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Digital product passports have been proposed as a policy instrument to enable decision-making throughout
product life cycles in favour of a circular economy. However, due to nascent conceptualisation and weak indus-
trial embeddedness, the contents of such an instrument are a source of uncertainty. Situated in a mechatronics
context, this multiple-case study explores the data needs for digital product passports. Extant research reveals
sevendata clusters: (1) usage andmaintenance, (2) product identification, (3) products andmaterials, (4) guide-
lines and manuals, (5) supply chain and reverse logistics, (6) environmental data and (7) compliance. To
contextualise these clusters, interviewswith three original equipmentmanufacturers (OEMs) aswell as their re-
spective customers, service partners, suppliers and third-party recycling companies were conducted. Through a
survey, each specific data point was assessed in terms of importance, availability and sensitivity. The findings
show differentiating needs for data across these actors, yet the exchange of data and its supporting infrastructure
for closing resource loops remain at lowmaturity. Consequently, policymakers are recommended to roll out dig-
ital product passports in gradual stages, while industrial managers should proactively reconfigure data flows to
account for decision-making in a reverse supply chain. Future research is encouraged to explore the use of digital
product passports for decision-making in other industries.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Policy instruments are essential levers for sustainable production
and consumption. As vehicles for promoting aspirational objectives,
they directly or indirectly incentivise industries to complywith a shared
trajectory towards sustainable development. In a European context, nu-
merous instruments have been deployed, including extended producer
responsibility (Subramanian et al., 2009), product environmental foot-
print (Pedersen and Remmen, 2022) and eco-design (MacDonald and
She, 2015). Each instrument helps support a resource-effective and
competitive economy in pursuit of climate neutrality by 2050, as
outlined in the European Green Deal (European Commission, 2019).
Under the Ecodesign for Sustainable Products Regulation, the most re-
cent proposal concerns a digital product passport, which is expected
to enable informed decision-making throughout product life cycles in
support of a circular economy (European Commission, 2022).
on behalf of Institution of Chemical
The proposal represents a reaction to a widespread industrial chal-
lenge. Although economically viable circular business concepts are
starting to appear, particularly in the consumer electronics industry,
manymanufacturing companies remain hesitant to fully engage in a cir-
cular transformation due to plethoric (Ayati et al., 2022), entangled and
context-dependent barriers (Jensen et al., 2022). Rather than being
solely forward-oriented, supply chains must also be reconfigured to
support a reverse flow of products, whereby products and materials
are circulated at their highest utility, i.e. preserving as much embedded
value as possible following ‘the power of the inner circle’ principle
(Ellen MacArthur Foundation, 2012). Doing so calls for new forms of
collaboration across supply-chain actors. Such collaborative arrange-
ments build upon an alignment of interests, as well as a continuous ex-
change of data and information (Calicchio Berardi and Peregrino de
Brito, 2021). However, a gap persists between the need for additional
data and insufficient data sharing routines (Serna-Guerrero et al.,
2022), arguably due to dispersed data and limited data sharing channels
(Jäger-Roschko and Petersen, 2022) – despite increased attention in the
role of a smart and digitally-enabled circular economy (Rosa et al.,
2020). Consequently, actors find themselves lacking the requisite data
Engineers. This is an open access article under the CC BY license (http://creativecommons.
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about product life cycles to effectively occupy a new role in a circular
supply chain (Preston, 2012).

Digital product passports are expected to remedy this in the form of
storage, allowing actors across the supply chain to insert and extract rel-
evant product data and information. Despite increased attention, the in-
dustrial implications of a digital product passport are only just
beginning to be explored; in the scientific discourse, the concept re-
mains in its infancy. In the literature, focus is extensively directed to-
wards the coherency and consistency of the policy instrument and its
operational features to make it a valuable platform rather than an ad-
ministrative burden (Götz et al., 2022). On that note, extant studies
are concerned with proposing design options (Plociennik et al., 2022)
and defining system requirements, including access control to protect
intellectual property rights (Adisorn et al., 2021). To substantiate
these arguments, further research on the contents of a digital product
passport is needed (Adisorn et al., 2021; Berger et al., 2022; Götz et al.,
2022). Data and information are likely to vary depending on the deci-
sion, use case and the actor who utilises it (Walden et al., 2021). Under-
standing these dynamics is expected to qualify subsequent discussions
about system requirements and, ultimately, enable the industrial adop-
tion of digital product passports. Consequently, this study addresses the
following research question:

What are the critical decision points and data needs for actors in a cir-
cular supply chain to support product life cycle decision-making?

The remainder of the study is structured as follows. Section 2 out-
lines the critical decision points and data categories for a digital product
passport, as evident in extant research. These two streams define a cod-
ing structure for the empirical data analysis. Section 3 describes the
methodological and empirical foundation as well as the data collection
and analysis methods. Section 4 presents the empirically identified
data needs, which are then discussed further in Section 5. Section 6 pro-
vides concluding remarks.

2. Conceptual background

This section delineates the conceptual background and academic
discourse of the pillars upon which this research builds. First, we set
the scene by introducing the notion of a smart circular economy. Sec-
ond, we present the changing roles and decision-making contexts im-
posed on critical actors by the circular transition. Third, we introduce
the notion of a digital product passport as a key enabler for
operationalising circular strategies, including its contents, as presented
in extant studies. In combination, these pillars construct a coding struc-
ture, and thus an analytical lens, throughwhich the study is approached.

2.1. Towards a smart circular economy

In the contemporary business landscape, many companies are chas-
ing the potential for enhanced competitiveness from two transforma-
tive agendas: circular transformation and digital transformation
(Ingemarsdotter et al., 2020). Despite having distinct value potentials,
an increasing body of research connects the two agendas (Chauhan
et al., 2022), often under the concept of a smart circular economy.
Most dominantly, emerging digital technologies are capable of tracking
and tracing products throughout their life cycle (Giovanardi et al.,
Table 1
Decision-making contexts for a circular economy across supply-chain actors. The dotted line in
take its offset from a linear vantage point.

