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Challenges

TREASURE

* Defining a physics and recycling-technology based methodology and standard for assessment, quantification and
optimisation of recycling and EolL 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

TREASURE

* 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

TREASURE
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Simulation-based analysis of metallurgical and recycling systems
Metallurgical recycling (and organics processing) infrastructures

TREASURE
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Linking product data and recycling

Data linking from MISS/CAD data to thermodynamic recognisable compounds

TREASURE
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Recycling system simulation

Twinning reality (with industrial experience) — on the basis of thermodynamics

TREASURE
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Recycling system simulation

Detail of digital twin of industrial processing

TREASURE
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B Air - Smelt Ext-Fuel - Red
* Non-Ferrous Rich to Smelters °E i Siioairon Fix Rl 23 S04(-2a) ke/h 0.00| 19.28 19.28 90.00|Sh H20 = Sh02(-a) H(+a) e- 111.42 ki/mol -7.94
_Cu Mt - Cu Dross Metting AL-Red " 24 Cu(+2a) ke/h 0.00 0.42 0.42 Coef. 1.00 2.00 1.00 4,00 3.00 0.25 kW/kg
i e Slag - Smet . 25 Cu(+a) kg/h 0.00 0.00 kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 kW
p ; Spent anodes - Cu ER - 26 AsO2(-a) kg/h 0.00 0.00 0.00 t/h 0.00 0.00 0.00 0.00 0.00
B _ Reject Cu Anodes 27 AsO4(-3a) ke/h 0.00 0.00 0.00 90.00| Bi H20 = BiO2(-a) H(+a) e- 272.09 ki/mol -10.72
Cu Alloy Dist 28 Sb02(-a) kg/h 0.00 0.01 0.01 Coef. 1.00 2.00 1.00 4.00 3.00 0.36 kW/kg
29 BiO2(-a) kg/h 0.00 0.00 0.00 kmol/h 0.00 0.00 0.00 0.00 0.00 0.00 kW
3 - 30 e kg/h 0.00 0.00 0.00 t/h 0.00 0.00 0.00 0.00 0.00
& Cu Anode Casting
5 Gu alloy to Anode Gasting o 31 Pb(+2a) kg/h 0.00 0.00 0.00 90.00| Ag(s) = Ag 0.00 ki/mol 0.00
.  Sleamoul-CuAc <: > 32 Ni(+2a) kg/h 0.00 0.04 0.04 Coef. 1.00 1.00 0.00 kW/kg
g JWaterin-CUAC N o 33 P3s (Pure Phase kg/h 10.90|  10.43] kmol/h 0.00 0.00 0.00 kW
L o 34 Cu ke/h 0.00 9.13 9.13 t/h 0.00 0.00
s i s 35 Cu(s) ke/h 10.61 1.06] -9.55 90.00|Pb = Pb(+2a) e- 0.92 ki/mol | #NUM!
y AT CuLeach 36 Ag kg/h 0.00 0.06 0.06 Coef. 1.00 1.00 2.00 0.00 kW/kg
N £ Cut Leach 37 Ag(s) kg/h 0.06 0.01 -0.06] kmel/h 0.00 0.00 0.00 0.00 kW
s Cu alloy to Leaching Ext-H2S04-CuLeac 38 Bi ke/h 0.00 0.00| 0.00 t/h 0.00 0.00 0.00
g ,H20-Culeach  \ 39 sb ke/h 0.01 0.00| -0.01 100.00| Pb(+2a) S04(-2a) = PbSO4 -11.29 ki/mol| #DIV/0!
40 Pb kg/h 0.00 0.00 0.00 Coef. 1.00 1.00 1.00 -0.02 kW/kg
Cu Granulation Cu Leachir 41 PbSO4 kg/h 0.00 0.00| 0.00| kmol/h 0.00 0.00 0.00 0.00 kW
ah 42 As ke/h 0.00 0.00 0.00 t/h 0.00 0.00 0.00
: W o o] Menupeet Saseliea Refing PG Recorery SKCu | SXNi-Co | AetigR M 4 » M| Input/Output Dist /Controls} Model /Operation Parameters ' < >
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Results of simulation models

