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a b s t r a c t

Power generation using gas turbine (GT) power plants operating on the Brayton cycle suffers from low
efficiencies, resulting in poor fuel to power conversion. A solid oxide fuel cell (SOFC) is proposed for
integration into a 10 MW gas turbine power plant, operating at 30% efficiency, in order to improve system
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efficiencies and economics. The SOFC system is indirectly coupled to the gas turbine power plant, paying
careful attention to minimize the disruption to the GT operation. A thermo-economic model is developed
for the hybrid power plant, and predicts an optimized power output of 20.6 MW at 49.9% efficiency. The
model also predicts a break-even per-unit energy cost of USD 4.65 ¢ kWh−1 for the hybrid system based
on futuristic mass generation SOFC costs. This shows that SOFCs may be indirectly integrated into existing
GT power systems to improve their thermodynamic and economic performance.
ndirect coupling

. Introduction

Fuel cells are electrochemical devices that convert the chem-
cal energy in a fuel into electricity without direct combustion.
s a result, they avoid many of the limitations of combustion
ngines, providing more energetically and exergetically efficient
uel to power conversion. Solid oxide fuel cells (SOFCs) are best
uited for distributed power generation. They operate at tempera-
ures between 600 and 1100 ◦C and have been tested at operating
ressures up to 15 atm [1]. Because of their high temperature and
ressure exhaust, SOFCs are considered ideal for integration in
ybrid power generating systems, where they are coupled with gas
urbines (GT) to produce additional power.

SOFC hybrid power systems have received considerable inter-
st in the literature over the past 5–10 years. Zhang et al. [2] gave
comprehensive list of strategies for integrating SOFCs with other

ower generating components. These schemes can be categorized
s direct thermal coupling, indirect thermal coupling, and fuel cou-
ling. Direct thermal coupling involves two or more power systems
e.g. SOFC and GT) sharing the same working fluid. In indirect ther-

Abbreviations: AB, after burner; AC, air compressor; FC, fuel compressor; GT,
as turbine; HX, heat exchanger; MX, mixer; NPV, net present value (USD); PR,
re-reformer; SOFC, solid oxide fuel cell.
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mal coupling, different working fluids are kept separate; only heat
is transferred between the two power systems via heat exchangers.
Fuel coupling schemes involve the configuring of the integration
system to include hydrogen production or fuel reforming.

There are only a few prototype hybrid power plants in existence
[3–5], primarily because of the prohibitive cost of SOFC technol-
ogy, so researchers resort to mathematical modeling to predict
the performance of hybrid power plants. Massardo and Lubelli [6]
developed a thermodynamic model for a multi-MW demonstra-
tion plant based on an internally reforming SOFC and gas turbine
cycles. Chan et al. [7] added an exergy analysis to a SOFC model,
a concept which was later incorporated into hybrid plant mod-
els [8–14]. Akkaya et al. [14] introduced an exergetic performance
coefficient to quantify the second law thermodynamic perfor-
mance of the hybrid plant, and allowed for easy identification of
the chief sources of exergy destruction in the plant. Burbank et
al. [15] considered a pressurized SOFC–GT engine which entailed
a variable geometry nozzle turbine to directly influence the air-
flow as well as an auxiliary combustor to control the temperature
of turbomachinery. Song et al. [10] and Calise et al. [16] mod-
eled part load operating conditions of hybrid plants. Both found
that the best control strategy for part load operation was simul-
taneously varying the air and fuel flow rates while maintaining a

constant air/fuel ratio. This was necessary to keep the SOFC and
GT operating as close to their design temperatures at all times.
Franzoni et al. [17] modeled a plant which considered carbon
dioxide separation, enabled by condensing the turbine exhaust
stream.

dx.doi.org/10.1016/j.jpowsour.2010.07.012
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:denver.cheddie@utt.edu.tt
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Nomenclature

A area (m2)
C cost (USD)
e standard chemical exergy (J mol−1)
E potential (V)
F Faraday constant (96,485 C mol−1)
H enthalpy (W)
h molar enthalpy (J mol−1)
i current density (A m−2)
I irreversibility (W)
N molar flow rate (mol s−1)
p pressure (Pa)
P power (W)
Q heat (W)
R universal gas constant (8.3143 J mol−1 K−1)
S entropy (W K−1)
s molar entropy (J mol−1 K−1)
T temperature (K)
U utilization factor
V potential (V)
W work (W)
x mole ratio of methane to oxygen
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ing at full load, producing 10.0 MW of net power at a thermal
efficiency of 30.0% and second law thermodynamic efficiency
of 28.9%. This plant produces power at a break-even cost of
5.46 ¢ kWh−1. The exergy breakdown for this standard plant is
shown in Table 1. As expected, the combustion processes are largely

Table 1
Exergy destruction in the standard and hybrid plants, MW (% of total power).

