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Abstract: Background. Laws that enable a circular economy (CE) are being enacted globally, but
reliable standardized and digitized CE data about products is scarce, and many CE platforms have
differing exclusive formats. In response to these challenges, the Ministry of The Economy of Luxem-
bourg launched the Circularity Dataset Standardization Initiative to develop a globalized open-source
industry standard to allow the exchange of standardized data throughout the supply cycle, based on
these objectives: (a) Provide basic product circularity data about products. (b) Improve circularity
data sharing efficiency. (c) Encourage improved product circularity performance. A policy objective
was to have the International Organization for Standardization (ISO) voted to create a working group.
Methods. A state-of-play analysis was performed concurrently with consultations with industry,
auditors, data experts, and data aggregation platforms. Results. Problem statements were generated.
Based on those, a solution called Product Circularity Data Sheet (PCDS) was formulated. A proof of
concept (POC) template and guidance were developed and piloted with manufacturers and platforms,
thus fulfilling objective (a). For objective (b), IT ecosystem requirements were developed, and aspects
are being piloted in third party aggregation platforms. Objective (c) awaits implementation of the IT
ecosystem. The policy objective related to the ISO was met. Conclusions and future research. In order
to fully test the PCDS, it is necessary to: conduct more pilots, define governance, and establish
auditing and authentication procedures.

Keywords: circular economy; circularity data; digital twins; international standards; product passports;
materials passports; track and trace

1. Introduction

Concepts for a circular economy (CE) are being introduced widely in order to assure
supply and use of materials and energy without compromising the needs of future gen-
erations. Digitalization is one tool being studied to implement the CE [1]. Digital twins
are being commonly used to digitally represent physical products [2]. These provide
diverse data, mostly focusing on product performance and technical properties. For ex-
ample, in the construction sector, digital twins for products and building elements are
incorporated into Building Integrated Management (BIM) software as BIM Objects [3,4].
Environmental properties are sometimes added to digital twins for products. One question
arising from this evolution of digital twins is, which types of data do these require in order
to reflect circular economy characteristics and metrics? A 2020 United Nations Environment
Program (UNEP) financial institutions survey examined this question after extensively
reviewing CE literature and conducting a survey of financial institutions.

“Findings from UNEP FI’s survey show that financial institutions responding pri-
oritized the following non-financial data needed for the integration of circularity:
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• A circularity metric at product level;
• A circularity metric at company level;
• Data on product passport (what is in the product?);
• Data on resource toxicity [5].”

As described under Materials and Methods, the focus in this article is on the first dataset
in the list. A prerequisite for gathering the data for such a metric is to define the CE in
order to identify which data to collect. However, a universally accepted definition of
the CE does not exist. Kirchherr et al. [6] and Corvellec et al. [7] reported a diversity of
definitions. Owing to this diversity, different CE metrics and data standards for products
are being developed, as described further under Problem statements arising from State-of-
Play Analysis. For example, a Digital Product Passport (DPP) is being developed by the
European Commission (EC), which recently published draft regulations for DPPs as part
of its framework for upgrading eco-design requirements for sustainable products and
the CE [8]. Adisorn et al. described many of the complexities associated with an earlier
version of the DPP proposal [9]. As well, different types of “Materials Passport” and
“Product Passport” have been introduced. Hansen et al. described materials passports and
potential criteria beginning in 2012 [10], and again in 2020 [11]. Heinrich et al. [12] proposed
potential CE and sustainability criteria for a materials passport, citing various schemes.
See Supplementary Materials S1, State-of-play analysis, for references to other initiatives.
Some passports cover functional characteristics of products [13]. The EU Horizon 2020
Buildings as Materials Banks (BAMB) initiative [14] published working papers, reports, and
proof-of-concept platforms for a materials passport [15]. To start, in 2016, BAMB conducted
a state-of-the-art study, summarizing different passport schemes. The work included
cross referencing criteria contained in each scheme [16]. Other literature reviews [17]
concluded that there is no widely accepted definition for those passports. Due to this
diversity, standardized data on basic circularity characteristics are not broadly available
to manufacturers, data aggregation platforms, and customers. Especially Micro-Small-to-
Medium Enterprises (MSMEs), which constitute the majority of manufacturers globally [18],
face the prospect of having to distribute different datasets in diverse formats to various
product platforms and customers. Similar barriers to MSMEs entering the CE are described
by Mishra et al. and include an absence of technical support to MSMEs by regulators [19].
Trade secrets also hinder transparency. Connected to these is a growing concern that
A.I.-supported data gathering could infringe on those secrets [20]. This highlights the
need for robust data security. In the wider environmental regulatory field governing
sustainability data such as product composition, there is evidence that current regimes
are not working well. These could affect accuracy of reporting for the CE. For example,
one study describes how the Regulation for Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH) is violated regularly in products sold in the EU [21].
These violations make it problematic to reliably evaluate the safety of products for use, reuse
and recycling in the CE. There is also erroneous reporting in Safety Data Sheets (SDS) [22],
which are used globally. These trends indicate the need for a robust authentication system
for CE data. Altogether, the aforementioned challenges present barriers to scaling up
CE data exchange. An example of an attempt to deal with these was a BAMB materials
passport work package [23] led by the institute EPEA [24], based on the Product Circularity
Passport™ developed earlier by EPEA [25]. On completion of the BAMB materials passport
work package, a report by Luscuere et al. recommended that “A standardized data format
for communicating product information . . . would make the implementation much safer
and faster” [26]. In 2018, the Ministry of the Economy of Luxembourg launched the
Circularity Dataset Initiative [27] to start solving this and other CE metric challenges
described previously. Moreover, the initiative was launched to further the aim by the
government of Luxembourg for the country to become a business and data hub for the
CE [28]. The earlier referenced BAMB materials passport report by Luscuere et al. cited the
initiative as one effort to implement BAMB recommendations [29]. The initial public tender
to support the initiative was awarded to the CE consultancy company PositiveImpaKT [30],
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located in Luxembourg. Later in the process, additional guidance was provided by the
Luxembourgish National Standardization Body ILNAS [31].