Supplier Manufacturer Serv

Linear supply
chain

Forward-oriented production
of components

Forward-oriented production
of products

Time

Circular supply
chain

Remanufacture of components Selecting and employing
value-retention strategies at
product level

Cond
main
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2023), thus both enhancing supply-chain transparency and data gener-
ation in favour of a circular economy (Antikainen et al., 2018). Examples
of this include the implementation of big data analytics for high-quality
decision-making in pursuit of a circular economy (Awan et al., 2021;
Bressanelli et al., 2018), the application of RFID tags to estimate the
remaining lifetime of end-of-life products (Ondemir and Gupta, 2014)
or the use of cyber-physical systems to cope with complex
remanufacturing systems (Rejeb et al., 2022). While many of these con-
sider unidirectional capabilities (i.e. digital technologies as enablers of a
circular economy), others emphasise their synergetic effects, including
the ability of a circular economy to enable digital transformation
(Uhrenholt et al., 2022). Unlocking such synergetic effects enables com-
panies to reconcile a forward-oriented and reverse supply chain
through data-enabled decision-making (Pagoropoulos et al., 2017). De-
spite this increased attention, a research gappersists between the scien-
tifically theorised potential and its industrial reality (Rosa et al., 2020),
which prompts a characterisation of the smart circular economy as
pre-paradigmatic (Kristoffersen et al., 2020; Pagoropoulos et al., 2017).

2.2. Decision-making contexts in a circular economy

In contrast to a linear economy,which builds upon a ‘take-make-dis-
pose’ system, a circular economy seeks to rethink production and con-
sumption patterns through the lens of slowing, closing and narrowing
resource loops at the micro, meso and macro levels in favour of social
equity, environmental benefits and economic prosperity (Kirchherr
et al., 2017). In the academic discourse, such ambitions are often
substantialised through the utilisation of ‘R-strategies’, such as the 3R-
strategies (Reduce, Reuse, Recycle) (Ghisellini et al., 2016). Despite
the variance in these frameworks, they are founded on a shared set of
principles. First, companies should utilise their inner loops (Stahel,
2016) and strive to maintain functional value rather than recovering
material value. Second, the multiple strategies are not mutually exclu-
sive (Goyal et al., 2018); they are bound together by the principle of cas-
caded product andmaterial flows. To circulate products at their highest
utility, collaboration across the supply chain is considered a key enabler
(Chen et al., 2017). Such activity is not necessarily limited to a dyadic re-
lationship between two parties (e.g., amanufacturer and a supplier) but
may unfold in a complex network of actors (Sudusinghe and Seuring,
2022), all of whom are assigned new roles since the supply chain is re-
versed and is no longer solely forward-oriented. Extant literature
(e.g., EllenMacArthur Foundation, 2012) highlights five groups of actors
as being of particular relevance to the activities of forming a circular
supply chain. Their roles and pertaining decision-making contexts are
described in the following subsections and summarised in Table 1.

2.2.1. Customers
Whether they are end-users or OEMs, customers can no longer up-

hold a passive role in terms of slowing and closing material loops
(González-Sánchez et al., 2020), as they are expected to rethink a series
of activities to increase circularity. First, procurement criteria must be
expanded to not solely rely on traditional performance measures by in-
tegrating environmental properties and commitment and corporate so-
cial sustainability as decisive factors for more sustainable procurement
(Tseng and Chiu, 2013), Second, along the use phase, customers are
dicates that recycling companies differ from other actors as their change of focus does not

ice provider Customer Third-party recycling company

-based maintenance Traditional procurement
measures and disposal at
end-of-life

Retaining material value with
less regard for irreversible loss

ition-based
tenance

Sustainable procurement,
product lifetime extension,
end-of-life trajectories

Retaining material value with
reversible loss
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expected to extend product lifetimes and, eventually, explore end-of-
life trajectories for products and materials to be circulated at their
highest utility (Hopkinson et al., 2018).

2.2.2. Service providers
From a circularity perspective, service providers have traditionally

been responsible for prolonging product lifetimes through various
maintenance and repair strategies, such as using spare parts to ex-
change defective components. Time-based maintenance has long been
considered the most suitable strategy (Takata et al., 2004). However,
with the purpose of providing more accurate service offers, condition-
based maintenance has gained traction, according to which decisions
are based on data from monitoring product conditions (Ahmad and
Kamaruddin, 2012). Although such a change of approach is not a new
phenomenon and was hardly sparked by the circular transition, it
draws upon the distinction between resource-effectiveness and
resource-efficiency that is frequently highlighted in the circular econ-
omy discourse. For instance, Bockholt et al. (2020) argue that
resource-effectiveness is tied to the utilisation of residual value
(e.g., by recovering functional or material value), while resource-
efficiency refers to the incremental process improvements of such
activities.

2.2.3. Manufacturers
Due to resource-intensive upstream activities, resource scarcity and

increased focus on extended producer responsibility, manufacturing
companies can no longer be solely concerned with a forward-oriented
supply chain and logistics setup (Lüdeke-Freund et al., 2019). Instead,
they must begin to decouple the consumption of virgin materials from
business growth. In terms of closing resource loops, one essential mea-
sure relates to the development of product take-back systems, aswell as
capabilities to retain value at its highest utility (Geissdoerfer et al.,
2017). Consequently, manufacturers must be able to select and employ
suitable value-retention strategies at product level – assessing potential
for products to be reused or remanufactured, or whether selected com-
ponents or materials can be returned to suppliers or third-party
recycling companies (Lopes de Sousa Jabbour et al., 2019).

2.2.4. Suppliers
Rather than solely seekingmaterial input fromvirgin resources, sup-

pliers can improve sustainable value creation by developing capabilities
to remanufacture post-market components (Xiong et al., 2016). The ad-
vantages of doing so include the utilisation of material expertise and
existing facilities. In the early stages of circular transition, suppliers
may find remanufacturing less attractive thanmanufacturers. However,
as manufacturers increasingly explore remanufacturing, suppliers be-
come incentivised to follow suit, as they would financially benefit
from remanufacturing their post-market components over the alterna-
tive scenario, in which manufacturers would remanufacture the sup-
pliers' components and thus reduce revenue for the supplier (Huang
and Wang, 2017).

2.2.5. Third-party recycling companies
Although somemanufacturers and suppliers have facilities to recycle

materials (e.g., to remelt aluminium), many have outsourced this
Table 2
Data categories for digital product passports, as presented in academic studies and reports.

