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EXECUTIVE SUMMARY

Theassessmentf the recychbility of the various car parts as selected for disassertbhl3.1

and T32,as well as otheir composing materials, elements and compounds is of importance to
evaluate the performancef these parts and the effect of disassembling these parterms

of Circular Economyn this Deliverable the calculation ofrecycling rateof the car parts for
true circularity, i.e. into materials with a quality that can be applied in the same product
(closed loop CE) and the assessment of the recycling system has been perfoyntied
application of recyclinffowsheet simulation modelling

The following 7 car parts have been assessed in terms of recyclability

Infotainmentunit ¢ Leon I(level 1 disassembly)
Infotainmentunit ¢ Leon lllevel 1 disassembly)
Combilnstrumentg Leon li(level 1 and level 2isassembly)
Combiinstrumentg Leon lllevel 1 disassembly)
Combiinstrumentc Ibiza I\level 1 disassembly)
Additional brake light Leon li(level 1 disassembly)
Additional brake light, Leon Il (level 1 disassembly)
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In T3.2 disassembly of the diféatt car parts was explored and analysed. In order to assess the
effect of additional disassembly on recycling performance also the level 2 disassembly was
included in the recycling assessment. The assessment of level 2 disassembly of the Combi
instrument d the Leon Il has been included in T3.3. This analyses also reveals the link between
T3.2 and T3.3. This assessment will be expanded for more car parts as listed in Table 1 in the
course of the project.

The assessment and underlying calculations as peddrby the application of rigorous and
physicsbased process simulation model include the complex interlinkages of functional
materials in thecar partsas well as all chemical transformation processes in the reactors in the
system model in versatile flowsheet simulation modulBsese are provided in the repoithis
approach permits the rigorous evaluation of the recyclability of a product within toailar
economynot simple cherry picking of elements, disregarding all other materials

The figurebelowis a visual summary of the simulatibased approach used to determine the
recycling rate of thalifferent car parts It shows that eaclear partis processed in a segment

of the Metal Wheel for optimal recovery of materials and energy, where each segment in the
Metal Wheel is representing a full metallurgical recycling infrastructure for the processing of
the different (base and associated) metalBetaled flowsheets for each of the processing
routes are underlying this approacBue to the complex mixture of materials in the car parts,

it is not possible to define most suitable processing option upfront, therefore, for each car
part, based on its coposing material composition, the two or three best options are selected
based from the full metallurgical recycling infrastructures as available and depicted in the Feed
sheetbasedon the expert knowledge within MARABY doing this, the most optimal rexing

route can be selected based on the achieved recycling results.

The flowsheet model used for this simulatiofbased approach is based on industrial
economically viable processing. It contaaimost 190unit operations for the ca310materials
and caonpounds in the car parts and produced by the flowsheet as well as8\streams for
all phases includingnetals,molten flows, aqueous, dust, slimes, slagsicineetc.



The recycling assessmencorporating the full compositional detaibf the car pats,
recovered through metallurgical processing and energy recovery flowslaetscalculated
recycling rates for the total car parts as well as all individual materials/elements provide the
physicsbased quantification to optimise Design for Recycling andke decisions and
recommendations for more in depth disassembly

re

Metallurgical Module/Scrap Recycling Model

Please read
Each module is directed to the appropriate Metal Wheel segement i.e. stream with the same colour to the appropriate processing system

Ferrous (F) rich modules & scrap METAL WHEEL Lightmetal (LM) & Plastic rich modules & scrap
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Non-Ferrous (NF) rich modules & scrap to Cu, Pb, Zn, Ag, PM, PGM, In, REE etc. Residue Pond (Outside ring) Covered Scrap from physical processing

Model contains:

189 unit operations

840 streams

>310 alloys, compounds, plastics etc

To processing

The main conclusions from this study are:
Recycling simulation models for recyclability assessment

1 The recycling simulation models provide a rigorous and physics based back bone for true
industry based recycling assessment and forthcoming recycling system set up and DfR
(Design for Recyclingdesign for modularity and disassembly recommendations.

1 Thiscan only be done, whethe complex interlinkages of functional materials in tber
partsas well as all chemical transformation processes in the reactors in the system model
in versatile flowsheet simulation modulese included as is the case in this aebd and
industry based method

Recycling KPIs and Circular Economy

1 The starting point of recycling (and simulations) is to create material and metal products,
alloys, compounds etc. of a functional quality so that these can be used in the same
product the® have originated from. This would be true circularity. Three different levels of
circularity havehencebeen defined to assess theageling results (i.g1) closed loop CE
recycling,(2) gpen loop CE to be processed into closed loopaGd (3) open looCE
recycling.

1 Recycling KPIs are defined from tieeycling simulation modelling approach

o total RecyclingRate (%0)of the product/partas depicted by the Recycling Index as
developed by MARAGee Figure below for the 3 levels of CE obtained for the
Infotainment Unit of the Leon Il level 1 disassembly)

0 RecyclingRates (%) for all individual materials/elements as present in the car
parts. These are depicted by the Material Recycling Flowers (also developed by



MARAS)see example of the Material RecyclinigviFer below for the recycling
results of the Infotainment Unit of the Leon Il level 1 disassembly)
o0 Energy recoveryMwh/t feed or per part)
1 These KPIs can flow into Hoesign toolsthe Recydhg and Ecedesign module of the
TREASURE platforetc.
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Ti

[ ]
eo0® g
000
{ ]
]=>

Ta ..
[ ] (] B
L J
Sn o,
.. ® Ba
- J0 @
sb @ . ‘7 N ] e
LY )
REEs @ .
O @ C
) 20 Cu route
rn 900 o0
o® i G0 c
® o,
o®
pd -2 °.
o* %o

Pb ) Cu ® 0-10%
® @ 1020%
) ® 2030%
[ ) s [ ) D 30-40%
Ni Fe 20-50%
(] ® 50-60%
[ ] 60-70%
Ga 70-80%
Mn o [ ] ® © so0-90%
Mg In ® s0-100%

© MARAS

Data processing and automation

1 Successful accomplishment of recycling as well as environmental and exergetic assessment
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materials, compounds (implying metals, metal oxides, organics, inorganics, etc) is available
and applied for the analyses. Without this depth of data, recycling and linked EoL exergetic
assessment is not realistic nor will lead to relaresults.

1 The MISS fileas provided by SEA®quire, in spite of their relatively structured set up,
extensive data analyses, processing and completiodetiine data into a consistent and
detailed format,i.e. in a form that athermochemically based simulator can recognise to
provide the relevant thermochemical informaticand perform calculationsThis implies
that all materials/compounds/elements (including all organics) are described in full
chemical composition and correspding masses in the part.

I Thedata processing reveals that thear parts as included in the recycling assessment
contain more than 320 different compounds (metals, alloys, oxides/sulphides, inorganics
and organics), of which around 220 organics

1 Classification of the organics have been appliediew of the future stepf moving the
recycling simulation platform into the Recycling Module of the TREASURE platfdrm
allow a more smooth transfer of data.

i The process of data classification can orig performed, the moment the full
compositional detail of all organic compounds is known from the extensive data analyses
and processing

1 The processing, completion and structurisation of the data is extremely time consuming, as
for this moment, this caonly be done manuallyAutomation/digitalisation of input data is
essential so that it can link the product design easily to a digital twin of a metallurgical and
energy recovery processing infrastructdoe the development of the Recycling Module in
the TREASURE platforRecommendations are provided in this Deliverable for this.

1 Classification of input compositias part of this procesi view of preparatiorof data sets
from the detailed simulation model to create surrogate functions that twin theusition



model. These neural net Al (Artificial Intelligence) based tools can then be trained and
easily integrated into design tools.

Results of the recycling assessment
For the assessment of the total car parts, the following can be concluded

1 The compsition of thelnfotainment Unit ischaracterised by a low valuable metal content
(low in Cu and related valuable metals) relatively high Fe content (however with the
presence of many contamination metasjd high content of organic®oth the Combi
insrument as well as additional Brake Light for all car models show a very low Fe content,
a very low valuable metal content and a very high organics content.

1 Three different recycling routes have been tested in the recycling assessment of the
InfotainmentUnit, i.e. the Cu processing route, the steel processing route and the Energy
recovery route (see figure abovéjor the other two car part types, only the Cu processing
route and the energy route woujddue to the very low Fe content of these parke
suitable and have been tested for recycling assessment

1 In general, it can be concluded that depending on the selected recycling processing route,
the valuable metals which are compatible with the Cu segment of the Metal Wheel can be
recovered. No closed Igorecycling can be achieved for Fe and organics. The overall
recycling rate for all 7 car parts as assessed in this Deliverable is low, due to the
composition of these parts.

o Due to the very low valuable metal content, the recovery of the car parts iigio hi
quality closed loop CE products is very |@m. processing route can recover these
materials into closed loop CE applications.

0 No closed loop recycling can be achieved for thelle to the presence of many
contaminating metals for steekcyclingsuch as Pb, Cr, Co, Au, Cu, Mn, Mo, Ni,
Ag, V, Sn, Sb, As, Bi, Ga, In, Pd, Ru, Ta, Nb, W, Ge, Pt, C,,Bbe $echvery of
the Fe results in a highly contaminated iron alloy, hence no closed loop CE
recycling. © render this alloy to a cked loop CE product, this alloy has to be
diluted by pig iron or Direct Reduced Iron (DRI), but this may not achieve the tight
specifications of steel alloys and carries with it the carbon footprint of the primary
pig iron production with a negative envionmental as aconsequence, while
nevertheless the many harmful elements will also then have a negative impact as
mentioned due to steel alloy specifications.

o In the energy recovery routethe energy content of the organics is recovered
(however never withan efficiency far below 100%No closed loop recycling is
achieved in this process. The calcine and metal phase as also produtied i
processare open loop CE fractions, whicteeds further upgrading to render this
to a closed loop recycling.

The assesment to determine the effect of additionallevel 2) disassemblghows the
following:

1 Recyclability of the car part increases, ab-parts are created, with a more comparable
composition, matching with the different segments in the Metal Wtadlgiwinga separate
processing of the different suparts/modules in the most suitable recycling route (rather
than having to select a stiiptimal (most acceptable) processing route for the entire part)



Increase in total recovergan be achievedalthough this depads much on the mass
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content, etc.)

Increase in the recovery of the individual elements/materi@iproduct into closed loop
CE high quality products

Mitigation of creation of open loop CE products (such as slags/flue dust)

Recovery of (in)compatible materiadeparated over different supartsis now possible in
different processing routes

Ability of recovering both (valuable) metals and energy contetit minimisation oflosses
of valuable metals e.g. topen loop Chroducts (o be processed into closed loop)&&ch
as mix metal alloys and/or calcine

Selection of most optimal recycling processing routes

f

Based on the outcomes of the recycling assessment and the calculated recycling KPIs, the

most suitable recycling rou(e) can be definedComparing individual material recycling
rates is crucial in this discussion.

