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= ‘ Energies du futur

Tutorial 2.2. — Batteries for
Electric and Hybrid Vehicles

State of the Art
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Organic Lithium Batteries
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Why Lithium Chemistry Is such Interesting for

G=® .
Electrochemical Energy Storage
2
PbO2/PhSO4
MnO2/Mn2+
1
@ Highest Electronegative Redox Couple
E, =-3.045V /NHE
> 0
~ Pb2+/Pb
£  cdzvcd @ High Specific Capacity : 3860 mAh/g
;%j Zn2+/Zn 1 H2D/H?2
g @ Liis the only alkaline metal that can be
E ABAIAL handle easily (small precautions)
L] -2
g wazewg @ but Lithium density: 0.541
E Ca2+/Ca Na+/Na
N KK g ] -
-4
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ey Schematic Principle of a Lithium Metal
— Electrochemical Generator

Décharge \ Charge \

Li métal

Li == Li+ + e- Li+ + e- = Li

<H> + Li+ + e- = <HLi> / <HLi> ==p <H> + Li+ + e-
Primary Rechargeaby

Main Limitations: Cyclability, Safety
> Abandonned for Li-lon at early 90s
»>Li-Polymer technology only developped today by BATSCAP (Op. T° 60-80°C)

48
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SS9 Li-Metal Polymer Technology

» Use of Li metal Negative Electrode

» Dry Polymer Electrolyte (POE type)

» Only 1 French Actor: BATSCAP (Bolloré Group)

» Acquired its main competitor AVESTOR (Ca)

» Performances Level ?? Needs to be couple with Supercapacitors

» Announced in Blue Car soon

A solid electrolyte technology

Electrolyte
Includes
polyoxyethylene
(POE) and lithium
salts
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C=J Li-Metal Polymer Technology - BATSCAP

= Element

Module
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=0 Main Characteristics of Li-Metal Systems

@ High Nominal Voltage (2.5 <U <4.3V)

@ High Energy Density (> 500 Wh/I),up to 850 Wh/l and 500Wh/kg (primary)
@ Wide Operating Temperature Window (-70C — +60C)

@ High Reliability (Storage, Self-discharge)

= But strong limitations in safety and cycle life due to Li-Metal negative
electrode for rechargeables systems and Shift to Li-lon at early 90s
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Basic Principles of Li-lon Cells

Charge Décharge

<H> 4 Li+ + e - == <HLi> <HLi> = <H>+ Li+ + e-

<MLi> == <M>+ Li+ + e- <M> + Li+ + e- = <MLi>

First Commercialized Li-lon:
(-) Graphite / (+) LiCoO, (18650 Cell - LapTop) Sony (1991)
Today >200Wh/kg et 500Wh/I
Main limits:
- Cost (Co - Electrolyte - Separator)
- Safety (Co - G - Electrolyte)

- Low T° performances especially in charge (G)
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C=J Li-ion- A generic technology ! Not only One System

Lithiated Metal Oxide :
Cobalt (LiCoOZ)\ Positive Negative

Graphite
NCA (LiNiCoAl O,) P

_ Hard Carbone
Manganese (LiMn,0O,)

Titanate

NMC (LiNIMnCo O,)

- Graphite L|'A”0y (S|, Sn)
@ Lithium N

lron Phosphate (LiFePO,) /

» Positive Side: Suppression of Cobalt for Safety / Cost

» Negative Side: Replacement of Graphite by Titanium Oxides for
Safety/Cyclability

= With new Li-lon systems, more than 10,000 deep cycles possible
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0 Commercialized

Main Material of Portable Li-lon Cells

@ LiCoO, (LCO) Co-Based Oxides
@ practical capacity: 140-150 mAh/g

@4.2-3.7V-510 Wh/kgof active material
@ high Li diffusion coeff. 5 power ability
@ good cycle life (500-1000)

@ Cost + toxicity

V LT, LT, G0, G, G,

@ practical capacity: 150-190 mAh/g
@4.1-3.7V

@ high cycle life: 1200 cycles

@ « touchy » synthesis

@ toxicity

@ stability concern at end of charge

Positive Active Materials

ﬁ LiMn,O, (LMO) Mn-Based Oxides\
@ practical capacity: 115 mAh/g

@4.2-3.7V-460 Wh/kg of active material
@ goof Li diffusion coeff. S power ability
@ cycle life at 25T

@ low cost, no toxicity

@ LiNi;;sMn,,;,Co,,;,0, (NMC)

@42-37V
@ better cycle life at high T°than LMO

Ni-Based Oxides /

@ cost reduction vs LCO

@ practical capacity > 140 mAh/g

@ capacity loss during cycling at 55T (Mn diss.)

