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The path to higher energy density of batteries
Requirements for rechargeable batteries
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Roadmap of the NEDO (New Energy and Industrial
Technology Development Organization), Japan
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The path to higher energy density of batteries
Structure and Components of a Lithium-lon Cell
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The path to higher energy density of batteries

Composition of a typical pouch cell (mass fractions)

M cathode

H anode

M electrolyte
H Cu

m Al

m separator

i carbon black

= binder

high energy high power

packaging
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The path to higher energy density of batteries
Anode materials and development trends towards higher energy density

lithium graphite silicon lithium titanate
Li C Si Li,Ti;O,, (LTO)
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The path to higher energy density of batteries
Anode materials and development trends towards higher energy density
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The path to higher energy density of batteries
Cathode materials
layered structures spinels olivines
LiCoO, (LCO) LiMn,O, (LMO), LiFePO, (LFP)
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The path to higher energy density of batteries
Cathode materials and development trends towards higher energy density
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The path to higher energy density of batteries
Safety on Material Level

CORROSIVE

8

Lithium cobalt oxide, highly flammable, 20 um thin, but puncture resistant
can release oxygen on overcharge combustible electrolyte battery separator
_—
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The path to higher energy density of batteries

\/‘

Material Cell

Trends in Automotive Battery Cell Design: A Statistical Analysis of Empirical Data, Batteries 2023, 9(5), 261-282.
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The path to higher energy density of batteries

Material to cell: development of the energy density of a , standard” cylindrical cell (18650)

Energy density (Wh L)
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The path to higher energy density of batteries
Fraunhofer — Development perspectives for lithium-ion battery cell formats
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The path to higher energy density of batteries
Safety on Cell Level
Cap plate cover
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I
Top insulator cover
Z=p €S53 +— Terminal plate
Tkt = %«—Connection plate
——_ Top insulator

OSD membrane Overcharge
Safety

Cop plate Device

Safety vem\‘ o
> Bottom insulator

3 > LN
o T
———— > 275
———— . >
S —— [ ~ 2
S — e

Seal gasket

Current collector

CID: Current Interrupt Device
Current collector retainer

JR retainer

PTC: Positive Temperature

Coefficient (Disc)
Shrink tube

Isolation / Sealing &
ttom retainer

SAMSUNG SDI  GZITTTT™

Construction of a prismatic cell
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The path to higher energy density of batteries

Cell Module / Pack

Trends in Automotive Battery Cell Design: A Statistical Analysis of Empirical Data, Batteries 2023, 9(5), 261-282.
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The path to higher energy density of batteries
Cell to pack — loss of energy density

E i Tesla Model S

(small cyl. cells)

Mitsubishi iIMIEV
(prism. hardcase)

Nissan Leaf

Tesla Model S Battery Pack, Ricardo Strategic Nisan Leaf Battery Pack
(Pouch cells)

Consulting
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spezifische Energie / Wh/kg

. cell
. pack

nach T. Miller, Ford

Mitsubishi iIMIEV Battery Pack
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The path to higher energy density of batteries
From " cell-to-pack” to "cell-to-chassis" technology

BYDs “Blade technology” ,
50 % improved space
utilisation

Teslas “Structural
Battery” Pack

/
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The path to higher energy density of batteries
Safety on Pack Level — Thermal Management and Battery Management Systems

=
.ﬂ M= =4
E= PERFORMANCE % FraunhOfﬁg
Z Fraunhofer
Mercedes AMG High Performance Battery — Immersion Cooling Battery cell voltages and temperatures are monitored by the

customized and compact BMS-Slave
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The path to higher energy density of batteries
Safety on Pack Level