Data category Usage and
maintenance

Product
identification

Products
materials

(Adisorn et al., 2021) ✓ ✓

(Berger et al., 2022) ✓ ✓ ✓

(European Commission, 2022) ✓ ✓

(Götz et al., 2022) ✓ ✓

(Danish Business Authority, 2021) ✓ ✓
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activity to third-party recycling companies. As opposed to the other ac-
tors, recycling companies are born with a circular purpose, albeit one
that is seen as a ‘last resort’ since only the material value is left to be
retained (Bockholt et al., 2020). Nevertheless, recycling companies are
also finding themselves in transition. Traditionally, the common under-
standing has been that ‘all recycling is good recycling’. As such, these
companies have been measured on the amounts of materials sent to
recycling or the recovery rate (Graedel et al., 2011). Now, increasing at-
tention is directed towards the utilisation and quality of recyclingmate-
rials, and recycling companies are being encouraged to prepare
materials for the highest utility on the market, thus conducting
recyclingwith reversible loss ofmaterial propertieswhenever appropri-
ate.

In sum, a variety of actors find themselves transitioning towards new
roles. Although they are listed as having distinct intraorganisational re-
sponsibilities, significant value is to be found in interorganisational collab-
oration and increased exchange of data and information (Leising et al.,
2018).

2.3. Digital product passports: sharing routines and data needs

Themost frequentlymentioned construct in supply-chain collabora-
tion for circular objectives refers to sharing data and information with
collaborative partners (Sudusinghe and Seuring, 2022). Such routines
are increasingly enabled by the proliferation of digital technologies,
which are considered key levers of a circular transition (Uhrenholt
et al., 2022) since the potential of collecting and utilising data is contin-
uously expanding (Pagoropoulos et al., 2017). Consequently, an increas-
ing yet scant body of literature aims to develop and demonstrate
repositories for data to be utilised by actors across the supply chain for
circulating products. Such repositories are increasingly conceptualised
under the premise of ‘passports’ to accommodate the individual charac-
teristics of their affiliation to products or materials. Being connected to
each individual product, digital product passports are expected to
serve as vessels for data sharing, as supply-chain actors – ranging
from suppliers to third-party recycling companies – may both utilise
and insert data to support each other in transitioning towards a circular
supply chain (Adisorn et al., 2021). Across the industry reports and the
academic discourse, however, the contents of such a digital product
passport remain unclear and warrant further investigation (Adisorn
et al., 2021; Götz et al., 2022). In general, the purpose of a product pass-
port is taking shape, but it remains vaguely defined, particularly around
which types of data and information are relevant to support decision-
making across the value chain. Few reports and studies (Adisorn et al.,
2021; Berger et al., 2022; Danish Business Authority, 2021; European
Commission, 2022; Götz et al., 2022) point towards relevant data in
their attempts to conceptualise digital product passports. Through
their synthesis, seven data categories appear, as visualised in Table 2:
(1) usage and maintenance, (2) product identification, (3) products
andmaterials, (4) guidelines andmanuals, (5) supply chain and reverse
logistics, (6) environmental data and (7) compliance.

The high variety of data clearly reflects the multitude of factors that
affect decision-making in a circular supply chain. Although these reports
and studies serve tomaterialise the notion of a digital product passport,
they share the limitation of having little industrial embeddedness and
and Guidelines and
manuals

Supply chain and
reverse logistics

Environmental
data

Compliance

✓ ✓

✓ ✓ ✓ ✓

✓ ✓

✓ ✓ ✓ ✓

✓



S.F. Jensen, J.H. Kristensen, S. Adamsen et al. Sustainable Production and Consumption 37 (2023) 242–255
neglect multi-actor perspectives in terms of data needs. This leaves a
gap, as these data needs are expected to differ across the supply chain.
Further assessment of these studies reveals three elements of concern
that underpin data needs and require further scrutinisation for the in-
dustrial adoption of digital product passports. First, perceived impor-
tance refers to the degree of criticality for decision-making (Berger
et al., 2022). Second, availability of data has received attention, as com-
panies already have vast amounts of data, but housed in dispersed data
management systems (Jäger-Roschko and Petersen, 2022). Under-
standing the availability of data may affect the rollout of the policy in-
strument and elucidate the readiness of companies to implement
digital product passports. Third, sensitivity of data is a cornerstone for
operationalising digital product passports. While actors may have no
objections to disclosing certain types of data to the general public,
other types may be considered critical to the business and thus require
digital product passports to contain multiple levels of access (Adisorn
et al., 2021).

Synthesising this, the conceptualisation, and ultimately the imple-
mentation, of digital product passports is contingent on industrial in-
sights into data needs. Despite the emerging scientific debate, how
data needs differ among supply-chain actors remains understudied.
Moreover, due to deficient industrial embeddedness in the debate, the
nuances of the importance, availability and sensitivity of the respective
data points remain absent. Together, these two gaps construct the scope
of this study.

3. Research approach

In response to the argument from Kristoffersen et al. (2020) that the
area of data-enabled circular supply chains finds itself in a pre-
paradigmatic stage, and that studies on digital product passports are
Table 3
Respondents for data collection. Asterisk (*) refers to a response by a colleague, and superscrip

Role Area

Customer Heat, ventilation, air conditioning, control technology
Water treatment
Heat, ventilation, air conditioning, control technology

Service provider Third-party service partner
Third-party service partner

Internal service unit
Manufacturer Power conversion technology

Cooling and heating technology

Water pump solutions

Supplier Cast aluminium
Stainless steel

Cast iron
Third-party recycling company Metals, hazardous substances, plastics, electronics

Electronics and plastics
Stainless steel
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scant with little industrial embeddedness, this study is explorative in
nature and builds upon amultiple case-studymethodology as described
byYin (2009). This aims to further strengthen the conditions for theory-
building (Eisenhardt and Graebner, 2007), as it enables researchers to
both examine the studied phenomena within and across settings
(Baxter and Jack, 2008). Table 3 visualises the research design of the
study, including its sources of data collection.

