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Abstract: Assessing product circularity performance is not straightforward. Meanwhile, it gains
increasingly importance for businesses and industrial practitioners who are willing to effectively
take benefits from circular economy promises. Thus, providing methods and tools to evaluate then
enhance product performance—in the light of circular economy—becomes a significant but still
barely addressed topic. Following a joint agreement on the need to measure product circularity
performance, this paper provides an overview of mechanisms aiming to help industrial practitioners
in this task. In fact, three existing approaches to measure product circularity performance have
been tested on an industrial case study and criticized regarding both their applicability in industry
and their accordance with circular economy principles. Although these methods and tools deliver
a first and rapid trend of product circularity performance, the whole complexity of circular economy
paradigm is far from being considered. In addition, operational guidance for engineers, designers
or managers to improve their products in a circular economy context are missing. As a result,
both recommendations for industrial practitioners and guidelines for the design and development
of new frameworks, tools and indicators aiming at measuring product circularity performance
are provided. This includes cornerstones, key requirements and practical implications to support
enhanced circularity measurement that will be developed in further work, accordingly to circular
economy paradigm and industrial reality.

Keywords: circular economy; product circularity; measurement; indicators; tools; critical analysis;
case study

1. Introduction

Circular economy is not fully a new concept but is rather based on a combination of
fundamental and founding concepts such as, according to the Ellen MacArthur Foundation (EMF) [1],
Industrial Ecology, Biomimetics, Natural Capitalism, Regenerative Design, Cradle to Cradle, and Blue
Economy. In accordance with Sauvé et al. [2], what is new is the momentum that this concept is
gaining among business practitioners (e.g., Renault, Caterpillar, Danone, Cisco), consultancy firms
(e.g., McKinsey Global Institute, Accenture Strategy), governments (e.g., China and European Union),
non-governmental organizations or associations (e.g., Ellen MacArthur Foundation), and academics
(e.g., teaching programs, international conferences or special issues of journals related to circular
economy) [3-8]. A particular interest of the circular economy concept lies in its compatibility and
consistency with sustainable development—through its three associated pillars. Indeed, it aims directly
not only at economic benefits (e.g., value creation and savings by reducing the purchase of primary raw
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materials), but also at environmental benefits (e.g., impact reduction) and indirectly at social benefits
(e.g., job creation) [6,7]. As such, companies and collectives are increasingly willing to move towards
more circular and sustainable economic and business model as a way of commercial differentiation,
competitive advantage and potential growth with economic spinoffs. These are the reasons why
industrial actors, non-expert in circular economy, are requiring support and guidance in their shift
from a linear to a more circular economy. As key performance indicators (KPI) are widely used and
acknowledged in industrial practices [9], developing appropriate circularity indicators appears to be
relevant in the context of circular economy transition. To date, this segment of circularity measurement
is mainly handled and operated by consultancy firms, that are not strongly connected to rigorous
academic and scientific research methods, relying upon their proper business and marketing expertises
(e.g., the Circle Scan & Circle Assessment developed by Circle Economy cooperative [10,11] or the
Closed-Loop Calculator developed by Kingfisher [12]).

While benefits and opportunities of circular economy are appealing, challenges for industrial
practitioners to shift for their businesses and products into more circular practices still exist.
Actually, companies, institutions and researchers agree on the need to assess circularity at several and
complementary systemic levels, as it will be detailed in Section 2. One central question then emerges:
during design or re-design phases, how to assess the circularity potential of a product, component or
material, all along the lifecycle, and throughout the value chain? Producing frameworks, methods
and tools to answer this issue is essential, as a first step, to then efficiently improve the circularity of
goods. This paper provides an overview of current ways to measure product performance in a context
of circularity. The methods used for this paper consisted of both a literature review and a case study.
One of the main significant aspects of this research work lies in the experimentation and critical
analysis of these different existing tools through the industrial case study. As a result, this paper
delivers not only recommendations for industrial practitioners but also guidelines for the design of
frameworks—including tools and indicators—aiming at an enhanced product circularity measurement.
Indeed, key requirements are highlighted to support the development and/or validation of new and
more advanced tools and indicators that will assess product-level circularity performance.

The rest of this paper is structured as follows. After highlighting the need for circularity indicators,
circularity measurement at different implementation levels is detailed in Section 2. Through the
case study, test and critical analysis of three existing tools are performed in Section 3. Based on
identified limits and on insights from literature, practical implications and proposed requirements for
product-level circularity measurement are discussed in Section 4. Finally, Section 5 summarizes the
main findings and opens up future perspectives for both industrial practitioners and researchers on
the road towards product circularity assessment, improvement and monitoring.

2. Literature Review—The Measurement of Circularity, an Area in Question and in Development

The research methodology utilized in this paper is a literature review [13]. This was conducted
first in order to get the current knowledge and practices in terms of product circularity measurement.
The research conducted was based on both academic articles and non-academic organizations
contributions. As recently stated by Geissdoerfer et al. [14]: “the inclusion of non-peer-reviewed articles
is appropriate since circular economy is a new area of research, and (...) has not been extensively
addressed by peer reviewed articles” contrary to areas of research such as recycling or sustainability.
On the one hand, the focus on peer reviewed papers ensures scientific soundness. On the other hand,
research works or projects carried out, as well as methods, tools or indicators developed by other
organizations (such as the Ellen MacArthur Foundation) involved in the circular economy transition
and working closely with businesses could reflect current industrial reality and needs regarding
product circularity, and therefore bring additional meaningful insights.

In this light, the following data sources have been examined: Science Direct, Web of
Science, SAGE, Springer, Taylor & Francis, Google Scholar, Google, Ellen MacArthur Foundation,
Institut de 1’'Economie Circulaire (French Institute working on the circular economy), ADEME
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(French Environmental Agency). Keywords included: “circular economy” OR “circularity” AND
“indicator” OR “measurement” OR “assessment”. The selection process was as it follows. First, based
on scanning titles, abstracts and /or short contents, works—including peer reviewed academic journals,
conference papers, research reports, postgraduate dissertations, books, websites and tools—which
were considered as non-relevant regarding product-level circularity measurement have been discarded.
Then, those which were dealing directly with or getting indirectly connections with product circularity
measurement have been looked at extensively and critically.

