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Magazynowanie energii ze zrodet odnawialnych jest szczegdlnym
wyzwaniem a zarazem istotnym elementem zréwnowazonej gospodarki
energetycznej.

Instytut Gospodarki Surowcami Mineralnymi i Energia PAN
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Separator
Elektrolit

Materiaty o strukturze Tlenki warstwowe

spinelu

Materiaty

polianionowe
LCO LiCoO,

NMC111(333) LiNig55Mng 55C0 5505
NMC532  LiNiysMn, 5C0,,0,
NMC622  LiNiy,Mn,,Co,,0,
NMC811  LiNiysMny,Co,,0,
NMC911(955) LiNig sMny 05C0p,050-

LMO LiMn,0, LFP LiFePO,
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Rozwdj ogniw Li-ion
bazowat na rozwoju
materiatu
katodowego

Napiecie [V]

Pojemnos¢ [Ah]

Materiaty o strukturze
spinelu

Materiaty Tlenki warstwowe

polianionowe
LCO LiCoO,

NMC111(333) LiNig53Mng 55C04 550,
NMC532  LiNigsMn, 5C0g,0,
NMC622  LiNiyMn,,C0y-0,
NMC811  LiNiysMny,Coy,0,
NMC911(955) LiNig sMng 05C0p 050,

LMO LiMn,0, LFP LiFePO,
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Technologia Li-ion

