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Energy storage classification and global capacity
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Utility-Scale EnergyStorage Capacity, Selected Technologies, 2018
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Note: Numbers should not be compared with prior versions of this figure to obtain year-by-year increases,
as some adjustments are due to improved or revised data. The category of electro-mechanical storage has
been excluded due to limited global data availability.
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Mainly Li-ion battery

Mainly molten salt
thermal storage in CSP



Sodium-sulfur battery (NaS battery)

= Excellent storage performance as Li-ion batteries

» Low CAPEX cost of <100 USD/kWh
» Long lifetime of 210 years

= Commercial stationary grid storage plants (MWh-GWh)

» But durability and safety issues due to beta-alumina solid electrolyte
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https://www.ngk-insulators.com/en/product/nas-solutions01.html

34MW/244 . 8MWh NaS battery system
for STMW windfarm in Japan
Source: NGK;Japan e
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Sodium-sulfur battery (NaS battery)

» Over 250 projects, the total capacity of 700 MW/4.9 GWh
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Liquid metal battery (LMB battery)

» Excellent storage performance as Li-ion batteries

» Low CAPEX cost of <100 USD/kWh

» Long lifetime of 210 years

» Commercial stationary grid storage plants (MWh-GWh)

» But durability and safety issues due to beta-alumina solid electrolyte
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Liquid metal battery (LMB battery)

DLR
LMBs Electrode Electrolyte T,[°C] T,[°C] Coulombic Energy self-discharge Capacity loss rate
efficiency [%] efficiency [%] rate [mA/cm? [%l/cycle]
at full charge]

Li-LMB Anode: Li;  LiF-LiCI-LiBr 440 500 >98 70-90 NA 0.006
(MIT)? Cathode:

Sb-Sn
Ca-LMB (MIT Anode: Ca LiCI-NaCl-CaCl, 450 500 ~100 >80 NA <0.01
& Ambri)? alloys;

Cathode:

Sb alloys
Na-LMB Anode: Na NaF-NaCl-Nal 530 580 82 59 ~20 NA
(ANL)3 Cathode: Bi (single-cation)
Na-LMB Anode: Na LiCI-KCI-NaCl 350 450 >97 ~80 <1 Over 700 cycles no
(HUST, DLR, Cathode: (59:5:36 mol%) fade, estimated
KIT)4 Bi-Sb lifetime >15 000

cycles

DFG-NSFC research project: Study on Corrosion
K. Wang, K. Jiang, B. Chung, et al.. Nature, 2014, 514(7522): 348-350.
T. Ouchi, et al., Journal of ECS, 2014, 161(12): A1898-A1904, and Technology: Ambri Control and Low-Temperature Electrolytes for Low-Cost

H. Kim, K. Wang, K. Jiang, D. Sadoway, et al., Chem. Rev. 113, 2075 (2013).

H. Zhou, W. Ding, A. Weisenburger, K. Wang, K. Jiang, et al., Ener. Stor. Mater., 2022, 50: 572-579. Na_Based qu u|d Metal Batte rles (Na_LM B)
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ZEBRA battery (Na-NiCl, battery)

= Excellent storage performance as Li-ion batteries

» Low CAPEX cost of =100 USD/kWh

» Long lifetime of 210 years

» Commercial applications in automobile, cellular base station, etc.

= Suitable for stationary grid storage (MWh-GWh)

* Ni has large share of the cell material cost (more than 60%)

ZEBRA battery $/kWh

Beta Alumina
12%

Salts
6%
Copper
2%
Ni
Iron 63%
17%

mNi = Iron m Copper = Salts m Beta Alumina

Grid storage using ZEBRA
Source: FZSONICK

R. C. Galloway and C.-H. Dustmann, ZEBRA Battery — Material Cost, Availability and Recycling, MES-DEA GmbH, EVS 20, 2003
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ZEBRA battery (Na-NiCl, battery) 4#
DLR

* More than 40 000 Battery systems installed

= Capacity > 500 MWh /\

POWERED
sy SALT.

