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Two huge industries are transforming
and a new one is emerging...

Battery 
IndustryIndustry



Batteries, Ten Years Ago…..

Li ion batteries had become the preferred power• Li-ion batteries had become the preferred power 
source for cellphones and laptops

• Safety issues in early 2000’s: laptop battery fires inSafety issues in early 2000 s:  laptop battery fires in 
the news, millions of units recalled

• The Toyota Prius hybrid electric vehicle (HEV) had 
just launched, to much skepticism

• Unclear whether lithium ion batteries could ever 
have the power safety lifetime to be used inhave the power, safety, lifetime, to be used in 
automotive applications

• Performance metrics not suitable for automotive:Performance metrics not suitable for automotive:  
100 Wh/kg, 200 W/kg, 300 cycles



Batteries, Today…..

• Toyota Prius is (was?) best-selling car in U.S., Chevy Volt PHEV and 
Nissan Leaf BEV ready to launch in 2010

• Multiple Li-ion battery makers scaling up to mass production

• Debate has shifted to battery cost and how fast it will decrease

• Performance of automotive Li-ion cells:  150 Wh/kg, 3000 W/kg, 
>1000 cycles, ~10 year projected calendar life, $1000-$1700/kWh at 
system levelsystem level

• Highest power Li-ion:  20,000 W/kg, 65 Wh/kg

• Li-ion making inroads into large scale grid storage (2MW, 0.5 MWh
units)



Batteries, In 10 Years….

• HEV option for all vehicles; a million PHEVs on the road

• Cell level performance of 400 Wh/kg 800 Wh/L• Cell level performance of 400 Wh/kg, 800 Wh/L, 
<$100/kWh will enable 200 mile battery electric vehicles

• Next-gen, “beyond-lithium” chemistry?g , y y

• Widespread adoption of batteries for high power, short-
term storage in the electric grid

• Renewable (PV, wind) have integrated storage options



Electrification of Transportation



XEVs:  Multiple Levels of Electrification
ICE

HEV
Toyota Prius
Honda Insight
Ford Escape

PHEVPHEV

A123/Hymotion conversion
GM Volt
Fisker Karma

BEV

Fisker Karma

Tesla Roadster
Nissan Leaf

enginebattery
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Charge-depleting vs. charge-sustaining
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Impact of PHEVs on Annual Gasoline Saving Nationwide

"Transportation accounts for 87% of the increase in petroleum consumption, 
dominated by growth in fuel use for light‐duty vehicles."

‐ Annual Energy Outlook 2006 with Projections to 2030

By End of 2004 there are 243 Million passenger vehicle on the road.

This number is projected to be double by 2030 ~500 million passenger vehicle

Annual Energy Outlook 2006 with Projections to 2030 

This number is projected to be double by 2030  500 million passenger vehicle

• If half of that are PHEV40 oil consumption in US will drop 6 million barrel per day

• If all of that are PHEV40, oil consumption in US will drop 10 million barrel per day

500

)

Annual Gas Saving per Vehicle
‐ Based on 1995 NPTS Daily Driving Pattern

16
18
20

ay

History Projection
Total Oil Import

300

400

so
lin

e 
Sa

ve
d 

(g
al

)

8
10
12
14
16

B
ar

re
ls

 P
er

 D
a

50% PHEV 

100% PHEV

0

100

200

An
nu

al
 G

as

0
2
4
6
8

M
ill

io
n 

B

PHEV Market Entry

100% PHEV 

0

HEV PHEV20 PHEV40 1990 1995 2000 2005 2010 2015 2020 2025 2030



Impact of Plug-In Hybrids on Well-to-
Wheel GHG Emission

• Well-to-Wheel Paths:
Oil - Gasoline - CV
Coal - Electricity - EV US Po er Generation (National Blend)Coal Electricity EV
NG (CCGT) - Electricity - EV

• Well-to-Wheel CO2 Emission:
Nuclear

Hydro
9%

Oil
2%

Renew able
3%

US Power Generation (National Blend)

Coal
49%

NG

Nuclear
19%Oil - Gasoline 166 lb/MMBtu 181 miles/MMBtu 416 g/mile

Coal -Electric 224 lb/MMBtu 312 miles/MMBtu* 327 g/mile

18%

450

CO2 Emission (g/mile)