Process Standard plant Hybrid plant

Combustion 11.1 (111.2%) 4.26 (20.7%)
Fuel cell NA 3.95 (19.2%)
� efficiency (%), overpotential (V)
 exergy (W)

Economic studies have also been conducted on SOFC hybrid
ower systems. Palazzi et al. [18] discussed thermo-economic
ptimization techniques using pinch based methods. Arsalis
19] performed a detailed thermo-economic assessment of a
.5–10 MWe hybrid system. Santin et al. [20] considered the use of

iquid fuels (methanol and kerosene) instead of methane/natural
as primarily because of their ease of transport. For a 500 kW plant,
hey found that the use of methanol instead of methane reduced
he plant efficiency by up to 7%, however, reduced the payback
eriod on the investment by 0.5 years. This was because of the

ower capital cost associated with handling methanol.
The goal of thermo-economic analyses is to maximum system

fficiencies, minimize irreversibilities or maximize the cost benefit.
arious optimization techniques have been presented in the liter-
ture. Single-level modeling aims to optimize the entire system as
whole [21], while multi-level modeling seeks to simultaneously
ptimize multiple subsystems [22,23]. Calise et al. [21] argue that
ingle-level optimization produces similar results to multi-level
fforts with less difficulty.

Although most of the literature thus far has been devoted to
teady state analysis, dynamic modeling has also been attempted.
hang et al. [24] modeled the dynamic performance of the SOFC
n the basis of exponential decay and exponential associate func-
ions. Kandepu et al. [25] developed a dynamic model based on
umped capacitance modeling and mass and energy conservation.
owever, most dynamic models focus on the SOFC rather than the
ntire power plant.

A wide scale of operation ranging from kW to MW has been con-
idered in the literature. Most existing SOFC–GT hybrid plants are
n the kW range [3–5], however, larger plants have been modeled
n the literature. Chan et al. [22] considered a 1.3 MW plant, which
onsisted of a SOFC stack with 40,000 tubular cells. Arsalis [19]
onsidered SOFC stacks up to 8.5 MW for a SOFC–GT–ST hybrid sys-

em. Their SOFC stack was modeled up to 1100 ◦C and 10 bar. They
ropose a system of this magnitude to provide distributed power
or 2000 households. Their thermo-economic analysis showed that
sing a larger size SOFC results in better thermodynamic perfor-
ance, but add significantly to the system costs since the SOFC
r Sources 195 (2010) 8134–8140 8135

cost dominates the capital cost in hybrid systems. They also dis-
cussed the inherent difficulty in selecting a micro-gas turbine for
small scale operation since their efficiencies decrease as the system
scales down. One of the advantages of large scale operation is that,
in theory, SOFC technology can easily be scaled up by adding more
stacks. However, there are practical hurdles that must be overcome,
such as localized hotspots and unbalanced loading on each stack.
Singhal and Kendall [26] and Larminie and Dicks [27] predict that
practical SOFC systems will be scaled up from 100 kW to 10 MW
prior to commercialization of the technology [21].

Most of the SOFC–GT schemes presented in the literature
involve direct thermal coupling. This is because the focus has been
on designing new micro-power plants for small scale distributed
power generation (<1 MW). However, there are GT power plants
already in existence that operate at relatively low efficiencies. These
power plants can be retrofitted using SOFC technology to improve
their performance. In such cases, special care has to be taken to
ensure that the addition of the SOFC system does not interfere
with the operation of the GT power plant. For this reason, indi-
rect coupling may be more feasible for such applications. Further,
the existing GT power plants in question are larger in scale than
those presently used in SOFC–GT hybrids, and thus would require
larger scale SOFCs for effective coupling.

In this work, a 10 MW gas turbine power plant is considered,
which entails a compression ratio of 10 and a turbine inlet tem-
perature of 1400 K. A thermo-economic model is developed for an
indirectly coupled hybrid system. The goal is to optimally size the
SOFC stack to obtain the most cost effective performance of the
system, and to study the behavior of the proposed system. It is
assumed for the purposes of this work that in the future, the tech-
nology will become sufficiently mature that commercially available
SOFCs would be in the 10 MW range.

2. Model development

2.1. Schematic

The existing power plant (hereafter referred to as the stan-
dard plant) is based on the standard Brayton cycle using natural
gas to provide heat input. In this paper, natural gas is considered
to be mostly methane with other components providing negligi-
ble contribution. It utilizes a compression ratio of 10, followed
by combustion of natural gas (methane) to provide sufficient heat
to achieve a turbine inlet temperature of 1400 K. The products of
combustion are then expanded in the turbine back down to atmo-
spheric pressure. Methane is consumed at a rate of 40.0 kg min−1

in the combustion processes. The isentropic efficiencies (82.3% and
86.0% for the compressor and turbine, respectively) and combus-
tion efficiency (98.9%) are calculated from experimental data. At
the time the measurements were taken, the plant was operat-
Compression 1.1 (10.8%) 1.05 (5.1%)
Expansion 1.3 (12.7%) 1.25 (6.1%)
Heat exchange/mixing NA 4.11 (20.1%)
Total exergy destruction 13.5 (134.7%) 14.62 (71.1%)
Total plant power 10.0 20.56
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Fig. 1. Hybrid schematic using

esponsible for the large amounts of exergy destruction in such
lants.