2.1. Positioning on Circular Economy Definitions: Prerequisite for the Rest of This Article

A good understanding of the main definitions of circular economy proposed by major
organizations and academics, and positioning ongoing work in relation to these definitions, are suitable
as a first step before analysing the tools, proposing and discussing requirements for not only an efficient
but also an effective measurement of products’ circularity in order to support progress towards a more
circular economy.

To date, there is no standard definition of the circular economy concept. However, the different
definitions of Economy Circular, proposed or established by major organizations and academic
researchers, share much in common, tend to formalize and converge towards the same paradigm [15].
The CIRAIG performed an extensive literature review and inventory of key circular economy
definitions [16]. All circular economy definitions agree that circular economy is definitely opposed to
the linear model “make-take-waste”. In addition, circular economy is looking for a better management
of resources throughout the lifecycle of systems and it is characterized by closed loops, promoting
maintenance, reuse, remanufacturing and recycling.

In this paper, as a basis for analyzing the existing tools, we will refer at the circular economy
definition proposed by the Ellen MacArthur Foundation, including five fundamental characteristics
(design out waste, build resilience through diversity, work towards energy from renewable sources,
think in systems, think in cascades) and four building blocks (circular product design, innovative
business model, reverse cycles, enablers and system conditions) [3]. Particularly, to fit totally with
the circular economy paradigm, system thinking is fundamental. Indeed, according to Balanay and
Halog [17], systems thinking is central in circular economy, because designing out wastes and closing the
loop needs a holistic understanding and support for broad-based acceptance and success of interventions
towards circularity. Moreover, the Ellen MacArthur Foundation butterfly circular economy model is
one of the most acknowledged and used in businesses, as well as in academic circles [18].

2.2. Joint Agreement on the Need to Assess Circular Economy Performance

To follow and successfully achieve the transition towards a more circular economy, it is becoming
essential for actors and industrial practitioners—such as engineers, designers, managers—to get
suitable methods and tools, including indicators, to measure and quantify this progress [19,20]. In fact,
the interests of such indicators lie in their ability to summarize and concentrate the great complexity of
our dynamic environment, in order to manage a comprehensive amount of meaningful information [21].
Furthermore, indicators are a way to assess change and could therefore be used as an important tool to
support the evolution from a linear economy to a more circular one [22]. In a report about circular
economy and metals recycling, conclusion is made on the necessity, due to the current lack notices in
this area, to develop methods and tools that aim at assessing and monitoring overall performance of
the circular economy for the environment [15]. According to Kingfisher, one system cannot get more
closed loop unless knowing how closed loop it was in the first place [12]. In fact, it should be relevant
to measure circularity degree of current systems, processes and products to evaluate the remaining
distance to achieve a self-sustaining economy, truly circular [23]. On the other hand, with the current
increasing attention about sustainability and sustainable development, it will not be surprising that
a quantifiable sustainability rating would one day be required for all the manufactured products via
some regulations [24]. A similar decision leading to a regulatory framework and mandatory rates will
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also be plausible and conceivable for the circular economy. Indeed, several laws related to circular
economy are slowly but surely beginning to emerge, namely in China, in the European Union or
more recently in France (Section IV of the Act concerning the Energy Transition to Green Growth
aims to promote Circular Economy). Yet, in the European Union, circular economy evaluation systems
and their associated methodology are still developing [25]. Last but not least, in agreement with the
European Academies Science Advisory Council (EASAC) [26], one of the critical questions linked
to the circular economy is how we should measure its performance. For the EASAC, indicators are
essential for circular economy assessment at all levels.

2.3. Different Levels of Circular Economy Measurement

Circular economy models and implementations are usually performed at three systemic levels.
Circular implementation at macro level fits with city, province, region, nation, meso level fits with
eco-industrial parks, while micro level corresponds to single company or consumer. Balanay and
Halog [17] confirmed this classification: circular economy macro-layer referring to society, meso-layer
to inter-enterprise and micro-layer to enterprise. Banaité [25] also analysed and clustered circular
economy evaluation systems into three levels: evaluation at micro level for single company or
consumer, evaluation at meso level for symbiosis association, and evaluation at macro level for
city, province, region or country.

Through their analyses, the EASAC [26] found out that many available indicators may be appropriate
for monitoring progress towards a circular economy. These indicators were grouped into sustainable
development, environment, material flow analysis, societal behaviour, organizational behaviour and
economic performance. However, product circularity performance was not directly considered in these
indicators. Likewise, most circular economy indicators reviewed by Ghisellini et al. [27] are standing
at macro-level (nation level) and meso-level (inter-firm level) but barely at micro-level.

For instance, at a macro level, the Waste & Resources Action Programme (WRAP) [28] estimated
that 19% of the UK economy is circular in 2010. Based on a material flow analysis, this circular score of
19% relates to weight of domestic material input (600 million tonnes) entering the economy compared
with the amount of material (115 million tonnes) recycled. On the other hand, China had released its first
Circular Economy Evaluation Indicator Systems [19] that provides two separate sets of indicators: one at
a micro-level for the general evaluation of the circular economy on development for both individual
region and national-level analysis to provide guidance for future circular economy development planning;
and one at meso-level to assess the state of circular economy development at the industrial park level.

According to Geng et al. [19], although the application of this indicator system may bring certain
benefits, problems and challenges still exist, including for example, the lack of indicators for businesses.
Additionally, circular economy evaluation at micro level is actually based on cleaner production and
green consumption what is not full circular economy approach [19]. Indicators that claim to be circular
economy indicators at micro level do not encompass the whole complexity of circular economy and all
possible end-of-life options to close the loop. For instance, the evaluation indicator system of circular
economy in iron and steel enterprises that includes 13 indicators grouped into 3 categories (resource
input and consumption index, resource flow and recycling index, resource output and management
index) is mainly focused on resource efficiency through recycling and therefore does not consider other
end-of-life scenarios [29]. Likewise, the quantitative Evaluation of Circular Economy Based on Waste
Input-Output Analysis composed of 14 indicators is mainly focused on waste production/recovery
and lacks of systemic consideration [30].