NG - Electric 138 lb/MMBtu 447 miles/MMBtu* 141 g/mile

* Pure EV miles
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Also need new power generation 
technology
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Electrochemical Reaction in a Lithium-Ion Battery

φ
e-e-

Charge

φ

Li+

DischargeDischarge
Positive Electrode Negative electrode

During Discharge:

Li+ + e- + Co4+ = Li+ + Co3+ Li = Li+ + e-

Li1-xCoO2 LiCoO2→ LiC6 C→

(Charging is the reverse of this)



Energy of a Battery (Wh) = Voltage (V) x Capacity (Ah)
Determined by Properties of Cathode and Anode

φ Lithium Chemical Potential
At Anode

e-e-

Li+

Charge μLi ≤ μLi, metal

• Li metal
C b

Discharge
Positive Electrode Negative electrode

• Carbon
• Metal alloys
• Nanoscale oxides
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μLi << μLi, metal
Nernst Eq.

c

Material Average Voltage 
vs. Li

Specific 
Capacity 
(mAh/g)

Energy Density
of Electrode 

(Wh/kg)

Li C O 3 9 137 534

a

Li+

M3+

O2-

Li1-xCoO2 3.9 137 534

Li1-xNiO2 3.8 220 836

Li1-xMn2O4 4.0 119 476
LiMO2 (R3m) Li1-xFePO4 3.5 170 595



Existing Battery Designs are Highly Mass and Volume Inefficient

Mass Percent Cathode
25%

Anode
13%

Other 
components 13%

62%

Volume Percent Cathode
12%

Anode
14%

Other 
components

74%

Cathode

Binder Solution

Conductive Additive

J.-M. Tarascon, Nature 414, 359 - 367 (2001) 

R. Moshtev, J. Power Sources 91, 86-91 (2000)

Schematic view of 
Slitter

Press Roll
Slitter

Roll In

Coating Drier

Pump



Very Different Battery Requirements for Portable 
Devices vs. Transportationp

Lithium-ion cells for portable devices
• Volumetric energy is the key metric
• 300 charge/discharge cycles (1 yr life)• 300 charge/discharge cycles (1 yr life)
• Slow charge/discharge, ~1C rate (1hr) or slower
• Small (<5 Wh) cell size
• Billions produced since early 1990’s; billions producedBillions produced since early 1990 s; billions produced
• >50 million batteries recalled for safety reasons – despite failure 

rate <1 ppm

Advanced batteries for transportation
• Gravimetric and volumetric power and energy – currently 

favors Li chemistry
y

• 6000 deep cycles for PHEV
• 300,000 shallow cycles for HEV
• 3C to >50C pulse charge/discharge rates

10 15 l d lif• 10 - 15 year calendar life
• Extreme safety in large packs (>5 kWh)
• Affordable:  $1000/kWh now, <$100/kWh needed

Summary:  Power, energy, safety, life, cost
2010 Chevy Volt Plug-In Hybrid



Approaches to Automotive Batteries

Engineering solution New ChemistryImprove 1st Gen Chemistry

Pack engineering 
approach using 
individually cooled and 
monitored high energy 

Derivatives of oxide 
chemistry from  
previous generation   
Li-ion (with improved

New chemistries:
• Olivine cathodes
• High voltage oxides (some 

with >250 mAh/g)g gy
laptop cells (18650s)

Example:  Tesla Roadster

Li ion (with improved 
safety, life)

Examples:
• Lithium Nickel Cobalt

g)
• Silicon-based anodes
• Metal-air
• Lithium-air
• Lithium-sulfurLithium Nickel Cobalt 

Aluminum (SAFT, PEVE)
• Lithium Manganese Spinel 

(LG, NEC, Hitachi)
• Lithium Manganese Nickel g

Cobalt (Sanyo)
• Mixtures of various oxides



Case Study:  From Basic Research to Energy Impact

Research 
funded by 
U S D tU.S. Dept. 
of Energy

Electric Vehicles to Utility Scale Storage for the Smart Grid



Battery safety (slightly over)simplified:
Cathode transition metal oxidation state is a key consideration

b)  LiCoPO4a)  LiCoO2

Cathode transition metal oxidation state is a key consideration

O

PLi+

O

Co2+→Co3+

(stable)

O
deintercalation 
upon charging

(stable)
Co3+→Co4+

(unstable!)