| ((( J))) TELECOM
> 30.000 Battery

systems installed

] RAILWAYS
o o > 1.800 Battery
=9 systems installed
OILEGAS

> 700 Battery
systems installed

ENERGY STORAGE EZSONiCk

> 6.000 Battery
systems installed

ELECTRICAL MOBILITY
> 4.700 Battery
systems installed

PRODUCTION
>5.5M cells (=500 MWh)
manufactured and installed

https://drive.google.com/file/d/1yrmnzXKlolegXySwlu9-E5thOUHtb72k/view
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How ZEBRA battery works

= Working temperature about 280-300 °C
= Na anode, NiCl,-Ni cathode

= Beta Alumina solid electrolyte (BASE)
with good Na* ion conduction used

» |ow melting point secondary
electrolyte containing AlCI;(NaAICl,
~155°C) for high conductivity

= Molar ratio NaCI:AICl; >1 (basic
nature™) in fully charged state for
compatibility with BASE

i DLR

2 NaCl + Ni == NiCl, + 2 Na
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*Kim, J., et al. (2016). Journal of the Korean Electrochemical Society, 19(3), 57-62



EU H2020 project SOLSTICE: Na-ZnCl, battery

DLR

Replacing Ni with Zn*: Cell material cost reduced by 40 %, overall battery cost by 20 %
Higher NaCl utilization: Eutectic ZnCl,-NaCl (250 °C ) lower than NiCl,-NaCl (550 °C)

Promising cell performance has been shown in literature*

But complex reaction mechanism: Multiple reversible reactions (4 steps)

Study on properties of ZnCl,-NaClI-AlCl, salt electrolyte (melting temperature, phase change,
vapor pressure, etc.) to improve the cell performance for commercial applications

solid electrolyte cell 28

[€) Na-NiCl2 ($/kWh) Na-ZnCli2 ($/kWh) . ::?Nf?érg;fi::’ij;:rg’:g curves for
Na 280 °C N iz 3 = j

Charging and discharging curves for
| Na-ZnCl, battery at 280 and 240°C
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charge *Lu, X., etal. Energy & Environmental Science 6 (2013): 1837-1843.
2NaCl+ Zn == ZnCl, + 2 Na 9 (201)






Methods
= Target: To understand and optimize the ZnCl,-NaClI-AlCl; salt electrolyte

« Phase diagram (melting temperature, phase change) simulated with FactSage™
and verified with Differential Scanning Calorimetry (DSC) & OptiMelt™

» Phase diagram for salt electrolyte optimization and better cell performance

« Salt vapor pressure for battery safety issue

Salt vapor pressure
vs. composition & T

— for safe operation
Thermoanalysis via

OptiMelt

Vapor pressure vs. T

_ 35 | =—=—ACI5%

£ AICI_10 %
s 3 —8—AIC 15%
2 AICI_20 %

e AICI_25 %
80— AICI_35%
e AICI_40 %

Phase diagram for
battery operation & e
electrolyte 1 ;
improvement e Dae—

Pt A -
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Simulated phase diagram of ZnCl,-(NaCl),-AlCl,

» |Increasing AICl;, melting
temperature of the salt
electrolyte decrease fast

» |[ncreasing NaCl during
discharging (SOC from 100% to
0%), melting temperature
decreases fast

= Next step: Cutting ternary
phase diagram at constant
AICl; mol.% for analysis of
phase changes with SOC
change

AICI, - (NaCl), - ZnCl,
Projection (I-Salt-liquid), 1 atm

AlCI,

*\ Timin) = 108.12 C, T{max)= 80065 'C

Four-Phase Intersection Points with |-Saft-iquid

_defta_oP12_(33)s)
delta_oPi2_(33Ks)

)/ ZnCi2_deita_oP12_(33K

delta_oP12_(33)(s)

3

5. Salt-liquid#2 / Sal-iquids? [ ZnCE2_(
6 AICI3_DO15_prototype_{s) / NaAKCH_pi

A=AICI3, B=2nCi2, C=(NaCl)2
X{A) XiB) Xy

1. 028678 039347 031975 23000
2 045057 020414 034528 239.09
3. 065645 0.00741 033614 15548
4 051665 046262 0.02073 11195
5 0.75691 0.01049 0.23259 111.95
6 075473 000801 0.23727 10812