@ good compromise but sufficient cycle life

/

/~ @ LiFePO, (LFP) Phosphate Compounds ™\

@ practical capacity: 160 mAh/g
@3.7-25V

@ increased safety

@ cost reduction vs LCO / NCA

@ reduced energy density vs LCO / NCA / NMC

\ @ less feed-back on calandar life (younger compound)/
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€= Std Negative Electrode Material : Graphite

Graphite
2_0_.£i“g_|‘ Gy 12 cyc: 20 2nd cycle

1.8 : 1.8
~1.6- — é ~ 16
o 144 TR0 : = 14
= 1.2- : = 1.2
—101 4 - : ~ 1.0
_~Charge 208
: Z 0.6
: = 04
23 gﬁ 0.2

0.0+————F 00+————F————

0.0 0.5 1.0 =xinLi;Cs 0.0 0.5 10 xinLiCg
(372) C (mAh-g~ 1 (372) C (mAh-g— 1)

Electrolyte Decomposition
= Formation of a passive layer (SEIl) that must be Li* conductive

= Li Irreversible Capacity Loss between 10 to 20%
= Gas Evolution (mainly CO,) coming from organic carbonates

= Reduced capacity corresponding to LiCg; stoechiometry
= Moderated cyclability (~ 500-1000 cycles@100%DOD)
= Large Volume variation during intercalation-desintercalation reactions
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=3 Negative Active Material : Key role of SEI

@ SEI = solid-electrolyte interphase
@ formed during electrolyte degradation reaction at
carbon surface
@ cycling stability S compact layer, Li* conductivity,
degradation reduced to the carbon surface
@ in a first estimation, irreversible capacity ~
proportional specific surface of carbone

@ Key Role of the choice of the combination :
solvent(s) — Li salt — carbon — additive(s)
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D Electrolyte - Membrane

@ « Conventional » Li-ion
@ Liquid Electrolyte : Mixtures of EC-DMC-DEC-EMC-PC, LiPF4 ~ 1 mol/l
@ impurities H,0 < 15 ppm, HF <50 ppm
@ trilayer microporous membrane PP/PE/PP

@ Li-ion Polymer

@ gel: Mixture of Carbonates, LiPFg ~ 1 mol/l +[PVDF-HFI% (+ SIO,
pyrogenated), other polymer may be used

@ impurities H,0 < 15 ppm, HF <50 ppm

@ no free liquid

Poly-(Vinyliden Fluoride)
Hexafluoropropylen
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=9 Lithium Batteries (Li Metal and Li-lon)

* Advantages * Drawbacks

Long cyclic life Safety

High power density Cost

High efficiency Recycling

No maintenance Need of single cell monitoring

Adapted to all applications Need of power and thermal management
lithium foil

* R&D possibilities  anode

Cost reduction by
- mass production
- use of cheaper materials

Demonstration in RES applications

Improvement of recycling

metal foil

{cument collector) Source www.avestor.com
Improvement of safety and BMS Technologie Li-Métal
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C=J " Li-lon Production Line for HEV — JCS - France

Production Industrielle — 1iere usine en france

« Tlier site de production Li-ion dedié aux batteries pour Automobiles hybrides
Dry room Installation

FN™ (4
Electrolyte | Eq’!'—- -
lling R e
- T
: b _1.1-.-41‘]"
Jelly roll e | egll. i o~
winding g | -

¥
{
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ey Safety: current major limitation of Li-lon Cells

Li-lon Commercial
2 5Ah

Positive LICoO,

Started burning in the overhead bin in

the passenger cabin. Fire extinguished

on the ramp.