3.1. Case selection

Three circular supply chainswere selected as the empirical outset for
the study, each of which consists of suppliers, the manufacturer itself as
the focal company, service providers, customers and third-party
recycling companies. Combined, they represent critical decision-
making contexts throughout the life cycle of a specific product for
which the digital product passport is intended. This selection rests on
the rationale that if such a passport is to be utilised by several actors
across a circular supply chain as a vessel for data and information shar-
ing, thenmulti-actor perspectives are needed for the identification of its
contents (i.e. the data and information needs).

The process towards this goal can be divided into two activities. The
first step was to identify relevant manufacturing companies. For this,
three selection criteria were defined: (1) the cases must all be actively
engaged in circular transition and exploring the potential of end-of-
life value retention; (2) the casesmust produce products for which dig-
ital product passports are expected to become legally mandated; and
(3) the cases should represent the same industry, as data needs and
value retention opportunities are expected to differ across industries.
Three manufacturing companies were identified, all of which are
based in Denmark and are large producers of mechatronic products.
Furthermore, from this point, manufacturers were utilised to contact
ted letters (a,b,c) refer to joint interviews.

Phase 1 – interviews Phase 2 – survey

ID Respondent Duration Response

C1 Global product manager 35
C2 Circularity expert 40 X
C3 Group sustainability manager N/A X*
C3 Strategic sourcing specialist 25 X
SP1 Chief executive officer 30
SP2 After market managera 25 X
SP2 Service techniciana X
SP3 Senior service technician 30 X
M1 Project manager 30 X
M1 Project manager 35 X
M1 Engineering director 20
M1 Standardisation manager 35
M2 Post graduate 25
M2 Circular economy project director 30
M2 Senior project manager 25 X
M2 Head of Quality 30 X
M2 Complaint analyst 25 X
M2 Engineering director 30
M3 Global circular economy lead 35 X
M3 Sustainable manufacturing specialistb 40 X
M3 Lead engineerb X
M3 Lead sustainability material specialist 35 X
M3 Project manager 30 X
S1 Senior EHS manager 20 X
S2 Supplier sustainability managerc 50 X
S2 Senior environmental managerc X
S3 Metallurgist 45 X
R1 Waste specialist 25 X
R1 Key account manager 30
R2 Sales & market director 40 X
R3 Group sustainability officer 40

Total 14 h 20 m N = 22 (71 %)
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other actors. For example, key account managers were used to contact
customers, while procurement managers were used to contact sup-
pliers. Customers were selected based on their level of maturity in the
circular transition, their attitude towards collaboration and their strate-
gic importance. Suppliers were selected based on the criticality of com-
ponents in terms of environmental footprint and economic value.
Service providers and recycling companies were selected based on
existing agreements and current collaborations with manufacturers. In
sum, the study draws on two sampling techniques – convenience sam-
pling and snowballing, as described by Taherdoost (2016) – to use pres-
ent collaborative experiences as a vehicle for encouraging participation
among external actors. Linkages between the actors are visualised in
Table 4.

Notably, it is in relation to the manufacturers that the other actors
enter a role as either supplier, customer, service provider or third-
party recycling company. Acknowledging the interchangeable roles in
a circular supply chain, where customers also become suppliers, and
where recycling companies also become customers, it was decided for
this study to refer to each actor according to its role in a forward-
oriented supply chain for communicative purposes. Such empirical
objectification enables coveted in-depth multi-actor perspectives on
a scantly studied phenomenon that is contingent on several factors
(e.g. industrial differences). Consequently, rather than pointing towards
formal generalisability across industries, this study provides indicative
results from amechatronic industry to support further attempts to con-
ceptualise digital product passports, thus aligning with Flyvbjerg
(2006), who argues that such an approach has often paved the way
for scientific progress and innovation.

3.2. Data collection and analysis

The sample of actors enables an in-depth and multi-perspective ex-
ploration of data utilisation in a digital product passport. Studying such
a complex socio-technical phenomenon calls for a qualitative approach.
Consequently, the data for this study were collected through two phases.

Phase 1: The objective of this phasewas to identify the data needs of
a digital product passport. Semi-structured interviews were conducted
with 28 practitioners, whose expertise was considered key to securing
a circular supply chain. Interviews were conducted online. All inter-
views were recorded and subsequently transcribed, and interviewees
as well as involved companies were all anonymised. In terms of data
analysis, a conventional content analysis was selected as described by
Hsieh and Shannon (2005), as this study seeks to explore a phenome-
non with scant theoretical foundation. For this, the seven data clusters
identified from the literature review (see Table 2) were used to create
a coding structure. Within this structure, thematic codes emerged
from scouting for patterns throughout the transcriptions, revealing the
empirically derived data needs for a digital product passport.

Phase 2: Subsequent to the interviews, a survey was sent out to all
interviewees. This served a twofold purpose. The survey helped validate
and qualify the findings from the interviews by presenting initial results
from themapping of data needs. Furthermore, practitioners were asked
to assess each data point in terms of relevance to them (as either user or
provider) on a five-point Likert scale based on three parameters:
(1) How important is a given data point to the actor utilising it, from
‘not important’ to ‘of utmost importance’; (2) How available is a given
data point to the actor providing it, from ‘does not exist and would be
difficult to generate’ to ‘data exist and are available’?; and (3) How
Table 4
Linkages between the actors involved.

Supplier Manufacturer Serv

Supply chain 1 S1 M1 SP1
Supply chain 2 M2 SP2
Supply chain 3 S2, S3 M3 SP3
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sensitive is a given data point to the actor sharing it, from ‘not sensitive
at all’ to ‘highly sensitive’? Notably, rather than including all data points
in every decision-making context, only those considered relevant to the
respective decision are included. Consequently, the data points were
passed through pre-sorting, as reflected in the high levels of importance.
However, their relative importance differs, and coupling this to availabil-
ity and sensitivity is expected to nuance the findings and enable a
prioritisation of data points (e.g., by indicating critical requirements).
Based on this assessment, the data points were then clustered into four
groups:

Out of scope data points have low availability and low importance.
These are not considered relevant for a digital product passport.

Supportive data points have high availability and low importance. As
such data are readily available for sharing but of mediocre importance
relative to others, they could be considered for a digital product pass-
port but are not as essential to early phases of the rollout.

Focused development data have low availability and high importance.
These data are particularly valuable for a given decision-making con-
text, but they require extensive work to generate and structure the
data by the industrial actors.

