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Performance Analysis of Intermediate Temperature
Solid Oxide Fuel Cell Power System

Jung, Chang-sik

Department of Marine Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Developing eco-friendly renewable energy sources, reducing emissions of
C0,/NO,/SO, and emission control of air pollutants are not only a matter of land,
but also an important task that should be addressed in offshore navigation ships.
The International Maritime Organization (IMO) has regulated the use of fuel oil for
exceeded sulphur content by 0.5% and applied Tier-1I to vessels above 130kW
output since January 2016. These regulations are clearly more applicable when
considering trends.

Recently, although a variety of technologies are developed and applied such as
Main engine Electronic control Gas Injection(MEGI), Dual Fuel Diesel Electric(DFDE),
and post-combustion equipment that reduce the emission of air pollutants and
enhance the energy efficiency of power engines, these technologies make the system
complicated and are not a fundamental solution to greenhouse gases and air pollution.
One of the fundamental and sustainable solutions to these problems is fuel cell.

Because fuel cell which uses electricity and thermal energy from the chemical
reactions of hydrogen and oxygen is eco-friendly and high efficiency, it has been

viii
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receiving much attention lately. If fuel cell is applied to large ship, considering the
magnitude and characteristics of the power, high temperature fuel cell such as Solid
Oxide Fuel CellSOFC) is more suited because it is highly efficient and waste heat
utilization. However, because SOFC is designed to operate at temperatures above
800 ~1000° C for high efficiency, resulting in a considerable number of obstacles
such as durability reduction and sintering of porous electrode that can cause serious
accident. Many studies are actively conducted on the intermediate temperature(600 ~
800C) SOFC(t-SOFC) to reduce the use of special heat resistant materials and
operate the system safely.

The objective of this thesis is to evaluate by simulation the performance of
various It-SOFC system for ship. First of all, we built a methane fueled It-SOFC
single system equipped with external and recycled reforming fuel processor. And
then, thorough simulation and modeling, we examined the effects of cell operating
temperature(COT), cell current density(CD), reformer steam carbon ratio(S/C) and
hydrogen utilization rate on the performance compared to high temperature SOFC
single system. Second, in order to use the waste heat from fuel cell we built a
hybrid system that combined a gas turbine or steam turbine. We evaluated the
performance of the hybrid system on the basis of various condition and variables.
Third, we built a methanol fueled It-SOFC single and hybrid system equipped with
external and recycled reforming fuel processor. And we evaluated the performance
in the same way before.

Through simulation, we proposed ideal system arrangements for each It- SOFC
system considering efficient reforming and stability. And we discovered that
methane fueled It-SOFC system have a reformer where is behind the combustor
and need more recuperator for obtaining the appropriate reforming temperature. We
also found that range of stack operating temperatures and current densities for
operating the various It-SOFC system under the high efficiency and performance.
Moreover although methane fueled It-SOFC single system had higher efficiency,
methanol fueled hybrid system is highly efficient in improving efficiency.

KEY WORDS: It-SOFC, Solid Oxide Fuel Cell, Ship power system, Hybrid system,
Steam reforming
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dAe vlukg A, . ukg AR, | Hlwkg AR,
o 1S AR
HjEE3 H,0 AL H,0, CO, H,0, CO,
3715 nluke 3 nluke 2 nuks
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2.1.3 SOFC A ¢] o] &<t
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2.2 7147]

2.2.1 SOFC 712 €

SOFCe| dE82& 49 dASTALE AT, I8y Fae 7t2d8EA A
Az o7 ZAsIA &7 o) @3FiA B dFLA L FLSUAZRE Az
afof gtk 2 AFoA TRl d thEHSQ A8 7EAHQ F5d 9 83 b
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SOFCe} #2 123 d8dA= F4a5 Axste /MEA7E Z8Uidd X7
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Table 2.1 SOFC A|2=Hlol| AH8-E]

9 b o] SA4[5)
= Ta R T LS & S
5 % (H,) (CO) (CH) | (CH,OH)
L 2.016 28.01 16.04 32.04
WA 2%5(C) -259.2 -205 -182.5 -98.8
HSH 25(C) -252.8 -191.5 -161.5 64.7
25C «5= Agu(k/moD 241.8 110.5 802.5 638.5
STPell A} H]&(J/mol « K) 28.8 29.1 34.1 76.6
37 F 94 FA%) 4~717 12.5 ~ 74 4~16 6 ~ 36
371 T A4 HL=(0) 571 641 632 464
23
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ZIAstE wg == Wes A7 AEe ¥&9 S/CSteam/Carbon ratio, %571/
gavDE F35719 EFet, Foll 259 oA MEARSo] dojuta, AHE
A Fa, ANBEL, olisttad HeH AR £E77 TR EZHG. o
g 2 mekgo] Wkg-2l e Table 2.29F 2om Fojz S/C, &= ¢HolA ez
Mege) 27 Adel olg THs 2AL BIAFEL P2AUAG] B
A th&o] 38t PP A QDR HE ALt AT
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R @ Z|A&<(-)
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7 & g S 4
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wer2(CH,0H) N
CO+ H,0 - CO,+ H,(Zo]d-g)
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2.3.1 4571
W57 FFEEDE KA FF, AT LRI, FE= -2, BD L&)
of we} ofge] 2oz AstETh
(k—1)/k
T, = :Q(H u) (25)
77(1
R
(H— 1)/I€ = WCL (26)
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2.3.2 7F2HH

