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Abstract

Persistent data gaps limit the quality of life cycle assessments (LCAs), which frequently rely on incomplete, outdated, or
non-comparable process data. Digital product passports (DPPs), initially developed for supply chain traceability, regulatory
compliance, and circular economy objectives, also hold potential to address long-standing data challenges in LCA. Based
on 20 selected, publicly documented DPP initiatives assessed as of April 2025, this Comment examines how emerging DPP
practices structure information relevant to LCA. These initiatives indicate that core attributes, including material composi-
tion, recycled content, hazardous substances, and product carbon footprints, are now common and could provide a basis for
improved LCA practice. However, contextual quantitative and qualitative data needed for representative life cycle inventories
(LCIs) and methodologically consistent LCAs remain limited, particularly for production characteristics, energy use, end-
of-life (EoL) parameters, and data-quality metadata. To enhance the utility of DPPs for LCA, future developments should
prioritise the inclusion of disaggregated LCI data and the integration of EoL information as scenario input. Embedding
established LCA principles in DPP architectures would support consistency, scalability, and transparency, helping transform

DPPs from static compliance tools into dynamic infrastructures for actionable sustainability assessment.

Keywords Industrial ecology - Digital product passport - Life cycle assessment - Life cycle inventory - Product carbon

footprint - End-of-life modelling - Circular economy

1 Introduction

The European Union (EU) promotes digitalisation and the
circular economy through the European Green Deal (Euro-
pean Commission 2019), the Circular Economy Action

P4 Yanan Liang
y.liang@cml.leidenuniv.nl

Institute of Environmental Sciences (CML), Leiden
University, 2333 CC Leiden, The Netherlands

Department Circularity and Sustainability Impact,
Netherlands Organisation for Applied Scientific Research
TNO, 3508 TA Utrecht, The Netherlands

3 BRGM, 45060 Orléans, France

State Key Laboratory of Water Pollution Control and Green
Resource Recycling, School of the Environment, Nanjing
University, Nanjing 210023, China

Institute for the Environment and Health, Nanjing University
Suzhou Campus, Suzhou 215163, China

Published online: 11 July 2026

Plan (European Commission 2020b), and the Digital Strat-
egy (European Commission 2020a). Formalised under
the ecodesign for sustainable products regulation (ESPR),
digital product passports (DPPs) are central to this vision
(European Commission, 2024), aiming to provide stand-
ardised, machine-readable information on environmental
impacts, circularity, and material sourcing across value
chains (Chawla et al., 2026).

DPP-related efforts are not limited to Europe. In 2025, the
United Nations Economic Commission for Europe (UNECE)
and the International Organisation for Standardisation (ISO)
launched a joint initiative to develop international DPP
standards (UNECE, 2025a), building on earlier industry-
led pilots such as the Global Battery Alliance (2023). Across
sectors, DPPs are expected to embed structured information
on material composition, origin, recycled content, and prod-
uct carbon footprints (PCFs), among others, thereby support-
ing regulatory compliance and circular-economy objectives
(European Commission, 2024). Parallel academic work has
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begun to specify the data attributes required for DPPs to
fulfil these ambitions (Berger et al., 2022; Haupt et al., 2024,
Jensen et al., 2023).

Currently, life cycle assessment (LCA), the primary
method for quantifying the potential environmental impacts
of products and services over their life cycle, remains con-
strained by limited access to primary data, defined here as
company-specific, measurement-based information. Many
LCAs rely on secondary life-cycle inventory (LCI) datasets
that lack geographical, temporal, and technological repre-
sentativeness (Crenna et al., 2019; Heijungs, 1996; Hellweg
& Mila i Canals, 2014; Istrate et al., 2024; Wernet et al.,
2016). For instance, Eltohamy et al. (2024) found that LCAs
of electric mobility are hindered by scarce primary data for
battery raw material supply chains, while Xu et al. (2025)
identified persistent challenges in traceability and interoper-
ability across LCI databases. Overall, the field recurrently
highlights the need for improved access to primary data,
along with standardised metadata on aspects such as tem-
poral representativeness, location, technology specifications,
and energy sources.

