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Introduction
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® Demand for stationary battery storage of up to 47,858 GWh until 2050 (Ram et croup»1 2
iod
al) Pe*rlo
L]
® Sodium-lon batteries (SiBs) are considered as an alternative to overcome E
some sustainability challenges related to Lithium-lon batteries (LiB) in
stationary applications
[ OPINION |
_ Will sodium-ion battery cells be a game-
® There are several companies changer for electric vehicle and energy
(CATL, TIAMAT, Faradion) aiming  storage markets?
to intrOduce SlB into markets CATLs Na-ion batteries could provide a lower-cost alternative to Li-on cells
14 September 2027 in f . &
. Only feW StUdieS about Sustainabiliftfgl;ctric—vehicle—and—energy—storage—markets/

Available

https://en.wikipedia.org/wiki/Sodium

M. Ram, D. Bogdanoyv, A. S. Oyewo, and et al., “Global Energy System based on 100% Renewable Energy
- Power Sector.,” Lappeenranta University of Technology, World Energy Watch Group, Lappeenranta,
Berlin, Nov. 2017.

28.02.2022 Manuel Baumann

Jens Peters, Manuel Baumann, Marcel Weil, Stefano Passerini, On the environmental competitiveness of
Sodium-lon Batteries — Current state of the art in Life Cycle Assessment, 2021, Sodium-lon Batteries:
Materials, Characterization, and Technology. Ed. Philipp Adelhelm, Magdalena Titirici, Yong Sheng Hu, Wiley
September 2021 (Forthcoming)
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« 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

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

Li-lon Batteries ~Same, same but Na-lon Batteries
different

Anode charge discharge > Cathode Na_Cath

Li-Cathode ) aeauia.ay Materials:
Anode Materials: Anode ot AR
Materials: Ni Materials: % —— B T,
Graphite Co Hard Cabon - R FePO4
Metallic Li Mn Metallic Na \ -] ‘@ % Ti

FePO4 it Al

Aile Electrolyte Cathode AI ® g.

J. F. Peters, A. Pefia Cruz, und M. Weil, ,Exploring the Economic Potential of Sodium-

Goodenough, J.B. How we made the Li-lon rechargeable battery. Nat Electron 1, 204 (2018). lon Batteries®, Batteries, Bd. 5, Nr. 1, S. 10, Marz 2019, doi: 10.3390/batteries5010010.

https://doi.org/10.1038/s41928-018-0048-6
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Goal and scope

® Aim of the work:

® Life cycle assessment (LCA) of SIB under consideration of the whole life cycle
— here focus on the use phase

® Compare Na-lon alternatives to state of the Art Lithium-lon Batteries (NMC
622, LIFP) & analyze required performance to be competitive with the same

: ™ LOYAL SOCIETY
SUStaInabIe PPN OF CHEMISTRY
Energy & Fuels

View Article Online

View Journal | View Issue

W) Check for updates On the environmental competitiveness of sodium-
o ion batteries under a full life cycle perspective —
Cite this: Sustainable Energy Fuels, . .o .

2021, 5, 6414 a cell-chemistry specific modelling approacht

Jens F. Peters, 2 *3® Manuel Baumann, & € Joachim R. Binder® and Marcel Weil<®
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Assessed battery types ﬂ(".
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Adopted BatPac dimensioning tool by Argonne National Laboratories
Na-based cells

Li-based reference cells (benchmark)

NaNMMT SIB cell Na, ;(Niy sMng Mg 95Tl 05) O
NaMMO Nay3(Mng gsMgj 05)O;

NaNMC Nay o5(Nig 33MNg 33-C0p 33)0.050>

NaPBA; Na,Fe [Fe(CN),])

NaMVP Na,-MnV(PO,)

LINMC622

) Image \\'M.NS.GCT[B =<
LIFP

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

28.02.2022 Manuel Baumann ITAS



6

Assessment Framework

Production

Life cycle Assessment (LCA) lﬂ €
cradle-to-grave approach Resource
® Manufacturing E"tra‘“”"*
® Use phase el
B End of Life Phase N\ C.,:)
A Nature Recyeling I; ?_I::g?itlll?nng

openLCA 1.10.2 & ecoinvent 3.7.1

Functional unit: 1 kWh of electricity provided by the battery cell over the lifetime
of the assumed application.

Impact Categories (ILCD)

® (i) global warming potential (GWP) i.e., GHG emissions (kg CO2 eq. / kWh)
® (i) abiotic resource depletion potential (ADP) (kg Sb eq. / kWh)

28.02.2022 Manuel Baumann ITAS



Consideration of use phase
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Energy storage

charact}ritir.s\ /

Application field / Business \

Performance metrics /
Benchmark

case definition/requirements /

1

SlB?

