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Abstract

This report D4.1 describes the status of the implementation of the pilots in thel@IR&Cproject after two
years.Chapter one serves as an introduction to the WP, describes collaboration of Pilot partners with the
different work packages and looks at thisk analysis that was defined in the beginning of the project.

The four pilots are each described in their own chapteiS)(Each of these pilots describes theiascenario

6y26 WglaQu o0ST2NB GKS adl NI 27 ojed énd dofileevaliGaiion K S
targets, the activities that have been performed so far and how those activities have contributed to reaching
the targets, the innovative aspects of the work performed and plans for the next phase of the project.

Chapter 2 dewibes the status of Pilot, an Hectronic Stability PrografESPincludingeco-design process,

led by BOSCH (ESP use case). In this pilot data analysis was performed to evaluate the status quo of the ESP
data analysis is done byFBISMaras and SUP$&urthermore, first try outs were performed with recycling,
reusing and repairing. Chapter 3 describes Pilot 2 about the eco design of a tire pressure monitoring sensor
(TPMS), led by CONTINENTAL (TPMS use case). Two concepefinenleand severatircularaspects of

these concepts were investigated and are discussed. Currerfdycared concept has been chosen for
further analysis. Chapter 4 deals with the work done in Pilot 3 on greemoinld electronics for the
automotive industry, led by TNOME use case). Several technological advancements are discussed, including
the first ever remoulding of disassembled IME devices. AdsoLCA on repair demonstrates the potential of
these technologies. Lastly, in chapter 5 the pilot led by ERION otirsgsmocess for printed circuit boards

(PCB use case). A lot of work was performed in this pilot with respestidosingand collecting suitable
boards. It demonstrates the difficultiie industry faces, the importance of this work and the need for digit

tools.

In chapter 6 a pilot overarching activity is described which is led by POLIMI together with all pilot partners.
This additional workvas defined during the project and has seen considerable developméfgsdescribe
remanufacturing ofPCBs and pited foils and the utilization of digital tools for. iSince it hasnany
similarities between the different pilot implementatiorise workis presented as one chapter.

Finally, in chapter 7 the status of implementation of digital tools for the pilotsbeildescribed. Together

with partners from work packages 2 ana@nsiderable effort has been poured into defining the needs and
requirements for digital tools and assessments for each pilot. While full results of implementation of these
tools and methodégies will be presented in a later deliverable, sumiesof the various methods asme

initial implementationsare alreadypresented here.
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1 Introduction

1.1 Overview

D4.1 describes thstatus of the implementation of the pilots. These involve technical developments to
improve sustainability aspects their respective fields and producimdthe simultaneousmplementation

of digital tools in collaboratin with the partners fronother WF. The work described until nolwas been
performed over the past two years, as the start date of WP4 was prepmosdM12 to M1 As a resulithe
planned effort for D4.1 was spread from 1 year to 2 yeansce 0 additional deliverables werefinedthis
report is the first deliverable from WPZheconcept goals and targets of the pilotghich were partially
defined in collaboration wittother WPs during the project, will bige-)discussedThenthe technological
advancements and application of digital tools under developnaeatdemonstrated.

1.2 Collaborationwitl?2 1§ KSNJ 2t Q&

WPA4is an importantpivot in the projectwherework from all partnergonvergesFirst of allthe pilot leaders

are each developing new innovative technology and products dnhance sustainability within their
respective fieldsThesepilot use cases arsupported bythe digital toolsbeing developedn WP2,WP3 and

WF5. At the same time, whilbenefitting fromthese tools and the partners developitigem, the pilotsalso
function agest cases fothe tools, enablingartners tovalidate, refineand potentially improvéhesedigital

tools. This collaborative approach benefits both the pilots and the tool development work packages, creating
a mutually supportive workflowk-urthermore,from the beginning of the projedhe industrial pilots have

been discussed in great detailtivipartners from WPZXor deliverableD1.4 andthen again fordeliverable

D1.5 Together the scenarios have beemfined and elaborated, which resulted updated andconcise
descriptionsof the current scenarioplanned activitiesexpected impact andutable validation targets for

each pilot.These descriptionset the stage for thevork performed in thepilots andare utilizedagain inthis
deliverable(ded ONRA LIG A2y & - &m ,WIbHA (YA B LISOAaRIESD B BAHD I8 R)2 i ® NH
Furthermore, these validation targets set thear to which we can n@ measure the status of
implementation.

1.3 UpdatedRisk overview
Risk 1Requirements incomplete or not detailed enough becausmafidentialityissues or low involvement
of application partners.

Update Having extra time by starting in year one instead of year two has helped the WP4 partners to get
the requirements in orde Furthermoreworking together and having workshops for the deliverables in WP1
helpedmeetthe requirements. Confidentiality has not been an issue so far. All industrial pilot pahzrees

been willing to share and are complimented for that.

Risk3: The most relevant risks within LEAC analysis are lack of data availability both for the-GIRE
pilots and for the current statef-the-art practices.

Update it is a challenge for some of the pilots. Not all pilot partners are experiencedl @it & CC and
have had difficultieainderstandingthe data requirements for thosanalysis. However, the partners from
WP3 have been helpful in guiding the pilot partners in delivering the required dately more discussions
have beertakingplace on this tof anddatasharingis going wellThe riskis at least under control now.
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Update: No longer relevant.

Risk 10:Delay in meeting thedelivery deadlines, poor quality of deliverables and failing to meet the
measurable objectives.

Update The work performed by the pilot partners sideen frequently discusseth various of the
consortium, WP, topics, GA and pilot meetingkere are no indicatiorthat there is a seriouslack in quality
or progress towards the defined objectivé®r the deliverablgthere isalways ajuality controlmechanism
in place.

Risk 11Conflicts in the consortium.

Update There havébeenno major conflicts in WPdnd there is no indication this might occur.

Risk 12Caoordination and leadership missing.

Update Therehavebeen a fewmonthsperiod with a lack of WAPmeetings due to limitedhecessity from
the different pilots. Towards the deliverable the meetings hawatinued agairno guarantee therequired
collaboration for finishing the deliverable and the collaboration wifith other WPs.

Risk 13Planned resources are not enough to achieve the project goals.

Update Following the midway financial overviews mostdgetsare on track. Also following thenidway
review meeting irBrusselsthe developments were considered on track. So far there seems to be a match
between targets and budget.

Risk 14The expectation of partners concerning the exploitation is not met.

Update: No status update.

Risk 15Endusers do not accept the developed methodology and the associated technical solution.

Update:In WP4 all pilots have engsers as part afhe members. This ensures the solutions are in line with
the requirementsof the endusers. With other WPs there is frequetiscussion and analyses, methodology
and other digital tools are developed with the goal to be suited for the variousuerts. Tis seems tdave
gonequite well so far.

Risk 16The integration of recycled/reused products in production/assembly lines is not practically feasible.

Update: This risk will be revaluated towards the end of the product.

ﬁ7 ., / _‘ 11
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2 Pilot I ElectronicControl Unit

2.1 |Initial state of the pilot

The aim of this pilot i advancethe ecedesign of a Electronic Control Unit (ECGWhichis used for the
management of the Electronic Stability Program (ESP). The ESP makes a significant contribution to road safety
by preventing vehicles from skidding, thus helping to prevent accidents and save lives. Vehicle manufacturers
strive for personatation and differentiation, for example through driving dynamics and driving experience.
This kind of product is mounted millionfold in cars all over the world. Remanufacturing and repair of used
ESP devices for dedicated custontasalreadybeenestablshed since some years at BOSCH in low volumes.
Toavoid cost increases due to low volume in the aftermarket or missing spare parts due to supply issues
(e.g.,chip crisis), BOSCH decided to focus on ECUs.

ESP units, like many others car electronics camepts, have been always designed with focus on their
functionality and restrictive legislative requirements. Therefore, sustainability and circularity aspects have
not been considered as relevanintii now. Alsq from the End of Life Eol) perspective thecorrect
management of obsolete car electronics has never been a priority. Given the absence of both a dedicated
European/national regulation imposing its extraction frdémdof-Life Vehicles ELV}) and a dedicated
market for obsolete car electronics compants (and related secondary materials), none of the actors
involved in ELV management practices do that spontaneously. The general view of the interviewed actors on
this topic is that this is aot profitableprocedure. Hence, these components are not géganbled from ELVSs,
finishing to be shredded together with the rest of the car. Tiesaviourhas been already identified as a big
economic loss for the entire automotive value chain both in terms of lost profits for
dismantlers/shredders/materials recomeplants and lost volumes of secondary materials/spare parts that
could have been rntroduced either in the automotive or related value chains. This issue makes also evident
the low circularity level of the automotive sector in terms of critical mateniacovery from car electronics.
Again, all these wasted materials (especially precious and critical ones) have a high negative impact in terms
of natural resources depletion (particularly important at political level). Finally, considering the current
semiconductor crisis in the automotive sector, the incorrect management of car electronics components
sounds like a big paradox. Considering all these aspects together, therengemt need for adopting new
eco-design logics in order to ease both the disambly, repair and recycling of ESP uinit@rderto make

their EoL management a profitable business.

2.2 Expected outcome

The kind of onavay development (linear economy) that wtee focus formany yeardsn the automotive
electronic business needs to lshanged. For mechanical components there is partly circularity in the way
that recycled materials are used but even there the manufactdoes notknow much about the material
itself. CIR@ITS can help to understand better what obstacles prevent to ensure the quality and the lifetime
for products with recycled materiaElectronic parts have a significantpacton the CO2 footprint, and it is

no longer acceptable that they are not repaireécycled,and reused in a reasonable and structured way.
The reasons are effort, timepsts,and possibilities. To build a digital twin of such an electronic and bring
them in circularity will give the manufagater the opportunity to learn how to create the electronic in a way
that circularity becomes economical. This is the idea also for the ESP use case. To learn more about the
product, the obstacles and failures toward the development of a sustainable prdeucta product that

can be repaired, reused and recycled) must be assessed through a set of sulitginalicators (KPIs). At

the end, the ESP use case will get its own sustditygassport. The main objectives of the ESP use case are
as foIIows
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1 Extend use phase (repairability): change the product desigmllow better disassemiyl and
reassemby, and for better access to surface mounted parts on the PCB (back and topside level).

1 End of life (recyclability): change the product design of housmyPCB for better dismantling. (In
best case with standard tooling of dismantler and workshops).

1 Manufacturing (material replacements): identify possibilities to replace material by recycled material
in the product and find possibilities to lower manutiaie energy by use of new materials.

One of the main intents of CIR@TS is trying to increase the awareness of the different actors involved in
automotive value chains about the value embedded in car electronics components and the importance of
their corect recovery. To this aim, the ESP use case will be focusing oBégitming of LiféBol) and EoL
processes and 14.0 technology to increase the circularity performance of ESP units.

2.3 Defined targets

Since thedemandfor an ecofriendly product has incesedin the lastyears,BOSCH product marketing
forwardsthis changeo the product designers. A decision helping dashboard to point out more than costs
and to supportshift of balancetowards tetter sustainable properties is the main driverprticipation of
BOSCH in the GIRUITSs project.

In collaboration with the project partners OFFIS, SUPSI, MARAS, ERION, ALPERKIMiide goal isto
figure out how design decisions for repair, recycle and reuse works for a superior target of an ©@&all
reduction by 15% in using our ESP product. In suppobtter recycling ofproducts, it is consequently
necessary to insert recycledaterialinto new products. Target is here 20%.

It is important todifferentiate betweenProduct Carbon Footprint (F) and Life Cycle Assessment (LFEZ2§.
refersonly to manufacturing the product, LCA aisoludesthe whole product lifetime (use phase until end
life). To that endusing rew more sustainableénaterials to reduce the PCF during manufacturing completes
the sustainable strategy of pilot(Eigurel).

13

Internal




G

CIRC-UITS

-
@

(=

=l (=]
= [=1
= g
=

o 5
a —
@ [=]
5 o
=

Q

o

(PET-GF30 &)

‘ Ease of Disassembl
=

Reduced
material mix reduction CO2 footprint

by kilograms (15%)
increase use of recycled
material by 20%

Figurel: Ease of Disassembly is the basis for many sustainable plleeacompassingarget is CO2 reduction

Reduced solder

temperature

2.4 Performed activities and current state of targets

All activities argperformedin collaboration with the project partnerseeFigure2). Important first stepsto
getto know the status of the product and the highgsitential of improvement (hot spot analysidylaras
and SUPSI prowdlata about exergy and G@r the current available ESP. This together with the critical
rag Yl GSNRLFE Ay T 2 \WOffis, Wik gvg tieSstErtingpomit@ihe digkal @assport and the digital
twin. Also, with this informatiorthe design and raterial optimization can be don&®OLIMIsupports the
efficiency of the repair by their activities about automatic disassemiitieg hiapter 6). With DIN (and other
partners) KPIs of repair are evaluated and descrifsee chapter2.5). For BES&)seriouggameswe work
together by providingacts andinformation and havingdiscusgns, as well as the roles of engineers and
scientific peoplelnnovative slder pastes by ALPHA will be included in the new design updahéng in a
later stage
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Overview: Bosch integration in CIRC-UITS

Input for serious

P Pilot 1 data set gaming BeSu. WP6
WP3 e £ ] > SOLUTIONS
by ) BOSCH
SupsI New materials:
| Digital twin solderpaste Vbl wp4
a a@
WP2 OFF'S )  C— o oo @
Standards for Reuse of Chips
repairability (by cobot) A WP4
wps  DIN  — (> rTHE
Physical recycling ﬁ @ Communication

- & erion WP4 WP6

Figure2: Interaction of Pilot 1 with the partners and the work packages (WP)

2.4.1 Analysi®f status quo

To implement and evaluate the status quotbé& ESP, data analysis is done by Offis, Maras and SUPSI. The
base of Pilotl dat#s the Bill of Materials (BoM) combinedith IMDS (International Material Data System)
data of the subcomponents. It is a complete list of the raw materials and componemisess and
production dat wasaddedto make the result more precis@hose are mainly energlata, for example:
energy for machines, cooling, heating, environment, storage.cbnidination results in a complete dataset

The datasetis now utilized with the varioustools under developmentoy MARAS (for exergy value and
recycling), OFFIS (for critical raw materials), and SUPSI (GRETA tool Fooipfnt and environmental
data). TheSUPStata will be available by thered of Januarythus for the results in this deliverablBosch
internal CQvalues are usedrhe flow of data is also schematically describeligure3.
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Figure3: schematic implementation of pilot 1 to the data system

Important is that all output datarefers to the whole ESPas well as to subsystems and finatty
subcomponentevel Those subcomponents are describedrigure4. For the assembled PCB three main
components areselectedas astarting point for calculation. Due to the high number of components on a PCB
it was not possible to calculate all of them. The housing and the solenoids are fully implemented.

2L —

. COMP1

. COMP2

desolder by cobot

Figure4: ESP and subcomponents that are relevanstistainable evaluation.

The firstdatasetresults contain ESP, subcomponents and component and are shdviguire5. The whole
part of an ESP9 weighs 50@plemids describes théwelve disassembled big copper coils in the system.
Housing means everything without the solenoids. Body means the circuits and frame without the cover.
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all distribution at pilot 1.
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Figure5: A. Weight of the components and subcomponents. B. Exergy of components and subcomponents. C. CO2 number of
components and subcomponents

After evaluating the values,l@eakdownto the system was done by putting the values relative to each other
to reach a percentage value of each component comparitagthe whole systemKigure6). This vievallows
usto compare the different methods and to see the impact and the contributfgith respect to weighthe
solenoids have the biggest contribution, because th@ytainsteel and coopelExergyandorganicmaterials

are the most importanto evaluate in the ESHhis includes the housing / body, the cover, and the organic
part of the PCB. This high contribution is due to the lmmgney from oil to a polymer with a lot of lost
energy. More information and deeper evaluation can be found $section 7.2.1.3
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Figure6: Comparisorof subcomponentsveight, exergy, CO2

2.4.2 Recycle and reuse try out

A product that can be easily dismantled supports already many recycling possibilities. The reason is that many
materials can be already separated mecltafly instead of melting the complete material mix and reaching

a high loss of materials.

To find out more about our own product, the physical recycling of ESP devices was done with ERION, a
Producer Responsibility Organisation (PFRB8Yyeral devices weshiredded or manually disassemblédgure

7). Due to the usedonnectiond design elements in the product ERION recommended to remove the PCB
and solenoids first manually before using shredding technologies. Separating organic ngania
materials is also the main conclusion out of the exergy analysis from MARAS. This underlines that without
separation mainly the organic parts are relevant and worth recycling. For ESPthash@using andhe

cover.
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In the same manner making subcomponents or even complete €43isto be separated from the product

can support the reuse of subcomponen@ne serious case is for examplestock upon production with

used pats due to a shortage of subcomponents. Most interesting for ESP are the highest integrated
components (ICs). These parts relate to nearly 30% of the PCF. If it is possible to redmsediCB including

the ICs,you can keep up to 80% of the PCFcdoperation with POLIMI(see chapter 6)hese ICs were
desoldered byCOBOTo figure out potential business cases in the future. The recycling and reuse of
subcomponentsepresents a not too high effort to the design of a product, as most of the csedections

can be releasedon-destructively.

2.4.3 Repair try out

There are in general two main failure modes in the ESPdbald berelevant for repair.One isphysical
damageto the outside of housing, connector solenoids and on the other hand electrical components on
PCB level or interconnections that can failbbth cases two types of junctions in the system are involved.
They are the main blocking points for the easedifassemblyof the existing ESP and most important
connectionsn a more sustainable design

1 The cover is welded to the housing. Only by ngi§ itpossible to open devices fogpair. (seFigure
8). The used cover must be replaced by a new one. Due to the destructive opening procedure the housing is
not evenprepared forfurther welding of a new cover. Only glueing the cover to the housing would be
possible. This will ndulfil the technical requirments in tightness and robustness.

1 AtESPthe pressfit technology connects the contact terminal and external solenoids with the main
printed circuit board (PCB). The press fit pins have an elasticipreese with springs. The PCB is designed
with plated through hole¢PTH)When PCB is pressénto the presdit pin during manufacturing, each pin
is deformed by insertion. A permanent contact force is achieved that enables a reliable electrical and
mechanical connection over lifetime. The tin plating in the ESP {fitgsig-system supports adtionally a
cold-welded interconnection after the insertion between pin and plated through holes. With the welded
interconnectionan exceptionally lowesistance and a high mechanical stability is achieved. The insertion
process requirespecialtooling that ensures less strengfor the PCB ad for its soldered components. The
tolerance of strength t®®CBand components is strictly limitedhe combination of spring force and welded
interconnection increases the release force that is needed to press out the PCB again. Both involved surfaces
of pin and holesurst during this release and are then not optimal prepared for further reconnectiyn.
pressing the PCB back to the Pregipins it is not ensured that the needed robustness is achieved. Further
steps are necessary to stabilize tineerconnection for example with a soldering step

To disassemble theCByou must apply aistributedforce on the ottom side of the PCB. This is needed to
keeplocalforcelow in PCB layers and solder joints. The design of our ESP makes it impossible to reach these
points on the board without destroying the housimgjsassemblingrials of the PCB fronop level results in
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a too highforce (seeFigure9). Resuming a repair of the existing product i is possible but only when you replace
housing,cover,and solenoids. T repair effort is very high witfurther soldering and the operation is
complex due to handling the PCB from thatbm side of the device.