As a consequence of the complex and heterogenous mix of materials in the caitpengs,

IS no one best option to process these different parts, as each of the processing options,
will lead to recovery of certain elements, and losses of other, as depiptatitatively by

the Metal Wheel

When the focus is to recover as much (valuable and critical) metals from the car part, the
most preferred route from a closed loop CE point of view, would be to process this part in
the Cu routeln spite of low recoveryate, in the Cu processing routhigh quality closed

loop CE products can be realisedhile at the same time (part of the) energy contained in
the organics fraction iszcovered The incompatible materials will either report to the slag

or flue dust, whib can be applied as open loop CE produtthas to be considered, that
due to the low Cu content, recycling of this car part requires a significant input of heat and
primary resources to obtain the correct operation point. This can be considered as a
negative point for this processing route.

Due to the very high organics content, the energy processing route would be the best
option to recover the energy as contained in these organitshis process, also a metal
phase and calcine are producdibweverthese are both open loop CE fractions, which
require further physical sorting into different metal fractions (the metal phase) and
chemical upgradinge.g. by being processed in the Cu processing route (sorted metals and
calcine) to achieve the requireddhi quality material properties/alloy quality to render
closed loop CE.

For the processing of the stgarts created through additional disassembly, a combination
of the different recycling routes can be applied, resulting in a more optimised recycling of
the part under consideratian

Recommendations for additional disassembly and EtEsign/Design for Recycling

Additional disassembly

I Additional disssembly of the car parts into sydarts or components isscommendedto

optimise the recyclabilitgue to thecomplex combination of materials, low valuable metal
content and high concentration of organics/plastics in these parts

Qx
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1 The composition of the suparts created by additional disassembly should be aligned (as
far as possible) based on the (in)compatibility materials as reflected by the Metal
Wheel, implying that for compatible materials there is no need to further separate and for
incompatible materials (which either get lost or are harmful to the material product being
recovered) should be separated agditional disassembly (within limits of possibility)

1 The effect of additional disassemlflgvel 2)is clearly visible on the recycling results and
leads to increased recycling performance. Results of this assessment can be applied to
guide and assess leh2 and level 3 disassembly for other car parts

1 (Further) ecommendatios for additional disassemblyare to separate the organics
containing sukparts from the Cuand related metalsbased(subparts to increasethe
concentration of valuable elements the Cu based payrtwhile the metal content of the
organicbased fraction for energy recovery can be decreasectbvery of plastics and
organics are recovered in their original quality can be increased.

Ecadesign/Design for Recycling

1 DfRshould be focussedwithin the limits of productfunctionaity, on designing sub
parts/modulesin which their composition isiarmonizd with the compatibility of the
metals in thedifferent sections in the Metal Wheel. The individual recycling rates
cdculated in the recycling assessmeaqntantitatively support and guil which options in
both additional disassembly and/or DfR will have the highest impact in improvement of
recyclability. Additionally, rarity based %as defined inD3.1 could be used as driver to
select materials/elements and disassembly and DfR optiBhgsicsbased DfR as part of
Ecadesign will be further expanded and detailed in Task 3.4

The modelling, data processing and full recyclability analyses and interpretation of thesresult
have been performed by MARAS. The MISS data has been provided by SEAT. UNIZAR selected,
in consultation with SEAT the car parts for disassembly and was committed to test the data
LINEOSaaAy3a olFlaSR 2y al! w! {Q AyailNddvofduwues G2 ON2
activities on Ecdesign inT3.4 and WP4and the automation of the data processing for the
TREASURE platforithis worlkprovidesinput and linls to various other deliverables within the
TREASURE projeetated to recycling and Design fBecycling such as thelevelopment of

the TREASURpatform, Recycling Module, Al modelling and recycling assessment and
Recycling Module development and application in the-cases as well as within WP5 and
WP6.The work as described int D3.3 provideg ttigorous basis for all activitiesd advice

related to recyclingassessment and quantificatiomecycling optimisation and Design for
Recycling within this project.
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1. Introduction

1.1Goals and purpose of the Recyclability Analyses

Task 3.3will set up a innovativerecycling system model to assess the recycling/recovery of
the car parts selected in T3.1 for disassembly based on the rarity indicators, and of which
disassembly was analysed 8.2 The recyclability assessmehas beenperformed by the
application of recycling flowsheet simulation modelling. The recycling performance of different
disassembled car parts, as selected in Task 3.2 have been assessedrirgetbe recycling
rates within the context of circular economy into a quality that can be applied in the same
product. Thiscan be achieved by application of Best Available Techniques (BAT) in
metallurgical recycling processing as well as to determirst fexycling flowsheet architecture

to process the different cars parts.

The different disassembly levels and approaches defined inaf8t&ncetested on optimised
results from recycling and circularity (e.g. including primaries required for dilutigmaduce

alloys from recyclates) from amé of Life (EoL)perspective. This information will allow to
establish general as well as specifipiantification and recommendations regarding
recyclability of the car part®Rkesults of the recyclability analyses will hence provide technology
based, quantified feedback to support and guide disassembly decisions, but will at the same
time provide input to defineghe most optimal depth of disassembly, when combining recycling
parameters with e.g. cost of disassembly (of which the latter is no part of this TasMBs).
optimal recycling flowsheet architectusgbased on industrial Best Available Techniques (BAT)
will be advisedased on the assessment as derived from the réaydimulation models.

The assessment and underlying calculatiassperformedby the application of rigorous and
physicsbased process simulation modéhclude the complex interlinkages of functional
materials in thecar partsas well as all chemical tmaformation processes in the reactors in the
system model in versatile flowsheet simulation modules. This approach permits the rigorous
evaluation of the recyclability of a product within the circular econpmgt simple cherry
picking of elements, disregding all other materials

In the assessment by the application of the developed recycling system model, all mass flows,
recoveries and losses for all metals/materials and elements/compounds (both on physical as
well as chemical level) will be revealdthe research is following a Product Centric approach
towards recycling as defined by Reuter and Van Sqlrekiter and Van Schaik, 2013his
implies that the focus goes beyond only representifigical Raw Materials CRM3, as the
combination of all mateals/compounds/elements present interact duringhemical and
physicalrecycling and determine the recyclability and are crucial to quantify Circular Economy
in the EoL stage of a product. Only selecting CRMs or any other metal/material under
consideration while ignoring all other materials/elements/compounds, will lead to erroneous
results.

The process simulation model has been developed in the industrial software platform HSC
Chemistry Sim® 1@vw.mogroup.com), providing a professional and industrial platform for
process simulation tools and recycling as well as environmental impact calculgtiease

note that environmental impactalculationsare not part of T3.3but are implicitly included in

the models.

The recyclability analysé&ncecompriseof the followingthe activities:


http://www.mogroup.com/

1 Development and application oécycling simulation models for recyclability analysis

o Recycling/recovery assessment based disassembly linked to most suitable
industrially availale BATcarrier metallurgical recycling infrastructures

o Assessment based on full mass (& energy/exergy) balance for all
materials/metals/elements/compounds of selected garts

o Definition of Ink between design data anchemical/metallurgicatecycling: dta
interaction withn TREASURE projectcrucial importance (digitalization)

1 Assessment of results ofadular (disassembly driven) recycliagd assessment of and
recommendations for most optimal disassembly depth

o Assessment of modular (metallurgical)cyeling for the different disassembly
levels i.e. improved disassembly strategies to optimise recycling/recodearnng
chemical recycling that produces the required higrality materials that can
return to the same part of larger produgte. cas

1 Definition of most optimal recycling system architecture

o Definition of the most optimal recycling system architecture (flowsheet
configuration) for the processing of the differemlisassembled car partfor
optimal recycling/recovery

71 Calculation oRecycling/ecovery ratego quantify the recyclability of the various car parts
o YtLQa 2y NBOBOtAY3IkNBO2OSNE T2N) gK2t S
elements/materials
o Presentation of recycling assessment results in terms of the Recycling Index, which
present the total recycling rate of the car part (or product) as well as in terms of
the Recycling Material FlowefReuter & van Schaik, 2018which shows the
individual recycling rates for all elements includedhe car parts

1.2 Background of the work

A selection of references from high impact journals as well as industry applisatifothe
recycling simulation models for recycling assessment, recycling rate calculations and Design for
Recycling and Eeatesign recommendationare the basis for this work. The simulation model

has evolved over the years as developed and explained in these publicédiemsvarious
references by Van SchéReuter/Balleste}.

The recycling simulation models provide a rigorous and physics basedbbaekfor true
industry based recycling assessment and forthcoming recycling system set up and DfR, design
for modularity and disassembly recommendations.

The starting poinof the recycling (and simulationbps always been to creatmaterial and
metal praducts, alloys, compounds etc. of a functional quality so that these can be used in the
same product these have originated from. This would be true circularity.

The guiding light has alwaylseen to maintain material quality, thus minimize exergy
dissipationthrough low energy quality or dilution. The unit for this is kW, the same as energy
flow. This therefore harmonises the circular and recycling performance in oneignikW
(Reuter et al. 209). This goes beyond simpl&yot printing methodologies, thalack rigour.

LJi



2. Data analysis and processing of car part data, completion and
consistency check of data, mass balancing and transformation
to data format suitable for simulation

Successful accomplishment of recycling assessment on a rigorous simulation basis requires

that detailed product data of the produldar partsfor which the recycling assessment is being

performed, is availablei.e. in this case for the different car padsd their structural builelip.

¢CKAA AYLIXASA Ay 20KSNJ g2NRax (GKFG GKS O2YLX SGS
as is usual when simulating and optimizing metallurgical processes and flowgbeetReuter

and Van Schaik, 2013; Van SchaikRedter, 2014 a & b; Ballester et al, 2017).

Figurel gives an overview (obtained from Task 3.2) of the different car parts (to be) selected

for disassembly. This figure reveals the focus on metals, which is applied in the rarity
assessment (%iven in figure). As indicated, successful accomplishment of recycling as well as
SYG@ANRYYSy il f YR SESNHSGAO laasSaavySyid RSYI yR:
chemical composition of all metals, materials, compounds (implying metals, metalspxide
organics,norganics etc)is available and appliefdr the analyses. Without this depth of data,

recycling and linked EoL exergetic assessment is not realistic nor will lead to reliable results.

