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Why Is the topic sustainability important?

® Global installed stationary battery energy storage
capacity by scenario,2020-2050 (Source: IEA).
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‘World-first’ grid-scale sodium-ion
battery project in China launched

By Cameron Murray
August 3, 2023
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Schonfisch, M., Dasgupta, A., Wanner, B. (2024). Projected Global Demand for Energy Storage. In: Passerini, S.,
Barelli, L., Baumann, M., Peters, J., Weil, M. (eds) Emerging Battery Technologies to Boost the Clean Energy
Transition. The Materials Research Society Series. Springer, Cham. https://doi.org/10.1007/978-3-031-48359-2_3

® Sodium-lon batteries (SiBs) are considered as an alternative to
overcome some sustainability challenges related to Lithium-lon
batteries (LiB)
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Introduction

- SIB are based on essentially the same principle like LIB
- Sodium instead of lithium in the cathode active material and electrolyte salt
« Aluminium instead of copper for the current collector

« Use of several cathode materials

Anode
Materials:
Graphite
Metallic Li

Goodenough, J.B. How we made the Li-ion rechargeable battery. Nat Electron 1, 204 (2018).

Li-lon Batteries

Anode

Electrolyte

https://doi.org/10.1038/s41928-018-0048-6
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Cathode

,Same, same

http://www.renewablesdaily.com/sodium-ion-batteries-are-improving

Na-lon Batteries

but different

Li-Cathode
Materials:
Ni

Co

Mn

FePO4

Al

Na-Cath.
Materials:

Anode Ni
Materials: Mn
Hard Cabon FePO4
Metallic Na Ti

Al

J. F. Peters, A. Peiia Cruz, und M. Weil, ,,Exploring the Economic
Potential of Sodium-lon Batteries*, Batteries, Bd. 5, Nr. 1, S. 10, Marz

2019, doi: 10.3390/batteries5010010.
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Background — Sustainability assessment ﬂ(".

® In early technology readiness levels (TRL) opportunities to steer are
plentiful, but hard to choose from, while at later stages this is reversed

Market diffusion
vy

TRL 8-9
Manufacturing .

Time

TRL 1-3

Concept phase

Degree of freedom for design (Power)

Data / Knowledge (information)

Early R&D Advanced R&D Developed product

D. Collingridge, The social control of technology. New York: St. Martin’s Press, 1980.
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BTRL
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methods . . Karlsruhe Institute of Technology
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2. First formulation of application R Very high urjcertainty
and concept ngle components
No data

Methods:
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. - 3. Analytical and experimental E
Inve_:;t?g_atlon & definition and proof of concept 3 4 Cost analysi
feasibility YOI . .
N o 14 Streamlined|life cycle
]

assessment
Where to start?

4. Cell component validation on
laboratory level

How to 2) Prospective assessments ~Characterisitics:
compare? Cell component i Level: Device Level (Cell), life Several altenatives
production and testing 5. Cell component validation cycle phases Few data
under real production conditions High uncertginty
Data % |/i| h @ Methods:
availability? L g Parametric gtudies
6. Cell or co_mponent protcz Life cycle asdessment
~— | demonstration on production Zg I Life cycle cotting
and application level :g .I I
Development of semi-
Who is my target group? industrial production and | | 7-Fullcell prototype, 3) Full assessments
. demonstration for production Characteristics
operation of cells | 4 iication Level: System level, Full life

Moderate number alternatives

cycle perspective .
T Y P P Data driven assessment
8. Completed cell, production -BI ! ! . .
t ;TT%{ qualification and demonstratio Foml Good data avallablllty
Ll

under operational environm, ‘ ‘ Moderate uncertainty
Methods:
Proven cell for \ DDHD /"-"'I /
commercialization 9. Commercialization, production Vv Life CYC|e assessment

and safe operation of battery Life cycle costing

e

Baumann, M.; Haringer, M.; Schmidt, M.; Schneider, L.; Peters, J. F.; Bauer, W.; Binder, J. R.; Weil, M. Prospective Sustainability Screening of Sodium-lon Battery Cathode Materials 2022. Advanced energy materials, 12 (46), Artkl.Nr.: 2202636. doi:10.1002/aenm.202202636
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https://publikationen.bibliothek.kit.edu/1000151505
https://doi.org/10.1002/aenm.202202636

Use Cases - ﬂ(".