Li-lon CEA 10Ah
Positive LFP

Forforation par ke ciou

10Ah Cells after
Nail Penetration
(Normalised test)
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G0 Li-ion 18650 Cell (Standard Size for Laptops )

18.5 g7
wl -
S Positive Exhaust
., Terminal Gas Hull_z _
C— PTC Element. .~ o Anti-Explosive Valve
Gasket . |7 —scs - Positive Terminal Lead

.~ Separators

. L :l-.
Insulation Plate - ;EE :
igi = - Negative Electrode
+0 ] -~ Megative Termmal Lead
&B5.0 — OB B | 1
Case - ;i= =
-1 2
;!?, ] - Positive Electrode
-]
' e | -
Insulation Plate i:::l_ =P
- .\"‘1::.:'_.!-'
.:.':Il.q__ -
w
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Safety: Internal and External Devices

@ Separator partially fusable (PE) = lonic insulation
between (+) and (-)

@ Thermistor & Electronic Insulation from External Circuit
@ Circuit-Breaker activated by overpressure allowing
disconnecting the cell

@ Safety Vent

@ Electronic Circuit for management of charges/discharges
(Smart batteries) = avoid overcharges or overdischarges

@ Use of new positive and negative active material to
Improve safety

@ Use of Electrolyte Additives (shuttles, ionic liquids...) to
Improve stability towards overcharging and overheating
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Super-Capacitors
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eSS RAGONE PLOT

S 10 il Dielectric capacitors

< 035 Combustion

% 10°— ' engine, Gas

> 10— turbine

‘O

g 10 Polymer/Polymer

N Carbon/Carbon

= . OZ__Super capacitors oy FuelCells

@)

O 0 Accumulators
Li batteries

1 | | | | —
102 10! 1 10 10

Energy density (Wh/kg)

Electrochemical Capacitors (ECs) have higher power and lower energy than batteries
New technology enables higher energy content
Cycle life is very high (over 5x10 > cycles) is achievable
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=0 Electrochimical Supercapacitors

Double -Layer Capacitors

Pseudo -Capacitors

Electrostatic phenomenom

No chemical modification of the
electrode

Excellent reversibility

- Carbon electrodes
> 106 cycles

Faradaic process

Chemical modification of the
electrode

Average reversibility

- RuO, > 10° cycles
- Polyaniline < 10 4 cycles
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=% Differentes Generations of
Electrochimical Capacitors

Aqueous (electrolyte) symmetric devices
ex : Carbon /H ,S0O,-H,O / Carbon
RuO, / H,SO,-H,O / RuO,

Non agueous symmetric devices
ex : Carbon / Et ,NBF ,-Acetonitrile / Carbon

Agueous (electrolyte) asymmetric devices
ex : Carbon / KOH-H ,0 / NIOOH

Non agueous asymmetric devices

ex : Carbon / Et ,NBF ,-Acetonitrile / Li ,Ti;:O,
Carbon / Et ,NBF ,-Acetonitrile / Graphite (LIC )
Carbon / Et ;,NBF ,-Acetonitrile / Conducting Polymer

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010
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=9 Electrode Materials of Super-Capacitors

Carbon_ (80%):

> (1500-2400 m?2/g) : R&D on specific area, porosity, pore size
distribution, purety, conductivity, hydrophily, pro cess,...

> Straight forward use (ease of process)

> Investigated in California (Lawrence Livermore Nati  on. Lab.)

> Promising candidate (R&D) / MIT : 4000 m 2/g — 500-1000 F/g ;
35V

Conducting polymers

» 3 types depending on doping states; similar p-p, di fferent p-p and p-n
EX : Polyaniline, Poly(3-methylthiophene), Poly(3-p-fl  uorophenylthiophene)

Oxides
> (RuO,, IrO,) : Expensive !l
> (MnO,, NIO, V,0,...) : Aerogels and xerogels (nanometric sized

powders, with high specific surfaces)

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 23
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=0 Main R&D Axis for Super-Capacitors

> (carbon = 50% of the price, < 100 $/kg toward 10 $/kg)
> (> 20 Wh/kg, technological breakthrough
> (< 10%/week)

» T°range improvement (-30°to +60C)
» Energy efficiency improvement

» Cycle life (10-15 years)

» Recycling ability

» Operating system voltage increase
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Electrochimical Capacitors

Advantages Drawbacks
Long cycle life predicted Cost
High power density Very low energy density
Permanent SOC indication High self discharge
Same behaviour in charge and : :
discharge g NetGedngifo%IeCtmmCS due to variable
Safety?