Recycling assessment : recycling KPIs and quality of recycling & other flows

TREASURE

fle View Select Tooks DrawingTools Window Help
DSHRB &8 6| s BB % T H- @ &b > - B > ouo@ amnas 8- | 0 B I &ET e O] wiE O] F- ] S -
L3 UNIC EAITOr - >mener uxkaove o o
@ -
g L Gibbs (Equilibrium) mode (1 |C26 V” ”
= Smeltir A B c D 3 F G H I J K L M N 0 P Q R 5 T u | v
%12 Models based on Gibbs fre 4] Convert to Normal Mode 1 Stream [/ Element Ag Al Am Ar As At Au B Ba Be Bi Bk Br c Ca cd Ce cf cl Cm Co
I [E! | = |
2 E 4] Convert to Mixer 2 |[INPUT
8 3 | Smelt Oxidative 11.28 1133.89 0.00 0.00 0.02 0.00 11.45 1.33 5.60 0.00 0.24 0.00 47.83 10743.81 35.87 0.00 0.00 0.00 82.39 0.00 0.11
8 Dust Gkt S 4 Smelt Reductive 1.51 1133.89 0.00 0.00 0.00 0.00 0.00 1.33 5.60 0.00 0.00 0.00 0.00 930.00 71.55 0.00 0.00 0.00 0.00 0.00 0.11
9 ~.f | DustH [ Show Gibbs Sheet 5
A
6
Units 7

52 @ Power Unit (current kw) 8 Multi-Metal Alloy 1.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i 9 Cu to Electrorefining and Winning 6.65 0.00 0.00 0.00 0.00 0.00 11.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dust Collected - Smel TOOIS 10 Dust Oxidative 3.11 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.22 0.00 15.02 0.00 0.00 0.00 0.00 0.00 0.37 0.00 0.00

Y P = T
3 Smelter Oxidative Smelter Reductive To high quality product or intermediates for further processing in this model
n i |
3 ExtSpeiss - Red Selection of elements in product compounds % Recovery
= [H s i Ext-Lead - Scrap °C
o |§ Kltoppel Soap Lead - Cu Dross Melting (| Ag (99.999% % £
] Ext Fuek-smel 2 ; urity) electrolytic 74.24
t? Z Eit—s::iia—\rrgi Flux - Smelt Extlime Flux- Red Ji1 8 ( P Y) i
| Air - Smelt Ext-Fuel - Red 1 " . .
.8 Non-Ferrous Rich to Smelters “Ext-Siia-lron Flux - Red. . Al, Ba, Ca, Fe, Mg, Si (as Al203, BaO, Ca0, FeOx, SiO2 in slag) 99.00
; Cu Matte - Cu Dross Melting Air - Red
Cuandru-smet g Stag - Smet i oo red Au (99.999% purity) electrolytic (see PM-PGM Recovery tab) 99.64
) Spentanodes - Cu ER Multi-metal alloy to Refining . . A
% =4 Reiect Cu Anodes - " Bi (as oxide in flue dust) 99.19
Cu Alloy Dist
S 01 02 03 0s 0s o8 Cu (99.999% purity) electrolytic 97.41
: cao Massratio FeO/(F0 = C\ Iy (to alloy for further processing) 99.99
Cu alloy to Anode Casting
= Cu Anode to ER ff-gas - ER " . . .
. O e TouCatoves BR o ¢ prectrorefining Sn (to various intermediates for further processing to recover rest) 28.68
= T E Cu Slimes - ER
5 Ext—E]ectrQlyte—Cu—ER Cu Electrolyte to Cleaning .
: Ar-CuER 7| e Zn (to flue dust for further processing) 99.59
5 ot cuea] Pb (to flue dust for furth ing) 99.53
= Off-gas - Cu Leaching CuCathode - O Tlue dust Tor turther processing a
= Cuto Leach Cu Solution to EW s AR,
Cu alloy to Leaching | EXtH250+ Culeac IJ_LI él LHUNCURW | aewc|Plastics recovered as energy and reductant
i 20-Culeach \ M to Precious Metals Recovery <,7“ TR |
) _ o Ni (rest to be recovered from slag) 90.15
Cu Granulation Cu Leaching Cu Electrowinning
E:""‘*\Wl T T T T ES T Tt |2 | T T T T T I