Reference
Degree of freedom for design (Power) ¥ S

—
—_— =T
=

e e

Early R&D dvanced R&D Developed product
5 6
i.n..
Material level Electrode level Cell level Module level System level Application level End of life
Active materials Binder, collectors, Separator, cell housing, Moudle containcer, Battery manamgent  stationary storag,e Recycling paths,
conductive additives  electrolyte control units etc. system, cooling etc.  Electric mobility incineration

Material (screening) — Level 1
Cell production 1-4 (upscaling challenges)
Cell level- Level 3 (Cell vs. material
screening)
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Use Case #1 Material Screening ﬂ(".
L . ADVANCED ' /| -V MATERIALS
® Sustainability screening

Si B CathOde Materials Research Article & OpenAccess @ ® & @

Prospective Sustainability Screening of Sodium-lon Battery
Cathode Materials

Manuel Baumann g4 Marcel Haringer, Marius Schmidt, Luca Schneider, Jens F. Peters, Werner Bauer,

] Ve ry h | g h unce rta| nty T R L< 6 Joachim R. Binder, Marcel Weil

First published: 10 October 2022 | https://doi.org/10.1002/aenm.202202636

Cell level not considered

Scope: Only Materials

1

L 3

Material level Electrode leyv
Active materials Binder, collec
conductive a
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Material (screening) — Level ﬂ(IT

Karlsruhe Institute of Technology

Benchmarking

Cathode Material Screening and Ranking

® Screening of 42 cathode active Liton S
. omparison wi
matenals (CAM) benchmark, H statepofthe art

. . @, Cathode raw material
B Three Indicators: Cost, Carbon data (prices, etc)
: i : 8 Li-lon
Footprint, Criticality athode
® Theoretical data types Raw material level
® Literature and electrochemical — ; o
calculations | Precursorleve -
42 . Footprint
_ _ _ Na-lon :
Separation of cathode materials into: cathode oo
» Oxidic Materials (NMC622 Benchmark) T Rankings &
. . . Calculus of eatmaps
« Polyanionic Materials (LFP Benchmark) oS ON 4 ergy densties P
8 February 12, 2024 Manuel Baumann i-m i%%é&%}g;gslig?sem



- L] R
Material (screening) — Level e e
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Screening of Sodium-lon Battery Cathode Materials, Advanced Energy Materials, 2022, doi: 10.1002/aenm.202202636 Na,MnSio, *
Na,Fe,(S0,); *

).
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- High uncertainty due to early stage T — Y
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M. Baumann, M. Haringer, M. Schmidt, L. Schneider, J. Peters, W.Bauer, J. R. Binder, and M. Weil, ,Prospective Sustainability Na,FeSiO, * Bz E
_
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10

Material (screening) — Level

- Results for Criticality

+ Supply Risk (SREY) - composite index
descr. the risk of a disruption in supply of
a specific material

- Cobalt, Nickel and Vanadium as key
drivers for carbon footprint

- Energy density

- Surprisingly good correlation between
carbon footprint, costs and criticality

- High uncertainty due to early stage
assessment

1; e.g. global supply and sourcing countries mixes (described by the Herfindahl-Hirschman Index HHI), import reliance, supplier
countries' governance performance (World Governance Index (WGI) [53]), trade restrictions and agreements, availability and
criticality of substitutes as well as end-of-life recycling input rate (EOL RIR).
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M. Baumann, M. Haringer, M. Schmidt, L. Schneider, J. Peters, W.Bauer, J. R. Binder, and M. Weil, ,Prospective Sustainability
Screening of Sodium-lon Battery Cathode Materials, Advanced Energy Materials, 2022, doi: 10.1002/aenm.202202636
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M. Baumann, M. Haringer, M. Schmidt, L. Schneider, J. Peters, W.Bauer, J. R. Binder, and M. Weil, ,Prospective Sustainability :az;n:s?oq* -jézﬁ I | naSSSSSSheaas
Screening of Sodium-lon Battery Cathode Materials, Advanced Energy Materials, 2022, doi: 10.1002/aenm.202202636 Na,Fe,(S0,); * ST i - [==s
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Material (screening) — Level ﬁ(IT

Cost Comparison

Karlsruhe Institute of Technology

Material Level Cell Level

Sodium-ion (Na-ion batte?( chemistries contain lower-value Sodium-ion (Na-ion) batteries present a lower cost option than
materials than lithium-ion (Li-ion) ones lithium-based counterparts
2022 battery pack costs by chemistry
The lower energy density
) ) , 180 Inexpensive cathode of Na-ion cathodes
Na-ion Na-ion Na-ion LFP NMC811 materials and a relatively means more cell and 164
Prussian white* Layered oxide* Polyanion* 160 | nhigh specific energy lead ook inalsiels. wre
— — — — — 140 to the low cost of nteeded per kWh of 133
i i i storage
kg/kWh 20 25 27 2.0 1.4 Prussian whfte materials 123 \ 126
120 ' - \ - [
0 7i 0 . 100 90 1
. & !
N3 | Na R Li 60 —

