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ABSTRACT: Strong restrictions on emissions from marine power plants (particularly SO,, NO,) will probably be
adopted in the near future. In this paper, a combined solid oxide fuel cell (SOFC) and gas turbine fuelled by natural gas
is proposed as an attractive option to limit the environmental impact of the marine sector. It includes a study of a heat-
recovery system for 18 MW SOFC fuelled by natural gas, to provide the electric power demand onboard commercial
vessels. Feasible heat-recovery systems are investigated, taking into account different operating conditions of the com-
bined system. Two types of SOFC are considered, tubular and planar SOFCs, operated with either natural gas or
hydrogen fuels. This paper includes a detailed thermodynamic analysis for the combined system. Mass and energy
balances are performed, not only for the whole plant but also for each individual component, in order to evaluate the
thermal efficiency of the combined cycle. In addition, the effect of using natural gas as a fuel on the fuel cell voltage
and performance is investigated. It is found that a high overall efficiency approaching 70% may be achieved with an
optimum configuration using SOFC system under pressure. The hybrid system would also reduce emissions, fuel con-
sumption, and improve the total system efficiency.
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NOMENCLATURE
CH,4 Methane HFO Heavy fuel oil
CO, Carbon dioxide HPT High pressure turbine
(00) Carbon monoxide %lﬁ'el""‘ Inlet fuel enthalpy, kJ/kg
o Fuel calorific value, kJ/kg Fden Current density, mA/cm’
E, Open circuit voltage, volt MO International maritime organization
ECA Emission control area INEX intermediate expansion
EXCO External cooler LNG Liquefied natural gas
F Faraday's constant coulomb/mole LPT Low pressure turbine
GT Gas turbine MARPOL  Marine pollution prevention
h Enthalpy, kJkg convention
H, Hydrogen Mair Required Air mass flow rate, kg/s
H,O Water vapor Mhya Required hydrogen mass flow rate, kg/s
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Mayi.cons. Hydrogen mass flow rate reacted in
fuel cell, kg/s

’.h Mass flow rate, kg/s

n?f“e’ Total input fuel flow rate, kg/s

. Required fuel flow rate for solid oxide
) fuel cell stack, kg/s

s, Combustor added fuel flow rate, kg/s

NG Natural gas

NOx Nitrogen oxides emissions

0, Oxygen gas

p Pressure, bar

Pre.uc AC power output of the cell stack, kW

Pre.ve DC power output of the cell stack, kW

For Gas cycle net output power, kW

Bea Heating loss power, kW

IDLPT

Low pressure turbine power, kW
PM Particulate Matter

PSOFC Planar SOFC

PSOFC-IR  Planar SOFC-NG internal

reforming
SOFC Solid oxide fuel cell
SOFC-GT  Solid oxide fuel cell and gas
turbine combined cycle
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Emissions from ships
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SOFCPP  Solid oxide fuel cell power plant
T Temperature, K
TSOFC  Tubular SOFC

TSOFC-IR Tubular SOFC-NG internal reforming
U,

/ Fuel utilization coefficient
Vear Fuel cell voltage, volts
z Number of electrons transferred for each
molecule of fuel
Greek letters
Ag; Change in Gibbs free energy of an electro-
chemical reaction, kJ /mole
Ereap. Recuperator effectiveness
Y air Air specific heats ratio
Vesh. Exhaust specific heats ratio
n Efficiency
Meom. Combustor efficiency
Meombined Combined (hybrid) efficiency
Mrc Fuel cell efficiency
e Generator efficiency
Mor Gas turbine cycle efficiency
Misen Isentropic efficiency
Aui Stoichiometric ratio of air

Ships are responsible for 15% of global NOy emissions, 6% of global sulphur emissions and 2% of CO, emissions from
fossil fuels. In addition, they are accountable for some 5-10% of acid rain in coastal regions (Corbett et al., 2007; Figari et al.,
2011). Both national authorities and international organizations develop many restrictive regulations to reduce emissions
from ships. Now the rate of emissions is an important factor in the selection of power plants to cope with the international
requirements.