Figure9: Destructive dlsasser’r)bd)f press fltJunctlon between PCB and Housing

For bothconnectiontypes therehavealreadybeen reversiblesolutions in the markefor many years. Often
theseconnectionsdo not match the technical requirements in the automotive industry. Thiegairements
relate to safety and to the rough environment the ESP is working in. That can be the motor bay of a car or

even under the cafseeFigurel0).

Figurel0 Rough enviroment for a BOSCH E&Rhe underbody of a vehicle.

In parallel it is mostly an economic decision by product designers and manufacturing plants to use a cheaper
non—reversibleconnectionin the product. These are only two reasons why repairability is still out of focus in
L% ;J‘ectronlcs lndustryTo underline thefocus, it is therefore beneficial to have one
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standardized indicator for repair. Maig repairscomparable between different products camcreasethe
pressure to manufactures by the need of the mark@®SCH and OFFIS applied the mostnfsing norm
provided by DIN (DIN45554) to the ESP. This work will be published by DIN. Briefly summarized:

1 The norm DIN45554 is powerful but therefore also very complex anddoneuming

1 Most of the criteria in the norm are useful. Bosch indicates es@ne further criteria based on our
experience in repairing produgts

i At least we get an indicator that is highly influenced by the individual knowledge, mind set and
accuracy of the user

1 The lifetime extension by the repair is missing in the indicatar smthe success and quality of the
repair is not visible in the end

1 The goal of one global indicator will be difficult to reach with this noriablel.

Tablel: Lessons learned from DIN45554.

Comparison of two product Goncepts are rated by one user, identical datasets, models
concepts with small development weightings are available
changes (Pilotl)

Compare of two Productgroup Datasets may be the same when technology and architect
products of the development are nottoo different. Twalifferent models, necessary.

same manufacturer N :
Weightings can be the same as the manufacturer is the se

comparison may work with exceptions

Compare different product No common dataset, weighting, models, available:
product on the marketing, comparism possible
market customers

2.5 Innovative aspects compared to SOTA

Every manufacturer in the automotive industry has targets to redRC& They are mainly focusexh using

less materials or replacementgith less CO2 consuming materials. Taking further sustainable aspects like
repair, recyclingand reuse into account can be a booster for the next greener generati@teofronics
Therefore pilot Ifocuseson these sustainality pillars and on the LCA of throduct. Repairability is the
most challenging pillar for such a complex electronic like ESP.
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(seeFigurell).

New Indicator of Repairability by time+energy in a grafic (with MARAS)

E Materials E Materials
Produced.tota! & energy Produced total IRRRSLY ERecovered total
New *
Part Part
spare (no repair) (no repair)
part N R
Tlifetime_total >
-TSucessRepairl— E
2 =T Recovered_total
. " SucessRepair2
Repair
t Part
par (repair)

Materials Materials *_Decis_ion (repair or new pa.rt) is
& energy for repair highly influenced by comercial
aspects, this is still excluded in

ErepairtE
Repair" “Produced_component1..x N
the Indicator

EProduced_totaI

Figurell: New repair indicatobased ontime + energy

The outcome is an indictor resulting in the unit watthours. It involves:
1 the manufacturing energy and exergy (by MARAS) of the product and of the involved
subcomponents that should be repaired
9 the repair effort and success
1 the recovered energy due to recycling

The basis of the indicator is theowledge ofhow and which parof the product must be repaired. The
indicator can then be displayed in a kind of heatmap when you take the original product as a reference. Also
design changes are now visilde the map. See the arrow iRigurel?2, it is equal to a design improvement
regarding repairability at ESP.

Repair_Success (Years)

140% 130% 120% 110% 100% 90% 80% 70% 60% 50% 40% 30% 20% 10
14 13 12 11 10 9 8 7 6 5 4 3 2 1
0% 0,00 0,001788214 0,00192577 0,00208625 0,00227591 0,0025035 0,00278167 0,00312938 0,00357643 0,0041725  0,005007 0,00625875 0,008345 0,0125175  0,025035
2% 0,50 0,357642857 0,38515385 0,41725 0,45518182 0,5007 0,55633333 0,625875 0,71528571 0,8345 1,0014 1,25175 1,669 5,007
4% 1,00 0,715285714 0,77030769 0,8345 0,91036364 1,0014 1,11266667 1,25175 1,43057143 1,669 2,0028 2,5035 3,338
6% 1,50 1,072928571 1,15546154 1,25175 1,36554545 1,5021 1,669 1,877625 2,14585714 2,5035 3,0042 3,75525 5,007

8% 2,00 1,430571429 1,54061538 1,669 1,82072727 2,0028 2,22533333 2,5035 2,86114286 3,338 4,0056 5,007 37¢
10% 2,50 1,788214286 1,92576923 2,08625 2,27590909 25035 2,78166667  3,129375 3,57642857 4,1725 5,007

12% 3,00 2,145857143 2,31092308 2,5035 2,73109091 3,0042 3,338 3,75525 4,29171429 5,007

14% 350 2,5035 2,69607692  2,92075 3,18627273 3,5049 3,89433333  4,381125 5,007 5,8415

16% 4,01 2,861142857 3,08123077 3,338 3,64145455 4,0056 4,45066667 5,007 5,72228571
18% 4,51 3,218785714 3,46638462 3,75525 4,09663636 4,5063 5,007 5,632875 6,43757143
20% 5,01 3576428571 3,85153846 4,1725 4,55181818 5,007 5, 6,25875 7,15285714
22% 5,51 3,934071429 4,23669231 4,58975 5,007 55077 6,11966667  6,884625 7,86814286
24% 6,01 4,291714286 4,62184615 5,007 5,46218182 6,0084 6,676 7,5105 8,5834285
26% 6,51 4,649357143 5,007 542425 591736364 6,5091 7,23233333  8,136375 9,2987142!
28% 7,01 5,007 5,39215385 5,8415 6,37254545 7,0098 7,78866667

30% 7,51 5,364642857 5,77730769 6,25875 6,82772727 7,5105 8,345

32% 8,01 5,722285714 6,16246154 6,676 7,28290909 8,0112 8,9013333:
34% 8,51 6,079928571 6,54761538 7,09325 7,73809091 85119 9,4576666
36% 9,01 6,437571429 6,93276923 75105 8,19327273
38% 9,51 6,795214286 7,31792308 7,92775 8,64845455
40% 10,01 7,152857143 7,70307692 8,345 9,1036363f
42% 10,51 7,5105 8,08823077 8,76225 9,5588181!
44% 11,02 7,868142857 8,47338462
46% 11,52 8,225785714 8,85853846
48% 12,02 8,583428571 9,2436923:
50% 12,52 8,941071429 9,6288461!

Repair_Effort_relativ (kwh)

Figurel2: Heatmap new Repairability Indicator
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2.6 Plans for the next phase

Considering the results from the data analysis of ESP as well as the try outs with samples in all relevant
sustainalility pillars (recycling, reuse and repathere will be a new concept of ESP generatadhe next
phasepilot 1 provides a new set ofatia to the collaborating partners in the projedhe new innovative

design elements will improve the ease of disassenmflgthermore, a reduced material mix in the housing

will enable the recycling of organics.

In the end of the project the sustaindity dashboard that is filled by the input of the partners will
demonstrate the improvements of an edesign in a reduced LCA. The new indicator of repairability will
additionallyvisualize the design decisions.
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3 Pilot 2 Tyre Sensor

3.1 Initial state of the pdt.

The aim of the second use casdhe ecedesign oftire pressure monitoring senso($PMS)In the current
situation, the tire pressure monitoring system follows a linear lifecycle, in which the full system is disposed
of each time that a tire igxchangeal or the battery of the system ismpty. TPM5 like many other car
electronics components, have been always designed focusing on their functionality and restrictive legislative
requirements link tolinear use So, sustainability andircularity aspects have never been considered as
relevant. Alsotheir correct EoL management has never received much attenfisalready mentioned for

ESP units, also TPMire negatively influenced by the absence of both a dedicated European/national
regulation imposing their extraction from ELV wheels and a dedicated market for secondary
components/materials. Hence, these TBMe not disassembled from ELV wheels but are shredded together
with the rest of the car components. Thighaviourcreates bigeconomic losses for the entire automotive
value chain both in terms of lost profits and lost volumes of secondary materials/spare parts that could have
been reintroduced in the market. Again, all this has a high negative impact in terms of natural resourc
depletion and supply chain criticality (considering the current semiconductor crisis). So, there is an urgent
need for adopting new ecdesign logic$o ease both the disassembly, repand recycling of TP§&lso to

make their EOL management a profitatbusiness.

3.2 Expected outcome

The vision of thipilot is a new version of the TPWased on ecalesign principleand sustainable materials.

In terms of TPMdesign, both novel sealing procedures and production logics wikbessedo ease both

the disassembly of TP®kases and desoldering of single electronic components from the main bivard.
addition, to increase the circularity performance of the tire sensor of the future it is envisioned that the
traditional FR4 PCB needs to be replaced. To that end green PCB substrates will be compared with traditional
FR4 PCBs assessedesign circulaTPMB Continental will be supported by a specific Digital T\®IN) The
DTwill A) provide information on critical and valuable components to be disassembled, B) provide useful
disassembly instructions, C) increase the awareness of carmakers/car ygapteess about the recovery of
critical materials from ELVs, D) increase the information/knowledge sharing between car parts
suppliers/carmakers and different actors managing ELVs, E) quantify the improvement of minor/critical
elements recovery through dissembly.

The main objectives of the tire sensor use case are:

1 Improve compliane with market requirementséd.g.,IPC A610 for PCBs, IMDS 14.1, ETRTO norms,
EU ELV Directive 2000/53/EC Article 2)

1 Extend product lifetime and fulfjovernmental requirements to provide used parts to the market

Reduce the CO2 footprint & energy consumption of products

1 Ease access amdmovabilityof electronic parts.

=

3.3 Defined targets
The following targets have been set for the TRide case (all théata are a comparison between the original
layout of TPNbvs circular/sustainable layout of TRV
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Pilot project TPMS « Using
recyclable
materials
/ Tire Pressure Monitoring Sensor next
’ generation foresees the maximization
- Be fully of circularity of the components.
recyclable .. .
Set up a digital ecological passport Leadi :
improving recyclability, dismounting of =~ beadinate: ,
\ batteries within the sensor, thanks to - L [z @if LT (Eie 2 Resessme]
S (LCA) thanks to recyclable matenals.
the component exchange, possibilities :
* Components . 2- Product ready for circular economy
reuse/exchange expand the overall sensor life. thanks to the level of exchangeable
(( component.

B o s scaied onding o the Exropasn 3- Product ready for a full recyclability
crcurs TR S target.

MATURITY LEVEL EXPECTED: TRL 8
(PROTO with Perf tested 1+ step of validation)

Reduce the LCA score by 20% overall (from current high runner to the new concept)

The current level of disassembly of the old product is 35 %, tar§étds for the new product.

The dismantling level of the old product is 54 %, target is 100 % for the new product.

The recycling content level of the current product is 2.4 %, target is 69 % for the new product.
Use of design for recyclability to enable areat sorting of components by family, using continental
recycling passport as a KPI (for the moment)

3. Use of circular design to enable disassembly and repair of prodisitg) continental recycling passport
as a KPI (for the moment).

NO OO

3.4 Performed activities and current statetafgets
Main activities to be implemented within the TE\Jse case:

‘Overall planning
548 M401 lZD- 150 M411 183 M412 60

15/01/2023 15/07/2024 12/11/2024 11/04/2025 11/10/2025 10/12/2025
years 2024 2024 2025 207_5. 2025

Tsnm list of row material defined I Launch prototypes (Digita| 1 *Run test according the definition mode (Dissasembly concept - Replacement)

sintegration off the dissasembly concept sLzunch prototypes =Characterization on the single raw materials chosen +Set up BoM according materials and concept done

rint. of the design link to the material used. *Receive prototypes According the assembly concept supdate LCA applied (if necessary)

rlntagra(ion of the extended life concept #Start LCA According the performances | :
‘ Technical Concept Characterisation > Refine cost >
A

3.4.1 Technical Concept definition
There are currentlywo concept definitionsr{amedrespectively BADGE and CA@E aredevelopingwith
different technical brickselated to eco design concept

1 Exchangeable batteryifder Patent process 2023E06020.FR
0 BADGE: Top concept assembly leading to use lessqoanpared to cage concept, but with
a higher precision in term of part manufacturing.
o CAGE: Side concept assembly leading to use moreqmartpared to badge, but with a cost
impact lead by the number of parts.
1 Sustainabld®CB withwo different approachesind materialsuppliers.
0 AT&S approachAT&S is providing solutioncloser interms of performanceto the FR4
standard used in automotivét has aess sustainable performance compdte the second
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approach withJIVA product but proves circular econorg perspectives and potential
component recovergolutions(Figurel3).

Recycling filler

Recycling copper, etc.

Degrade processing conditions required for
Recyclad series laminate:

* Acid solution

* Normal pressure

* Temperature: around 100°C

¢ Duration: around 8 hours

Figurel3: AT&S approach for more sustainable PCB.

o0 JIVA approact8OLUBOARD ® solution, focusing on low carbon footprint solution (up to 95%
smaller) from about 17kg of carbon footprint per square meter compared to 5.5kg to the
Soluboard ® solution thanks for example to the use of natural fiber instegldss fibesee
Figurel4). Furthermore,the solution from JIVA is recyclable. In additional this technology
canbe used with standard recycling processwith positve effect because the epoxy resin
and brominated flame retardant are removedontinental is developing technical solution
with JIVA and will check within the TPMS product the techmpealormancewithin an
automotive applicationln addition, Continenal will investigatesolutionsabout hardware
component recoveryvith this technology.
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Soluboard® 48

The World’s First
Recyclable PCBs

Recovery
<
EEET o
o
\ a

FigureldY WA @I al GSNAIFf & [GR p ¢KS 2 xRiblR@ién NG WRRIB/2328xM)f @& wSOe Of

1 Recyclable concept, link also to the circular economy.
o0 For both concepthe goal is to be able to disasselalthe different parts, able to remove
and/or exchange them within the suitable environment for electronics maintenances.
1 Sustainable plastic raw rtexial.
0 Both concepts are developing the same plastic raw materials, with 3 philosophies to reduce
the carbon equivalent footprint:
A Eco friendly raw material (out of petroleum)
A Raw material using low carbon footprint by using green energy
A Raw material using a high level of recyclable material within his composition.
o A full validation of these raw materials is done with the support of, @®Rkping us to
characterize the performases of these rawnaterialswithin an automotive environment.
The data will be available by January 2025. All these tests have been defiGeatimgntal,
shared, and agreed with CRF.
1 Rubber valve recyclable.
o Development of a chemical formula with CONTdHT#®r the rubber valve.
1 Hardware components recovery concept.
o0 Trials and concept development regarding the component recovery base of AT&S and JIVA
technologies.
o Development with ALFA of a low temperature solder past to be used for the prototypes and
the characterization test in 2025.

According to these concepts sustainable performances are evaluated using the digital tools developed within
CIRAJITSwith a tool related to the concept evaluation within the development and a Digital &bl to
provide dda related to the protocol of disassemMyeeFigurelb).
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Product Data:

+  Dismantling process and
time for each steps and level
of dismantling

+ Test Process

* Storage Condition

* Parts status vs Regulation
check

* Recycle or reuse part status

reuse/exchange

: Concept Choice
m E:onii is providing: :

Dismantling Concept

e 7 % (Process/Photo)
e Sustainable plastic +  Time estimated for each

[ », raw materials dismantiing steps
\ W *  BoM with details (IMDS)

\ / STELUANTIS . Test
N maters/ L.

Figurel5. Technical carepts definition.

3.4.2 Prototype realization

The concepts (3D Printed solutions) are currenthder evaluation based on ergonomic performance
improvement (how to disassemble). In parallel, evaluation of the different concepts based on the
environmental KPI defined and currently are ongoing andbailfurther developed in 2025. Based on this
approach a single concept; based on KPI performances and the best solutions in term of raw material,
concept and maturity of technology will be set up.

3.4.3 LCA calculation and the digital twin tool leading to tlogaekng passport creation

Basedon GWP 100 Kg CO2.emnd the 1SQ4040, the current product is providing abdu75 GWP 100 Kg
CO2 eqgwithin a Cradle tdsravelife cycleand abottom-up analysisThe detailed LCA calculation is currently
confidential.

Fa the new conceptthe LCAon carbon equivalerandrepairability according the EN455%dgether withthe
Digital twin are ongoig, to be realized in 2025

3.4.4 Test and improvement
The new concetprovide improvements ordifferent elemens. Theseslements will be measured in 2025
within the tools developed by th€IRAJITSstakeholders andligital twin.

1 LCA:
0 Using low LCplastic
0 Having the possibility to have recycled HW comporékay factor toimprovethe LCA)
o0 Having within his concept arcefriendly mechanical desigrable to replace components and

put the productagainon the markefimprovingalso the LCA.

1 LEVEL OF DISEEBLY Within the repairability the level oflisassembly will bevaluatedfor the
current and new product using the tool developed®R&JITSteam. The KHs going to be set up
for the current and the next generation of sustainable product.
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The characterizatiorpérformances tesd) will be done in 2025asal on sample and siulation.

3.5 Innovative aspects compared to SOTA

1 Eco friendly concept: The next generation of TPMS are now able to be fully disassembled including
the Lithiumlon battery(currently one of the main reasons of the end of life of the produ€t)is
increagsthe life cycle of the product anallowscircular economy of the battery.

1 Plastic element, with ecofriendly raw materials, then using assembly concept allowing the reuse and
recyclability of the different parts. In additional the ecofriendly cgptcallows us to be ready for the
circular economy by replacing or reusing all the components within the product.

1 Main innovative aspecimore sustainablé®CBallowing us a improvementon LCA of the PCB and
allowing us to recover copper and electronangponent at the end of the life of the PCB.

3.6 Plans for the next phase
For 2025, test, characterization and refine cost base on the prototypes will be set up:

sz (V) Lrswmaces Ng o (110472025 (0025 | tomarzozs

’ Prototypes . Characterization ﬂ Refine cost

=Launch prototypes =Evaluate the ~Characterization of -Evaluation of the cost
with new concepis technologies the raw materials regarding the
and technologies performances and implementation of the
disassembly targets different technologies.
(BoM)

=Update sustainable
KPI if necessary

Technical Concept

Jo

=Short List of row
materials
sustainable.

~Characterization of
the new technologies
according the
automofives
performances.
needed

+Evaluate KPI
according the new
product.

+Integration of the
design to
environment. (Full
disassembly
product).

«Integration of the:
design link to the:
extended life concept
(circular economy)

TECHNICAL CONCEPT
CHARACTERISATION
COST REFINEMENTS

~Evaluate KPI
according the current
product

PROTOTYPES REALISATIONS

Detailed recycling assessment will be performed by the application of the Recycling Flowshdati&@i

Models as defined in WP3. The results will be used to prapfigesics and industrial recycling technology
driven Design for Recycling feedback for the Tire Sensor, provide recycling KPIs to be integrated into
/| 2y GAYSY Gl f Qa NBdérdobstrateyeHect Laldisagsedtbih redygfiigy performance and
provide advisory
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4 Pilot 3 Green IaiMould Electronics

4.1 Initial state of the pilot

In-mould electronics (IME) is an example of structural electronics, where the electaneiocgegrated into
an object with a 2% or 3Bhape. It can provide functionalitiés the objectby integrating multiple electronic
components(e.g.light source, sensorgctuators) on a surface/objecthrough this integratiomhe product
showcaseseveral advantagesompared to traditionatombinations oplastic components with electronics
Advantages are for example space/weight reduction, omittinghe need for a seprate PCB, freform
design,and decreasegbroduction process complexity. Structural electronics is built up using various steps
starting with printing materials on flat thermoplastic substrates (Begirel6): 1) thermoplastic substrate,
2) printed graphics, 3) printed dielectric (nroonducting) materials, 4) printed electric circuitry using
conductive inks, 5) components added by (printed) adhesive technology h@ipe sf the part is modified
to its final 2% or 3D shape using 6) hpykssure thermoforming. A final step @fot shown)injection
moulding isoften necessary to provide rigidity and encapsulation of the printed electronics.