Critical data have high availability and high importance. Such types
of data are considered critical contents of a digital product passport, as
they are both available (or need minimal structuring) and add value
to decision-making in favour of a circular supply chain.

Subsequently, sensitivity is added as an analytical layer to highlight
the need to integrate multiple levels of accessibility into digital product
passports, thus building confidence among industrial actors to engage
in interorganisational data-exchange activities. A grey-scale colour-
coding is applied to indicate this level of sensitivity, as illustrated in Fig. 1:

4. Results

In this section,we present the empirical results. Here, it becomes ev-
ident that decision-making in favour of a circular economy builds upon
two informative elements. First, several specific data points have been
identified, including volume and recycled content. In other cases, a plu-
rality of data points has been captured under a single category, such as
labour conditions or environmental footprint. As an example, the latter
covers a range of data points, such as carbon footprint, water consump-
tion, land use change and ecotoxicity. However, such data points are
combined into a single category to strike a balance between depth,
breath and readability. Second, decision-making support is reliant on
the availability of documents like productmanuals,waste sorting guide-
lines and safety instructions. In the following subsections, the industrial
needs for data and documents are connected to five use cases, as pre-
sented in Table 5. In doing so, we aim to concretise which types of
data can support a circular supply chain while illustrating how they dif-
fer across various roles. Extending this mapping, we present results
from assessing data needs in terms of their importance, availability
and sensitivity.
ice provider Customer Third-party recycling company

C1, C3 R1
C2 R1

R1, R2, R3

Image of Fig. 1


Table 5
Cross-referencing identified data points and documents with use cases. (✓) refers to the actor who is expected to utilise the data,
while (*) refers to the actor who is expected to provide the data.
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4.1. Customer: sustainable procurement, product lifetime extension and
end-of-life trajectories

From a customer perspective, a digital product passport may serve a
threefold purpose as a lever towards a circular supply chain. First, by in-
creasing transparency across the supply chain, it is expected to support
sustainable procurement in favour of all three dimensions of sustain-
ability: social, environmental and financial. Doing so may support stra-
tegic targets for sustainable procurement and position customers more
favourably for tenders, where sustainability is increasingly becoming a
competitive parameter. To enable sustainable sourcing and procure-
ment, a digital product passport is also expected to provide information
about regulative compliance, for example, with regulation on labour
conditions or with the RoHS Directive (Restriction of Hazardous Sub-
stances) and the REACH (Registration, Evaluation, Authorisation and
Restriction of Chemicals) Directive. Additionally, customers deem it a
suitable platform for suppliers to disclose environmental data. This in-
cludes life cycle impacts across various parameters, such as carbon foot-
print and water consumption, or related circularity aspects (such as
percentages of recycled content or number of product life cycles), all
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of which are considered highly important. However, generating and
structuring such data demands attention from upstream actors; having
knowledge about this enables the customer to select the most sustain-
able alternative.

Second, customers are essential to prolonging product lifetimes
through continuous maintenance and repair, for example, by utilising
their own service functions. For an elaborate description of adherent
data needs, see Section 4.2, as the two specific decision-making contexts
are closely related.

The third scenario for which a digital product passport is considered
valuable for customers revolves around end-of-life options. When a
given product no longer serves its original purpose, it must be treated
safely, and its materialsmust be circulated at their highest utility. Chan-
nels for this may vary. If the product manufacturer operates a take-back
programme, a passport could serve as a means of informing customers
about return channels, such as directing them towards consolidated
pick-up stations or pre-paid return boxes. If not, materials are likely to
be recycled. Often, third-party recycling companies reward companies
that disassemble and sort materials into clean fractions. Being able to
access relevant documents, including guidelines for non-destructive
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disassembly aswell as waste sorting instructions, would strengthen the
ability of customers to handle electronic and mechanical waste
responsibly.

The data needs to support all three of these decision-making con-
texts are combined in Fig. 2, which depicts the high demand for addi-
tional data from the customer perspective. Priority data include
product compliance as well as guidelines, instructions and manuals,
much of which are obtained already through procurement. While cer-
tain types of data related to slowing and closing resource loops exist
(e.g., availability of spare parts or guidelines for non-destructive disas-
sembly), a large share requires additional work from the product man-
ufacturer, including in the fields of environmental footprint, customer
return channels or tracking the number of life cycles.

4.2. Service provider: condition-based maintenance

Service providers, as represented in this study, consider a digital
product passport a coveted platform for increased data sharing to
strengthen their service offers and repair activities. At the same time,
they expect to occupy a dual role as both users and providers of data
and information due to their linkage position between manufacturers
and customers. At its very core, as service providers instigate a mainte-
nance task, they stand to benefit from easily accessing product identifi-
cation measures, including serial and product numbers as well as
country of origin and date of manufacture, to log the activity. When
assessing the task at hand, knowledge about the external environment
in which the product has operated is an essential determinant when it
comes to inspecting the product to detect faulty components as well
as takingproper safety precautions. For instance, if amechatronic device
has been operating in a marine environment, saltwater is likely to have
corroded its metallic components, increasing the risk of defective parts
over time. Understanding such conditions enables the service partner
to deliver themost optimal service, for example, by applying substances
to prevent saltwater corrosion onwards in the product life cycle. Alter-
natively, from a safety concern, it is vital for a service provider of
pump solutions, for example, to know whether a pump has distributed
water or chemical substances. Currently, obtaining such knowledge
comes from experience and specialisation. As service providers are
Fig. 2. Data to support customers in sustainable procuremen
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often highly specialised, they will in time accumulate knowledge
about specific environmental conditions, yet with little attention to
structuring such a body of knowledge. Due to its value, not only for ser-
vice providers themselves, but also for manufacturers (see Section 4.3),
the digital product passport could support formalising knowledge-
sharing routines across supply-chain actors. Furthermore, as suggested
by service providers, a passport would preferably provide data about
the availability of spare parts and contain documents like a serviceman-
ual and guidelines for non-destructive disassembly. In general, service
partners see value in having all this information stored on a single plat-
form. Therefore, they further suggest incorporating the service log into
the digital product passport so that both they and the manufacturers
can access the repair history of a product.