The International Maritime Organization (IMO) has introduced greenhouse gas (GHG) emission reduction in its agenda
since 1995. The IMO has adopted two different emission indexes for a vessel: the Energy Efficiency Design Index (EEDI)
and the Energy Efficiency Operational Indicator (EEOI). Both indexes represent the ratio between emissions, in mass of
CO,, and the quantity of transported cargo per sailed distance. Regulations were adopted as an amendment to MARPOL
Annex VI in October 2010 (Figari et al., 2011; Greensmith, 2010).

As from January 2012, the IMO requirements for maximum sulphur content in any fuel used onboard ships were
reduced from 4.5% to 3.5%. Also, from January 2020 sulphur content should not exceed 0.5% (Greensmith, 2010).

In addition, IMO has issued regulations limiting NO, levels from marine diesel engines as shown in Fig. 1. These
regulations include: Tier I for ships constructed from Jan. 2000 to Dec. 2010, Tier II for ships constructed from Jan. 2011 to
Dec. 2015, and Tier III for ships constructed from Jan. 2016 onwards when in a NO, emission control area (ECA) (Green-
smith, 2010).
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Fig. 1 Maximum allowable NO, emissions for marine diesel engines (IMO).

Meeting emission regulations

The options for compliance with IMO new regulations according to Lloyd’s Register (Farr, 2011) include the use of low
sulphur fuels/distillates, HFO with a scrubber, LNG, or other alternative fuels. Lloyd’s Register considers all options as feasible,
but choice depends on commercial considerations including trading pattern and percentage of time in ECA’s, cost difference
and pay-back time, availability of exhaust gas cleaning technologies, and availability of LNG infrastructure. According to ship
owner survey made by Lloyd’s Register about options for mitigating emissions, most owners consider LNG as the fuel most
likely to provide the long term solution.

Germanischer Lloyd (GL) sees large market for fuel cells to replace marine auxiliary power. The installed auxiliary power
onboard seagoing vessels has a potential market of approximately 160 G worldwide and can, in principle, be substituted by
fuel cells in order to reduce air emissions. This is one of the conclusions of the market (Barrett, 2010).

Natural gas and fuel cell opportunities in the marine field

Natural gas (made up of 70-90% methane) is often highlighted as the cleanest fossil fuel alternative of the diesel oil used for
marine internal combustion engines. The cleanliness of LNG fuel is easy to appreciate when one notes it yields 100%
reductions in SO, and Particulate Matter (PM) and 92% reduction in NO, as compared to diesel fuel. LNG also results in a 25%
reduction in CO,, a major contributor to greenhouse gas (GHG) emissions. The net greenhouse gas (GHG) reduction is
achieved when methane slip is factored in (MAN B&W, 2010).

Fuel cells (FCs) are electrochemical devices which convert the chemical fuels directly into electrical power. The Solid
Oxide Fuel Cells (SOFCs) are among the high temperature fuel cells. They consist of a solid oxide electrolyte made from a
ceramic such as yttria-stabilized zirconia (YSZ) which acts as a conductor of oxide ions at temperatures from 600 to 1000°C.
This ceramic material allows oxygen atoms to be reduced on its porous cathode surface by electrons, thus being converted into
oxide ions, which are then transported through the ceramic body to a fuel-rich porous anode zone where the oxide ions can react
with hydrogen or hydrogen rich gases giving up electrons to an external circuit. Therefore, SOFC can be operated either by
hydrogen or hydrocarbon reformed fuels (Welaya et al., 2011; Santin et al., 2010; Barclay, 2006). The North Western Uni-
versity US patents on direct hydrocarbon oxidation, which deal with special catalysts and anodes, give the SOFC system the
potential to use natural gas directly. This improves the opportunity to bypass the hydrogen fuel source problem (Barclay, 2006;
Lisbona and Serra, 2005).

