
ing the findings.

Future research directions
The findings of this review point to several priority directions for future research. First, there
is a strong need for empirical and longitudinal studies that evaluate DPP implementations

in operational settings, moving beyond conceptual frameworks and pilot demonstrations.
Second, future work should focus on the development and adoption of standardized data and
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information models, including ontologies and interoperable schemas, to support cross-sector
and cross-border DPP integration. Third, research should investigate scalable and energy-
efficient architectures, particularly hybrid approaches that combine distributed validation
mechanisms with centralized or federated data infrastructures such as Data Spaces. Fourth,
greater attention is required on downstream lifecycle phases, including maintenance, reman-
ufacturing, reuse, and recycling, where the value of DPPs remains underexplored. Finally,
future reviews should explicitly incorporate consumer behavior, usability, and human—-DPP
interaction, as these aspects are critical for closing material loops but remain insufficiently
represented in the current literature. While cross-industry pilot projects covering full prod-
uct lifecycles are critically needed to evaluate operational performance and implementation
barriers of DPPs, such initiatives typically require multi-year industrial collaboration and
therefore lie beyond the scope of review-based studies, reinforcing their role as a priority for
future research rather than an expectation of the present work.

Policy and standardization implications

From a policy perspective, the review highlights that regulatory alignment alone is insuf-
ficient to ensure effective and interoperable DPP implementations. Policymakers should
complement regulatory mandates with clear guidance on minimum functional requirements,
data modeling standards, and governance principles for DPP systems. International coordi-
nation is particularly critical to avoid regulatory fragmentation and the emergence of incom-
patible regional DPP frameworks. Furthermore, policy instruments should account for the
capacity constraints of small and medium-sized enterprises by promoting shared infrastruc-
tures, incentives, and phased adoption strategies. For standardization bodies, the results
underscore the urgency of advancing open, lifecycle-oriented standards that address infor-
mation inheritance, modularity, and interoperability across sectors. Aligning DPP-related
standards with existing frameworks in digital manufacturing, lifecycle assessment, and data
spaces will be essential to ensure that DPPs evolve from compliance tools into trusted infra-
structures supporting circular economy and sustainability objectives.

Conclusions

This comprehensive review has examined the current state, challenges, and future directions
of Digital Product Passports (DPPs) as enablers of sustainable manufacturing and circular
economy transitions. By analyzing 225 academic and industry papers, this study presents
the most detailed synthesis to date, classifying existing literature across multiple dimensions
including regulatory compliance, technological architecture, modeling languages, industry
application, sustainability impact, and implementation scalability.

The findings reveal that while DPPs hold significant promise for improving traceability,
enhancing lifecycle transparency, and fostering regulatory alignment, their development
remains fragmented and unevenly distributed across sectors. Many contributions present
narrative or conceptual frameworks rather than empirically validated implementations, with
scalability often restricted to pilots or sector-specific contexts. Moreover, technological
debates remain dominated by blockchain, despite persistent concerns about energy ineffi-
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ciency, operational costs, and interoperability challenges. Alternatives such as hybrid archi-
tectures and emerging data space initiatives offer more practical avenues, but they are still
underexplored.

A key contribution of this review is the identification of the lack of a uniform DPP life-
cycle methodology. Current practices vary widely, with some approaches reducing the pass-
port to a static QR code linked to limited product data, while others propose sophisticated
multi-layered infrastructures. The newly proposed DPP lifecycle framework addresses
this gap by conceptualizing the passport as a dynamic, evolving digital artifact that grows
with the product lifecycle. Through information inheritance, earlier lifecycle data is carried
forward; through assembly and disassembly capabilities, passports can merge or split to
represent complex supply chain interactions and remanufacturing pathways. This ensures
information continuity and avoids the loss or misallocation of critical data during product
transitions.

The review further highlights critical deficits in modeling standardization and sustain-
ability measurement. More than half of the studies analyzed lack explicit data modeling lan-
guages, leading to fragmentation and limiting interoperability across platforms. Likewise,
sustainability impacts are frequently claimed but rarely quantified with consistent indica-
tors, leaving circularity outcomes unverifiable. Regulatory frameworks, particularly in the
European Union, are advancing rapidly, yet global harmonization remains absent, creating
uncertainty for international supply chains. In addition, stakeholder governance, consumer
engagement, and end-of-life actors remain insufficiently addressed despite being central to
achieving meaningful impact.

To transition from fragmented pilots to fully operational ecosystems, future research and
policy should prioritize five actions:

1. Establishing internationally recognized data and modeling standards that support inher-
itance, modularity, and interoperability.

2. Developing energy-efficient, scalable infrastructures, including data spaces and hybrid
architectures beyond blockchain.

3. Integrating DPPs with dynamic lifecycle assessment tools to ensure measurable sus-
tainability outcomes.

4. Building inclusive governance frameworks that engage all stakeholders, from manufac-
turers to recyclers and consumers.

5. Validating DPP implementations through empirical, cross-industry pilots that demon-
strate lifecycle-wide coverage, including reuse, remanufacturing, and recycling.

Only by addressing these systemic enablers and embracing the full lifecycle perspective
can DPPs fulfill their transformative potential, not as narrow compliance instruments,
but as foundational tools for resilient, transparent, and circular production systems. The
limitations, future research needs, and policy implications identified in this study provide
a roadmap for advancing DPPs toward scalable and interoperable industrial deployment.
All data generated or analyzed during this study are included in this published article
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