rozwoj
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[Battery requirements for future automotive applications EG BEV&FCEV, 2019]
[Battery 2030+, Science Innovation Roadmap updated August 2023]
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1 18
1 H 2 He
Wasserstoff Helium
1,0079 4,0026
2
21 2 13 14 15 16 17
3 Lija Be 5 B(6 Cc|(7 N|8 o9 F|10 Ne
Lithiurm Beryllium Bor K i Fluor Neon
6,941 89,0122 10,811 12,011 14,007 15,999 18,988 20,180
2n 22 203 204 25 216 a7 8
10 15 2.0 25 30 3.5 4,0
11 Najl2 Mg 13 Al|14 Si (15 P |16 S|17 Ccl{18 Ar
Natrium Magnesium Aluminism | Silicium Phosphor Schwefel Chlor Argon
22,990 24,305 26,982 28,086 30,974 32,085 35,453 29,948
2/ar. 282 2183 2184 21815 2186 287 zale
09 12 3 4 5 6 7 8 9 10 11 12 15 18 21 25 30
19 K(20 Ca|21 Sc 27 Co |28 Ni (29 Cu Zn|31 Ga|32 Ge|33 As|34 Se|35 Br|36 Kr
Kalium Calcium Scandium Cobalt Nackel Kupfer ik Gallium Germanium | Arsen selen Braom Kryptan
39,008 40,078 44,956 58,933 58,6893 63,546 5,38 69,723 72,64 74,922 78,96 79,904 83,798
2/gral1 2alei2 2/8/9(2 20811512 2181642 20811801 182 218183 2/8/18/4 2/8l18/5 2/8/18/6 27811817 2/al1e/8
08 10 3 B 18 18 1.8 16 16 18 2,0 24 28
37 Rb(38 Sr(39 Mo 45 Rh|46 Pd|47 Ag|48 Cd|49 In[50 Sn{51 Sb|52 Te|53 1|54 Xe
Rubidium Strontium Yiiriuem i i L Molybdin Rhodium Palladinsm Silber Cadmium Indium Zinn Antimon Tiellur lod Xenon
85,468 87,62 BB,906 95,96 98, 102,91 106,42 107,87 1241 114,82 18,71 121,76 127,60 126,90 131,29
2/B/18/8/1 2/8118/8/2 2f8nam2 218/18/13/1 218/18/16/1 | 2/8/18/18 2IBM1818/1 | 28/18/18/2 | 2B/1818/3 | 2/B1&18/4 |2/B1818/5 2/8/18/18/6 | 2/8/18/18/7 | 2/B/1B1&8
08 10 13 g A n 22 22 18 T 1.7 18 19 2,1 25
55 Cs|56 Ba|57-71 i Ir|78 Pt|79 Au(80 Hg|8l TI{82 Pb Bi Po At Rn
Caesium Barium siehe Iridium Platin Gold Quecksilber | Thallium Blei Bismut Polonium Astal Radon
132,01 137,33 unten 178,49 183.84 192.22 195,08 196,97 200,59 204,38 207.2 208,98 209,98 (210) (222)
2181818/ | 2818018/ 2/8/18/32/ 208018/32 | 21818320 | 28118133 | 2/8/18/327 | 20818321 | 2818320 | 28832 | 2818320 | 2@/18320 | 280182 | 2808320 | 2818320 | 2/8/18/32
a1 07| &2 09 iz 1.3 QL 132 19| 142 22| 15/2 22|11 22]181 241182 19183 168|184 18 | 1855 19 | 8% 2,0 | 187 22188
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
Francium Radium siehe Rutherfordium | Dubnium Seaborgium | Bohrium Hassium Dy i C ihons Flerovium Moscovim Livermorium | Tenness Qganesson
(223) 226,03 unten (261) (262) (263) (262) (265) (266) (269) (272) @17 (287) (289) (288) (289) (293) (204)
2/8/18/32/ 2811832 218118732/ 20811832/ 2fgaisa 2/8118/32/ 20811832 2faaizal 2181832/ 21811832/ 2fgi1ai3al 2/8118/32) 2/8/18/32/ 2iglalzzf Ziglialzzf 21818132/ 2/8/18/32
18i#1 071882 o039 3211002 32112 3201272 321132 3142 32/15/2 32171 3218/ 32/1812 32/18/3 31814 321185 3211806 320187 321818
57 La|58 Ce|59 Pr|60 Nd Pm|62 Sm |63 Eu(64 Gd|65 Th|66 Dy|67 Ho |68 Er|69 Tm|70 Yb|71 Lu
Lanthan Cer Praseodym | Neodym F Terbium Dysprosam | Holmium Erbium Thulium iterbium | Lutetium
Lanthanoide 138,91 140,12 140,91 144 24 146,90 150,36 151,96 157,25 158,93 162,50 164,93 167,26 168,93 173,05 1raar
2/8n818/ 2/HI1BW 2fanazy 208822/ 20811823 218118124/ 2/8M8/25/ 2/BI1825) 2raneezy 2i8M8/28/ 2/BIE2Y 208118300 21818/31/ 2/B1832 208118320
ar2 11 |2 11 | &2 11 |82 11|82 11 |a2 12 )&z 12 w2 12|82 12 |82 12|82 12|82 12 &2 1z)82 12 |2 12
Ac Th Pa u Np Pu Am cm Bk cf Es Fm md No Lr
Actinium Thorium Pratactinium | Uran Neptunium | Plutonium Americium | Curium i C. i Einstaini Fermium i L i
Actinoide | (227) 232,04 231,04 238,03 237,05 (244,10) (243,10) (247,10) (247.10) (251,10) (254,10} (257,10) (258) (259) (260)
20818/32/ | 2B18327 | 208180320 | 208018/320 | 208180320 | 2EieEy | 2818320 | 28018320 | 2818032 | 208018320 | 2/18E3) | 281803 | 20818/320 | 2/818321 | 2/8/18/32/
1892 11 |1810V2 13 |20002 15 |218f2 14 (22902 13 |24z 13|52 13 |29z 13 |250v2 13 | 2882 13| 298/2 13 | 30002 13 |3UB2 313|328z 13 |32z 13




000

érl“ﬁ Co dalej? 9 /22

* Dalszy prognozowany znaczy wzrost cen surowcow litowych wymusza poszukiwania alternatywnych technologii, ktére
umozliwityby eliminacje litu oraz zminimalizowanie uzycia surowcéw kopalnych.

Wizja
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Alternatywy dla obecnej technologii Li-ion

Li' - unoptimised materials interphases
P! P!
™ .. ap.:18 ppm ab. : 2300 ppm
o M* 076 A LiLi*=-3V ' Na/Na*=-2.7V
now Na’ < 5 years (next to market)
-1 high-voltage electrolyte
I-ilon
- — _.-° unoptimised materials interphases
1.02 A &
: NIB ab. : 2100 ppm
dendrite growth K+ KIK*=-29V
S uneven electric field 510 yeaer
; - KIB
Li-metal
; = 1.38 A 4
Lit 700 - 3861 mAhcm-? avoid corrosion/passivation
48 2061 mAhg'* . o improve ionic coductivity
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o [
= -3
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poor cycling stability 6 | X E -
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high energy density > 10 years Volumetric energy density (Wh L)

resource abundance

challenging interfacial
contact

Li-SS -

improved safety 5-10 years

high energy density

* Theoretical volumetric/gravimetric capacities

ab.: abundance
M/M™ = redox potential vs. SHE
expected years to market

° Zn?* ~— /ab.:76 ppm
Zn/Zn**=-0.76 V

> 10 years

ab. : 4200 ppm
Ca/Ca*=-2.84V
> 10 years

facilitate ion diffusion
cathode discovery
high voltage electrolyte

[H. Au, M. Crespo-Ribadeneyra, M. Titirici, One Earth, 2022, 5]
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Nowa architektura ogniwa

a) Sulfide ASSB concept with Li metal b) Sulfide ASSB concept with Silicon
Anode; c