The high cost of SOFC systems is the principal obstacle to their successful commercialization. The installed capital expense
(CAPEX) of $1000-$1500 per kW is very often quoted for SOFC. This installed CAPEX is continually coming down as the
development proceeds. The combined large volume for multiple applications is expected to lead to a reduction of SOFC cost to
3800 per kW (Subhash and Kevin, 2004). The installed CAPEX of SOFC should be compared with that of current marine diesel
and marine gas turbine power plants. CAPEX of marine diesel engines are nearly in the range of (125-300) $/k/ and that of gas
turbines are in the range of (300-600) $/k/ (Walsh and Fletcher, 2004; boyce, 2001). In addition, the main operational expenses
(OPEX) for a SOFC system are catalyst replacement, SOFC stack replacement, plant operation and administration, and regular
gas turbine maintenance for hybrid systems. Siemens Westinghouse expects OPEX for SOFC hybrid systems to be between
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0.45 and 0.56 cents per kWh. This includes stack and gas turbine replacements. It might be expected that OPEX of hybrid
systems will be comparable to those of gas turbines 0.3-0.6 cents per kWh. Moreover, OPEX for atmospheric systems will be
lower than pressurized systems since only the air blower needs to be maintained (Siemens Westinghouse Power Company,
2001; 2000; Subhash and Kevin, 2004; Gandiglio et al., 2013).

In this paper a parametric study on a solid oxide fuel cell has been conducted and the effect of different parameters on the
SOFC performance has been investigated. Also the total performance of a combined solid oxide fuel cell and a gas turbine is
discussed.

The integration of a SOFC stack operated with natural gas with GTs and other conventional devices, such as compressors
and heat exchangers, will improve the system efficiency. In addition, it will reduce the exhaust gas emissions to an acceptable
level by the international marine regulations.

NG and SOFC in classification societies and regulations

It is a characteristic of marine fuels and equipment to be approved by one of the International Association of Classification
Societies (IACS). Classification societies accepted NG as the only gas that can be used onboard. Det Norske Veritas (DNV),
China Classification Society, and Lloyd’s Register (LR) have regulations for natural gas driven ships to improve the safety
onboard. The International Gas Code (IGC) (IMO-IGC Code, 2002; China classification society, 2006) provides the general
arrangement; gas piping systems, fire detection alarm, gas control, monitoring systems and working pressure in the engine room.

In addition, the American Bureau of Shipping (ABS) has recently released a guide for propulsion and auxiliary systems for
Gas Fueled Ships (GFS). Its objectives are to provide criteria for arrangements, construction installation and operation of ma-
chinery, equipment and systems for vessels operating with natural gas as a fuel in order to minimize risk to the vessel, crew and
environment (MAN B&W, 2010).

The first rules for using fuel cells were introduced by the Germanischer Lloyd (GL) in 2003, together with the International
Gas code (IGC) development. In addition, Det Norske Veritas (DNV), Bureau Veritas (BV) and other classification societies
are working hard to develop rules for using fuel cells in the marine field (Rattenbury and Fort, 2006).

500 kW SOFC MODEL

As mentioned before, the solid oxide fuel cell (SOFC) is considered as one of the most promising options for marine
applications to achieve IMO emission requirements. SOFC can use natural gas directly as a fuel. For the near future, fuel cells
can replace the diesel generator. The 18 MW SOFCPP model parameters are based on a 500 kW SOFC model and 55% fuel
utilization coefficient. It consists of 36 internally reformed planar and tubular models of 500 kW connected in series and
extrapolated for 18 MW SOFC. The 500 £ SOFCPP model main parameters are listed in Table 1 (Santin, et al. 2010).

Table 1 500 £ SOFC model parameters.

