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CEA LITEN

Tutorial 2.2. – Batteries for 
Electric and Hybrid Vehicles

State of the Art
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Organic Lithium Batteries 
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Highest Electronegative Redox Couple
E0 = -3.045 V /NHE

High Specific Capacity : 3860 mAh/g

Li is the only alkaline metal that can be
handle easily (small precautions) 

but Lithium density: 0.541

Why Lithium Chemistry is such Interesting for 
Electrochemical Energy Storage
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SchematicSchematic PrinciplePrinciple of a Lithium of a Lithium MetalMetal
ElectrochemicalElectrochemical GeneratorGenerator

Primary Rechargeable

Main Limitations: Cyclability, Safety

� Abandonned for Li-Ion at early 90s

�Li-Polymer technology only developped today by BATSCAP (Op. T° 60-80°C)
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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
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Li-Metal Polymer Technology - BATSCAP
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High Nominal Voltage (2.5 < U < 4.3 V)

High Energy Density (> 500 Wh/l),up to 850 Wh/l and 500Wh/kg (primary)

Wide Operating Temperature Window (-70°C – +60°C)

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-Ion at early 90s

Main Main CharacteristicsCharacteristics of Liof Li --MetalMetal SystemsSystems
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Basic Principles of Li-Ion Cells

First Commercialized Li-Ion: 
(-) Graphite / (+) LiCoO2 (18650 Cell - LapTop) Sony (1991)

Today >200Wh/kg et 500Wh/l

Main limits:

- Cost (Co – Electrolyte – Separator) 

- Safety (Co – G - Electrolyte) 

- Low T° performances especially in charge (G)
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Positive Negative

Li Li ++

Cobalt (LiCobalt (LiCoCoOO22))

NCA (LiNiCoAl O2)

Manganese (LiMn2O4)

NMC (LiNiMnCo O2)

Iron Phosphate (LiFePO4)

GraphiteGraphite

Hard CarboneHard Carbone

TitanateTitanate

LiLi--AlloyAlloy (Si, Sn...)(Si, Sn...)

LithiatedLithiated MetalMetal OxideOxide ::

Li-ion- A generic technology ! Not only One System

� Positive Side: Suppression of Cobalt for Safety / Cost

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

⇒ With new Li-Ion systems, more than 10,000 deep cycles possible
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CommercializedCommercialized Positive Active Positive Active MaterialsMaterials

LiCoO2 (LCO)    Co-Based Oxides
practical capacity: 140-150 mAh/g
4.2 – 3.7 V – 510 Wh/kgof active material
high Li diffusion coeff. � power ability
good cycle life (500-1000)
cost + toxicity

LiNiO2, LiNi1-xMxO2 (M=Al, Co…)
practical capacity: 150-190 mAh/g
4.1 – 3.7 V
high cycle life: 1200 cycles
« touchy » synthesis
toxicity
stability concern at end of charge

LiNi 0,8Co0,15Al0,05O2 (NCA)

Ni-Based Oxides

LiMn2O4 (LMO) Mn-Based Oxides
practical capacity: 115 mAh/g
4.2 – 3.7 V – 460 Wh/kg of active material
goof Li diffusion coeff.  � power ability
cycle life at 25°C
low cost, no toxicity
capacity loss during cycling at 55°C (Mn diss.)

Main Material of Portable Li-Ion Cells

LiNi1/3Mn1/3Co1/3O4 (NMC)
practical capacity > 140 mAh/g
4.2 – 3.7 V 
better cycle life at high T°than LMO 
cost reduction vs LCO
good compromise but sufficient cycle life? 