LMA athode-

- N :

C + “ﬁde SE

Anode:
Sllzcon/carbo

Cathode.
MC + sulfide SE

Cathode

Anolyte Separator Catholyte i .
active material
€) Hybrid SSB concept « Lithium metal - Solid - Solid - Solid - LFP
/;_HOde: ath
“MA  caym : - sili - Oxi - Oxi - Oxi -
*SE (+ liquig Sgels) Silicon Oxide Oxide Oxide NMC
= Graphite = Sulfide = Sulfide = Sulfide = NCA
= LTO = Polymer = Polymer = Polymer = Sulfur
= (Liquid) = (Liquid) = High-voltage
cathode,
e.g. LMNO
) Polymer ASSB concept
Anode:

LMA Ca‘hode
LF +P°’ymer SE

Current collector
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Okno elektrochemiczne
wybranych elektrolitéw -

Potencjat wzgledem Li*/Li° [V]

L) L) I T l L}
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9 g. g E;" O; &l Figure 19: Calculated energy densities and specific energy for different SSB concepts in a base
H 8 o ~N 7 and an advanced configuration.
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[Solid-State Battery Roadmap 2035+, 2023]
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Ogniwa typu solid-state

Company Time Horizon  Announcement Source
ProLogium (Cells) 2022 1-2 GWh production capacity [202]
ProLogium (Cells), Gogoro (OEM) 2022 2,5 kWh Prototype SSB for Scooter [203]
ProLogium (Cells), VinFast (OEM), 2023 Market maturity for automotive application [202, 204]
Mercedes-Benz (OEM)

Quantum Scape (Cells) 2024 1 GWh production capacity [137]
Quantum Scape (Cells), VW (OEM) 2025 Prototype in car [205]
Quantum Scape (Cells) 2026 20 GWh production capacity [137]
Qing Tao (Cells) 2020 1 GWh production capacity [208]
Qing Tao (Cells) 2022 Factory with up to 10 GWh optional [208]

production capacity
SDI (Cells) 2020 Prototype Cell with in-situ Li metal anode [136]
Panasonic (Cells), Toyota (OEM) 2021 Prototype in car [205, 207]
Ampcera (Cells) 2021 Solid electrolyte commercially available [205]
sDI (Cells) 2022 Construction of a pilot production plant [208]
Solid Power, BMW (OEM), Ford (OEM) Before 2025 Prototype in car [209]
Panasonic (Cells) 2025 55B development finished [205]
Panasonic (Cells), Toyota (OEM) 2025 Market maturity for automotive application [205, 207]
CATL (Cells) 2025 Development of Thiophosphate separator [205]

for sulfide SSB
Solid Power (Cells) 2026 100 Ah Si anode Cell [149, 210]
SDI (Cells) 2027 SSB development finished [205]
Solid Power (Cells) 2028 100 Ah Li metal Cell [149, 210]
SKI (Cells) 2029 SSB development finished [205]
Solid Power, BMW (OEM), Ford (OEM) End of decade Market maturity for automotive application [209]
LGES (Cells) 2030+ SSB development finished [205]
Bollore (Cells), Mercedes-Benz (OEM) 2020 Ceitavo Bus with 441 kWh LMP battery [199]
Factorial Energy (Cells) 2021 Prototype 40Ah ASSE [211]
WeLion New Energy Technology (Cells), NIO (QEM) 2022 SSB development finished [205]
WeLion New Energy Technology (Cells) 2022 20 GWh production capacity, later on [212]

a expansion to 100 GWh
SES (Cells), GM (OEM) 2023 Prototype in car [213]
lonic materials (Cells) Nissan-Renault-Mitsubishi 2025 Prototype in car [213]
(OEM)
Hydro Quebec (Cells) 2025 55B development finished [214]
lonic materials (Cells), Hyundai (OEM) 2030 + Market maturity for automotive application [213]
Blackstone Resources (Cells) 2022 500 MwWh production, polycrystalline material [199]
Stellantis (OEM) 2026 Prototype in car [213]
StareDot (Cells) 2028 Composite out of organic and inorganic materials [215]
Honda (OEM) 2030 Market maturity for automotive application [213]