Parameter Value
Plant net power 500 kW
TSOFC inlet temperature 800 °C
TSOFC outlet temperature 1000 °C
PSOFC inlet temperature 850 °C
PSOFC outlet temperature 950 °C
SOFC fuel utilization coefficient 55%
Component pressure loss 1-3%
Component heat loss 1-2%
Ambient pressure 1 atm
Ambient temperature 25°C
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There are two methods of integrating SOFC modules with gas turbines. The integration process not only produces addi-
tional power, but also helps in maintaining SOFC operating temperature through cooling of SOFC. Any successful cooling
strategy for SOFC of a SOFC-GT system must avoid high excess air at the system outlet. There are two options for cooling,
intermediate expansion (INEX) or external cooler (EXCO). In the intermediate expansion (INEX), SOFC module is divided
into sub-modules and the heat of the SOFC module is extracted by cooling the waste air of the first sub-module to the inlet
temperature of the cathode of the following sub-module by the power generated by a GT. It can be carried on until the last GT
delivers the waste gas for the heat exchangers (HEX) to heat the air and fuel. The other strategy is the SOFC cooling by an
external cooler (EXCO) fed with the flue gas that has been cooled by heating air and fuel. The SOFC module is the heat source
for the GT cycle and air is heated by the flue gas as in the generalized model. The main differences between INEX and EXCO
are indicated in Fig. 2 (Subhash and Kevin, 2004; Winkler, 1998; 1999).
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Fig. 2 Cooling strategies for SOFC modules by GT-cycles.

SOFC OPERATIONAL VOLTAGE

Solid oxide fuel cell voltage (V) is the difference between cell voltage at no load, which can be called open circuit
voltage and the specific fuel cell irreversibility or voltage drop. The following Eq. (1) shows the operating voltage of a fuel cell
at a current density (i,,, ) (Larminie and Dicks, 2003; Maroju, 2002).

Vo =E0—(idenxr)—Axln(iden)+mxe"X[""" €8
where,

E is the open circuit voltage = 1.01 V/

A 1is the slope of Tafel curve =0.002 V/

ris the specific resistance =2.0 X 10° kQcm’

m and n are constants =1.0x 10™ 7 and 8 X 10~ ¢m’ mA™ respectively

SOFC-GT HYBRID SYSTEM DESCRIPTION

The main principles of combining fuel cell and heat engines depend on the waste heat from the fuel cell. Some of the waste
heat will be used to heat the reactants to the required operating temperature. The remaining heat can be used to operate a heat
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engine. So, the total work of this system will be the summation of fuel cell and heat engine work as shown in Fig. 3 (Barclay,
2006; Subhash and Kevin, 2004; George, et al. 2001).

In SOFC-GT combined cycle, the air flow to the SOFC is compressed with a gas turbine compressor. The flow then passes
through a countercurrent, recuperative heat exchanger to recover heat from the combustion product gases leaving the gas tur-
bine. The air and the fuel streams then pass into the cathode and anode compartments of the fuel cell. The air and fuel streams
leaving the cell enter the combustor where they mix and the residual unused fuel burns. The combustion products enter the high
and low pressure turbines, expand, and generate additional power. The low pressure turbine exhaust gases pass through the
recuperative exchanger to heat SOFC’s stack inlet air as shown in Fig. 4 (EG&G Technical Services, 2004; Ghirardo, et al.

2011).
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Fig. 3 Fuel cell-heat engine hybrid system.

5 Recuperator

¢Fuel 3
Solid ©

L]

= Oxide | 2

S | Fuel =

< = A
Cell & 8

Temperature

T

Entropy
Ai Electi

Fig. 4 SOFC-GT combined cycle schematic diagram.

ENERGY FORMULATION OF COMPONENTS

The thermodynamic performance of each of the components introduced in the preceding section will be analyzed here. The
mass and energy balance are employed under the assumption of steady flow for the entire cycle. The main stream of the wor-
king fluid, assumed as ideal gas, at different states of the cycle is shown in Fig. 4.
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Compressor, high pressure turbine, and low pressure turbine

The required power for the compressor is provided by the high pressure gas turbine as shown in Fig. 4. The isentropic
efficiencies of the compressor, high pressure turbine, and low pressure turbine can be defined as:

" = . 2
= Th @
hy—h,
i 3
" h6 h75
h7 — hs
Mg =7 (4)
o h7 - h&s‘
where the ideal temperatures of the working fluids at the outlets can be determined using the following equalities.
(ar=1) Yar
& =[&j/ , )
L p
(Yexh. =1/ Vean.
L, _ [ﬁ] o (6)
Ty Ps
(Vexh. =1/ cxh
& =(ﬁ]7 / ™
Lo \p
Recuperator
The effectiveness of the recuperator is described as:
.,-T, T,-T,
gret‘up. = . : = . . (8)
L-T, TLi-T,
Using the following energy balance equation, the outlet enthalpy of the cycle can be determined:
tity (= hy) = ring x(hy = hy) ©)