R&D possibilities
Cost reduction by

- use of cheaper materials
- mass production

IS F-25V

L A LT N=  Jed ke

Assessment of recycleability o 7 e

Increase of energy content

Source Batscap
Maxwell (US), Nesscap (Kr),
Batscap (F), JSR (J)
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High-T° Batteries
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CU=J High Température Sodium Batteries - NaS — NaNiCl

Lt -
 Advantages | O pl—
Long cyclic life predicted |9 ol —ge H e gy
Low cost = -
High energy and power density
Flexible operation ®
High energy efficiency O Nz

O's
Easy SOC identification @ :_”5’
- -BpleiNal  Bota Alumina -+ Pole (5]

—_Diocharging

* Drawbacks i S —
Thermal management
Safety
Durable seals
Freeze-thaw durability (membrane)
MSE/DEA (ex Zebra)
NGK (Japon)
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IEEE VPPC 2010 Lille CEA Property



oS

EV and HEV requirements

for batteries

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t
IEEE VPPC 2010 Lille CEA Property

31/08/2010

28



C=JElectric and Hybrid Vehicles Specifications

» Micro Hybride (< 60V)

100.00C

Power = 10 a 15kW

» Mild Hybrid (120-150V)

10.000

Power =10 a 15kW

» Power Assist Hybrid (>

Electric Energy per cycle in Wh

1000| 4 Mild B | 206V):
\ | ' Power= 20kW - 60kW
100 .}_w‘*"‘ » Plug-In Hybrid
Energie= 5.a.15kWh
:;;-.5‘.3':' Power= 30kW - 80kW
1“ --..l.l. G ..................
ﬁa& Hybrid
ICro nyori %
" Electric Power in kW > 100% Electrique
1 10 100 7000 Energie > 20kWh
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= Vehicle vs Portable Requirements

Portable Device

Voltage range > 300V 12 to >300V 3.6t0 14,4V
Capacity Ah 30-100Ah 5 to 10Ah <3Ah
Cycle Life / Years >10 >10 2
Operating T°Charge -40C t0 +85TC [ -40CT to +85T 0C to40CT
Operating T°Discharge J -40C to +85C [ -40C to +85T - 20Cto 60T
Nominal Rate C/3to C 20C to 60C C/3 to 2C
Energy Density Wh/kg > 120 50 to 80 180 to 200
Power Density W/kg 250 to 350 1000 to 5000 200

Cost €/Wh 20€/KW 250 to 350

C-rate nC rate corresponds to a charge in 1/n hour
eg. 5C rate = charge in 12min

» Increase of All performances

» Reduction of Cost
» Safety to be proved on large size cells (>> 5Ah)
» Life duration * 5 at least

—=A lot of Challenges for Battery Developers

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 30
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Venkat Srinivasan and lohn Newman
hetp://berc. Ibl.gov/venkat/Ragone-construction.pps

=2 The different technologies vs EV/HEV/PHEV Req.

= T L I !.I|I|'1 T T T &1 |..|_|| T ’."" _"\-I:FI T
e : (IC Engine |
4: ' LA -5'“".'——”;’.
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o™ A =" . i
T 25 T e — S T J Better!
— _ A —— : =y -. -4--""" ?H‘ET goal -
2 R — 3
:1_3 Lead-acii ¥ - N , I
(2, 10k LIEV gl -
=Y - = " . > | '_.-
=10 £ k1 *ff |
S o 7 Copacitors - 3
:E_' hs | . ;1. 'y ; o2
2 1h i1 h 6z 16w
I -‘. | B 1 L IFI-II'- L i B |- lllI'- L | i i i Illll- B i i i 11II]
il _ .3 3 I
| 6 |H' | () 10 |1|l

Specific Power (W kg
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HEV Market
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¢S HEV Market

HEV sold per year, M units, woridwide, Penetration of hybrids in the global sales,
2004 - 2009 i
e ey 2000-2009
2 5 L
il O {
L : o
- ,-"F_l 1.0% L JAPAN
0,6 - /
ot ;|__n/;~ L% 10 0%

S:I:F.-i [
o . f.-’ M .07 /

0,2 .ﬂ~ — H H ==
a0 H‘TH.:—H-:H T T | SR 0% s, — ///J =
TP ﬁﬁw‘ﬁg o 0,05 4—;—%’ i

