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Motivation IPATx
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= E-mobility and green energy production
cause extreme increase in battery

demand, especially lithium-ion batteries Powering the Future

Battery demand will soar as electric cars become the norm in the next decade

= Primary raw material reserves are not 2000 GWh
sufficient to fulfill mid- and longterm demand
of battery materials and are ecological not 1500
advantageous 1,000
= Germany must become less dependent on 500
material delivery from foreign countries .
2018 2018 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
CifCUlaI’ prOdUCtion and Closed * Figures reflect passenger car battery demand only
. . Source: Bloomberg New Energy Finance Bloomberg
» material cycles are essential for
ecological friendly e-mobility and
green energy production
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Components and function of Lithium-ion battery iPAT"'
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=
Components and function of Lithium-ion battery iPAT"'
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Cost breakdown of cell production costs and material costs iF’AT"'

Institute for Particle Technology

I Material costs
74.9 % Anode
: 14.3 %
I Direct labour "
N "82% I Cathode z
3 - 49.5 %
2} | Depreciation _
g 8.5 0 Manucl:zcs:'f[urlng Separator
) 17.5 %
] I Capital
] g 2.8 % Electrolyte
c 4.8 %
2 || Energy |
3.1 % Housing/parts
I 13.9 %
Other
2.5 %

Determination based on C//NMC, PHEV2, 36 Ah
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Demand of materials for battery production iF’ATa'
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" Very hlg h demand of Thousand metric tons
following metals for 8,000
battery production 2000 " Mlangpnees

B Lithium

= Nickel (cathode) 6,000

Cobalt
= Graphite (anode) BEER I ’
4,000 ® Nickel
= Cupper (current s l I

collector, pack . .
2,000 .

¥ Graphite

. . Aluminium
wiring) =i
.. i
= Aluminium (current g ——1"8 0 8 L e
collecto r, housin g , 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Cath Od e materi al) Source: Electric Vehicle Outlook 2018, Bloomberg New Energy Finance. Note: Copper includes copper current collectors and pack wiring.

Aluminium includes aluminium current collectors, cell and pack materials and aluminium in cathode active materials.
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High importance of low environmental impact iF’ATa'
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400

= Cell materials have high
share with regard to the
environmental impact of
batteries

350
300
250

200

= Car manufacturer force
material supplier and by
that mines to minimize
environmental impact
(e.g. CO, footprint) and

150

100

Greenhouse gas emissions (kg CO,-eq/kWh)
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friendly material production D NOMG NOW/G | S— - N . MO/
technologies

W Cell materials (disaggregated) B Other battery compaonents (disaggregated)
B Cell manufacture (disaggregated) B Pack assembly (disaggregated)
W Transport (disaggregated) W Battery pack (aggregated)
Technische
Universitat Arno Kwade | Lésungsansétze fiir geschlossene Stoftkreislaufe | BLB | Slide 7 B ATTETRY
¥ Braunschweig —-— (- LABFACTORY
[Ellingsen et al. (2017), Identifying key assumptions and differences in life cycle assessment studies of lithium-ion traction ER
batteries with focus on greenhouse gas emissions, Transportation Research Part D: Transport and Environment, 55:82—-90.] BRAUNSCHWEIG




Content

{8 Motivation of closed material cycles
48 Recycling of spent lithium-ion batteries

€P Re-synthesis of active material

A% Battery cell production

el Conclusions

) Outlook — Future battery technologies
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Circular Economy and Production of Batteries iPATa'
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Circular Economy and Production of Batteries iPAT;'
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production Pilot scale battery production facility

Recycling of
battery systems

E I e Ct ro d e Konfektionierung
production . - —
I%I Zellfertigung
Circular
Battery
Productio
Battery usage
(primary/ _
secondary) Manufacturing
of cells
i, Battery system manufacturing
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Circular Economy and Production of Batteries iPATa'
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Importance of Battery Recycling i J:
Number of End-of-Life Battery Systems and components 'PAT

Stee| Electronics

350k Plastics 5.7% 2.7%
3.8%

Quantity of EoL Battery Systems in Europe

Realistic Scenario Volatile

300k Components
| 8.3%
250k -

Aluminium
18,0%

Aluminium Eict;?;ﬁ' Battery
200k 5.8% p g System
Qthers Periphery
Plastics
57%

150k

Graphite - Cables
8.2% Moduie 2.3%

Alumimium
Cathode \ 5 3%
Plastics
Copper 1.5%
p p Steel

100k

Quantity of EoL Battery Systems

0
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 9 % 3.3%

Aliiminium

Oxygenr . 5t
Year 487 Co, Ni Lt ~7
6 % 1%
OV, \ Source: Institute of Automotive Management and Industrial Production
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Unit operations of battery recycling

Mechanical

Deactivation
Processing

of cells

» Thermal = Deassembling
Pretreatment = Crushing / Milling

= Discharging = Classifying

= Freezing of (sieving, air

Electrolyte classification)