Solid oxide fuel cell

The fuel supplied to the system is methane (CH,4), with a lower heating value of 50 MJ/kg. The following electrochemical
reactions expressed in Egs. (10) to (13) occur within the anode and cathode of the fuel cell. As a comparing case, hydrogen,
with a lower heating value of 120 MJ/kg, is used for fueling the SOFC stack and combustor. Various reactions corresponding to
the methane are listed below:

Reforming: CH, +H,0 - CO+3H, (10)
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Shift gas reaction: CO+H,0 — CO, +H, (11)

Electrochemical: H, +0.50, - H,0 (12)

The degree to which an anode supports direct oxidation will then impact the degree of pre-reforming of the fuel that is
required, which in turn typically impacts the balance of plant complexity and cost (Subhash and Kevin, 2004; EG&G Technical
Services, 2004). The net cell reaction is thus written as:

CH 4,anode + 20 2,cathode < 2H ZO,ancdc + CO 2,anode ( 1 3)
And the net cell reaction for hydrogen as a fuel is as follows:
H2,anode + 0'502,cathode - H2O,anode (14)

The maximum electrical work obtainable in a fuel cell operating at constant temperature and pressure is given by the change
in Gibbs free energy (Ag, ) of the electrochemical reaction. If all the energy from the fuel was transformed into electrical
energy, then the reversible open circuit voltage, £, would be given by (Larminie and Dicks, 2003; Raja, et al., 2006):

_ Agf
E = . 15
o Z X F ( )
So, the efficiency of fuel cell can be expressed as
Vee
Mee =U, E” (16)

where, U ; is the fuel utilization coefficient.

Efficiency limit for heat engines such as steam and gas turbines can be calculated using Carnot efficiency limit which shows
their maximum efficiency, but fuel cells are not subject to the Carnot efficiency limit. It is commonly supposed that if there are
no ‘irreversibilities’, the efficiency could reach 100%. Fig. 5 shows Carnot efficiency for heat engines, fuel cell efficiency limit,
and fuel cell-heat engines combined cycle maximum efficiency (Larminie and Dicks, 2003).

0.9

0.8 1

0.7 1
E 061
>
g 05 Pd
-% s - - - - Combined fuel cell and heat engine
E 0.4 / FC efficiency limit

7/ — — Carnot efficiency limit
0.3 | /
/
0.2 4 /
/
0.1 T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100
Operating temp. [°C]

Fig. 5 Efficiency limit for fuel cell, heat engines, and combined systems.
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The mass balance for SOFC system gives:
Hiy 1, = 1y, + 1l 17)

where,

g =i, x(1-U ) (18)

The last term on the right hand side of the above equality represents the non-reacted mass flow rate that leaves the fuel cell
downstream of the products. Applying the first law of thermodynamics to the SOFC and assuming an adiabatic process,

(ryx )+ (i, xU, ><CV)+(n'1/;I x(1-U, )th,'m) = Prepe + (1, x hy) (19)

Combustor

The working fluid of the cycle, with products from the fuel cell, is further heated within the combustor. Considering that
non-reacted flow of fuel from the SOFC is burnt in the combustor in addition to the small amount of fuel added (72, ) and
applying the mass balance for combustor gives:

s + m

it =it (20)

Applying the first law of thermodynamics for the combustor we get:
(rig + 10, )% (CV X1,y )+ (1ity % B ) = it x (21)

where, 7 represents the efficiency of the combustor.

comb.