SO0 P b5 2006 RIS

0.6%

04%

0,3 ,.,"—/——-' -

0,2%

—D -
=
i
|
|
|
|
e e e

Peretraticn ol hybrids in the gobale sales

EOTOYOTA EOOTHERS —8=9%

fiote: icoo HEV s mox in the HEY statistes & HEY forecass

SOURCE-: T=E RECHARGEASL E 3ATT=RY MARKET 20051020 . AVICENNE, MARIH 200

— More than 1% of Vehicle sold in 2009 was an HEV
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NiMH & Li-ion celis soid per year, MWh, MIMH & Li-ion market for HEV, Million SUS,

worldwide, 2002-2015 worldwide; 2002-2015
2 500 2000
1800
2 000 I—I 1 600 I—I
l 1400 I I— — H
3 500 AT § 1200 L
= = a
= = 1000 —HHHHH
1 000 —HHHH Eﬂm THHHAHHHH
Gild HHHHHHHH
it > A HMHARMHH 00 —AHHHHHHH
1 " e A
= I-I |-| ] ] ] ] 1 ] ] ] ] = r-l |-| T T T ] ] ] 1
b o o g e . T o L
S FE Sk Y EP‘%-@#:F“ ﬁﬁ; %1¢a@ﬂ e
A NiMH B Li-ioo ONiNH | L-ion
SOURCE ; THE RECHARGEASLE SETTESY MAASEET DOIE-2010 . AVICERNE. MARTH 2040
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= Impact of HEV market on battery sales

THE NIMH BATTERY MARKET WILL IN 2010, 2/3 OF THE NIMH BATTERIES

INCREASE DRASTICALY WILL BE SOLD FOR HEV
NIMH Battery sales, NiMH Battery sales,
M US$, Worldwide, 2000-2010 M US$, Worldwide, 2002-2010
1 800 — 1 800 =
1 B 1 600 .
1400 - 1400 =
1200 {7 — 1200 | =
= p
% 1000 — B g L0 - B HEV
= 800 -5 s 800 B30t I | moters
600 600 TH U LY
400 - 400
200 200
0 - : i
Py R S P S, . x w4 & A 0 e e L R T R N = S
St m":‘@f}@’é S S w‘:ﬁﬁ;’a & fEFr'Pd’ S PP

Sourcs | The rechargeabie battery market 20072015 AVICENNE. Jurs 2008

= HEV NIMH represent 6% of global battery market in 2006 !
And 50% of market for NIMH technology
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¢S HEV Market

Total HEV Venhicles: HEV Market per country:
More than 530 000 units in 2007 USA & Japan account for more than 80%
NESS{%N_ GT‘ﬂ OTHERS Others
FORD 2% . i Europe 5%
6% 13%
HONDA
10%
TOYOTA
9%
Source - Toyoia, Honda, GM, Tord Source - Tovoia, Honda, GM, Ford
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12V
(<60V)

120V a
400V

(700 V)

T2.2 — Batteries for electric and hybrid vehicles: S
IEEE VPPC 2010 Lille

Hybrid and Electric Market (non-exhaustive)

— Au-dela de 2012, tous les nouveaux véhicules seront en Li-ion

Batterie Ni-MH Li-ion
Plomb
Micro Hybrid Stop & Start
(Valeo — Bosh)
Mild hybrid Mercedes
5400
BMW serie 7
Full hybrid
Plug in hybrid Ford escape
GM vue

Electric vehicle

Technologies batteries les pius couramment utilisées dans les
applications automobiles

tate of the art, Modeling, Testing, Aging S. Martine

t
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Architecture Batterie (source Saft)

OO

Interfaces,
BEHEF}' ] Batiery Mechan:cal sruciure HCILIEII'I
management
sysiem

Gestion in-situ du SOC - SOH

Developpement d'outils de simulation pour |'optimisation de I'énergie a bord du véhicule
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Automotive Battery CAE ..

Energy Need in Light-Duty Electric-Drive Vehicles

Micro Hybrids (12 V-42 V: Min in use
Start-Stop, Launch Assist) NiMH and Li-ion: Yes energy needed
A Ucap: Likely

- "ﬂi_ 0 Ucap + VRLA: Possible 15-25 Wh
Mild/Med Hybrids (42 V-150
V: Micro HEV Function + NiMH and LiHon: Yes

Ucaps: Likely if engine is not downsized much
Regen) i
Ucaps + VRLA: Possible

Fuilf’l‘u*led Hybrids (150 V-350
\: PDWEF Assist HE"u" == NiMH and Li-ion: Yes 20200 Wh