Although DPPs were originally designed to support trace-
ability and compliance, they may also help address several
of these LCA data challenges. By embedding harmonised,
machine-readable, product-level information on material
composition, product characteristics, and environmental
indicators, DPPs could reduce reliance on outdated second-
ary datasets and improve the granularity and traceability of
LCI data (Adisorn et al., 2021; Berger et al., 2022; Cetin
et al., 2023). Conversely, LCA provides a science-based,
standardised methodological framework for structuring and
interpreting environmental information, including principles
for defining system boundaries or assessing data quality
(ISO, 2006a). This bidirectional relationship, where DPPs
improve access to verifiable product-level data and LCA
provides the methodological backbone, positions both as
potentially complementary components of a shared sustain-
ability data ecosystem. Recent work has explored this inter-
face. For example, Haupt et al. (2024) compiled 32 LCA
data requirements for DPPs, covering aspects from goal
and scope definition to results verification and validation,
while Panza et al. (2023) suggested extending DPPs to social
impact and planetary boundaries-based indicators. Besides,
Giell and Moller (2025) conceptualise DPPs as boundary
objects for data exchange.

However, existing studies have primarily focused on
defining data requirements for DPPs or conceptualising their
role in sustainability assessment. Less attention has been
paid to how emerging DPP initiatives perform in practice,
particularly in terms of the types of data they provide and
their usability for LCA. This Comment addresses this gap by
examining 20 publicly documented DPP initiatives, assessed
up to April 2025, to evaluate how their data attributes can
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support LCA and to identify key data and methodological
limitations that constrain their integration into the LCA
workflow. By shifting the focus from conceptual require-
ments to proposed data structures, the analysis provides a
practice-based perspective on how emerging DPP systems
align with, or diverge from, the needs of LCA practice.

2 Coverage of LCA-relevant data in selected
DPP initiatives

We selected 20 DPP initiatives to illustrate the coverage of
LCA-relevant data in emerging DPP practices. The sample
was assembled purposively from publicly documented initia-
tives across different DPP-relevant sectors and implementa-
tion contexts. It therefore provides a cross-sectoral overview
rather than a systematic, representative, or exhaustive inven-
tory of the DPP landscape. The term “initiative” is used here
as a pragmatic umbrella to capture diverse forms of DPP-
related developments, including research projects, policy
platforms, industrial implementations, and standardisation
efforts, which often overlap in practice. Initiatives were
identified through a targeted review of publicly available
sources, including policy documents, industry reports, and
project documentation available as of April 2025. Selection
was guided by two topical criteria: (i) explicit engagement
with DPP-related data structures or data exchange, and (ii)
inclusion of information relevant to sustainability assess-
ment or circularity (e.g., material composition, environmen-
tal indicators, or end-of-life (EoL) considerations). The final
sample covers batteries, electronics, construction products,
textiles, and other material-intensive sectors. Further details
on the initiative selection process are provided in Supple-
mentary Information SI1 Table S2, which documents the
analysed initiatives, sectors, data focus, and public sources,
thereby supporting the traceability of the evidence base.
Across these initiatives, LCA-relevant data attributes were
grouped into four categories: assessment results and prod-
uct, production, and EoL characteristics. These categories
are used to facilitate comparison across initiatives, not as a
formal taxonomy.

Figure 1 summarises attribute coverage across the ana-
lysed initiatives and maps the documented DPP content
to environmental LCA. Several initiatives focus on the
exchange of data across value chains to support PCFs.
Examples include the Pathfinder/PACT framework from
the World Business Council for Sustainable Development,
which defines a cross-sector methodology and data-exchange
protocol for PCFs, sectoral standards such as Together for
Sustainability in the chemical industry (Together for Sus-
tainability, 2025; World Business Council for Sustainable
Development, 2023), and DPP-oriented data spaces such as
Catena-X in the automotive sector (Catena-X Automotive
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Fig. 1 Mapping data attributes from 20 DPP initiatives to environ-
mental LCA. The left nodes represent content categories (product,
production or EoL characteristics, and Assessment results). Middle
nodes denote specific reporting requirements, and the right nodes

Network e.V. 2025). Across initiatives, a common logic
is that each supply chain actor calculates a cradle-to-gate
PCF based on its own processes and passes the aggregated
result downstream. The downstream user then multiplies the
received PCF by the quantity of the input product to derive
their own PCF, forming an inheritance-based calculation
model (Holzapfel et al., 2024).