Yl ol ol

Zn C’ 2 mole fraction
Overall reaction
2NaCl+Zn <— 2Na+ZnCl,

o u(NaCI);

T'C
600

400

300

200

100

DLR
@ 0% SOC
® 50% SOC

@® 76.5% SOC
® 87.6%S0C
® 100% SOC



Binary phase diagram simulation

= Binary phase diagrams of AICl; = 0-50 mol% simulated
» Phase changes with SOC change simulated
= \Voltage change with SOC change in the cell test could be explained with the phase changes

Next step: DSC & OptiMelt to experimentally verify simulation results

Zncl, - (Nacl), - AICI, 2.8
AICI/(ZnCly+(NaCl),+AICL) (mol/mol) = 0.35, 1atm  { FaetSage’ Charging and discharging curves for
1000 g g g J J Na-NiCl, battery at 280°C
900 2.6
soor Satiquid+:oas._deal = Charging and discharging curves for
700 b o 2 2.4} NaZnCl, battery at 280 and 240°C
Saltliquid © Step 3 st 4
. 600 36.5 mol% % : : Jelp
g TIHREOE .o Hg. oo s L e Sl otep 2 A = ] o
2] s > |
500 I Rocksalt + Saitliquid . /,// J % 2.9 | 280°C
00 | Opersiing range Saltliquid + Saltliquigs2 ~ Saitliquid Q
/ \
280°C | 200y & +—| 280°c 2.0
Na_ZnCl, + Rocksalt + Salt-liquid
200 1 bnc
- NaAICI, + Na,ZnCl, + Rocks it ‘ZZ'_
b 0.1 02 03 04 1.8 = " . 2 =
(SOC) ZnCl/(InCL+(NaCl),+AICL) (mol/mol) 0 25 50 75 100 1 25 150
é o on
ZnCI2= 0 mol% 23.5mol% 42 mol% 47.5 mol% % of NaCl Utilization (SOC)
S0C=0% 50% 88% 100%

15 *Lu, X., etal. Energy & Environmental Science 6 (2013): 1837-1843.
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DSC™ results

T(C)

ZnCl, - (Nacl), - AICI,
AICLAZnCl,+{NaCl),+AICI)(mol/mol)=0.3489, 1 atm thtSage"

750 .
Salt-liguid + gas_ideal

650

550

0% SOC

450 ARocksalt + Salt-liquid

350 |

Na_Znd
250 [ azncl, + Rocksalt + Saltliquid

c

|
z

150 F

aslcl, +
NaAlCl, + Na ZnCl, + Racksalt NaAICI, + Na fnCl, + ZhCl
50 . | i ] - | AICI SFamtE +ErRG]

0 01 02 0.3 04 05 06
ZnCLAZnCL+(NaCl),+AICL) (mol/mol)

DSC results complying
with simulation results

DSC /(mW/mg) Flow /(ml/min)
| exo
250
Area: 3258 Jig
0.5 1
End 311 6°C
200
0.0 1 [\ Onset 220.1°C End: 250.1°C Area 30.54 Jig 150
Area: -36.64 Jig
End: 129.7 °C _ .
/.{ Aea' -1769Jlg  End:2152°C E"d-ﬁi‘&e—aﬂ 1619
Area: -37 ué! ]
"’éi 100
A
-0.5 1 'éf Area: -33.59 Jig
%I
e
1.31 50
=: .
! Y
1.0 '
0
50 100 150 200 250 300 350 400
Temperature /°C
Main  2021-10-13 11:15  User: f_tptisf
AlCI ZnCl 2NaCl Factsage DSC
SOC(%) 3 2 g
mol% mol% mol% | Transition Temperature(°C) | Start(°C)
155 152
100 34.89 47.67 17.44 200 204
300 303.7
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T(C)

OptiMelt™ results

S— DLR

5 = Visual observation on salt melting
: = OptiMelt results complying with DSC results

2 = More AICI, containing, more is the liquid
, secondary electrolyte at 160°C (above melting