Uicaps: Possible
Ucaps + (NiMH or Li-lon): Possible

25-80 Wh

MNiMH and Li-ion: Yes
Ucaps: Likely if Fuel Cell is not downsized 70-200 Wh
Ucaps + (NiMH or Li-lon): Possible

R 5-15 kWh
iMH: No
- (50-90 Wh*)
4| Li-ion: Yes
W| Ucaps + high energy Li-ion : Possible EV: 20-40
a | Wi [ ]
Pesaran, Gonderand Keyser * Energy for a ultracapacitor in combination with Li-lon
htto:/fwenw nref.sovivehiclesandfusls/enereystoraes/ndfs /45526 0df 45
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Automotive Battery CAE ..........c..c...

Energy Storage Requirements for Micro Hybrids
(At End of Life)

IEEE VPPC 2010 Lille

System Attributes v ?r‘;;'f'”" i ?F‘;';f“"’ v R:s“;:“{']‘;,:‘;‘“’
Dischargo Pulso 43k b= B kW i T3ILW 2z
Regenerative Pulise A MiA BREW 25
Cold Cranking Pulse @ -30°C 4 2 kW T Min 8k 27 % Min kW 27V Mm.
Available Energy (CP @1kW) 13- Wh 30 Wh 60 Wh
Recharge Rate (kW) 0.4 kW 2.4 KW 2BKW
Cycle Life | Equiv. Road Miles 50k /150,000 miles Taik { 150000 mies 30k /150 000 miles
Cycle Life and Efficiency Load Profile LIC10 Ui UC10
Calendar Life [Yis) 15 15 13
Erergy Ffficiency on UC1] Load Profile (%) 85 95% 957
Self Discharge (72hr from Max. V) <4% =<d4% =455
Maximum Operating Voltage (Vdc) L 48 48
Minimum Operating Veoltage (Vd:) g e a7
Opemating Tem perature Range (°C| -10fo +52 -3l to +52 lita +52
Survival Temperature Ranga [*C) -16 to +66 -6 to +66 4Eto <66
Maximum System Weight (kg) 5 10 20
Maximum System Volume [Liters) 4 g 16
Selling Price ($system @ 100k!yr) 41 a0 130
http;//www. uscar ore/guest/articie view.php?articles id=85
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0 Commercialized HEV Batteries

PRIUS — PEVE battery FORD — SANYO battery

Prismatic Module

38 modules of 6 D size NiMH cells (6.5 Ah) 240 - 250 D size NiMH cells in series (9 Ah)
273.6 volts 300 - 330 volts
1780 Wh Pack weight : 144 kg

Pack weight : 50 kg

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t
IEEE VPPC 2010 Lille
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=) Commercialized HEV Super-Capacitors

Restivity of Electrolyte of Battery/Ultracapacitor - Battery has poor
vs. Temperature cold temperature
@ performance
i 3 \.‘-'. : -Elif:.-y.?
s ~— i = Uitracapacitor has
- it S | stable performance
T — E—— i over lemperature
Hiracapacifor Potential and Relative Energy Also,
(versus Temperature) = Ultracapacitor
L voltage window
gi -] I:;; —— | 0ol widens at cold
;E:_ st e e = T temperature
E,ﬁ 2] | —— delivering higher
;' [ [ [ energy
b . Timp-e:h.ra c1 B B = E=1/2"C*V2
*» The Maxwell dry process helps reduce manufacturing cost of a
40Ah cell by $2.20 (based on a $35 high volume cell cost)
* Reduction in Power Fade could reduce cost an additional $3.30
» Potential savings of more than $1 could be realized if lithium
could be added to the negative reducing first cycle loss (only
possible with dry process)
= A total cost reduction, using the dry process, could add up to
$6.50 on a cell costing $35
» To date, the positive electrode has shown great results. The
. Martine 't 31/08/2010

negative is under development to create a good SEI layer.
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EV Market

T2.2 — Batteries for electric and hybrid vehicles: S
IEEE VPPC 2010 Lille
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Batteries for Electric Vehicles

Velegs || [Bmeiey | [Pk emzi:sr?on Available cars
(V) () ) range (km)
Start Stop < 48 <05 1-10 0 Citroen CZ-CSS’éVtI‘ii;Sl]J_I,D,i,Shi Colt, BMW
HEV. 1 fullhybrid | > 100 | 1-2 | 20-50 <10 Toyota Prius, Honda insight...
plug-in hybrid | > 300 10-15 | 50-150 50-100 BYD FD3M (Chevrolet Volt)
EV > 300 20-50 | 50-200 > 100 Tesla Roadster, Mitsubishi iMiev

(Nissan Leaf)

Autonomy : 15-20 kWh / 100 km (depends on weight,
aerodynamics, anciliaries yield ...)