XXXX

~

Which technology is suitable to which application?

Which one performs best?
7 28.02.2022 Manuel Baumann

N
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Battery performance assumptions A\‘(IT
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® In contrast to LiB, SIB are not established, only lab-scale data about performance available
® Parametric study, performance in orientation towards LiB technology
® Parametrized factors (only one at the time in the detailed analyses):
m Efficiency (no differing c-rates, temperatures etc. considered) Implies, that detailed analyses
m Cycle Lifetime (fixed SoC, not changing c-rates etc.) are required when better data
® Energy density Is available
® Analyze which performance is required to be competitive with LiBs
NaNMC, NaMMO,
NaNMMT NaPBA, NaMVP LiFP LINMC
Min Base Max Min Base Max Min Base Max Min Base Max
Efﬁciency 90 92 95 90 93 97 90 93 97 90 92 95
Min SOC% 10 20 25 5 20 20 5 20 20 10 20 25
Max SOC% 95 95 100 95 95 100 95 95 100 95 95 100
Cycle life 1000 4000 9000 1000 7000 10 000 2500 7000 10 500 1000 4000 9000
Calendric life time 10 15 20 10 15 20 10 15 20 10 15 20
8 28.02.2022 Manuel BAUMANN  cper a ul o evcle perspective - collchermisey Specific mogeling approach, 2091, Sustainable energy & fusks. ITAS

doi:10.1039/d1se01292d
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Simplified application case

® Generic consideration of the use phase
difficult
® Simplified case (e.g. “load shifting”)
® Two scenarios:
® (i) electricity from grid
® (i) electricity from PV systems

B Cells exchanged in case of insufficient
cycle or calendric lifetime

® The periphery has been neglected here
(out of scope)

4]
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Parameter Value Unit
Capacity 2 MWh
Power 1 MW
Cycles per day 2 -
Project life time 20 years

Cycles over project lifetime 14600 Cycles

Total energy stored 14,600 000 kWh
Total cycles per year 730 —
Operation rate per year 17% 1450 h

Peters, J. F.; Baumann, M.; Binder, J. R.; Weil, M. On the environmental competitiveness of sodium-ion batteries
9 28.02.2022 Manuel Baumann under a full life cycle perspective — a cell-chemistry specific modelling approach. 2021. Sustainable energy & fuels. ITAS

doi:10.1039/d1se01292d
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Simplified application case

Case
Parameter
Capacity
Power
Cycles per da
Project life ti

Value

Cycles over pi

Recycling
Selected elet

Resulting Electrictiy mix

Parametric stu Cycles

Gesucht
Gesucht

AP

0,196305
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500

10000

10

NaNMC

14600 Cylces

y=1
1 far

AD Nn NNNE7
NaMVvP
10,000000 0,185518 10,000000 0,131062
6,37E-01 1000 1,04120917 1000
4,41E-01 1500 0,708440522 1500
3,43E-01 2000 0,542056198 2000
2,84E-01 2500 0,442225603 2500
2,45€-01 3000 0,375671874 3000
2,17e-01 3500 0,328133496 3500
1,96E-01 4000 0,292479712 4000
1,80€-01 4500 0,264748991 4500
1,67€-01 5000 0,242564415 5000
1,56E-01 5500 0,224413397 5500
1,47€-01 6000 0,20928755 6000
1,40€-01 6500 0,196488756 6500
1,336-01 7000 0,185518361 7000
1,30€-01 7500 0,179657465 7500
1,30€-01 8000 0,179657465 8000
1,30€-01 8500 0,179657465 8500
1,30E-01 9000 0,179657465 9000
1,30€-01 9500 0,179657465 9500
1,30€-01 10000 0,179657465 10000

28.02.2022

Any use case can be considered in the
model, which is available for download

10,000000
0,375553805
0,266890942
0,212559511
0,179960652
0,15822808
0,142704814
0,131062364
0,122007126
0,114762935
0,10883587
0,103896649
0,099717308
0,096135016
0,094221188
0,094221188
0,094221188
0,094221188
0,094221188
0,094221188

