
Hydrocarbon fueled Hydrocarbon fueled yy
solid oxide fuel cellssolid oxide fuel cells

David BierschenkDavid BierschenkDavid BierschenkDavid Bierschenk
Energy MaterialsEnergy Materials

66--33--0808



OverviewOverviewOverviewOverview

SOFC operationSOFC operation
SOFC fuelsSOFC fuelsSOFC fuelsSOFC fuels

HydrogenHydrogen
M h / lM h / lMethane/ natural gasMethane/ natural gas

Anode requirementsAnode requirementsqq
Hydrocarbon operationHydrocarbon operation
C iC iCurrent strategiesCurrent strategies
ConclusionsConclusions



SOFC OperationSOFC OperationSOFC OperationSOFC Operation
AnodeAnode

Electrolytey

O2

Cathode

Image courtesy of  James Wilson and Mark Seniw



SOFC FuelsSOFC FuelsSOFC FuelsSOFC Fuels

H dHydrogen

Carbon Monoxide
Natural Gas

Biogas

Syngas

Methane

Ethane GasolineDiesel
Coal gas

Biogas

Ethane

Propane

GasolineDiesel

Aviation Fuel     Others…

Butane

Formic Acid

Butanol

Ammonia Methanol
Butyric Acid

Acetic Acid
Ethanol Dimethyl Ether



HydrogenHydrogenyd ogeyd oge
from Bossel et al.from Bossel et al.-- “The future of the hydrogen economy: bright or bleak?”“The future of the hydrogen economy: bright or bleak?”

ProductionProduction
Electrolysis ~33% HHVElectrolysis ~33% HHVyy
Steam reforming ~10% HHVSteam reforming ~10% HHV

H d i (20MP ) >8%HHVH d i (20MP ) >8%HHVHydrogen compression (20MPa) >8%HHVHydrogen compression (20MPa) >8%HHV
Thorough accounting ~40% HHVThorough accounting ~40% HHV

Hydrogen delivery  Hydrogen delivery  
Pipeline (500km) ~7% HHVPipeline (500km) ~7% HHVPipeline (500km) ~7% HHVPipeline (500km) ~7% HHV
Truck (100km) ~6% HHVTruck (100km) ~6% HHV



Hydrogen vs Liquid HCHydrogen vs Liquid HCHydrogen vs Liquid HCHydrogen vs Liquid HC

E d f d t t f i f l d h dE d f d t t f i f l d h dEnergy consumed for road transport of  various fuels and hydrogen.Energy consumed for road transport of  various fuels and hydrogen.

Figure is from: Bossel, U., B. Eliasson, and G. Taylor, eds. The future of  the hydrogen economy: bright or bleak? Vol. E08. 
2003, European Fuel Cell Forum.



Natural Gas/MethaneNatural Gas/MethaneNatural Gas/MethaneNatural Gas/Methane

CHEAP and abundantCHEAP and abundant
Established delivery & Established delivery & 

A U S N t l G
yy
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Figure is from: “Natural Gas composition and Quality”
www.energy.ca.gov/.../documents/2005-02-17+18_workshop/presentations/GTI_rue_liss_pan_1_2005.ppt



Natural Gas/MethaneNatural Gas/Methane CompositionCompositionNatural Gas/MethaneNatural Gas/Methane-- CompositionComposition

N M th N t l G C tit tNon-Methane Natural Gas Constituents
20
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Figure is from: “Natural Gas composition and Quality”
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Anode RequirementsAnode RequirementsAnode RequirementsAnode Requirements

B i (h d )B i (h d )Basic (hydrogen): Basic (hydrogen): 
Electronic and ionic pathways Electronic and ionic pathways 
PorousPorousPorous Porous 
TEC compatibilityTEC compatibility
Chemical stabilityChemical stabilityyy

NiNi--YSZ satisfies requirementsYSZ satisfies requirements
Hydrocarbon req.: Hydrocarbon req.: 