7F2HR S 5(T)= ool 4 @)= Aitdn

T = T[1—n+— (29)

o 13

7h2=ER Y S (W02 o e 4 G0z 24 EH.
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2.4.3 €3]
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Table 4.1 112 3&/523 SOFC ©@=Al 2~

contents Ht-SOFC ‘ [t-SOFC
Electrical output (kW) 3000
Anode thickness (m) 200
Cathode thickness (xm) 2000
Electrolyte thickness (. m) 20
Limiting current density (A/m?® 9000 ‘ 25000
Inverter efficiency (%) 95
Reformer temperature effectiveness (%) 50 ‘ 85
Economizer gas outlet temperature (K) 423.15
steam pressure (kPa) 700

Air blower adiabatic efficiency (%) 75

Air blower mechanical efficiency (%) 90

Air blower motor efficiency (%) 95

Fuel pump adiabatic efficiency (%) 75

Fuel pump mechanical efficiency (%) 90

Fuel pump motor efficiency (%) 95
Reformer pressure drop(air side) (%) 4 3
Reformer pressure drop(fuel side) (%) 2 3
Recuperatorl pressure drop(air side) (%) 4

Recuperatorl pressure drop(gas side) (%) 2

Stack pressure drop(air side) (%) 6

Stack pressure drop(fuel side) (%) 6
Recuperator2 pressure drop(fuel side) (%) -

Recuperator2 pressure drop(gas side) (%) -

Combustor pressure drop(air side) (%) 2
Combustor pressure drop(fuel side) (%) 4

Mixer pressure drop (%) 2
Economizer pressure drop(gas side) (%) 2
Ambient temperature (K) 298.15
Ambient pressure (kPa) 101
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Table 4.2 523 SOFC/GT stolH ]| = Al ~"l A4z

Electrical output (kW) 3000
Anode thickness ( zm) 200
Cathode thickness (zm) 2000
Electrolyte thickness ( zm) 20
H, utilization ratio 0.8
Limiting current density (A/m?) 25000
Inverter efficiency (%) 95
Reformer temperature effectiveness (%) 85
Steam carbon ratio 3
Economizer gas outlet temperature (K) 373.15
Steam pressure (kPa) 300
Air compressor adiabatic efficiency (%) 75
Gas turbine adiabatic efficiency (%) 82
Gas turbine mechanical efficiency (%) 93
Generator efficiency (%) 97
Converter efficiency (%) 95
Fuel pump adiabatic efficiency (%) 75
Fuel pump mechanical efficiency (%) 90
Fuel pump motor efficiency (%) 95
Reformer pressure drop(air side) (%) 3
Reformer pressure drop(fuel side) (%) 3
Recuperatorl pressure drop(air side) (%) 6
Recuperator] pressure drop(gas side) (%) 3
Stack pressure drop(air side) (%) 6
Stack pressure drop(fuel side) (%) 2
Recuperator2 pressure drop(fuel side) (%) 2
Recuperator2 pressure drop(gas side) (%) 2
Combustor pressure drop(air side) (%) 4
Combustor pressure drop(fuel side) (%) 4
Gas turbine pressure drop (%) 8
Mixer pressure drop (%) 1
Economizer pressure drop(gas side) (%) 4
Ambient temperature (K) 298.15
Ambient pressure (kPa) 101
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Table 4.3 23 SOFC/ST 3dle]lB g =A 28] ALkzA
Electrical output (kW) 3000
Anode thickness (xm) 200
Cathode thickness ( zm) 2000
Electrolyte thickness (xm) 20
H, utilization ratio 0.8
Limiting current density (A/m? 25000
Inverter efficiency (%) 95
Reformer temperature effectiveness (%) 85
Steam carbon ratio 3
Steam turbine inlet pressure (kPa) 300
Steam turbine inlet temperature (K) 428
Steam turbine outlet pressure (kPa) 10
Steam turbine efficiency (%) 80
Water pump efficiency (%) 85
Air blower adiabatic efficiency (%) 75
Air blower mechanical efficiency (%) 90
Air blower motor efficiency (%) 95
Fuel pump adiabatic efficiency (%) 75
Fuel pump mechanical efficiency (%) 90
Fuel pump motor efficiency (%) 95
Reformer pressure drop(air side) (%) 3
Reformer pressure drop(fuel side) (%) 3
Recuperatorl pressure drop(air side) (%) 2.1
Recuperatorl pressure drop(gas side) (%) 2
Stack pressure drop(air side) (%) 5
Stack pressure drop(fuel side) (%) 5
Recuperator2 pressure drop(fuel side) (%) 4
Recuperator2 pressure drop(gas side) (%) 4
Combustor pressure drop(air side) (%) 3
Combustor pressure drop(fuel side) (%) 4
Mixer pressure drop (%) 2
Superheater pressure drop(gas side) (%) 3
Steam generator pressure(gas side) (%) 3
Feedwater heater pressure(gas side) (%) 1
Ambient temperature (K) 298.15
Ambient pressure (kPa) 101
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Table 4.4 523 SOFC ©@=A 28l A4kzxxd