The data as presented in Figure 1 is hence processéusimask 3.3 to a much more detailed
compositional builelp based on the data processing as described in this Chapter.

Figurel Overview of car parts selected for disassembbufes and figure obtaineftom Task
3.2) and generalapproach to data specification, which reveals the focus on just the
CRMs/metals contained in the different car pam view of determination of rarity¥erganics,
inorganics and oxides are not shown)

Car part Main critical metals from Rarity Main critical metals from Rarity point Main critical metals from Rarity
point of view and share over the car of view and share over the car part point of view and share over the
part Rarity (%) Rarity (%) car part Rarity (%)

Infotainment
Combi instrument

Exterior mirrors

Additional brake
lighting

Speed sensor

Rain sensor

'lb A Air quality sensor

\)

The selected car parts belong to SEAT models llridaLaon and correspond to the most
critical ones according to the assessment carried out in Deliverable 3.1. SEAT lbiza and SEAT

Ta (57%); Pd (26%); Au (7%)

Au (53%); Ta (36%); Pt (6%)

Zn (60%); Cu (34%); Ni (2%)

Au (53%); Ta (37%); Pt (6%)

Au (91%); Cu (4%); Pd (4%)

Au (53%); Ta (37%); Pt (6%)

Non available in this model

Ta (64%); Au (18%); Pd (5%)

Ta (76%); Au (8%); Pd (6%)

Cu (44%); Ta (21%); Zn (15%)

Ta (73%); Au (3%); Pd (6%)

Au (91%); Cu (4%); Pd (4%)

Ta (73%); Cu (7%); Au (7%)

Ta (76%); Au (7%); Pd (6%)

Ta (64%); Au (18%); Pd (5%)

Au (45%); Ta (31%); Pt (16%)

Cu (77%); Mg (5%); Zn (5%)

Cu (79%); Cr (18%); Mn (1%)

Au (91%); Cu (4%); Pd (4%)

Non available in this model

Non available in this model



Leon models have been chosen, given that they are the most representative models in terms
of sales of SEAT brand. From 2002649, more than 2 million cars of these models have
been sold worldwide. In addition, both models Ibiza and Leon are hatchback compact cars,
based on Volkswagen (VW) Group platforms (AO and A respectively). Therefore, most of the
contained car parts are shed among many vehicles from the Volkswagen Group. That is, lbiza
shares VW Group platform with VW Polo, Audi A1 and Skdda Fabia, whereas Leon with VW
Golf, Audi A3 and Skbéda Octavia. Overall, such vehicles represent different generations of cars
coveringas many different car parts and configurations as possible. Further, the high trimmed
version has been selected, due to the higher proportion of electronic car parts. In addition,
considering that more than 2 million cars have been sold in the last ykdrscomes clear

that enough volume of such cars will be arriving at Authorised Treatment Centres (information
from ILSSA).

2.1 Data analyses and processing

Data on the composition of the caarts identified for disassemblyas been madavailable in
the format of MISS data files as provided BYATThe MISS data files have been set up to
comply to ELV directive requirements. Hend&h@ughthe data in the MISS files is provided in
a relatvely well structured and detailed formathe MISS filesequire extensive data analyses
processing structuring and completionto prepare and structure this in aonsistent and
detailed format, from which the input to the recycling simulation models tendefinedi.e.
must be available in a form that a thermochemically based simulator can recognise to provide
the relevant thermochemical informatiorisee Figures and Tables belovihhe material
information is mainly only detailed for the metaland structire and consistency requires
improvement. This means the full compositional information of all materials mustriaele
availablefrom the MISS data filesas well as their distributionver the subparts to provide
the input to the recycling process simtitm models to calculate the recycling performance
into high quality products

These data as provided by SEAT have been analysed and processed by MARAS to define the
input data for the recycling assessment gar part. Thisinvolvesthe following activites:

1 Data havebeen analysed on completeness, consistency, unclarities and possible errors in
dataas detailed in this lidtelow

1 Identified data inconsistencies or errors have been identified and corrected when present
(e.g. mass balance inconsistenciegssimg material/compound data, etg.also see below)

1 Data (gaps) have been completed where required and if possiolessing
material/compound data, chemical formulas, CAS numbers, etc)

1 Mass and compositional data have been verifiedmpleted andcalculated The data is
defined in terms of complete composition of the product/part and gasts, thus all
compounds, functional materials, alloys, plastics etc. and their spatial position on the car
parts and sukparts. This means aluminium in Al, aroglof aluminium, AD; as an
oxidized/anodized layer on the aluminium, or a filler etc.

1 All data have been transferred from material descriptions, names and/or CAS numbers to
stoichiometric chemical formulaghat are recognisable by a thermochemically dds
flowsheeting simulatar This has been done based on a very extensive consultation of
material and compositional databases.

1 Data description of organic compounds, which are in general only provided in a descriptive
manner in the MISS data, have been adde the data file in terms o€EASwumbers and



stoichiometric formulas/composition. This is important as this determines the enthalpy
and entropy of the compounds.

1 The product data is movefiom a mainly metal anglementbasedapproach to a full
compositonal analyses

1 In order to support the data processing and improvement, a database is being built up
containing material compositions and chemical/molecular formulas to ease upcoming
data-analyses on other parts.

1 Masses for all materials andompounds related to their distribution in the part are
calculated.

1 A full mass and compositional analyses in terms of chemical formulas have been defined
and derived for each of the different car parts and gats as listed in the MISS. Excluded
are corfidential material and compound data.

1 A consistent and detailedata structurehas been defined representing all compounds in
their chemical/stoichiometric formuland corresponding masses and distribution over the
car part agequired for recycling assesient

2.2 Car parts included in the Recyclability Assessment

Figure1l and Table 1 give an overview of the car parts (to be) selected for disassembly
(obtained from Task 3.2). In consultation with SEAT and UNIZAR, a selection has been made
from below Table, which car parts are withiiask3.3. included for the recycling assessment.

It was decided that a selection of car parts would be made for the Leon Il and Leon Il models,
also to be able to compare the difference in recycling behaviour of these subsequent version
of this model. As also data processing was performed on data of th#onstrument from

the Ibiza IV (this data file was the first MISS file as provided by SEAT to MARAS), this part is also
included in the recycling assessment wit$3. The following car parts have been assessed in
terms of recyclability:

Infotainmentunit ¢ Leon I
Infotainmentunit ¢ Leon Il
Combilnstrumentc¢ Leon I
Combiinstrumentc Leon Il
Combiinstrumentc Ibiza IV
Additionalbrake lightg Leon I
Additionalbrake lightg Leon Il

= =4 —a & —a -8 -2

The above list reveals that not all car parts as inaluigeT3.2 are included yet in the recycling
assessmentAs the data processing and completion from the MISS data files was extremely
time-consuming (different than was foreseen/expectdde to the structure and scope of the
MISS data files a representatie set of parts was selected to perform the recyclability
assessment. Thiselection includes the most complex car parts from the list (i.e. the
infotainment unit and combinstrument). The parts which are included are selected to be
representative to demostrate the methodology applied, assessment of different recycling
routes and results achieved from the recycling assessment and how these could be applied to
define disassembly recommendations and Design for Recycling ifipetother car parts as
listed in Tablel1 will be assessed in terms of the different use cases within IREASURE
project, the set up and testing of the Platform and for Hesign purposes.

The data processing and analyses have been performed for the above 7 car parts



Tablel Car parts selected for disassembly in Task 3.2

Car part name Leon IlI
InfotainmentCombi Instrument - Air

Infotainment unit conditioning unit X X
InfotainmentCombi Instrument - Air

Combilnstrument conditioning unit X X

Exterior mirror Mirror / lighting X X

Additional brake light Mirror / lighting X X

Speed sensor Sensors X X

Rain sensor Sensors X X

Air quality sensor Sensors X X

* for the Combiinstrument of the Leon I, the recycling assessment is also performedidassemblyevel 2(see
D3.2)

In T3.2 disassembly of titifferent car parts was explored and analysed. In order to assess the
effect of additional disassembly on recycling performance, also the level 2 disassembly was
included in the recycling assessmemhis was done for one of the car parts, i.e. the Cembi
instrument of the Leon IlThisanalysegprovides a demonstration of how T3.2 and T3.3 can be
linked and allows the assessment of the effect additional disassembly on recycling
performance of the car parfThis assessment will be expanded for more car pasttisted in

Table 1 in the course of the projeclso disassembly level 3 will be included in these
assessments in the use cases in this project. Combining the results of the recycling analyses for
level 2 (or even level 3) with costs for additionaladisembly (provided from disassembly
analyses) will allow to determine the traadf between disassembly costs for improved
disassembly and increased recycling performance as a consequence. This will allow to define
the most optimal balance between disasdaigndepth, recycling performance and costs.

2.3 Results of data analyses and processing

Figure2 gives an impression of the data in the MISS file and the data format as included
through the data processing as described above (ongnapshotis given, as for some car
parts, the data filecontains over 2300 rows

2.3.1 Classification of organic compounds

The car parts as included in the recycling assessment contain more than 320 different
compounds (metals, alloys, oxides/sulphides, inorganics and organics), of which around 220
compoundsare organics.

All compoundsare defined and included in the process simulation platforfim make the
processing of the data more efficient and avoid oeuetailing when this is not of use, also in
view of the future step of including and transferring trecycling simulation platform into the
Recycling Module of the TREASURE platform, we have classified the organics into different
categories, to reduce the number of different organic compounds to be included into the
model and platform.

Organics can be clsifed into different groups/classes, based on their main compositional
components (e.g. presence of Br, Cl, Si, F, etc) and their ratio of C, H and O. Organics can either
be present as plastics or as organic compounds within the different structuree chttpart.

It must be noted that depending on the application of the plastics, these are often functionally
linked to other materials (e.g. containing fillers, coatings, etc.) from which they can be
separated only with difficulty, whereas the additivestbé plastics often limit their material



recycling as this will lower the quality of the final recycled material produced from the
recyclate. The noiplastic organics in the car parts are part of compounds and combinations in
complex parts of the car partand therefore norrecyclable in terms of material recycling as
from these generally no highuality materials can be produced after recycling. Therefore, the
use of organic materials in the smelting process(es) both as reductant as well as energy carrier
in the process, replacing the addition of (part) of the primary resources is usual industrial
practice to the process to achieve the required thermodynamic and operation conditions for
processing. It often also makes no sense to recycle such complex esixito plastics again as
often the same material quality cannot be achieved (this can make sense for a-plastic
purely plastic module in which the plastic can easily be fully liberated/separated from other
materials).