Others

Recycled content (mass)

Hazardous substances (qualitative)

Technical parameters of EoL processes
Product-specific available EoL options
Technical parameters of production processes

o~Manufacturing locations
o-Energy use / mix

indicate assessment methods. Link thickness reflects the number of
initiatives that include each requirement (n=20). Source: Authors’
compilation based on the initiative-by-attribute mapping provided in
Supplementary Information SI2

Exchanging aggregated PCFs reduces the reporting bur-
den but creates comparability challenges. Consistent use
of PCFs requires alignment in methodological and mod-
elling choices (e.g., system boundaries and background
LCI datasets), which is difficult to guarantee in heteroge-
neous supply chains. Several sectoral initiatives provide
PCF harmonisation guidelines, such as the Catena-X PCF
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Rulebook (2025), the Global Battery Alliance (2023) cal-
culation framework, and CarbonBlock (2026)’s built-in
methodological documentation. Nevertheless, full align-
ment across the entire supply chain remains challenging,
as companies may rely on different background datasets or
make divergent modelling choices. As data exchange sys-
tems, the analysed initiatives prioritise technical interoper-
ability, data exchange formats, and governance structures
rather than full end-to-end methodological harmonisation.

Beyond PCFs, several initiatives report attributes that
are directly useful as LCI inputs, including material com-
position, sometimes with absolute masses (Berger et al.,
2022, 2023; EPEA GmbH, 2021; Jensen et al., 2023;
KEEP, 2025; Spherity GmbH, 2025a), and hazardous
substances information, which is quantitative in some ini-
tiatives (Battery Pass consortium, 2023; Spherity GmbH,
2025b). These attributes often require limited incremental
effort because they are already collected for regulatory
compliance, for example, under the restriction of hazard-
ous substances directive (RoHS), the Ecodesign frame-
work, and the registration, evaluation, authorisation and
restriction of chemicals regulation (REACH) (European
Commission, 2025; European Parliament & Council of
the European Union, 2006).

In contrast, production characteristics (e.g., factory
energy use and sources, geographical and temporal meta-
data) and EoL characteristics appear far less frequently in
the analysed initiatives. Examples include Spherity’s initia-
tive and the Battery Pass, which have incorporated the sepa-
rate EoL disposal guidelines into their DPPs (Battery Pass
consortium, 2023; Spherity GmbH, 2025a). The initiatives
reviewed here therefore predominantly capture upstream
and mid-stream product attributes, while providing limited
coverage of production conditions, use-stage performance,
and EoL outcomes.

This asymmetry is not simply a design gap but reflects
structural differences in data controllability across life-cycle
stages. Upstream and mid-stream data are typically closer to
the manufacturer’s sphere of influence and are often already
collected for procurement, compliance, traceability, or qual-
ity control purposes. In contrast, use and EoL outcomes
depend on factors beyond direct producer control, includ-
ing user behaviour, product use patterns, local infrastructure,
and downstream waste management systems.

As a result, manufacturers and suppliers can more readily
report information on product composition and production-
related attributes than on actual downstream performance.
In the selected initiatives, downstream information therefore
mainly reflects intended use conditions, repair guidance, or
recyclability claims, rather than measured outcomes. This
indicates a structural boundary to the types of life-cycle
information DPPs can realistically provide at the point of
product placement.
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3 Data gaps and needs for enhancing LCAs

Therefore, limited data granularity remains the princi-
pal constraint limiting the usefulness of DPPs for LCA
research. Aggregated PCFs facilitate exchange but mask
the processes, technological parameters, geographical con-
ditions, and operational behaviours driving these impacts.
For most LCA-based decisions, such aggregation is overly
simplified. Researchers require process-specific data to
identify impact hotspots across a product life cycle, assess
burden shifting, or design mitigation strategies (an over-
view of potential process-specific data gaps is provided
in Table 1).