Overall balance equations for integrated cycle

The integrated gas turbine power plant with SOFC in Fig. 4 may be analyzed as a lumped control volume. In the following,
mass balance as well as the first and second laws of thermodynamics can be derived from the above mentioned control volume.
The mass balance for the total system can be written as:

iy + 1y = 1ty (22)
i, = rit, = ity (23)
Tty =1, i, (24)
g = i, = i = i, (25)

Overall energy balance can be expressed as:

(v, x Iy )+ (i, < U, x CV )+ (g +1in, )% (CV X7, ) = (1itg % iy )+ Prc e + Py (26)
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where,
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Bypp =ity %y —hy) 27)
The combined cycle efficiency can be expressed as:
PFC AC + PGT
g = 28
ncambmed m/ud % CV ( )
where,

For = Prpr % M gen. 29
Nyen. = 0.95 (30)

The gas turbine cycle efficiency can be expressed as:

For
= 31

Tor = 7 (D)

RESULTS AND DISCUSSION

This study assumes 55% utilization coefficient of fuel in the cells. Table 2 summarizes the data of different auxiliary system

components utilized in the combined SOFC-GT plant.

Table 2 Auxiliary system component data for SOFC-GT plant.

Component Parameter Value
Compressor efficiency (Neom) Isentropic efficiency (77, ) 81%
Low pressure turbine Isentropic efficiency (77,,; ) 84%
High pressure turbine Isentropic efficiency (77, ) 89%
Recuperator Effectiveness (s,,, ) 80%
Combustor Combustion efficiency (7.,,,, ) 98%
AC generator Electric efficiency (7, ) 95%
DC/AC Converter Conversion efficiency 95%
Recuperator Pressure loss 3%
SOFC stack Pressure loss 3%
Combustor Pressure loss 2%

SOFC power plant results

The performance of a solid oxide fuel cell stack is usually described by the polarization curve, which relates the cell voltage

to its current density. This polarization curve is affected by the losses of the fuel cell.
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Fig. 6 shows the polarization curve of the SOFC case study. As the cell current increases from zero, there will be a drop of
the output voltage of the SOFC. This drop of the cell voltage is due to activation voltage loss. Then, almost a linear decrease of
the cell voltage is seen as the cell current increases beyond certain values, as shown in Fig. 6, which is a result of the ohmic loss.
Finally, the cell voltage drops sharply to zero as the load current approaches the maximum current density that can be generated
by the fuel cell. The sharp voltage drop is the effect of the concentration loss in the fuel cell.
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Fig. 6 SOFC voltage at different specific resistance.

Prediction of the maximum available voltage from cell process involves evaluation of energy differences between the initial
states of reactants in the fuel cell process. Open circuit voltage of SOFC plays an important role in the cell performance. Fig. 7
shows the effect of changing open circuit voltage on SOFC operational voltage and efficiency. As the open circuit voltage
increases, the SOFC operational voltage will be increased which improves the cell efficiency.

1.4
121 — = =SOFC woltage (volt) - -
SOFC efficiency .- -
1 -
- - -

0.8 - -
06+—-""
0.4 -
0.2 1

0 ‘ ‘ ‘ ‘ ‘ ‘

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
SOFC open circuit voltage (volt)

Fig. 7 SOFC operational voltage and efficiency at different open cell voltages.

The required mass flow rates of hydrogen and air in kg/s are expressed in Eqs. (32) and (33) respectively, and the value
of utilization coefficient U, in Eq. (34) refers to the ratio of hydrogen reacted in the fuel cell (Holland and Zhu, 2007,
Kumm, 1990).

The required hydrogen mass flow rate can be expressed as:

I’OSXPFC,AC
10° xV.

cell

(32)

My =
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The required air mass flow rate can be written as:

357 X ﬂ’air X PFC,AC

m,, 33
! 10° <V, &)
In addition, the hydrogen mass flow rate reacted in fuel cell can be written as:
mhyd.mn.r. = mhyd. X Uf (34)

The hydrogen formula in Eq. (32) applies only to a hydrogen-fed fuel cell. In the case of a hydrogen/carbon monoxide
mixture derived from a reformed hydrocarbon, it will be different. Eq. (35) shows the relationship between the efficiency of the
fuel cell, the calorific value (CV') in kJ/kg of fuel and the resulting fuel rate in kg/s (Sjostedt and Chen, 2005).

