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The Problem of Energy

 Diminishing supply?

 Resource distribution?

 Environmental damage?

 Yes, eventually

 65% of petroleum reserves in the Mid-east

 Fossil fuels account for > 70% of use

 Yes, despite US disbelief / denial

 CO2 levels highest in 15 million years
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Oil Discovery and Production
Source: Collin J. Campbell, Oil Depletion Analysis Centre 
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The Environmental Outlook

Intergovernmental Panel on Climate Change, 2001;   http://www.ipcc.ch
N. Oreskes, Science 306, 1686, 2004; D. A. Stainforth et al, Nature 433, 403, 2005
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Can U.S. Mistakes be Avoided?

2x emissions!
Poor transportation 
systems

CO2 emissions and GDP per capita (1980-2004)
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Energy Utilization (2003)

Country Energy usage
(per capita, GJ)

Energy intensity
(tons oil/$ GDP)

Hong Kong 101 91

Germany 177 164

Eritrea 8.4 215

United States 327 222

South Africa 109 265

Ethiopia 12 390

Tanzania 20 784

World Average -- 213
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Example of Impact: Sea Level
Source: USEPA
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Features of ‘the’ Energy Solution

 Environmentally benign

 Adequate domestic supply

 Conveniently transported

 Conveniently used

 Conveniently stored for on-demand use
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The Energy Resources

Solar
1.2 x 105 TW at Earth surface

Biomass
5-7 TW gross
all cultivatable 
land not used 

for food

Hydroelectric
Geothermal

Wind
2-4 TW extractable  

4.6 TW gross
1.6 TW technically feasible
0.9 TW economically feasible
0.6 TW installed capacity

12 TW gross over land
small fraction recoverable

Tide/Ocean
Currents
2 TW gross

To stabilize CO2:
~ 20 TW by 2050

Fossil with sequestration
1% / yr leakage -> lost in 100 yrs

Nuclear
Waste disposal

60 yr uranium supply

Courtesy: Nate Lewis
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Features of ‘the’ Energy Solution

 Environmentally benign

 Adequate domestic supply

 Conveniently transported

 As electricity, after conversion

 As fuel, after conversion

 Conveniently used

 As electricity, after conversion

 As fuel, after conversion

 Conveniently stored

Solar  Hydro/Geo
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A Sustainable Energy Cycle

Solar power 
plant or dam

H2O

H2e-

Batteries

Capture

Storage

Delivery

Utilization

Hydrides? 
Liquid H2?

C-free Source

Carbon-

based fuel

Fuel cell

e-

H2O, CO2

+ CO2
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What is a Fuel Cell?

 What does it do?

 How does it work? 

 How do measure performance?

 How can be make it better?

Direct energy 
conversion

heat

electricity

oxidant

fuel

exhaust gas

H2O + CO2

H2O

H2

CH4
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Fuel Cells: Part of the Solution?
 High efficiency

 low CO2 emissions

 Size independent

 Various applications

 stationary

 automotive

 portable electronics

 Controlled reactions

 “Zero Emissions”

 Operable on hydrogen

 (if suitably produced)
power plant size  [MW]
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*Can be as high as 80-90% with co-generation
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Anode Cathode

Fuel Cell: Principle of Operation

H2 O2

Overall: H2 + ½ O2  H2O

H2  2H+ + 2e-

Refueled – enginesClean, efficient – batteries

Electrolyte

e-

+

+

-
-

+

+

--

H+

½ O2 + 2H+ + 2e- H2O
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Catalysis

high energy

low energy

barrier
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Fuel Cell Performance

H2 + ½ O2  H2O

1.17 Volts (@ no current)

 Voltage losses

 Fuel cross-over

 Reaction kinetics

 Electrolyte resistance

 Slow mass diffusion

 Power = I*V

 Objectives

 Minimize losses

 Maximize voltage, power 
Current  [A / cm2 ] 
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Fuel Cell Types

Type

°C

PEM

90-110

AFC

100-250

PAFC

150-220

MCFC

500-700

SOFC

700-1000

Fuel H2 + H2O H2 H2 HC + CO HC + CO

Electrolyte

Ion

Nafion

H3O
+ 

KOH

OH- 

H3PO4

H+ 

Na2CO3

CO3
2- 

Y-ZrO2

O2- 

Oxidant O2 O2 +  H2O O2 O2 + CO2 O2

Types differentiated by electrolyte, temperature of operation

Portable Stationary

Fuel flexibility, efficiencyEasy thermal cycling

Most substantial recent investments and development activity
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Development Activities (PEM)

 Honda FCX Clarity

 Released summer 2008

 H2 available markets (LA)

 86 kW PEM fuel cell

 68 mpg equivalent

 1.5 x gas-electric hybrid

 270 mile range

 5,000 psi H2 tank

 approx 4 kg H2

 Lithium-ion battery pack

 Replaces ultra-caps

 Challenges: Cost, durability, availability of H2
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Development Activities (SOFC)

 100 kW SOFC

 Natural gas

 Fuel-to-electricity %??