Huamao and Fenggqi [31] explored circular economy from the viewpoint of the system theory.
From this standpoint, an important characteristic of the circular economy is its layers. All the layers
of circular economy are “interdependent, interactive and mutually restricted”. Actually, As Huamao
and Fengqi pointed out: “the layers of circular economy are to influence and interact with each other,
and the higher layers take the lower layers as the basis and guide the development of the latter”.
Besides, according to Lieder and Rashid [18], the circular economy level of discussion is highly granular
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and rarely touching operational level. Ghisellini et al. [27] confirmed that current indicators are barely
focused on the circularity at the scale of individual products. In addition, a lack of connection between
the three layers of circular economy implementation is noticed.

Thus, a more specific or detailed level could be relevant to further focus on the very core and
essence of circular economy, which is the circulation and recirculation of products and materials in
(open or closed) loops. For instance, such focal point will be helpful for companies—manufacturers and
industrials practitioners—willing to manage and improve the circularity of products and components
they design, develop, manufacture or sell. That is the reason why the authors suggest a fourth
circularity level: a nano level as a more refined level focusing on the circularity of products, components
and materials, included in three wider systemic levels, all along the value chain and throughout their
entire lifecycle. That nano level—i.e., an operational and product-level including components and
materials—could serve as a common denominator within these three levels, and could enable not only
to make the links between these levels but also to have a closer look at the effective performance of
circular economy implementation.

Methods, tools and indicators to assess product circularity, developed by researchers and organizations
for companies, at that nano level, will be analysed in further details in the following sub-section.

2.4. Existing Indicators, Methods and Tools to Measure Product Circularity

According to a report from European Environmental Agency (EEA) published in 2016 [32],
there is at present no recognized way of measuring how effective the European Union, a country or
even a company is in making the transition to a circular economy, nor are there holistic monitoring
tools for supporting such a process. In the same way, only a small number of published studies
design or discuss circular economy indicators, therefore calling for additional research [27]. Likewise,
in agreement with the Ellen MacArthur Foundation, there are no official or recognized indicators,
methods and tools to measure company performance in the shift from a linear economic model to
a more circular one and neither tools to support and follow that transition [33]. Indeed, circular
economy indicators are at an initial stage of development [34]. Existing indicators and assessments
have not the capacity to capture the entire circular economy performance of products [35]. Chinese
researchers also acknowledge that current indicators were not designed considering systemic aspects,
closed-loops or feedback features that characterize circular economy paradigm [19].

Franklin-Johnson and her colleagues, within their work published in 2016 “Resource Duration as
a managerial indicator for Circular Economy performance”, provide a novel indicator for environmental
evaluation performance linked to circular economy, on the basis of which circular economy central point
is value creation through materials retention in a loop of high added value [35]. The longevity indicator
called “Resource Duration” measures material retention based on the amount of time a resource is
kept in use, regarding three following aspects: initial lifetime; durability earned through reuse or
refurbishing; durability gained thanks to recycling. This non-monetary indicator is only focused on
environmental efficiency of resources and could therefore be used as a local or complementary indicator,
rather than a global one which could embrace the whole circular economy paradigm.

On the other hand, Amaya [36] contributes to provide a framework for designers willing to
quantify environmental benefits offered by closed-loop strategies for industrial products, considering
both remanufacturing and product-service-system (PSS) solutions. The objective was to provide easy
to use methods and tools for designers to allow them quantifying the environmental benefits related to
the use of a closed loop strategy. Amaya’s model has been developed to assess from an environmental
point of view the data of the operations and activities around products’ lifecycle with final non-classic
disposal scenarios (e.g., remanufacturing as end-of-life scenario or multiple uses by service offers
system as a business strategy). Nevertheless, economic dimensions are neither tested nor considered in
the case studies developed. With only environmental arguments but without any cost considerations,
companies are not likely to enter in a remanufacturing or PSS business model.
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Starting from these observations, academic and organizations—like the European Commission or
the Ellen MacArthur Foundation—are well aware of this lack of circularity indicators for products and
are willing to fill these gaps by initiating projects that aim at measuring the circularity of products and
the transition towards this circularity. For instance, the Ellen MacArthur Foundation decided to launch
the “Circularity Indicators Project” in May 2015. According to the Ellen MacArthur Foundation,
the benefits of proper circularity indicators could be significant: from decision-making tool for
industrial practitioners, to internal reporting, through rating or evaluation of companies. For instance,
managers, designers and engineers could take into account circularity as one of the indicators for
design decisions. In addition, such indicators could compare different products, or facilitate the
setting of product circularity targets. However, recent models developed to achieve circularity
measurement of industrial products present notable limits. Indeed, in 2015, the CIRAIG [16] reviewed
and pointed out the limitations of two frameworks aiming at measuring circularity: the Material
Circularity Indicator (MCI) [33] and the Circle Assessment (CA) [11]. In this paper, the MCI will be
analyzed, tested and critiqued. Yet the CA is out of the scope of this paper since, according to email
exchange with Shyamm Ramkumar—knowledge and innovation manager at Circle Economy to get
access to the online survey—the CA is not a tool that is used for analyzing products throughout the
whole value chain, but rather organizations [10,11]. In our study, in addition to the MCI, two other
tools—that have been identified as particularly conceived for product circularity evaluation—will also
be reviewed, experienced and critically examined: the Circular Economy Toolkit (CET) [37] and the
Circular Economy Indicator Prototype (CEIP) [20]. A more detailed description of these three tools is
elaborated in the next section.

3. Results—Comparison of Existing Tools to Measure Product Circularity

In order to complement the findings from the literature review analysis, a case-study approach
was adopted to allow a deeper insight into the desired and required features for an efficient and
effective assessment of product circularity performance. Importantly, experiments and analyses
performed through the case study aim at providing additional and meaningful information to: (i) guide
industrial practitioners in their products circularity assessment; and (ii) establish a list of key features
for the development of new frameworks—including indicators and tools—aiming at an enhanced
measurement and monitoring of product circularity potential.

3.1. Tools Description, Characteristics, and Modus Operandi

Three existing tools, available online or on-demand for free, aiming at measuring product
performance in a context of circular economy, have been selected through the literature review analysis.
Tools description, characteristics and operating mode are synthesized in Table 1.