Li+ deintercalation
upon charging

LiC O d it i k l t i i d i ti d th iti l t d i lithi i b tt iLiCoO2 and its nickel-containing derivatives used as the positive electrode in lithium-ion batteries 
experience an oxidation of Co3+ to unstable Co4+ (or Ni3+ to unstable Ni4+) as Li+ ions are removed from 
the lattice upon charging.  In contrast, a phosphate-based cathode such as LiCoPO4 undergoes 
oxidation of Co2+ to a stable Co3+ state (or Mn3+, or Fe3+), resulting in a safer, fault-tolerant cell chemistry.



Comparison of cells with and without thermal runaway
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Comparison of conventional lithium-ion battery exhibiting thermal runaway followed by flaming and

Sandia National Lab test chamber
Comparison of conventional lithium ion battery exhibiting thermal runaway followed by flaming and 
explosion, with intrinsically safer phosphate-based lithium ion cells. (Test data performed at Sandia 
National Laboratory on full-size cylindrical cells.  Charged cells are instrumented with thermocouples and 
heated at constant rate to seek thermal events.)



Current Benchmark in High Power Li-Ion:  Formula 1 Racing 

Mercedes High 
Performance Engines

>20,000 W/kg

A123A123 ~65 Wh/kg

Used over 
6-8 sec 

discharge

Battery State-of-Charge
Ultracap 

power with 

Melbourne

Li-ion 
energy

Melbourne
March 2009



Kinetic Energy Recovery System (KERS) in Action
2009 Race Season

• McLaren-Mercedes - A123 
olivine based KERS system

• Opening race of 2009 season 
in Melbourne, AUS

• Lewis Hamilton, 2008 World 
Champion, starts in 18th

position (out of 20) and 
finishes 4thfinishes 4



Electric Electric vehicles vehicles are not bare not boring oring (4 kW/kg battery = 45C rate)(4 kW/kg battery = 45C rate)

www.killacycle.com



Engineering phase stability and storage mechanisms 
for power and life in nanoscale olivinesp

Composition- and Size-Dependent Phase 
Diagram – can achieve near-solid-solution at RT:Diagram – can achieve near-solid-solution at RT:
• Reduced elastic misfit during 

electrochemically-induced phase 
transformation – lattice coherencyy

• Results in higher Li exchange rates, reduced 
fatigue over >104 cycles Strain accommodation in battery materials:  

Olivines (top) and spinels (bottom)



Coherent vs. Incoherent Miscibility Gap
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Changes in Li Storage Mechanism Observed in Time Dependence of 
Charging Current (Potentiostatic Titration, or PITT):

“Diffusion limited”Two limiting cases dominated by  
diffusion and phase Voltage stepsdiffusion and phase 
transformation limited 
contributions to capacity

Voltage steps

I (t)
When diffusion limited, kinetic 
information such as diffusion 
coefficients can be obtained 

7.5% Zr doped, 45nm

I (t)

“Nucleation and growth limited”

from PITT (by numerical fitting 
experimental I(t) curves)

When nucleation and growth Nucleation and growth limitedWhen nucleation and growth 
limited, current flow (red) upon 
stepwise change in voltage is 
proportional to phaseproportional to phase 
transformation rate

undoped 113 nm

Meethong et al., Chem. Mater., 2009



Electrochemical Energy vs. Mechanical Electrochemical Energy vs. Mechanical EnergyEnergy
e-

Electrochemical driving force = eΔφ/V (kJ/m3)

Comparison of elastic energy as fcn of stress vs. 
electrochemical equivalent at various cell voltages:

Li+

Discharge

φ
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Intercalation Volume Change
• Volumetric/linear strains exceed the failure strain of brittle ceramic compounds