5

Figurel6: procesdo create 3D injection moulded printed electronics.

Parts manufactured througlthis technologyhave areducedenvironmentaffootprint compared to traditional
electronicsproduction methodsusingfor examplemechanicalbuttons and PCBsHowever, therange of
electronic functionalities that carurrently be integratedis limited to smalland simple components
Additionally, the printing technology for structural electronicsrequires further research such as
advancements imaterialsand process conditions specificalkysigned fothe thermoforming and injection
moulding stages.These limitations hinder adoptioaf this next generation of electronida challenging
sectorslike the automotivandustry.

Furthermore, another big issupresents itselfwith structural electronicsWhile this technologyyields
aesthetically pleasing partgith lower CO2 footpring this way of working does not facilitate dismantling of
electronics hat enablegepair orrecyclingof valuable components and materialae to thefusion between
plastics and electronic€onsequentlyif an IME part fails or malfunctions, it usually must be replaced rather
than repaired.
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4.2 Expected outcome

To enthuse industry of the benefits ofimould electroniccompared to state of the a@ demonstrator for
the automotive industry will be developedror this it is required to introduce more complelectronic
functionality into the inmould parts.Therdore, the approachand processing techniques createprinted
electronicsspecific for thermoforming and fdME will be reevaluated and improved where possible. The
focus lies on adapting the designmint to facilitatemuch higher quality ofME

Futhermore,in our visiora crucial component of the story to advance IME to the next piaepening the
possibility for repair and arecycling If the complexity and costs of these parts are increagigysimply not
acceptable that there is no way ofpairingor recycling The BJ is alsorecognizinghis fact andis placing
pressure on car manufacturers to utilize new technology and technolatjythe potential for repairIn
GSNX¥Ya 2F La9Qad R SeéchndlofiEsviyie @Seddto eddePb@drépairatdlity of faults and
the desolderingand replacemenof single electronic components from the substrdtesummary, the rin
objectives for this piloto advance

1 Demonstrate integraton of more high-end PCBlike functionalities into sustainable IMEr
automotive industry

1 Improve design of printed electronicsto reduce production issues and increaggitial yield of
complicated printed and thermoformed designs

1 Demonstraterepairability forthermoformedprinted electronics and IME

1 Develop (semautomated) repair procedurefor issuesduring productionphaseof printed and
thermoformed electronics

1 Reduce the envimmental impact of IME products

1 Assess:ew types of lowtemperature solders for easier disassembly and improved sustainability

ThelME use case will be focusing on both BoL and EoL to increase the circularity performance of IME parts.
A LCAof the pilotdevice should demonstrate the potential advantageoesult onenvironmentalfootprint

of utilizing the printed electronics technology withrimould processed-urthermoreif repair of IME devices

is technologically feasible L@All be performed to demnostrate potential advantageous results of repair
abroken device compared to recycle and creation of a new device.

4.3 Defined targets
A significant portion of the pilot is relatively low TRL technological development, which compédissitgsing
specifictarget valuesThe following targets have been set for the IME use case

1. LYGSANI GS t/ . FdzyOlUA2y Il t A (sn&laérfookpyintitBan ArdiraciUngs y I 6 f S
Upscale printing of the increased complexity demonstrator fromdedle to industrial scale facility.
Implementdisassemblyechnology forthe potentialrepairrecycleof thermoformedand IME devices
Demonstrate IMEepairability through lab tests

Developfault detection andrepair procedures during productigrhase

Reduce the environmental impact afbrokenIME producty 50%by utilizing repair, instead GOTA

options of recycle and remake.

Improve printng technology process conditions to be compatible with uioav temperature solders,

which is currently not possiblemplementthese soldersn newdemonstratordeviceto increase TRL

level, allow easier repaiandreduce environmental impacif IME device

ok wd
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4.4 Performed activities and current statetafgets

Pilot 3 aims to create a green IME part for the automotive industry to pave the way for replacing the
traditional combination of electronics and plastic partedsn cars Together with all main technology
partners fromthe pilot (TNOTRACXOMLPHACRFPOLIM), plans and goals were discussed, refined and
agreed uponFor the low TRL technical innovative work on repair concepts for IME devices it was decided t
utilize an existing mould and device design from TNO. This design is also used in other EU projects (TREASURE
grant agreement No°® 101003587or research into disassembly and recycling. This device isesmitpl

respect to functionality and is well kmm from previouswork. It is therefore the ideal vehicle for innovative

low TRL studies into first ever repairability of IMEA comparisons of recycle versus repair and investigation

of automated detection andepair technologies.

For the other parts of the planned workit was decidedto a newly desigred thermoformable printed
electronicsdemonstrator with properties, functionalities and design features inferest for automotive
industry. This new demonstrator device brings together the best thilot partners have to offerCRF
provided input on wishes from automotive industmith respect to design, aesthetics afuhctionalities.
Therequirements are translated to a printed electronics design by W, are experts in this fieldyith
the em-design requirement;ymind.¢ KSy > ¢bhQad St SOGNROIf RSaAAPHMA | YR
team, who have ample experience in optimizing circuits specifically for 3D applicatidhidAsfurthermore
able to supply several innovativeaterialsspecifically developed fahermoforming;such agwo-step UV
curable thermoformable substrateand low TRL ultrdow-temperature solders (which have to be
benchmarked first)TRACXONMit the end of the line, will prirthe design at their indusial facility and is an
important discussion partner for all steps of the process.

In summary, below are thmaintopicsunder investigatiorwithin the IME use casevith the corresponding
targetsthose activitieontribute toa.

1 Design new thermoformed & vehiclegTarget gals 12)
o First versionintermediatecomplexity
0 Second versiarfull functionality
1 Benchmark ultra-low-temperature solders from Alpha Materials andinvestigate potential
implementation intothermoformed test vehicleqTarget goals 7)
1 Low TRUltechnology Manufacture disassemblyand repairof deliberately defective deviceand
(Target goal8, 4,5).
1 LCA of repair compared to recy¢learget goab).
1 Automatically detedbn and repairof defects(Target goal 5)

4.4.1 Desigrof new AutomotiveThermoformed Demonstrator

Considering thastarting from nothingand reach a full automotive interior part was not likely to be successful
immediately, it was decided to do the design of the demonstrator in two phases and increase the difficulty
where possible after the first versiofmogether with all pilot partnersa wish listwas defined for the two
generations of demonstratoTheTable2 below lists those requirements and specificatioBRF had a big

say in the design and pwponents to be included, as they arepatential interestedend-user of such a

Pt | a i NiR.yMEPrdddct in theirproducts The demonstrator was designed according to specifications

from TACTOTEK® (of which TRACXON has the license) which ensures the possibility to upscale the part anc

32

Internal




G <
CIRC-UITS

implement in the automotive industry. The specifications incledg,line width, stretch @sign, capacitive
touch and sliders design as well as automotive certified LEDs.

Table2: Specifications of two versions of automotive demonstrator for pilot 3.

Test vehiclé/1 Endgoal:full automotive demonstrator |

Substrae StaandardPC (polycarbonate)  Alpha materialpolycarbonate, 500 microl
gloss finish or 25@icron matt finish.

Encapsulation Just hermoformirg, no Thermoformng with an extra encapsulation
additional encapsulation layer put not IIM)

/| ANDdzZA NE ¢ S&d OANDdzA i NB Fullyfdzy O A 2 y I. Alpha3ilved Ik i
thermoforming

PCB External PC® drive (Arduino) No external PCEnly externally powered.
{a5 O02YLRY[95{® /I LI OA (A Additionally 3Dgesturerecognitionantenna
ders. with all required electronic component
flexibleOLED screen
Bonding Isotropic conductive adhesive UliraLow¢ & 2 f RS NBE pstdhBaNy
(standard in printed electronics for apart of the components)
Shape Ct | ibSi® NN S P a2NB StlFo2N) 4GS o 5and
feasible
58SFS0Ga LydSydAaz2ytf RS Real production defects C

Ay OANXdzA iatéhonal NJ Yy R2 Y &  lpiidtidf/BoGdiRg LJ2
removalor misalignment of LEC

Disassembly No cover yetso nodisassembl 5 S&A 3y 6AGK §SYLR2 NI
al ydzr £ RA Rdsea@iSrequited fc
bonding layer wittthermoform cover.

aStK2R 27F Manualrepair by trained Include computer vision fdR S T SOl |
technician at POLIMildeally
O2YLRYSyd NBLX I OSYS
POLIMI.
¢SA0GAy3 Yy Lab testing functionality an Automotiveinterior part requirementstests.
requirements circuitry. Thermalcyclinghumidity,thermal  shock,

Hot Storage, Shear TestCRFNot sure if it
works without JM cover.

Timeline L SN ™ LS H
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Production Lab of TNO and TRACXON Production aTRACXON
LCA None Full product LCA

4.4.1.1 Demonstrator V1

The V1 demonstrator was made with a thermoformuitbfrom TNO that has a large flat part and curves off

on the sides. This gives room in the middle for incorporatioaleétronic components on the flat part, and

it has the looks of a typical car dashboard component. Substrate was chosen to be PC, as is most used in car
parts and in irmould electronics production. Functionalities to be included are several LED andtiv@paci

touch sliders and buttons. Testing was to be done at TNO facilities and design reviewed by TRACXON. See
Figure 17 for the design. Production of V1 demonstrataas TNO and TRACXON has been performed
successfully, creatingen functional parts in a process design that is in line witiscalableproduction
processes. The process yield was determined and was ovemd@mechanical and electrical performance

of the inks, location of the sensors, placement and functionality of the LEDs, etc. were all reviewed. Several
design improvementsame to light for the next versiowith respect tothe general design, graphic layers,
lightguides, button design, slider design gridk and place processes.

T WA 3,

Figurel?. Left: Design of intermediate demonstrat®&ight: printed and thermoformed real device, not all components were placed.

4.4.1.2 FinalDemonstrator

After testing and review by TNO and TRACXON, TNO developed the second version, now with significantly
increased number and complexity @fnctionalities. Consequently, the nhumber and size of components
increased, which complicated the circuitry design elsitill requiring adherence to the same design rules.

Due to this complexity, the team decided to complete and test the full design as a rigetfd@Bcommitting

to the printing processThis approach allowed all functionalities to be thoroughly testedvards theend of

2024, the complete design was finalized. Compared to version one, it includes several key modifications:

9 Additional LED® improve visibility of buttons and sliders;

Side firing LE®Instead of top firing;

Shifting sideways of the capiéive touch sliders;

Addition of3D gesture recognition antenna the middle;

Addition of a flexible OLED screen on the top;

- Vb\\ﬂg NJ“el,(_agtrpni(? compenent®-run the deviceantegrated (chips etc.) on the flat parts of the foil

-~
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1 The totaldesignconsistof seven different printed layers.

G ¢w!/ - -hbQa FFrOAfAGASAET GKS AYAGALFT LINPRdz@ll A 2 Y
versionis considerably more compleo maintaining such high yields in later stages will be more clogtign

The primary step in reducing environmental impact is to optimize both design and process conditions to
achieve the highest possible yield. An optimized design minimizes failures during production and extends
product lifespan, making it preferable tepair or recycling options.

¢KS RS&AIY dzyRSNBSyi &aSOSNIf NRdzyRa 2F NBOGASS oAl
FaaSaayvySyida FTNRY ¢w! / - AbPRAean dodpleted aSdorhjfeNdhsive review,y | £ €
covering the 3D thermofon mould, electrical design, and component selectiomhis thorough review

process is key to ensuring high production yi&lide report was shared with the pilot partners and discussed

with TNO experts, leading to a fanore design modifications. As ofteaOctober 2024, a design freeze is in

place (see Figure 18), and screens for printing have been ordered. Initial test prints are scheduled for
December2024. TRACXOWNill then take over and researalp-scalabilityof the process at theisite.

Figurel8: full demonstrator device desighayer 1: opaque white, layer 2: translucent whigger 3: graphic black ink (not filled in
here), layer 4first silver circuitry layer, layer 5:-dliectricisolation layer, layer 6:second layer silver circuitry, layer igotropic
conductive adhesive/solder.
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4.4.2 Benchmarlultra-low-temperature solder

ALPHA developed low to ultlaw temperature solder materials. These would be an improvemoearseveral
important aspectgcost, environmental impagctfunctionality) over the currently useidotropic conductive
adhesives in printed electronics but are tygdig not yet compatible with printed electronics processes. The
International Standarsldo notcover this technologyoday, but IPC is currently working dhe first release

of an IME standard. ALPHA sent these materials at the beginning of 2024 tdHTN|Gseveralwetting
experimenswere performed by TNO at that time. In this round of experiments the process conditions were
checked, aligned and the equipmeined in to work with these materials. Figurel9 the first results of

the testare shown Good wetting of the solder on one of the baseline silver inks was beenlso leeching

of the solder into the silver, which is a typical problem when combining solder pastes with silver ink

B i il
85 5058
F oo e i

< {

Sample with silver ink from top Sample with silver ink from the back

Figurel9: first wetting tests performed with Alpha ulttaw-solder materials at TNO printirigcilities.

After further discussions among ALPHA, TNO and TRACXON, a test plan was defined for the coming period.

9 Circuitry and componentstandard test pattern withithree sizes of components (0402, 0603, 0805)
Patterns arealso suited for contact réstance measurements

9 Initial benchmark eperiments to determine correct solder settings wilfNO equipment and
materials completeness of soldering, wettindgoehavior mechanical/chemical interactions,
with/without N2.

1 Select materials and substrates tortmlhnmark on/with PET, PC

1 ReferenceFlexPCHjaseline printed silver, baseline printed copper

1 Analysis microscope (top/bottom), electrical, shear strength, fliehavior, etc.

Unfortunately, there have been some postponementswith this work due todelaysand setbacksn
manufacturing and subsequeidelivery ofthe ultralow-temp soldermaterials.Furthermore,after initial
testingat TNOIt was found that the print design to benchmark soldées some flawsAs mentioned, a
typicalissue with soldeng on silver tracks wsilver leachingSilver leaching, or silver dissolution, into solder

can cause significant problems in electronics and solder joints. This occurs when silver from a component or
a board coating dissolves into the molten solder dgrsoldering, potentially weakening the joint and leading
ity=issuesTo combat thisssue,we can for example print more silver layers or protection layers.
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However the stacking otheselayers under the solder pad has been suboptimal, rasglith cracks near the
connection with the silver track3his has made results naaliable andhot a fair benchmarking process for
the ultra-low-temp solders. This issug currently being worked on.

4.4.3 Technology developmentepair andefurbishof IME deices

One of the main innovative pillars for CHRO'S is enabling repair of electrooimmponents which you see
recurring in several of the pilotén mould electronics iarelatively new technology and the market has yet
to fully embracethe new productsmade with it Thisgives a rather interesting situationn one handt is
difficult to perform low TRL research on potential repair of (production phase) faulty devivestisere are
no production lines and there is ample experience or data on the subject. On the other handalsoae
seen as an opportunity tdevelopthis type of additionatechnologyfor recyclingand/or repair, evenbefore
the initial technologys widely spreagwhich could make it easier to implement it.

This researckopic was performed using an existing plasticuttbdesign of TNO. It is called Flexlines design
and has 132 LEDs integrated. The initial work hergefitedfrom the research donén TREASURIE which
temporary bonding layers were integrated into the plastic device allowing the disassembly and removal of
the injection maulded polycarbonate cover. While in TREASURE the goal of this disassembly was the further
recycling of all indidual components, in t CIRE@ITScasewe could use several of these disassembled
devices for repair purpose®Ve received several foils with integratéemporary bondingayerand then
disassembled them from their polycarbonate coversdtrieve pattially damagedprinted foils. Thesedils

from disassembled devices were electricatligaracterizedand damage wasnanually detected and
categorized The typesof damagethat can ocur arevariousand in various intensitie®.g., missing LEDS,
broken LEDs, circuitry damage, damage in the conductive adhstsivien experienced technician repaired

the damagesFigure20 shows a set dfypicaldamages antheir repairs.

Component

Figure20 Set of various types of damages of disassembled IME devices and after nepairal

These repaired foils were then-mrocessed for injection mdding and a new polycarbonate cover was
injected over it. Depending on the level of repair that was perfednon the foils,we found that re-
manufacturinginto a refurbished device witfull functionality is possible after a second round of injection
moulding (sedrigue 21).To our knowledge this is the first timee-mouldingof an IME productas ever been
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production of parts) the device can be disassembled, repaired and refurbished with another plastic layer
This could potentially be a huge benefit compared to having to fully recycle/discard a product that failed
freshly from the production line.

Vosc ws time {repaired )

Vasc (mV)

tme {10%35)

Vo vs time (mf)

aoos

—

Vosc (mV)

time {1013)

Reference

Figue 21: Electrical comparison between refurbished and reference device.

4.4.4 LCA Repair V¥scinerate

In the project several new ideasd frameworks for repaiand repairabilityof electronic components and
devices areintroduced. In some pilotswe are just looking athe questionto what level repair is
technologically feasible, whila other pilotswe arealsolooking at theeffect of repair on the LCéf a device
to see ifit makes sense economically or environmentally to perform a repagether withthe expertsfrom
WPR3 (MARAShas set upan approachfor repair assessmerdand supporting KPJshis isdescribed irmore
detail in D3.1), some KB weredefinedto serve as a measure for the effectrepair. Some ofthesecan be
determined experimentallyand some can be derivday empiricalestimationsand own assessments and
standards, due to lack of reliable dadomebut not all,of these KB are:

1 Disassembly time/cost

1 Energy consumption of disassembly aegair;

9 Creation of waste or residue from disassembly and repair

1 Additional materials input needed and/or machingry

1 Saved primaryesources;

1 Reliabilityof repared product

1 Expected lifdime extension as a result of repair

1 Potential recyability and recycling ratefor materials and energy fromiscardeddevices
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The quanitative KPIsvith respect torecycling rates fomaterial and energy recovery, wasted losses and
(savedYyesourcesas defined in thisepair assessmempproachare directlylinkedto the LCS&CA assessment
methods as defined in WH8r Recycling Assessment (MAR&®)will beapplied for ths (andother) pilots.

('_% "«17.1\‘\(%” \5

Sme of these parameters wemxperimentallyretrievedfrom a fixed set oflevicereparations performed.