LiFePO4 (LFP) Phosphate Compounds
practical capacity: 160 mAh/g
3.7 – 2.5 V
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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StdStd NegativeNegative Electrode Electrode MaterialMaterial : Graphite: Graphite

Electrolyte Decomposition

� Formation of a passive layer (SEI) that must be Li+ conductive

� Li Irreversible Capacity Loss between 10 to 20%

� Gas Evolution (mainly CO2) coming from organic carbonates

� Reduced capacity corresponding to LiC6 stoechiometry

� Moderated cyclability (~ 500-1000 cycles@100%DOD)

� Large Volume variation during intercalation-desintercalation reactions
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NegativeNegative Active Active MaterialMaterial : Key : Key rolerole of SEIof SEI

SEI = solid-electrolyte interphase
formed during electrolyte degradation reaction at

carbon surface
cycling stability � 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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Electrolyte Electrolyte -- MembraneMembrane

« Conventional » Li-ion 
Liquid Electrolyte : Mixtures of EC-DMC-DEC-EMC-PC, LiPF6 ~ 1 mol/l
impurities H2O < 15 ppm, HF < 50 ppm
trilayer microporous membrane  PP/PE/PP

Li-ion Polymer
gel: Mixture of Carbonates, LiPF6 ~ 1 mol/l + PVDF-HFP (+ SiO2

pyrogenated), other polymer may be used
impurities H2O < 15 ppm, HF < 50 ppm
no free liquid

Poly-(Vinyliden Fluoride)
Hexafluoropropylen
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Lithium Batteries (Li Metal and Li-Ion)

• Advantages
Long cyclic life
High power density

High efficiency

No maintenance

Adapted to all applications

• Drawbacks
Safety
Cost
Recycling

Need of single cell monitoring

Need of power and thermal management

• R&D possibilities
Cost reduction by

- mass production
- use of cheaper materials

Demonstration in RES applications

Improvement of recycling

Improvement of safety and BMS
Source www.avestor.com

Technologie Li-Métal
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Li-Ion Production Line for HEV – JCS - France
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Safety: current major limitation of Li-Ion Cells

Li-Ion Commercial 
2,5Ah 

Positive LiCoO2

Li-Ion CEA 10Ah

Positive LFP

10Ah Cells after
Nail Penetration
(Normalised test)
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LiLi --ion 18650 ion 18650 CellCell (Standard Size for (Standard Size for LaptopsLaptops ))
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SafetySafety : : InternalInternal and and ExternalExternal DevicesDevices

Separator partially fusable (PE) � Ionic 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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RAGONE PLOT

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

Accumulators

Super capacitors

Dielectric capacitors
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Electrochimical Supercapacitors

DoubleDouble --Layer Capacitors Layer Capacitors PseudoPseudo --CapacitorsCapacitors

Electrostatic phenomenom

No chemical modification of the 
electrode

Faradaic process

Chemical modification of the  
electrode

Excellent reversibility

- Carbon electrodes
> 106 cycles

Average reversibility

- RuOx > 105 cycles
- Polyaniline < 10 4 cycles

Similar Principles to electrical capacitors (E = ½ C.U 2 and Q = C.U) BUT 
a technology coming from electrochimical generators
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GEN I : Aqueous (electrolyte) symmetric  devices
ex : Carbon / H 2SO4-H2O / Carbon

RuO2 / H2SO4-H2O / RuO2

GEN II : Non aqueous symmetric  devices
ex : Carbon / Et 4NBF4-Acetonitrile / Carbon

GEN III : Aqueous (electrolyte) asymmetric  devices
ex : Carbon / KOH-H 2O / NiOOH

GEN IV : Non aqueous asymmetric  devices
ex : Carbon / Et 4NBF4-Acetonitrile / Li 4Ti5O12

Carbon / Et 4NBF4-Acetonitrile / Graphite (LiC 6)
Carbon / Et 4NBF4-Acetonitrile / Conducting Polymer

Differentes Generations of 
Electrochimical Capacitors
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Electrode Materials of Super-Capacitors

Carbon (80%):

�� Activated carbonActivated carbon (1500-2400 m2/g) : R&D on specific area, porosity, pore size 
distribution, purety, conductivity, hydrophily, pro cess,…

�� Carbon fiber :Carbon fiber : Straight forward use (ease of process)

�� Carbon Carbon AerogelsAerogels :: Investigated in California (Lawrence Livermore Nati on. Lab.)