From an LCA perspective, process-specific inventory
data are more analytically valuable because it preserves
the detail required for robust modelling and interpreta-
tion. However, generating and sharing such data is chal-
lenging in practice. It increases reporting burden, requires
frequent updates, and may expose commercially sensitive
information, such as production efficiencies and technol-
ogy choices. The trade-off is therefore not only technical
but also organisational and governance-related: the data
that is most informative for LCA is often also the least
shareable within supply chains.

As a result, the value of DPP data for LCA is inher-
ently dependent on the level of access and intended use.
While more detailed data would improve assessment
capabilities, practical implementation often requires bal-
ancing transparency with confidentiality and feasibility.
Such limitations may reflect deliberate design choices to
reduce reporting burden, protect sensitive information, and
support industry uptake. Some DPP architectures already
include tiered access rights to manage this trade-off (Cat-
ena-X Automotive Network e.V. 2025; CIRPASS Consor-
tium, 2024; CIRPASS-2 Consortium, 2025; Global Bat-
tery Alliance, 2023). If detailed LCI data were included,
access would likely be restricted to accredited actors, such
as regulators or auditors. While such arrangements can
strengthen verification and security, they may also limit
accessibility for a broader audience and, consequently, the
analytical use of DPPs.

A further limitation concerns EoL information. In
the analysed initiatives, manufacturers can at best report
intended treatment routes or recyclability potential, rather
than observed outcomes. In LCA, EoL modelling com-
bines factual data (e.g., recycling or landfilling rates) with
scenario assumptions. If EoL impacts are embedded with
an aggregated PCF, they must be sufficiently disaggregated
to separate assumed downstream scenarios from upstream
processes. However, dynamic, product-specific EoL per-
formance data is rarely available in a verifiable form and
generally falls outside the practical scope of DPP systems.
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Downstream actors are unlikely to feed operational data
into individual passports, and many EoL outcomes are
inherently modelled rather than measured. Expecting
DPPs to resolve these limitations risks conflating prod-
uct-level information systems with broader waste-system
monitoring infrastructures.

4 Integrating the LCA framework into DPPs

A major strength of LCA lies in its standardised principles
and reporting requirements, which enable assessments that
can be audited for transparency and reproducibility (ISO,
2006b, 2006¢). DPPs can align with established LCA con-
ventions by integrating key aspects such as system bounda-
ries, functional units, provenance rules, and DQI into their
data models. This would ensure that DPP information
remains interpretable and comparable across supply chains,
while complementing compliance functions.

In practice, however, transparency in LCAs remains
uneven. Many datasets in widely used LCI databases lack
accessible documentation, consistent metadata, or traceable
sources (Guo et al., 2025; Xu et al., 2025). DPPs could help
by requiring product-level data to be reported in machine-
readable, interoperable formats with explicit provenance and
methodological metadata, allowing users to trace, compare,
and reconcile differences across datasets. Here, “verified”
product-level information should be understood in a differ-
entiated sense, ranging from self-declared and documented
data to audited or measured values, depending on data type,
governance arrangements, and available verification mecha-
nisms. DPPs do not ensure uniform verification across all
fields, but can make verification status and data provenance
more explicit. Where supplier-specific data are unavailable,
DPPs could include clearly labelled proxy data that can be
replaced when verified primary information becomes availa-
ble. This would help users distinguish modelled assumptions
from verified observations, improving both interpretability
and verification. While DPPs cannot eliminate diversity in
LCA practice, they can make this diversity visible and audit-
able, turning opaque uncertainty into an attribute that can be
examined and managed. In practice, limited documentation
and inconsistent metadata in existing LCI databases reduce
reproducibility and complicate systematic linkage with DPP-
based data.

To be effective for LCA, DPPs should integrate the pri-
ority data attributes (Table 1), including energy use, EoL
parameters, CRM intensity, and hazardous substances,
accompanied by provenance information, verification status,
and DQI. DPPs can include dynamic update mechanisms,
such as change logs and timestamps, that allow information
to be updated over time, helping passports function as living
datasets rather than static records (UNECE, 2025b). This
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is particularly relevant where composition and CRM con-
tent shift rapidly with regulation and technology (European
Commission, 2023).