Electrical output (kW) 3000
Anode thickness (xm) 200
Cathode thickness ( zm) 2000
Electrolyte thickness (xm) 20
Limiting current density (A/m2) 25000
Inverter efficiency (%) 95
Reformer temperature effectiveness (%) 85
Economizer gas outlet temperature (K) 473.15
Steaming pressure (kPa) 700
Air blower adiabatic efficiency (%) 75
Air blower mechanical efficiency (%) 90
Air blower motor efficiency (%) 95
Fuel pump adiabatic efficiency (%) 75
Fuel pump mechanical efficiency (%) 90
Fuel pump motor efficiency (%) 95
Reformer pressure drop(air side) (%) 2
Reformer pressure drop(fuel side) (%) 2
Recuperatorl pressure drop(air side) (%) 2
Recuperator]l pressure drop(gas side) (%) 3
Stack pressure drop(air side) (%) 6
Stack pressure drop(fuel side) (%) 4
Recuperator2 pressure drop(fuel side) (%) 1
Recuperator2 pressure drop(gas side) (%) 1
Combustor pressure drop(air side) (%) 3
Combustor pressure drop(fuel side) (%) 2
Mixer pressure drop (%) 2
Economizer pressure drop(gas side) (%) 2
Vaporizer pressure drop(fuel side) (%) 0.5
Vaporizer pressure drop(gas side) (%) 1
Ambient temperature (K) 298.15
Ambient pressure (kPa) 101
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Table 4.5 F23 SOFC/GT 3slo] B ] TA| 28]l Al4bx=7d

Electrical output (kW) 3000
Anode thickness (xm) 200
Cathode thickness ( zm) 2000
Electrolyte thickness (xm) 20
H, utilization ratio 0.8
Limiting current density (A/m? 25000
Inverter efficiency (%) 95
Reformer temperature effectiveness (%) 85
Steam carbon ratio 3
Economizer gas outlet temperature (K) 473.15
Steam pressure (kPa) 300
Air compressor adiabatic efficiency (%) 75
Gas turbine adiabatic efficiency (%) 82
Gas turbine mechanical efficiency (%) 93
Generator efficiency (%) 97
Converter efficiency (%) 95
Fuel pump adiabatic efficiency (%) 75
Fuel pump mechanical efficiency (%) 90
Fuel pump motor efficiency (%) 95
Reformer pressure drop(air side) (%) 3
Reformer pressure drop(fuel side) (%) 3
Recuperatorl pressure drop(air side) (%) 6
Recuperatorl pressure drop(gas side) (%) 3
Stack pressure drop(air side) (%) 6
Stack pressure drop(fuel side) (%) 2
Recuperator2 pressure drop(fuel side) (%) 2
Recuperator2 pressure drop(gas side) (%) 2
Combustor pressure drop(air side) (%) 4
Combustor pressure drop(fuel side) (%) 4
Gas turbine pressure drop (%) 8
Mixer pressure drop (%) 1
Economizer pressure drop(gas side) (%) 4
Ambient temperature (K) 298.15
Ambient pressure (kPa) 101
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Table 4.6 23 SOFC/ST sto] BT Al =8l A4tz

Electrical output (kW) 3000
Anode thickness ( 2 m) 200
Cathode thickness (xm) 2000
Electrolyte thickness ( . m) 20
H, utilization ratio 0.8
Limiting current density (A/m?) 25000
Inverter efficiency (%) 95
Reformer temperature effectiveness (%) 85
Steam carbon ratio 2
Steam turbine inlet pressure (kPa) 1600
Steam turbine inlet temperature (K) 600
Steam turbine outlet pressure (kPa) 10
Steam turbine efficiency (%) 80
Water pump efficiency (%) 85
Air blower adiabatic efficiency (%) 75
Air blower mechanical efficiency (%) 90
Air blower motor efficiency (%) 95
Fuel pump adiabatic efficiency (%) 75
Fuel pump mechanical efficiency (%) 90
Fuel pump motor efficiency (%) 95
Reformer pressure drop(air side) (%) 2
Reformer pressure drop(fuel side) (%) 2
Recuperatorl pressure drop(air side) (%) 3
Recuperatorl pressure drop(gas side) (%) 3
Stack pressure drop(air side) (%) 5
Stack pressure drop(fuel side) (%) 4
Recuperator2 pressure drop(fuel side) (%) 1
Recuperator2 pressure drop(gas side) (%) 1
Combustor pressure drop(air side) (%) 3
Combustor pressure drop(fuel side) (%) 2
Mixer pressure drop (%) 2
Superheater pressure drop(gas side) (%) 3
Steam generator pressure(gas side) (%) 3
Feedwater heater pressure(gas side) (%) 1
Ambient temperature (K) 298.15
Ambient pressure (kPa) 101
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