Manuel Baumann
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0 1 2 3 4 5 6
, PO IV
cycle life N N W N W N X
1000, 06370041 0376 0355 0498  (
1500 0,441 0,708 0,267 0253 0346 ¢ GWP per kWh
2000 0343 0542 0213 0202 0270 12000
2500 0284 0442 0180 0172 0225
3000 0245 0376 0,158 0,151 0,194
3500 0217 0328 0,143 0,137 04173  ( 8000
4000 0196 0292 0131 0126 0157 [
(
€ 2000
20,00 . l

IMMO  NaNMMT NaPBA  LINMC622 LiFP

B ElL Cons M Batt exchange

DOI/10.5281/zen0do0.4742246

0,126011
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500

10000

10,000000
0,355346414
0,253419348
0,202455816
0,171877696
0,151492283
0,136931274
0,126010517
0,117516594
0,110721457
0,105161799
0,10052875
0,096608478
0,093248245
0,091453053
0,091453053
0,091453053
0,091453053
0,091453053
0,091453053

0,107853
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500

10000

10,000000
0,49755046
0,346001382
0,270226843
0,22476212
0,194452304
0,172802436
0,156565034
0,143935945
0,133832673
0,125566359
0,118677765
0,112848954
0,107852831
0,105183669
0,105183669
0,105183669
0,105183669
0,105183669
0,105183669

0,108867
1000
1500
2000
2500
3000
3500
4000
4500
5000

6,00E+01

4,00E+01
2,00E+01
0,00E+00
1000 1500 2000 2500 3000 3500 4000 4500 5000
e NaNMC e NaMVP e NaMMO NaNMMT

e NaPBA e | INMICE22 o P

7500 0,08971616
8000 0,08971616
8500 0,08971616
9000 0,08971616
9500 0,08971616

10 0,091722
0,28677162 100C
0,20770282 150C
0,16816842 200C
0,14444778 250C
0,12863402 300C
0,11733848 350C
0,10886682 400¢C
0,10227775 450C

0,0970065 500C
0,09269365 550C
0,08909962 600C
0,08605851 650C
0,08345185 700C
0,08205925
0,08205925
0,08205925
0,08205925
0,08205925
0,08205925

10000 0,08971616

ITAS
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Production

Resource ’ Life

Manufacturing phase (cradle- Extraction Cycle
a Assesspnent Waste

to-gate)

Recycling Incineration
& Landfilling

11 28.02.2022 Manuel Baumann ITAS



Manufacturing phase (cradle-to-gate)

® No use-phase and end-of-life acocumn GWP
® Impacts very different depending on

90

|

impact category T
® GWP: High for SiB, due to lower a1

energy density (more active material i 0nl g~
required for the same capacity) “« 3 _LU | oo

B ADP: Higher for Li-based and NaNMC NI
impacts due to copper, cobalt and “TELIEE I |
nickel contained in theells. SiB perform - ANl J e
better O;%gégggo'mé;;;

under a full life cycle perspective — a cell-chemistry specific modelling approach. 2021. Sustainable energy & fuels.
doi:10.1039/d1se01292d

12 28.02.2022 Manuel Baumann

XIT

=\

Karlsruher Institut far Technologie

LINMC
LiFP

LiB

[ Others
Heat
Electricity
E Housing
M Separator
[ Electrolyte
1 Cathode other
@ Cathode Binder
@ Cathode Act mat
[ Cathode Foil
Anode other
Anode Binder
Anode Act mat

Anode Foil

ITAS
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Results
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End of Life
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Production

Resource ’ Life

Extraction Cycle
’ Waste
[ ) )

Recycling Incinefation
& Landfilling
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EOL-Phase

® Advanced Hydrometallurgical recycling, assuming closed loop
recycling, significant reductions of impacts
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Peters, J. F.; Baumann, M.; Binder, J. R.; Weil, M. On the environmental competitiveness of sodium-ion batteries under a full life cycle perspective — a cell-chemistry specific modelling

approach. 2021. Sustainable energy & fuels. doi:10.1039/d1se01292d
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Results

Production

h a0
\ Use
Resource ’ Life

Extraction Cycle
Assessment . Waste

[ )( ]
n
N\ e

A Recycling Incineration
Nature & Landfilling

Entire Life cycle

15 28.02.2022 Manuel Baumann ITAS



Efficiency and battery lifetime (use phase) ﬂ(".
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kg CO, eq/kWh GWP ADP

g Sb eq
0.15 A 0.015
Max values [ [
h T
0.12 T i Difference of GWP significantly

higher in the scenarios

13

s recycling does not change ,order ]
0.09 0.009 recycling impacts in particular Li-
base batteries (copper, cobalt)