 Electricity to date

 11m kWh

 Hydrogen by-product

 2008 price: $750,000

 VC funding: ~$600m

 Conventional technology

 Future: electrolysis

Bloom Energy Systems

 Challenges: Cost, cost, cost  ($7,500/kW)
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Commercialization Sectors

Total MW’s Shipped per Annum in US by Application 

stationary

transportationportable electronics

2008 2009 2010E

Source: DOE 2010 Fuel Cell Technology Market Report

In Africa???  “Fuel Cells Africa: The Paradigm Shift” has a web presence
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Fuel Cell Types

Type

°C

PEM

90-110

AFC

100-250

PAFC

150-220

MCFC

500-700

SOFC

700-1000

Fuel H2 + H2O H2 H2 HC + CO HC + CO

Electrolyte

Ion

Nafion

H3O
+ 

KOH

OH- 

H3PO4

H+ 

Na2CO3

CO3
2- 

Y-ZrO2

O2- 

Oxidant O2 O2 +  H2O O2 O2 + CO2 O2

Types differentiated by electrolyte, temperature of operation

Fuel flexibility, efficiencyEasy thermal cycling

Portable Stationary
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Fuel Cell Types

Type

°C

PEM

90-110

AFC

100-250

PAFC

150-220

MCFC

500-700

SOFC

700-1000

Fuel H2 + H2O H2 H2 HC + CO HC + CO

Electrolyte

Ion

Nafion

H3O
+ 

KOH

OH- 

H3PO4

H+ 

Na2CO3

CO3
2- 

Y-ZrO2

O2- 

Oxidant O2 O2 +  H2O O2 O2 + CO2 O2

Types differentiated by electrolyte, temperature of operation

Portable Stationary

Fuel flexibility, efficiency Easy thermal cycling

Target regime


Corrosive liquids
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Candidate Solid Electrolytes
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Proton Transport in CsH2PO4

Polyanion group
reorientation

10-11 seconds

Proton transfer

10-9 seconds

H

O

X
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Fuel Cell Operation
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T. Uda & S.M. Haile, Electrochemical and 

Solid State Lett. 8, A245-A246 (2005).

H2, H2O | cell | O2, H2O

T = 248°C

8 mg Pt/cm2

Open circuit voltage: 0.9-1.0 V Peak power density: 285-415 mW/cm2

~ 25 m

dense
electrolyte

porous
electrodes S.M. Haile, D.A. Boysen, C.R.I. Chisholm & 

R.B. Merle,  Nature 410, 910-913 (2001).
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Fuel Flexibility: Alcohol Fuels
Incorporate additional catalyst at anode: “reformer”

Aids conversion of alcohol + water to hydrogen (then H+)
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From Breakthrough to Product

2001

1 cm2 of fuel cell area

36 mg Pt for 10 mW

43 g Pt for 60 W bulb

~ $2,163 in Pt

1 mg Pt for 200 mW

2.5 g Pt for 60 W bulb

~ $126 in Pt

2007

Tom Friedman talking to 
his wife on an SAFC 
powered cell phone, 2007

Calum

Dane

2008

2010
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Impact

Some Like It Medium Hot

The promise of protonics Solid Acids Show Promise...

Nature: News & Views

Science Now Magazine
Physics Today Online
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Candidate Solid Electrolytes
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State-of-the-Art SOFCs

cathode (air electrode)

anode (fuel electrode)

Component Materials

(La,Sr)MnO3

Zr0.92Y0.08O2.96 = 
yttria stabilized 
zirconia (YSZ)

Ni + YSZ composite

electrolyte

 Cathode typically has highest losses

 Prepared as thinnest component

 Murky literature 

 Limited understanding

 Cathode function

 ½ O2 +  2e-  O=

½ O2(g)

2e-

O=

gas current

collector
electrolyte

Zr or Ce

O
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New Cathodes for Solid Oxide Fuel Cells

 Traditional cathodes

 A3+B3+O3 perovskites

 Poor O2- transport

 Limited reaction sites

 Our approach

 High O2- flux materials

 Extended reaction sites

 A2+B4+O3 perovskites

electrolyte
O2-

O2

Oad

2e-
cathode

Oad

electrolyte
O2-

O2
Oad

2e-

cathodeO2-

‘triple-point’ path electrode bulk path

(Ba0.5Sr0.5)(Co0.8Fe0.2)O2.4

almost 
1 in 5 vacant

Ba,Sr

Co,Fe

O

La

Mn
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Vacancy Diffusion Coefficient
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Record Performance
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Conventional powder processing
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H2 / air

800 m anode

10 m cathode

20 m electrolyte

electrolyte surface

Z. Shao and S. M. Haile, 

Nature 431, 170-173 (2004).
High power density reproduced in other labs
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Impact
Cooler Material Boosts Fuel Cells

SOFC cathode is hot stuff…

Next generation of fuel cells…

Tech Research News

R & D Focus

Fuel Cell Works
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How to Do Even Better

97-98% H2 + 2-3% H2O

Much lower 
resistivity!

From the literature

Nanostructured 
fuel electrode

W. C. Chueh, Y. Hao, WooChul Jung and S. M. 

Haile,Nat. Mat.. (2011) doi:10.1038/nmat3184.
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What Are the Limits?
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Model validation
Model predictions

- 10x increase in power

Based on fundamentals

Y. Hao, Z. Shao, J. Mederos, W. Lai, D. G. Goodwin and S. M. Haile, Solid State Ionics 177, 2013-2021 (2006). 
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 Model predicts experimental results
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Summary & Conclusions
 Sustainable energy is the ‘grand challenge’ of our century

 Fuel cells can play an important role

 Effective at all size scales – relevant for developing nations

 Solid acid fuel cells

 Radical alternatives to state-of-the-art

 Viability demonstrated; spin-off company established

 Solid oxide fuel cells

 Excellent alternative cathode (air electrode) discovered

 Increased activity of anode (fuel electrode) ten-fold

 Exceptional performance on the horizon

 Still plenty of need for fundamental research

“The stone age didn’t end because of a shortage of stones”
-Sheik Ahmed Zaki Yemani, Saudi Oil Minister, 1973
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