EUCAR Hazard Levels Hazard level Classification Criteria & Effect
0 No effect No effect. No loss of functionality.
Passive protection No defect; no leakage; no venting, fire, or flame; no
1 activated rupture; no explosion; no exothermic reaction or thermal
runaway. Cell reversibly damaged. Repair of protection
device needed.
Defect/Damage No leakage; no venting, fire, or flame; no rupture; no
2 explosion; no exothermic reaction or thermal runaway.
Cell irreversibly damaged. Repair needed.
3 Leakage No venting, fire, or flame*; no rupture; no explosion.
A mass < 50 % Weight loss <50 % of electrolyte weight (electrolyte = solvent + salt).
Leakage No fire or flame*; no rupture; no explosion. Weight loss =
4 A mass > 50 % 50 % of electrolyte weight (electrolyte = solvent + salt).
5 Fire or Flame No rupture; no explosion (i.e., no flying parts). I
6 Rupture No explosion, but flying parts of the active mass. I
7 Explosion Explosion (i.e., disintegration of the cell). I
|
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The path to higher energy density of batteries

The impact of various factors on the rise in temperature in a thermal runaway
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- » Typical auto- (2.6 Ah, LCO 18650 Cell)
400 300 C ignition

200 - temperature of (( T’ny

0 . . . battery solvents

Electrical Anode reaction Cathode Electrolyte
energy with electrolyte  reaction with complete
electrolyte combustion

Adiabatic Temperature Rise of the Cell (C)

» The electrical energy of a cell is sufficient to raise the cell temperature above 700 °C under adiabatic conditions
» The combustion of the highly combustible electrolyte is responsible for the largest proportion of the temperature rise

\
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The path to higher energy density of batteries

Solid-State Batteries - advantages

* No highly flammable electrolyte
* Li dendrite-stable membrane

* Higher energy density through the
use of metallic lithium

» Improved packaging efficiency, as
the cell design can allow in-series
stacking and bi-polar structures.
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The path to higher energy density of batteries
Solid-State Batteries — classification of solid-state electrolytes
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good ionic conductivity
enables thicker, stable layers
not stable in air

elaborate to process

Polymers

mechanically flexible

easy to process

requires thermal management
only stable up to approx. 4 V

Oxides

good ionic conductivity

stable in air

brittle and difficult to process
Sintering at high temperatures
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The path to higher energy density of batteries
Lithium Solid-State Batteries

. . "
id-state battery promises 500-mile range, 1-minute chargl ]

Fisker sol

AMATAD Al ITLADITV
The Luxury and Performance Leader

Aston Martin Lagonda

, “It’s the kind of technology where, when you feel like you’re 90 percent there, you’re almost there, until you realize the last 10
percent is much more difficult than the first 90.” (Henry Fisker, 26. Februar 2021)
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The path to higher energy density of batteries
Lithium Polymer Batteries — BlueCar EV

Vg

Bolloré\

e Bolloré/BatsCap: LMP batteries with 30
kWh combined with supercap

e Range: 250 km

e mostly in the Autolib' car sharing
programme, > 4000 cars (as of 2017) in
Paris, Lyon (305), Indianapolis (282),
Bordeaux (201), Turin (80), ...

e Qver 200 million kilometres since 2011

Bolloré‘s BlueCars recharging at Rue des Pyramides, 11, Paris for
the Autolib electris-car sharing service, Sep 2016

\
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The path to higher energy density of batteries
Lithium solid-state battery — Toyota

slide 24

NIKKE]

2011: Toyota Motor Corp. has developed a
prototype solid-state Li-ion storage battery and
aims to improve and then commercialize it in the
2015-2020 timeframe.

FINANCIAL
TIMES

2023: Toyota announced a “technical
breakthrough” for solid-state electric vehicle
batteries for their next-generation EVs, which
are expected to launch by 2027
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prototype electric kick-board with Solid-state Cells by
Toyota

C. Yada, C. Brasse (2014) “Better batteries with Solid-state
instead of liquid-based electrolytes,” ATZelektronik
worldwide 2014, 9 (3), 10-15.
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The path to higher energy density of batteries
Lithium solid-state battery (ceramic) — Hurdles and Challenges

Separator: conductivity, thickness, mech. & dendrite
stability, boundary layers to anode & cathode (mech.
bonding, resistances, chem. stability)

Cathode: composition (material
compatibility), mechanical stability,
coherent conductivity paths for electrons

and ions, interfacial resistances £

Anode: volume expansions,
contact losses, dendrite '
formation

| L 4 :
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NCM-811 in a bulk-type solid-state battery with B-Li,PS, as a sulfide-based
solid electrolyte after 50 cycles.
Chem. Mater. 2017, 29 (13), 5574 - 5582.