0.06 0.006 - T

0.03 Y - 0.003
T 1 /// ;
% %% 7 ] 1
Min v 1 1 _
7% % 7/// 7 A
7 2 7 //// T 7//// Z 7% =
0 2% 2 i Wi, 7 i 0.000 n 0. 0. 0. . . . 20
> om M > m e L [T
s 3 35 2 5 s 3 23 25 = 2|5 S 322253
= = z = < £ > © © zZ 2 2 &
P = =z o
PV Grid PV Grid

% Use ™ Production & Replacement w/o Recycling

Peters, J. F.; Baumann, M.; Binder, J. R.; Weil, M. On the environmental competitiveness of sodium-ion batteries
16 28.02.2022 Manuel Baumann under a full life cycle perspective — a cell-chemistry specific modelling approach. 2021. Sustainable energy & fuels. ITAS
doi:10.1039/d1se01292d
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Sensitivity (Use Phase)

Production

Entire Life cycle

‘ Use
Resource Life

Extraction Cycle
* Assessment Waste
() )

N\ O

A Recycling Incineration
I I Nature & Landfilling

Sensitivity Analysis

17 28.02.2022 Manuel Baumann ITAS



Role of energy density (use phase) ﬂ("l
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; Reference < Reference
En. £ ] 0 D C Q O
N N N t\a ¢ N N N X ¢
Wh/kg GWP kgCO2 eq /kWh ADP gSb eq./kWh
100 2.28 265
e —— Achieved
120 efault values
Performance -
) 140
150
Worse
160 A
170 156
O Equal 180 Target 3
190 1Lehe) 2.44
200 1.32 232
Better 210 126 | 221
\ ) 220 1.20 2511
230 1.15 2.02
240 1.10 193
250 1.06 1.85
260 1.02 1.78
270 0.98
280 0.95
Peters, J. F.; Baumann, M.; Binder, J. R.; Well, M. On the environmental competitiveness of sodium-ion batteries
18 28.02.2022 Manuel Baumann under a full life cycle perspective — a cell-chemistry specific modelling approach. 2021. Sustainable energy & fuels. ITAS

doi:10.1039/d1se01292d
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Cycle Life Time

Performance

°
O
e

19

Worse

Equal

Better
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 Reference : Reference

Cycle C (o} & C 0O &

ife N S ROV & @ o @‘\\\Q o &
Cycles GWP gC02eq /kWh [ ADP mgSb eq./kWh

1000

1500

2000 0. Achieved 0.0026

2500 0.0022 0.002 0.0023

3000 0.00 0.002 0.0022

3500 0.00 26 0.002¢0 0.0020

4000 | Defa 0.0018 0.0024 | 0.0019 | 0.0019

4500 27.48 17.91 AILE 4 0.0018 0.0023 0.001 0.0019

5000 b 16.94 20. aEEsE 0.0017 00022 0.001§ 0.0018

5500 23.99 N . 16.16 19¢ 0.0022 0.0017 0.0021 0.0017 0.0017

6000 22.68 28.32 20. f.OQ 26.40 4350 18.37 0.0021 0.0016 0.0020 .001¢ 0.0017 |0.0026
6500 21.58 SRS 10. 34 EEEREE NS |17.51 0.0020 0.0016 0.0 0016, 0.0017 }0.0025
7000 20.63 S 18.6 16.69 [FESGS 14.48 15 7 0.0020 | 0.0016 0.0 jOOlﬁ 0.0016 |} 0.0024
7500 20.12 24.56 18.23 16.35 2108 14.22 16.38 0.0019 _Q.001= nnn1a 00015 0.0016 |0.0023
8000 20.12 2456 18.23 16.35 22.98 14.22 16.38 0.0 001 Target 0.0015 0.0016 |0.0023
8500 20.12 EEEEEE 18.23 16.35 22.98 | BNIEE 16.38 0.0 /0016 0.0019 0.0015 0.0016 |0.0023
9000 20.12 24.56 18.23 16.35 22.98 14.22 16.38 0.0019 0.0016 0.0019 0.0015 0.0016 |0.0023
9500 20.12 24.56 18.23 16.35 22.98 14.22 16.38 0.0019 0.0016 0.0019 0.0015 0.0016 |0.0023
10000 20.12 24.56 18.23 16.35 22.98 14.22 16.38 0.0019 0.0016 0.0019 0.0013 0.0016 |0.0023

Peters, J. F.; Baumann, M.; Binder, J. R.; Weil, M. On the environmental competitiveness of sodium-ion batteries
Manuel Baumann ITAS

d0i:10.1039/d1se01292d

under a full life cycle perspective — a cell-chemistry specific modelling approach. 2021. Sustainable energy & fuels.


