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� Basic Principles and Notations 

� Overview of Different Battery Technologies / Main Players

� Lead-Acid Batteries

� Alkaline Nickel Batteries

� Organic Lithium Batteries

� Super-Capacitors

� High T°Batteries

� Batteries for Electric / Hybrid Vehicles

� Summary of Performances

� Li-Ion Battery Ageing – Sources and Analysis

Outline
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Basic Principles and Notations
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� Primary / Secondary => Rechargeable or non-rechargeable cell

� Battery = Parallel/Series Assembly of Primary or Secondary Cells 

� Stored Energy (Wh) – corresponds to V x Ah

� Gravimetric (Wh/kg) and Volumetric (Wh/L) Energy Density 

� C-Rate = Charge or Discharge Rate

C/n corresponds to  a current allowing charging the full capacity 
of the battery/cell in n hours – e.g.: C/5 for a 10Ah Cell 
corresponds to a current of 2A - 10C corresponds to 100A

� Battery vs Supercapacitor : Faradic (electron exchange) vs Non 
Faradic Phenomena (double layer – adsorption)

Basic Definitions
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∆G = - n F E° avec   F = 96500C ou 26,8 Ah

• Theoretical Open Circuit Voltage :
• Defined by positive and negative electrode active 

materials
• Calculated from standard potentials of each

electrode

Cell Voltage = E°positive - E°négative

Example :    Li  +  MnO2 → LiMnO2 (discharge reaction – Li primary cell)

Negative Electrode (oxydation) :  Li → Li+ + 1 e- -3,04V/ENH
Positive Electrode (reduction)   :  MnO2 + Li+ + e- → LiMnO2 0,25V/ENH   

Vtheo
cell =  0,25 – (-3,04) = 3,29 V

TheoreticalTheoretical Values of a Values of a BatteryBattery (1/3)(1/3)
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Theoretical Capacity : 
Total Electricity Quantity exchanged during electrochemical
reaction per mass unit of the system (in C/kg or Ah/kg)

TheoreticalTheoretical Values of a Values of a BatteryBattery (2/3)(2/3)

Example :               Li     +  MnO2 → LiMnO2 (discharge)

MW (g)                   6,94        86,9
nbr of e- 1            1
Spec. Cap.(Ah/kg)   3860      308

Qtheo
cell =  (1/3860 + 1/308)-1 =  286 Ah/kg  
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Theoretical Energy Density : Total Energy Quantity set-up during
electrochemical reaction by mass unit of the system corresponding
only to the active materials (Wh/kg) 

Energy Density (Wh/kg) = Q x V

Example :        Li  +  MnO2 → LiMnO2 (Discharge Reaction)

Cthéo
cellule =  285 x 3,29 = 939 Wh/kg  

TheoreticalTheoretical Values of a Values of a BatteryBattery (3/3)(3/3)

Alcaline MnO2
Zn-air
Ni-Cd
Ni-MH
Li-MnO2
PEMFC

V (Volt)
1,5
1,65
1,35
1,35
3,29
1,23

Q (Ah/kg)
224
658
181
206
286
2975

Some Theoretical Values: 

Primary
Cells
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Primary and Secondary cells are not only constituted of positive and negative
active materials but they include other components that doesn’t directly
contribute to electric energy storage : 

Electronic conductor, binders, …, electrolyte, separators, current collectors, 
safety devices, packaging, …

Practical Energy Density of one Cell of an Energy Battery :

primary:  30 to 40% of theoretical energy density
secondary/rechargeable:   20 to 30%, but almost 50% for Li-Ion

Power behavior and current peaks allowed are directly linked to :
- reactivity of active materials, 
- electrode manufacturing (thickness, porosity, conductivity
- ionic conductivity of electrolyte
- cell design

From Theory to Practical Performances
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LiLi--ion ion BatteryBattery ((exampleexample for EV)for EV)
Materials

Electrodes

Battery System 
(250kg, 150 litres)

Calculator
(BMS)

Sensors

Junction 
box

"Service plug"Carter

Cell

Module

Pack 
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Overview of Different 

Battery Technologies
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Today Most Suited
Technology for 
Electric Vehicles
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Advanced batteries Advanced batteries –– CellCell PerformancesPerformances