The Material Circularity Indicator (MCI) is describes by the Ellen MacArthur Foundation [33] as
a tool for European companies to assess their products and business models performance in a context
of circular economy. This indicator is particularly intended for use in product design but could also be
used in internal reporting or for procurement and investment decisions. The indicator developed is
based on an Excel calculation sheet available online for free. To evaluate the circularity performance at
the product level, a spreadsheet tool is also provided (as shown in Figure 1c) in order to aggregate
multi-materials as well as some guidance on normalizing factors for individual products” weight
within a general portfolio (e.g., revenues, product mass, and raw materials costs).

The Circular Economy Toolkit (CET) is an assessment tool to identify potential improvement of
products’ circularity [37]. This tool is also freely accessible online. It consists of answering—in a trinary
format (yes/partly/no or high/medium/low)—33 questions divided into 7 sub-categories, similarity
to the lifecycle stages considered in an environmental qualitative assessment: 7 questions related to
design, manufacture and distribute; 3 related to usage; 6 related to maintenance and repair of the
product; 3 related to reuse and redistribution of the product; 10 related to refurbish and remanufacture;
2 related to product-as-a-service; 2 related to product recycling at end-of-life.
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The Circular Economy Indicator Prototype (CEIP), developed by Griffiths and Cayzer [20],
available on demand, aims at evaluating product performance in the context of circular economy.
The CEIP is designed on an Excel calculation sheet. The CEIP uses a points-based questionnaire.
Fifteen weighted questions are divided into 5 lifecycle stages, namely: design or redesign;
manufacturing; commercialisation; usage; and end-of-life. Once the questionnaire is completed, one
gets an overall score of the product circularity performance plus a spider diagram showing circularity
performance across different parts of the lifecycle.

Table 1. Tools description, characteristics and operating mode.

Tools Circular Economy Toolkit Material Circular Indicator Circular Economy Indicator
Characteristics (CET) [37] (MCI) [33] Prototype (CEIP) [20]
It is an assessment tool to It aims at helping companies to ~ The CEIP aims at evaluating
Description identify potential improvement  measure their transition towards product performance in the
of products’ circularity. a circular economy. context of circular economy.
Platform Support Dynamic Webpage Excel Spreadsheet Excel Spreadsheet
. . Different percentages
3:.5 tr mary-based questions (reused, recycling) about 15 weighted questions divided
Inputs divided into 7 sub-categories . . . ;
. material origin (feedstock) and  into 5 lifecycle stages.
related to lifecycle stages. L
destination (after use).
Qualitative: Quantltatl\{e: . Quantitative:
Improvement potential at 3 level The MCI, single score, gives The CEIP score (%) and a radar
Outputs P a value between 0 and 1 where

(high, medium, low) for every of
the 7 sub-categories.

diagram showing aggregated

higher values indicate score for each lifecycle stage.

a higher circularity.

3.2. Case Study: Tools Experimentation Based on a Real Industrial Product

To test and compare the outputs provided by each tool, the same industrial product—and its
associated dataset—is used. The industrial product used in this case study in a catalytic converter that
equipped heavy off-road vehicles such as excavators or mobile cranes. The manufacturing company,
one of the European leader in machinery construction equipment, seeks to improve the traceability and
circularity of their products, notably their catalytic converters considered as a key component due to
high value of precious metals—platinum—containing inside. This system is significant for conducting
the present case study because, according to Hageliiken et al. [38], while metallurgical recovery rates
for platinum group metals from automotive catalysts may be over 95%, the effective recycling rate
is currently around 60%. The catalytic converter is a mandatory equipment to fit with emissions
regulations. The platinum is the core element of this system as it allows the transformation and
catalysis of toxic pollutants into less or non-toxic gases. As the emissions regulations are increasingly
strict, the quantity of precious metal is likely to rise. As such, the company is willing to close the loop
of catalytic converters they design and develop, to maintain and recover the platinum contain in their
product in order to mitigate the purchase of primary, precious and expensive raw materials, submitted
to increased price volatility.

As inputs, data and information about the pre-life (e.g., bill of materials, product design features,
production process, logistic aspects), and the life (e.g., lifespan, market destination, business model
related to the product) of the catalytic converter were provided by manufacturer, suppliers and through
market analysis. Assumptions about the end-of-life (e.g., destination after use, collection rate, treatment
facilities, and recycling efficiency) of the catalytic converter were made based on worldwide and
European statistic and discussion with the company. As such, inputs required by each tool were filled.

As outputs, results provided by the three tools experienced on this catalytic converter are
illustrated in Figure 1. The Circular Economy Toolkit (CET) gives following recommendations to
enhance catalytic converter circularity performance: high improvement potentials regarding product
remanufacturing and materials optimization to enhance circularity, and medium improvement
potentials related to usage, maintain, reuse and recycle phase. The Material Circularity Indicator
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(MCI) delivers a MCI score for each material used in the product. The three main materials of the
catalytic converter were assessed: a MCI score of 0.70 for the stainless steel, 0.33 for the cordierite,
and 0.46 (as shown in Figure 1c) for the platinum. The aggregated MCI score for the product,
based on a normalizing factor that is the material mass multiplied by the material price, is 0.48.
This combined MCI score is close to the score provided by the Circular Economy Indicator Prototype
(CEIP): 42% (as shown in Figure 1b) which is considered as a “good” circularity performance according
to the developers of the tool [20]. Moreover, the CEIP provides a table and a radar diagram detailing
the circularity performance scores for each lifecycle stage.

3 CircularEconomy
Toolkit

Resources for an Evolving World

The Circular Economy | Toolkit | Assessment Tool Workshops | About

Answer the questions below to find potential improvements in your organisation:

e

* Company type:  Manufacturer »

J

L |

* Product type:  #Catalytic_Converter
* Use: (@ Just playing @ Serious
Design, Manufacture and Distribute

No material is used in
High waste of material, could
excess, product is totally —[:]— ?
¥ be reduced through redesign
dematerialisad
: High percentage of technical
100% Biodegradable 4D g p g S
non-biodegradable materials
100% Recycled materials High percentage of virgin,
used [ ] non-recycled materials

Improvement Potential

W High [ Medium [ Low
(@)
CIRCULARITY TEST - CEIP SCORE

Complete the General Informaticn section (1), then answer the questions in the Circularity Test (2) and finally, view the results (3). i the yellow boxes and navigate with the yello

1 |GENERAL INFORMATION 3 |RESULTS
[ Froduct Rating _]____Product Ranking ____]____Paints __]

Scored  Available

Seonrd Available

o,
—M'dm' Saldan 42% Good 64 152 Besign/Medesign

Y E— -MMM N
, _

Design/Redasign

a
Manufacturing 2 7 Fair
Commercialisaticn 3 15 o 0% Good
In Use 4 12 35 % Fair
Lnd of Use 3 18 35 51% Good
TOTAL 15 64 152 an Good Commereislisatia

(b)

Figure 1. Cont.