As organics present as plasticould potentially be recovered, when selective dismantling is
possible from the car part structure/design, the compound compositional definition of the
plastic organicgre maintained in the classification. The remainder of the organics have been
classifed based on their €O ratio and other elements as present within the organics
structure (Br, Cl, F, Si, etc). By application of this approach, the 220 different organic
compounds have been classified into 65 classes covering the composition of th@corga
compounds present, including the various additives and fillers. In total 181 different
compounds/elements/materials are included in the model.

It is crucial to be aware that the process of data classification can only be performed, the
moment the fullcompositional detail of all organic compounds is known from the extensive
data analyses and processing as has been performed on the MISS data files. Without insight
into the full range of organics present including the applied additives/fillers/etc, ifizgBon

is not possible and would lead to baseless and erroneous decisions, which would render the
recycling assessment and related exergy/environmental assessment unreliable.



Figure 2 Snapshot/screen caption of data format in 38 file (left side) and data derived
through data processing in red box (right side)
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2.3.2 Full compositional buildp of the car partg results of the data processing

The data processing results in a full compositional aislfigs the different camparts. To be

able to compare the composition of the different car parts, as well as to structure the input to
HSC Sim recycling simulation models and to smoothen the integration of this data into HSC
Sim, for each car part, an identical list of materidisfieents/compounds islefined. This list of
compounds has been defindzhsed on the full composition of all different car parts, as well as
including all compounds and phases that are created in the recycling processing of these car
parts in the different processing routes as included in the model (see Chapter 3 for @dletail
overview of the complete recycling infrastructure as captured in the moddlaple2 shows

for the Infotainment Unit of the Leon Il how the input composition ded from the MISS data

file after the performed data processing and completion looks like. It shows that all materials
are defined based on their full chemical composition and corresponding mass in the car part.
The list shows the mass normalised to 10@%the input to the model. This mass distribution

has been defined from all individual masses of each of the compounds in each part/sub part
and component of the car parfThis data is now available for all assessed car parts. The
composition as defined imable2 is providedfor a section of the complete composition/table

in view of confidentiality of the car part compositional da@ar parts compositional data has
been derived based on the data processing for all car parts angbatb assessed. This full
compositional data is however not provided in this report due to data confidenti&titgrder

to be able to get an overview of the compositional siniiles anddifferences for the different

car parts as well as to reveal the link to the compositional requirements and suitability of the
various (metallurgical) recycling processing infrastructures as assessed, the composition of all
car parts is given in this repan classified form in various pharts. However, it is important



to be aware, that in order to assess the conipdity with the processing routes and assess the
recyclability, the full compositional detaigf which a section idllustrated in Table2, is
required and included in this work.

This data processing provides the input data in a format suitable to recycling and recovery rate
calculations using a process simulation platform.

For the case in which disassembly level 2 has been included msHessment, the different
parts have beengrouped/indicated in the MISS file. Compositional data is then grouyitd
their correspondingcompositionfor each ofthe different disassembledub-parts, resulting in
a similar table as presented byable 2 Jisting the compounds and massfs each individual
sub-part (e.g. PCPBarts, plastic containing parts, ferrous parts, etc).

Table2 Input definition of car part derived through data processing from MISS datq filtk
compositional input to HSC Sim recycling simulation model (after classification of organics)
the Infotainment Unit of the Leon [only a section of the complete composition/table is
shown in this table in view of confidentiality of the car part composal data)

Infotainment-Combi Instrument Air conditioning unit
fteont [ 0000

Leon Il

Compounds (chemical formulas) | Mass % in car part | Compounds (chemical formulas)] Mass % in car part
Si

*2C00*TiO2 0.038089945
*3Mg0*4Si02*H20 Si(CH3)20(g) 0.081145506
Ag 0.050879254 Si(OC2H5)4()) 8.91422ED5
Al 3.324194317 SiN(g)

Al(OH)3 0.000221513 Sio 0.017611932
AI203 0.010980374 Sio2 6.120841659
Al203*2Si02 0.000735423 Sn 0.330726024
AIO Sno2

As 6.25873ED5 SIFe12019 0.369481684
As(CH3)3 0.000389997 Sro 0.002444903
Au 0.003174198 Ta 0.034698979
B 0.011693839 Tb

B(OH)3 Te

B203 0.000159093 Ti 0.000190354
Ba 0.026569005 TiO2 0.05595244
BaO 0.004543896 Ti(OC3H7)4(TTIPg) 0.003168093
BaSO4 0.006158511 v 0.000866525
BaTiO3 w

Be 7.60241ED6 zn 0.273005216
Bi 0.001581435 Zn(OH)2 7.19722E06
Bi203 7.22426E06 Zn5(0H)6(C0O3)2

c 0.079298357 ZnC204*H20*CH30H

CaCo3 Zno 0.000238977
CaMg(C03)2 Zns04

CaHPO4*2H20 5.2456E05 2102

X X X X

X X X X

X X X X

Pb 0.147341834 C6H1206(ADG) 3.332776712
PbO 0.000165707 C6H180Si2(HMDI) 0.08860842
PbO*TiO2 0.000809446 C6H402(QUIg) 0.307403945
PbO*Zr02 0.000668399 C6H5F(FBZg)

PbSIO3 C6H6S(BTHG) 0.158417758
PC6H18N3(g) C6HBS(BTHI)

Pd 0.002698819 C7HAF3NO2(3NIBg) 0.014802409
Pt 1.92979ED5 C2H6012Zn5C36H7004Zn 4.74074ED5
Ru 9.73492ED5 C7H602(BAC)

RuO2 1.07967ED5 C8H1802S(DBSg) 0.00169436
s 0.01450747 C8H180Si2

Sb 0.002978447 C8H2404Si4 0.000222076
Sb203 0.008691691 C8H8(COTI) 0.00615385
Sb205 3.36309ED5 C9H16(2NOg) 0.422591563

Se SUM 100.000



Figure3 Screen capitre of recycling model input definition in HSC Sim showing the car part
compositional inputof Table2 integrated in HSC Sim (left column). The figure also reveals all
other parameters (next to mass % dafiput) such as flow rates (kg/h) and energy
thermodynamic parameters (in kW) (the input to the model has been simulated ftmm2l in
order to render the process industrially realistic)
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2.4 Automation of data procesimg for TREASURE platform

The processing, completion and structurisation of the data is extremely time consuming, as for
this moment, this can only be done manually. In view of the development of the TREASURE
platform and the integration of the Recyclingolllle into this, automation of the data
processing needs to be part of this process. Automation is required in the platémititating

a smooth data conversion between OEM d@#SS filesand recycling rate predictions. Based

on the performed data pragssing in this Task 3.3, the data structuaad points of attention

for automation of the data processing can be defined. This provides input to future
developments and activities to be performed in this project on gatacessing anchtegration

within the TREASURE platform and the required format of the data lakes provided and applied
within the platform. Task 3.3also allows to give feedback to the OEMs in terms of
improvement of data definition, detail and sap of the MISS data files to facilitate the
automation of data processingSome points which should be accoedt for in view of
automation of the data aréisted below:

1 Data should be provided in xlsx or comparable format (n pdf as is the case now)

1 All material datéescriptions (now defined under name in the MISS data files) should be
defined in a clear manner, which leaves no room for uncertainty ébbreviations should
be written in full) and for all material names the correspond@®gSnumbersshould be
included in the MISS filas this wouldallow foran easy lookup of stoichiometric/chemical
formula

1 A database containing all CAS numbers of iadpmaterials/substances in the car parts
and theircorresponding full chemical/stoichiometric formulas should be set up

1 All masses/weight percentageshould be given in point separated format (for decimal
definition)



1 Masses of individual materials/partbd@uld add up to full mass of component/100% (this
is not always the case in current data files), the same applies for all masses within the
subparts/components

1 The structure of the datdile (masses and weight percentages) should be defined in such
mannerthat an easy calculation of mass per material/compound/substance is possible in
an automated manner from the data fitethis demands a thoroughly thought through set
up of the data file (another option is to calculate/define masses already in the MI&S dat

FAES oFaSR 2y (GKS YlaasSa o W-paft/sombRentQ O I YR
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manner for all sulparts. This isrequired for a proper calculation of the mass per
compound within a suipart or component.

Therequiredstructureand detailof the data formatis givenin Table2. Details onmanualdata
processingto be transferred into automated data processiage available from the data
processing as performed within this Task by MARAS.



3. Set up of recycling system flowsheet simulation model for
recycling assessment

The recgling of thevariousdisassembled car par&s defined inT3.2 has beenassessedn

T3.3 by the application of innovative recycling flowsheet simulation madehis chapter will
describe thefurther development and set up of the recycling system flowshsietulation
model, which has been evolved from past work to include the materials in the.parts

It is important to keep in mind thatecycling in the context of the circular economy is
understood to produce the same quality of materials so that thay function at the same
quality in the same product again. The recycling rates of a product and its composing materials
and compounds are determined by:

1 the design, structure, materials and compounds used in a proghact ormodule,

1 their functional cmnections and full composition of each (myltinaterial, as well as,

1 the recycling route(s) and combination of processes, which are applied to recycle the
complete product and/or different modules or parts.

Previous research by MARAS on recycling of cexnpbL products such as mobile phones

(Ballester et al, 2017; Reuter et al, 2018ade very clear thah modular, physics knowledge

based recyclingllows for a better recyclability of materials and compourgisce modularity

Ffft26a FT2N 2 ydDSi ASING oW 50RLIF NI dzik2 YF G SR 2NJ Y| ydz £ 0
recyclates, modules or parts for subsequent focussed metallurgical and other final treatment
processing.The approach within TREASURE by assessment of the recyclability of selectively
disassed f SR LI Nl asz F2ff2¢a GKAA WY2RdZ I NR ol asSR L

The recycling flowsheet simulation models have been applied to assess and calculate the
recycling/recovery rate of thear parts and subparts for the level 2 disassembly assessment,
under corsideration. This has been done by linking car part compositional and structural data
as derived from the MISS data as obtained from SEAT to the HSC Sim models and the
performance of simulationas described in Chapter 2

The recycling simulation models v@ the entire recycling processing flowsheet for the

optimal recycling of car (electronic) parts. These flowsheets are industrially realistic and
economically viable for different processing routes. Recycling/recovery rates are calculated,

different recyding processing options have been evaluated, including the energy flows within

GKS NBOeOtAy3a adaidsSyo ¢KS ¢2N] LINRPOARSA NBOe@ Of
BAT flowsheet architecture for recycling of each of the parts.