Ragone Plot for Most Developed Batteries and Supercapacitors
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(25%)

(16%)

(17%)
(6%)

(8%)

(6%)

(13%)

(5%)
(4%)

Autres

Market shares of Li-ion cells

Source: AVICENNE 2009

OverallOverall BatteryBattery MarketMarket ((LeadLead --AcidAcid ExcludedExcluded ))



T2.2 – Batteries for electric and hybrid vehicles: S tate of the art, Modeling, Testing, Aging S. Martine t 31/08/2010 14

IEEE VPPC 2010  Lille CEA Property

Lead-Acid Batteries 
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� PbO2 Positive Electrode

�Pb Negative Electrode

� Concentrated H2SO4 Electrolyte

� Different Technologies Ouverte, 
Valve-Regulated, Wound, Stacked, 
Gelled Electrolyte

� 2.1 OCV per Cell

� 20 to 30Wh/kg typically

LeadLead --AcidAcid BatteriesBatteries

PbO2 + Pb + 2 H2SO4 2 PbSO4 + 2 H2O
discharge

charge
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Lead-Acid Batteries

• Advantages
High maturity
Ad-equation to all applications
Low cost
Recycling at 95%
Safety
Medium to high efficiency

• Drawbacks
Environmental impact of lead
Sensitive to operating conditions
Sensitive to management strategy
Difficult prediction of state of charge, state of 

health and failure

• R&D possibilities
Improved efficiency 
Improved lifetime
Reliable indicators

100% recycling

Exide (US), Enersys (US), Johnson Control (US), 
China Ritar (Cn), GS Yuasa (J)
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Alkaline Nickel Batteries 
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Discovered in Germany and used during World War II as starting
batteries for aircrafts

Electrochemical reaction :

Positive Electrode (active material in discharge : NiOOH) :
NiOOH + H2O + e- → Ni(OH)2 + OH-

Negative Electrode (active material in décharge : Cd) :
Cd  +  2OH- → Cd(OH)2 + 2e-

Overall Reaction
2 NiOOH + 2 H2O + Cd                            2Ni(OH)2 + Cd(OH)2 E°= 1,29V discharge

charge

NiNi--Cd BatteriesCd Batteries
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NiNi--Cd BatteriesCd Batteries

During charge : high stability of the system
- uniquement changement de l’état d’oxydation des 

matériaux actifs, quasiment pas de leur état physique
- reduced electrolyte ageing

good cycle life

In case of overcharge (and close to the full charge) :
- O2 evolution on positive electrode : 

4OH- → 4H2O + O2 + 4e-

- H2 evolution on negative electrode after 100% charge :      
4H2O +   4e- → 2H2 + 4OH-

Water electrolysis and gaz evolution (overpressure) 
use of a safety vent
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NiNi--Cd BatteriesCd Batteries

New Technology (50s) : Ni-Cd in sealed packaging based on the 
use of an excess of negative electrode:
Positive electrode reaches full charge before negative one, starts evolving O2

that crosses separator to react on negative side with Cd according to :
Cd + 1/2O2 + H2O → Cd(OH)2

In that scope :
- use of a separator with permittivity to O2 gas
- starved electrolyte to enhance O2 transfer from (+) to (-)

Note : O2 consumption on negative side may differ from oxygen evolution on positive 
side, depending on charge current, negative electrode reactivity, electrolyte
concentration, temperature, pressure...

risk of overpressure (avoided by the use of a safety vent)
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NiNi--Cd Batteries Cd Batteries –– Main ComponentsMain Components

Positive Electrode (discharged state) : 
Highly Porous Structure of Nickel (sintered, fibers, foam, …) in 
which active material is introduced by injection or wetting of a 
molten salt of Ni + precipitation of Ni(OH)2 by wetting or 
electrodeposition in alkaline solution

Negative Electrode (discharged state) : 
Nickel Substrat (analog to positive electrode) in which Cd(OH)2

active material is introduced by pressure or electrodeposition

Separateur : 
(Polyamide (nylon)) or polypropylen soaked with KOH based
electrolyte, allowing O2 transfer from positive to negative side

