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Solid Oxide Fuel Cell Technology  
• Solid Oxide Fuel Cell (SOFC): Electrochemical energy 

conversion device based on ionic conducting oxide 
electrolyte 

 
 
 

• Feature 
– Clean and efficient power generation on a broad 

spectrum of fuels and reverse operation (referred to as 
solid oxide electrolysis cell or SOEC) 
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SOFC Technology – Materials and 
Operating Temperature 

Component Most Common Materials Other Materials 

Electrolyte Yttria-stabilized zirconia (YSZ)  Doped LaGaO3, doped CeO2, high-
temperature proton conductors (e.g., 
doped SrCeO3) 

Cathode Sr-doped LaMnO3 (LSM)  

Sr-doped LaCo0.2Fe0.8O3 (LSCF)   

Several perovskite oxides (e.g., Sr-doped 
LaFeO3 or LSF) and other oxides 

Anode Ni-YSZ Cu/doped CeO2, several conducting 
oxides (e.g., doped SrTiO3) 

Interconnect Stainless steels, 

Sr-doped LaCrO3 (LSCr) 

Other high-temperature alloys and doped 
oxides 

• Materials 

• Operating temperature: 600o-1000oC 



World Energy Consumption 
(History and Projection) 

Source: U.S. Energy Information Administration (EIA) 2010 
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Future Energy Systems 
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Solid Oxide Fuel Cell (SOFC) Technology 
• Fuel flexible (FLEXIBILITY) 
• Environmentally friendly 

(COMPATIBILITY) 
• Suitable for a broad spectrum of 

practical applications (ADAPTABILITY) 
• Projected to be cost competitive 

(AFFORDABILITY) 
• Capable of operating reversibly for 

power generation and chemical 
production (CAPABILITY) 



SOFC  Technology - Features 
• Solid-state construction and high operating 

temperatures (600o-1000oC) 
–  Design flexibility 
–  Multiple manufacture options 
–  Multifuel capability 
–  Operating temperature choices 

• Reversible operation (SOEC) 
–  Hydrogen/chemical (syngas) production 

• Suitability for integration with other energy 
systems 
–  SOFC/gas turbine (GT) hybrid systems  



Design Flexibility 

Cell Configurations 

Tubes 

Metal Substrate-Supported Cell 

Source: Ceres Power  

Electrolyte-Supported Cell Anode-Supported Cell 

Microtubes Flat plates Plates in “window” frame 



Design Flexibility 

SOFC Stack Designs 

Tubular Segmented-Cells-in-Series 

Monolithic Planar 



Multiple Manufacturing Options 

Cell Fabrication Processes  
Deposition Process 

• EVD/CVD 
• Sputtering 
• Dip coating 
• Spin coating 
• Spray pyrolysis 
• Electrophoretic deposition 
• Coat mix process 
• Electrostatic assisted vapor 

deposition 
• Plasma spraying* 

Particulate Process 

• Tape casting* 
• Tape calendering* 
•  Screen printing 

* most  common 



Examples of SOFC Fabrication 
Fracture Surface 

LaMnO3 
Cathode 

ZrO2 
Electrolyte 

NiO/ZrO2 
Anode 

Tape Calendering Process 

Anode: 275 µm 
Electrolyte: 7 µm 
Cathode: 60 µm 

Atmospheric Plasma Spray Process 

Porous anode 

Dense electrolyte 
Porous cathode porous 

dense 



Multifuel Capability 

Multifuel Operation 
• Operation options 
 
 
 
 
 
• Various practical gases (hydrogen, natural gas, 

propane, biofuel, diesel, coal gas)  
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Multifuel Capability 

SOFC Operation on Reformate 

Module Operating on CPOX Product
at 800蚓
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Multifuel Capability 

SOFC Operation with Internal 
Reforming of Hydrocarbon Fuels 
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Multifuel Capability 

Direct Fuel Utilization 
Direct Ethanol Utilization 

Cell: YSZ electrolyte, LSM/YSZ oxygen electrode, 
Cu/ceria infiltrated Ni/YSZ fuel electrode 
Fuel: 7.3% Ethanol, Balance He 
Oxidant: Air 
Temperature: 800oC 