3.1 Development of recyling simulation model and processing flowsheets in model
Therecyclingprocessing flowsheet, including all (industrial) available processing routes for the
recycling of thecar parts provides the basis for the calculation of the recycling rates. This
processing flowsheet has beedevelopedand extensively updated andxpandedwithin
TREASUR®E oject, investigating and including best suitable technologies for the processing of
the selected car parts for disassembly and adoptng and proceswg all
materials/compounds/elements as present in the car parts as disassembled from the ELVs.

This hasbeen donebased on existing background within MARA&R®Uter et al, 2018Van
Schaik and Reuter; 2016; Reuter et al; 20d&n Schaik and Reutet014). To allow for the



assessmenbf recyclingand the optimization of the industrial feasibility of the medturgical
recycling processing options, all modules and hence all materials and compounds present in
the disassembled car par@re included in the recycling assessment. Including all materials,
elements and compounds in recycling assessment is cru@amaierial combinations are
affecting the mutual recovery rates in processin@nly including a selection of
materials/compounds would lead to unreliable and erroneous recycling rate calculations, as all
materials/compounds in the input are affecting eactiner and affect the recycling rate and
losses resulting from the recycling processing of the car parts or any other product under
consideration.

We therefore follow the Product Centric approach (addressing all materials and compounds in
a product and nojust a selection of elements) as defined by Reuter and Van Schaik (Reuter
and Van Schaik, 2013)Vhen desired, materials of special interest (e.g. CRMs)beagiven
special focus where required, e.g. when selecting the most optimal or most suitableimgcycl
route(s) for processing the differemtisassembled car pargr additionally selected parts for
further disassembly of the car parts

To be able to address and understand the balance betwkemssemblynd metallurgical and
plastics processing as wal energy recovery, a complete particle and thermochemisaised

flowsheet simulation model was developed as depicted-tgure 4for the ELV partand was
expanded to the expansive flowsheets depicted. inFigure 6 Figure 8and Figure 9.Each

flowsheet is connected appropriately.

The flowsheetsas shown herecover the complete metallurgical (and other final treatment)
recycling processing infrastructures present in industry for the processing and recovery of all
materials and compounds of the ELV car pdfigure5 is the cover disassembly sheet of the
model that directs the modules into the different sections of the complete flowsheet to
maximize recovery into the highest quality products.

The recyclingassessment does not only provide recycling rates for the total car part and its
materials and compounds, but also provides insight and knowhow on the industrially BAT for
the metallurgical recycling processing options. This supports the recommendation and
feedback on the best suitable recycling flowsheet system architecture to most optimally
process the different car parts. To accomplish this, the recycling and processing flowsheets
have been extensively integrated in the model within this project in otddacilitate this and
reflect state of the art industrial processing options for recycling

Hence, the assessment cases generate insight on the Best Available Technique (BAT) industrial
(and hence economic viable) recycling processing routes and henats ptabe applied to

derive the most optimal treatment for the different car parts and objectives of recycling
(either focussing on optimal total recovery or optimal recovery of specific elements).

All compositional data of thdisassembled car partsdtheir composing modulgsub-partsis
integrated into the simulation modelss described in Chapter. HSC Chemistry Sim 10
calculation modules automatically utilize extensive thermochemical databageésh contains
enthalpy (H), entropy (S) and heat capacity (C) data for all materials and compounds included,
allowing not only recycling rate calculations, but at the same time environmental analysis
including exergy assessmemot part of this deliveable) This quantifies therefore also each
stream not only in kg/h units but also in MJ/h or kW. This is rather important to analyse the
true losses also in terms of thermodynamics of all materiaés, in terms of exergetic
dissipation or losses in lingith the second law of thermodynamick fact, tis is the only



correct way to fully understand the circular economy of products and their recyclability -Mass
based approachesuch as material flow analyqiBIFA) do not include thermodynamics and
therefore give erroneous results.

3.2 Recycling assessment of car parts and selection of most suitable processing

routes

The Metal WheelKigure7) depicts the basic metallurgical infrastructure in the centre band,

that makes the recovery of elements in each segment possible due to the refining and alloying
infrastructure and compatible chemistry and material phy¢Reuter and Van Schaik, 2013)

Toassess the recyclability of the different car parts, the different disassembled car parts and
possible disassembled sylarts are directed into the recycling flowsheet simulation model

following the segments in the Metal Wheel, which is covered in the Isitiom models by the

complete flowsheets and range of reactors composing the different (metallurgical) processing
AYFNI &0 NHz2OG dzNB & 6 & R AFigwa5): @nSts basig, thé &ffSct sPBES SRa Q  a
different recycling processing routes on the recyclability can be determined and the most
optimal/suitable recycling processing flowsheet for the part under consideration can be
determined. In oder to render 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 exp@niedge

within 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 matesialposition as defined in the

design. For some modules, different options in processing might be considered, depending on
GKAOK 2F (GKS YIGSNAIFIfa A& LINBFSNNBR (2 NBO&OtS

All technologiesasincluded in the recycling asssmentare industrial operatios running at
economy of scale. In thesimulations/calculations, only the selected car parts under
consideration are assessed in terms of theicyclabilityand are fed as the only secondary
input to the simulationsn orderto be able to assess the true recyclability of the specific car
part. In normal operation conditions, different input types will be mixedl integratedon site

by the operator to create the most optimal input to the furnac&hisis creating the economy

of scale to also feed different car part types (as part of ttieer input flows) to these
industrial plants. In the simulationthe effects of onlysimulatng the recycling performance of
the car part is included in the setting of the processing coad#i and input, in order to
address the normal operation conditions and input integratioor €&xample,due to the low
copper grade irffmost of )the car pars, the copper routes require additional heat to heat slag
for a specific operating pointi.e. these parts are processed on a backbone of copper
metallurgy Usually processing of these parts will be integrated and mixed with other copper
and valuable materials and processed together to render processing ecanimsdghe basis

of the HSC Sim sirfations of the recycling assessment for all car parts and processing routes
assessedThis allows simulating normal operating conditions, whkti# being able to address
the specific recycling rate, losses and emissions of the car part under considerati

In the recycling assessment as discussed in this Task, it is included that all fraction&parts
within the acceptable ranges of the selected processing route/plantadintiaterials are taken
care of technologically as well as economically in #lecded and/or most suitable processing
route(s). This implies that the car parts would be acceptable within the range of integration
and mixing with other (primary and/or secondary) metal sourasds normal practice in the



metallurgical plants as aredluded in the recycling simulations moddtswill be discussed per
case, if or where problems can occur due to the composition of the p&kHace where
needed, constraints to the recycling specific car parts areluded in the discussion of the
resultswhen applicableOn this basis, also DfR and disassembly recommendaiierbased.

The simulations are performed for each of the car parts separatelssess the individual
recycling rate per part (and its composing materials) as well as to deterrhaneftect of
additional dismantling on recycling performance and recovery of individual mateBals.
discussing the various cases, the critical issues in composition of the car pairttriasically
addressed. This illustrates and reveals at the same,tif and in what manner similazar part
typesfrom different models can or cannot be best processed in the same route. Although not
part of this Task, however, simulations and calculations could also be similarly be performed
for a mix of different caparts (from similar or other car models) by taking into account their
individual compositions and masses.



Figure4 The metallurgical, energy and plastics processing flowsloedelectronic) car parts
and complex EoL producas industrially available to process the multitude of metals, alloys,
functional materials and plastics in an eafilife product. It covers sl, stainless steel,

copper, lead, tin zinc, aluminium and magnesium as carrier metal metallurgical infrastructure

as well as plastics recycling and energy recovery
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NB The separate flowsheets in this report show the further expansion and details ofrtleegsing infrastructure

flowsheet included in the model to cover all materials/elements/compounds as present in all the different car parts

selected for disassembly.
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metallurgical processing infrastructure (according to the segments of the Metal Wheel in the

middle) the car parts and possible disassembledsatts are processed
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Figure6 €u processing rout&; Oxidative smeltefCuL a I a Y),3dduiction of Pb bulliorPp

7

z

w S)RACT efdifg. By SIf a1 BBidto (a Top Submerged Lance

(TSL) reactorgan also be a proxy for a TBRC (Top Blown Rotary Convertor) type reactor, the

metallurgy is determined by the partial oxygen pressure and temperature in the reactor. Also
shown is the oxidative leach of raw copper and subsequent electrowinning of the copper
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Figure7 The Metal Wheel, based on primary metallurgy bgtially valid for metals recycling
reflects the destination and hence recoverability or losses of different elements in a
product/component for different interlinked metallurgical proces¢Bguter and Van Schaik,
2013
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Economically viable destinations of complex resources and CE’s agile base metal processing infrastructure
materials, designed functional material combinations, scrap, . Extractive metallurgy’s backbone, the enabler of a CE as it also
residues, etc., to metallurgical processing infrastructure (each recovers technology elements used, e.g., in renewable energy
segment) to produce refined metals, high-quality compounds, infrastructure, loT, and eMobility, etc.

and alloys in the best available technology. Dissolves primarily in base metal if metallic (mainly
pyrometallurgy and smelting route)
Mainly recovered element Valuable elements recovered or dissipatively lost (metallic, speiss,
Compatible with the base metal as an alloying element or can compounds, and alloys in?oL_aIso determine the dgstination). Linked
be recovered in subsequent processing. hydro- and pyrometallurgical infrastructure determines percent recovery.
Compounds primarily to dust, slime, speiss (mainly
hyd llurgy and refining route)
Collectors of valuable minor elements as, e.g., oxides, sulfates, and

chlorides, and mainly recovered in appropriate predominantly hydro-
metallurgical infrastructure if economical. Often separate infrastructure.

Recovered in alloy/compound or lost if in the incorrect
R/L stream/scrap/module

Governed by functionality, if not detrimental to base metal or

product (e.g., if refractory metals in EoL product report to slag,

and slag is also intermediate product for cement).

Primarily lost to benign, | lue building ial prod
Mainly lost element: not always compatible with base also contributing to dissipative loss
metal or product Relatively lower value but an inevitable part of society and material
Detrimental to properties and cannot be economically processing. A sink for metals and loss from the CE system as oxides/
recovered; e.g., Au dissolved in steel or aluminum will be lost. compounds. Usually linked but separate infrastructure.




4. Results of recycling assessment

This chapter will present and discuss the results of the recycling assessment as performed on
the basis of the process and methodology as described in the previous Chapter.

The following 7 car parts have been assessed in terms of recyclabhigyresults of the
recycling assessment for each of these parts, is presented and discussed in this chapter.