From first system (35Wh/kg, 103Wh/l), 
optimised cells can reach 65Wh/kg et 200Wh/l
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NiNi--Cd Batteries: Main Cd Batteries: Main AdvantagesAdvantages

• Maintenance-Free for Sealed systems, 
• Rapid Charging possible : 1 h with control

3 to 5 hours without
• Rapid Discharge : low internal resistance et flat discharge profile

tolerance to high current pulses
e.g. 10A/1700mAh  - 30A/1700mAh

• High Cyclability : 1000 cycles with good capacity retention
• Large Operating Temperature Window: -40°C à 50°C

Was first introduced on many portable devices : light devices
(game, camera), devices requiring both energy and power 
(phones, computers, camcorders, powertools …) 
⇒ But now suffers from strong competition with Li-Ion cells
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NiNi--MH BatteriesMH Batteries

First appeared in Japan in 1990 for Ni-Cd replacement:
- same nominal Voltage (electrode potential of MH ≈ Cd)
- compatibility with electronic devices using Ni-Cd
- less polluting system than Ni-Cd

Electrochemical Reaction :

Positive electrode (Active material in discharge : NiOOH) :
NiOOH + H2O + e- → Ni(OH)2 + OH-

Negative Electrode (Active material in discharge : H in Hydride) :
MH  +  OH- → M +  H2O + e-

Thus MH + NiOOH M   +  Ni(OH)2 E°= 1,35V décharge

charge
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NiNi--MH BatteriesMH Batteries

Cell design based on the same principle as for Ni-Cd : 
⇒ in case of overcharge (proche de la charge complète) :

- O2 evolution on positive electrode : 
4OH- → 4H2O + O2 + 4e-

- O2 diffuses through the separator partially soaked with
KOH based electrolyte and reacts with MH of negative electrode:

4MH +   O2 → 4M + 2H2O
no overpressure

Cell Manufacturing similar to Ni-Cd :
- Positive Electrode : Ni Substrate + NiOOH at charged state
- Negative Electrode: Metal Hydride, able to absorb / desorb

reversibly hydrogen at RT and low Pressure
- Electrolyte : aqueous solution including KOH-NaOH-LiOH mixture
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NiNi--MH BatteriesMH Batteries

A key Material : Metal Alloy that will store hydrogen.

Two Main Families : 
- AB5 alloy (LaNi5) : La - Ni with substitutes such as Co, Al, Si, 
Mn, Cu, … 250-300mAh/g
- AB2 alloy (TiZr2) : Ti-Zr  avec V, Cr,               400mAh/g

Main properties :

- High hydrogen storage capacity
- Easiness to absorb/desorbr H under Atmospheric P and RT
- High Kinetic Reaction to comply with power applications 
- High Corrosion Resistance in Alkaline Media, especially at HT
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NiNi--MH Batteries : Main MH Batteries : Main advantagesadvantages

• Maintenance Free in recombination systems
• Compatibility with electronic deviced developped in Ni-Cd
• Almost Doubles Energy Density vs Ni-Cd (70-100 Wh/kg)
• Rapid Charge : 1 h
• Moderate Cyclability : 500 cycles
• Cd Free

⇒ Today a Mature technology already mass produced
for HEV application (Prius and other full hybrids)
⇒ Only few years between lab-studies to 
commercialisation (in 93 in Japan) 
⇒ but yet in 1996, this technology was overcome by 
Li-Ion cells in energy density
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Beyond Ni-Cd and Ni-MH: Ni-Zn ?
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Performances of Ni-Zn Technology

� Limited to 100Wh/kg

� 2 main actors: PowerGenix (US) and SCPS (F)
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Nickel Batteries 
Ni-Cd / Ni-MH / Ni-Zn

• Advantages
Long cyclic life 

High power density

No maintenance

• Drawbacks
Cost
Environmental impact of Cadmium
« Memory effect » of Ni/Cd
Self discharge
Poor energy efficiency

Source Saft

• R&D possibilities
Cost reduction by 

improvement of material efficiency

Performance improvement
of NiMH batteries at low temperature

Replacement of Cadmium 

Improvement of recycling

Development of NiZn batteries
with high cycleability

SAFT (F), Sanyo (J), BYD (Cn), 
Matsushita (J), GoldPeak (Cn), Yuasa (J)