Activity for HC oxidation Activity for HC oxidation 
Low activity for HC pyrolysisLow activity for HC pyrolysis
St bil in imp ritiSt bil in imp ritiStabile in impuritiesStabile in impurities

NiNi--YSZ is not sulfur tolerant and YSZ is not sulfur tolerant and 
has high activity for pyrolysishas high activity for pyrolysis



ProblemProblemProblemProblem

Hydrocarbons are excellent energyHydrocarbons are excellent energyHydrocarbons are excellent energy Hydrocarbons are excellent energy 
carrierscarriers
H d i iH d i iHydrogen is a poor energy carrierHydrogen is a poor energy carrier
Hydrogen is best SOFC fuelHydrogen is best SOFC fuely gy g

Anode requirements increase substantially Anode requirements increase substantially 
for other fuelsfor other fuels

SolutionSolution
Reform natural gas, then operate on Reform natural gas, then operate on 
HH2 2 generatedgeneratedgg



Strategies: External ReformingStrategies: External Reforming

( ) 2222 12 HnnCOOnHHC nn ++→++

Strategies: External ReformingStrategies: External Reforming
External Reformer (Autothermal)

Syngas
SOFC

( ) 2222 12 HnnCOOnHHC nn ++→++

Hydrocarbon
2222 )1(2 HnnCOOnHC nn ++→++

H O O CO 222 HCOOHCO +→+

H2O and CO2

H2O, O2 or CO2

Utilize advantages of hydrocarbons and hydrogenUtilize advantages of hydrocarbons and hydrogenUtilize advantages of hydrocarbons and hydrogenUtilize advantages of hydrocarbons and hydrogen
Increased balance of plant costsIncreased balance of plant costs



Strategies: Internal ReformingStrategies: Internal Reforming

( ) 2222 12 HnnCOOnHHC nn ++→++

Strategies: Internal ReformingStrategies: Internal Reforming

SOFC

Hydrocarbon

SOFC

( ) 2222 12 HnnCOOnHHC nn ++→++

2222 )1(2 HnnCOOnHC nn ++→++

222 HCOOHCO +→+
2

2
2

2 2 −− +→+ eOHOH

2222 )(nn +

H2O, O2 or CO2
H2O and CO2

L h l diL h l diLarge thermal gradientsLarge thermal gradients
System cost and complexity are greatly reducedSystem cost and complexity are greatly reduced
Energy loss from heat transport avoidedEnergy loss from heat transport avoided



Strategies: Direct OxidationStrategies: Direct Oxidation
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Strategies: Direct OxidationStrategies: Direct Oxidation

Hydrocarbon SOFC
( ) ( ) ( ) −−

+ ++++→++ enOHnnCOOnHC nn 132113 22
2

22
H2O and CO2

•• No added reformateNo added reformate-- the fuel stream is not the fuel stream is not 
dil d d h ll l i d ddil d d h ll l i d ddiluted and the cell voltage is not reduceddiluted and the cell voltage is not reduced

•• Large thermal gradients avoidedLarge thermal gradients avoidedg gg g
•• System cost and complexity are greatly reducedSystem cost and complexity are greatly reduced

Energy loss from heat transport avoidedEnergy loss from heat transport avoided•• Energy loss from heat transport avoidedEnergy loss from heat transport avoided
•• Better materials neededBetter materials needed



Some Current StrategiesSome Current Strategiesgg

Yingmin Wang

Cu -Cermet Oxide anodes Diffusion barrier layer

a

b

Pillai, M.R., et al., Electrochemical and Solid-State Letters (In Press), 2008.



ConclusionsConclusionsConclusionsConclusions

Hydrogen currently a poor energy carrierHydrogen currently a poor energy carrier
Natural gas a good SOFC fuelNatural gas a good SOFC fuelNatural gas a good SOFC fuelNatural gas a good SOFC fuel
Most current SOFCs reform methane, operate Most current SOFCs reform methane, operate 

ddon syngas generatedon syngas generated
Direct oxidation is ideal operating modeDirect oxidation is ideal operating modep gp g