USS/kWh CATL & TiamaT 40
80 67 20
60 0| m— B 2
40 24 Prussian white Layered oxide Polyanion LFP NMC811
2 4 i 12 Na-ion m Cathode material Li-ion m Anode material

0 CATL e TIAMAT u Other cell materials m Pack materials

*Prussian white = Na,Fe[Fe(CN), Layered oxide = Nag g33Nig 3:7MNg.26sMgg+ Tig 1170, Polyanion = Na;V,(PO.)F; ® Processing and manufacture m Other

Source: Wood Mackenzie Source: Wooc Mackenzie

Source: https://www.woodmac.com/news/opinion/sodium-ion-batteries-disrupt/ https://www.nextbigfuture.com/2023/09/future-sodium-ion-batteries-could-be-ten-times-

cheaper-for-energy-storage.html
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AT

Use Case #2 Cell production

Scope: Only Materials

Primary data collection for
ab scale Cell production

Role of upscaling
® Very high uncertainty

Journal of Cleaner Production 384 (2023) 135510
Contents lists available at ScienceDirect . Cleaner
Production
Journal of Cleaner Production ir‘-"o\._ Ko
journal homepage: www.elsevier.com/locate/jclepro i -

»

Gheck for
updates

Closing gaps in LCA of lithium-ion batteries: LCA of lab-scale cell
production with new primary data

Merve Erakca™™ ", Sebastidn Pinto Bautista™", Samineh Moghaddas ", Manuel Baumann ™,
Werner Bauer?, Lea Leuthner , Marcel Weil "

# Institute for Technology Assessment and Systems Analysis (ITAS), Karlsruhe Institute of Technology (KIT), P.O. Box 3640, 76021 Karisruhe, Germany
B holtz-Institute Ulni - Electroch Energy Storage (HIU), Helmholtzstrafe 11, 89081 Ulm, Gerinany

© CICS.NOVA - OAT, Universidade NOVA de Lishoa, 1099-085 Lisbon, Portugal

9 Institute for Applied Materials (IAM), Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

"Not considered

Material level
Active materials

Electrode level
Binder, collectors,
conductive additives

Cell level Module level System level
Separator, cell housing, Moudle containcer, Battery manamgent
electrolyte control units etc. system, cooling etc.
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Cell Production: lab vs. Industrial scale
(Energy demand) ﬂ(IT

Cell Manufacturing Energy Demand

/\ B-U modeling approach [:] T-D modeling approach {> Approach unclear / mixture
X 69 X Average industrial
65 Tesla (Davidsson Kurland, 2019) -unknown-
42 L . Philippot et al. (2019)* high -NCA-
29 Significant differences Sun et al, (2020)" -NMC622-

] 67 TR L 8_9 * Due to scale Philippot et al. (2019)* average -NCA-

= 68 *  Thoughput Northvolt (Chordia et al., 2021)* -NMC811-

= 50 . O i7i Northvolt (Davidsson Kurland, 2019) -unknown-

© versizin

£ 45 (M ar ket) « Scra rat(gs Jinasena et al. (2021) -NMC333-

47 P Dai et al. (2019)* -NMC111-
" 136 ¢ Philippot et al. (2019)* low -NCA-
E 46 * Upscale required Pettinger and Dong (2017) -unknown-
2 162 Ellingsen et al. (2014) -NMC-
o
g X Average pilot
b 139 Deng et al. (2019)* -NMC-
a 106 Yuan et al. (2017) -LMO-
156 Erakca et al. (2021) Sensitivity -NMC111-
A 745 A Thomitzek et al. (2019b) -unknown-
TR L 4 7 A 740 A Wessel et al. (2021) -NMC111-
= A 1154 1447 |l A Thomitzek et al. (2019a) -NMC622-
A 1A von Drachenfels et al. (2021) -NMC622-
- 1470 A |A Erakca et al. (2021) -NMC111--
500 750 1000 1250 1500 * Values stemming from LCA
Energy demand in Wh per Wh cell energy density
15 Febl’ua _ Erakca, M.; Pinto Bautista, S.; Moghaddas, S.; Baumann, M.; Bauer, W.; Leuthner, L.; Weil, M. Closing gaps in LCA of lithium-ion batteries: LCA of lab-scale cell production with new primary data 2023. Journal of Cleaner Production, 384, Art.-Nr.: 135510. doi:l: 51\ ARSI
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https://publikationen.bibliothek.kit.edu/1000153840
https://doi.org/10.1016/j.jclepro.2022.135510