All the actions were documentednaterialswere weighed process steps timedvaste collected, etdNe
couldthen perform an LCA on theepair activitiesand comparethis with LCA for the production of a new
deviceand incineratiorfor energy harvest of the broken devid#ith this initial screening, everything points
inthe direction that repair oén IME product in the production phasgenvironmentally beneficial compared

to incinerationand production of a new devic@he detail of thisresult is influencedurrently by a lot on
non-fixed factors such athe numberof repairs needed per device, the batch sizelefices to be repaired
(electricityfor a curing step can be divided over more devices/repairs), electnicitysed etc. Furthermore,
from the initial technology experimentse didmeasurea 2+ 2 % higher energy use for repaired devices
compared to reference productsligher energy use for a full lifetime can quickly add up in a negative way
for the overall environmental impact. In our LCAsthverefore used several scenarios of increased energy
use. Stll even in the worstase scenario thienpactof repair slower compared toincinerationof faultyand
productionof a new deviceln Figure22 we demonstratehe benefits (negativémpact is beneficial) for a-4
device batch repair with 20 LElamage per device and 8 circuitry damages, with 3 different rates of potential
device powelseincrease after repairThe only negativeomponentcan be foundn ionizing radiation, due

to the increased electricitgf the deviceuse during lifetiméan case of a 4% worse energy use

Benefits of Repair (0,2,4% power increase) incl EOL (incineration)
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Figure22 Repair versus incineration; repair of a batch with 4 devices.
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In conclusion the current results indicate a lower environmeitgdact of repair than for incineration for
energy recoveryeven in suboptimal (and manual) repair scenarit®wvever, hese ae preliminary results
and not yetoptimized/finalized and should be interpreteudth this in mind

4.4.5 Automating repair work

In our current settings all detection of damage andrapair work was performed manuallyyla trained
technician.This means sevelr#ings;1) dispension of materials such as silver ink is not fully optimi2ed,
potential harm for manual worker8) potential for mist&es or faults4) time-consumingorocess Especially
the time component could havergegative effect oreconomicviability of repair which is not part of the LCA
comparison of repairWe identifiedtwo time-consuming steps in the repair procegde firstone is the
manual detection of the damae with a microscopgand the second is the manual placement of new LEDs
(components) Compared to dispension of silver or conductive adhesive asmiautomated dispension
system and a microscope, which is ratlggrick and simplethe manual pacementof new LEDs with a
microscope and a set of tweezers is more finnihgt prone to errodue to the small size of the components
to be placed

Potentially, the time for repair could be reduced drasticdily both theautomated identification of damage
and the automated placement of LEDON our initial experiments, part of the LEDs was replaced using the
pick and place machin@igure23left); the same machine that places the components during production of
a new device. A major issymesented itself herpthe coordinates of all the LED positions had shifted
compared to ominal (Figure23 right). This has occurred due the device undergoingeveral processing
steps that have occurred since original component placement (thermoforrmyjegtion moulding, curing
steps, disassemhlyEtc), thereby slightly changing its dimensions and shapeie to expansion and
contraction Thismeantthat for each individual LED to be-péaced the coordinates need to be adjusted
increasing the timespent replacing the components by about tdald. Currently therefore, manual
placement is still the faster optiotn CIR@ITSwe arecollaboratingwith partner POLIMEo automate this
process. More detailsf this work will be presented in chapter 6.
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4.5 Innovative aspects compared to SOTA

1 Introduction ofmore complex andiigher functionalties such as8D gesture recognition antenna and
flexible OLED screeénto thermoformed devicesThese functionalities are currently being included
in the next version of the thermoform design.

1 Integrating all required electrical components into ttieermoformed device, omitting the need for
an external PCB.

f CANERGO SOSNI WwS T dzNIs atili KISVR RL réseafch thgN, bR defifstdlentofskation
of a fully functional disassembled, repaired andngction maulded IME device is a technological
breakthrough.

1 Use of low temperature solders in printed electronics and thermoformed prsdugesides the
obvious benefits, the added goal specifically for @URIS is to facilitate the IME repair process.

1 Automated damage (missing components) detectiod automated adjustment of coordinates for
remanufacturing/repair work.

4.6 Plans for thdinal phase

4.6.1 Automotive demonstrator

In the remaining of 2024 the first prints will be done on the new desigweral materials from Alpha will be
utilized for this. Some of the processing steps will likely have to be optimized, such as the printing,
thermoforming, UV curing of PC substratghtguides, OLED screen integration etc. In 2025 the device will
be evaluatedand send to CRF for testing. We will furthermore experiment with thermoformragalitional

PC layer on the component side of the device fachanical stability and protection of the components,
since we are not injection moulding with this design.

Once the process conditions have been verified at lab scale at TRWZXOMill translate theseprocess
conditions to their facilities for thepscaledproduction at theirindustrialsite. (Production) data from this
device will then also be gathered and shared with WP3 partners to perform an LCA amnlalyGE of this
fully printed electronics automotive demonstrator.

4.6.2 Ultra-low temperature shlers

Currently new screens are being designed to optimize the solder on printed silver benchm¥yking!

then restart the benchmarkingf these solders with our inks and processédterwards the goal is
unchangedto investigatethe ease of replacingomponents on thermoformed device¥his should allow
potentially easier repair. Secondly, the goal is to utilize this material into the thermoformed automotive
demonstrator. It would be an improvement on tle@vironmental impact compared to conductivelasbive

and, again, potentially easesmoving and replacing components for repair purposes.

4.6.3 Technology development: repair and refurbish

TNOis finalizing an initiascientific publication on this topjcighlighting the success of the waBdfirst
repared and refurbished IME devicesthe CIR@ITS projectFurther research on thedelexlines devices
will be mainly on automation steps together witOLIM[see also chaptes) and will thus likely mergerith
those activities.

4.6.4 LCA repair vgicinerate vs recycle

The initial LCAf the IMEseemed to be iflavor of repair actions. Howevein this case we used incinefa

for energy harvest as thalternativeoption for the device to be discardeBotentially, recycling this brek
device to a certairxtentwill be possible in the future. If an IME device is disassembled the polycarbonate

S s.be rated and .the. silver ink layer is also bettéievable However similar to repair, the
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technology is not mature yet to haveli@le LCA models for iThis is
recycling of a broken device could alter the balance in the LCA significantly compared to incinkrsiticar.
and polycarbonate could be retrievéastead of incineration it might beore beneficial to perform a clean
recyclingof the broken product Therefore, we continue to work on this topgth our partnersandtry to
getpotential LCA estimatemodelsand quantified recovery KPfisr recycling of disassembled IME devices
in orderto improvethe comparisons and find the best option fran environmental standpoint.

4.6.5 Automating repair work
We are putting effort in this part, as we have recognized thabuld be an important pillaof the potential

viability of repair work in IME devicds. chapter 6 more is explainexh this topic

42

Internal




Cc i z ) f ( ;

5 Pilot 4 ObsoletePCBsorting

5.1 Initial state of the pilot

¢CKS FT2dz2NIIK dzaS OFasS NBFSNE (2 20 akntl&lite PCBNBMAGIE R O
WEEE treatment plantsurrently involves the separation and classification of circuit bodadsrecycling,

based on theicharacteristicsmaterialand compments

The PCB sorting occurs in several steps.

1. Extraction from the evice or appliancgesome devices containing PCBs are manually or mechanically
opened to extract and collect the circuit board. This stage is different based on the type of device.
Small IT like laptops containing PCBs that present a higher commerciahramanually dismantled
to maximize the printed circuits and electronic components recpvas well as avoidamagen the
instance of a possible interest for reuse the case of household appliances or devices containing
lower grade PCBs, they are omel mechanicallyand the electronic components are manually
removed together with pollutants, batteries etc.

2. Disassemblystep; some components present on the circuits board such as processors, memory,
connectors, heat sinks etc. are removed and separdtdd different fractions. For example,
aluminum heat sinks are sent together with the restatiminum scraps coming from diffare
devicesin a specifidreatment plant, as well azopper connectors sent to copper recycling and so
on.

3. Removal of hazardous materialduring the disassembly, hazardous or harmful materials present on
the circuit board are removedhese materials arthen destinedfor proper and safe treatment and
disposal.

4. (assification PCBs are classified based on their characteristics and composition. The main goal of
circuit board classification is to obtadfustersof PCBs as homogenous as possible in ordsetal
them to smelters to recover and recycle materials as efficiently as posgibléhis point, the
separation is mainly based on the presence of certain amount of @gtdn) and the possible
referencesaboutthe typology of product from wich thePCBwvas extractecdcanonly be detected by
product experts

5. Recycling:circuits boards are sent to recycleiise(, smelters) thafthrougha combination ofpyro-
or hydrometallurgical processgsxtract the metals from the PCBEhis compositiomf the PCBs in
termsof precious metalgontainedislinkedto the sorting categories. The smelter will pay the plant
according to the sorting efficiency (homogeneity of the sorting done) and degree of value of the
material. The presence of penalty and disbing elements as defined by the smelters will lower the
value of the fractionsThe number of subdivisions depends on plants internal procedures and input
materials.

The PCB sorting process is currently done manually by highly sigkeators. So, the sorting performance
strongly depends on the operator that is implementingtitis is time-consuming,not accurateand tiring
work, that cannot ensure the same accuracy from the beginning to the end of the prd¢essdays the
classifiation of PCBs is based on precious metal presence sugbl@ssilver, copper and palladiurio
establish andoost therecovery processes of CRNtaprovingsorting performance ithe first step, indeed
essential to increase the reliability of treatmeplant outputs intendedfor smelters and other supply chain
stakeholders.

The secondssue thatpilot 4 is targeting isthe nonexistent possibility for OEMsto reuse PCB3Nhen
Qducts I|ke Large Househokﬂ)pllancesreach the treatment plantPCBsre not extractecand therefore

\ Vs
Q_‘
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shreddedwith the whole device for thesereasonsthe PCBsare recoveredn debristogether with other
precious metals. In this case valuable mateaad theabovementionedcomponentsare lost in the fraction,
since the recovery target quefgcuses mainlyn precious metalsMoreover, due to the way the system is
designed, it is not possible to conduct any analysis on the condition of the devices arriving at the treatment
plant. As aresult, it is not possible to determine whether the product is still functional or if any of its
components are operationaConsidering thestate of art,reuse it is limited to local smadkale initiatives,
especially focused on valuable components U, CPU, RAM and other Laptop/Desktop components.
Currently OEMs do not reuse circuit boards andfair components in new products or as stock for spare
parts, but according with new regulations in the EU panorama as per R2Rs&fitie need to boosteuse

of components is real artiighlydemanding thereforeit is of great interesinvestigatingconsolidated path

to assess if its possble to rethink the extension of producor componentdifecyclestarting from the EoL
environment.

5.2 Expected outcome

This pilot aims to improve the sorting B{Bs with the supportof an Al classifier modeind assesagthe
reusability or recyclability of electronic components. Specifically, the pildbavdlipportedoytailoreddigital
toolsdeveloped as part of the CIRLTS digital toolboto achievethe objectivesof the two mainstreamsin

which the pilot is organizedr{gure24).
[; Reusable
PCBS w

Solution C

—>

Solution A WM containing
reusable PCB w2k

Integration of PCB in

products to be
! repaired

=

WM containing Reusable
NOT reusable PCB components

l

Solution B
—'b oW Medium
Coming from

mixed WEEE flow

Pilot on washing
machine

Beko

Figure24: Pilot 4 scheme.

The first stream focuses amproving recycling efficiency to optimézhe pre-treatment stage, leveragingl

imagerecognition Improvingthe accuracy of theortingby recognizing components on the P®@H possibly
optimize the categorization oPCBdo better identify the most efficient recycling routend quantify the
expected outcome Hence,the pilot sets the basisbuilding on already consolidatepractices of the
treatment plant, aiming to detect componentsvhich serve as distinguishing features to determthe

inclusionof the PCB in a specific category
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The secondpilot streamfocuseson evaluating the reusability of electronic boards and tleeimponents
coming fromEolLwashing machines. As of today, the evaluation of sorting criteria and procedures aimed at
identifying reusable PCBs is already an innovative aspect compared to-thsigtion.To define if a PCB

is reusable or not, thérst and main challenge is indeed to find in theastestream theboardstargeted by

the producer Whenit comes to the EoL sourcing a set of challenges need to be facstipf the information
that is hinged to labels and barcodés not reliable because of the conditions of the aged devied the
impossibility to preserve the integrity of the devices from the collection point to the treatment plant route
To overcome this lack of information it is needed to consider different mén&ismight bring the research

to the targeted elemat. Sourcing activities at the treatment plant requieeonomic and resourcefforts,
therefore the research of a component nestd be settled on strong parameters; in the case of this pilot the
PCB targted wasstrategically chosen mainly ftle followingtwo reasons:

1. Availability of testing equipment for the manufacturespecifically theaccessibility of théirmware
(FW) plays a crucial role during the testing phase because it is the embeddedirsottvat
"communicates" with the hardware of the board to make it work

2. Statistically available sampteTo ensure a profitable procurement campaitpe most used model
in the last 10 yearsa/asconsidered according to Bekexpected volumein thefield isin 2024 over
10M.

The pilot is therefore working oaspecific digital toothat connects BoL and EoL actors (Marketplace tool),
to boost and simplify the researcilhis marketplace is accessible through RN (HumarAMachine
Interface)system that can be used in mobility by the operatdo. develop the connecting platform, it is
important to consider both the best and thevorst scenarioin which the system might applthe best
scenario is considered #&lse availability of a barcoden the external case of the produydh this case by
scaniing the machine serial numbethe system should be able to read all thdo of the machine and
therefore detect the presencef valuable ad targeted componentsThe bestcase scenario is also the less
common scenario in whictme HMI andthe platform will be required to workThis scenario best applies if
we considewusingthis application in different environments where the integrity of the producehaintained;
perhapsthe unsold items, stock leftovers, products withdrawn from the market, products returned by
consumers due to warranty defects, and components replaced by seceigters.The broader scope of
operators and case study in which the system might apply make the tools future plexyite this,the
validation of the system wiltonsiderthe worst, yet most realistic, of the scenari@®nsidering the
application field

Since it is not a common operation to extract the PCBs from the Walslsiolgine in the pretreatment stages
two different modi operandiare alsoconsideredto allow both treatment planeand manufacturerto adapt
their needs to the potentl of the platform. The firstmodus operandis assuming thatbecause of the
legislative panorama evolutigthe request from the manufacturer for the sourcing of valuable components
will drastically increse in the nextl0 years, requing thewhole EPR system and tteatment plant to
rethink aboutcollection andpretreatment stages, in this caser washing machine, but more in genefat
electronicsand spare partsWith thishypothesisn mind, wecan assume that treatment plants wik forced

to extract PCBand otherspecificcomponentsfrom all the machineso fulfill future marketrequests With
this idea it is possible to think that the easiest waythe treament plants tq somehow categoize and
make availablen the market the components will b create a separate line for the registration of the
components inside the Marketplac@/hat will be needed in this case isAirecognition methoddeveloped

in the other pilot stream,which will support the sorting of the componentpotentially by reading the
marketplace query detecting theselection criterissuggested by the manufacturer and the info on the PCB

barc In this case as already mentioned some effolbwitequired from the treatment planfirst settin
el e gy q ; ;
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a new line independent from the treatment line, tategorize store and shighe components, and more
important establishing a warehouse to stock material waiting for manufacturer requests.

The secondmodus operandis allowingthe treatment plant to adapt in amore flexible wayto the
introduction of the digital platform consider the idea toparticipate in @casional ampling campaign
searchingfor components by accepting a specific mandate established on the platform by a particular
manufacturer.

The output of the secongilot streamwill be thevalidationof the Marketplacetool, to enabk manufacturers
to browse components fromthe treatment plants o further test and potentially reintegrate itinto new
products This is done tanvestigatea possible alternative suppbitreamfor OEMs, considering that the
manufacturermust provide spare partdo the customer for 10 years after the home appliance sale.

5.3 Defined targets

In summary, the pilot activities revolve around the validation of digital solutions that can support operators
in the future during the sorting process by assessing the benefits in operational and economicTteemse

of an Al powered recognition model as well as the HMI visualization will assist the operators in the
categorization of EoL PCBs for repair refurbishment and recycling, boosting new circular practices for the
treatment plant and the OEM3he followng targets have been specified for the PCB sorting use case in Pilot
4:

Test at least 20 PCB to be reused

3 PCB classes will be developed in terms of image dataset (1000 images) for ARz Adols
Improve PCB sorting efficiency by;5%

5% of reuable PCBs reused from testing samples

Demonstrate the technical feasibility of circular value chains

abrwbdE

5.4 Performed activities and current statetafgets

To achieve the project goals, two parallel approachesidentified: the first focuses on automatirg the

sorting process for PCBs within the facjlthe secondaims at assessing the feasibility of creating a market

for refurbished components, starting from the identification and recovery of valuable parts frorofeifd

devices within thetreatment facility. Plans and goals were discussed, refined, and agreed upon in
collaboration with all key technology partners from the pilot project, including BEKO, TXT, MARAS, and
POLIMIThe following bullet list summarizes the main planned activities are performedwithin the PCB

use case:

Definition of washing machine criteria selection to extract PCBs (target 1,5)

PCBs reusability check from OEMs (target 1, 4,5)

Marketplace of reusable PCBs definition (target 1;4,5)

Validationof selection critera (iterative approach) from different sources (target 1,5)

Study ofasisPCBs manual sortingp¢luding collection 0£000PCBsphotos as inputso Al algorithm)
(target 2,3)

1 SupportingAl-based camera development and validation (target2,3)

1 Economic evaluation of PCBs improved sorting and recyclability (3xget
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5.4.1 Automation of the sorting process

For the automation of the sorting process, collaborationwith the selected treatment plantthree PCB

classes were developed based on BB &conomicvalue? Thisvalueisdefinedaccordingo the treatment
plantinternal strategy, developedverthe yearsand based on the resultsf smelter€economic assessment

and samples analysi$hemethodisbased orthe operator'scapability torecogiize specificomponentsand
preciousmaterialscontent of PCBsThe classificatiohased on the learn by doing method of the treatment

plantg I & FdzZNIKSNJ @ f ARFGSR o6& O2YLI NR yadwel ashesreflieks RA T T
perspectiveprovided by MARA$ was indeed crucial to understand the strategy of the treatment plant for

the recognition of thePCBsategoriesbecause itallowed usto structure a set offeaturesand define a

suitable training dataset to build a solid Al recognition model

Thethree categories based on the material that the treatment plant is collectiacg:

1 First choice boards
0 Hard diskboards
A Example products: Internal and external hard drives, SSD and HDD storage units.
0 Mobile phone boards
A Example products: Olgeneration mobile phones (TACS).
0 Super Back Panels first choice boards
A Example products: Telecommunication equipment, tetaamabinets.
0 Super OT first choice boards
A Example products: Telecommunication equipment, optical transmission devices,
fiber optic network equipment.
0 Super peripheral first choice boards
A Example products: Older generation personal computers.
0 High yield bards
A Example products: Higénd devices such as workstations, higyid servers, medical
and scientific equipment, flatcreen TVs (limited to screen management
components), industrial devices, laptops, old video game consoles.
0 Super first choicboards
A Example products: Servers, mainframes, network devices, industrial equipment, new
game consoles, slot machines.
0 First choice oldyeneration boards
A Example products: Old desktop and laptop computers.
0 Firstchoice ofnew-generation boards
A Example poducts: Modern laptops and desktops.
1 Second choice boards
A Example products: Video cameras, mémge devices, smartphones, industrial
equipment.
1 Third choice boards
A Example products: Loend home appliances, small electronic devices,-éma
electronic gagets, power supply boards, power boards.

2|nformation on the classification methodologgprovidedin ANNEX ¢ 6PCBs categories w a & ¢ ANNEXR, GPCB
categorieddentification strategy and tigs
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For the Al training 2 datasgbf pictures of PCBs wemmllected the first datasetincluded1000 photos, of
which100were of HDD boards divided by value and dgeeFigure25left). These 100 photos were used as
a smaliscale proof of concept that allowed TXT to evaluate challenges and vghi¢lse recognition model
enabling improvements in the system.

Subsegently the remainingphotosof first, second and third category werandomly selected accordirtg
the treatment plant availabilityseeFigure25right). The second dataset was structurdifferently, including
photos of all the categories to increase the model classification capablity set containeé10first-choice
295 seconethoiceand495third-choicephotos.

