
Master Degree in 

InnovativeTechnologies in Energy 

Efficient Buildings for Russian & 

Armenian Universities and 

StakeholdersStakeholders

Thermochemical Power Group (TPG) - DIME – University of Genoa, Italy

Prof. Mario L. Ferrari



Hybrid systems



Hybrid System Aspects
�Fuel cells generate high temperature exhausts.

�Especially high temperature fuel cells generate exhausts at high exergy 

content (exhaust temperature: ~650°C for MCFC, up to 1000°C for SOFC).

�Gas turbine highest temperature (expander inlet): 900°C-1450°C.

�Steam plant highest temperature (expander inlet): 500°C-600°C.

�System efficiency increase possible with power system coupling.



MCFC Hybrid Systems (1/15)

Athmospheric MCFC based Hybrid system (1/2)

Plant theoretically 

analyzed by National 

Fuel Cell Research 

Center (NFCRC) and 

National Energy 

Technology 

Laboratory (NETL)

CB: Catalytic Burner



MCFC Hybrid Systems (2/15)

Athmospheric MCFC based Hybrid system (2/2)

Fuel cell parameters

Gas turbine parameters

On design performance



MCFC Hybrid Systems (3/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (1/9)

Fuel cell layout (1/2)

SHR: sensible heat reformer

ECB: exhaust catalytic burnerECB: exhaust catalytic burner

CCB: cathode catalytic burner



MCFC Hybrid Systems (4/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (2/9)

Fuel cell layout (2/2)



MCFC Hybrid Systems (5/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (3/9)

Fuel cell data



MCFC Hybrid Systems (6/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (4/9)

Pressurization by auxiliary compressors 

•Taking into account the power for the two auxiliary compressors the stack 

system efficiency is reduced to 40.1%



MCFC Hybrid Systems (7/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (5/9)

Pressurization by turbocharger 



MCFC Hybrid Systems (8/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (6/9)

MCFC-mGT hybrid system (using a simple cycle gas turbine)  

•Cell exhaust gas enters the 

gas turbine expander at about 

3.5 bar and 700°C.

•Possibility of post-

combustion in the ECB.



MCFC Hybrid Systems (9/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (7/9)

•Elimination of cathodic 

recycle.

CFC-mGT hybrid system (using a regenerated cycle gas turbine) – Scheme 1

recycle.

•CCB outlet temperature is 

obtained with additional 

fuel (18% of the total fuel 

flow).



MCFC Hybrid Systems (10/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (8/9)

•Elimination of cathodic recycle.

•Elimination of fuel injection in 

the CCB.

CFC-mGT hybrid system (using a regenerated cycle gas turbine) – Scheme 2

the CCB.

•CCB outlet temperature is 

obtained with additional fuel in 

the ECB (21% of the total fuel 

flow).

•With this approach machine 

efficiency is increased.



MCFC Hybrid Systems (11/15)

Pressurised MCFC based Hybrid system by ANSALDO Fuel Cells (9/9)

Performance comparison



MCFC Hybrid Systems (12/15)

Pressurised MCFC based Hybrid system by TOYOTA (1/4)

Fuel cell data



MCFC Hybrid Systems (13/15)

Pressurised MCFC based Hybrid system by TOYOTA (2/4)

MCFC/mGT hybrid system layout



MCFC Hybrid Systems (14/15)

Pressurised MCFC based Hybrid system by TOYOTA (3/4)

MCFC/mGT hybrid system: performance estimation



MCFC Hybrid Systems (15/15)

Pressurised MCFC based Hybrid system by TOYOTA (4/4)

MCFC/mGT hybrid system: 2005 World EXPO test results



SOFC Hybrid Systems (1/7)

Athmospheric SOFC based Hybrid system

Critical component 

(T =1000°C)FC – Fuel compressor (T7=1000°C)FC – Fuel compressor

SOFC- Fuel Cell

B- Burner

C – Compressor

E – Expander

REC- Recuperator

FP – Fuel pre-heating

β= 4; β= 4; β= 4; β= 4; PFC ac=1198 kW; PGT ac=422 kW; PHS=1550 kW; ηηηηFC=0.44; ηηηηHS=0.55



SOFC Hybrid Systems (2/7)

Pressurised SOFC based Hybrid system (1/6)

Critical component FC – Fuel compressor

SOFC- Fuel Cell

B- Burner

C – Compressor

E – Expander

REC- Recuperator

FP – Fuel pre-heating

M_fuel = 0.018 kg/s            

M_air =1.05 kg/s               

PFC/PHS = 83%                

β = 4

Fuel Cell Power =  474.8 kW       

Hybrid System Power =565.8 kW

Fuel Cell Efficiency =  0.53        

Hybrid System Efficiency =0.62



Theory of Pressurisation 1
• Ideal cell voltage is a function of pressure (Nernst Equation)

( )

Cathode O2 partial pressure

SOFC Hybrid Systems (3/7)

Pressurised SOFC based Hybrid system (2/6)
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Theory of Pressurisation 2