TNO (2 == W wsg @V o2 vk S |V
) CIRCE WALTER PACK
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Recycling KPI's

Recycling Index (total RR) for different CE levels

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

" No high quality CE No high quality CE
products products

product
H0-10% 2. Open loop CE to be &,t\ [
= 10-20% processed into closed /s emy E
loop CE — | e o) 5=
. ™ 20-30% intermediate e N
RECVCI Ing " 30-40% products -l >
40-50% . 5 rmm——
Resource oo
Efficiency /™S 60-70%
: ' 70-80%
m80-90% 3. Open loop CE — \f'i\ e
M 90-100% (intermediate) Az
products for processing
repurposing e.g. as / o .
‘ building / N /\!\/\/
© MARAS B.V. \ construction material
: etc.
4.Energy recovery 0.15 MWh/t feed No energy recovery 1.77 MWh/tfeed
from feed (energy input required

in the process)
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Recycli

ng KPIs

Individual material recycling rates (%) (selection)

TRERSURE
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Flowsheet and processing options assessment

On basis of CE KPI's and full process in- and output quantifications

TREASURE
- = : z h-«:w: ----------------------- E- B m M- @66 P - B > ouo@ ominos 8- [ s B 1| &F]
* Smelting + Reduction: Cu & Pb carrier metallurgy = == e
T = =i Energy Recovery Unit
& Off-gas - ERU
Dust Collected - ERU
Energy Recovery (kW) [Value]
e T . Sumel | OffigasER | | DustER
20 tph Module 1 (Mod 1) products Amount Unit From 20 tph Module 1 (Mod 1) the following is produced Amount  Unit
Copper Allo 1.16 tph
PP y P Metal phase (recycled to other units in flowsheet) 1.30 tph

Multi-Metal Alloy 1.28 tph

Energy (if 30% efficient of boiler) 29824.29 kW
Energy (if 30% efficient) Ox 6892.1 kw
Energy (if 30% efficient) Red 1760.6 kw Per tonne of feed 1.49 MWh/t
Per tonne of feed 0.43 MWh/t

Scope 1 GWP 1.97 kg CO2/kg Mod 1
Scope 1 GWP 1.55 kg CO2/kg Mod 1 Scope 1 AP (SOx+NOx) Low kg SOx-eq/kg Mod 1
Scope 1 AP (SOx+NOx) Low kg SOx-eq/kg Mod 1

Calcine (low grade oxidic material - costly to recycle) 6.62 tph
Slag (building material) : — S
) . _ _ . (09

,,,,,,,, SR IR AP ARAS a2 LTINS, — V @ INDUSTRIAS 5 next
, {25 AS @) r@ L2 pelliNe S TLhrxr (9)tsums. S uni
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Recycling assessment IMSE

Recycling in existing (metallurgical) recycling infrastructures into high grade materials (LME grad

TREASURE
market green)
Energy recovery processsing of IMSE Cu metallurgy (on the back of other recycling flows to
create economy of scale)
e , Metal alloy [ E— — Recovery of Cu >99%
E; — — V i w SR B (9818 % Cu + Smelting+Redpgtior!;(Cu&Pb carrier metallurgy (99999% purlty electrOIYtiC))

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

Off-gas - ERU a n d 1 . 82% Ag) ; - ?M&% rorn, WHBESP - Smelt .
Dust Collected - ERU E {1 Dust Hopper - Smelt
+——— En?rgy Re(ﬁove7w [(\kw) [Value] > - ;
= I gas - Smelt st Smett
f  owcoteceo- smon

+

Flue dust
(Ag,0)

E®Ez OR0OOO0 \ &

Energy Recovery (ER)

NF- to Energy Recovery
el

B Ext-Fuel-ER
- Ext-Silica-Iron Flux - ER

E
| Air-ER

\\\\\\

» Recovery of TiO, and P (both 100%)
e ———————— (Calcine (98.82% TiO,
Energy and rest P,0Oc)

ooooooooooooo

w TNO (saa " cipe 2 o @)@ .2 pelini S | Y
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Concluding remarks

TREASURE

* |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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