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Digitale Zwillinge fiir die Kreislaufwirtschaft
- Entscheidungsunterstiitzung fiir
R-Strategien

Als Teil des digitalen Datenokosystems bieten
Digitale Zwillinge (DT) fur die Kreislaufwirtschaft
(CE) einen vielversprechenden Ansatz fur eine
nachhaltigere Wertschopfung. Durch die Analyse
und Aufbereitung von produkt-, bauteil- und
materialspezifischen Daten entlang des
Lebenszyklus ist es moglich, aktuelle
Herausforderungen wie Klimawandel und
Ressourcenknappheit zu adressieren. Im deutschen
Forschungsprojekt Catena-X werden auf Basis dieser
unternehmenstbergreifend ausgetauschten Daten
und Informationen konkrete Lésungen entwickelt.
In diesem Rahmen wird der,R-Strategie Assistent"
vorgestellt. Dabei handelt es sich um eine
Anwendung, die auf Basis von DT-Daten die beste
CE-Strategie am Ende des Lebenszyklus eines
Fahrzeugs ermittelt.
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Digital twins (DT) for circular economy (CE) offer a promising approach as part
of digital data ecosystems for more sustainable value creation. By mapping
and analyzing product, component and material specific data along the li-
fecycle, it is possible to address current challenges such as climate change
and resource scarcity. Within Catena-X, specific solutions based on this
cross-company exchanged data and information are developed. Here, the
“R-Strategy Assistant” is presented. It is an application, which identifies the
best CE-Strategy based on DT data at the end of a vehicle's life.

The topic of sustainable value creation
has become increasingly important in
the last few years and is now an in-
dispensable goal of national and inter-
national business. With the EU Green
Deal and the UN Sustainable Develop-
ments Goals, the vision of a greenhouse
gas-neutral and resource-efficient
economy is already firmly anchored in
politics [1]. As one of many industries,
the automotive industry is forced to
adapt to increasing scarcity of natural
resources and the growing demand for
sustainability. The End-of-Life Vehicles
(ELV) Directive 2000/53/EC regulates
ELV by setting clear targets on reuse,
recycling and recovering within the
European Union [2]. To reduce the en-
vironmental impact along the whole
lifecycle of a vehicle, the cooperation
of all stakeholders along the value chain
is inevitable. In the research project
Catena-X 28 partners currently address
secure cross-company data exchange,
circular economy (CE) and digital twins
(DT) under the banner of data sover-
eignty [3]. The concept of a DT for CE is
a promising approach to build a da-
ta-driven ecosystem based on vehicle,
component and material specific infor-
mation, opening up new business and
value creation models from SMEs to
large corporations with the goal of
using resources as efficiently as possib-
le [3]. In Germany alone, there are about
50 million registered vehicles, of which
around 500,000 ELV arrive at the dis-
mantler yard each year. These vehicles
offer the potential to reuse and recycle
components [4].

In Catena-X, various stakeholders th-
roughout the automotive value chain
have been methodically interviewed,
that represent supplier of material as
well as automotive components, an
OEM and a dismantling company. The
results show that they all face the chal-
lenge to reach an informed and en-
vironmentally sound decision on the
best strategy to implement CE:

« they do not have access to existing
data on the relevant Key-Perfor-
mance-Indicators (KPI) for CE from
the actual lifecycle of components
or assets,

+  thereis no standardized calculation
logic to determine the best CE-Stra-
tegy option based on these KPI
considering the individual KPIs for
different components or material,

- thereis no platform or network for
exchanging and managing the
necessary data and information
across companies and lifecycle
phases.

Therefore, as one specific application,
the R-Strategy Assistant - a decision
support tool regarding possible CE-Stra-
tegies of an ELV - is being developed
within Catena-X.

