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Challenges

• Defining a physics and recycling-technology based methodology and standard for assessment, quantification and 
optimisation of recycling and EoL circularity

• Develop KPI’s for Circular Economy with respect the automotive recycling chain which go beyond currently applied 
mass driven and average total recycling rates to move towards Circular Economy

• Increase the recycling/recovery of car electronics and contained critical/minor elements

• Providing bench-mark for technology comparison and definition of most optimal recycling processing flowsheets

• Industrial recycling-technology basis for EoL circularity assessment and advice
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Approach and tools

• Simulation-based analysis of metallurgical and recycling systems to assess the recycling and circularity of 
car electronic parts - digital twins for the End-of-Life stage

• Evaluation of recycling circular economy systems and product design in terms of mass, energy and exergy 
balances in addition to the normal environmental foot-printing for all materials in the product/part

• Definition and calculation of recyclability KPIs/CE indicators and results e.g: 
o recycling rates for total part and all individual materials while maintaining material and energy quality
o assessment of different recycling routes
o definition of most optimal recycling system flowsheets
o disassembly and DfR recommendations

• Physics based assessment, Design for Recycling and Eco Design by linking actors, tools and data in the 
automotive supply chain
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Simulation-based analysis of metallurgical and recycling systems 
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Simulation-based analysis of metallurgical and recycling systems
Metallurgical recycling (and organics processing) infrastructures



Courtesy A. Ortega
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|—6 PCB-epoxy for PCB 
laminate, High 
Component Load

- 21.649573 19.0 - 24.0

|—7 Epoxidharz Acrylharz 86.7
|—7 Acrylate 79-10-7 0.25 0.0 - 0.5
|—7 Bariumsulfat 7727-43-7 0.1 0.0 - 0.2
|—7 TBBA 79-94-7 7.5 5.0 - 10.0

|—7 Titandioxid 13463-67-7 0.5 0.0 - 1.0
|—7 Talk 14807-96-6 0.2 0.0 - 0.4

|—7 Sonstiges, nicht zu 
deklarieren

system 2 1.0 - 3.0

|—7 Pigmentanteil, nicht 
zu deklarieren

system 1.75 0.5 - 3.0

|—7 Siliciumdioxid, 
l i

60676-86-0 1 0.0 - 2.0
|—6 PCB-epoxy for 

components, High 
Component Load

- 6.589744 5.0 - 8.0

|—7 Bismut 7440-69-9 0.05 0.0 - 0.1
|—7 Biphenyl 92-52-4 0.15 0.0 - 0.3
|—7 Ruß 1333-86-4 0.25 0.2 - 0.3
|—7 Epoxidharz Acrylharz 19.5 17.0 - 22.0
|—7 Bromiert Epoxy 68928-70-1 0.1 0.0 - 0.2
|—7 Formaldehyd, 

polymer mit 
(chlormethyl)oxiran 

29690-82-2 0.55 0.0 - 1.1

|—7 Glaskugeln 7631-86-9 0.55 0.4 - 0.7

Baum-Ebene Typ Name Teilnummer
/ 
Sachnumm
er/ 
Werkstoffn
umme r/

Menge Gewicht [g] Mengenanteil [%] Mengenanteil [%]
(von - bis)

1 SEAT PQ35 Radio 
Low RCD 310 UP2

5P0 035 
186  B

1 1973

|—2 Case/Gehäuse - 1 1098
|—3 Metall - 1 880

|—4 Screw-Material (Torx) - 7.91
|—5 Material for 

Fasteners Property 
Class <=12.9 (Flat 

- 100

|—6 Kohlenstoff 7440-44-0 0.275 0.0 - 0.55
|—6 Phosphor 7723-14-0 0.0125 0.0 - 0.025
|—6 Schwefel 7704-34-9 0.0125 0.0 - 0.025
|—6 Silicium 7440-21-3 0.175 0.0 - 0.35
|—6 Mangan 7439-96-5 0.65 0.0 - 1.3
|—6 Chrom 7440-47-3 0.85 0.0 - 1.7

|—6 Molybdän 7439-98-7 0.4 0.0 - 0.8
|—6 Nickel 7440-02-0 0.85 0.0 - 1.7

|—6 Vanadium 7440-62-2 0.175 0.0 - 0.35

Mass per 
compound [g]

Substance/compound

0.021677671 C
0.000985349 P
0.000985349 S
0.013794882 Si
0.051238132 Mn
0.067003712 Cr
0.031531158 Mo
0.067003712 Ni

0.013794882 V 

39.86669871 C15H22O6
0.114955879 C3H4O2
0.045982351 BaSO4
3.448676359 C15H12Br4O2

0.229911757 TiO2
0.091964703 Mg3Si4O10(OH)2

0.919647029 #N/B

0.80469115 #N/B

0.459823515 SiO2

0.006998104 Bi
0.020994312 C H C H

0.03499052 C
2.72926054 C15H22O6

0.013996208 C36H32Br8O6
0.076979143

C33H42O9X2

0.076979143 SiO2

 

Infotainment-Combi Instrument - Air conditioning unit  
Leon II 

 
  