JUSTUS-LIEBIG-
UNIVERSITAT
GIESSEN
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The path to higher energy density of batteries
Lithium solid-state battery (ceramic) — QuantumScape’s history

/‘f“
.

.

f}f

®
World-first
demonstration of
solid-state separator Commercial- A0 prototype
meeting automotive size single-layer battery cell,
Founded requirement Prototype cell 24-layer
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The path to higher energy density of batteries =N
Lithium solid-state battery (ceramic) — Specifications of a ~5 Ah QSE-5 B Cell QuantumScape

QSE-5 B Sample

844 Wh/L

i
301 Wh/k i
g '
1
1
y :
< 15-min fast charge -
1
1
i
QSE-5 B Sample Product Specs :
I 845 mm
Measured cell energy [C/5, 25 °C) 21.6 Wh -
1
1
Cell dimensions 84.5mm x 65.6mm x 4.6mm :
1
Mass 71809 :
I
Nominal voltage 3.84V E
1
Cathode loading 6.2 mAh/cm? :
£ L
Operating pressure <34 atm -\
Values rounded. Volume at 100% SoC under
operating pressure, excluding tabbing area
=
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The path to higher energy density of batteries
Fraunhofer — Solid State Battery Roadmap 2035+

|
Solid battery roadmap “Cell to licati i ion in Section 5.2)
=
Z Fraunhofer Su
Is1 - s
2021/22 S 2025 WL e 2030 long term 2035 vision
i EU goal: Gen.3 EU goal: Gen.4
Ledeed 350-400 Whikg, 750-10 30 Whil 200-500+ Whikg, B00-100Ds Whil
Goals cost at pack level < 100 (kWh cost at pack level < 75 €Wh
L 400 Gwh 05-2Twh -6 Twh 2-ETWh
market
0-1GWh s-10Gwh 10-20 GWh
558
Bl o-5GWh 5-15.GWh 20-50GWh
<2GwWh 2-156wh 5-30GWh 10-50 Gwh
Industrial heavy duty & harsh enviranment equipment
Passenger cars
8 Autonomous sircrafts (drones) Passenger aviation
sppcations
Paisenger cars Trucks
Busses Industrial applicatians, e.q. AGY Stationary storage Passenger cars and trudks
Sefety aspects of and WS in case of accient have 1o
Cell
rieaation ME T e e S e e e e T e T e e e T

needs heating to S0-80°C

Energy density Energy density- Energy density Energy density:
e 230-300 Whikg, 600-750 Whil 250-330 Wihikg, 650850 Whil 310-350 Whikg, 750-950 Whil 320-360 Whikg, B00-960 Whil

Price: 90-175 €/k\Wh Price: 60-130 €/kWh

April 2022

Price: 45-105 €kWh Price: 45-90 €/ Wh

[ me 2]/ [Oxidde SE| / [Gel catholyte, NMC] [Li metall J [Oxide SE| /
& a1 values: 315 Whikg, 1020 Wil [Sulfide SC, NMC] 350 Whikg, 1140 Whi

558 Cell [SiC] / | Sulfide SE| / [Sulfide SC, NMC]
Whi

Solid-State Battery = e
Roadmap 2035+ R

[Li metal] / [Polymer SE| / [Polymer SC, LFP|

325 Whikg, B35 Whil
210 Whikg, 1150 Whil

[Li metal] f [Polymer SE| / [Polymer SC, NMC] ik whi
est. values: 480 Whikg, 900 Whil e T
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