Circular Economy and
R-Strategies

CE is an economic model that - in its
most narrow sense - pursues the goal
of acting in a resource-conserving
manner by extending the product life
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and returning components and materials to the
cycle at the end of their life [5]. In practice, this
means that discarded products are reused or
recycled, minimizing waste and requiring fewer
natural resources to make new products [5]. In
a broader sense, there are several strategies that
address different phases of the product life cy-
cle. Referring to the 9R-Framework these are
recover, recycle, repurpose, remanufacture, re-
furbish, repair, reuse, reduce, rethink and refuse
- ranging from low to high circularity. A higher
degree of CE means that materials stay in the
loop longer and fewer resources are needed to
keep materials in the loop [6]. In general, the
choice of the most environmentally and econo-
mically sound CE-Strategy depends upon a large
number of different factors, where some are
globally applicable and some are highly indivi-
dual depending on the specific vehicle or com-
ponent. In the context of the R-Strategy Assistant,
it is referred to Potting's 9R framework, shortened
R-Strategies.

Digital Twins

To understand individual instances of vehicles
or components, the concept of DT comes into
play. There are several definitions of DT in diffe-
rent application environments. The Catena-X
consortia refers to the Industrial Digital Twin
Association and defines the DT as a virtual re-
presentation of assets and adheres to a set of
characteristics [7, 81:

« The DT has at least one Catena-X-wide
unique ID.

- DT are organized by a set of aspects, which
can be extended over lifetime.

« Anaspect of a DT includes structural as well
as behavioral data and models.

«  The semantics of an aspect can be described
via semantic models.

«  Asingle aspect can be connected to different
heterogenous data sources.

«  The DT canrepresent asset types (e. g. virtu-
al prototype of a vehicle) and asset instances
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+ A DT can cover the whole asset lifecycle
including (e. g. planning phase, production,
sales, use and decommissioning phase).
However, in practice there may be more
than one twin with different IDs representing
different lifecycle phases (e. g. a twin for
types and multiple twins for instances).

«  An asset can have more than one DT and
they can reference each other.

« DT can provide individual asset and fleet-re-
lated knowledge.

Moreover, DT can help to decrease the environ-
mental impact of assets by optimizing the asset
itself and thus reducing the CO2 footprint [9].
Furthermore, DT can address resource-efficient
manufacturing of the product and uncover
reuse potentials at the end of the asset's life,
thereby supporting CE [10, 11].

How do Digital Twins foster
Circular Economy?

One prerequisite for CE is to enable all stakehol-
ders within the product life cycle to make qua-
lified decisions based on data related to the
product or asset at any stage. The advancing
digitalization of the supply chain and the concept
of DT can help to untie the complexity of this
task [11].

CE considerations start already at the design,
development and production phases before
bringing the product into the market [9, 11, 12].
Here, the application of a DT supports inter alia
the evaluation and simulation of the recyclabi-
lity of a product, increases the resource efficien-
cy of the production or just evaluates current
and future product compliance in relation to e.
g. regulated substances as substances of very
high concern that might influence future reuse
or recycling. In the use phase it is essential to
keep the DT up-to-date to ensure qualified de-
cisions for the further product life. By mapping
the physical instance of an asset with its DT,
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Figure 1: R-Strategy
Assistant within the
automotive lifecycle.
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Figure 2: Key-
Performance-Indicators of
the technical viability for
the R-Strategy-Assistant.
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KPI

Remaining Lifetime

Quality

Material Composition

Exclusion List

Disassembly Capability

Cleanability

Description
Remaining Lifetime depends on how the vehicle was used (city traffic vs.
highway) and the component specific lifetime.

Quality defines the state of health of a component e.g. paint damages,
dents, corrosion.

Material Composition includes the type of (forbidden) material and the
percentages per kg.

Exclusion list includes components that may not be reused, such as the
airbag.

Disassembly Capability checks on whether it is fulfilled for the respective
R-Strategy, e.g. non-destructive disassembly possible.

Cleanability checks on whether a component can be cleaned (important
for remanufacturing).

Assemblability

Assemblability checks on the possibility to reassemble the component

(important for remanufacturing).