= Short circuit = Sorting
(e.g. in water) (e.g. magnetic
= separation)
0_ 000 ‘

1Ly
W e

Pyro-

metallurgy

Smelting of
= Battery Moduls
» Electrode Scraps

= Active Material
Powder

- Regaining of
Co, Ni, Cu

iF’ATa'
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Hydro-

metallurgy

Chemical Processes
» Leaching

= Extraction

= Cristallisation

» Precipitation

- Regaining of
Metals Co, Ni, Li
from separated
powders or slag
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Possible solutions with recovery of lithium iF’AT,.
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Battery / Battery Cells
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Lithorec process overview 1IPAT
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Discharge and
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v
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Intermediates
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Hydro-metallurgy Li,CO,/ LIOH
Battery Active
. . Material
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Process Chain for .1-"
IPAT

Dem O n Stratl O n PI ant Institute for Particle Technology

HOD

Discharge Disassembly Crushing Drying 1st Classification 2" Crushing Sieving
Classmcatlon

Technische

Universitit Arno Kwade | Losungsansétze fiir geschlossene Stoffkreislaufe | BLB | Slide 16 B ATTE R Y
Braunschwei o o
g LABFEFACTORY

BRAUNSCHWEIG




iF’ATL
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Lithorec process overview
Discharge and
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Lithorec process overview 1IPAT
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Discharge and
Disassembling

v

Battery Module
Crushing

Module

O o 00 00 00 o e
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Intermediates

Separation of Foil and

Coating Separated % Separated
Coating ~ Foils
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1st Air-Classification 1IPAT
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AImduIe
26.6 %

Vg 3,34 m st
Hs 190 g kg

>
' Al housing
heavy parts 47.7 %

Cu-, Al- Foll, Separator,

Plastics, Black Mass Inclusions

2.9 %
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2nd Ajr-Classification 1IPAT
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Al foll
16.6 %

Vg1,10 m s
Hs 25 g kg™

Plastics Separator
5.9 % 2.9 %

Separator (+ Al foil) Black Mass
44.8 %
J’M‘E?‘} .
79;/spt Technische .. . " _
t‘}"i %; Universitit Arno Kwade | Losungsansétze fiir geschlossene Stoffkreislaufe | BLB | Slide 20 B ATTETRY
+#H3|%%5 Braunschweig

LABFACTORY

BRAUNSCHWEIG

~a

On st




Fine sieving of fine/light fraction .PA_I_.'H"
Yield and purity black mass :

Institute for Particle Technology
Black mass recoverd by sieving at 200 pm

Mass ouput and impurities of black mass fraction

Battery Type: EV |
Battery cells: 6 PHEV1, LiNiCoMnO, / Graphite
Sraction: <500 pm 7- Blapk Mggs _—
.| Fe impurities
I Alimpurities
B Cu impurities
o 80 PUTEES 1 Black mass
(=)
':' recovery rate
2 604 > 75% at this point
s T
o
n 47
7))
@©
S
2
O -
without with
2" crushing step 2" crushing step
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Lithorec process overview 1IPAT
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Discharge and
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Recycling iF’ATa'

Hydrometallurgical treatment

Active material

» Cathode
= Residual cross contamination (Al, Fe, Cu)

Acidic desintegration of active material
= Dissolution of metal components

Solid separation

= Metal salt solution
= Solids remaining

Precipitation

= of transition metal salts
= Preservation of a Lithium-Salt-Solution

Rockwood Lithium
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Recycling Efficiency
based on material recycling

State of the art
(mainly pyrometallurgy)

=~ 30%

Separator Rod
4% _\ - 2%

Lithium
Electrolyte 2%
16%

Cobalt
7%

Nickel
6%

Manganese
6%

Anode Coating
19%

Al Foil

5%

SLLEy
P ol

Available technology
(Mechanical treatment,
hydrometallurgy)
= 80% *

Separator Rod
4% _\ I_Z%

Lithium
Electrolyte 2%
16%

Cobalt
7%

Nickel
6%

Manganese
6%

Anode Coating
19%

Al Foil
5%

.Other recycling or disposal ‘ Material recycling

iF’ATa'
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Advanced technology
(Mechanical treatment,
hydrometallurgy)
> 95%*

Separator Rod
4% _\ I_Z%

Lithium
2%
Electrolyte

Cobalt
7%

Coating
19%

Al Foil
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Ecobalance LithoRec-Process .‘I-'

IPAT

O kO_I n Stit Ut e -V- Institute for Particle Technology
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Circular Economy and Production of Batteries iPATa'
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Material/Component
Production

\‘ Production of
o electrodes
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battery systems
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Active materials of Lithium-ion battery iF’AT"'
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4™, Active material
2 Anode
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Active material
Cathode

@ Carbon black
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Electrolyte
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Active materials for the cathode iPAT;'
« Lithium metal oxides with morphology of layered oxide
* LiCoO,
* LINMO, (N, M = Ni, Co, Mn in different amounts N + M = 1)
- e.g. LINiMnCoO, (NMC 111, NMC 622, NMC 811)
- e.g. LINICoAIO, (NCA)