• Cell voltage = Ideal voltage - Losses

diffusionohmicactivationidealcell EE ηηη −−−=

SOFC Hybrid Systems (4/7)

Pressurised SOFC based Hybrid system (3/6)

Electrode process losses 

reduce with increasing 

pressure

Mass transport losses 

reduce with increasing 

pressure

At constant current, cell voltage and hence 

power increase with pressure
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SOFC Hybrid Systems (5/7)

Pressurised SOFC based Hybrid system (4/6)
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•Pressurisation reduces pressure 

drops caused by flows

•Pressurisation reduces pumping 

work required to overcome pressure 

DIRECT BENEFITS OF PRESSURE

SOFC Hybrid Systems (6/7)

Pressurised SOFC based Hybrid system (5/6)

work required to overcome pressure 

drops: allows greater power density 

through reduction in passage size; 

reduction in stack volume big driver 

for overall system cost.

•Reduces area and cost of heat 

exchangers

•Increases cell performance: 50% 

stack efficiency; translates to €/kW.



Pressurised and atmospheric HS compared

Identical  stack in pressurised and 

atmospheric configurations

• Near term SOFC stack

• Underlying stack efficiency 50%

SOFC Hybrid Systems (7/7)

Pressurised SOFC based Hybrid system (6/6)

• Underlying stack efficiency 50%

• System efficiency exceeds stack 

efficiency for pressurised case

•Atmospheric recuperator must be 

done with exotic material

•Pressurised recuperator can be 

stainless steel



Air Electrode Supported Tubular Air Electrode Supported Tubular Air Electrode Supported Tubular Air Electrode Supported Tubular 
SOFCSOFCSOFCSOFC

130 kWe DC @ 1 atm

180 kWe DC  @ 3.8 atm

SOFC HS Based on Tubular Cells (1/7)

�Cell details (1/3)

Interconnect 
Contact
(5µµµµm) Interconnection

(80 µµµµm)

Air Electrode

Electrolyte
(40 µµµµm)

Fuel Electrode
(100 µµµµm)

3 parallel;  8 series; nickel
“felt”  cell  connector

Air Electrode
(2 mm)

(100 µµµµm)



NEW BUNDLENEW BUNDLENEW BUNDLENEW BUNDLE

5 Series * 3 Parallel5 Series * 3 Parallel5 Series * 3 Parallel5 Series * 3 Parallel

SOFC HS Based on Tubular Cells (2/7)

�Cell details (2/3)



SOFC HS Based on Tubular Cells (3/7)

�Cell details (3/3)



SOFC HS Based on Tubular Cells (4/7)

�System details (1/4)

PHS= 289 kW

PFC= 239 kW

PmGT= 50 kW

ηHS= 0.64
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SOFC HS Based on Tubular Cells (5/7)

�System details (2/4)

Pre-reformer

Ejector

Tubular 
cells
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SOFC HS Based on Tubular Cells (6/7)

�System details (3/4)
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SOFC HS Based on Tubular Cells (7/7)

�System details (4/4)
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Air outside

Fuel inside

Anode

Cathode

Electrolyte

Interconnect

Porous tube wall

Section through one wall of tube

SOFC HS Based on Flattened Cells (1/8)

�Rolls-Royce Fuel Cell Systems: cell details (1/5)

• Series connected cells

– Give low currents and high 
voltages

– Enable reduction in material 
used (cf HV distribution lines)

• Structural support is cheap inactive 
material

– Avoids cost of high purity active 
material for bulk quantities

– All active materials in thin layers



SOFC HS Based on Flattened Cells (2/8)

�Rolls-Royce Fuel Cell Systems: cell details (2/5)
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• Module arrangement 
allows for thermal 
expansion compliance 

• Modular stack design 
allows scale up to multi-
megawatt range using 

SOFC Block Components

Stack

≈ 800kW

M odule

≈ 50W

SOFC HS Based on Flattened Cells (3/8)

�Rolls-Royce Fuel Cell Systems: cell details (3/5)

megawatt range using 
the same basic building 
blocks

• Design allows for 
flexibility in fuel 
processing options

• The use of high 
temperature pressurised 
SOFC plays to Rolls-
Royce technical 
strengths

Strip

≈ 3kW

≈ 800kW

Block

≈ 50kW

Block

≈ 50kW

Bundle

≈ 500W



SOFC HS Based on Flattened Cells (4/8)

�Rolls-Royce Fuel Cell Systems: cell details (4/5)



Development plan  (Integrated Planar SOFC)

SOFC HS Based on Flattened Cells (5/8)

�Rolls-Royce Fuel Cell Systems: cell details (5/5)



SOFC HS Based on Flattened Cells (6/8)

�Rolls-Royce Fuel Cell Systems: plant details (1/3)



SOFC HS Based on Flattened Cells (7/8)

�Rolls-Royce Fuel Cell Systems: plant details (2/3)



SOFC HS Based on Flattened Cells (8/8)

�Rolls-Royce Fuel Cell Systems: plant details (3/3)