2. Materials and Methods
2.1. Hypothesis and Objectives

The hypothesis co-developed by the Ministry of the Economy and its external ad-
visors, was that a decentralized, open-source template containing basic CE criteria, and
supported by standardized CE definitions and data protocols for products, could facilitate
the exchange of CE metrics globally. The following objectives arising from the hypothesis
were formulated, then validated with stakeholders as part of the process described in the
next section:

1. Provide basic circularity data on products.
2. Improve circularity data sharing efficiency for products.
3. Encourage improved product circularity performance [32].

2.2. Process

The Ministry organized a stakeholder recruitment and collaboration process to set up
working groups, validate objectives, scope, and CE definition, then develop and pilot a
PCDS template model and guidance document. The process was designed to be supported
and tested by stakeholders as a basis for developing a global standard. The first two phases
were focused on content and process leading to creation of a PCDS template and guidance.
The third is focused on ecosystem infrastructure, auditing procedures and adoption of a
standard by the ISO. This article covers the first two phases. For further description of the
model developed during the consultation process, refer to Overview of the PCDS model.

A Phase 0 analysis was conducted with the objective of determining whether there
was sufficient interest among manufacturers and other potential users to explore a sim-
plified circularity dataset. The decision by the Ministry of the Economy on whether to
move forward was based on whether a volunteer group composed of key stakeholders
could be assembled to co-develop and test a CE dataset. An initial group of 30 was as-
sembled from among companies who had participated in other CE projects, including
Ministry of the Economy projects, activities of CE consultancies including PositiveIm-
paKT and the institute EPEA [33], as well as some BAMB participants. The group ex-
panded to about 50 members throughout the project as the initiative became better known.
See Supplementary materials S1 for a more specific description of stakeholders. The main
stakeholders identified to participate in the working groups were manufacturers at the
product assembly stage, and 1st and 2nd tier suppliers of component and material prod-
ucts for those assembled products. Other potential stakeholders included users such as
distributors, retailers, and recyclers, as well as data aggregation and product certification
platforms. Auditors were included for their experience auditing standards compliance.
Policymakers and standards groups with an interest in the CE were also consulted, as
the PCDS template could provide data to fulfill CE policy and standards requirements.
For example, the initiative aimed to inform the CE standards process initiated with the
International Organization for Standardization (ISO) [34].