�� Carbon Carbon NanotubesNanotubes :: Promising candidate (R&D) / MIT : 4000 m 2/g → 500-1000 F/g ; 
3,5 V

Conducting polymers :

� 3 types depending on doping states; similar p-p, di fferent p-p and p-n

Ex : Polyaniline, Poly(3-methylthiophène), Poly(3-p-fl uorophenylthiophène) 

Oxides :

�� Nobles metalsNobles metals (RuO2, IrO2) : Expensive !!!

�� Transition metalsTransition metals (MnO2, NiO, V2O5,…) : Aerogels and xerogels (nanometric sized 
powders, with high specific surfaces)
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Main R&D Axis for Super-Capacitors 

� Costs reductionCosts reduction (carbon = 50% of the price, < 100 $/kg toward 10 $/kg)

� Specific Energy increaseSpecific Energy increase (> 20 Wh/kg, technological breakthrough

� Auto discharge decreaseAuto discharge decrease (< 10%/week)

� T°range improvement (-30°to +60°C)

� Energy efficiency improvement

� Cycle life (10-15 years)

� Recycling ability

� Operating system voltage increase
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Electrochimical Capacitors

• Advantages
Long cycle life predicted
High power density
Permanent SOC indication
Same behaviour in charge and 

discharge

• Drawbacks
Cost
Very low energy density
High self discharge
Need of electronics due to variable 

tension
Safety?

• R&D possibilities
Cost reduction by

- use of cheaper materials
- mass production

Assessment of recycleability

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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High Température Sodium Batteries - NaS – NaNiCl 2

• Advantages
Long cyclic life predicted
Low cost
High energy and power density
Flexible operation
High energy efficiency

Easy SOC identification

• Drawbacks
Thermal management
Safety
Durable seals
Freeze-thaw durability (membrane)

Source Regenesys

MSE/DEA (ex Zebra)

NGK (Japon)
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EV and HEV requirements 

for batteries
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Electric and Hybrid Vehicles Specifications
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� 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

Vehicle vs Portable Requirements
EV HEV Portable Device

Voltage range > 300V 12 to >300V 3.6 to 14,4V
Capacity Ah 30-100Ah 5 to 10Ah <3Ah

Cycle Life / Years >10 >10 2
Operating T° Charge -40°C to +85°C -40°C to +85°C 0°C to 40°C

Operating T° Discharge -40°C to +85°C -40°C to +85°C - 20°C to 60°C
Nominal Rate C/3 to 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 150 to 200 20€/kW 250 to 350

C-rate nC rate corresponds to a charge in 1/n hour
eg. 5C rate = charge in 12min
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The different technologies vs EV/HEV/PHEV Req.
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CEA LITEN

HEV Market
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⇒ More than 1% of Vehicle sold in 2009 was an HEV

HEV Market
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Impact of HEV market on battery sales

⇒ HEV NiMH represent 6% of global battery market in 2006 ! 
And 50% of market for NiMH technology
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HEV Market
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Hybrid and Electric Market (non-exhaustive)
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Commercialized HEV Batteries
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Commercialized HEV Super-Capacitors
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CEA LITEN

EV Market
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� 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?

6000 – 20000 € for an EV Battery pack!

Reduce the costs / improve battery performances

Voltage
 (V)

Energy
(kWh)

Power
(kW)

Zero 
emission 

range (km)
Available cars

Start Stop < 48 < 0.5 1-10 0
Citroen C2-C3, Mitsubishi Colt, BMW  

Serie 1…

full hybrid > 100 1-2 20-50 < 10 Toyota Prius, Honda insight...

plug-in hybrid > 300 10-15 50-150 50-100 BYD FD3M (Chevrolet Volt)

> 300 20-50 50-200 > 100 Tesla Roadster, Mitsubishi iMiev 
(Nissan Leaf)

EV

HEV

Batteries for Electric Vehicles
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Technology strongly impacts the price of the pack 