Restorability/Upgradability

Restorability/Upgradability checks on the possibility to update the com-

ponent (important for remanufacturing).

Designed for Recycling

Designed for Recycling means whether the vehicle is designed from the

beginning-of-life for the R-Strategies at the end-of-life.

operational data as operating hours, failures,
maintenance and similar events enable informed
decisions on the potential end-of-life (EoL) of a
product, e. g. if and when a remanufacturing is
economically feasible, a reuse possible or the
material recycle the most valuable solution [13].

If a second life strategy as remanufacturing or
reuse is no longer feasible, the DT provides essen-
tial information on the material break down of the
product, its ingredients and composition [14].
Upcoming regulatory requirements, such as the
mandatory use of recycled content in polymers
and other materials, will increase the need of de-
tailed and more accurate material information as
provided by a DT to be able to distinguish between
recycled and non-recycled material [15-18].

Why Catena-X?

CE requires data, but the availability of data
depends on the connectivity throughout the
complete supply chain [19]. Therefore, the ob-
jective of Catena-X is to provide the infrastructure
for a decentralized end-to-end connectivity and
to enable the digital flow of information across
the entire supply chain. The development of
Catena-X is done within 10 use cases, where
some focus on the needed infrastructure and
shared services, and others concentrate on
practical applications. The use case CE is demons-
trating the capabilities of Catena-X by using the
achievements of the other use cases to develop
innovative solutions that address current and
future environmental issues. Besides the R-Stra-
tegy Assistant , solutions like a dashboard to
support dismantling decisions for authorised

treatment facilities and a marketplace as cross-in-
dustry trading platform for components and raw
materials are already on the way [3].

While the equal and decentralised data structures
foster competition on application level, the be-
nefits of interoperability within the network and
among the applications prevail. Hereby, the
R-Strategy Assistant plays a key role as informa-
tion provider and analytical resource for CE. By
recommending the most feasible treatment
strategy for components and complete vehicles
it supports the sound treatment of ELVs through
the dismantling dashboard, either through na-
ming the most valuable parts for dismantling and
reuse or indicating material recycling as the best
solution, economically and environmentally.
Furthermore, it helps to evaluate components
and raw materials for the marketplace, by consi-
dering their life cycle events, their material com-
position and considerable further ingredients as
regulated substances of very high concern that
influence the further use of the raw material [3].

R-Strategy-Assistant

The R-Strategy Assistant provides a data-based
decision support logic for the most economically
and environmentally sound R-Strategy. It supports
different stakeholders along the product lifecycle
regardless of their experience. For the develop-
ment, a user centered approach is applied, so that
the future user or data consumer is the main
starting point. In the initial phase of the R-Strategy
Assistant, the role of dismantling lead is conside-
red as well as the vehicle developer at the OEM as
a first step, focusing on component and material

Industrie 4.0 Management 38 (2022) 6



Uner {Dumrariting Laad) . Birmtagy Amatart { Dghal Ten

1 Show vehicle and component

»  Enter VAN -, " [(State of Health, miage.
material contangd. )
.
Sedect
sompanent
2z
Check potsile R-
- = SUMNDeS {exciusion

teria)

Enchusions List »0

Material Cofpositonsd

]

information (Digtal Twin data)

Exchusion List = 1

Material Compoaton = 1

ammaining Lilptira = Companmst-apeciic Srashokd

PRamaining L fwime = Ciormponart-specili Brsshols

Dinasacsbly Capabity = 1

Carry out e visual
inspection (damage, s

cormsion._

Enter result of the

. -
visual Imspection

Cesamsemtly Capaity =0

ity = Caingons of quaty b component-apeciic Sreshott;

uatty < Caligore of cualty b
componant apecs Bt 4t
k3 Cuaity 2 Catsgons of quatty b
comsoetmste Prewne,

Assamblabitty = &

Cumlsy  Categonie of qualfy b &

*
Pusaile B-Skaieqy. Feuse,
Bty Fscover

Feedback o Design = -

Imgaement R-Stalegy +

Claanatity = 0
Chasabiry = 1
* RasioratatyUpgradatisty =
ResiratityUporadicety = 1

13
Faaitis H-Suuesy. Recaver
Eemanutacire Hecyle.

Desigrad or Racycing = 0

Dnigres tor Reacyeing = 1

suppliers as a second step. The dismantling lead's
goal is to decide on the best R-Strategy for each
specific ELV. This is where instance-based data is
critical. The developer on the other hand wants
feedback on the planned R-Strategies of ELV at
the fleet level of several assets.