B’C,AC

Nee XCV

Fuel flow rate = (3%5)

The value of fuel mass flow depends on fuel utilization coefficient and cell voltage for the SOFC. Figs. 8 and 9 show the
effect of fuel cell voltage on the consumption of hydrogen and natural gas for different SOFC power plants. The higher voltage
of the SOFC will correspond to higher SOFC efficiency. So, hydrogen and natural gas mass flow rates decrease as the SOFC
voltage increases.
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Fig. 8 Hydrogen fuel consumption for SOFC at different electric powers.
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Fig. 9 Natural gas fuel consumption for SOFC at different electric power.
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An essential aspect of SOFC design and application is the heat produced by the electrochemical reaction. Heat is
inevitably generated in the SOFC by ohmic losses, electrode over potentials, etc. These losses are present in all designs and
cannot be eliminated but must be integrated into a heat management system. Indeed, the heat is necessary to maintain the
operating temperature of the cells. The benefit of the SOFC over competing fuel cells is the higher temperature of the
exhaust heat which makes its control and utilization simple and economic. Fig. 10 shows the heating power losses from
SOFC with cell voltage at different ranges of output power. SOFC heating power in k}¥ can be calculated from Eq. (36)
(Larminie and Dicks, 2003):

1.25
Pheal = PFC,AC X{ _lj (36)
V'cell
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= 80000 A *
2 "\
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Fig. 10 Heat losses from SOFC at different electric powers.

SOFC-GT power plant results

One of the great benefits of the SOFC is its capability to utilize a wide range of fuels. The fastest reaction at the nickel
anode is that of hydrogen. But other fuels can also react directly on the anode, depending on catalyst composition. In this study
two types of fuel are included, hydrogen and natural gas. Four layouts have been studied. They include tubular SOFC (TSOFC),
and planar SOFC (PSOFC) using natural gas internal reforming and pure hydrogen fuels.

The selected operating point for the combined SOFC-GT cycle is at cell output current density of 250 mA/cm’, cell voltage
of 0.4997 volts, and fuel utilization coefficient of 55%. At this operating point the mass flow of fuel consumption is 0.3782
kg/s and 1.323 kg/s for hydrogen and natural gas respectively. The combustor fuel flow rate is assumed to be 0.01 kg/s for
both hydrogen and natural gas fuels. The inlet fuel temperature is assumed to be 50 °C.

In addition, the mass flow rate of the air used for SOFC-GT cycle depends on the type of fuel used. Air consumption for
hydrogen fuel is 32.15 kg/s calculated using Eq. (33), which is nearly half the assumed value if natural gas fuel is used.

Also, the value of the inlet and outlet temperatures of SOFC depends on the type of SOFC modules. For TSOFC the
temperatures are 1073 k and 1273 & for the inlet and outlet flows respectively. PSOFC has a higher inlet temperature of 1123
k and a lower outlet temperature of 1223 & compared with TSOFC modules. These values will affect 7, and 7, as shown
in Fig. 4.

Fig. 11 shows the effect of compression ratio of gas turbine on gas cycle efficiency. The cases include planar and tubular
SOFCs operated with natural gas incorporating internal reforming at the anode or hydrogen. Hydrogen operated SOFC has
the maximum efficiency. Also, tubular SOFC has a higher efficiency than planar SOFC.
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Fig. 11 Comparison of gas turbine efficiency for various SOFC hybrid systems at different compression ratios.

The combined cycle efficiency is affected by the type of fuel used. Hydrogen fuel has the highest hybrid efficiency over
different compression ratios as shown in Fig. 12.
The mass flow rate of air used plays an important role in determining the efficiency of the SOFC-GT hybrid cycle. In
addition, gas cycle efficiency decreases as inlet flow rate increases, as shown in Fig. 13. A gas cycle associated with TSOFC
has higher efficiency at different inlet air flow rates than PSOFC gas cycle. Therefore, the TSOFC hybrid system with internal
reforming achieves higher efficiency than PSOFC hybrid system.
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Fig. 12 Comparison of hybrid system efficiency for various SOFC hybrid systems at different compression ratios.
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Fig.