Recycling 2017, 2, 6 9of 18

CIRCULARITY Material Circularity Indicator

INDICATORS Dynamic Modelling Tool

AN APPROACH TO MEASURING CIRCULARITY syt sidians b o . . . v i v AT -

Feedstock Destination after use

//--Nl Reused = [
> Recycled
:. ' @ Recycling efficiency 959
\ Lifespan 1,0 x industry average
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MCI = 0,46
ELLEN MACARTHUR GRMANTA
FOUNDATION MATERIA = .
Computation of the MCL: v 0,67
W, 0,50
We 0,02
W 0,03
W 0,52
X 1,00
i) 0,90
LFI 0,60
mMcr 0,46
CEEA LG GEIET RCTAGT ol Material Mass x Price -
/
Name of component range of Material Mass x MCI of ref. N - - N - ;"
o the Catalytic Converter Price of component component Combined Material Clrcma”ty Indicator [ \
{B Canning (Stainless Stesl) 20 0,70 MCI=0.48 \ ]
YA Substrate (Cordierite) 5] 0,33
BB Coating (Platinum) 150 046 AN
4 —
9
6
7 1,00
8 0,90
9 5080
10 E: 0‘70 - Canning
11 E ’ ¥ (Stainless Steel)
12 Zz080 -
13 L; 0.50 Cnmbme:MCl
14 5 0.40 Coating
Substrat Plat
15 g 030 * ubstrate (Platinum)
2
g 0,20
0,10
0.00
20 40 60 80 100 120 140 160 180
N N r Material Mass x Price
Total Material Mass x Price 176
Combined Material Circularity Indicator 0,48
()

Figure 1. Illustrations and interfaces of the three free tools experienced to measure product circularity:
(a) Circular Economy Toolkit (CET) [37]; (b) Circular Economy Indicator Prototype (CEIP) [20];
(c) Material Circularity Indicator (MCI) [33].

3.3. Critical Analysis: Strengths, Weaknesses and Limitations of Existing Tools

These three tools share the advantages of being user-friendly, even for the non-specialist of
circular economy, and time-efficient providing a first overview of product circularity performance.
More precisely, the CET provides a first trend of improvement opportunities. The main advantage
of this tool is that it considers both business opportunity and product design in the qualitative
assessment. Notably, this tool assesses business opportunities (including financial viability and market
growth potential) through possible extensions—according to inputs provided—of following services:
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maintain/repair, reuse/redistribute, refurbish/remanufacture and products as a service, as illustrated
partly in Figure la. The CET online platform is also easy to understand even for non-expert in
circular economy. On the other hand, The MCI is interesting to assess flow material potential of
products circularity with relatively small amount of inputs data. Therefore, it could effectively be
used by industrial practitioners to compare product circularity performance with different material
combinations. Eventually, the CEIP presents the following strengths: ease of use, simplicity, speed,
and the fact it could be used as an effective metaphor for the diffusion of circular economy principles
in industrial practices.

However, the three tools have both weaknesses and limitations in the measurement of product
performance in the light of circular economy. First, the Circular Economy Toolkit may be seen as too
superficial to encompass the actual complexity of circular economy, in the way this toolkit is similar
to a qualitative environmental checklist assessment with a trinary-based questionnaire. With the
ternary scale, the user has the habit to put the cursor in the middle. In addition, some questions could
lead to different interpretations (e.g., what is considered as many or few mechanical connections?).
On the other hand, the MCI is not sufficient by itself to evaluate effective circularity of a given
company and several products or components. Specifically, by standing only at the material scale
contained in products or components, several essential aspects that are relevant to make progress
towards a more circular model are not taken into consideration. For instance, these include modularity,
upgradability, connectivity, easy disassembly or design for preventive maintenance of products
that are recognized at enablers of an efficient circular economy. Interactions with other components
(optimizing systems rather than components is the one of the key paradigm of circular economy)
are not taken into consideration. Collaborations between stakeholders, inside the actors network,
or reverse logistic, which are also crucial elements for a strong and functioning circular economy
are either not explicitly considered. The scope of the MCI is narrower than what circular economy
stands for, such as systems thinking. Last but not least, the MCI does not explicitly favor closed loops,
that is to say, more granular levels of recovery beyond recycling and reuse, such as remanufacturing or
refurbishment. It is assumed that the mass of the product does not change from manufacture to the
end of use. In particular, this means that no part of the product is consumed, degraded or lost during
its use. In addition, downcycling, i.e., the material quality loss in the recycling process is not taken into
account. Eventually, the CEIP interpretation through a single score hides the true circular economy
complexity. The binary scoring system used for some question could be quite reductive for some
questions. Authors of the CEIP [20] acknowledge a superficial commitment with decision-makers and
that the reliability of the questionnaire is based on the case study specific context: the 15 questions
are mainly focused on the manufacturing and end-of-life stages of the product lifecycle, and therefore
neglect certainly other circular economy crucial aspects. Indeed, several attributes suitable to move
towards an efficient circular economy of products are not taken into account such as, modularity,
design for disassembly, upgradability, used of new technology or connected devices: for instance,
sensors to enable product traceability.