[Solid-State Battery Roadmap 2035+, 2023]
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Ogniwa typu solid-state

202122 short term 2025 medium term 2030 long term 2035 vision
Political EU goal: Gen.3 EU goal: Gen 4
I 350-400 Whikg, 750-10100 Wh/I 400-500+ Whikg, 800-1000+ Wh/I
Goals cost at pack level < 100 €/kWh cost at pack level < 75 €/kWh
LiB
market 400 GWh 0.5-2 TWh 1-6 TWh 2-8 TWh
0-1 GWh 5-10 GWh 10-20 GWh
— 0-5 GWh 5-15GWh 20-50 GWh
market
«<2GWh 2-15GWh 5-30 GWh 10-50 GWh
Industrial heavy duty & harsh environment equipment
Passenger cars
.SSB _ Autonomous aircrafts (drones) Passenger aviation
applications
Passenger cars Trucks
Busses Industrial applications, e.g. AGV Stationary s torage Passenger cars and trucks
Safety aspects of metallic lithium and H,S fo rmation for sulfides in case of accident have to be considered
Cell
i C = hi xti 1] i i il
integration High volume have to be high pressure required (oxides, sulfides) / small P! required (poly )
needs heating to 50-80°C
Energy density: Energy density: Energy density: Energy density:
KPI LIB 230-300 Whikg, 600-750 Wh/I 250-330 Wh/kg, 650-850 Wh/| 310-350 Whikg, 750-950 Wh/l 320-360 Wh/kg, 800-960 Wh/l
Price: 90-175 €/kWh Price: 60-130 €£/kWh Price: 45-105 €/kWh Price: 45-90 €/kWh
[Li met:al] / [Oxide SE] / [Gel catholyte, NMC] [Li metal] / [Oxide SE] / .
est. values: 315 Whtkg, 1020 Wh/l [Sulfide SC, NMC] e LA
558 Cell [5i/C] / [Sulfide SE] / [Sulfide 5C, NMC]
concepts est. values: 275 Wh/kg, 650 Wh/I
+
SSB KPI

[Li metal] / [Polymer SE] / [Polymer SC, LFP]
240 Whikg, 360 Wh/l

[Li metal] / [Sulfide SE] / [Sulfide SC, NMC]
est. values: 340 Whikg, 770 Wh/I

[Li metal] / [Polymer SE] / [Polymer SC, NMC]
est. values: 440 Wh/kg, 900 Wh/l

325 Whikg, 835 Whil

410 Whikg, 1150 Whil

500 Whikg, 1150 Wh/I

[Solid-State Battery Roadmap 2035+, 2023]
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Today & Short term 2025 Medium-/long term 2035 Vision

200-300 Whrkg, 600-750 Wh/l
90-175 €/kwh

320-360 Whrkg, 800-960 Wh/|
45-90 €/kwWh

LIB Continuous improvement

e el comnstions _

[Fraunhofer ISI, Alternative Battery Technologies Roadmap 2030+ , 2023]
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Sodium-ion (Na-ion) battery chemistries contain lower-value
materials than lithium-ion I?I,.l -ion) ones

Sodium-ion

Metal intensity and 2022 cost of Na-ion and Li-ion cathodes Batteries 26% 16% 26% ‘ g ‘ %09’ weadtﬁgeal3%g/os£4o%l ll
Prus';z\;hite* Laye?%ide* Po?lﬁgn* i NI:‘E1 ‘ VS .
kg/kWh 2.0 25 2.7 : 2.0 1.4 ngt';‘ erpl-elém
e ':'i“ MPositive Matarial liNagetive Material MElectrolyte M Separator MiCurrent Collector MOthers
N3 | Na Na —_—Li

USS/kWh CATL F n @ Tiamar Remark:
80 Sodium-ion batteries means NaCuFeMnO/C system
ig Lithium-ion batteries means LiFePO4/C system
20 2 16 12 o

0 [P. Yadav, V. Shelke, A. Patrike, M. Shelke, Oxford Open Materials Science, 2023, 3(1}]