Infotainmentunit ¢ Leon li(level 1 disassembly)
Infotainmentunit ¢ Leon lllevel 1 disassembly)
Combilnstrument¢ Leon Ilevel 1 and leve2 disassembly)
Combiinstrumentc Leon lllevel 1 disassembly)
Combiinstrumentg Ibiza IMlevel 1 disassembly)
Additional brake light, Leon I(level 1 disassembly)
Additional brake lighg Leon Il (level 1 disassembly)

= =4 —a —a -8 -—a -

4.1 Model definitions andset up for recycling assessment of car parts selected for
disassembly

As pointed out in Chapter 2, the data of the different car parts as provided by SEAT and
analysed and processed by MARAS, have been integrated as input into the HSC Sim 10.0
simulation nodels. This has been done by including the required detailed description of
materials in terms of needs to functionally describe metallurgical processing using a
thermochemical based process simulator.

The HSC Sim simulation model as applied for the assedf the recycling of the car parts
has(seeFigureb):

1 189 reactors/unit operations
1 840 streams
1 over 310 alloys, compounds, organics, etc being processed

From the 310 alloys, organic and inorganic compounds, elements, etc. originate 180
compaunds/elements/materials from the car part as input to the recycling processes (see
Table?) after classification of the organics as described in Chapter 2). The aihgrounds,
alloys, etc are the phases created during the processing of the car parts, 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 corepletail.

4.2 Assessment of different recycling routes for recycling of car partd subparts

Figure5 in Chapter 2 shows a screen capture of (and a section offittkeS SRa ¢ LI yS 2 F
simulation model. In the righband table a small excerpt of the input compositional (and

material combinational) data is shown as included in the models as described in detail in

/ KFLIWISN) Hd ¢KAA WaKSS(Qtoka thBebtiand most fuitafief (ieg & 2 F
with the highest recovery and lowest amount of losses/emissions) metallurgical processing
infrastructure (segments in Metal Wheel kigure7) based on the composition of the car part

and the expert knovwhow of MARAS.

As discussed in Chapter 2, the composition of the car parts as selected for disassembly is highly
distributed and very inhomogeneous due to among others functignatasons. The car parts



are composed of a complex mix of metals, materials and compounds and complex
combination of the materials/metals within the different segments of the Metal Wheel, of
which the processing cannot, therefore, be covered by one esimggtallurgical recycling
infrastructure as depicted by the Metal Wheel. As this complex mixture of
materials/elements/compounds is connected and combined within one car part, there is no
one best option to process these different parts, as each of thegssing options, will lead to
recovery of certain elements, and losses of other, as depicted qualitatively by the Metal
Wheel. This implies that the most suitable processing option cannot be defined upfront,
therefore, for each car part, based on its comspm material composition, the two or three
best options are selected based from the full metallurgical recycling infrastructures &bkevai
and depicted in the Feed sheet Bigure5 and recycling system flowsheet Bfgure 4on the
expert knowledge within MARAS, rather than preselecting one best options upfront. The
following processing routes havieeen assessed to be the most suitable options for the
different car parts, unless the composition directly indicates for one or two options out of the
options given below:

1 Cu processing routéseeFigure6 in Chapter3, which gives an overview of the processing
in terms of reduction and oxidative processing, as well as cleaning of the slag to create a
building material quality product)

1 Steel processing (sdeigure8) ¢ simplified but with sufficient detail to create a complex
iron alloy

1 Energy recoverffFigure 9¢ simplified and operating to create a cale and energy

The additional disassemb(evel 2) ofcar parts reduces the complexity of the composition
(although the sukparts are still a complemixture of materials). Based on careful study of the
part compositional analysess derived from the data processing (see example in Tallee2)
sub-parts of the Combinstrument have been directed to the most suitable processing route
depending on the swpart composition.

Figure8 Steel scrap smelting taeate a dirty ironrich alloy from the part as there is sufficient
Fe in the part as major alloying elemenPGMs could make the processing of alloy profitable,
but creates significant residues during hydrometallurgical processing

Steel Recycling in EAF

Vacuum Oxygen Deoxidation - VOD
o

ok

1N

to Rafining (i -
" BT ]

{ | J
T

Steel to Si-Mn Deaxidation

Slag - EAF Steel v W

Si-Mn Deoxidation Al De-Ox & De-S Steel Alloy Dist.

o s oy to Lot
A-mpeo —fHHE— Ll
oY | | (™ siag-mpeo AR

Stes! 10 DeS A\ y

3
il
¥ 7 1
IR T
i
| \
T
1 o4
r
i g2
A
x £
]
o
|
2
4
S



Figure9 Energy recovery processing to create calcine (oxidized elements as well as some highly
alloyed and low value metal alloy and energy frontatlparts

Energy Recovery Unit
1]

Energy Recove ry (kW) [value:

et Off-gas - ERU

w« Dust Collected - ERU

Off-gas ER Dust ER

Energy Recovery (ER)

Metal ER

In the next sections, the results of the recycling assessment for the atitfear parts will be
discussed and elaborated on, based on the processing of the car parts in the recycling routes
as listed above, which have been selected from the entire range of processing infrastructures
represented in the different segments of theethl Wheel Figure7) as most suitable options

for the processing of the car parts.

It is important to understand in the context of this project that the recyclingagfroduct
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 taken into account in the definition of the
recycling resultsThree levels of CE have beefefined in order to present the results of
recycling Energy recovery is added to this list as fourth option.

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

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

3. Open loop CK; recycling into (intermediate) products such as slag and flue dust for
repurposing e.g. as building/construction material etaequires significant energy and
thus exergy dissipation and thence costs to convert to lewbded loop Chaterials

4. Energy recoveryfrom feed is included in the summary of the recycling results, as organic
content will be used in some of the processing routesmmenergy carrier from which the
energy content is (partially) recovered (in the Cu processing route, organiedsaresed
as reductant). Energy recovery is also dependent on the required extra energy input to the
process as a consequence of the low metal content/low grade of the car part recycling
input.



The three different levalof closed and open loop CE in reliyg, 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. dintle detail

for recovery of all elements arequired as shown by the figure beldgeeFigurel0).

Figurel0 Detailed flowsheet of processes required for recovery of all recoverablenéatyy)
elements (green bullets in the Cu segment of the Metal Wheel)

Lead Bullion Refining: Recovery of technology elements

Stage 1 Hal rocess - Stage 2 Sulphur Drossing Bullion Conditioning - P1

Vacuum Distillation

The Rlsare hence provided for the three defined levels of CE in recycling. Energy recovery
from feed is also included in the presentation of the results, as use of organic materials in the
smelting process(es) both as reductant as well as energy carrier, repldet addition of
(part) of the primary resources is usual industrial practice to achieve the required
thermodynamic, kinetic and processing conditions for processing. This differs however per
type of recycling route as is shown in the presentation ofrdwsults below.

4.3 Results recycling assessment different car pdlesel 1 disassembly)
In this section, the results of the performed recycling assessment of the assessed car parts are
givenanddescribed. The major findings and results are includetigsection.

4.3.1 Results recycling assessment Infotainment unit Leon li

4.3.1.1 Composition of car part

Figure 11shows the major composing materials/compounds of the Infotainment unit of the
Leon Il. What immediately becomes clear is the low (mass) based content of Cu and related
valuable (incl. part of the CRM) materials. The Fe content is very high, however thany o
elements/materials/compounds are present. The percentage of organics is also relatively high
(close to 20%). Due to the high Fe content (close to 65%), the presence of Cu (over 4%) and
associated metals as depicted in the Cu segment of the Metal Wdreklthe relative high
content of organic compounds (close to 20%), the following three possible processing routes
for the recycling of the Infotainment unit have been assessed:

1 Cu processing routeseeFigure6)
1 Steel processing (séggured)
1 Energy recover{Figure 9)



Figurell Major composing materials difie Infotainment Unit of the Leon (tlassified)

Composition in main materials classes
Infotainment unit Leon I
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4.3.1.20verall/total recycling rates

The overall recycling rate of a product can be visualised by the application éiettycling
Index (RI) adeveloped by Van Schaik and Reuter (Van Schaik and Reuter, R@if)alizs

the overall recycling rate of a product, part or module in a clear and easy to understand
manner(see Figure 12). Figure 12 is presented to render the legend of the figurableaid

view of the use of the Recycling Index in the figuiaarting with Figure 13presenting the
recycling performance of the different processing routes for the different level of Circular
Economy as defined above.



Figurel2 Recycling Index visualising the total recycling rate
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The overall recycling rate féine Infotainment Unit of the Leon 1br the three assessed routes

is given inFigure13. Please note that the recycling rate is presented relative to the total
weight of the product or part. As an example, this implies that e.g. when only 5% of copper is
present in the part ancCu is fully recovered, that the overall recycling rate will only be 5%, in
spite of the high recycling rate of Cu itself (which is presented in the Material Recycling Flower
below). The Recycling Index shows the sum of all recovered materials relatibe total
product.

Figure 13 present the overall recycling results for the Infotainment Unit for the different
recycling routes and different levels of Circularity.



Figurel3 Recycling Index for closed and open loop CE producteaergy recovery as a result
of the processing of the car part in different recycling rout€s (processing routeSteel
processing and Energy recovegyhfotainment unit Leon Il
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4.31.3 Individual material recycling rates

As clearly visible frorfigurel3, although the recycling rate is low due to the low level of Cu
and related metalsresuling in a G class overall recycling rate (as explained abowly)the

Cu processing routéor processing of the Infotainment unit Leon Il produces high quality
closed loop CE producisee level 1 inFigure 13), without further sorting or upgrading
required. Hence, it is only realistic for this route to present the individual material recycling
rates. The Material Recycling Flowétigure 14) depicts the individual elemental recycling
rates of a selection of materials / elements / compounds that are recycled into high quality
products. Developed by Van Schaik and Reuter (VankSahd Reuter, 2016), this visualises
the individual material recycling rates and illustrate the differences in recycling behaviour and
performance of different elements / materials also relative to the total recycling rate. The
Material Recycling Flowersllow for a transparent visualization of the individual
materials/element recycling/recoveries and a comparison between the performance and
differences between the various recycling routes and car parts, while considering the complete



part at the same time This makes obsolete any cherry picking outside the context of the
complete composition of a part.

In the overall recycling performance, the materials and/or elements that have a low mass
contribution relative to the total weight of the product are not iv@resented and do not
contribute significantly to the overall recycling rate. Their recyclability cannot be deduced from
the overall recycling ratas presented in the Recycling Index. This is also the manner in which
recycling is generally reflected@herefore, the overall recycling ratés not sufficient to present

the recycling results for a car part under consideration. Presenting individual material recycling
rates, in particular of materials/elements, which are present in low percentages as iaghe ¢
for most valuable and critical (CRM) materials requires the detail as presented by the Material
Recycling Flower. Comparing individual material/elemental recycling rates is crucial when
selecting the most optimal recycling option and will differ foe tHifferent car parts and is
depending o the materials or elements defined as critical to recover.