Lithium Storage 
Compound 

Limiting 
Composition 

Volume Strain 
ΔV/V0 

Linear Strain* 
ΔL/L0 

Potential 
vs. Li/Li+ 

Li-extraction     

LiCoO2 Li0.5CoO2 +1.9 % +0.6 % 4.0 V 

LiFePO4 FePO4 -6.5 % -2.2 % 3.4 V 

LiMn2O4 Mn2O4 -7.3 % -2.5 % 4.0 V 

LiNiO2 Li0.3NiO2 -2.8 % -0.9 % 3.8 V 

Li-insertion     

C (graphite) 1/6 LiC6 +13.1 % +4.2 % 0.1 V 

Li4Ti5O12 Li7Ti5O12 0.0 % 0.0 % 1.5 V 

Si Li4.4Si +311 % +60 % 0.3 V 

β-Sn Li4.4Sn +260 % +53 % 0.4 V

 



Mechanical Failure is Common in Batteries

LiCoO2: 50 charge/discharge cycles
H Wang et al JECS (1999)

LiFePO4: 1st chemical delithiation
G Chen et al ESL (2006)H. Wang et al., JECS (1999) G. Chen et al., ESL (2006)

Volume change upon lithiation:  +1.9% (LiCoO2), -6.5% (LiFePO4)g p ( 2), ( 4)



Metastable Phase Formation
(Amorphization)(Amorphization)



Acoustic Emission
Transient elastic waves generated by the rapid release of energy within material

AE sensor

currentcurrent 
collectors

Waveform of an AE hit



AE data
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Li-Ion Powered Hybrid Buses 

200 kW pack
3400 lbsaves 3400 lb

over Pb-acid

Manufactured 
in Hopkinton, 
Massachusetts

Daimler Orion VII Bus



1st Generation PHEV:
Toyota Prius converted to useToyota Prius converted to use 
a 5 kWh Li-ion pack

1000.3 miles/8.33 gal
120 mpg= 120 mpg



Current and Upcoming Factory XEVs:

HEVs:
+ many othersy

PHEVs:PHEVs:

Fisker KarmaFisker Karma

BEVs:

Tesla Roadster Nissan Leaf



ARPA-E’s view of requirements for widespread adoption of BEVs

(From ARPA-E FOA:  “Batteries for Electrical Energy Storage 
in Transportation (BEEST)”), http://arpa-e.energy.gov/



Emerging Grid Applications



Electric Power Delivery Chain
Hybridizing the Electric GridHybridizing the Electric Grid

Wh t h lWhere storage can help

US:  3% renewables

Wind and Solar are Intermittent Sources
(not “dispatchable”)



Comparison of Power Requirements for
Automotive vs. Electric GridAutomotive vs. Electric Grid

Grid  services, stabilization

38



AEP’s Community Energy Storage Vision

•Massive in scale, distributed in nature

• Lower power than an EVp
• ~Same energy as a BEV



Megapower using Nanophosphates:
Frequency Regulation with theFrequency Regulation with the
World’s largest Li-Ion Battery

• 2 MW power, 90% round-trip efficiency
• 0 5 MWh stored energy0.5 MWh stored energy
• 82,000 cylindrical cells
• 1.2 tonnes cathode material
• 2 3 x 1017 nanoparticles (40 nm dia )2.3 x 10 nanoparticles (40 nm dia.)



Frequency Regulation has HEV-like Profile



Why PV Needs Storage

42

Source: Tucson Electric Power

What it looks like when not smoothed



Why Wind Needs Storage

Feb 2007Feb 2007

CAISO Wind Production (Tehachapi)

Overspeed Wind ShutdownOverspeed Wind Shutdown

43

Source: ERCOT and CAISO



ARPA-E Program GRIDS (http://arpa-e.energy.gov/):
Grid-Scale Rampable Intermittent Dispatchable Storagep p g

/MW/min ramp rate

40 miles from here:  Bonneville Dam on the Columbia River

Fish ladder

0 es o e e o e e a o t e Co u b a e



Pumped Hydroelectric Storage:
How do we do this everywhere?How do we do this everywhere?

•1872 MW output
•15,000 MWh stored energy
2 5 1 il 842

Ludington, MI
•2.5 x 1 mile, 842 acres



Questions?