¢ i
‘ temperature of NaAlCl,), but higher salt vapor
2
- pressure
»
LN |
] |
2ZnCl, - (NaCl), - AICI, Cl, - (NaCl), - AlCl; ZnCl, - (NaCl), - AICI,
AICI{ZACl,+{NaCl)+AICI) {mol/mol) = 0.15, 1 atm ( ctage’ AICIAZnCl+NRC]);+AICI) {molimol) = 0.25, 1 atm ‘}agtsage" AICIy(ZaCly*{NaCl);+AICly (mol/mof) = 0.35, 1 atm ﬁa:tSage"
1000 T T T " 1000 T T T T T T T 10 T T T T T
300 |- g 300 |- 1 900 \
Saltliquid + gas_ide )
i 800 |- Saltliquid + gas_ideal p 800 |- Saltliquid + gas_ideal 1 Sr.No AICIq ZnCI, 2NaCl
700 1 700 | 700 - g 0 0 0
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800 L . 800 | sattiquig ~ 600 |
Saltliquid g BT A E 1 15 77.5 7.5
500 | Rocksalt + Salt-iquid A 4 500 - 1 01 Rocksalt + Satiquid J
400 F 2l 400 | 1 200 | saithuic + Satiquigze  SartHliaud 3 25 62 5 1 25
P e Saltliquid + Stliquid#2
300 k| S NaZhCl, + Saltiid 1 300 - 6 35 45 20
Na,ZnCl, + Rocksalt + Saltiqu Ui S Sat g2 « 2nl, Pl ey, + Rehali's Syt = = Na,ZNCl, + Rocksat + Saiti el

200 Na_ZnCl, + Saltiquid s2ndilliid Asaltifuic 200 Na,ZnCl, + Saitliquid + ZnCl, Saiffiigui *Sg!—nuﬁg\ i -2: 200 H Na,ZnCl, + Satiquid I § boc
o = - i [z
100 . NaA[Cl, + Na.ZnCl, + Rocksatt | | NaAIG), + Na.Zn], + Znetz fs o Wyeeed 100 MaAlCl, - NaZnCl + Rocksall [ NalG), +Na ZnGi, + ZnCl, st 5, - NaAIC], + Na,ZnCl, +Rocksgt  NaAICl, + Na.ZnCl, a1, ) o

0 01 02 03 04 05 086 07 08 0 01 02 03 04 05 08 07 0 01 02 03 04 05 08

ZnCLA(ZnCL+{NaCl),+AICL) (mol/mol) ZnClLAZnClL+NaCl),+AICL) (mol/mol) ZnCLAZnClL+NaCl),+AICL) (molmol)



Liquid phase in salt electrolyte at 300°C (simulation)

wt.% liquid phase in salt electrolyte

120

100

80

60

40

20

0

10

20

Fully discharged state: 0 mol% ZnCl,

Full charge state: basic nature (NaCl:AICl; = 1:1 or (NaCl),:AlCl; = 1:2)

Salt cost for 1 kWh storage increases with increasing AICl,

But low AICI; concentration leads to low conductivity (low liquid phase wt.%) in fully discharged state

b mol.%_AICI3 _liq.
10 mol.%_AICI3 _liq.
15 mol.%_AICI3 _liq.Wwt.%
20 mol.%_AICI3 _lig.wt.%
25 mol.%_AICI3 _lig.wt.%
—e—30 mol.%_AICI3 _lig.wt.%
—e—35 mol.%_AICI3 _lig.wt.%
——40 mol.%_AICI3 _lig.wt.%
—e—45 mol.%_AICI3 _lig.wt.%

——50 mol.%_AICI3 _lig.wt.% 0
0 10 20 30 40 50 60

AICl; mol% in AICl;-ZnCl,-(NaCl),

t.% 2
t.%

USD/kWh

30 40 50 60 70 80 90 100
mol.% ZnCl2
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Vapor pressure vs. Salt composition