An ad hoc structure was set up consisting of a 4-member Dataset Supervisory Group,
a ~15 member Data Working Group (DWG), as well as a broader ~35-member Stake-
holder Group (SG) to provide feedback. A partial list of SG participants is published
on the PCDS website that was established during this process [35]. CE expertise within
the DWG and SG included authors of the national circular economy blueprint for Lux-
embourg [36] and follow-up studies [37], representatives from EPEA, companies that de-
signed and sold products designed according to various CE criteria, and participants from
BAMB. Representatives of platforms that were selling CE services, including Cobuilder in
France [38], Madaster in Netherlands [39], Toxnot in the U.S. [40], and Cradle to Cradle
Product Innovation Institute in the U.S. and Europe [41] were consulted, although some
were not in the SG itself. In 2020, the Luxembourgish state agency InCert [42] was also en-
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gaged by the Ministry to work on the IT infrastructure. While and after the PCDS group was
assembled, the work was divided into two generally sequential but sometimes overlapping
segments, Problem Statements, and Solution Development. In order to develop these, a se-
ries of online surveys, workshops, and one-on-one consultations were held, and from those
a basic PCDS and Guidance were drafted. Then, manufacturers and their suppliers tested
the PCDS with one of their products and provided feedback. The feedback was used to
optimize an early PCDS version. In 2020, the Ministry of the Economy published a report in
collaboration with PositiveImpaKT and some authors of this article [43]. Amended excerpts
from that report are provided in Supplementary Materials S1. From that report, plans for
the next steps were developed. Updates to the PCDS are planned as a result of feedback
from that process.

2.3. Selecting a CE Definition

The initiative faced the challenge of aligning diverse CE and other nomenclature,
starting with a CE definition. In the absence of a globally accepted definition, the Dataset
Supervisory Group selected the following extensively cited definition, which was later
validated with stakeholders.

“The Circular Economy is characterized as an economy that is restorative and
regenerative by design and which aims to keep products, components and materi-
als at their highest utility and value at all times, distinguishing between technical
and biological cycles” [44].

The cycles were adapted from the Cradle-to-Cradle design protocol [45], which was
also defined more specifically for the built environment [46]. The protocol provided added
guidance for interpreting the CE definition for the PCDS.

2.4. Scope

From previous inventories, three categories of CE-relevant passports were identified
in the market: (a) buildings and building elements, (b) products, (c) constituent materials.
The PCDS scope was focused on the product scale rather than the building scale, as
products are basic units of commerce for all sectors. (The term “product” is described in the
nomenclature). The PCDS is designed to provide data for product passports, rather than
being a passport itself. The distinctions between the PCDS and product passports are scope,
complexity and scoring. Passports often have a broader sustainability or functional scope
beyond basic circularity criteria, often require greater data complexity in their declarations,
and often contain a mechanism for scoring of products. The PCDS supports the functions
with data, but is not designed to provide them itself.

2.5. Developing Problem Statements
2.5.1. State of Play Analysis

These key activities were performed between mid-2018 and end of 2019:

1. Cluster-based state-of-play analysis of current/past initiatives in order to:

A. Identify leading schemes in terms of “potential market penetration” and “em-
phasis on circularity”. The BAMB initiative had previously conducted a state-
of-the-art survey on materials passports-related activities, which served as
one starting point [16]. Using that information as well as a literature search
and consultations with stakeholders, more than 50 schemes were identified.
See Section S1.1.1 of Supplementary Materials S1 for examples of referenced
schemes. From those, a smaller group of 13 was selected for further analysis, as
a detailed assessment of all product schemes and their data requirements was
beyond the scope and resources of the survey. An evaluation of potential market
penetration was performed, largely on a qualitative basis, using available knowl-
edge of stakeholders about the market and geographical reach of each scheme.
For example, some were geographically limited to individual countries while
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others were run by multinational companies with a global reach. Evaluation of
circularity criteria of those schemes was based on factors including the follow-
ing: (a) CE criteria gleaned from the BAMB state-of-the-art survey. (b) Results
of that study had been incorporated into the previously described materials
passport piloted by BAMB. A summary of that experience and other platforms
was published [29]. (c) Criteria from the Cradle-to-Cradle Design protocol and
certification [47], on which many CE criteria are based, were reviewed, as were
formative reports on the Circular Economy published by the Ellen MacArthur
Foundation (EMF), in which one of the authors of this article participated [48].
Using those as guidance, a graph (unpublished due to potential impacts on
competitiveness) was developed showing market penetration potential on one
axis and emphasis on circularity on the other. “Emphasis on circularity” refers
to the number of CE criteria used in the product scheme. The criteria are
(1). Product composition (2). Toxicology of materials (3). Sourcing of materi-
als (4). Product maintenance and reparability (5). Product life extension (6).
Product disassembly (7). Product recyclability. A “high” number on that axis
denoted that the number of criteria in a scheme was >5. On the regulatory side,
ILNAS delivered a standards-watch describing technical committees as well
as ISO and CEN standards that could be relevant for Circularity Datasets [49].
This analysis provided insights into the definitions and methods that could
affect the PCDS.