Figure25: Left. batch of HDD PCBs collected during the first round of data gathering.HBght?CB boards divided by year (from
left to right, oldest to newest)

The study of PCBsanual sorting functionally supported theaining of theAl based modelwnhichwill be
tested in the treatment planthroughout2025, to assess how the synergy with technologies can imghave
accuracy of the process, providingnaich morereliablesortingmethod for the treatment plant, angaving
the way towards a future system wupport the detectiom of CRMs content that will beme a mandatory
output of the recovery procesas defined from the EU legislative panorariae test will evaluate the IA
basedmodelperformance in the treatment plant environmeatlowing thecomparison between the manual
sorting and thedigital one.The Al based modé& designed to support the extraction line for circuit boards,
enabling them to beassessednd potentially reused in new products. Considering-dodle operations
where operators will not only select washing machine boards but may also integrates¢aegh tasks into
the pretreatment and sorting phase preceding mechanical processing, it is clear that alongside finding viable
boards, they will also need to classify those to be discarded and sent for treatment.

In this context, the Al model simplifidlset information load that operators would otherwise need to process
and manage. Imagine the effort required to determine whether the board in your hand is the target one for
placement on the marketplace or if it should be sent for treatmeand, if so, intavhich category it should

be classified. The Al model serves as an invaluable tool in streamlining this process.

5.4.2 Reuse of refurbished components

To discover the potential oestablishing reusand repair practices for OEMstarting fromLarge Home
Appliances at theiEoLstage some criteria to detect valuable components had to be settleifferent
approachesvere evaluatedogetherwith the ManufacturerBEKO Europe and the treatment plant involved

Bekoselected as a target for theCB known asWindy Strip BPKlnd Windy Strip UM2 This Windy Strip
BPM (show in Figure26) is the in production since 2015 and it was selected as it is in ptiodusith very
hlg\volums estlmated production per year is over 1 million of boards and estimated volumes of this PCB
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in the market is over 1nillion).
it in the dismantling [ant.

Figure26: Targeted PCB known as Windy Strip BPM

The selectiorfulfils the needto havesuitabletesting tools to assesshether or not the PCBs can ensure
performance comgiance with specific parametersfor the reintroduction into new products.Once the
targeted PCB asidentified, a list of criteria depending on the PCRaracteristicsvas draftedto enable the
research at the EoL treatment planBEKQlemanded for the detection of thielachineserial numbefFigure
27 left) to extractthe yearof production(put on market year POMpeingno more than 5years back in the
days (POM year >2018).

Figure27: Left. Washing machine serial numbeCenter. PCB serial numbggRight. Connector on the rear of the appliance

Together vith the treatment plant and theManufacturera third criteria was addeth orderto assist the
activities at the treatment plantrequiring the detection of the specific beigelour and presenceof the
connectorin the rear part of the machin@=igure27 middle). Finally, a verification of the PCB serial number
(Figure27right) was conducted as the finslep to determine whether the PCB was the targeted one.

The Windy Strip BPM PCB can be easily identified by the label on its plastic h@egitlge red rectangle in
Figure 28 below) which clearly indicates the hardware (HW) and software (SW) versions of the board.
However, since the practice of extracting the PCB is not yetastdblishedn the EoL practicesn additional

step was necessary to identify, from the outside, the machines that might potentially contain the targeted
PCB.
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Figure28: Plastic housing indicating the hardware (HW) and software (SW) versions of the board.

The aitcome from the first batch evaluation showed that it was quite challenging to meet the targets. The
objective was to find at least 20 PCBs of interest to be tested from BEKO, but from a sample of 40 washing
machines, only 5 PCBs satisfied the requirem@ntwided by the manufacturefThe selected PCBs have
been sent to Bekto proceed with a deeper functional analysis. Beko executed a functiutaimatedtest

on the received parts to verify the proper functionality of the boaKéégure29)

TheAutomated Test Equipment (ATESt consiss of performing a function test of the board sending over
the communication bus commands to activate loadd asad sensors inpufhe outcome of the test is that
4 PCBhave been found as acceptable, while 1 PCB did not pass the test.

. . Criterias:< . .
Board Serial Production Cnte.nas. 5 years Cmr:ads.
Number Year ClGie integrity
| 1806405695 2018 NA
1425700293 2014 NA
B 1439700974 2014 NA
i
1411501456 2014 NA

Figure29: ATE test equipmemind test resultseport extraction.

For this reason, the decision has been made to revise the PCB criteria and perform a second round of
assessment. For this second analysis, therefore, the washing machine code neslkaso considere@ee
red rectangle irFigure27 left). According to the manufactureit, is possible to detect a patterin the code
number of thewashingmachine by consulting the internal company databake WMcode number
consistenty appears in four distinct patterns, each containiglgven characters and digits. It can be
formatted as a code starting with "W" followed bievendigits, or as codes starting with "75," "76," or "72,"
N S SSS
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each followed by 10 digit¢Figure30) Thanks to this pattern, the detection of the targeted PCBs could be
guaranteed reliably. With this knowledge and considering that the targeted IRa@Bbeen installed in more
than 500 different modelsa hew round of inspection has been initiated, this time targeting a batch of 100
appliancego be analysedThe primary task for the operators was to identify this code on the exterior of the
washing machine andommunicate it to the manufacturer, who was expected to confirm whether the
machine contained a targeted PCB. Unfortunately, the time required for the manufacturer to verify the
WNMcode was not instantaneous, disrupting the normal workflow of the treatnpdent.

Machine Code Number
(W oo xxxx xxx) W+11
(75 xxxx xxxx xx) 75+10
(76 xxxx xxxx xx) 76+10
(72 xxxx xxxx xx) 72+10

W85952430099

Figure30: WM code number pattern for the detection of the targeted PCB in the Manufaciatabase.

It is important to notice that the newly defined criteria were initially excluded due to the condition in which
the WM reached the first treatment plant(seeFigure31). Furthermore even if the condition of the WM
reaching the second treatment plant seemed promising, the aboeationed criteria had to be dropped, as

it was considered disruptive in the working flow. Unfortunately, the outcome of the second batch analysis
could notprovide enough material for testing. Indeed, a batch of 1000 washing machines was anal@zed
months and as a result onfive potential PCBwere obtained, of which onlywo resulted in target.The
selected PCBs have been sent to Bekproceed with a deeper functional analysis. Beko is goiran#dyse

the PCB (ATE test) to check if theb@ards received can be considered acceptable from a functional
standpoint.
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5.5 Innovative aspects compared to SOTA

1 Integration d advanced digital tools, specificalgn Al classification modelto evaluate and
categorize PCBs based on thetonomic valueThis Aldriven approach significantly increases the
accuracy and efficiency of sorting operations, transforming a traditionally manual process into an
automated, optimizedsystem,and is therefore considered a key innovation aspect

1 Development of a digal circularmarketplace. Thisool connects OEMs with Waste Electrical and
Electronic Equipment (WEEE) treatment plants, facilitating the exchange and reuse of sorted PCBs.
By providing a centralized system for sharing information about reusable PCBmatketplace
promotes a circular economy within the industiyoosting reuse among thehole value chain and
ensuring compliance with evalemandingEU regulations inerms of material and components
recovery Due to the novelty ofthe proposed solutionthis is alsa key innovation aspect.

1 Establishment ofletailed criteria for thedetection ofPCBs that might beeused andcriteria for PCBs
sorting. By defining parameters for selecting EifidLife (EoL) washing machines that may contain
reusable PCBs drconducting practical assessments, the project ensures that onlygiglity PCBs
are selectedfor reuse such parameters anth generajthe considerations made by the pilatiows
it to bereplicable This systematic approach represents a significant step toveardse sustainable
electronic waste management.

5.6 Plans for the next phase

Tocomplementthe initial findingsand results obtainedfom PCBsorting activityin Eol, some consideration
on thelifecycle of the_arge Household AppliancédH{A mustbe made Frst, the pilotwill further investigate
the toolsat disposabf the manufacturer to understandrhat might beneededto open the scopéo different
PCBs modeland allow manufacturers willing to enable reuse and repair practices to get equipped with
propertesting toolkit Secondy, the pilot will investigate different waststreamsto try anddetectwhether

it is possibleo access EoL WM from uns@ldods damaged LHANd different groupindacilities By mapping
the waste strears, the pilotwill work on wasteflow prevision to understand the proportion of the targeted
PCBsn the upcomingfuture. Considering that a washing machine lifespamgesfrom 7 to 14 yearsit is
possible that the targeted PCBs are still y@ungto be found in the treatment plant nowaday®o validate
the ideaof developing the Marketplace chanreidconnecing OEMs and treatmerlants the PCBs found
will be tested andhe interest of differentstakeholderswill be considered in a set aifterviews also with a
view to determining which exploitation plan to adopt in collaboration with.TXT

For what concerns thsorting automatization the training of the Allassification modalill be finalized and
the validationtest in the treatment plant will be organizedgether with TXTTogether with MARA®BSsights
for the optimization of PCBs sorting, based on detailed metallurgieadledge will be provided.
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6 Visual inspection, disassembly and remanufactlmimigities

POLIMI imutomatingthe remanufacturing of electronic components, focusing on mate from partners
involved in piloting activities (e.g. BOSCH, CONTINEREKCand TNO). These activities explore robotics,
automation and machine learning to automate tasks traditionally done by skilled labor. Initially, feedback
from manufacturers Wi define disassembly targets and materials, followed by selecting and testing
FLILINBLINRFGS G22tfa Ay th[LaLQa LYyRddzZZGNE non [0
strategies, with components sent back to partners for functionalityitestA closedoop feedback process

will optimize procedures, and machine vision solutions, where possible, will be developed for greater
flexibility in identifying and disassembling components.

6.1 Methodology

Precision robotics play a critical role in facilitating the precise separation of delicate components, thereby
optimizing the remanufacturing workflow. This research advances beyond conventional manual testing
methods by incorporating closddop feedbackmechanisms, which enhance both flexibility and accuracy
while reducing reliance on skilled labor. The transition towards automation fosters a more sustainable and
economically viable remanufacturing process. By integrating these advanced technolog&sdihaims to
transform POLIMI's remanufacturing operations, establishing a new benchmark for future initiatives in the
electronic manufacturing sector. The methodologies developed through this research are designed to
significantly improve the precisioefficiency, and sustainability of remanufacturing practices, aligning with
the broader objectives of Industry 4.0.

To achieve these advancements, a specific model dexelgped to enable closetbop feedback in
collaboration with themanufacturers of the tested circuit boar@sigure32). This approach was necessary,

as testing activities on disassembled components require access to proprietatydrar and software
resources available only to the manufacturers, enabling accurate verification of component status. The
workflow begins with a comparative analysis conducted in partnership with OEMs. This step is crucial for
identifying the target compoants to be remanufactured and involves collaboration with experts who
possess a comprehensive understanding of the product's functional and economic aspects. During this phase,
ONRGAOFE AYF2NXIGA2Y Aad 3 GKSNBR aNEdBasseiRblyygddelings,S O 2
establishing operational parameters such as allowable temperature limits and ramp profiles to ensure safe
handling of the components.

Target Manual Machine vision Automated
identification disassembly tests (MV) algorithm procedure
A

Figure32: The workflow adopted for the remanufacturing activities.

Following the initial data collection, manual disassembly tests are conducted to assess the feasibility of the
remanufacturing process. These tests identify potential disassembly challenges by employing various
precision tools and methodologies to optirmizomponent removal. At this stage, preliminary feedback is
gathered from manufacturers by submitting the disassembled materials for functionality testing.
Additionally, the potential application of Alhsed solutions for identifying target components valeated.

This step is considered optional, depending on the specificity of the targeted components. For components
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unique to a particular PCB layout, the value of an autonomous identification system is limited. Conversely,
for generic components found amss multiple PCB layouts, developing such a system may be advantageous.
However, the feasibility of these solutions hinges on the availability of detailed training data, which is often
inaccessible or insufficient. The final stage involves the developofenproof of concept for an automated
component removal system. This phase focuses on prototyping custom end effectors for component
extraction, which are designed in collaboration with external partners and manufactured using additive
manufacturing techiques. The iterative process invoh@smluatinghe prototypes, gathering feedback from
manufacturers, and refining the design to optimize functionality. Additionally, a comprehensive analysis of
available technologies is conducted to determine the modiable equipment required for the system.

6.2 Use cases
This section reports the activities of the various case studies parallel to the. pilot

6.2.1 Pilot 1: Bosch ECU

Upon receiving the materials from Bosch, consisting of PCB boards extracted from ECUs emaséd in
K2dzaAy3aszs ¢S 02ttt SOGSR GUKS YI ydzZFl O dzZNBENRa Ay Lidzi
recommended disassembly procedures. The supplied ECU boards featured four distinct layouts and
contained various types of electronic componentse Tiitegrated circuits (ICs) on the ECUs were identified

as the primary targets for removal, as they represent the most valuable components on the board. To
streamline preliminary operations, the focus was limited to larger components. The objective reasaee

these components while preserving the integrity of both the components and the source boards. For
soldering and desoldering, the JEDEETDB020D.1 standard was followed, which specifies maximum
allowable temperatures and temperature ramp limitspoevent thermal shock. Bosch also recommended

the use of air ionizers during disassembly to mitigate the risk of static electricity damaging the boards. After
aligning with Bosch on the disassembly process, initial manual disassembly tests were cormactddadte

the suitability of various tools for the remanufacturing tasks. These tests were essential for defining the
actuators required for automated component removal. Tool performance was assessed based on
disassembly speed, stress on the components lawards (monitored through temperature measurements),

and the visual condition of the parts after disassembly. The target components, all belonging to the category
of integrated circuits, included two configurations: Ball Grid Array (BGA) and QuaddddQF#®). Based on

the board layout, a hot air desoldering tool was selected for disassembly. The disassembly process differed
depending on the component type: QFPs were heated directly using a focused hot air stream, while BGAs
were heated from the backse of the board to achieve more uniform heat distribution. Each method had its
trade-offs: direct hot air application enabled faster disassembly but increased the risk of thermal damage,
while heating from the backside provided a gentler temperature gradi®it required more time and
occasionally desoldered unintended components. Thermocouples were used during all tests to monitor
temperature trends in real time. Once the components were removed, they were sent to Bosch for
functionality testing. The laydwf the boards presented challenges due to the high density of components,
which sometimes obstructed the placement of heat sinks and led to the unintended disassembly of adjacent
non-target components. Additionally, difficulties in positioning heat sio&mplicated the alignment of
component extractors. This issue was particularly pronounced for BGAs, where solder occasionally spread
over the component surface during removal, necessitating cleaning before retesting. Following manual
disassembly, the comngments were sent back to Bosch for functional testing, but it was found that due to the
encryption of the components, testing would not be possible. Therefore, it was decided to change the ECU
board and the target component of the remanufacturing actigti€he new ECU will be subject to the testing

of the automated procedurérigure33).
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Figure33: Target component.

In parallel with the disassembly activities, a computer vidiased solution was developed to identify the

target components. Since the targets were exclusively integrated circuits, a neural network was designed to
recognize and locate them on the PCRstrdin this network, the WPCBFA dataset (C. Pramerdorfer et al.,

2015)2 was selected. This dataset contains 748 PCB images from a recycling facility, along with accurate
segmentation and bounding box annotations for 9,313 integrated circuit sampilesn @e complexity of

using Convolutional Neural Networks (CNNs) for recognizing electronic components, the YOLOv5 model was
chosen. Transfer learning was applied to the final layers of the network to tailor it to the specific requirements

of this applicéion. This approach leveraged the grained layers of YOLO, which are optimized for
recognizing basic features, while training only the final layers for-leiggl classification tasks. This
methodology proved effective, enabling high performance eveh arelatively small training dataset. After

training, the model was tested on the ECU boards and successfully identified all but one target component
(Figure34). The unidentified component, a nexgeneration integrated circuit with a visually distinct design,

fell outside the scope of the training dataset. To address this, a supplementary approach using conventional
computer vision techniques was implemented. Byfidotd Ay 3 (G KS O2YLRySytdha dzy.
RAAGAYAdzh aKF o6t S TSI G dzNB itshpasitioh was Succésstdly idestified Bsdia caldr O 3
tracking algorithm. The combination of these solutions marked the development of the first automated
component of the system, enabling precise identification of target components. The flexibility of the
LINRLI2ZASR &az2ftdziaz2zy SylofSa Ada LI AOFGAZ2Y y20 2yf
boards.

3 C. Pramerdorfer and M. Kampel, "A dataset for compuwisionbased PCB analysis," 2015 14th IAPR International
achine Vision-Applications (MVA), Tokyo, Japan, 2015, f81318i:10.1109/WA.2015.7153209.
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Figure34: Redbounding boxes around Identified ICs.

To further enhance the adaptability of the solution, an additional component has been integrated, allowing
for the identification of specific integrated circuits (ICs) based on thk@lledcharacters. This functionality

is currently undergoing testing, but preliminary results are highly promising due to the robust capabilities of
VisionLanguage Models, which provide significant flexibility and accuracy.

6.2.2 Pilot 2: Continentdh-Tire-Sensor

The remanufacturing project for the ContinentatTire sensor was undertaken to investigate the feasibility

of reworking and reusing components within automotive sensor systems, emphasizing sustainability and
costeffectiveness in the autootive sector. The study focused on assessing the potential for disassembling

and reworking specific sensor components, particularlyRIGBA complete disassembly of the sensor was
performed, yielding a preliminary mass balance that detailed the breakdo®n A 1 & O2 Y LR Yy Sy ia o
initial weight was measured at 1.46 grams, with the disassembled PCB accounting for 0.96 grams of the total
mass. This process revealed significant challenges associated with the disassembly of smaller components,
which weee pivotal in evaluating the remanufacturing potential. The disassembly challenges posed by smaller
O2YLRyYySyita KAIKEAIKISR tAYAGLFdGA2ya Ay TFSFaAA0OAT AL
meticulous handling, suggesting that reworking or rieipg smaller components may not be practical.
Manual disassembly methods were employed to establish optimal procedures for potential automation
(Figure35). These manmal methods were critical due to the sensor's compact size and the complexity involved

in detaching components without causing damage. Specialized precision equipment was utilized to facilitate
the removal of candidate components for rework. Despite rigsrtesting, the remanufacturing process for

the Continental IATire sensor was ultimately found to lsemplex
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Figure35: Disassembly of components from the PCB.

The primary challenges identified included:

1 Component SizeThesmall size of certain components made them difficult to handle without
damaging adjacent parts.

1 Complexity of Automation The intricate and sensitive nature of the disassembly process rendered
automated remanufacturing tasks impractical.

In consultation with Continental, it was determined that continuing the project was infeasible under current
technological and resource constraintdie findings underscore the inherent difficulties in remanufacturing
complex automotive sensors like the Caatintal InTire sensor. While larger components, such as the PCB,
may theoretically be suitable for rework, the technical complexity and practical limitations associated with
smaller parts present significant barriers.

Future research and development inigldomain may focus on the following areas:

1 Enhanced Automation TooisDeveloping specialized machinery capable of handling small and
delicate components with greater precision.
1 ComponentLevel Design OptimizatiarRedesigning sensors to incorporate moduwamponents,
enabling easier disassembly and reassembly.
1 Material Recycling AlternativesExploring efficient recycling methods for sensor materials as a
sustainable alternative if remanufacturing proves unviable.
The decision to suspend the remanufacigyiefforts highlights the pressing need for advanced technologies
and innovative approaches to support sustainable practices in automotive sensor remanufacturing.