Light structure (Lotus) Usual sedan body Innovative design

16 kWh

GS Yuasa
50 Ah prismatic cells
1,7kg – 110 Wh/kg

6831 x

Japanese (Panasonic?)
18650 (laptop) 2,4 Ah cells
~ 45g – 190Wh/kg

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

210 x 88 x

53 kWh

24 kWh 

Long range, high cost
450 kg

Mid range, moderate cost
230 kg

Low range, low cost
200kg
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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)

Different markets = different Li-Ion Battery packs

Choices that will face market needs and users to be fully validated
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The battery will be the new key 
component of the vehicle

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

C a r  m a n u fa c t u r e r b a t t e r y  m a n u f a c t u r e r A llia n c e

R e n a u lt  N is s a n N e c  T o k in A E S C

M its u b is h i
L i t h iu m  e n e r g y  

ja p a n

P S A

T o y o ta P a n a s o n ic P a n a s o n ic  E V

H o n d a S a n y o

B M W S a m s u n g  S D I

F O R D J o h n s o n  c o n t r o l S A F T

G M L G  c h e m ic a ls

C h r y s le r A 1 2 3 s y s te m s

D a im le r E v o n ik
D e u ts c h e  

A c c u m o t iv e

V o lk s w a g e n T o s h ib a

G S  Y u a s a

Strategic Alliances – Moving Fast
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Technology manufacturers Safety cost lifetime
Energy 
density

LiMn2O4 - graphite NEC, GS Yuasa, LG + + - +

Lamellar (NCA, NMC) - graphite
SAFT, SAMSUNG, 

Sanyo, Evonik
- - + ++

LiFePO4 - graphite
A123, Valence Tech, 

BYD
++ ++ ++ +

LiMn2O4 - Titanate Toshiba, Enerdel +++ - +++ --

� 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)

Huge Competition, a compromise must be found

Main objectives for Car Manufacturers

Technologies / Limitations
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CEA LITEN

HighLight on Some R&D Routes 
for Improving Performances
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Increase of Energy : Negative Electrode

� Silicium-Carbone Composite

Advantages
High capacity 3570mAh/g for Si vs 330mAh/g for graphite :
15 Li+ + 15 e- + 4Si ↔ Li15Si4
Targeted Reversible Capacity for Si-C :  1000 mAh/g

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
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Increase of Energy : Negative Electrode
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Increase of Energy : Positive Electrode

� Li-Rich Layered Oxides

� Lamellar Oxides studied since 1980 (J.B. Goodenough)

� LiCoO2 (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

� e.g. LiNi0.8Co0.15Al0.05O2 (NCA) and LiNi1/3Co1/3Mn1/3O2 (NMC)

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

� xLi2MnO3●(1-x)LiMO2 with M=Mn,Co,Ni,… 3.5V vs Li

⇒ Capacity up to 300mAh/g (HE-LMO)

2 µm

�LiNi0.4Mn1.6O4 => 147mAh/g and 4.7V vs Li

� High Voltage Spinels (“5V”)



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

IEEE VPPC 2010  Lille CEA Property

LiCoO2

High Energy Density

Stability : Bad

Costly (Co)

LiFePO4

Moderate Energy Density

Higher Intrinsic Stability

Iron Compound at lower Cost

Structure coût élément Li-Ion Portable

19%

23%

18%

27%

5%
8%

Electrolyte & Séparateur

Boîtier Aluminium

Couvercle avec Sécurité et Connectique

Oxyde de Cobalt Lithié (+)

Graphite (-)

Divers (collecteurs, liants, solvants)

⇒ 27% cost = positive 
material (LiCoO2)

⇒ 18% safety + 
connections

⇒ Objective = Divide it
by 3 with LiFePO4

Safety: LiFePO 4 as a substitute to LiMO2
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Example of LiFePO 4/Graphite for EV
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Summary

Performances / Global Costs
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Lead-Acid Technology
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Ni-MH Technology
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Li-Ion (EV) Technology

140 – 200 

300 - 500
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Conclusion 
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�5 main storage systems (Super-Capacitors, Lead-Acid ,    
Ni-Cd, Ni-MH et Li-Ion)

�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-Ion systems are those exhibiting the most promis ing 
potential at short and middle term

Conclusions