B. Better understand the current ‘ecosystem’ of initiatives and position the PCDS
within that ecosystem. Collecting information allowed identification of sectorial
divisions as well as the larger ecosystem. These are described under Results.

2. A survey was conducted in July 2019 within the DWG and SG to understand the needs
of manufacturers. This was partially web-based with 25 respondents, and partially
workshop-based, as described later under Development of a PCDS Proof of Concept.
Figure 1 shows the results.
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2.5.2. Solution Development
Development of a PCDS Proof of Concept (POC)

Between mid-2018 and mid-2021, parallel to and following the state-of-play analysis
summarized under Results, The Ministry of the Economy organized a proof-of-concept
process to develop the basic PCDS template and content, followed by a data format and
audit procedure. See Figure 2. This included three webinars, nine subgroup working
sessions, and one physical meeting with the DWG, as well as testing with manufacturers
and key stakeholders [50].
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Figure 2. Proof of Concept process.

Due to limited resources, it was not possible to canvass many commercial sectors. As a
result, the focus was on the built environment, furniture, and fast-moving consumer goods
(FMCG). These were selected due to the scope of products within their sector and the grow-
ing attention by those sectors to the CE. Additionally, the data aggregation platforms that
the PCDS initiative worked with provide services to sectors such as automotive, garments,
base chemicals and base materials. This provided added insight into those sectors.

The circular economy is at the early stages of data development, collection and stan-
dardization. As a result, the methods used by platforms to select CE criteria, and especially
the scope of those criteria, appeared to vary considerably. Some were based on the devel-
opers’ own scanning of the literature as well as perceptions of distinctions between the CE
and the wider sustainability field. This was also evident from our own scanning of review
papers that attempted to summarize the CE from other publications. This was complicated
by the previously described absence of widely adopted CE standards. A leading concern
was how to determine the scope of PCDS statements? Since the earlier BAMB project
struggled with this, there have been continuing discussions over where CE data stops and
other green data such as sustainability starts, for example in relation to the UN Sustainable
Development Goals [51]. The guidance used to answer this question was; which data for
the circular economy, as defined in the nomenclature, are missing or not standardized from
other green or sustainability criteria? For this, an examination was conducted of various
sustainability mechanisms, as described in Supplementary Materials S1 (See p. 2 item 3.
Barriers and opportunities in accessing circularity data). However, it was also noted that the
answer to what is circular vs. what is sustainable is open to subjective judgement of users
and the demands of the marketplace. Due to all these factors, a main criterion used to
determine the suitability of CE criteria for the PCDS was feedback from the main PCDS
constituency; intended users themselves. While this was an imperfect process, it resulted
in a list of criteria that seemed to address CE data gaps without being excessively wide in
scope. Importantly, earlier attempts at broader criteria resulted in negative feedback from
users who reported that it was too time-consuming, as observed by some of the authors
during the BAMB project.
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Testing the PCDS with Manufacturers and Suppliers

Approximately 50 organizations were consulted, to align the PCDS with them and
identify partners for scaling up. Manufacturing organizations active in the construction
or Fast-Moving Consumer Goods (FMCG) sector tested the PCDS and sent feedback.
Among those, four manufacturers tested the PCDS, across their supply chains, where each
supplier also completed a PCDS. This resulted in a more complete picture of how the
PCDS is used. Comments from platforms and methods developers were also collected
from, the World Business Council for Sustainable Development (WBCSD), Cobuilder, EMF,
Ecopreneur, Underwriters Laboratories (UL), the Cradle-to-Cradle Product Innovation
Institute (C2CPII), and others. PCDS definitions and statements were the focus [43]. In the
case of Cobuilder, there was further collaboration to integrate the PCDS into its platform.
For others who were not part of the collaborative process, a consultative call was conducted
on PCDS how well the objectives were understood and how the PCDS could be used.
Figure 3 provides an overview of the timeline and activities until December 2021.
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Information Technology Ecosystem and Business Requirements

Near the end of Phase 2, the Ministry of the Economy commissioned the state agency
InCert to develop an IT Ecosystem and Business Requirements proof of concept. A draft
was prepared, and three workshops were held with IT governance experts from the Trust
Over IP Foundation (ToIP) [52]. This critical phase described how the ecosystem might be
structured and operated. Several drafts were developed and analyzed.

2.5.3. ISO Initiative

Beginning in 2019 and parallel to the POC process, the Ministry of the Economy
and ILNAS initiated a proposal to the ISO to develop a working group on the PCDS.
This proposal was accepted in an ISO vote as ISO/AWI 59040 [34]. Those deliberations are
ongoing and are restricted to working group participants, so are not described here.