*Prussian white = Na,Fe[Fe(CN), Layered oxide = Nag s33Nig 3::MNg.1-Mgo1 Tig 1105 Polyanion = Na;V,(PO.)F; [M. He, A. Mejdoubi, D. Chartouni, M. Morcrette, P. Troendle, R. Castiglioni, Journal of Power Sources, 2023, 588]
Source: Wood Mackenzie
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Today & Short term

Ll 90-175 €/kwWh

Na-S RT >300 Whikg

LR R 300-450€/kWh*

Load / Charger

Li dendrite

np-ANF  Polysulfide
separator

NOWE KIERUNKI ROZWOJU DLA TECHNOLOGII MAGAZYNOWANIA ENERGII W BATERIACH

2025

200-300 Whrkg, 600-750 Wh/l

180-268 Wh/kg, 300-414 Wh/I, long calendar and cycle lives

Technologia Me-S

Medium-/long term

Continuous improvement

Cycling stability and power density
Multiple challenges especially on cathode and anode side

Cost reduction and safety improvements

Practical Li—S batteries

Rapid failure
of Li anode

e \,‘::.-s

I'Saturated LiPS o -.‘:\‘
\ precipitation

Severe
Shuttle

\ - o
l.\ , \
!
! .
,/ Low ionic

- conductivity

Discharge capacity (mAh)

2500

1500

1000

2035

Vision

320-360 Wh/kg, 800-960 Wh/|

45-90 €/kWh

17 /22

>350 Whrkg

220-300 Whtkg, 320-440 Wh/l, long calendar and cydle lives

<300 €/kWh*
s A
~ |f’ s
s . eaell
MI
P — |
| |
I -
L < . - .
0 25 50 75 100
Cycle number

100
S
75 2
§
502
)
25 8
)
s
3

[Alternative Battery Technologies Roadmap 2030+ , 2023]
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Today & Short term 2025 Medium-/long term 2035 Vision

200-300 Wh/kg, 600-750 Wh/l
90-175 €/kWh

- _ Seleiy. Eneroy eflgEny. nheslthy sl reoetiors _

100-200 Wh/kg, only flow design with pot. high cycling stability

320-360 Whrkg, 800-960 Wh/l

LIB 45-90 €/kWh

Continuous improvement

200-300 Whrkg, 2000-14000 cycles

Zn-air 100-150 €/kWh No stable planar cell design, low power performance 10-100 €/kWh
.
Air
Me anode Aqueous or Porous _ Gas diffusion
e.g., ZnorlLi non-aqueous cathode  electrode (GDE)

electrolyte

[Alternative Battery Technologies Roadmap 2030+ , 2023]
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* Dalszy prognozowany znaczy wzrost cen surowcow litowych wymusza poszukiwania alternatywnych technologii, ktére
umozliwityby eliminacje litu oraz zminimalizowanie uzycia surowcéw kopalnych.

Wizja

v
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* Dalszy prognozowany znaczy wzrost cen surowcow litowych wymusza poszukiwania alternatywnych technologii, ktére
umozliwityby eliminacje litu oraz zminimalizowanie uzycia surowcéw kopalnych.

Wizja
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21 /22

Dodatki
weglowe

5 g
T g3
S% 2
8 Ew
+
- { (g]

- M . 0. » ) %
QU0 .ﬁo.?ﬂMo ,,o\..'uah,o...w..,. S
S e s
r W _ 4 Z 1059 =

.W&."“.ﬁ.«‘.’ﬁu .....
5 \\00
- Q)/ \\mwx
& )
ZoR 97
%

Elektrolity state dla ogniw Na-ion bazujgce na NaAICl,




o]
O
o]

(a)

Elektrolity state dla ogniw Na-ion bazujgce na NaAICl,

& Higher ¢
D=5V - Lowerpy,
Hya = - 5eV
Electrochemical
window
Na-metal
d=0v anode
Hya = 0eV High
(b) N Higher ¢
D=5V - Lowerpy,
My, = - 5eV
"HOmMO
Extended
electrochemical
window!
[
=
e/-k—r ]
<
Na-metal
=0V anode
Hy, = 08V High iy, LUmMmo

Obecnie znane state elektrolity sodowe oparte na

halogenkach:

* wszystkie poznane oparte na Er, Y, Zr.

* niskie przewodnictwo



N NARODOWE CENTRUM NAUKI

Prace zostaly sfinansowane przez Narodowe Centrum Nauki w
ramach projektu nr. 2023/51/D/ST11/01287

Dziekuje za uwage!

dr inz. Emil Hanc

Instytut Gospodarki Surowcami Mineralnymi
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