6.2.3 Pilot 3:GreenIME

The design and disassembly BIE components are integral to advancingstainability in modern
manufacturing, particularly through remanufacturing and recycling initiatives. This section explores quality
control methodologies in the context of IME disassembly, with a focus on leveraging visual inspection
technologies to enhace the accuracy and efficiency of the process. A structured approach to disassembling
IME components is developed, emphasizing rigorous quality control to identify faults or defects that may
arise during disassembly and impact the remanufacturing poteofidhese componentsCentral to the
proposed methodology is the utilization of advanced visual inspection technologies capfibtingf defects

such agircuitry damagendmissing or absent critical componer{teeFigure36).
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Repair of folds, cracks, self-inflicted damage

Figure36: Catalog of various possible defects.

Among the tools investigated is a statéthe-art smart camera system renowned for its high precision in
surface defect detection and its ability to verify the presence of essential components. Feasibility studies
O2yRdzOGSR Ay O2ftftF 02N GA2Y 6AGK GKS &YFNI OF YSNI
particularly in detecting missing LEDs common defect during disassembly. These studies demonstrated
the system's potential, with the successful identification of missing LEDs marking a significant milestone in
validating the technology's applicability to IME disassenilbigure37). The initial focus on LED detection
represents the foundation of a broader quality control strategy. Future research will aim to extend these
capabilities to identify additionalefects, such as surface scratches and emiagng during automated piek
andplace operations. Addressing potential misalignments or deformations of components due to thermal
cycling will also be a priority.
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Figure37: Outcone of the missing components assessment. The red (missing component) and blue (component) squares on the left
image are the areas of inspection.

The smart camera system employed in this study exemplifiesvativeadvancements in visual inspection,
featuring adaptability to diverse inspection needs within automated environments. These systems utilize
sophisticated algorithms to detect minute defects that may elude manual inspection, allowing for the

establlshment of multlple inspection zones per compon&dailtime analysis and immediate fault detection
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are particularly beneficial in complex manufacturing environments, where maintaining production quality
and minimizing delays are critical.

Despite the promising results of the feasibility study, severallehges must be addressed for the broader
implementation of this technology:

1 Surface Defect DetectianFurther refinement of the smart camera algorithms is necessary to
accurately identify subtle defects, such as surface scratches, which are moretdiffidetect than
missing components.

1 Pickand-Place Errors Integration of visual inspection into automated pahd-place systems
presents challenges, particularly in detecting errors related to thermal cyiclthgced deformation
of the printed foils Identifying such errors is vital for ensuring the propereassly of
remanufactured components.

9 Scalability Expanding the deployment of smart camera systems across a full production line involves
both technical and economic considerations. Additional research is required to evaluate the cost
effectiveness of largecale implementation.

The adoption of advanced visual inspection technologies represents a significant step forward in enhancing
quality control for the disassembly and remanufacturing oElddmponents. The successful detection of
missing components, sh as LEDs, highlights the potential of smart camera systems to streamline
disassembly processes. Future work will aim to refine these technologies for the detection of more subtle
defects, ensuring their lontgrm effectiveness. By improving quality cooitrduring disassembly, this
approach supports more sustainable manufacturing practices, aligning with the increasing demand for re
manufacturable and recyclable electronic components.

6.2.4 Pilot 4: BEKQvashing machine PCB

The remanufacturing project fdEKQwvashing machine PCBs was initiated to develop effective strategies
for the recovery and reuse of components, with the overarching goal of promoting sustainability and
reducing electronic waste in the home appliance industry.

The study focused on the disasnbly of Surfacélounted Device (SMD) components, with particular
emphasis on components labeled QD2 and QD5, which were identified as key candidates for potential reuse
and remanufacturingseeFigure38). Initially, the scope of target components was broad, complicating the
disassembly process. By narrowing the focus to specific components such as QD2 and QD5, the project sought
to improve the efficiency and succesde of recovery efforts.
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Figure38: The washing machine PCBs and the initial target components

Multiple disassembly tests were conducted using various types of equipment, including:

1 Custom IC Desolderelsed for theprecision removal of integrated circuits from the PCB.
1 Air and Heat Sink CombinatioTested to evaluate its effectiveness in minimizing thermal damage
during disassembly.

The disassembly process highlighted several challenges, particularly during tbeatgohase. Residual
solder paste, especially around the pins of the components, frequently impeded clean removal. To address
this issue, a specialized component extractor was employed, which enhanced the quality of removal and
improved operational efficiecy (Figure39). However, this solution also introduced additional complexity to

the automation of the process. The presence of residual solder paste underscoratkedidefor more
advanced extraction techniques to streamline disassembly.

Figure39: Results of the two preliminary disassembly methods.

To address the challenges of automation, a custom-eiffiector, originally developed for Bds&CU target
components, is beingssesseébr its applicability in automating the extraction of Whirlpool washing machine
PCB components. This tool is expected to provide insights into the feasibility of scaling automated
disassembly processes.

The findirgs from this project underscore several critical points:

1 Complexity of SMD RemovaWhile manual disassembly was effective, it revealed difficulties
associated with residual solder paste. Automating the process will require advanced equipment
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1 ComponentLevel TestingThe evaluation of specific eradfectors for automated disassembly could
significantly improve the feasibility of largeale remanufacturing.
1 Sustainability Implications The successful remanufacturing washing machine PCBs aligns with
sustainability goals by reducing electronic waste and conserving resources.
Future recommendations include exploring advanced desoldering methods and further refining automation
tools to manage the specific challengexomponent disassembly. By optimizing these proce3EK@an
enhance its remanufacturing capabilities, contributing to greater sustainability and resource efficiency in
appliance manufacturing.

6.3 Proposed automated solution
The processcorporates advanced technologies and methodologies aimed at achieving efficient disassembly
while monitoring key metric@igure40).

Coordi Storage of
com:(;’r‘l:tr‘:tss:i be functional
d removed for reuse- components
removed from the

remanufactoring
CAMERA

A
’ OEM

Figure40: Proposed framework for the pilot plant dedicated to remanufacturing activities.

1. Camera Integration A vision system captures the image of the PCB to identify and locate
components to be removed. This is achieved through computer visiongi@ifgial intelligence (Al),
and adherence to OEM guidelines. The generated coordinates guide the subsequent steps in the
disassembly process.

2. Custom Cobot Enéffector. A collaborative robotGobo) equipped with a custordesigned end
effector featuringheated pliers is used to delicately extract components. This ensures minimal
damage and thermal shock to the components and facilitates their reuse or remanufacturing.

3. Use of Air lonizersAir ionizers are employed to neutralize electrostatic charges erPiB surface,
preventing potential damage to sensitive electronic components during handling.

4. Storage and Metrics MonitoringOnce removed, functional components are stored for future reuse.
The system also tracks critical metrics, including disassenrthly and energy consumption, to
evaluate the process's efficiency and environmental impact.

This modular and intelligent framework provides a robust solution for sustainable electronics recycling and
circular economy initiatives.

The primary function of theustom tool is to enable the robot gripper's stroke to control the closing
mechanism of the thermal gripper, ensuring precision and reliability in component handling.
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1. 3D Scanning for CAD Generatiofhe development process begins with 3D scanning ofttaertal
gripper. This scanning provides accurate geometric data for the creation of a congipdeerdesign
(CAD) model.

2. Mechanical Design of the Structur@ased on the CAD model, a mechanical design is created. This
step focuses on ensuring that the custdool fits within the robot gripper while maintaining the
required functionality and structural integrity.

3. Realization via Additive ManufacturingThe structure is fabricated using additive manufacturing
techniques, specifically with P¥2 (polyamide) magrial. This material is chosen for its strength,
durability, and suitability for precise mechanical applications.

4. Testing and ValidationThe final step involves rigorous testing and validation to ensure the tool
meets the functional and operational reqaiments. This stage verifies the integration between the
robot and the thermal gripper, ensuring smooth and reliable operation.

This structured development approach highlights the integration of advanced manufacturing technologies
and desigmmethodologies to enhance robotic functionalities for industrial applications.

6.4 Conclusions and future work

This study presents significant advancements in the automation of electronic component remanufacturing,
driven by collaborative efforts between POILLIAM industrial partners likBOSCHIONTINENTABEKOQand

TNO. By integrating precision robotics, machine vision, and feedbaan methodologies, this research
addresses the challenges associated with traditional manual disassembly processes el¢ygedesolutions
showcase the feasibility of achieving higher precision and efficiency while aligning with the principles of
Industry 4.0 and sustainability. The use case pilots underline the complexity of remanufacturing tasks across
diverse electronic stems. Key findings from these pilots highlight the importance of customized toels, Al
based recognition systems, and advanced methodologies to overcome challenges such as thermal
management, component identification, and intricate PCB layouts. While sermenufacturing efforts, such

as theCONTINENTAR¢ ANB aSya2NJ LIN22SOix 6SNBE RSSYSR Ay¥FSt a
successes in other domains, including automated identification and disassembly of integrated circuits,
demonstrate promisg pathways for scaling these technologies. Moreover, the proposed framework for
automated remanufacturing reflects the potential for modular and scalable solutions capable of adapting to
various industrial contexts. This study establishes a robust fdiordéor future advancements in electronic
waste reduction and sustainable manufacturing practices.

The next steps in this research will focus on the testing and validation of the proposed automated
remanufacturing system and the further development of adeed inspection technologies farinted
electronics.

1. Testing of the Proposed Automated System:

1 The modular framework for automated disassembly will undergo rigorous testing to evaluate its
performance under realvorld conditions.

1 Key metrics, such as dssembly accuracy, processing time, energy efficiency, and the integrity
of recovered components, will be monitored and optimized.

1 Feedback from these tests will inform iterative improvements in the system's design, particularly
the performance of the custn CGobot endeffector and its integration with visiehased
guidance.

2. Advancement of IME Inspection Technologies:
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1 Research efforts will concentrate on refining smart camera systems for enhanced detection of
defects and missing componentsdisassembled IME
1 The current capabilities, focused on LED detection, will be expanded to include more subtle
faults, such as stace scratches and thermal deformation, ensuring comprehensive quality
control during disassembly.
1 Scalability and adaptability of the inspection technology will be evaluated, including integration
with automated pickand-place systems and other industrapplications.
By concentrating on these next steps, the research aims to validate the feasibility of the automated
remanufacturing process while ensuring its adaptability to complex and diverse electronic systems. These
efforts will pave the way for indstrialscale adoption of sustainable practices in electronic component
remanufacturing.
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7 Implementation of Digital Tooéd Advisory

7.1 Digital tools

Digital tools allow for uses that pure technical analyses cannot coverc@hegnnect different data sources

and generate knowledge based on the available information that is relevant to the user. This is one of the
advantages of the digital tools that are provided and developed in the-GIRE projectThe digital tools
cometogether in the form of the CIROITS Digital Toolbox which encompasses a series of motidaty
interoperablecomponentghat are designed to be easily integrated within existing Etetams supporting
various kinds ofctivitiesand coveringall aspects othe product lifecycle Table 3shows how each pilot is
exploiting theDigital Toolbox Further details for each module are providddoughout the rest of this
chapter.

Table3: CIR@ITS Digital Toolbox componentapping for each pilot.

COMPONENT Involved tech
partner
Advisory SUPSI/OFFIS

Advanced HMIJTXT

LCS&CA SUPSI/MARAS

Marketplace [TXT

Digital twin (DT|OFFIS

Data Layer TXT

One of the tools mentioned is thBigital Twin, developed by OFFIS, that houses multiple applications. It
summarizes the findings from the LCA analysiformedby SUPSI based on the pilot data; it provides critical
raw materials data that lets the pilots assess the material criticality of thelycts and components for

future risk assessment; and it provides a repairability simulation based on the norm EN 45554. Since it is
based on the data from the pilots, the design and implementation of the digital twin follows the needs of the
pilots. TheCIRGJITS project has multiple different pilots, hence not all functionalities are relevant for all
pilots. The digital twin as part of th®olbox focuses on the design phase of the product lifecycle that is
mostly relevant for the producer.

Inaddition to the digital twin, OFFIS devedofidvisory tools, such as Al for matrix completion of LCA data
(seeTable3d). It is based on LCA data from PCBs usetbifiegsional data centres that is similar to the data

of the pilots in CIROITS. It shows that using Al on a specialized use case to help filling gaps in the LCA data.
Furthermore, OFFIS is developing an Al for the BOSCH use case that supports theilitypaditadns for
products. Since products in the automotive industry are subject to strict safety requirements, first products
%{m& ﬁ n : biﬁpairablg or dq‘not meet criteria are sorted out. The Al helps detect multiple criteria that
Ga 8 L N
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render repair inpossible. Due to the reflective surface of some parts of the electronic control unit, extensive
pre-processing is necessary before using a computer vision algorithm.

Continuing the toolbox rundown, TXT is developimg Advanced HMIs modute support pila 4 (ERION)
that allows the interaction betweemecycling operators in EoL recycling facilitesl the CIRCOITS digital
toolbox functionalities inmobility, where & (i NI R AGraplicyl lUtet Interfacess()) are not flexible

enough This modulesupports appliance disassembly and PCEgmizationby implementing complex
visualizations that leverage mobipecific interfaces and augmented/virtual reality procedures.

Another coremodule of the toolbox is the CIRGTS Marketplaceglsodevelopedby TXTo support the
ERION use caskstands as the dedicated secure tool whé&w®lrecycling plants and BoL manufacturers can
come in contact andsell/purchase objects and components to facilitate the reuse and circularity of
semiconductors and stratgc materials. The Marketplace tool leverages innovative technologies such as
agentbased contract negotiation strategies and blockcHa@ised smart contract agreements to support and
improve asset selling/purchasingnsuring transparencgf the transactbns and compliance with gict EU
auditingregulations

Completing the Digital Toolbox offerintge LCS&CA Tool aAdlvisory Servicesill be extensively described
in the upcoming chapteror the BOSCH, CONTI and TNO pildtsle beinga corepart of the digital tools
outlined inthis chapter,suchmoduleshave been further expanded @hapter 73 and Chapter 7.4

As a lashote, speciamention needs to be made tdata sharingvithin the toolbox, which is addressed by

the Data Layerlt aims at addressinglata sharingconcernsconstantly raised byompanies and other
important stakeholders along the value chaimd, as a result, it supports all four pilot use cases and activities
Indeed, sich actorsare often reluctant to share their process/production dat/hile, an one hand, this
protects their security on the other hand, this hinders the improvement of the circularity of the overall
industry: the actors involved need specifiégdrmation about components and materiais carry out their

own sustainability and circularity assessments, thus improving their performances. In this regardJ T3RC

has included in its Circularity toolbox a system for secure data sharing amongubkechiain actors, which
revolves around the Data Space technology. The Data Space is a hovel technology that allows secure data
exchange, ensuring that the data owner retains its ownership over their dataamgkt up a set of policies

to handle accessghts and data managemerkinally, the Data Layer offers a unified, secure, trusted and
traceable data storage solution to ingest outside data (shop floor data sources, local data buses, and
companies' legacy systems) into the circuits toolbox to favoerflibw of information within the rest of the
toolbox.

7.2 Recycling process simulation modellimgassessment and advisory

The recycling process simulation models as defined and develnp&tARASvithin WP3and described in
D3.1in detailas part of thd CS&CA assessment and advisory methodolpgiesdes aigorous and physies
basedDigital Twin for the recycling processing syst@®e also Van Schaik and Reuter, 2024d Reuter

and Van Schaik, 2028 The systemic view and the detailed mass and energy balances that these process
simulation models provide, enable rigorous resource efficiency and sustainability evaluations for production

4Schaik, A. van and Reuter, M.A. (2084nulationBased Design for Recycling of Car Electronic Modules as a Function
of Disassembly Strategies. Sustainability 2024, 16(20), 9048;//doi.org/10.3390/su16209048

5 Reuter, M.A. and Schaik, ¥an (2023)Chapter 5: Material and productentric recycling: design for recycling rules
and digital methods. In Handbook of Recycling, Stditthe-art for Practitioners, Analysts, and Scientists. 2nd Edition
October 17, 2023.Editors: Christina MeskeErnst Worrell, Markus A. Reuter. ISBN: 9780323855143
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and recycling processes and the systems they are a pafhefresiis obtained through simulatiodbased
approach include environmental indicators, exergy, recycling and recovery rates, as well as the qualities and
guantities of the recyclates, losses and emissions of materials during production recycling. The complete
mass and energy balance simulation provides the mineralogical detail of all streams (both mineral and
recyclate as well afff-gasand dust) to define and improve environmental assessni@rthis project applied

for the EoL phase of the designs which wil &issessedwhile at the same timgroviding product and
recycling processing route speciioLLCA input td.CA databasesd tothe LCA as performed in this project

for the other life cycle stagefResource consumption indicators that account for theugtities of materials

and energy needed for a process to achieve its intended goal are obtained direntlyhe modelsas the
guantities calculated in the simulated mass and energy balances. Those that account for the generation of
entropy in terms offor example, the exergy dissipation in a process or system, or the exergy cost of a product
or residue can be obtained directly from process simulation tools such as HSC Sim in which the simulation
models are develope(see D3.1 for a more detailed desdigm).

This tool isapplied within the four different pilotso assessn detailthe recycling and circular performance
at EolLfor the different products and innovation3he following ecycling KPIs will be calculatéb[dm the
recycling process simulation modéseeTable4):

9 Total recycling rate, which can be visualized by the Recycling index of the part, product or parts
comingfree during repair for recycling as a whole (%).

1 Individual material recycling rate of all materials/elements/compounds included in the paduct
or parts coming free during repaie.g.,Fe, Cu, Au, Ag, CRM recycling rate,) éc% which can be
visualized by the Material Recycling Flower.

1 Quality/purity of recovered materials (MQImaterial quality indicator)

Energy recovery iMWh/t of feed or per partproduct.

1 Exergycircularity indicator (ECI) [MJ]

=

Table4 Indicatos/KPlIs calculated and derived from the recycling process simulation models as described here

Indicators/KPIs calculated and derive Description/detail

from simulation models

Recycling Index (RI) (séégure4l) Total recycling rate of a product or part based on all materials/compot
present (mass or %) (based on full mass balances, hence can alsecdb®t
LNEGARS 'y AYRAOIG2NKk @Gl fdzS FT2NI W

Material Recycling Index (MateriaRl) Individual material recycling rate for all materials/elements present il

(seeFigure4l) product/part (mass or %) (based on full mass balances, hence can also b
G2 LINPGARS |y AYRAOFG2NX QI dzS F2

Recovered material quality Indicator Quality/purity of recovered materialg CE level of application of recyclir
products

Energy/exergy Indicators (CE Indicator) Energy usage and recovery in recycling and exergy quantifying th
performance of the ecycling system on a physics (2nd law
thermodynamics) basis

s = 66
) I
Y %

I — Internal
\\\\ =




S

Zn ;8 Al
Ti
e & o °
- s 2 0 8
a &
o ® ® B
"o O
..’\ A . Ba
L J N N
sb @ _ ~
> q A ). Bi
o~ ©
REES@ () oQ
) L) S Recycling . -~ @ Ca
PP Index 00
-
rt @O00 & Flower ) °
O. —~ 000 o
- - —O
..‘(J O\». r\.o Oy~
Pd ) ® o \.i%f? @ zodm
@ O L0 ( ® 10-20%
. IS ¢
... ) @ ... ® 20-30%
Pb ® ) . © 30-40%
.. (@ 40-50%
® \ ) ° 50-60%
Ni O ] Fe 60-70%
® jo [ ] ® 70-80%
O ° ca © 80-90%
Mn L ® L @ 50-100%
© MARAS BV. Me u In

Figure4l: Recycling Index and Material Recycling Flower visualising the total and material recycling rate (Van Schaik and Reuter,
2024).