As shown in Fig. 3, priority data includes product identificationmea-
sures and availability of spare parts, all of which hold low sensitivity.
Furthermore, they cover a service manual and data related to materials
(e.g., a list of hazardous substances and material composition), which
hold higher degrees of sensitivity. Focused development data are
characterised by more dynamic data, such as the service log, location
and external environment, while installation guidelines are considered
supportive data.

4.3. Manufacturer: selecting and employing value-retention strategies at
product level

Manufacturers consider a digital product passport a promising vehi-
cle for informing customers about potential channels for returning
worn-out or defective products. This could involve either pointing to
pre-paid envelopes or raising awareness about consolidated pick-up
stations. Whenmanufacturers have acquired products, they request ex-
tensive data about the use-phase of a product, as shown in Fig. 4. Prac-
titioners deem digital product passports suitable for facilitating such
data exchange. Key data and information include: When and where
was the product installed, and how many hours has it been running?
Has it operated at its highest capacity continuously or at different
levels? Having knowledge about the running hours could – in combina-
tion with the estimated average product lifetime – provide an indicator
of the remaining lifetime of a product. Moreover, gaining insight into
t, product lifetime extension and end-of-life trajectories.

Image of Fig. 2


Fig. 3. Data to support service providers in conducting condition-based maintenance.
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the external environmental conditions under which the product has
been operating is considered essential to its ability to undergo multiple
life cycles. Examples of harmful environmental factors include the
amount of dust to which the product has been exposed, levels of vibra-
tion and contact with potential hazardous substances, which may have
contaminated materials. Such use-phase data are considered core con-
stituents of the assessment as to whether returned products can be
reused or remanufactured or sent to a third-party recycling company.
Fig. 4. Data to support manufacturers in selecting and em
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As returned products are often either worn out or have failed on the
market, direct reuse may not be preferable. Instead, manufacturers are
inclined towards replacing worn-out or defective components, thus en-
gaging in remanufacturing and refurbishing activities. Digital product
passports are expected to enable this inmultiple ways. Being able to ac-
cess the service log, as updated by service providers or customers, to gain
knowledge about the repair history is considered highly important to as-
sess the lifetime of components, yet the availability of such data is rather
ploying value-retention strategies at product level.

Image of Fig. 3
Image of Fig. 4
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low. Asmanufacturing companies are becoming increasingly aware of in-
tegrating circular design strategies (e.g., design-for-disassembly) into
product design, adherent guidelines to secure non-destructive disassem-
bly during remanufacturing or refurbishing could be stored and accessed
in such a passport, which could not only feature a stepwise walkthrough
but also highlight critical awareness points (e.g., when handling hazard-
ous substances). In addition to the condition of components,which is par-
ticularly guided by use-phase data and thorough inspection procedures,
the technical scope of remanufacturing and refurbishment projects is fur-
ther reliant on environmental and financial parameters.

To support the decision to select components for a second life, man-
ufacturers see value in using a digital product passport to access data
about environmental life cycle impacts (e.g., carbon footprint) on both
a product level and a component level. Combined with the financial
value of a given component (e.g., through a bill of materials), this
would enablemanufacturers to target the components with the highest
environmental and financial impact. Closely tied to this scoping process,
remanufacturing activities – particularly in the case of long-life products
– are also challenged by frequent design changes with little attention to
the cross-model compatibility of components. Already now, but more
so in upcoming product generations where circular principles are likely
to become integrated into design, practitioners recommend that a digi-
tal product passport should contain information about the compatibility
of components. This would add flexibility to the value retention options
and partially remedy the challenges of foraging for post-market mate-
rials, as imposed by low product return rates. Finally, in cases where
components or materials must be sent to suppliers or third-party
recycling companies, respectively, a digital product passport is consid-
ered suitable for providing information about the actors involved in
the production and circulation of a given product, thereby identifying
subsequent trajectories in a cascaded flow of products.

Fig. 4 adds further detail to these findings. Aside from product
identification measures, priority data include data of high sensitivity,
which relates to product and materials (e.g., bill of materials, material
composition and recycled content). Additionally, running hours
and power, guidelines for non-destructive disassembly and a list of
suppliers are considered of high priority. For manufacturers, significant
effort is required to generate data and to inform about environmental
footprint, availability of customer return channels and waste sorting
guidelines, among others. Similarly, additional work is required to
Fig. 5. Data to support suppliers in
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organise a service log. On the other hand, volume and location are
considered out of scope, while country of origin is considered to be
supportive data.

4.4. Supplier: remanufacture of components

Similar to product manufacturers, supplier engagement in closing
resource loops is conditioned by reverse product and material flows,
which provide new sourcing opportunities. Either components may be
returned as an extension of the manufacturer's take-back programmes,
or they are harvested from scrap vendors. In both cases, better access to
high-quality data about a component (as facilitated by a digital product
passport) is considered a key enabler for higher degrees of value
utilisation. For example, rather than remelting – and thus recycling –
aluminium and steel components, certain types of datamay create fruit-
ful conditions for exploring remanufacturing options. As exemplified by
interviewees, such data could concernmaterial composition, aswell as a
list of hazardous substances. Even in closed loops where any given sup-
plier receives its own components, detailed insight into material com-
position is needed due to frequently occurring design changes and
chemical thresholds, as induced by changing regulation. Related to
this, suppliers consider a digital product passport a coveted platform
for accessing data about recycled content. Although it is not considered
essential, this could support suppliers in securing the quality and dura-
bility of remanufactured components, as well as tracking such content
throughout multiple life cycles.

This is summarised in Fig. 5.While material composition and a list of
hazardous substances are considered priority data, data about recycled
content is categorised as supportive. Despite being frequently men-
tioned as a point of awareness by suppliers, the external environment
is considered of little importance in this study, which is arguably caused
by the robustness of their respective components (e.g., casted alumin-
ium parts). Combined with low availability, external environment is
categorised as out of scope in the decision-making context of suppliers.

4.5. Third-party recycling company: retaining material value with
reversible losses

Mechanical recycling, as represented in this study, slightly differen-
tiates itself from other activities as the trajectory for products and
remanufacturing components.