13 Hybrid and gas turbine efficiency variation with inlet air mass flows for hybrid system.




Int. J. Nav. Archit. Ocean Eng. (2013) 5:529~545

Fuel utilization coefficient not only affects SOFC performance, but also affects SOFC-GT hybrid system efficiency. At
higher fuel utilization coefficients, the hybrid efficiency will be reduced for both TSOFC and PSOFC as shown in Fig. 14.

SOFC voltage determines the main characteristics of the cell. It also affects both the total hybrid system power and output
power from the low pressure power turbine and required power for the compressor. Fig. 15 shows the variation of GT effici-

ency and hybrid system efficiency with natural gas internally reformed SOFC voltage.

In addition, the variation of SOFC voltage affects the total hybrid system efficiency as the efficiency of SOFC will be ch-
anged. On the other hand, the SOFC voltage variations have nearly no effect on the gas cycle efficiency, as shown in Fig. 16.

The total hybrid SOFC-GT efficiency increases as the cell voltage increases.
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Fig. 14 Effect of fuel utilization coefficient on hybrid system efficiency for TSOFC and PSOFC.
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Fig. 15 Auxiliary system powers variation with SOFC operational voltage for hybrid system.
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Fig. 16 Hybrid and gas turbine efficiencies variation with SOFC operational voltage for hybrid system.
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The variation of the output current density of SOFC changes the performance of both systems SOFC and the SOFC-GT. As
the current density increases, the total hybrid system efficiency increases. On the other hand, current density has nearly no effect
on gas turbine efficiency like cell voltage variation. It only affects SOFC efficiency. At high current density, SOFC voltage
reduces highly and this reduction in voltage is converted into heat energy. So, at high current density, the power of both tubular
and planar SOFC low pressure turbines is high as shown in Fig. 17.
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Fig. 17 Gas cycle required and output powers for compressor and
power turbine at different SOFC output current densities.

CONCLUSIONS

The thermodynamic analysis of natural gas and hydrogen-fuelled SOFC was presented as a proposed solution to achieve
high efficiency and satisfy the requirements of international regulations. Both TSOFC and PSOFC are integrated with gas
turbine cycle to make use of the waste heat of the SOFC. Four layouts were studied, combining two SOFC modules with gas
turbine operated either by natural gas, through internal reforming, or hydrogen. Thermodynamic principles are used to under-
stand the process of energy conversion in SOFCs. The reversible work of a fuel cell is defined by the free or Gibbs enthalpy of
the reaction. The mass flow of the consumed fuel is proportional to the electric current and the reversible work is proportional to
the reversible voltage.

The parameters, which affect fuel cell performance, include the cell voltage, open cell voltage, fuel cell efficiency, and fuel
utilization coefficient. The actual SOFC cell voltage can be taken as 0.801 volr at 100 mA/cm’ output current density with cell
efficiency of 43.62%, and the open cell voltage is 1.01 volt. These values affect the hybrid efficiency and the performance of the
SOFC. The proposed model of 18 MW SOFC power plant shows that the power lost in heating for the fuel cell power plant is
10.089 MW which is 24.4 % of the total input for SOFC at 100 mA/cm’ output current density.

The combination of a SOFC with GT has a high electric efficiency. The main parameters which affect SOFC-GT power
plant are gas cycle compression ratio, inlet air mass flow rate, SOFC fuel utilization coefficient, cell voltage, and cell output cur-
rent density. The SOFC-GT system is very suitable for high-efficiency power generation. At the operating point of 250 mA/cm’
the total hybrid TSOFC-IR efficiency is 66%. So, the combined SOFC-GT exceeds the GT plant by 27.2% with respect to ther-
mal efficiency, and in addition, produces fewer emissions. Finally, TSOFC has a higher output temperature of exhaust gases
and total thermal efficiency than PSOFCs.

The paper only presents the thermodynamic analysis of the combined gas turbine with SOFC power plant system. It should
be complemented by additional technical and economic analysis to fully justify the use of such combined systems in marine
power plants.
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