Cell Production: lab vs. Industrial scale
(Energy demand) ﬂ(IT

Karlsruhe Institute of Technology

Global Warming Potential

/\ B-U modeling approach [C] 7-D modeling approach Approach unclear / mixture
1.31 o X 013 | 11 | X Average industrial
100% Sensitivity 012 : * High impact of production scale Philippot et al. (2019) high -NCA-
90% Analysis — 012 : * Upscaling is a difficult task Sun et al. (2020) -NMC622-
80% Consideration S 010 | * Cells/batch Northvolt (Chordia et al., 2021) -NMC811-
70% of entire @ 009 | " |Hlectricity mix Shu et al.(2021) -NMC111-
.c [ )
60% battery pack = 011 Crenna et al. (2021) -NMC111-
Z 0.17 Dai et al. (2019) -NMC111-
50%  98.6% it l .
» 0.17 Ellingsen et al. (2014) -NMC-
40% g I .
2 0.14 Kim et al. (2016) -NMC-
30% S .
©
20% 0.21 0.18 E : X 048 X Average pilot
10% =] 0.18 Case study (Scale-up-EU) -NMC111-
’ 14 5% 126%
0% i 0:21_ Case study (Scale-up-DE) -NMC111-
8 8 a | A 104 A von Drachenfels et al. (2021)** -NMC622-
¢ & 8 l
] (i'g % I - A 1.01 A Case study (Baseline-EU) -NMC111-
@ ® ® : ‘ A 1.31 A Case study (Baseline-DE) -NMC111-
Climate change ! : 5 . e *+ onginal data refer to cell, battery pack modeled

using same approach as for KIT 20 battery pack

(kg CO2 eq/ Wh)
#Cells mBMS wHousing = Others

potentialin kg CO2-eq. per Wh battery pack energy

Erakca, M.; Pinto Bautista, S.; Moghaddas, S.; Baumann, M.; Bauer, W.; Leuthner, L.; Weil, M. Closing gaps in LCA of lithium-ion batteries: LCA of lab-scale cell production with new primary data
2023. Journal of Cleaner Production, 384, Art.-Nr.: 135510. doi:10.1016/j.jclepro.2022.135510
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Use Case #3 Cell - Level 3 (/) ﬂ(".

- - Sustainable POt
® Prospective LCA of Sodium-lon Energy & Fuels -
ce I I S PAPER View Article Online
L] ThEOretlcaI ValueS M creckiorupeaes.  ON the environmental competitiveness of sodium-

ion batteries under a full life cycle perspective —
a cell-chemistry specific modelling approach+

Jens F. Peters, © *3® Manuel Baumann, < Joachim R. Binder® and Marcel Weil®®

Cite this: DOI: 10.1039/d1se01292d

® High uncertainty

-NonCommercial 3.0 Unported Licence.

5/2021 11:48:39 AM.

Scope: System Periphery / BoP not considered
1 2 3 6 7
> ‘aw
Material level Electrode level Cell level Application level End of life
Active materials Binder, collectors, Separator, cell housing stationary storag,e Recycling paths,
conductive additives  electrolyte Electric mobility incineration
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Comparison with material level results ﬂ(l'l'

Karlsruhe Institute of Technoloav

[ Others
BCOeA/kWh GWP e
GWP of a theoretical SIB vs Global Warming Potential 5 Electricity

90 s ousin
LI B : m H g

80 W Separator
e Good GWP results for LIB and
MMO and NMMT —type SIB 70

Electrolyte

Cathode other

E Cathode Binder

(high energy density) 60 @ Cathode Act mat
. . B Cathode Foil
e Main drivers: 50 Y AT GtHET— p—
e Cathode active material 40 M
* Manufacturing energy 20 = i ~
* Energy density = = =
. e 1 _ 20 = = =
esults to screening ver £ R S,
. N EVEY 16 < - | A
different* w/o anode o

Peters, J. F.; Baumann, M.; Binder, J. R.; Weil, M. On the environmental competitiveness of sodium-ion batteries(:"I

ggid:ir).alglélg}igeiscggllezgg(rjspective — a cell-chemistry specific modelling approach 2021. Sustainable energy & fuels. NEN MC NHMVP NEM MD NEN MMT NHPBA I.iN MC I.iFP
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Early TRLs — Challenges & tranfereability to other
cell technologies ﬂ(IT

“ I\:IaFt)eriaIst. Results are just valid for certain material >
roperties :

a System level (BoP) very different on a component of system level
- I\faEn#;?Cttgé?ngan q High uncertainty when assessing emerging

. % technologies (processes, upscaling...)
® Performance . .

a Life time ‘ Considering also lifetime and other use-phase

parameters crucial as it might impact overall

I
® Recycling results

® Energy demand - Can lead to different picture, abundant

... materials = primary sourcing prefereable (?)