Cost of Li-ion Battery (Cell level) : 200-700 € / kWh

Minimum acceptable Autonomy for user: 150 km?

T2.2 — Batteries for electric and hybrid vehicles: S

Il ) 6000 — 20000 € for an EV Battery pack!

Reduce the costs / improve battery performances

tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 44
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=3 Technology strongly impacts the price of the pack

Innovative design

Long range, high cost
450 kg

Mid range, moderate cost
230 kg

16 kWh

Low range, low cost
200kg

6831 X

Japanese (Panasonic?)

18650 (laptop) 2,4 Ah cells

~ 459 — 190Wh/kg

T2.2 — Batteries for electric and hybrid vehicles: S
IEEE VPPC 2010 Lille

210 x

AESC (NEC)
32 Ah pouch cells
~1kg — 130Wh/kg

tate of the art, Modeling, Testing, Aging S. Martine t

50 Ah prismatic cells

1,7kg — 110 Whikg

31/08/2010 45
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3 examples => 3 different approaches :
Different Cell designs (cylindrical; prismatic, stacked or wound)
Different Cell Capacities (from 2.4Ah to 50Ah !)

Differents Packaging Types (Soft-Packaging, Hard Casing)

mar)>  Choices that will face market needs and users to be fully validated

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 46
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Strategic Alliances — Moving Fast

Car Manufacturers and car OEM are looking for the best battery manufacturers and /packs
= Battery manufacturing may be integrated in-house

Car manufacturer battery manufacturer Alliance
Renault Nissan Nec Tokin AESC
M its ubis hi Lithium energy
GS Yuasa japan
PSA
Toyota Panasonic Panasonic EV
Honda Sanyo
BMW Samsung SDI
FORD Johnson control SAFT
GM LG chemicals
Chrysler Al23systems
Daimler Evonik Deutsche
Accumotive
Volkswagen Toshiba

)

IEEE VPPC 2010 Lille

The battery will be the new key
component of the vehicle
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“=J " Technologies / Limitations

Main objectives for Car Manufacturers

Safety

Cost (roughly 45% of the cost of the battery pack corresponds to the Li-Ion
cells, with a targetted value at 150€/kWh, with an estimation close to
250€/kWh en 2020)

Life Duration (Cyclability and Calandar Life)
Energy Density (both Massic and Volumetric)

Technology manufacturers Safety cost lifetime Energy
density
LiMn204 - graphite NEC, GS Yuasa, LG + + - +
: SAFT, SAMSUNG
- ; ; - - + ++
Lamellar (NCA, NMC) - graphite Sanyo, Evonik
LiFePO4 - graphite Al123, Valence Tech, +t 4 4 +
BYD
LiMn204 - Titanate Toshiba, Enerdel +++ - +++
ﬂl]l:> Huge Competition, a compromise must be found
T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 48
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HighLight on Some R&D Routes
for Improving Performances

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 49
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C=J Increase of Energy : Negative Electrode

Cylindrical lithium-ion battery

op Cap Qamit
(Pomitie Tarminalh .

Silicium-Carbone Composite

Advantages

High capacity 3570mAh/g for Si vs 330mAh/g for graphite
15 Li* + 15 e+ 4Si « Li,Si,

Targeted Reversible Capacity for Si-C : 1000 mAh/g o e

Investigations

Nano-structuration to reduce mechanical constraints, new
binders, et new composite electrode formulations to improve

cycle life
Silicon from 20 to
50nm with carbon
T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 50

IEEE VPPC 2010 Lille CEA Property



C=J Increase of Energy : Negative Electrode

« Positive : NCA (NiCoAl Oxide)
«3.2Xx3.6x0.5cm core
« Mixed carbonate electrolyte

~+ Wound Configuration |

Graphite prototypes SI-C prototypes
_ 850 mAh — 1250 mAh
— 260 Wh.kg1 (+30%)
— 200 Wh.kg"" II-
— 450 Wh LE Bt
' — Reduced cyclability for niche
market