Figure 1 shows the application of the R-Strategy
Assistant within the automotive lifecycle and the
main stakeholders involved. The current focus lies
on the technical feasibility of the R-Strategies:
Reuse, Remanufacture, Recycle and Recover.

The selection of the best R-Strategy depends on
many KPI, which have been identified within
Catena-X with experts and described in Figure 2.

Figure 3 shows the individual steps of the deci-

sion logic for evaluating technical feasibility.

The vehicle-specific VAN (without personal data)
entered into the R-Strategy Assistant triggers the
Catena-X data request (see No. 1 in Figure 3). On
the basis of registered companies as data provi-
ders in the Catena-X network and the registrati-
on of assets and respective sub-models, vehicle
specific data can be requested. The Catena-X
shared services execute the search for existing
data models, the contracting, access control and
ultimately, the data provision while ensuring
data sovereignty. The R-Strategy Assistant then
shows first information, such as corresponding
vehicle, component and material based on data
from the DT. After that, the user selects a specific
component and requests detailed information
via Catena-X (see No. 2 in Figure 3). The decision
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Figure 3: Activity diagram
of the/regarding the
technical feasibility in
UML.

References

[

[2]

[

[5]

[6]

(o]

(]

Europdische Kommission: Mittei-
lung der Kommission an das Eu-
ropaische Parlament, den Europa-
ischen Rat, den Europdischen
Wirtschafts- und Sozialausschluss
und den Ausschluss der Regionen.
Der europdische Griine Deal 2019.
The European Parliament and the
Council of the European Union:
Directive 2000/53/EC of the Euro-
pean Parliament and of the Coun-
cil of 18 September 2000 on end
of life vehicles 2002.

Verein Catena-X Automotive
Network e.V.: Die Vision von Cate-
na-X. URL: https.//catena-x.net/de/
vision-ziele, ~ Abrufdatum
04.07.2022.

Bundesministerium fir Umwelt,
Naturschutz, nukleare Sicherheit
und Verbraucherschutz (BMUV):
Altfahrzeuge. URL: www.bmuv.de/
themen/wasser-ressourcen-abfall/
kreislaufwirtschaft/abfallarten-ab-
fallstroeme/altfahrzeuge. Abrufda-
tum 04.07.2022.

Ellen MacArthur Foundation: To-
wards the Circular Economy.
Economic and business rationale
for an accelerated transition. In:
Journal of Industrial Ecology (2013)
2.1,5.13-35.

Potting, J, Hekkert, M. P; Worrell, E;
Hanemaaijer, A.: Circular Economy:
Measuring Innovation in the Pro-
duct Chain. In: Planbureau voor de
Leefomgeving (2017) 2544, S.4-21.
Open Manufacturing Platform:
Blog: Introducing the BAMM As-
pect Meta Model for Digital Twins.
URL: https://open-manufacturing.
org/blog/2021/06/01/bamm-as-
pect-meta-model-for-digital-
twins/. Abrufdatum 11.07.2022.
Catena-X Automotive Network
Konsortium: Semantic Layer/Digi-
tal Twins. URL: https://catena-x.net/
de/angebote/digitaler-zwilling,
Abrufdatum 13.07.2022.
Riedelsheimer, T, Gogineni, S, Stark,
R Methodology to develop Digi-
tal Twins for energy efficient
customizable loT-Products. In:
Procedia CIRP (2021) 98, S. 258-63.
Riedelsheimer, T, Linnemann, P;
Wehking, S.; Dorfhuber, L.: Digital
Twin Readiness Assessment. Eine
Studie zum Digitalen Zwilling in
der fertigenden Industrie. 2020.
Preut, A; Kopka, J-P; Clausen, U.:
Digital Twins for the Circular Eco-
nomy. In: Sustainability 13 (2021)
18,S.1-13.