ZnCl, - (Nacl), - AICI, Vapor pressure(atm) at 300°C
AICI/(ZnCl,+(NaCl),+AICI,) (mol/mol) = 0.15, 1 atm ‘}hctSage"
1000 T T 0,8
900 | S 0,7
Salt-liquid + gas_ideal % 0,6
800 5 0’5
700 g 04
§ o
= 03
g
= T Saltliquid g 0.2
H 500 F Rocksalt + Salt-liquid 0,1
0 ® __—e—o
- _ 0 10 80 90 100
Charai SalpHiquid + Saltliquid . Mol %2ZnCl,
i | ging | Charging
NaZncl, +Rocksalt + Saltfiquje Iq + SalthgBA2 + Zngd., —e—AICI3 15 mol.%_V.P(atm) AICI3 5 mol.%_V.P(atm) —e—AICI3 10 mol.%_V.P(atm)
6 = A= _ el
s Dl Ga"m’”ﬁ ik AICI3 20 mol.%_V.P(atm) —e— AICI3 25 mol.%_V.P(atm) —e— AICI3 30 mol.%_V.P(atm)
100 { MO e PO, R NaAG), + Na.ZnC), + 20017522 Moo —e—AICI3 35 mol.%_V.P(atm) —8—AICI3 40 mol.%_V.P(atm) —e—AICI3 45 mol.%_V.P(atm)
0 0.1 02 03 04 0.5 0.6 0y 08
0,
G KO Gniiim ) —e—AICI3 50 mol.%_V.P(atm)
[ J

High salt vapor pressure can lead to failure of e.g., BASE, sealing (safety issue)
Maximum vapor pressure at high ZnCl, and AICIl; concentration

Vapor pressure is below 1 atm for 300 °C at increasing mol% of AICl; till 50 mol%
Pay attention on AICIl; concentration, cell overcharge and temperature runaway



Vapor pressure vs. operating temperature 4#7
DLR

« Based on the worst-case scenario inside the battery (0 mol% NaCl in overcharged state,
salt vapor pressure below 1 bar), allowed max. operating temperatures for batteries with
different mol% AICI; are suggested.

Vapor pressure simulation (AICI3-ZnCI2-0 mol %NaCl)
4,5 "

4 ——-AICl_5 %
= 3,5 AICI_10 %
© 3 ' ——AICI_15 %
g 2.5 AICI_20 % »
é 2 ——AICIl_25 %
T 15 —~AICI_35 %
§ 4 ——AICI_40 %
= 05 ——AICI_45 %

0

05 0O 100 200 300 400 500 600 700
Temperature(°C)
20
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Summary ‘#7
DLR

Na-ZnCl, battery has similar structure as ZEBRA battery, but potentially lower battery cost

To assist the battery improvement on e.g. battery operation and salt electrolyte
composition, key salt properties such as melting temperature, phase changes, vapor
pressure were studied with simulation and/or experiments.

The experimental results with thermoanalysis are comparable to the simulation results.

Voltage change with SOC change in the cell test could be explained with the phase
changes.

Battery safe operation: AlCI; in the ZnCl,-(NaCl),-AICl; salt electrolyte is suggested to not
above 45 mol% (vapor pressure below 1 bar at 300°C). Pay attention on AICl,
concentration, cell overcharge and temperature runaway

Salt cost for 1 kWh storage increases with increasing AICl; but low AICI; concentration
leads to low conductivity (low liquid phase wt.%) in fully discharged state



22

Thanks for your Attention!

Dr.-Ing. Wenjin Ding: Wenjin.Ding@dlr.de

Acknowledgement:

This Master thesis is part of the 'SOLSTICE’ project which received
funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 963599.

https://www.solstice-battery.eu/

i DLR



23

Binary phase diagram simulation (AICl; = 0-50 mol%)

T(C)

1000

900

800

T00

600

5084

400

AICL/ZnCl+(NaCl),+AICI,) {mol/mol) = 0.50, 1 atm

Zncl, - (NacCl), - AICl,

‘EhctSage"

Icksalt + Salt-liquid

Salt-liquid

Salt-liquid + Salt-iquidF2

gas_ideal

Salt-liquid + gas_ideal

Cl, + Rocksalt + S5a
Ma,

BAICI, + Na ZnCl, + RodH

0

0.1

02 0.3
ZnCL/(ZnCl+(NaCl),+AICL) (mol/mol)
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