3. Results

As with the Materials and Methods section, these are divided into Problem Statements
and Solution Development.

3.1. Problem Statements Arising from State-of-Play Analysis

For more details on the state-of-play analysis, see Supplementary Materials S1 con-
taining amended excerpts from a report to the Ministry [53].

3.1.1. Circularity Data Marketplace Is Fragmented

Sustainability and circularity data initiatives are multiplying as illustrated by the
examples in Figure 4, which is divided into standardization, EU regulation and platforms.
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A similar set of initiatives is divided by sector as illustrated in Figure 5. These figures are
exemplary only. The full list of initiatives is described in an unpublished annex to the
state-of-play analysis excerpted in Supplementary Materials S1.
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There is currently no widely accepted initiative, due to platform proliferation, lack of
shared definitions for circularity, and lack of unified policies on circularity data. These are
detailed further in Supplementary Materials S1. Most initiatives are still relatively new,
and it is unclear which ones will develop over time. However, the sectoral fragmentation
points to a fundamental problem with current schemes and proposals for future schemes.
Siloing in sectors risks creating a barrier to materials traceability and data management
across sectors. Many products, such as pumps and electronic circuit boards, are used in
multiple sectors. If each sector has its own method of organizing the data, cross-sector data
exchange for e.g., recyclers risks becoming dysfunctional. This is explored further under
Section 4.

3.1.2. Circularity Data Schemes Are Complicated by Perception of Cost and
Technical Complexity

1. In the building and packaging sectors, companies often react to demands for greater
transparency, focusing on waste management and climate impacts as cost centers,
rather than developing CE value propositions as revenue and savings centers. As a
result, many still do not see the business case in collecting and disseminating circular-
ity data. This is despite many case examples of economically successful circularity
initiatives being published in recent years.

2. Product information needs to differ among actors in the supply and use value chain
per Figure 6. Additionally, Figure 7 shows how data for circular evaluation are
lost in the current linear economy. Contributing factors, described in more detail
in Supplementary Materials S1, include: Absence of shared or open standardized
formats, reluctance by manufacturers to disclose trade secrets, unverifiable data or
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sources, and changes to circularity characteristics when one product is integrated into
a larger assembly. Most solutions still start with the final product in a supply chain.
Detailed transparent information for each supplier component remains difficult to
distinguish, and suppliers are forced to provide the same data in different formats.
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3.2. Solution Development

The following section summarizes parts of the earlier referenced report published by
the Ministry of the Economy [54]. See Supplementary Materials S1 and S2 for details.

3.2.1. Product Circularity Data Sheet (PCDS)

In order to address barriers and opportunities identified during the consultation
process, the PCDS was co-created between the Ministry of the Economy, PositiveIm-
paKT, and more than 50 manufacturers, data aggregation platforms and standards bodies.
According to the report to the Ministry,

“To enable efficient and secure exchange of product circularity information along
the value chain, standardization of the data and format is needed, including an
auditing process” [54].

Overview of the PCDS Model

Objectives and design principles are quoted or paraphrased from a report to the
Ministry [54]. See also Supplementary Materials S1 for details.
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Objectives

1. Provide basic circularity data on individual products.
2. Improve circularity data sharing efficiency.
3. Encourage improved product circularity performance.

Design Principles

1. Provide standardized information for others to do circularity evaluations. The PCDS
is not a ranking tool itself.

2. Provide information according to “how the manufacturer designed the product to be
used, not on how the next user in the value chain intends to use it.” For a description
of the reasoning behind this important aspect, see Supplementary Materials S1, p. 3.
Limit predictions of subsequent usage.

3. Provide statements that can be answered as true or false without disclosing trade
secrets. This is designed to help resolve a conflict between confidentiality and the need
for transparency. The statements describe a set of features that can be transparently
stated as true or false without having to disclose to every party the manufacturer’s
trade secrets. This statement format also limits errors and enables an automated
process to complete the PCDS.

4. Does not rely on one centralized database to complete or store completed PCDSs.
In this way, manufacturers that create a PCDS keep control over their data and
are responsible for updating it. This was a specific need expressed by DWG and
SG companies.