Operating Temperature Choices 

SOFC Operating Temperatures 

• 900o-1000oC:  thick (>50μm) YSZ electrolytes 

• 700o-800oC: thin (<15 μm) YSZ electrolytes or 
doped lanthanum gallate electrolytes 

• 500o-600oC: thin doped ceria electrolytes 

• 400o-500oC: thin doped ceria/bismuth oxide bilayer 
electrolytes 



Reversible Operation 

Operating Modes of SOFCs 

H2 + 02- => H2O + 2e-

1/2 02 + 2e- => O2-
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POWER GENERATION HYDROGEN/CHEMICAL PRODUCTION 

HYDROGEN FUEL  HYDROGEN FROM STEAM  

HYDROCARBON FUEL 
(WRITTEN FOR METHANE)  

CHEMICAL PRODUCTION 
(WRITTEN FOR SYNGAS)  

CH4 + 4O2- = CO2 + 2H2O +  8e 
(Fuel electrode) 
 
2O2 + 8e = 4O2- 

(Oxygen electrode) 

H2O+  2e = H2 + O2- 

CO2 + 2e = CO + O2- 
(Fuel electrode) 
 
2O2-  = O2 + 4e 
(Oxygen electrode) 
 



Reversible Operation 

Reversible SOFC Stack 
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Integration with other Energy Systems  

SOFC – Gas Turbine (GT) Hybrid System  

Air 

Exhaust gas 

Fuel 

Solid Oxide  
Fuel Cell 

Compr Turbine 
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Generator 
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PE 

Grid Air 

Exhaust gas 

Pre-Reformer Fuel 

Gas Turbine 
20% to 35% of Power 

65% to 80% 
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Integration with Other Energy Systems 

Efficiency Improvements with 
SOFC-GT Hybrid Systems 

Simple Hybrid Recycle 

Efficiency (%) 44.8 61.1 71.0 

SOFC Power* 
(kW) 

3709 3709 4099 

GT Power* (kW) 0 976 1447 

Parasitic Power (389 kW) (100 kW) (288 kW) 

Net Plant Power 3320 kW 4585 kW 5258 kW 

SOFC Pressure 1.3 atm 4.6 atm 4.6 atm 

*After power conversion • Natural gas 

• 800C planar SOFC  



SOFC Applications 

Market Application Power Size Status 

Portable Consumer electronic devices,  
mobile portable power 

1-100W Demonstration, 
precommercial 

Portable power, battery chargers 200-500 W Demonstration 

Transportation Automobile and Truck APU 5-50 kW Demonstration 

Aircraft APU Up to 500 kW Concept 

 
Stationary 

Residential/micro CHP, 
uninterruptible 

1-10 kW Prototype, 
precommercial 

CHP and DG 100 kW-1MW Demonstration and 
concept 

Base load 100-500 MW Concept 



SOFC Systems 
Hardware Demonstrators, Prototypes, Precommercial Systems, Concepts 



Selected Examples of SOFC 
Prototypes/Precommercial Systems 

Ultra Electronics AMI 245W Lilliputian NectarTM 2.5W 

Hexis  1kW 

Ceres Power 1kW Osaka Gas/Kyocera 700W 

CFCL BlueGen2kW Bloom Energy Energy Server  200kW 



SOEC Applications 

• Hydrogen production from H2O at various sizes, syngas 
(H2+CO) from mixtures of H2O and CO2 for industrial uses, 
oxygen generation/recovery for space applications 

• Integration with fossil, nuclear or renewable energy sources  



Key Drivers to Enable Commercialization 

Reliability 

Cost 

Efficiency 

Cell Size 
Reproducibility 

Power Density 

Product 
Success 

Life 
Degradation 

 



Fabrication Scaleup 
2.5 cm 10 cm 16 cm 31 cm 40 cm 

Source: GE 

Source: NexTech Materials 



Stack Cell-to-Cell Variation 
Example of Improvement  
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Stack Long-Term Operation 
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Concluding Remarks 

• SOFC technology - a potential technology base 
for future energy systems 

• A broad spectrum of applications 
• Significant progress with a number of 

hardware/prototype demonstrations 
• A number of issues need further 

improvements or to be addressed/resolved to 
move the technology toward 
commercialization  
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