In a nutshell, even if these tools provide a first and rapid overview of product circularity
performance, they do not cover all aspects of the circular economy and miss some important elements.
Furthermore, they do not deliver practical or operational guidance for industrial practitioners to
improve the product circularity of their products. As such, there is a lot of room for improvement
regarding existing tools assessing product circularity performance. Additionally, to limitations
highlighted below, authors of existing tools acknowledge the need for further investigations and
developments in the area of product performance in a context of circular economy. As an example,
the developers of the CEIP [20] foster not only to consider deeper the trade-off between simplicity
and engagement with decision-making, but also to expend the design of circularity indicators to other
industrial sectors.
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4. Discussion—Proposed Requirements, Practical Implications and Recommendations

In this section, success conditions, required and desired features for an effective measure of
product circularity performance are discussed. First, key requirements are proposed for the design of
frameworks—including indicators and tools—aiming at an enhanced product circularity assessment.
Thereafter, practical implications and guidelines are provided as a support to the development and
implementation of such frameworks. In addition, recommendations are delivered for industrial
practitioners on how to proceed in their product circularity measurement and monitoring.

4.1. Proposed Requirements for Product Circularity Measurement Framework

Based not only on the findings revealed through the experience of existing tools—i.e., their strengths,
weaknesses and limitations regarding circular economy principles and industrial applicability—but
also on acknowledged and well-funded recommendations from literature review, requirements for
properly measuring product performance in the light of circular economy are highlighted. Basically,
future enhanced frameworks for product circularity assessment should both share the same advantages
of existing tools reviewed and fill their limitations—i.e., address and overcome the weaknesses
pointed out.

The core question is indeed to define what are the ideal, desired or required features for designing
a framework aiming at product circularity measurement and monitoring. One has to bear in my mind
that such a framework is mainly intended to industrial practitioners that is to say mainly to engineers,
designers and managers responsible in the design and development of products. Saidani et al. [39]
translate industrial practitioners’ needs into eight criteria for selecting most suitable eco-design tool
for improvement purposes fitting with companies’ constraints and context. With a similar mindset,
ideal product circularity measurement tool features are derived from complementary industrial and
academic works.

First, the framework should not only be integrated and holistic [40] to fit with circular economy
paradigm but also, adaptative, modular to be compatible or plug-in with complementary existing
methods and tools in order to use the strengths of different previous works. Then, it would be
better if the circularity measurement tool could work at the scale of thousands of products [12].
For the European Environmental Agency (EEA) [32], because of the complex dynamics governing
the transition, the monitoring framework needs to be flexible, allowing the adaptation of indicators
and focus areas to maintain its effectiveness throughout the evolution towards more circular practices.
Additionally, taking into account the entire value chain may result in the creation of a considerably
greater resource efficiency potential [41]. Hence, it should be lifecycle thinking and system thinking [17].
In addition, Arnsperger and Bourg [23] reflect on the foundations of circularity indicators for an
economy authentically and genuinely circular. They conclude a circular indicator, or a set of circular
indicators, should definitely be systemic by design so that to prevent any major rebound effects or
negative impact transfers (e.g., circular improvements focused only on micro level would lead to
deterioration to more macro or meso levels). It should therefore articulate genuinely micro, meso
and macro considerations. To Huamao and Fengqi [31], circular economy should be a mean to reach
unification among economic, environmental and social benefits, and ultimately realize the objective of
sustainable development.

Then, the European Academies Science Advisory Council (EASAC) [26] recently questioned what
basic criteria should be applied in selecting indicators for monitoring the progress toward circular
economy. As such, some key principles to consider were highlighted, notably: links with sustainability
and industry compatibility (i.e., circular economy should harness existing sustainability-related
compliance data), or communication (i.e., the effectiveness with which indicators communicate
with the stakeholders). Future circularity measurement and monitoring tools should be designed
and developed in software accessible to most users. For instance, Microsoft Excel could be used
due to its high level of diffusion and utilization across multiple business sectors. Last but not least,
in accordance with business common sense and rules of thumb, it is suitable that the framework is
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user-friendly, time-efficient and intelligible (easy and pleasant to use, understand and communicate)
for all industrial practitioners non-expert in circular economy, and provides gateway for enhancing
products and components circularity by offering a comprehensive and operational view of circularity
improvement opportunities.

Required, desired and ideal features are synthesis and classified within a proposed hierarchy
inspired by Maslow’s pyramid of needs [42] and adapted here to appropriate design of tools
aiming at product performance measurement in a context of circular economy, as illustrated in
Figure 2. First, the two requirements positioned at the base of the pyramid—(i) “systemic by
design” and (ii) “integrated and operational”—are considered as mandatory and required features,
respectively (i) to ensure a holistic approach—i.e., to consider the whole complexity of circular
economy paradigm during product circularity measurement—and (ii) to be fit with industrial practices
during design and development phases. Then, the two following requirements—(iii) “adaptive and
flexible” and (iv) “intuitive user interface”—are seen as additional and desired features, respectively
(iii) to have the ability to consider different products from diverse industrial sectors, and (iv) to be
effectively and efficiently used by practitioners. Finally, the requirement placed at the top of the
pyramid—(v) “connection to sustainable development pillars”—is deemed as an ultimate and ideal
feature, reminding us that circular economy targets and measures should not be a goal in itself but
rather a means to an end in order to achieve a more sustainable development and society [31]. Each of
the five elements are elaborated in the next sub-section and practical implications are discussed to
meet these requirements.

Ec-_aﬂd'mic,
environmental
sand sodial,
Connection to Sustainable Development Pillars / spinofts

User-friendly

Time-efficient

Intuitive User Interface Open source

Framework modularity:
Possible adaptation of
_ indicators regarding industrial
Adaptive & Flexible / context and product specificity

Integrated in industrial practices

Data construction support

Practical, meaningful and explicit
Integrated & Operational ~ / improvement guidance for practitioners

Multi-dimensional, distinction of drcularity loops
Macro, meso, micro and nano levels articulation

Systemic by Design System thinking, Lifecycle thinking

Figure 2. Proposed hierarchy of desired features to design frameworks, methods, tools, and indicators
aiming at measuring product circularity performance.

4.2. Practical Implications and Guidance for the Design of such a Framework

As aforementioned and illustrated in Figure 2, we recommend that the design and construction of
an advanced framework to measure product circularity should considerer mainly five cornerstones,
namely: (i) systemic by design; (ii) integrated and operational; (iii) adaptive and flexible; (iv) intuitive
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user interface; (v) connection with sustainable development pillars. Let us have a closed look at the
consideration of each requirement to develop and implement effectively such a framework.