In view of Circular Economy, quantification aiifdpossible increase of recovery rates of
individual materials, even when low in weight, is of high imaoce. The individual material
recycling rates for the processing of the Infotainment Unit of the Leon Il ilCth@rocessing
route are presented for a selection of elementsHigurel4.

Figurel4 Material Recycling Flower showing recycling rates for a range of selected elements
for the recycling of the car part in théu processing routtor the valuable metal product (in
the other two routes, no closed loop high quality product is produced directly from the route)
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4.31.4 Discussion of results of recycling processing of Infotainment unit from the Leon Il
Cu processing route

It is crucial to understand, due the complex combination of functional materials in this car
part, that significant losses during recycling are inevitable.

Figure 1lreveals that the Cu content is very loldue to the low level of Cu and related metals
present in the Infotainment unit of the Leon Il (see green bullets in the copper segment in the
Metal Wheel), only a small part of the car part can be recovered into valuable metals with a
high quality to realise closed loop CE, such as Cu, Ag, Au, I, &d, Pt, Ni, Co and Zn. The
other metals present in the car part, which are not compatible with the Cu processing route,
such as Al, Ba, Ca, Fe, Mg, Si (also present@s BAO, CaO, FeGiQ) are recovered in the

slag, which is an open loop CE protd Offgas elements, such as Br, Cl, Cd, C, H, O, S, I, N will
report to the flue dust anaff gas which is alsormopen loop CE (intermediate) product. In the
copper segment of the Metal Wheel, the organics and plastics are used as energy carrier and
reductant in the process. This is often the best economic and technological option, as these
complex mixtures of organic materials cannot be recovered (or in other words unmixed) to the
same quality (except for the physically present plastics, which coofidnpally be further
disassembled if the construction of the car part allows for this).

However,due to the low copper grade in the car patthe copper routes require additional

heat to heat slag for a specific operating poite. these parts argorocessed on a backbone of
copper metallurgy Usually processing of these parts will be integrated and mixed with other
copper and valuable materials and processed together to render processing economic as is the
basis of the HSC Sim simulation

Steel proessing

The product of the steel processing route is a highly contaminated iron rich alloy, which carries
many elements, some of which are harmful for steel metallurgy as these are deleterious to the
standard steel alloy specifications. Due to the low rigbibf the Fe, many elements will
dissolve into the iron alloy (see also the Fe segment in the Metal Wheel). The iron alloy hence
contains a wide range of metals, which are except for the alloying elements as required for
steel processing (see the elemeinsGreen bullets in the Metal Wheel) undesired or are even
harmful to the alloy specifications. This includes next to Fe, other metals such as, Pb, Cr, Co,
Au, Cu, Mn, Mo, Ni, Ag, V, Sn, Sb, As, Bi, Ga, In, Pd, Ru, Ta, Nb, W, Ge, Pt, C, Be, S, Zn. It must
be noted, if iron is a collector of Au, Ag, Pt, Pd, &e. there are process routes to
oxidizéconvert the Fe to slag, while concentrating theseonomicallyvaluable elements for
further hydrometallurgical processing. However, the car parts under dereion do not

meet these requirements

The alloy has also a significant C content (reaching cast iron), origiaatiogg othersfrom

the organics, which may to an extent dissolve into the alloy if it does not oxidize tar@O
CO.To render this alloyo a closed loop CE product, this alloy has to be diluted by pig iron or
Direct Reduced Iron (DRI), but this may not achieve the tight specifications of steel alloys and
carries with it the carbon footprint of the primary pig iron production. Therefohis has a
negative environmental consequence due to the addition of high amounts of primary sources,
while nevertheless the many harmful elements will also then have a negative impact as
mentioned due to steel alloy specifications. This alloy alagbe used as reductant in nen



ferrous metallurgy, howevebetter would be to send the car part directly to one of the other
processing routes.

Design for Recycling or additional disassembly can changsitirgion, if this mitigates the
deportation of the hamful elements into the EAF (Electric Arc Furnace).

The slag produced during the steel processing, will contain Al, Ba, Ca, Mg, Si (presgdy as Al
BaO, CaO, SiCetc). Volatile elements will report to the flue dust. These fractions could be
applied inopen loop CE.

Due to the high level of other metals present together with the Fe, in this route a high input of
both primary resources and energy is required. As the EAF is a smelter, using power for the
electrodes, no energy recovery from the organicetaglace in this route.

Energy route

In the energy recovery route, the car part is processed with the major purpose to recover the
energy as contained in the organic compounds of the car part, which contributes for a
relatively high percentage to its comgition (seeFigure 11).

). In this process, also a metal phase and calcine are produced. These are both open loop CE
fractions, which require further physical sorting into different metal fractions (the metal
phase) and chemical upgrading.g. by being mcessed in theCu processing routésorted

metals and calcine) to achieve the required high quality material properties/alloy quality to
render closed loop CEHowever 8 YSf Ay 3 (GKAA&A a2dzy1€é Kla |y
desirable, also from an exergepoint of view.

Environmental indicators/assessment linked to recyclability analyses in recycling process
simulation models (HSC Sim)

As environmental impact calculations are directly linked in HSC Sim, LCA indicators and
assessment on the EoL can be caltad from this. Recent work has combined processing with
LCA and exergy to quantify the quality loss of material through the circular economy (see
Reuter et al., 2016 Although this is not part of thideliverable Table 3 lustrates that
environmental mdicators (as well as exergy assessmenit shown here) could be included in

the selection of the most suitable and optimal recycling processing rditese are Scope 1

and directly calculated by the simulator.

Table3 A small selection of environmental (LCA) indicators which can be derived from the
recycling process simulations models as HSC Sim is directly linked to environmental
assessmenthere shown only as a general example

Cu processing route

Scope 1 GWP 0.43 kg CO2/kg Module
Scope 1 AP (S®NQ) Low kg SO»eqg/kg Module
Energy recovery route

Scope 1 GWP 0.42 kg CO2/kg Module
Scope 1 AP (SENQ) Low kg SO»qg/kg Module

S

o)



4.31.5 Conclusion

In spite of low recovery rate, the best option for processing the Infotainment Unit from the
Leon Il in its current composition, is processing viaGbeprocessing routavhere high quality
closed loop CE products can be realised.

Recommendatin for additional disassembly would therefore be to separate the high Fe
containing and high organics containing sadrts from the Cu and relatemhetalsbasedparts

or components. In this manner, the concentration of valuable elements can be increabed in

Cu based part, the presence of harmful elements in the Fe based parts can be mitigated and
the metal content of the organic based fraction for energy recovery can be decreased. This
would allow (if possiblefrom a design and disassembly point of viga/process these three
different modules (Cu based, Fe based with low level of contamination metals and organics
based) in the induvial most suitable processing route. In this way, both overall as well as
individual material/element recycling rates can becreased and losses and required
additional physical sorting and/or chemical upgrading (and related requirement of primary
resources/energy) can be minimised or decreased. The creation of low valuable intermediate
materials is therefore, to an extent, tigated.

Design for RecyclindfR) as part dEcedesign recommendations, could be derived from the
recycling assessment. DfR should be focussed, when possible, from a functional point of view,
on designing suparts/modules and harmonizing with the difmt sections in the Metal
Wheel.However, functionality of the part may limit thigwvoiding, where possible, the mixture

of incompatible materials in suparts/components and/orcould be derived byadditional
disassemblyif this ispossible from a struaral design point to view.

The individual recycling rageare quantitatively supporting and guiding which options in both
additional disassembly and/or DfR will have the highest impact in improvement of
recyclability. Also rarity based #s defined in WP.1 could be used as a driver to select
materials/elements and disassembly and DfR options.

4.3.2Results recycling assessment Infotainment unit Leon 1l

4.32.1 Composition of car part

Figure 15shows the major composing materials/compounds of the lafmihent unit of the

Leon II. Similar to the Infotainment of the Leon Il is thev (mass) based content of Cu and
related valuable (incl. part of the CRM) materials. The Fe content is veryaltigbugh lower

than of the Leon II). Alsanany other elements/materials/compounds are present. The
percentage of organics is also relatively high (close to 20%). Due to the high Fe content (close
to 53%), the presence of Cal¢se to 66) and associated metals as depicted in the Cu segment

of the Metal Wheel and the relative high content of organic compounds (close to 20%), the
following three possible processing routes for the recycling of the Infotainment unit have been
assessegsimilaly to the assessment of the Infotainment Unit of the Leon Il

1 Cu processing route (séégureb)
1 Steel processing (sdegure8)
1 Energy recoverffigure 9)



Figurel5Major composing materials dhfotainment Unit of the Leon I(tlassified)

Composition in main materials classes
Infotainment unit Leon llI
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4.32.2 Overall/total recycling rates

The overall recycling rate for this car part for the three assessed routes is gi¥guiel6 by
the Recycling Index (RI).

= Anorganics/others

Figurel6 Recyling Index for closed and open loop CE products and energy recovery as a result

of the processing of the car part in different recycling routes (Cu processing route, Steel
processing and Energy recovegyhfotainment unit Leon Il
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4.3.2.3 Individual mat&l recycling rates

As clearly visible froririgurel6, also for this car part, similar to the Infotainment of the Leon
II, only the Cu processing route for processing of the Infotainment unit Léprotluces high
quality closed loop CE prodsctwithout further sorting or upgrading required. Henedso for

this car partit is only realistic for this route to present the individual material recycling rates
similafly to the Infotainment Unit of the Leon.IThe Material Recycling Flowdfigure17)
depicts the individual elemental recycling rates of a selection of materials / elements /
compounds that are recycled into high quality produitisthe Infotainment Unit of the Leon

[l

4.32.4 Discussion of results of recycling processing of Info&nt unit from the Leorlll

The overall recycling results as presente#igure 16and individual material recycling rates as
shows inFigure 17show that the results of the recycling assessment of the Infotainment Unit
of the Leon Il are comparable tbe results of the Leon Ill. Due to the (small) differences in
composition, minor differences in the recyclability of both parts of the two car types can be
observed. However, the discussion of the results of the Infotainment unit from the Leon Il are
equally valid for the Leon Ill. Therefore, these results are not repeated here, but please refer to
section 4.3.1.4 for the discussion of the results.

4.32.5 Conclusion

As the results of the recycling assessment of the Infotainment unit of the Leon Ill are
comparable to that of the Leon Il and composition is comparable (in spite of small differences),
the conclusions as defined for the Leon Il are equally applicable for this car part type of the
Leon 11l (see section 4.3.1.5).