IEEE VPPC 2010 Lille CEA Property



(=J Increase of Energy : Positive Electrode

Cylindrical fithium-lon battery

Li-Rich Layered Oxides L

= Lamellar Oxides studied since 1980 (J.B. Goodenough)
- LiCo0O, (LCO, Sony 1991) —-140-150mAh/g, 3.7V vs Li

= Co substituted end 90s et 00s by lower cost transition metals and
also to improve charged state stability

~ €.g. LiNig gCoy 15Al 050, (NCA) and LiNi; 5Co, 5sMn, 50, (NMC) | === -

= end 00's : Li-Rich Lamellar Compounds (Thackeray-Group - Argonne
National Labs)

- XLi,MnOe(1-x)LIMO, with M=Mn,Co,Ni,... 3.5V vs Li
— Capacity up to 300mAh/g (HE-LMO)

High Voltage Spinels ("5V")

LiNi, ,Mn, (O, => 147mAh/g and 4.7V vs LI

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 52
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(=) Safety: LiFePO , as a substitute to LiMO2

LiCoO, LiFePO,
High Energy Density Moderate Energy Density
Stability : Bad > Higher Intrinsic Stability
Costly (Co) Iron Compound at lower Cost
Structure co(t élément Li-lon Portable B Electrolyte & Séparateur

W Bottier Aluminium

= 27% cost = positive

O Couvercle avec Sécurité et Connectique

material (LlCOOZ) 0 Oxyde de Cobalt Lithié (+)
8%t B Graphite (-)
:> 18% Safety + 5% ’ 19% O Divers (collecteurs, liants, solvants)

connections

= Objective = Divide it
by 3 with LiFePO,

27%
23%

18%

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 53
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Example of LiIFePO ,/Graphite for EV

LiFePO4 200/250Ah Stackable Modules

* Demonstration Project in City Bus

«Jilin Hi-Tech Electric Vehicle Co.,
Lid., an affiliated company of
First Automobile Group Co., Ltd

Composed of 26650MP
Cylindrical Celils

« Air Cooling System

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t
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Summary

Performances / Global Costs

T2.2 — Batteries for electric and hybrid vehicles: S  tate of the art, Modeling, Testing, Aging S. Martine t
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Lead-Acid Technology

Main fssues Characteristics State of the art
Eneray Whikg ~ 30-35
density Whil 100-118
Power
density  wd L
Performances (N dischargs) B
o geae, 1 hiTor 80% capacity, up
Chamge Rechs™22 1 B0 but Gepending on
Alility Regen SO0
Operating temperature -30°C § £50°C
Life ( years) ar el
S Safe in normal operation,
Reliability Safsty H2 smissians in
profonged avercharge
condifions
: Continuous process for
bl siectrode manufactiring,
gﬂ. “'"-“‘ﬁa-l - Well defined assembly
gnd formation procsdures
Energetc efficiency (%) BE-85%
Environmental
compliance  Satery o0 =
produchon O, emission
(EfWh) 50-150
Cost ERW) BAD

T2.2 — Batteries for electric and hybrid vehicles: S
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Dhbjectives
3545
1910-144
7501000
2000-25830

30 min for B8% capacity, up
fo 10 C at low-SGC

A0eC 1 +507C
1018

YRLA (s=alad)

Improve process tolerances
and refiability to reduce.
SCrEp.

Reduce Hler_gai ponsUmption
in eerain menufacturing
Processss:

B5-90%

Reduction 10-20%
s0-100
B-B

31/08/2010
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& Ni-MH Technology

e T g

State of the art and ob

T2.2 — Batteries for elecuic i-sul;.; .I-I.y.l-JIIU veiu-u'l.e'b.'.-o e ul uie dtl-.l.-,- vioueliy, 1esuiy,
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Li-lon (EV) Technology

140 -200
300 - 500
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Conclusion
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C=J Conclusions

5 main storage systems (Super-Capacitors, Lead-Acid
Ni-Cd, Ni-MH et Li-lon)

Ni-Cd System usage more and more restricted (Cd)

Super-Capacitors usage is restricted to few applica  tions
where its low energy density (5 to 7Wh/kg) Is not
redhibitory, but has an interest in hybrid power so urce to
Improve battery cycle life by levering power peaks

Li-lon systems are those exhibiting the most promis Ing
potential at short and middle term
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