45



Kreislaufwirtschaft

[12]

3]

[14]

[15]

[16]

17

8]

Boschert, S.; Rosen R. Digital
Twin—The Simulation Aspect. In:
Hehenberger, P; Bradley, D. (Hrsg):
Mechatronic Futures. 2016.

Qi, Q; Tao, F: Digital Twin and Big
Data Towards Smart Manufactu-
ring and Industry 4.0: 360 Degree
Comparison. In: IEEE Access 6
(2018), S. 3585-3593.

Wang, X. V; Wang, L. Digital
twin-based WEEE recycling, reco-
very and remanufacturing in the
background of Industry 4.0. In:
International Journal of Production
Research 57 (2019) 12, S. 3892-
3902.

Baldassarre, B, Maury, T, Mathieux,
F,; Garbarino, E; Antonopoulos, |,;
Sala, S.: Drivers and Barriers to the
Circular Economy Transition: The
Case of Recycled Plastics in the
Automotive Sector in the Europe-
an Union. In: Procedia CIRP 105
(2022),S.37-42.

Malinauskaite, J; Anguilano, L,
Rivera, X. S:: Circular waste manage-
ment of electric vehicle batteries:
Legal and technical perspectives
from the EU and the UK post
Brexit. In: International Journal of
Thermofluids 10 (2021), S. 1-8.
The European Parliament and the
Council of the European Union:
Proposal for a REGULATION OF THE
EUROPEAN PARLIAMENT AND OF
THE COUNCIL concerning batteries
and waste batteries, repealing
Directive 2006/66/EC and amen-
ding Regulation (EU) No 2019/1020
2020.

The European Parliament and the
Council of the European Union:

logicis applied for this component and the pos-
sible R-Strategies are identified. This means in a
chronological order: Exclusion list, material com-
position and resulting remaining lifetime in
comparison with the specific thresholds and the
disassembly capability. If the component does
not fulfill one or more of these criteria, it can
only be assigned to recovery or recycling at this
point. If there is the possibility of disassembly, a
manual visual inspection is now carried out and
the results are entered into the system by the
user. Here, the data can also be provided in the
Catena-X network as an update of the DT (see
No. 3 in Figure 3). The R-Strategy Assistant sub-
sequently conducts a quality comparison with
the corresponding component-specific threshold
values. Depending on the outcome of this com-
parison, assemblability, cleanability and restora-
bility/upgradeability are checked, if necessary,
in order to technically check remanufacturing if
the quality is not sufficient for reuse.

The result, the possible R-Strategies, can be
provided via the Catena-X network to e. g. en-
able feedback to design (see No. 4 in Figure 3).
Conclusion & Outlook

DT for CE as a holistic approach to an open and

fecycle, new business and value creation models
can be created. The R-Strategy Assistant provides
a conceptual framework for the decision logic
for a DT for CE by identifying relevant KPI and
incorporating them into the decision logic. The
key objectives of the R-Strategy Assistant is to
make an informed decision regarding the pos-
sible R-Strategy for ELV, minimizing the risk for
inefficiencies. This will enable even inexperien-
ced dismantlers to make a standardized, trans-
parent decision based on relevant CE KPI with
the help of the DT. In regard to the variety of
different influencing factors, the framework was
only deliberately based on technical feasibility.
Furthermore, the decision logic should be ex-
tended to the economic implementation in the
next step. For this purpose, the developed fra-
mework should be considered as a starting point,
which needs to be further detailed with the
findings from the validation of real data, the
inclusion of all R-Strategies and future research.
In this context, it should also be defined how
the feedback resulting from the exploitation
process can be fed back to the development
department.
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