5. Designed with open-source data protocols for use across supply chains and networks.

Who Is Authorized to Create a PCDS

A PCDS is created and modified by a manufacturer. The manufacturer can be a
supplier of components (tiers 1 and 2) or an assembler of the final product (producer).
See Figure 8. If product composition is modified as with chemical combinations, or if new
information becomes available on regulations or circular characteristics, these trigger PCDS
modifications. In the case of repair or remanufacturing, a PCDS can be modified or a new
PCDS issued. This depends on the extent of work and who performs it.
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PCDS Users

The main users are stakeholders participating in circular business models. See Figure 9.
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Figure 9. PCDS users. In this diagram, “Producer” is a manufacturer. A remanufacturer uses the
data from a PCDS, and can also be considered a manufacturer who generates a new PCDS after
remanufacturing is completed.
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The PCDS is also designed to support digital product passport (DPP) systems being
propelled by various agencies and platforms as described in the introduction. Using the
example of a window, Figure 10 shows how the PCDS supports circularity data flow in the
construction sector.
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Figure 10. Where the PCDS fits into the product passport ecosystem, using the example of a window.

3.2.2. Conceptual Technical Model

The PCDS technical model is based on an open-source system concept comprised of
these components, and organized around the product level (see nomenclature for definition
of product):

(1) Data template containing standardized, trustworthy statements about product cir-
cularity in a true/false format. The template is organized in five major sections.
See Figure 11. The template is designed to be completed as a fillable PDF. It is also
translatable into a machine-readable format such as XML or JSON. The PCDS mod-
ular structure allows import into and export from databases. The whole blank or
completed PCDS template can be imported into the database of a manufacturer or
data aggregator, or the individual blank or completed statements can be imported,
allowing a PCDS to be generated from that database. The original completed PCDS
resides on the website of the manufacturer and is available for download by any
individual who has access to that site. It can also be integrated into an IT ecosystem
where multiple PCDSs from suppliers are assembled into a PCDS for a final assembled
product. See Supplementary Materials S2 for the detailed template.

(2) Guidance for completing a PCDS, to provide references to standards norms, and
definitions. This guidance is attached to the PCDS template, and provided separately
for database users to refer to. See Supplementary Materials S2 for detailed guidance.

(3) IT Ecosystem Concept. As part of the previously described BAMB project, a concept
for an IT infrastructure for passports was presented [55]. It became clear during the
PCDS process that an IT ecosystem infrastructure is also required in order to issue
unique IDs and facilitate assembly and trustworthy exchange of PCDS data. A draft
outline of that infrastructure is being developed by InCert under supervision of the
Ministry, and with input from PositiveImpaKT. In their present draft forms, the com-
ponents of the IT ecosystem are each in various stages of development and include:

1. Standardized PDF template supported by a machine-readable XML format for
storing data, as described under (1) previously. These have been developed.
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2. Standardized protocols for securely exchanging the PCDS. This includes a de-
centralized system for PCDS registration and authentication. These are being
developed and are not a topic for this article.

3. Standalone format to avoid reliance on central databases. The PCDS can stand on
its own on a manufacturer’s website without any central database or ecosystem
to create it. Additionally, there is no central database containing all PCDSs
and their data. However, depending on the evolving technical capacities of
distributed systems, a global node could be established to allocate unique IDs
and hold the master PCDS template for downloading. The standalone PCDS has
been developed. The global node is still being considered.

4. Audit reporting built into the data template. The audit procedure is in develop-
ment and is not a topic for this article.
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Automation to integrate data from multiple input PCDS. Includes protocols to support
Application Program Interface (API), and protocol to inform stakeholders when a PCDS
revision is made. The automation to integrate data from multiple PCDS is ready to pilot.
The remainder of the system is under development.

See Figure 12 for graphic representation of these 5 aspects.
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3.2.3. Business Model

The PCDS must serve the business requirements of its users. Testing PCDS business
models is still in its infancy, as an operational IT ecosystem is required for validation.
Based on feedback from stakeholders, the business model should account for these needs:

• Standardized method to obtain data from suppliers, to save time and costs. This is
being partially addressed through an assembly function that lets manufacturers auto-
matically fill out a PCDS for an assembled product based on multiple PCDSs provided
by component suppliers. The function avoids having to manually answer certain
statements if these are confirmed by totaling the results of component PCDS state-
ments. As described in the introduction, MSMEs often lack resources to provide data,
thus an assembly function combined with an interoperable format is key, as most
manufacturers are MSMEs. This is still in development.

• Recognition of the PCDS in sustainable building certifications and procurement tenders.
• Capability to integrate the PCDS into data aggregation platforms. Piloting is under-

way for the built environment with the previously described organizations Cobuilder,
Madaster, and EPEA. Piloting with a wider range of materials is underway with Toxnot.