First, the “systemic by design” cornerstone highlights that the measurement tool should
encompass a wide spectrum of the circular economy paradigm—including its complexity and
principles. Such as lifecycle thinking, consideration of systemic levels and interplay between
implementation levels (macro, meso, micro, and nano) are essential for an effective measure of
product performance in the light of circular economy. Additionally, a multi-dimensional scoring system
representing different perspectives of circular economy should be preferred, and ideally, distinction
between circularity loops—in direct link with Lansink’s ladder of waste hierarchy [43,44]—should be
established [45]. As there are different ways to close the loop, the overall circularity score should go
further than a single and global score that encompasses and consider all different possible closed-loops
at the same level without differentiation. Hence, we propose to rank these loops from circularity
class A to D, which corresponds respectively from the most inner-loop to the most outer-loop of
the Ellen MacArthur Foundation butterfly circular economy model [3], as illustrated in Table 2.
Additionally, in Moreno et al. [46], recommendations are made to enable designers to fully consider
the holistic implications for design within a circular economy, by reviewing 30 Design for X (DfX)
concepts, covering thus a range of strategies that could be adopted to design and develop more
circular products. Indeed, the definition of DfX methods—that are particularly fitted to the circular
economy implementation—used by Moreno et al. [46] is the following: “a combination of eco-design
strategies including Design for Environment and Design for Remanufacture, which leads to other
design strategies such as Design for Upgrade, Design for Assembly, Design for Disassembly, Design
for Modularity, Design for Maintainability”.

Table 2. Description of the four circularity loops, according to Ellen MacArthur Foundation circular
economy model [3], that should be distinguished when measuring product circularity performance.

Circularity Loops EMF Logo [3] Description and Associated DfX Tools

The goal is to keep them in circulation as long
as possible, with as high value as possible.
Design for longevity, upgradeability, sharing.

Circularity class A:
Maintain/Prolong

Optimization of second-hand market to avoid
loss of added value. Design for PSS
(e.g., leasing, maintenance).

Circularity class B:
Reuse/Redistribute

Returning a product to at least its original
performance with a warranty. Design for
reuse in manufacture.

Circularity class C:
Refurbish/Remanufacture

Loss of original product’s added value.

Circularity class D: Recycle Design for material recovery.

S0OQ®

Second, the ‘integrated and operational” cornerstone emphasizes that the framework needs to
be fit with industrial practices. According to Dufrene et al. [47], integrated design is a practice to
integrate different values (e.g., functions, aesthetics, manufacturability, assemblability, recyclability) of
the product lifecycle in the early phases of the design process. As such, developed framework should
be compatibility and complementarity with other tools and softwares used during product design and
development phases, to help for instance decision-making. In addition, to be operational, as one of the



Recycling 2017, 2, 6 14 of 18

main challenges to evaluate properly product circularity lies on the ability to gather adequate date,
the framework should support data construction. In this light, a standardized input datasheet could be
develop to facilitate the data collection, for instance divided in several sections such as technical data
(e.g., bill of materials) and market or organizational data (e.g., supply chain, end-of-life pathways).

Third, the “adaptive and flexible” cornerstone underlines that the framework should be designed
with a modular and non-frozen approach in order to be continuously improved through time and
feedback. Indeed, in consonance with the EASAC [48]: “a circular economy needs to be flexible
enough to be able to move and adapt with the quickening pace of new developments in this arena”.
Among the tools reviewed, the MCI is both general enough and extendable to be applied to numerous
industrial sectors and therefore to serve as a basis for developing new and advanced product circularity
measurement framework specific to particular industrial sectors. As a concrete example, with the
MCI tool used as a reference, Verbene [49] developed a more sophisticated method for measuring the
circularity performance of a building and its associated parts.

Fourth, the “intuitive user interface” cornerstone highlights the importance of designing a proper
graphical user interface (GUI) for non-expert in circular economy. In order to be time-efficient and
user-friendly, the GUI should ease the acquisition of data, as well as enable a comfortable visualization
of the results. Designers and developers could take inspirations from the three tools experienced in
this paper. Indeed, the interfaces of the MCI [33], the CET [37] and the CEIP [20] are particularly clear,
easy to use and to understand rapidly.

Fifth, the “connection to sustainable development pillars” cornerstone stresses that the actual
impact of circularity should be analyzed against the sustainability performance of given a product
entering in a circular economy loop. According to Geissdoerfer et al. [14] the overall benefits of
circularity outweigh the drawbacks regarding impacts on sustainable development pillars, but in
some cases, circularity could result to negative impacts on certain aspects of sustainability. It becomes
therefore relevant to check if the potential circularity of goods—including products, components
and materials—will lead to effective benefits regarding sustainability, or under which conditions and
trade-offs between the three pillars. In line with ScoreLCA [50], such evaluation and consideration will
enable to prioritize different types of loops in order to identify the most relevant loop for a material or
product in terms of sustainability.

4.3. Positioning of the Three Tools in Regard to the Proposed Requirements

The analysis of tools” compliance with the proposed requirements is performed in Table 3
in order to identity both best practices (+) and room for improvement (—) as an inspiration for
the development of advanced frameworks aiming at assessing product circularity performance.
Furthermore, such an examination provides additional insights for practitioners in the selection
between these tools and their use during product design and development phases.

In a nutshell, the MCI [33] is interesting to assess flow material potential of products circularity
quickly with relatively few inputs data. Indeed, it provides a rapid overview and could be used
effectively by industrial practitioners to compare products with different material combinations.
The CET [37] delivers information about product circularity improvement potential at each stage of
the lifecycle, but without given further practical recommendations on how to proceed to improved
it. The graphical user interface of this tool is very intuitive and user-friendly even for non-circular
economy experts. However, a comprehensive knowledge of the product all along lifecycle is required
to answer properly the 33 questions requested. The CEIP [20] is intended for industrial practitioners
and decision-makers who are looking for ease of use, simplicity and speed in the evaluation of their
products’ circularity during design and development phases. Nevertheless, the access to a lot of
information is required to complete the 15 input questions.



Recycling 2017, 2, 6

150f18

Table 3. Positioning of the three tools experienced in regard to the five proposed requirements for

an enhanced product circularity measurement.