https://publikationen.bibliothek.kit.edu/1000140023
https://doi.org/10.1039/d1se01292d

Performance
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Efficiency

® high efficiencies wol
order to equal the Li
environmental impas

GWP/kWh Cycles vs Efficiency

0,91
0,92
0,93

1000
0,94

4000
0,95 Efficiency

5000
6000 0,96

2000
3000

Cycle life time

m0-20 m20-40 m40-60 m60-80 m80-100

100

80

GWP

60

40

20

0

0,9

0.0011

12.145 - 0.0013 0.0010 0.0016 0.0009

Peters, J. F.; Baumann, M.; Binder, J. R.; Weil, M. On the environmental competitiveness of sodium-ion batteries
under a full life cycle perspective — a cell-chemistry specific modelling approach. 2021. Sustainable energy & fuels.

20 28.02.2022 Manuel Baumann
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Conclusion

B Study gives first tendencies for SiB cells in early development stages

® SiB close to or even better than that of their LIB counterparts (NaMMO and
NaNMMT)

® SIB, if unable to achieve higher energy densities, a high cycle life is the key for
unlocking their potential

Use case plays a significant role for overall impacts (here simplified)

® In any case, detailed analyses are required if better performance data is
available

For future works:
® Publication, dimensioning tool and results openly available

21 28.02.2022 Manuel Baumann ITAS



Conclusions

Underlying data available
openly on Zenodo:

» Excel-based cell dimensioning tool,
allows for incorporating also other
cell chemistries

* Numeric results and graphics

« Life cycle inventory data
for import and direct re-use
In openLCA
(requires ecoinvent 3.7.1)

 DOI/10.5281/zenodo.4742246

https://zenodo.org/badge/DO1/10.5281/zenod0.4742246.svg

22 28.02.2022 Manuel Baumann

ay 7, 2021 [scvere [ oven o

On the environmental competitiveness of
Sodium-lon batteries under a full life cycle
perspective — A cell-chemistry specific
modelling approach

Peters, Jens F; Baumann, Manuel; Binder, Joachim; Weil, Marcel

This upload provides the full supplementary information and the MS-Excel based cell dimenioning tool used in the
underlying publication (Envirenmental impacts of Sodium-lon Batteries — Advances in production, use and recyclability)

It is based on the BatPac-Tool created by Argonne National Laboratories, but with some substantial modifications:

+ Reduction to dimensioning on battery cell leve, with no need to define a whole vehicle battery pack
« Inclusion of a detailed and cell-chemistry specific recycling model
+ Automatic generation of inventory tables for life cycle assessmen

The tool is free to use and to update as long as the underlying original publication is cited properly

In addition, the inventory data used for calculating the results are also provided as JSON-LD files for direct import into
openLCA and in ILCD format for import into other LCA software. The LCI is based on ecoinvent 3.7; use with other
ecoinvent versions might require re-linking of flows

This work was funded by the European Union's Horizon 2020 Research and Innovation Programme under the Marie
Sktodowska-Curie Grant Agreement No. 754382 and by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) under Germany’s Excellence Strategy — EXC 2154 — Project number 390874152. However, its
content does not reflect the official opinion of the funding entities. Responsibility for the information and views

expressed herein lies entirely with the authors

Preview ~
[f) SIB-LCA-Update_2021_ILCD-Export_ei371_2021-08-15.zip
B ILCD
B contacts
= [ 41f6c41a-42b0-4ecd-808d-0600bcfadb14 xmi 1.6 kB
= [ c4597934-ecac-422c-b431-382e85fdcb83 xml 1.6 kB
o I flowproperties
= [ 01846770-4cfe-4a25-8ad9-919d8d378345.xml 22kB
= [183833a20-0117-11db-92e3-0800200c 9266 xm| 22kB
= [ 93a60a56-a3c8-11da-a746-0800200b9a66 xmi 22kB
= [193a60a56-a3c8-10da-a746-0800200c9a66 xmi 22kB
= [ 93a60a56-a3c8-21da-a746-0800200c9a66 xmi 22kB
= [193a60a56-a3c8-22da-a746-0800200c9a66 xml 22kB
= [76811440-ee37-11de-8a39-0800200c 9a66. xml 22kB
o I flows
= [ 03de3d31-34fh-4ed9-872d-dacd5ebd7a92 xml 3.3 kB
= [ 04b06043-ab0b-4125-0982-dec 168 Teddas. xml 3.0kB
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