• Completing the ISO PCDS process, which will result in the PCDS becoming a global
standard. This will accelerate and ease the exchange of PCDS data.

• Continuing to align with the EU Digital Product Passport initiative.

As it is too early to determine which of these will be attractive to users, there is no
further discussion of the business model in this article.

3.2.4. Embodied Carbon and Energy as a PCDS Content Issue

The question of embodied carbon and energy as well as energy use was addressed
during PCDS development and testing. At the time of writing, the situation was as follows:

(1) This early version of the PCDS is intended to fill gaps that other norms do not yet fill.
Embodied carbon and energy are among the most extensively covered parameters by
other norms such as ISO 14067:2018 and Environmental Product Declarations (EPDs).

(2) Parameters that have significant impacts on embodied carbon and energy for present
and future use are included in the PCDS. The Guidance to statement 2.1 Positive
Impacts, includes “activities that generate carbon offsets (and) measuring outputs of
renewable energy.” Recycled content, as well as reusable, repairable and recyclable
features are also major sections in the PCDS (See Supplementary Materials S2).

(3) Embodied energy and carbon as reported through other norms are being considered
for later versions of the PCDS. A strong impetus to include these was not encountered
from manufacturers and other groups who participated in the consultations, as it
was seen that they were already reporting on these under other norms. At all costs,
they wanted to avoid having to provide different carbon and energy calculations than
other norms already require.

The inclusion of carbon and energy related items is still under active consideration at
the time of writing.

3.2.5. Novelty

There is no globally accepted, open source, standardized mechanism for describing the
CE characteristics of products. The PCDS model resulting from the previously described
process consists of a novel combination of features that gives it the potential to be such a
mechanism. Individual features are not novel, but the combination seems rare.

• Except for product identifiers, it does not require the freeform text inputs mandated by
sustainability and safety declarations such as the earlier-referenced SDS. Instead, the
true/false format allows for easy completion and automated assembly of multiple
PCDS issued by suppliers as their products move along the supply cycle and become
components of other products.
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• There is no centralized database where all PCDSs and data feeding them are stored.
The PCDS structure allows a top-down or bottom-up approach, where data can be
requested from suppliers by Original Equipment Manufacturers, then assembled, or
the suppliers can generate their own PCDS and provide those to the market.

• The PCDS is accessible by anybody and is open source.
• The PCDS aims to be applicable to every product sector, as compared to materials

and building passports from the building sector, and mechanisms from other sectoral
initiatives such as batteries. There has been controversy over whether this is practical
in the context of diverse sectorial initiatives. This is currently under discussion.

4. Discussion
4.1. Limitations

The PCDS has only been tested with a few sectors, including construction, textiles
and some FMCGs. Experience with other sectors will certainly result in modifications.
Few MSMEs have tested the PCDS yet. Although this article benefited from extensive
analysis of passport initiatives conducted by other reports, due to economic constraints
the authors did not conduct an exhaustive statistical analysis of each of the hundreds of
published research papers regarding product and material passports. The IT ecosystem
still has to be developed in order to complete testing of the model. Once the ecosystem and
audit procedures are finalized, these could affect the structure and implementation of the
model. Taken together, these limitations confirm that the PCDS is at a beginning not an end.
Comparison with other initiatives. As described previously, the vast majority of initiatives
are wider in scope or different in scope than the PCDS. The BAMB project spent years and
large sums on comparative analysis, then concluded that something such as the PCDS was
required. Some of the reviews cited in this article attempted to compare aspects of various
sustainability standardization approaches. However, due to space limitations, it is beyond
the scope of this article to analyze how other dataset initiatives such as passports deal with
similar opportunities and problems such as authentication, business case cost/benefit, CE
criteria definition, standardization, and governance. Experience with the PCDS to date
represents a contribution to solving those challenges, but an in-depth assessment will be
more feasible after the PCDS ecosystem is further developed and tested.