Result
» interpretation ‘ Has to be carried out very carefully, considering all
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-
CO n C I u S I O n Karlsruhe Institute of Technology

® Sustainablility assessment should start as early as possible (low to high
TRL and Market diffusion)

® Material screening: results are just valid for certain cathode active
material - very different on a cell level

® SIB getting close to LIB, but do not yet outperform. Need for considering
also lifetime and other use-phase parameters with more robust data

® Use of multiple assumptions for early TRL comparison with established
technology problematic (Na vs Li-lon)

® In general, high uncertainty when assessing emerging technologies

20 February 12, 2024 Manuel Baumann [ r lTrésctri]tr%leofgc;rAssessment
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Thank you for your attention! ﬂ(".
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® Excel-based cell dimensioning

tool, allows for incorporating
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® Numeric results and graphics

® Life cycle inventory data
for import and direct re-use
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« Automatic generation of inventory tables for life cycle assessmen
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Material (screening) — Level

® Cost can change drastically

® Price development until 2031

a Clear impact for some materials
@ Economy of scale effects

a SiB might offer high advantage

Lithium Carbonate (99.5% Battery Grade) price Charts
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M. Baumann, M. Haringer, M. Schmidt, L. Schneider, J. Peters, W.Bauer, J. R. Binder, and M. Weil, ,Prospective Sustainability
Screening of Sodium-lon Battery Cathode Materials, Advanced Energy Materials, 2022, doi: 10.1002/aenm.202202636
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layered oxide materials
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Source: https://www.unep.org/interactive/measuring-progress-environment-sdgs/
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Why Is the topic sustainability important? ﬁ(".

® Climate Change, Planetary limits....
® Sustainability development goals (SDG)
® European Green Deal

® Sustainable Finance & Taxonomy
Regulation

® A new Circular Economy Action Plan
® EU Battery directive
@ Critical raw material act

K &

T £ European
o Commission

& Green Deal: Sustainable batteries for a circular and climate neutral
SUSTAINABLE economy
DEVELOPMENT
GOALS

Source: https://ec.europa.eu/commission/presscorner/apiffiles/document
/print/en/ip_20_2312/IP_20_2312_EN.pdf
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IN TERMS OF SUSTAINABILITY

CARBON FOOTPRINT YEAR RECYCLING
REGULATIONS REGULATIONS

Carbon footprint analysis is F 2023 Minimam recycling efficloncy
recommended level by weight:
75% of lead batteries
Rechargeable vehicle batteries ‘> 2024 659% of lithium cells and batteries
must have a carbon footprint 50% other waste batteries
statement
2025 Minimum level of material
recovery in recycling
Batteries will have to carry a & 90% Cobalt 90% Copper
carbon intensity performance 2026 90% Lead  35% Lithium
class label 90% Nickel
Batteries must comply with '7 2027 New industrial and electric vehicle
5 : batteries will have to declare the
maxnmun;‘carrt‘) olr; footprint content of recycled cobalt, lead,
thresholds 2028 lithium and nickel they contain
Minimum recycling efficiency level
- 2029 by weight:
80% of lead batteries
[[] new BatTERY /‘ 70% of lithium cells and batteries
2030
D NEW BATTERY Minimum level of material
recovery in recycling:
D END OF LIFE 2031 95% Cobalt 95% Copper
95% Lead 70% Lithium
95% Nickel
2032
C I C New batteries will have to contain
minimum levels of recycled
content:
e n e rg l G U N E 2033 12% cobalt  85% lead
MEMBER OF BASQUE RESEARCH 4% lithium _ 4% nickel
&TECHNOLOGY ALLIANCE
2034 New batteries will have to
contain minimum levels of
recycled content: 20% cobalt,
Source: Own elaboration based on the 2035 4 10% lithium and 12% nickel
new European regulations
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Institute for
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https://ec.europa.eu/commission/presscorner/api/files/document
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