These KPIs and underlying data provit#g¢ailed and product and recycling route specifiput to existing
Circularity Indicators (such &gaterial Circularity IndicatorMIC)), PCletc) on recycled material/recovered
EoL materials, waste from recycling)eegy required for recycling, etc and provides additional values to
improve MChlndPC]Jto name a fewto provide these indicators with a rigorous basis on these parameters

The exergy circularity indicators as developed by MARAS as descritbetdilrin D3.1 provide novel and
much more rigorous approach for the calculation and optimisatioG®based on exergy and thé®2aw of
thermodynamicsThis approach and exchange of exergy indicators will be part of the interaction with the
pilots.

Repair assessment by application of (results) of digital LCS&CA tools

In sectiord.4.4 a preliminaryist of repair KPl&zas shown, adrafted by MARAS for thepair assessment
Theseindicatorslink up with the rigorous indicators for resources, energy &xergy as provided by the
Digital LCS&CA toasd provide the assessment of the material, energy exergetic results and effects of
repair. This approach will be explored for some of the piltgd is different from the EN repairability
assessment andard which focusses on assessing the possibility of repair. The repair assessment will focus
on the results and impact of repair from a CE point of view

Advisory fromDigital recycling simulation tools

The recycling process simulation Digital Twitl not only be applied for the assessment of the recycling of
products and part, however the KPIs and knowledge generated through the application of this approach is
applied to define advisorgn a rigorous physics, technology and product design uniqdedsstinctive basis.
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that Beginningpf-Life (BoL) and EoL actors in the automotive supply chain are linked on a rigorous physics
basis. The applion of the digitalmodels provides this rigorous basis ithas the depth to assess and
distinguish differences in product designs with respect to recycling performance and environmental impact
as well as to distinguish the more resource efficient defiigm the others. The application of this simulation
based methodology allows that all processing options in the recycling system, ranging from disassembly and
sorting to metallurgical and other final treatment processes, are understood and optimalkd liimk
fundamental detail and can be related to product design considerations. Hence, simutstsmtmodelling
provides a rigorous and technologyiven basis for recycling assessments, disassembly strategies and Design

for Recycling (DfR) by pinpointiagd quantifying critical issues in recycling related to design.

”

The following advisory is defined from the application and evaluation of the Digital Process Simulation
Models:

1 Recommendations on the most optimal recycling flowsheet architecture or r@¢bsesed on the best
available technologies at industrial levekhis will differ perproduct and disassembly level

9 Feedback/advisory to dismantleasd OEM®n additional disassembind modular design

Advisory on balancing repair with recycling

1 Design fo Recycling advisory Advisoryto eco-designers based on metallurgical incompatibilities
(qualitative from the Metal Wheel) and quantitatively based on the findings of the recycling
simulations and detailed quantitative insights into the recoveries andsds of
materials/elements/compounds to perform DfR.

=

Link to LC2environmental assessmentools

The detailed mass and energy balances can be useful data sources for other methods used to quantify
environmental impacts such as Life Cysssessment (LCAhd contribute to the goal and scope definition
phase because the system and its objectives already defined in the simulation model can be transferred to
the LCA. This has been discussed in detail by and has been summarized by theiautigokandbook of
Recycling (2024)

Its main contribution would be in the life cycle inventory stage. In LCA, the life cycle inventory analysis is
often performed using data from commercial environmental databases. While these contain useful inventory
data for many processes, the datasetsra always fully or even not correctly represent the processes being
evaluated.The digital recycling tool will be applied for some of the pilotertbance the inventory analysis
stagein Eolby generating ugo-date mass and energy balances that catrbasferred to the LCA with more

detail on the elements and compounds present in each stream of the pro€essently, the generated
information flow in HSC Sims directly coupled to the LCA software solutions GaBi 8.0 (2022)
(www.sphera.com) and openL@A0 (vww.openlica.orgyand will be transferred to SUPSI and TNO in the
pilots.

Link to CIR@ITS toolbox/platform by development of recycling surrogate neural net functions (Al)

MARAS has a long experiencé@veloping AlI/NN based modédRBartie et al, 2021). Based on the different
designs, redesigns combined with the physics basesitile recycling flowsheet simulations in the recycling
digital twin, surrogate functions that twin the simulation model Wile created.Neural net surrogate

6 Meskers, Worrell, Reutgf024): Handbook of Recycliriglsevierhttps://doi.org/10.1016/C20170-03207X
7 Bartie, N.J., Y.L. CobBscerra, M. Frohling, R. Schlatmann, M.A. Reuter (2021): TésuiRes, Exergetic and
Environmental Footprint of the Silicon Photovoltaic Circular Economy: Assessment and Opportunities, Resource
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functions (Al) will be trained ttyanslate the complex recycling simulation tools into easier to link eaquid
calculating digital Al based toas depicted ifrigure42which would allow for linking these to the ClRO'S
toolbox.

2

INPUT NEURAL NETWORK SURROGATE FUNCTIONS RESULTS & CLASSIFICATION
& CLASSIFICATION BASED ON PROCESS SIMULATION Vi e
Metallurgical Module/Scrap Recycling Model --.,. f
AL Aptapitdudrchtityhui bt Aty e — R —
"_ SURROGATE FUNCTIONS? .. ammr
““ INPUT DATA  PROCESSING igl‘;]:go#‘ y ..'__

Figure42: Creation of Neural Net Surrogate functions based on process simulations (MARAS)

7.2.1 Application of Recycligjmulation Tool for assessment and advisory of phltst #1
Toassess the recyclability of the current ECU design of Bosch ig#b#wmid to provide feedback and advisory
to the current design to improve recycling performance, MARAS apmdied the deeloped recycling
simulation model to this pilot #1.

7.2.1.1 Data processing of BoseECU data

Successful accomplishment of recycling assessment on a rigorous simulation basis requires that detailed
product data of the product/ parts for which the recycling assaent is being performed, is available. This
AYLI ASAE Ay 20KSNJ g2NRax GKIFIG GKS O2YLX SGS aYAYSNI
simulating and optimizing metallurgical processes and flowsheets (see Reuter and Van Schdikyaa13

Schaik and Reuter, 2014°3 Ballester et al, 2017%. Hence the ifst stage m the performance of the

8 Schaik, A. van and Reuter, M.A. (20P3hduct Centric Simulation Based Design for Recycling (DfR), 10 Fundamental
Rules & General Guidelines for Design for Recycling &Resource Efficiency. Report in commission of NVMP, The
Netherlands.

9 Schaik, A. van and M.A. Reuter (2014a), Chapte2&eria-Centric (Aluminium and Copper) and ProdGetntric
(Cars, WEEE, TV, Lamps, Batteries, Catalysts) Recycling and DfR: Rldagbook of Recycling (Eds. E. Worrel, M.A.
Reuter), Elsevier BV, Aterdam, 595p, (ISBN 91812-3964595), pp 307378.

10 Ballester, M., van Schaik, A. & Reuter, M.A. (202T).A NLIJK 2 Yy SQ& w S LdDbks matiylaritw @@réodde I 6 A f
to better recovery of materials?¢ https://www.fairphone.com/en/2017/02/27/recyclable fairphone2/ and
https://lwww.fairphone.com/en/2017/08/08/examimg-the-environmentaifootprint-of-electronicsrecycling/
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assessment ito bring the BOM data as provided by Bosch on the ECU design and corhp05|t|on in line with
the detail and format as required for thbermodynamic process simulator HSC Sim in which the Recycling
Simulation model was developed

The following activities have been performed to process the Bosch data into thermodynamic recognisable
compounds for simulatioand to link the data to the recjing process simulation models:

9 Processing of material descriptions/CAS no into definition of stoichiometric formulas for all materials
in Bosch design

9 Data description and chemical formulas of organics have been added to the data file in terms of

compostion;

Full compositional analysese available as input to recycling simulations

Building up of a database containi@\Sumberand chemical/molecular formulas

Integration of data into simulation modelas is shown iRigure43;

Material/compound definitionsn modelare expanded in model to include full desigfiECU

= =4 =8 =4

Amount Heat
INPUT SPECIES (1) Temper. | Pressure | Amount | kg massfrom = Amount C::::nl Total H Cont TotH MW Dens DBNo ™5 G Ex Phys Ex Chem
Formula - Data from module “C bar kmol dataof Nm* e My MU/ MU/ kmel | kg/kmol kg/l M nM [} [}
module kmol
*2Co0*Ti02 25,000 0,232 53,301983 0,000 0,00 -339,95 0,000 -1465,200 229,731 uSsussususy 2 9,809 -349,764 0,000 42,637
*IMgO*4Si02*H20 15,000 0,000 o 0,000 0,00 0,00 0,000 -5896,920 379,266 2,710 2 0,000 0,000 0,000 0,000
Ag 25,000 3,305 356,4605129 0,024 0,00 0,00 0,000 0,000 107,268 10,500 2 42,048 42,048 0,000 328,148
Al 15,000 115,417 3114,140048 1,153 0,00 0,00 0,000 0,000 26,982 2,700 2 972,991 972,969 0,000 91837,655
All[OH)2 25,000 0,000 o 0,000 0,00 0,00 0,000 -1276,120 78,004 2,420 2 0,000 0,000 0,000 0,000
Al203 25,000 65,613 6689,935943 1,687 0,00 -109946,37 0,000 -1675,692 101,961 3,965 2 996,683 -110943,023 0,000 984,589
Al203*25i02 15,000 28,533 6338,105926 2,438 0,00 -85334,27 0,000 -3341,154 222,130 2,600 2  1160,801 -96495,055 0,000 5006,021
AlD 25,000 0,000 o 0,000 0,00 0,00 0,000 87,027 42,981 MMM 2 0,000 0,000 0,000 0,000
As 15,000 0,007 0,546059512 0,000 0,00 0,00 0,000 0,000 74,922 5,750 2 0,078 -0,078 0,000 3,580
As[CH3)2 25,000 0,000 o 0,000 0,00 0,00 0,000 17,000 120,025 sS#HHHHEEEYE 2 0,000 0,000 0,000 0,000
Au 25,000 0,007 1,323178249 0,000 0,00 0,00 0,000 0,000 196,967 19,300 2 0,085 -0,085 0,000 0,340
B 25,000 2,485 26,86544558 0,011 0,00 0,00 0,000 0,000 10,811 2,340 2 4,371 4,371 0,000 1560,835
B{OH)3 25,000 0,000 o 0,000 0,00 0,00 0,000 -1094,800 61,833 1,517 2 0,000 0,000 0,000 0,000
B203 15,000 40,510 2820,290481 1,106 0,00 -51583,51 0,000 -1273,610 69,620 2,550 2 651,847 -52245,346 0,000 2740,266
Ba 25,000 0,743 101,986138 0,028 0,00 0,00 0,000 0,000 137,327 3,620 2 13,839 -13,839 0,000 575,852
BaD 15,000 0,000 o 0,000 0,00 0,00 0,000 -553,752 153,326 5,720 2 0,000 0,000 0,000 0,000
BasSO4 25,000 7,587 1770,7BBl66 0,394 0,00 -11111,93 0,000 -1464,550 233,350 4,450 2 298,822 -11410,750 0,000 296,902
BaTiO3 25,000 0,000 o 0,000 0,00 0,00 0,000 -1600,754 233,192 S 2 0,000 0,000 0,000 0,000
Be 15,000 0,000 o 0,000 0,00 0,00 0,000 0,000 8,012 1,850 2 0,000 0,000 0,000 0,000
Bi 25,000 0,512 106,9470396 0,011 0,00 0,00 0,000 0,000 208,980 9,800 2 8,657 8,657 0,000 140,631
Biz03 15,000 0,000 o 0,000 0,00 0,00 0,000 -567,310 465,959 8,900 2 0,000 0,000 0,000 0,000
C 25,000 28,435 341,5189637 0,151 0,00 0,00 0,000 0,000 12,011 2,260 2 48,662 48,680 0,000 11665,847
CaCOo3 25,000 0,000 o 0,000 0,00 0,00 0,000 -1206,600 100,087 2,930 2 0,000 0,000 0,000 0,000
CaMg(CO3)2 25,000 0,000 o 0,000 0,00 0,00 0,000 -2325,760 184,401 2,872 2 0,000 0,000 0,000 0,000
CaHPO4*2H20 25,000 0,000 o 0,000 0,00 0,00 0,000 -2421,168 172,088 2,306 2 0,000 0,000 0,000 0,000
Ca0 15,000 185,152 10382,82059 3,109 0,00 -117556,45 0,000 -634,520 56,077 3,340 2  2103,232 -119659,594 0,000 23655,446
Cas03 25,000 0,000 o 0,000 0,00 0,00 0,000 -1159,386 120,141 HHHMMMNNNY 2 0,000 0,000 0,000 0,000
CaZrO3 15,000 0,000 o 0,000 0,00 0,00 0,000 -1785,230 179,300 4,780 2 0,000 0,000 0,000 0,000
cd 25,000 0,015 1,651812446 0,000 0,00 0,00 0,000 0,000 112,414 8,650 2 0,227 -0,227 0,000 4,385
Clg) 25,000 0,000 o 0,000 0,00 0,00 0,000 121,302 35,453 0,002 2 0,000 0,000 0,000 0,000
Cl2(g) 15,000 0,000 o 0,000 0,00 0,00 0,000 0,000 70,906 0,003 2 0,000 0,000 0,000 0,000
Co 25,000 0,036 2,140318041 0,000 0,00 0,00 0,000 0,000 58,933 8,860 2 0,325 0,325 0,000 11,382
Co(NO3)2*6H20 15,000 0,000 o 0,000 0,00 0,00 0,000 -2208,566 291,035 1,870 2 0,000 0,000 0,000 0,000
Co304 25,000 0,000 o 0,000 0,00 0,00 0,000 -518,800 240,797 6,110 2 0,000 0,000 0,000 0,000
CoO 25,000 0,000 o 0,000 0,00 0,00 0,000 -237.8944 74,933 6,450 2 0,000 0,000 0,000 0,000

Figure43: Integration of compositional data into HSC &eycling simulation model

7.2.1.2 Qualitativerecycling assessment

The masdased data of thdBosch ECU anghrts/modules created during different disassemhdyelsas
defined by Bosch have been used as a preliminary bagisrform a qualitative recycling assessment (to
provide fast feedback to Bosch on recyclirig)e composition of the total ECU and all parts created during
the different levels of disassembly asBown(Figure44). The full compositional data as showntinnexD 1!

has been classified into major material groups corresponding to the variousoasdn the Metal Wheel,
hence corresponding to different (metallurgical and final treatment) processing infrastruciurssprovides

a qualitative insight into the (in)compatibility of the different parts and their composition with Best Available

vt;%\l Qmp?oslonal data BOSCH ECU.
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Technque (BAT) processing infrastructures as visualized by the Metal Wheel and present in irslutiey.
same time, this allows for the expebpased selection of most suitable processing option(s) to be assessed
within the Recycling Simulation Model by MAR#$e® belowsection on recycling assessment for detg@ke
Annex D.

Anorganics/others TOTAL PART [%]

16%

Organics
26%

Other metals (incl meta

oxides)

Figure44: Mass based assessment of the Bosch . ECU

7.2.1.3 Exergy calculationsn ECU design for qualitative recycling advisoryigmat for Bosch repair
assessment

The aim of a circularity approach and circularity indicatste identify and minimize residues and losses,

i.e., to minimize the creation of entropy, across wholeueathains of the CE in addition to closing material

loops through EoL recyclingxergy was discussed as a key aspect that defines the efficiency of the CE

(Abadias Llamas et al., ZD'F). Therefore, exergyalues have been included in the recycling aincutarity

assessment as performed for the pilot 1#.

HSC Chemistry Sim 10 calculation modules automatically utilize extensive thermochemical databases, which
contains enthalpy (H), entropy (S) and heat capacity (C) data for all materials and compoludisdinc
allowing not only recycling rate calculations, but at the same time environmental analysis including exergy
assessment (not part of this deliverable). This quantifies therefore also each stream not only in kg/h units but
also in MJ/h or kW. Thisiiather important to analyse the true losses also in terms of thermodynamics of alll
materials, i.e., in terms of exergetic dissipation or losses in line with the second law of thermodyidmaics.
simulationbased approach underlying the recycling system assessimemte provides physicsbased

exergy (kW) and energy (kW) calculations and values, which can be applied to assess the CE of recycling.

The exergy values as calculated directly frora thcycling simulation models for the input ECU are also
applicable within the Repair Assessment as defined by Bosch within Pilot 1# to assess and evaluate Repair on

1212 A Abadias Llamas, A. Valero Delgado, A. Valero Capilla, C. Torres Cuadra, M. Hultgren, M. Peltomaki, A. Roine, M.
Stelter, M.A. ReuterSimulationbased exergy, thermeconomic and environmental footprint analysis of primary
copper production, Minerals Engineering, Volume 131, 2019, Pages65,51ISSN 0898875,
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an extended basis compared to the EN stand8ydusing energy values combined with exggyin kW or
related unit), these indicators are combinéat Repair assessment (see sectiba.1)

Figure45 shows the exergy values as calculated from the MAR&RIing simulation models for the Bosch

ECU desigand modules/parts created during different levels of disassembly as defined by fBosaé full
chemical composition of the Bosch design as derived from the performed data processing as discussed above
This data has been linked to the Bosch date file and format and provided to Bosch for including these values
in their Repair Assessment.

“::i:!!E! i- SOLENDIDS HOUSING EODY COVER FRAME CIRCUIT PCB COMP1 COMPZ COMP3
INPUT SPECIES EXERGY EXERGY EXERGY EXERGY EXERGY EXERGY EXERGY EXERGY EXERGY EXERGY EXERGY
Formula M M) 1 L My | L) 1 M M M 1 MJ M M)
*2Co0*TIOZ 4263692775 o B1,06679574 90,975794 o 29,50751788 1942465769 2056651935 o o (4]
*3IMg0*45i02 *H20 il o o o o o o 0 o o o
Ag 328,146098 4,854902817 619,5375891 695,2652262 o 178,408606 1563,61B647 1606,B66529 0,21040254  4257,370492 0,024207414
Al 91837,65545 o 174613,5298 195956,9806 o 2335887054 5247852672 555615,0191 0 1687958205 o
A[OH|Z 0 0 o o o o o 0 o o o
M203 984, 58B5TET o 1872,026091 2100,848347 o 0 5630,41351E 5361,392434 o a o
A203*2502 5006,020741 o 9518,08E716 10681,50863 o 0 28627,15135 3030997426 o a o
D o o a o o o o o o a o
As 3,590271903 7,55B8423613 0013664619 0,01533488 o 0 D,041098436 0,043514436 o a o
As[CH33 o o a o o o o o o a o
A 0,339919712 o 0,646298055 0,725297701 o o 1,94384537 18236183 1556128353 1178527341 10,53273754
B 1560,834924 o 2057,659554 3330,404042 a o 8325,70384 2450,35037 o a 1,043630725
E;DH 3 0 o o o o o o 0 o o o
B203 2740,266049 o 5210,145285 5846,994442 o 0 15670,33311 1659150006 o o o
Ba 575,8521732 o 1094,884012 1228,714437 o 0 3293036229 34B86,614508 o [} o
BaD 0 o o o o o o 0 o o o
Bas04 296,9020425 o 564,5082444 633,5095064 o 0 1697847517 1797,429983 o o 5,408361583
BaTiD3 0 o [} o o o o 0 o [} o
CH2CIO[CMAgZ) 97 6IE4EEI2 o 1E5,7530017 208,4581531 o 0 5586816937 5816716583 o a 2136682757
C10H1004 {DMT} 4972215 846 9556579866 B592452,96 FETB509,375 16059543 58 12218707,88 5067459837 53653,4607 o a o
C10H1B04{TESI) o a a o a o o o o a [+]
C10HBO2{2301 o a a o a o o o o a [+]
C10HEO4 5B97,964869 0 11213,96729 125B4,67871 o 0 3372777408 o o o B62103,6034
C11H30035i4 0 o o o o o o 0 o o o
C12HI10(EPH] 0 o o 0 o o L] 0 o o o
C12H11N{4AB) 1102,872194 o 2096,922073 2353,23413 o 0 6306823628 o 490220,431 [} 91018,23143
C12H120{1ENg) 30,7980E351 o 58,55726659 B65,714B6851 0 104,8293166 0 o o o
C12H2ZNZ 02 6,04083E8032 o 1148573016 12,88965983 o o 34,5451437 o o a BE2,9360072

Figure45: Exergy values as calculated from the MARAS recycling simulation motlet 8osch ECU design and modules/parts
created during different levels of disassembly as defined by Bosch

Exergy values as calculated from the MARAS recycling simulation model for the Bosch ECHEndesign
modules/parts created during different levels osdssembly as defined by Bos®ot only provides the
massbased assessment a basis for Design for Recycling and Recycling Advisory, the same applies for the
assessment based on exergy values of the input deBigare46 showsthe exergybased assessment of the
Bosch EC($ub-parts according to the disassembly tree as defined by Baaselbe found in ANNEX.Byom
these piecharts, itbecomes clear that the organies contained in the ECU design are predominant in the
exergy content othe parts/modules. Thigs caused by the fact that armostW ¥ I NJ
state (the basis for the exergy value as explained in detad.gpyAbadias Llamas e&fl., 20B) and in the

Handbook of Recycling (2023). This dictates that recycling from a CE perspective, should be focussed on

keeping these materials in the chain.
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TOTAL PART EXERGY [MJ]

Anorganics/others Cu

metals {incl metal
oxldes)

1%

REEs
0%

Organics
68%

Figured6: Exergy based assessment of the Bosch(&@®xparts according to the disassembly tree as defined by Buzsthe found
in ANNEX D).