Image of Fig. 5
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materials is largely determined. However, within this scope, third-party
recycling companies find themselves in continuous pursuit of increased
quality of recycled materials. Access to certain types of data is expected
to support such ambitions. Although pricing mechanisms incentivise
manufacturers to sort materials into clean fractions, recycling compa-
nies often end up spending a significant amount of time disassembling
products and sorting materials themselves before they are shredded.
Being able to access disassembly guidelines and material composition
in a digital product passport would enable recycling companies to
generate even cleaner material fractions. In turn, this would improve
the quality of the output, as increased transparency would enable the
swift identification of hazardous substances (e.g., from batteries). The
lack of data about material composition is a prevalent challenge for
recycling companies, particularly in the case of plastics, where various
types of plastics, chemical additives and fillers determine their recycla-
bility in terms of reversible or irreversible property losses. Although
plastic recycling symbols support this to a certain degree, they are rarely
found on plastic components in complex products. To remedy this, data
sheets are occasionally attached to the returnedmaterials, yet without a
detailed description of their compositions. As argued by practitioners,
elaborating on suchdata sheets and integrating them into a digital prod-
uct passportwould provide coveted data exchange in a systematicman-
ner, thus supporting more effective decision-making in the pursuit of
high-quality recycling.

As shown in Fig. 6, data about material composition, a list of
hazardous substances and guidelines for non-destructive disassembly
are considered priority data, while waste sorting guidelines require
additional work and are thus categorised as focused development data.

5. Discussion

Although the needs for data and information in a digital product
passport have been scarcely studied in a systematic way, particularly
from a multi-actor perspective, a few studies and reports from the
academic and the grey literature point towards relevant data points
to be included, albeit with only scant empirical foundation. As
presented in Table 6, this section aims to juxtapose these suggestions
Fig. 6. Data to support third-party recycling companies
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with those presented in this study to highlight similarities and differ-
ences, thus both nuancing data points and aiding to materialise the fre-
quently mentioned ones as essential contents of a digital product
passport.

Compared to most extant reports and studies, this study identifies
several data points, all of which are considered valuable to supply-
chain actors as levers for the development of decision-making capabili-
ties in a circular economy. This is likely to reflect the industrial
embeddedness of the study, which is in contrast to Adisorn et al.
(2021) and Berger et al. (2022). By situating the object of enquirywithin
a small-scale sample of a supply chain, inwhich actors are becoming in-
creasingly attentive towards the circular transition, practical experi-
ences with a lack of data and information become further augmented.
The extant reports and studies depict a dispersed overview of the data
and information required for a digital product passport. Frequently
mentioned data include a list of hazardous substances, environmental
footprint, material composition and product identification measures
(Berger et al., 2022; Götz et al., 2022). Based on their perceived impor-
tance and partial availability, this study corroborates such findings but
nuances them by situating data points in the decision-making contexts
of multiple actors. A similar tendency is found in the case of guidelines
for non-destructive disassembly, although the option of digitising
existing guidelines and manuals has generally received little attention.
In the existing studies and reports, data related to usage and mainte-
nance are scantly mentioned, which may indicate a slight incline
towards making digital product passports a static platform that cap-
tures relevant product data during upstream activities, as argued by
Adisorn et al. (2021). However, this study finds that accessing data
about running hours and power as well as the service log constitutes
essential decision-making support for service providers and manu-
facturers to unlock inner looping strategies like repair or remanufac-
ture, which may advocate for a more dynamic platform. In terms of a
reverse flow of products, neglecting such data may result in a digital
product passport that favours third-party recycling companies, as
they heavily rely on data from upstream activities, rather than
supporting the engagement of a broad array of actors as emphasised
by the European Commission (2022) and Berger et al. (2022).
in retaining material value with reversible losses.
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Table 6
Comparing identified data points to extant studies and reports.
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Examining data needs further reveals a pattern that the more open
the decision-making process is i.e. more options under consideration,
themore data does it rely upon. This is clearly illustrated in the juxtapo-
sition ofmanufacturers and third-party recycling companies. In the case
of product take-back, manufacturers inspect returns to make an assess-
ment of the suitable value-retention strategy, either internally or exter-
nally, which is contingent on multiple factors, including the external
environment and repair history, as also argued by Berger et al. (2022).
By contrast, third-party recycling companies experience less uncer-
tainty as the trajectory of materials is pre-determined, particularly in
the case of mechanical recycling, as material fractions are shredded
and thoroughly sorted afterwards. Consequently, only a few types of
data would support recycling companies in conducting high-quality
recycling.

5.1. Implications for policymakers

In order to ease industrial adoption, policymakers face the task of
striking a balance between setting mandatory requirements for data
in a digital product passport – and thus pushing for increased
transparency – and protecting intellectual property rights and per-
mitting actors to withhold critical data. This study supports policy-
makers in doing so through three findings. First, by exploring the
data needs from a multi-actor perspective, this study finds that ac-
tors have differentiated needs depending on their positions in a
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circular supply chain. Highlighting such needs can assist the recently
established working groups in defining mandatory data require-
ments to support decision-making throughout product life cycles.
Second, the study confirms that certain types of data, such as mate-
rial composition, bill of materials or number of life cycles, are consid-
ered fairly sensitive. Combining these two aspects calls for multiple
levels of accessibility, tailored to the respective needs of each group
of actors. This is further argued to increase the attractiveness of a
digital product passport, as it removes the risk of data beingmisused,
for example, by competitors. Third, another key consideration for
policymakers refers to the rollout of digital product passports. This
study contributes to this by examining the availability of data.
While certain data (e.g., product identification measures and
manuals) are readily available, data related to environmental perfor-
mance and circularity require additional prioritisation. Therefore,
this study corroborates the argument from Götz et al. (2022) that
the implementation of digital product passports should be initiated
at a small scale – with selected data needs and with flexibility
for companies to iteratively develop and refine their data sharing
capabilities.