5 Moving forward

DPPs and LCA can be mutually reinforcing. DPPs offer
a pathway to improve access to structured, product-level
information, while LCA offers a methodological frame-
work for interpreting and using such data. Realising this
complementarity requires deliberate shifts in DPP design
and governance.

Moving beyond aggregated indicators towards dis-
aggregated LCI data is essential to enhance analytical
value. While aggregated indicators (e.g., PCFs) offer a
pragmatic starting point by lowering reporting burdens and
enabling data exchange, they can provide limited informa-
tional value. Greater benefits may arise once DPPs capture
disaggregated LCIs, such as energy use and sources, EoL
parameters, CRM intensity, and provenance metadata. At
the same time, DPPs should not be treated as LCI databases,
as they do not model full supply chains, but they provide
structured product-level data that can complement, rather
than replace, existing LClISs.

Framing EoL information as scenario input, not fac-
tual reporting. Given the limited control of manufacturers
over downstream processes, DPPs are unlikely to provide
measured EoL outcomes. Instead, they can support LCA
by providing structured information that informs scenario-
based modelling. Clear guidance on plausible product-
specific EoL pathways would support more consistent
downstream assumptions without exceeding the industry’s
reporting capacity or undermining data credibility.

Harmonisation of methodological choices is necessary
for meaningful reuse of DPP data. The potential reuse
of DPP data depends on aligned definitions of functional
units, reference flows, and system boundaries. Without such
alignment, interoperability across components and assem-
blies remains limited in practice. Clear, machine-readable
metadata, supported by the LCA community guidance tai-
lored to product groups, will be essential for comparing,
aggregating, and reusing DPP data. Embedding harmonised
reporting conventions aligned with ISO and ProductEnviron-
mental Footprint (PEF) principles would make LCAs more
representative, transparent, and reproducible. This will allow
DPPs to function as more effective infrastructures for envi-
ronmental assessments.

The value of DPP data is shaped by governance
frameworks that balance transparency, confidentiality,
and feasibility. While detailed data may remain restricted
to authorised actors, aggregated or anonymised datasets
can still improve representativeness and reduce reliance on
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generic assumptions. In this way, DPPs can evolve into data
infrastructures that support both regulatory compliance and
environmental assessment.

While this Comment focused on LCA, the broader
potential of DPP lies in how Industrial Ecology methods
can shape their design and amplify their usefulness across
stakeholders. Beyond supporting environmental assessment,
DPPs should also provide accessible information to end-
users, repairers, and recyclers, for example, on product com-
position, durability, repairability, and recyclability. Where
such information is structured and verifiable, it can also sup-
port improved modelling of use-phase and EoL processes in
LCA. Embedding these principles can help DPPs evolve into
coherent data infrastructures linking product information
with material, environmental, and socio-economic flows.

6 Conclusion

Here we examined how a selected set of publicly docu-
mented DPP initiatives can support LCA, and conversely,
how LCA can inform DPP design. The analysed initiatives
increasingly include selected product-level attributes and
environmental indicators, but key elements required for
representative LClIs, particularly production characteristics,
EoL parameters, and data-quality metadata, remain limited.
Strengthening the integration of LCA principles into DPP
data models could improve the transparency and reproduc-
ibility of environmental assessments based on DPP data.
This assessment is intended as an illustrative overview of
selected emerging practices rather than a comprehensive
evaluation. In addition, no systematic comparison of DPP
maturity or coverage is conducted, as comparable indicators
and standardised information are not consistently available
across initiatives, many of which remain at pilot or early
stages.

7 Summaries

Supplementary Information SI1: This supporting informa-
tion provides the abbreviation list and details of the selec-
tion and categorisation of the digital product passport ini-
tiatives analysed in the manuscript. It includes Table S1,
listing abbreviations used in the manuscript, and Table S2,
documenting the analysed initiatives and supporting public
sources.

Supplementary Information SI2: This supporting informa-
tion provides the qualitative assessment underlying Figure 1
of the main text.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44498-026-00144-7.
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