By including both exergy and material recovery KPIs in the evaluation of the recycling assessisieione

in the Recyling Assessment Modela,full picture of KPls is available and will be used as the basis to define
Design forecyclingand Disassembly ari®lecyclingdvisoryin this project This will be discussed in the next
deliverable reporting of the results of Reting Assessment and Advisory in the follow up of the project.

7.2.2 Recycling assessment of the Bosch ECU design
The recycling of thBosch ECU design and differdigassembyllevelshave been assessed by the application
of the recycling flowsheet simulation modeds developed by MARAS.

7.2.2.1 Set up of recycling system flowsheet simulation model for recycling assessment

The recycling processing flowsheet, including all (industrial) availategsing routes for the recycling of

the car parts, provides the basis for the calculation of the recycling rates. This processing flowgsheet
simulation modelshas been developed and updated and expanded wi@iRE&JITSproject, investigating

and ircluding best suitable technologies for the processing of the selected car parts for disassewhbly
adoptingand processing all materials/compounds/elements as present irdésigns as considered within

the CIRAQJITS project (see also D3.1 for an extemsigscription of the Recycling Simulation Mod€ld)is

has been done based on existing background within MARAS (Reuter et al, 2018; Van Schaik and Reuter; 2016;
Reuter et al; 2015; Van Schaik and Reuter, 2014).

To allow for the assessment of recyclirgglculation of recycling KPIs as listed above as well aghéor
optimization of the industrial feasibility of the metallurgical recycling processing options, all modules and
hence all materials and compounds present in (HsassembledECUarts are inclded in the recycling
assessment. Including all materials, elements and compounds in recycling assessment is crucial, as material
combinations are affecting the mutual recovery rates in processing

The Metal Wheeln Figure47 depicts the basic metallurgical infrastructure in the centre band, that makes

X the_recovery of elements in each segment possible due to the refining and alloying infrastructure and
bt\lﬁ‘i\ o
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compatible chemisy and material physics (Reuter and Van Schaik, 2013). To assess the recyclability of the
ECU and disassemblgahrts, these parts and disassembled syiarts are directed into the recycling
flowsheet simulation model following the segments in the Metal Whevhich is covered in the simulation
models by the complete flowsheets and range of reactors composing the different (metallurgical) processing
infrastructures. On this basis, the effect of the different recycling processing routes on the recyclahility ¢

be determined and the most optimal/suitable recycling processing flowsheet fodésgn ancpart under
consideration can be determinedorender the simulations viable and realistic, the selection of the most
suitable range of metal and plastic processing routes (from the entire range of infrastructures available to
process the different car parts (or modules)) is based on the expert kdgeithin MARAS. Most suitable
routes imply the recycling processing infrastructure in which the compounds of the module are most
optimally recycled with a minimum of losses and emissions. This will differ per module, due to its specific
material composion as defined in the design. For some modules, different options in processing might be
O2yaARSNBRZI RSLISYRAY3 2y gKAOK 2F (GKS YIFOGSNAEFta A

INPUT HSC BASED ON PROCESSED DATA EXPERT BASED SELECTION OF MOST SUITABLE RECYCLING ROUTE(S) FOR ASSESSMENT

:‘ " Metallurgical Module/Scrap Recycling Model =

Each module 1s iecied 10 the acpropate Metai Vihoe! segement (& sFeam with e same COOU 10 the JErOpAate (FOCESSE SyStem

Feraun (1) rch modates & 2crp METAL WHEEL Lt 5. & Prantic ch modws & ey

b
>
I

v
o'

telips

0,020
PCB [%]

‘I
H

Figure47: The basic metallgical infrastructureand simulation models; Reuter and Van Schaik, 2013.

The flowsheets included in the Recycling Simulation Model and filling in the detail behind the Metal Wheel
cover the complete metallurgical (and other final treatment) recycling gseing infrastructures present in
industry for the processing and recovery of all materials and compounds of ECU #égige48 shows

some examplesf the different infrastructure flowsheets as included in the model.
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Copper processing route (different tabs)

Smelting + Reduction: Cu & Pb carrier metallurgy

' Lead Bullion Refining: Recovery of technology elements

Coppes Drossing Maerm Process - Stage 1 Marris Process - Stage 2 Saspbur Droramng Busion Conditierng - P1

st s ey L T ——
T onem et oo i TV k

A L=

e o | R |

Precious Metals Recovery

34 S ey M eConsacnn P THRC - Ronsting

e PMTERC. Lowd Comwiog  PHTRAC Surwwnsl P TRRC . Turmmuovsl M Duvw Cunting

e e oL,

Steel processing route
Energy recovery route
Steel Recycling in EAF = ‘: =

Figure48: Example of different Recycling Processing Routes (and range of tabs/flowsheets) included in the recycling simulation model.

7.2.2.2 Results from Recycligjmulation Assessment

The recycling simulation model has been applied to assess the design and effect of individual parts and
disassembly on the recyclability of the ECble best suitable recycling route(s) for recycling of the ECU and
parts is assesseamk described above. For the ECU and parts, currently the Cu processing route (see tabs in
Figure48) has been assessed based on¢benposition of the ECU and parts.

The HSC Sim simulation model as apgigaently has:

1 Around 200reactors/unit operations
1 840 streams
1 over 30 alloys, compounds, organics, etc being processed
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The 300 alloys, organic and inorganic compounds, elements, etwover both the
compounds/elements/materialffom the ECU as input the recycling processes well as theompounds,

alloys, etdoeingthe phases created during the processing of B@&U andgrts, either as intermediate and/or

end products. It is a globally uniqgue model to assess recyclability and at the same time analyse design changes
and improvements in complete detail.

Figure49 presents the results for the total recycling radefined for the 3 levels of QBee Van Schaik and
Reuter, 2024¥or the ECU and a selection of composing parts (all results are availalidejmportant to
understand in the catext of this project that the recycling of a product within the circular economy implies
creating the same material quality after recycling so that it can be applied in the same product. This definition
is consideredn the definition of the recycling re#ts. Therefor the hree levels of CE have been defined in
order to present the results of recycling

1. Closed loop CE, recycling into high quality products with material properties equal to original
product/material.

2. Open loop CE to be processed into closed loopc@&cycling into intermediate products, such as low
grade alloys, calcine, etc which require further pbgssorting and/or chemical upgrading to achieve the
required high quality material properties/alloy quality to render closed loop CE. At the same time, open
loop CE products suitable for repurposing could also be produced as product from sorting/upgrading
the intermediate products to render closed loop CE. The possibilities of processing of open loop
intermediate into closed loop CE products is subject to economic, thermodynamic and environmental
constraints.

3. Open loop CE recycling into (intermediateproducts such as slag and flue dust for repurposing e.g. as
building/construction material etc. requires significant energy and thus exergy dissipation and thence
costs to convert to level 1 closed loop CE materials

The three different levels of closeahd open loop CE in recycling, correspond to the three outer circles in the
Metal Wheel (with closed loop CE in the most inner circle (after the dark blue base metal circle) to the Open
loop CE as reflected by the most outer cirtieeveals the diffeence in total recyclability per CE level for the
total ECU and different parts.

Total Solenoids ‘ Housing Cover PCB

CE level 1 4 N ' N ' % - SN - AN
To valuable curets = cureute = | P = A e = e
= £ = i B = = =

metals

CE level 2

CE level 3
To Benign
slag

CE level 3
To Flue
dust/energy

.......
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The Materid Recycling FlowelF{gure50) combined with the RI dfigure49 depicts the combination of
individual elemental recycling rates of a selection of materials / elements / compounds that are recycled into
high quality products. Developed by Van Schaik and Reuter (Van Schaik and Reuter, 2016), this visualises the
individud material recycling rates and illustrate the differences in recycling behaviour and performance of
different elements / materials also relative to the total recycling rat¢hereas the overall recycling rates
provide information on the recyclability of ¢hentire part or product, the individual recycling rates/KPlIs are

the basis for true CE assessment. Recycling of complex products is affrédween bulk and minor

St SYSyid NBOeOfAy3adr sKSNB 2F0Sy GKS 2 yGONAYFAIICSNRQ {F 2
recovery of the other. This is not always reflected by the overall recycling rates due to the lower weight of
precious (scarce, critical) elements present). Therefore, the Material Flowers as developed by MARAS serve
very well as a toohithis discussion and help to make the choice for a certain recycling route, not only driven

by weightbased considerations, but addressing the recycling of materials and elements, which are of interest

to recycle or defined as critical and therefore reguiocus in selecting the most optimal recycling options.
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Figureb0: A selection of results (all results are available from the model) from the recycling simhkgemhassessment of the Bosch
ECU and the respective disassgmeévels presented for both Total Recycling Index and Individual Material Recycling Rates.

In the current deliverable, only the recycling KPIs related to recycling rates are presented. Although already
included in the assessment, the results and findiagsthe other KPIs such as energy and exergy will be
reported on in the follow up deliverablén the follow up of this work, the recycling assessment and results

will alsobe further evaluated and DfR and Recycling and Disassembly advisory will be ptovtesdh on

this basis, also combining the Recycling rate KPIs with energy and exergy considerations for recycling, in
which exergy of recyclates will be part urthermore, his work will be expanded to assess the upcoming
improved/new designs of the@®J and compare the different designs from an EoL perspective.

7.3 LCS&CA Tool

The LCS&CA Tool in the GURTS project comprises two main components: GRETA, -axjgiéng tool
developed by SUPSI in previous initiatives and enhanced in functionality within this project, and the Recycling
Simulation developed by Maras. Together, taesmponents provide a comprehensive solution for assessing
the sustainability and circularity of products and processes in manufacturing.

GRETA is a wdiased application developed with a microservices architecture, tailored to assess the
sustainability and circularity of products and processes in the manufacturing sector. It offers diagnostic and
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advisory functionalities, enabling users tptimize production practices through dathaiven insights.
Designed with manufacturing companies in mind, especially those focused on sustainablestaapaly
product design, GRETA allows users to simulate and compare various production scenarios eveatavhe
availability is limited. This capability supports the generation of comprehensive sustainability profiles,
balancing environmental, economic, social, and circular factors to guide users towafiieeddy and cost
effective production decisions.
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Withinthe CIRE L ¢ { LINP2SOGX Dw9¢! Qad FdzyOlA2ylfAGASE 6SNB
and use cases of the project's pilots. The enhancements included:

 Integration with CIRC L ¢ { LI I GF2N)¥a |yR (22ftaYy Dwoad Qa |
integration layer to enable seamless interaction with external components. These components
functioned as62 G K Rl G a2dz2NOSa FyR NBOALWASyidha 27
communication and data flow across systems.
1 Advanced model editing and tamanagementA model editor was added for formalizing process
and product models from a sustainability perspective, allowing users to directly import these models
into GRETA.
1 Integration with external data sources such as dataspaces, blockchain soluimhslatabases,
enabling GRETA to collect inventory data or disseminate sustainability indicators.
1 Connections to redime sources like sensors, IoT devices, and middleware, which provided dynamic
data for specific assessments.
f Linking to external toolssuch as ERP systems or CAD applicationghO2 dz2f R f S@SNJ 3S
assessments to enhance their capabilities.
Dw9¢! Qa |aasSaavySyid NBadzZ da 6SNB AyidaSaINI ISR Ayid2 |
Manager submodule within the Data Leer developed by TXT. This layer ensured the accessibility and
interoperability of key data across platforms, enabling itirak updates and synchronization. The result was
a robust connectivity framework that supported digital twin precision and utiitypowering users to make
informed, sustainable decisiong. KS O2YoAylF A2y 2F Dw9¢! Qa I ROl yOS
integration into broader ecosystems has positioned it as a critical tool for driving sustainability and circularity
in the manufaturing sector.

7.4 Albased distributed Advisosgrvices

The Albased Advisory Distributed Services in the project operate as an interconnected network of embedded
functionalities distributed across multipfgatformQ éomponents. These services are not stalone tools

but are integrated into key project elements such as GRETA, the MARAS Simulation, and the Digital Twin,
collectively providing decisiemakers with guidance during the EBsign Energy analysi®isassembly
process, Endof-Life stages of a rpduct lifecycle and LCA expertgonducting LCA The advisory
functionalities are here described:

1 Design Tool: An interface within the Digital Twin, the Design Tool enables designers to specify
product requirements and receive instant feedback on keygreriince indicators (KPIs). Leveraging
historical assessment results, thisdkiven feature provides rapid insights without the need for a full
assessment, offering valuable support during the early design phase.

91 Decision Tool: The Decision Tool is anofleature of Digital Twin, designed to assist in finalizing
design choices. Unlike the Design Tool, it provides a comprehensive view of all KPIs, including
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repairability metrics, after completing the full assessment process. This tool suppormmmhed
decisionmaking by offering a detailed comparison of options based on fully assessed data.

1 CRM Dashboard: This interactive dashboard supports designers in selecting raw materials by
presenting a criticalitgnalysis. It uses visual aids such as pie charts, maps, and radar charts to display
detailed information on material availability, import dependency, economic risks, and supply risks.
This decisiorsupport tool ensures that designers can identify critreal materials and evaluate their
impact on sustainability and supply chain resilience.

1 LCI Matrix Completion: This advanced functionality supports Life Cycle Assessment (LCA) experts by
addressing incomplete life cycle inventory (LCI) datasets. Usifigiatintelligence techniques like
Monte Carlo simulation, the tool analyzes similar scenarios to generate consistent and plausible data,
filling gaps in the LCI. This ensures more accurate and reliable LCA results, even when critical data is
missing.

1 Remirability Assessment Tool: Based on the EN 45554 standard, this tool evaluates the repairability
of energyrelated products. By inputting specific parameters organized into weighted categories,
RSAAIYSNE OFy OFf OdzZ | 1S ¢sarkiHgRetl® indviduaNBrudbnertsl o A f
which are then aggregated to provide an overall repairability assessment, supporting design
improvements for repair and reuse.

1 Recycling KPIs and Recycling Routes: These functionalities rely on results from ybndrec
Simulation to advise on optimal recycling strategies. Detailed process simulation models link input
and output flows within the recycling system, enabling designers to identify recycling hotspots and
improve designs for recycling performance.

1 Metal Wheel: A qualitative advisory feature that aids in design for recycling (DfR). By analyzing
processspecific recycling models, the Metal Wheel identifies critical areas for design improvements.
Combined with quantified recycling KPIs, it provides actitmaisights for achieving high recycling
efficiency tailored to specific design parameters.

1 GRETA Comparison: This feature allows designers to compare the sustainability impacts of
alternative designs for the same product. Using radar charts, it visuakzttime LCA results
calculated for each design option. This comparative analysis supportglde¢és decisiormaking,
guiding designers toward the most sustainable and efficient solutions.

1 GRETA Hotspot Identificatiofhis advisory identifies the moshpactful phases and parameters
within a product or process lifecycle. It uses a tailored computational algorithm and REST API
integration to analyseuserdefined criteria like LCA indicators and impact thresholds, visually
marking critical phases and @aneters with a "fire icon" in the GRETA UI.

1 GRETA Beg&ustomizationThis advisory optimizes product or process parameter configurations
based on usedefined preferences such as sustainability and profit weights. Users specify variable
ranges, constrairs, and options via the GRETA Ul, and the advisory evaluates combinations to
recommend the best customization.

1 GRETA Chatbdthe GRETA-Ahased chatbot is designed to support designers and manufacturers in
interpreting sustainability results and optimizimglustrial processes and products. Integrated into
the GRETA platform, the chatbot provides riale interactive assistance, helping users understand
sustainability assessments, such as LCA, LCC, SLCA, and CE. It offers targeted recommendations for
improving processes and product configurations to reduce environmental impact and answers
specific questions related to customization, including energy mix or production materials. Leveraging
advanced Al algorithms and data from GRETA, the chatbot efficianttf¢ggusers in enhancing
sustainability performance, making it an essential tool for-design and circular economy practices
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These advisory services leverage advanced simulation, analytics, and visualization techniques to provide
data-driven insights at various stages of product design and lifecycle management. By integrating these
advisory functionalities into tools like GRETA, MARAS Simulation, and Digital Twin, the platform empowers

users to make informed, sustainabilityiented decisiongl K 4 £ A3y ¢ A (K (4eSignLINR 2 S
and circularity.
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8 Annexes

ANNEX A Alphadesign eview report of TNOpilot 3 demonstrator
ANNEXB ¢ Pilot 4 PCBs categorigsCRMpdf file)

ANNEXC¢ PCBcategoriesidentification strategy and tipgexcel file)
ANNEX [2, Full compositional dat(BOSCH

8.1 Annex A

Stellantis Circ-uits Pilot 3

FIM Drawing Evaluation and Electronic Circuit Review

August 2024

"~ MacDermid Alpha

ELECTRONICS SOLUTIONS
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Stellantis CIRCUITS Project - FIM Evaluation
» Stellantis Circuits Pilot 3 — Overview & Summary
» FIM Rules and Part Overview
» Specifications Requirements
» Comments on Drawing
» FIM Rule 1 to Rule 12 Feedback

Stellantis CIRCUITS Project — Electronic Circuit Design Evaluation
» Stellantis Circuits Demonstrator V2 Overview

» Circuits Demonstrator V2 — Graphic Layers
» Circuits Demonstrator V2 — Printed Silver Inks & Requirements

» Circuits Demonstrator V2 — Formability Inputs
» Summary
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1. Stellantis Circ-uits Pilot 3

Drawing Evaluation & FIM Rules
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