5.2. Implications for industrial managers

From a resource-utilisation perspective, companies could bene-
fit from rethinking data management in favour of a circular supply

Unlabelled image


S.F. Jensen, J.H. Kristensen, S. Adamsen et al. Sustainable Production and Consumption 37 (2023) 242–255
chain already now, and should thus start preparing themselves
on certain aspects – at both a company level and a supply-chain
level – for changing institutional settings. What is required,
however, differs along the circular supply chain, and this study pro-
vides guidance to industrial managers as to how to prioritise their
data management throughout product life cycles. Therefore, the
findings act as a communicative vessel to enable companies to en-
gage in discussions – within as well as beyond organisational
boundaries – about how they can support each other in organising
an appropriate data flow. In terms of upstream activities, suppliers
and manufacturers are encouraged to assess the availability of rel-
evant data (e.g., on material composition, recycled content or envi-
ronmental footprint) and explore the possibility of digitising
manuals and guidelines. These should be matched with current
needs to detect gaps and thus identify starting points for further
examination. Furthermore, manufacturers and service providers
are encouraged to co-organise new routines of sharing the service
log, which are found to benefit both parties. For data related to
the use phase (e.g., external environmental conditions), a manu-
facturer argued that customers are unlikely to be aware of poten-
tially hazardous environmental conditions. For a long-term
solution on an industrial scale, manufacturers could consider inte-
grating sensors to detect certain environmental conditions as well
as tracking other types of use-phase data, such as running hours
and power. Customers should not only request additional data,
thus incentivising manufacturers to generate and share it, but pref-
erably engage in updating service logs as well as reversing product
flows by exploring end-of-life trajectories, including the availabil-
ity of product take-back systems.

5.3. Theoretical contribution

Due to the novelty of the policy instrument, industry reports
and the academic discourse share the objective of conceptualizing
digital product passports in broad terms with little attention to
the industrial implications. This study extends the current debate
through two central contributions. First, we identify data needs
for digital product passports, as suggested by Götz et al. (2022),
and situate such needs within five industrial decision-making
contexts. Second, we analyse the underlying aspects of impor-
tance, availability, and sensitivity for each respective data point
to divide them into four groups, namely priority data, focused
development data, supportive data, and out-of-scope data. For
both contributions, we align with extant studies (e.g. Berger
et al., 2022) on exploring data needs for a digital product passport
rather than awaiting data requirements from regulatory bodies,
yet we expand the scope by including perspectives from five
groups of circular supply chain actors. By accentuating the differ-
entiating needs for data, we further challenge the current aca-
demic discourse on digital product passports, which favours
static upstream data for decision-making support over dynamic
use-phase data. In terms of value retention, we argue that both
are essential features for unlocking a cascaded product flow,
thus both supporting the recovery of the functional value as
well as the material value.

Furthermore, in a research field that is constantly in movement,
the contributions construct a reference point to concretize – and
ultimately advance – the discourse on data-driven decision-
making for a circular economy on two particular areas of research.
First, insights into the differentiated data needs are expected to en-
able further research on system requirements for digital product
passports to substantialise, as a concretisation of coveted data
qualifies subsequent discussions on interoperability and levels of
access. Second, by studying the exchange of data and the utilisation
hereof, as facilitated by a digital product passport, from a circular
supply chain perspective, the findings offer guidance for improving
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intra- and interorganizational knowledge management, which are
considered essential collaborative and coordinative building blocks
towards a systemic transition (Farooque et al., 2019).

6. Conclusion

This study set out to explore the research question:What are the
critical decision points and data needs for actors in a circular supply
chain to support product life cycle decision-making?

In the pursuit of this, five decision-making contexts have been
identified, each of which represents a core activity from an essen-
tial actor in a circular supply chain. In all cases, enhanced transpar-
ency and better access to high-quality data, as facilitated by a
digital product passport, is considered valuable for product life
cycle decision-making. More specifically, a total of 28 data points
have been identified, clustered into seven categories: (1) usage
and maintenance, (2) product identification, (3) product andmate-
rials, (4) guidelines and manuals, (5) supply chain and reverse lo-
gistics, (6) environmental data and (7) compliance. Linking these
to the five decision-making contexts illustrates how data needs
for utilising digital product passports differ along the circular
supply chain. Subsequently, the data points are assessed in terms
of their perceived importance, availability and sensitivity. This en-
ables a categorisation of data points to support practitioners in
strengthening their data management, while providing policymak-
ers with industrial perspectives on the contents of digital product
passports. Both are further validated by comparing the identified
data points with extant studies and reports.

Reflecting on the scope of this study, certain limitations must be
highlighted. Concerning the objective of exploring data needs for a
circular supply chain, authorities were not included despite their
important role in conducting market surveillance and securing co-
herence across policy instruments. Likewise, the presented data
needs support circularity at the actor level; they do not monitor or
improve sustainability at a higher level. Furthermore, this study is
situated in the mechatronics industry. Data needs are likely to differ
across industries, albeit with a share of similarities, which brings
their generalisability into question.

As the scientific debate is only starting to take shape, several
avenues for further research can be outlined. First, it is relevant
to explore cross-industrial similarities and differences in terms of
data needs. This would both elaborate on the findings from this
study and materialise the contents of digital product passports.
Second, it is yet to be assessed how the availability of digital prod-
uct passports can support decision-making as part of a circular
economy. Third, it is considered relevant to understand the driving
mechanisms and potential challenges for industries to adopt digi-
tal product passports. Fourth, further research is suggested to ex-
plore system requirements by utilising the findings from this
study to illuminate the areas of interoperability and data gover-
nance and the facilitation of multiple levels of access, including
through the lens of blockchain technology.
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Appendix A. Interview guide for data collection
Theme
In
D

N

S

O

Question
troduction
 • What is your role at your company?

igital product passports
 • When hearing about this digital product passport, what are your immediate thoughts?

• Do you believe that better access to data and information could strengthen the circular transition?
○ Why/why not?

• In which situations do you believe that a digital product passport can support you?
Creating a scenario for a decision-making context that fits the role of the interviewee.
The first question in the following is an example of a supplier:

eeds for data and information
 • Let us imagine that a product manufacturer receives a worn-out product from the market, disassembles it

and sends a component to you to make it function again. Which types of data could support you to do so?
• Who should provide this information?
• To what extent does this already exist?
• Are some types of data more important than other types of data?
ystems
 • How important is it that a digital product passport can communicate with other systems?
○ Why?

• Which systems should a digital product passport communicate with?

utlook
 • Do you feel that you are ready to explore and implement a digital product passport?

• Do you see it as a valuable tool or an administrative burden?
• Which drivers do you see towards implementing digital product passports?
• Which barriers do you see to implementing digital product passports?
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