Figurel7 Material Recycling Flower showing recycling rates for a range of selected elements
for the recycling of the car part in the Cu processing route for the valuable metal prisdoct

the Infotainment Unit of the Leon I{in the oter two routes, no closed loop high quality
product is produced directly from the route)

Infotainment Unit Leon Il

Zn Ag Al
Ti. .. : ,. Au
Ta @) ) < \l\:\: @
L N = O = .
.(7\ ‘;’/,y / . B
Sn ® \ o)
. Ba
./\ O O O N "w.
[ O I\
OO0 @
sb O, O o
. )y O O B
‘ O O ~00® ™
REEs@( ) <0 OOO
@)
A/ OO
°® Cu route 00
rt @000 L
-
o® @
Pd ~
° @ Q O O O®
®
[ ) ® ® 0-10%
Pb .O /-/ Cu ® 1020%
[ ) ra C . ® 2030%
o L © 30-40%
Ni ol @ Q D Fe 20s0%
O S D O ) 50-60%
o S Q 0 [ 60-70%
M 2 Ga 70-80%
n [ ] ® [ © 80-90%
Mg In ® 90-100%

MARAS

4.3.3Results recycling assessm@ombilnstrumentLeon Il

4.33.1 Composition of car part

Figurel8 shows the major composing materials/compounds of the Combi instrument of the
Leon Il. This part is characterised by a very low Cu and related valuable material (incl. part of
the CRM) conten{see metals in green dots in the Cu segment of the Metal Wheel). The Cu
and related valuable metal concentration lies under 4%. The Fe content is very low (<2%) and
differs significantly from the Infotainment unit parts. The percentage of organics ishiginy

and composes almost 73% of the parhe high organics content a priori dictates that no high

or even reasonable recycling rate can be achieved for this type of @aly! the recovery of

the energy content of the organics lies within the optionsregycling, if possible combined

with the recovery of the Cu and Cu related metals.

Due to the very low Fe content, processing of this car part type in the Steel processing route is
not feasible at all. In spite of the low presence of Cu and associatealsrat depicted in the

Cu segment of the Metal Wheel and the focus on recovery of the minor GQRis) from EoL
vehicles, the recycling of the Combi instrument has been assessed for the Cuinowtaich

part of the high organics content calso be partially recovered The very high content of



organic compounds dictateshat energy processing route should be included in the
assessment. Hendie followingtwo possible processing routes for the recycling of @@mbi
instrumenthave been assessed:

1 Cu praessing route (seEigureb)
1 Energy recover{Figure 9)

Figurel8 Major composing materials of théombi Instrument of thé.eon li(classified)

Composition in main materials classes
Combi Instrument Leon Il
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4.33.2 Overall/total recycling rates

The overall recycling rate for this car part for tind assessed routes is givenRigure 1%y
the Recycling Index (RI).



Figurel9 Recycling Index for closed and open loop CE products and energy recovery as a result
of the processing of the car part in different recycling routes (Cu processing route and Energy
recovery)c Combilnstrument Leon |l
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4.33.3 Individual material recycling rates

Figure 19clearly shows that once agaonly the Cu processing route produces high quality
closed loop CE products, without further sorting or upgrading required. Henbyefor this
route the individual material recyaig rates(for a selection of elements) are presentedTine
Material Recycling Flowerf Figure 20.



Figure20 Material Recycling Flower showing recycling rates for a range of selected elements
for the recycling of the car part in the Cu processing route for the valuable metal product
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4.33.4 Discussion of results of recycling processitiggo€ombi instrumenfrom the Leon |l
Cu processing route

The composition of the Combistrument of the Leon I, Leon Il and the Ibiza is characterised
by a low Cu content and an even lower Fe content (Sgarel8, Figure 2landFigure 24)

Due to the low level of Cu and related metals present inGoenbi instrumen{see green

bullets in the copper segment in the Metal Wheel), only a small part of the car part can be
recovered into valuable metals with a high quality to realise closed loop CE, such as Cu, Ag, Au,
In, Sn, Pb, Pd, Pt, Ni, Co and Zn. The other me&demtrin the car part, which are not
compatible with the Cu processing route, such as Al, Ba, Ca, Fe, Mg, Si (also pres€at as Al
BaO, CaO, FeGsiQ) are recovered in the slag, which is an open loop CE product. Off gas
elements, such as Br, Cl, CdHCO, S, I, N will report to the flue dust and off gas, which is also
an open loop CE (intermediate) produdthe Combi instrumeris a very high in organic

content. In the copper segment of the Metal Whegg. the Cu processing routiéhe organics
andplastics are used as energy carrier and reductant in the process. This is often the best
economic and technological option, as these complex mixtures of organic materials cannot be
recovered (or in other words unmixed) to the same quality (except for thesipally present
plastics, which could potentially be further disassembled if the construction of the car part
allows for this).



As for the Infotainment unitdue to the low copper grade in the car patihe copper route
requires additional heat to heatlag for a specific operating point. Usually processing of these
parts will be integrated and mixed with other copper and valuable materials and processed
together to render processing economic as is the basis of the HSC Sim simulation

Steel processing e

Due to the very low Fe content, the steel processing route provides no feasible option to
recycle the Combi instrument, when being processed in its total composition.

Energy route

In the energy recovery route, the car part is processed with the majgogse to recover the
energy as contained in the organic compounds of the car. [t to the very high presence

of organics, this processing route can be considered as most suitable to process the Combi
instrument when no further disassembly would takéace to concentrate the valuable metals
separate from the organic partélthough,in this process, also a metal phase and calcine are
produced these are both open loop CE fractions, which require further physical sorting into
different metal fractionsthe metal phase) and chemical upgrading e.g. by being processed in
the Cu processing route (sorted metals and calcine) to achieve the required high quality
material properties/alloy quality to render closed loop dBe energy recovery per ton of
input isconsiderable higher than the amount of energy recovered in the Cu route.

4.33.5 Conclusion
The selection of the best processing route for the Combi instrument of the Leon Il depends on
the objective of the recycling. There is no one best route.

When thefocus is to recover as much (valuable and critical) metals from the car part, the most
preferred route from a closed loop CE point of view, would be to process this part in the Cu
route. In spite of low recovery ratdn the Cu processing routbigh quality closed loop CE
products can be realisedavhile at the same time recovery of (part of the) energy contained in
the organics fraction is realised. It has however to be considered, that due to the low Cu
content, recycling ofhis car part requires a significant input of heat and primary resources to
obtain the correct operation pointThis can be considered as a negative point for this
processing route. Although not part of this deliverable, exergetic analyses of the recycling
process can reveal this balance very wlellpractice, the car part would have to be processed
together with other recyclates and input flows, with a much higher Cu and valuable metal
content.

Due to the very high organics content, the energy processiite would be the best option

to recover the energy as contained in these organitghis process, also a metal phase and
calcine are producechowever hese are both open loop CE fractions, which require further
physical sorting into different metdtactions (the metal phase) and chemical upgradiag.

by being processed in the Cu processing route (sorted metals and calcine) to achieve the
required high quality material properties/alloy quality to render closed loop CE.

Recommendation for additionadisassembly would therefore be to separate the organics
containing sukparts from the Cu and relatethetalsbased parts or components. In this
manner, the concentration of valuable elements can be increased in the Cu basedvpiet
the metal content 6 the organic based fraction for energy recovery can be decredsed.
general this implies that byphysicsbased disassembly recommendationthe mixture of



incompatible materials in suparts/componentshave to be separateds far as possiblito
different subparts, when this ipossible from a structural design point to vielhis would
facilitate (if possiblefrom a design and disassembly point of view) to procesénesubparts

as derived from additional disassemii@u basedand organics basedh ithe most suitable
processing route. In this way, both overall as well as individual material/element recycling
rates can be increased and losses and required additional physical sorting and/or chemical
upgrading (and related requirement of primary resces/energy) can be minimised or
decreased. The creation of low valuable intermediate materials is therefore, to an extent,
mitigated. For the case of the Combistrument, t could also be considered if in the organic
containing parts, also organics areepent as well dismantlable plastics, for which physical
recycling into a new high quality plastic product could be an optimportant to note plastic
recycling might be limited due to possible additives and fillers in the plastics, or a mix of
plastic,for which quality demands for plastic processaaylld notbe met.

This additional disassembly was already investigated in T3.2, and matches with the
recommendations as given above based on the assessment of the level 1 disassembly of the
Combiinstrument of the Leon Il (and other models). The results of additional level 2
disassembly are assessed in this study and are discussed in section 4.4 below.

Design for Recycling (DfR) as part of-&&sign recommendationgan alsabe ddined based

on the performedrecycling assessment. DfR should be focussed, \liienspossible from a
functional point of view, on designing sylarts/modulesin which their composition is
harmonizd with the compatibility of the metals in théifferent sections in the Metal Wheel.
However, functionality of the part may limit thishe individual recycling rates calculated in

the recycling assessmenquantitatively support and gui which options in both dditional
disassembly and/or DfR will have the highest impact in improvement of recyclability. Also
rarity based %as defined in WP3.@ould be used as a driver to select materials/elements and
disassembly and DfR options.

4.3.4Results recycling assessm&€ombilnstrumentLeon Ill

4.3.4.1 Composition of car part

Figure 21shows the major composing materials/compounds of the Combi instrument of the
Leon lll. As the content is comparable to that the of the Cemdirument of the Leon lll, the
same recyahg routes have been assessed to process this part. The organic content is even
higher than for the Combinstrument of the Leon Il. Alsthe Cu content is slightly higher, but
still low in absolute terms.

1 Cu processing route (séegureb)

1 Energy recover{see Figure ©



Figure21 Major composing materials dfie Combi Instrument of the Leon (tlassified)
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4.34.2 Overall/total recycling rates

The overall recycling rate for this car part for the assessed routes is givegure22 by the
Recycling Index (RI) as developed by Van Schaik and Reuter (Van Schaik and Reuter, 2016) to

visualize the overall recycling rate of a product, part or module in a clear and easy to
understand manner.

Figure22 Recycling ldex for closed and open loop CE products and energy recovery as a result

of the processing of the car part in different recycling routes (Cu processing route and Energy
recovery)c Combiinstrument Leon Ill
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4.34.3 Individual material recycling rates

Figure23 presents the individual material recycling rates for the Coim$iirument of the Leon

Il in the Cu route, as only in this route, valuable metals are recovered with a high quality
allowing fa closed loop CE, without further processing required.

Figure23 Material Recycling Flower showing recycling rates for a range of selected elements
for the recycling of the car part in the Cu processing route for the valuable preidlict


















































