4.2. Were the Objectives Met?

The result for objective 1. is a PCDS template to provide a standardized true/false
statement format for sharing basic circular information about products. This was tested
with stakeholders. (See Supplementary Materials S2). However, there are still challenges to
balance demands from diverse sectors, with the limited capacities of MSME 1st and 2nd
tier suppliers to respond. On one hand, flexibility in the PCDS is required to account for the
distinctions between e.g., sheet metal that goes into hundreds of products, and a computer
using that metal, or cellulose products that go into hundreds of products, from tissue paper
to books. On the other hand, suppliers at the beginning of the cycle who sell into hundreds
of markets and sectors are often unaware of who ultimately uses their products because
they are sold through intermediaries. MSMEs often lack the resources to provide different
iterations of CE datasets to different sectors. Because of this, the biggest risk facing the
PCDS is fragmentation through multiple sectorial versions. This can already be seen in
the different types of product passports being developed, as described under Problem
Statements. Part of this is being addressed through the previously described assembly
function that allows one PCDS to feed into another along the cycle. The further use of
AI-assisted algorithms could also provide solutions. For the other two objectives, it is too
early in the process to tell, since the PCDS IT ecosystem is still being established.

4.3. Policies

A policy objective of introducing the PCDS to the ISO was met and the working group
process is underway. As the deliberations are restricted, it is not possible to comment
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on those. The PCDS process to date suggests that any regulation or policy mandating
this type of data gathering and dissemination needs to be conducted in stages, starting
with something that is practical and basic, but at the same time guarding against being
simplistic in order to avoid the risk of misrepresenting circular characteristics. The capacity
constraints of MSMEs particularly need to be considered. Certainly, software can play a
significant role in simplifying the data gathering task. This requires further investigation as
to how policies could support the needs of MSMEs.

4.4. Future Research Directions

The PCDS will evolve as CE performance criteria become clearer in the marketplace.
The PCDS needs to be tested with more MSMEs to validate whether it is a user-friendly
support system that saves time and costs for them. To do this, it is necessary to demonstrate
its value by: conducting more pilots, defining governance, establishing auditing procedures,
and testing business models. While the PCDS template is designed to be a simple tool for
users to apply, the ecosystem backbone and governance that surround it involve a greater
level of complexity to allow many users to apply the template in a low-cost, globalized,
and standardized setting. The governance and IT ecosystem, including connections to
other ecosystems and alignment with many other standards, are part of this complexity.
To address this, the following future research directions were identified.

• Continuously evaluate the scope and content of PCDS statements so they align with
global and sectorial requirements. This will be conducted partially through the ISO,
possibly the DPP, and in collaboration with sectorial passport initiatives. Among the
items to be considered is embedded carbon.

• Maintain a user-friendly interface that allows especially MSMEs to use the system at
very low cost, regardless of the complexity of the ecosystem backbone.

• Describe a mechanism for governance bodies to collaborate at the global level to
maintain a global standard. This includes the ISO and any regional bodies that
might emerge.

• Optimize the authentication mechanism for PCDS issuers and the validity of the PCDS
itself. As hacking attacks become commonplace, assuring the trustworthiness and
business viability of the system is paramount. Identifying state-of-the-art solutions
with e.g., advanced decentralized systems is a priority. This is not limited to the PCDS.

• Connect the PCDS more strongly with business cases. More pilot projects are required
to test added value.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15093397/s1, Supplementary Materials S1. Amended excerpts
from Ministry of the Economy of Luxembourg Final report. Luxembourg Circularity Dataset Standard-
ization Initiative. 2020. Supplementary Materials S2. PCDS form and Guidance created 2020 for
piloting [56–72].
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Nomenclature

See Supplementary Materials S1 and S2 for further terms. CE Criteria. Criteria that
support and fall within the definition of the circular economy as described here. In this
article, the criteria are defined at a product level. Circular economy (CE). An economy that
is restorative and regenerative by design and which aims to keep products, components
and materials at their highest utility and value at all times, distinguishing between technical
and biological cycles [73]. Circular economy value includes material health to account
for the following factors: (1) materials that are non-toxic in used amounts and defined
scenarios have a higher potential for cycling without contaminating future products (2)
direct and indirect impacts on human health and the environment. There are published
methods to measure material health [74]. Circularity. A process or characteristic designed
to support the circular economy. Demountable. Removeable from a mounting or setting,
without damaging the product or its performance (e.g., static and mechanical functions) or
contaminating other products or assemblies. For example, a product being demounted from
a building or vehicle. (See Supplementary Materials S2 under Guidance “demountable”).
Material. A solid, gas or liquid that is homogenous or heterogenous. For the purposes of
this paper, material is mainly referred to for composition and safety in a product. Product.
A physical-based object designed or utilized with a purpose. A product can be, for example:
goods of any type; hardware (e.g., engine mechanical part, spare parts, consumables, etc.);
processed materials (e.g., lubricant); assembly of many components. Could range from a
metal ingot to an air conditioning unit or shampoo. One product will often be an input,
ingredient or component for another. The PCDS is designed to accommodate this.
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