Compounds (chemical formulas)  Mass % in car part Compounds (chemical formulas)  Mass % in car part 
*2CoO*TiO2   Si 0.038089945 
*3MgO*4SiO2*H2O   Si(CH3)2O(g) 0.081145506 
Ag 0.050879254 Si(OC2H5)4(l) 8.91422E-05 
Al 3.324194317 SiN(g)   
Al(OH)3 0.000221513 SiO 0.017611932 
Al2O3 0.010980374 SiO2 6.120841659 
Al2O3*2SiO2 0.000735423 Sn 0.330726024 
AlO   SnO2   
As 6.25873E-05 SrFe12O19 0.369481684 
As(CH3)3 0.000389997 SrO 0.002444903 
Au 0.003174198 Ta 0.034698979 
B 0.011693839 Tb   
B(OH)3   Te   
B2O3 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 7.60241E-06 Zn 0.273005216 
Bi 0.001581435 Zn(OH)2 7.19722E-06 
Bi2O3 7.22426E-06 Zn5(OH)6(CO3)2   
C 0.079298357 ZnC2O4*H2O*CH3OH   
CaCO3   ZnO 0.000238977 
CaMg(CO3)2   ZnSO4   
CaHPO4*2H2O 5.2456E-05 ZrO2   
… … … … 
… … … … 
… … … … 
Pb 0.147341834 C6H12O6(ADG) 3.332776712 
PbO 0.000165707 C6H18OSi2(HMDl) 0.08860842 
PbO*TiO2 0.000809446 C6H4O2(QUIg) 0.307403945 
PbO*ZrO2 0.000668399 C6H5F(FBZg)   
PbSiO3   C6H6S(BTHg) 0.158417758 
PC6H18N3(g)   C6H6S(BTHl)   
Pd 0.002698819 C7H4F3NO2(3NIBg) 0.014802409 
Pt 1.92979E-05 C2H6O12Zn5 - C36H70O4Zn 4.74074E-05 
Ru 9.73492E-05 C7H6O2(BAC)   
RuO2 1.07967E-05 C8H18O2S(DBSg) 0.00169436 
S 0.01450747 C8H18OSi2   
Sb 0.002978447 C8H24O4Si4 0.000222076 
Sb2O3 0.008691691 C8H8(COTl) 0.00615385 
Sb2O5 3.36309E-05 C9H16(2NOg) 0.422591563 
Se   SUM 100.000 

 

Linking product data and recycling 
Data linking from MISS/CAD data to thermodynamic recognisable compounds



Recycling system simulation
Twinning reality (with industrial experience) – on the basis of thermodynamics
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Recycling system simulation
Detail of digital twin of industrial processing
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Results of simulation models
Recycling assessment : recycling KPIs and quality of recycling & other flows
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Recycling KPI’s
Recycling Index (total RR) for different CE levels

 
Recycling in terms 
of CE recycling 
products 

Cu processing route  Steel processing Energy recovery 

1. Closed loop CE – 
high quality products 
which can go straight 
back into part or 
product  

No high quality CE 
products 

No high quality CE 
products 

2. Open loop CE to be 
processed into closed 
loop CE – 
intermediate 
products 

 

 

 

3. Open loop CE – 
(intermediate) 
products for 
repurposing e.g. as 
building / 
construction material 
etc.  

 

 

 

 

4.Energy recovery 
from feed 

0.15 MWh/t feed No energy recovery 
(energy input required 
in the process) 

1.77 MWh/t feed 
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Cu route
Valuable 

metal

Infotainment unit Leon II
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Steel 
processing

Iron alloy
(Highly contaminated)
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Energy 
recovery

Mixed metal 
alloy

Infotainment unit Leon II
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Energy 
recovery

Calcine

Infotainment unit Leon II
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Cu route
Slag

Infotainment unit Leon II
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Flue dust 
& energy

Infotainment unit Leon II
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Steel 
processing

Slag & Flue
dust

Infotainment unit Leon II



Recycling KPIs 
Individual material recycling rates (%) (selection)



Flowsheet and processing options assessment
On basis of CE KPI’s and full process in- and output quantifications
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Recycling assessment IMSE
Recycling in existing (metallurgical) recycling infrastructures into high grade materials (LME grade -
market green)
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Energy recovery processsing of IMSE Cu metallurgy (on the back of other recycling flows to
create economy of scale)

Metal alloy
(98.18 % Cu 
and 1.82% Ag)

Flue dust
(Ag2O)

Energy
Calcine (98.82% TiO2
and rest P2O5)

Recovery of TiO2 and P (both 100%)

Recovery of Cu  > 99%
(99.999% purity electrolytic))

Recovery of Ag  > 98%
(99.999% purity electrolytic)



Concluding remarks

• Innovative physics and industry-based recycling simulation digital twin provides standard to quantify, assess and improve

recycling - engineering-based recycling KPIs and CE indicators

• Engineering industrial reactor & system design for optimal circularity performance

• Defining best suited recycling flowsheet architectures (linked to disassembly) & benchmark  developments in recycling processing

• Including true circularity in recycling – maintaining the material and energy quality for use in the same quality

• Setting standards for defining product data availability and transfer to link design to recycling as this is key to evaluate the

true recovery of materials and energy and assess recycling system performance
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