Tools . . Material Circular Indicator Circular Economy Indicator
Requirements Circular Economy Toolkit (CET) [37] (MCI) [33] Prototype (CEIP) [20]
+: Lifecycle thinking (complete +: Lifecycle thinking (but exclusively  +: Lifecycle thinking (but mainly
i é re-life. life. and end-of-life focused on material origin, usage focused on manufacturing
'h'e’lsis are éove;e d4) intensity, recycling and reuse). and end-of-life).
Systemic by design P ) —: No consideration of major DfX +/—: Consideration of some DfX but

+: Consideration of several DfX
related to circular economy.
—: No distinction of circularity loops.

related to product
circularity performance.
—: No distinction of circularity loops.

exclusively related to manufacturing
and end-of-life steps.
—: No distinction of circularity loops.

Integrated and
Operational

—: Lack of support in data
construction.

Do not provide concrete guidance for
product circularity improvement.

—: Lack of support in

data construction.

Do not provide practical guidance for
product circularity improvement.

—: Lack of support in

data construction.
Superficial commitment with
decision-making.

Adaptive and
Flexible

+: Applicable for a great range of
products.
—: Frozen version.

+: Applicable for all kinds of real
physical products.
Excel datasheets that could be edited.

+: Excel datasheets that could be edited.
—: Designed particularly for the home
improvement sector.

Intuitive User
Interface

+: Free, available online, easy to use
and to understand.

Time-efficient i.e., once one has all the
data, it takes around 15 min.

+: Downloadable freely, easy to use
and to understand.

Very time-efficient i.e., once one has
all the data, it takes less than 5 min.

+: Free, available on demand, easy to
use and to understand.

Time-efficient i.e., once one has all the
data, it takes around 15 min.

Connection to
Sustainable
Development
Pillars

+: Business opportunities are covered
(including financial viability and
market growth potential).

—: Other aspects are not

—: The impacts of product circularity
performance on the three pillars of
sustainability are not

explicitly addressed.

—: The impacts of product circularity
performance on the three pillars of
sustainability are not

explicitly addressed.

directly addressed.

5. Conclusions—Contributions, Limitations and Call for Further Works

The use cases of product circularity performance indicators could be relevant for informative,
comparative, ameliorative and communicative purposes during product design and development
phases. Just to mention a few examples, they could serve as a gateway to enhance the circularity of
products and associated value chains thanks to the identification of hotspots and areas for improvement,
as well as to define tangible circular targets for products.

The broader impact and contribution of this work rely on the potential to foster, in an organized
way, the development of new product circularity measurement frameworks intended to industrial
practitioners as a support to their shift towards a more circular economy of goods. As such, analyses and
proposed requirements are intended not only for managers, designers or engineers who seek to assess
and improve their product circularity potential but also for researchers who are eager to develop new
indicators, methods and tools aiming at measuring and enhancing product circularity. The requirements
we have discussed could represent a first step to novel perspectives on product circularity measurement.
In addition, knowing the different features and practical usage of each tool (e.g., insights provided, time
required, level of detail, data considered in input, etc.) is crucial both to judge the operationality of each
tool reviewed and to recommend most appropriate and suitable tool—or combination of tools—for
industrial practitioners regarding their context, needs and constraints.

Additionally, description, test and critical analysis of each tool, performed in this article,
could serve as references and guidance for industrial practitioners. In fact, some indicators and
tools could be better in one situation, such as comparing rapidly the impact of two different materials
on circularity performance (e.g., the Material Circularity Indicator [33]); others are more product-centric
and lifecycle thinking (e.g., the Circular Economy Toolkit [37] or the Circular Economy Performance
Indicator [20]). Furthermore, according to a given situation (e.g., target audience or beneficiaries, i.e.,
user of the tool, time available, desired level of detail, etc.) or a specific kind of product, one method
could be more suitable than another one. For instance the three tools reviewed are helpful when
managers need to have rapid qualitative information and overview on which areas a product could be
improved to be integrated into a more circular value chain.

Although they provide a first and a rapid overview of products’ circularity, current tools neither
consider the whole complexity of the circular economy paradigm, nor provide operational guidance
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for engineers, designers or managers to improve their products in a context of circular economy:.
Beyond product circularity performance measurement, methods and tools should be developed to
provide companies suitable ways and mechanisms to monitor in advance the fate of their products,
components, and materials. New developed tools should help businesses concretely in their move
towards a more circular economy by orienting industrial practitioners to the best practices aiming at
improving product circularity.

The research and analyses carried out in this paper present the three following limitations:
(i) the inadequate coverage of the data availability issue; (ii) the non-consideration of biological cycle;
and (iii) the absence of in-depth discussion regarding metrics and scoring systems. On the one hand,
measuring potential product circularity potential during the design or redesign of a product assumes
the access to a significant quantity and variety of both technical and market data. Our case study did
not face this issue because a comprehensive life cycle inventory and a life cycle assessment of the
catalytic converter had been performed prior. One the other hand, as the system used in the case study
belonged exclusively to the technical cycle, the focus has been made on technical nutrients and their
inherent cycles. Thus, the biological cycle—according to the left side of the circular economy butterfly
diagram modelled by the Ellen MacArthur Foundation [3]—was out of the scope of this research work.
In addition, reflection on the metrics and scoring system for measuring product circularity performance
was non-comprehensively addressed in this present article. Future research discussions could include
more in-depth analysis of circularity scores definitions and mathematical basis. Last but not least,
considering the repercussions of the potential circularity of a given product during early design phases
on the economic, environmental and social spinoffs would be an existing area for future research on
the development of new frameworks aiming at assessing product circularity performance.

Even if a holistic and integrated tool to measure, improve and monitor product circularity potential
performance is currently under development by the present authors, we encourage further work to
contribute at providing new ways and mechanisms aiming at product performance measurement
and improvement in the context of circular economy. For information, the ongoing development tool,
following recommendations provided in this article, is promising in the way it claims to be both holistic
and integrated. Based on the four building blocks of circular economy defined by the Ellen MacArthur
Foundation [3], it will cover a wider spectrum of circular economy paradigm than the existing tools.
Using a hybrid top-down (objective-driven based on circularity scores) and bottom-up (data-driven
based on industrial and market fields) approach, it will ensure to be relevant and integrated to real
industrial practices.
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