« Lithium metal oxides with morphology of spinels

« Lithium metal phosphates
- LIMPO, (M = Fe, Co, Ni, Mn) e.g. LiFePO,

8
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Synthesis of cathode material IPAT
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Pyrolysis

Grinding
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Production and preparation of cathode active materials PAT
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Moto \ Feed
Qe = 2, Cr)l'"-'
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\ =02 ) \' / C c} ¢
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Outer Cylinder Wall
1
I ) i
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I 1 i
| : |
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Inner Cylinder Wall
Continuous Stirred Tank Reactor
Taylor Vortex Reactor
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SEM-Images of Re-Synthesized NCM iF’ATL
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Reference = Increase of BET-surface area
= From pure = Reference 0.23 m2 gl
metal salts = Rejects 0.28 m2 gl
= Cycled 0.60 m? g1
_ » Reference and Rejects are closer in BET-
Rejects I ; surface area
| . .
Fro(rjn electrode = Reason is secondary particle shape as a result
production of particle conditioning
rejects
= Aluminium content increases as main impurity
/g-L? Referen Rejects Cycled
Cycled | rereren | Feweers | oveed |
i - 0.56 6.46
- From resynthe- i 34.00 39.00 39.00
sized spent 34.00 38.00 37.70
cells 32 00 3200 33 60
<0.02 0.24 1.48
T U.0T 00T U.T0
<0.01 <0.01 0.03
- 0.01 0.03
o <0.01 0.01 0.11
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Electrochemical Performance of Re-Synthesized NCM - Material iF’ATL
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Re-Synthesized Graphite — Recycling Strategies iF’AT;'

Institute for Particle Technology

Thermal evaporation of volatile
electrolyte compounds

Graphite Washing steps,
recycling removal of SEI and
strategies binder

Electrolyte extraction with
subcritical CO,, in combination
with acetonitrile

Thermal evaporation of volatile
electrolyte compounds
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Production of Battery cells — German competency cluster on _ L
battery cell production ProZell 1PAT

Institute for Particle Technology
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=
New german wide academic recycling platform ,,INNOREC* 'F’AT."
within German competency cluster ProZell '
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Conclusions
Closed material circuits within circular battery production

= Demand of battery cells and consequently required raw materials and
synthesized active materials rise tremendously in the future

» Sustainable processes especially for materials are very important to
fulfill environmental goals of car manufacturer (e.g. CO, footprint)

* In the future recycling of spent batteries and re-synthesis of active
materials from spent lithium battery systems are decisive
* to close material cycle,
» to decrease dependency on primary raw materials and

* to minimize ecological impact of battery production.

Mechanical-hydrometallurgical recycling process developed in
Niedersachsen is advantageous compared to other processes

» Recycling and Re-Synthesis of battery materials should be future key
technology of Niedersachsen

iF’ATL

Institute for Particle Technology
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system
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Challenges of future recycling processes — [

Diversity of battery materials and technologies 1IPAT

4 )

Lithium-lon Lithium/Sodium-Metaloxide vs. Graphit/Si
Sodium-lon Solvent based electrolyte
-
4

All-Solid-State Lithiummetaloxide vs. Li

Solid state electrolyte

-
4 . .
Lithium-Sulfur Sulfur-Carbon-Composite vs. Li

Solvent based or solid state electrolyte

Metal-Air N Gasdiffusion electrode vs. metal (z.B. Lithium, Zinc)
1 5 < g e/ o +
Batteries % 8 - Solvent based electrolyte
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=
Challenges in Recycling of All Solid State Batteries iF’ATa'

Institute for Particle Technology

@ - > Challenges in Process Technology:
‘ < @ = Shredding of the systems / cells only possible

Charge / Discharge ‘ under protective atmosphere
I |

* Li-metal is very reactive
» Dissolving the Li-metal in water

* |n aqueous systems formation of LIOH with
Al release of H,

» Polymer-based solid electrolytes: Removal of
valuable cathode active materials (NCM) e.g.
by swelling or dissolving polymers (PEO)

Anode Separator Composit-Cathode . .
-~ Oxidic » Sulfidic solid electrolytes: Danger of release of
L oopmer-based H,S and other sulphur compounds
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. L Yy
International Battery Production Conference, IBPC 2019 1PAT

Institute for Particle Technology

PRODUCTION CONFERENCE

4 to 6 November 2019
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iF’ATa'

Institute for Particle Technology

Estimation of recycling burdens remains a challenge
157 NMC : NCA - LFP

4r NMC NCA

LFP

=

Emissions avoided through recycling

Emissions (kg CO,e kg battery™")
(kg CO,e kg battery ")
L]

GWP (cradle-to-grave)
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. L
Recycling burdens of battery recycling |F’ATgy
Methodology | Step 3: Impacts

=

Discharge Disassembly Crushing Drying Air-Classification Sieving
£ 'g
"

discharged energy !
(0-13 kWh)

58,3 kWh - Recycling energy

83 kg - Black mass

Modules (227 kg)

NN

N
N N

29,88 kg - Volatile components

39,6 kg - Plastics

124 kg - Aluminum
41,4 kg - Copper

9,72 kg - BMS (electronics)
32 kg - Steel
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