Fig. 1 shows the proposed hybrid configuration that is aimed at
mproving the thermodynamic and economic performance of the
ower plant. In this configuration, the goal is to couple the SOFC
o the gas turbine power plant in a way that minimizes the disrup-
ion to normal operation. The fuel cell and the gas turbine operate
ith different fluid streams and thus would be characterized as

ndirect coupling. The outlet from the turbine is used to preheat
he fuel cell reactants, while the outlet from the fuel cell is used to
reheat the compressed gases entering the turbine. Preheating the
uel cell inlet gases results in a higher fuel cell operating tempera-
ure, and hence better performance. In addition, no external water
s supplied to the fuel cell. Instead, a fraction of the anode outlet
s recycled to provide steam for reformation of the methane. The
mount of fuel supplied to the turbine is selected so as to maintain
turbine inlet temperature of 1400 K, thus preheating the turbine

nlet gases reduces the amount of combustion required in the GT
ower plant. So this way, the SOFC and GT improve each others’
erformance.

Westinghouse tubular SOFC systems are considered in this
aper. Since the fuel cell does not operate at 100% fuel utilization,
n afterburner is still needed to combust excess fuel. The output
rom the afterburner is then used to preheat the air entering the
uel cell. This heat exchanger is equipped with a control mecha-

ism that regulates the flow rates such that the SOFC temperature

s maintained at 1373 K. In this work, the cell voltage is externally
ontrolled and maintained at 0.5 V, while the current depends on
he IV curve. The recycle fraction of the anode outlet is maintained
t 0.6. Thus the fuel utilization factor is not a fixed parameter of the
ct coupling with anode recycle.

SOFC, but can only be regulated by adjusting the fuel supply rate.
Ideally the flow rates should be set such that 75% fuel utilization is
observed.

2.2. Assumptions

Steady state full load conditions are studied in this paper. The
schematic shown in Fig. 1 applies for full load operating point
conditions. There are numerous practical contingencies that are
deliberately not shown to avoid complicating the figure. For exam-
ple, typically a stream from the air compressor is bled to the turbine
inlet stream as a control mechanism to prevent the turbine inlet
temperature from exceeding 1400 K. However, at the designed
operating conditions, this flow will be zero. This ideal design con-
dition is represented in Fig. 1. These contingencies are understood,
but not shown.

Full combustion is also assumed. Combustion efficiency is taken
to mean that 100% oxidation of the fuel occurs, however, some
of the heat of combustion is “lost” to the environment. It is also
assumed for convenience that all the heat losses in the plant take
place in the combustion device. All other components are consid-
ered to be insulated from the environment.

Direct internal reforming SOFCs are considered in this paper,
however, the thermodynamic analysis would still apply if an exter-
nal reformer was used since the thermodynamic analysis of the fuel

cell presented in this paper applies to the entire fuel cell system. The
only factor that would be affected is the additional capital cost. It is
also assumed that complete reformation of methane takes place in
the reforming section of the SOFC, and that only hydrogen, carbon
dioxide and water vapor exist in the anode section of the SOFC.
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.3. Equations

In this work, a lumped approach is used to analyze each compo-
ent of the plant. Mass and energy balances are considered across
ach component, the first and second laws of thermodynamics are
pplied to determine outlet states and exergy destruction:

−W =�H (1)

he total exergy (physical + chemical) for each component i is given
y Eq. (2), where e0 is the standard chemical exergy for each sub-
tance [28]:

i = (hi − hi,0) − T0(si − si,0) + e0
i + RT0ln(xi) (2)

The first law thermodynamic efficiency is defined as the ratio
f net electrical power output to total heat input. The second law
hermodynamic efficiency is defined as the ratio of net power out-
ut to the total exergy input. The enthalpy and entropy values of
ach gas species are determined from coefficients used in Ref. [29]:

I = Wnet

Qin
(3)

II = Wnet

Exin
(4)

.3.1. Combustor, mixer and heat exchangers
In the combustion chamber, no work is done and only the heat

osses to the environment need to be considered. The heat of reac-
ion is already incorporated in the outlet enthalpy values. The outlet
omposition is determined from a molar balance assuming com-
lete combustion of methane and hydrogen. Excess air is assumed
o ensure complete combustion:

H4 + 2O2 → CO2 + 2H2O (5)

H2 + O2 → 2H2O (6)

For known inlet conditions, the combustion outlet tempera-
ure is determined so as to ensure Eq. (1) is satisfied. An iterative
pproach based on the Newton–Raphson method, is used in this
ork to accomplish this goal:

(nih
T
i )
out

= −Qloss +
∑

(nih
T
i )
in

(7)

Mixing processes are treated in an identical manner, except that
he outlet composition is merely the algebraic sum of all inlet com-
ositions. The outlet temperature of mixing devices is determined

n the same manner as the combustion devices.
The heat exchangers also employ energy conservation since it

s assumed that no heat is lost to the environment. The difference
s that the hot and cold streams are not mixed, hence they main-
ain a given composition. There are two outlet streams, hence two
utlet temperatures need to be determined. The effectiveness-NTU
30] method is used to determine the actual temperature changes
o both the cold and hot fluid, based on the heat exchanger type,
ffective heat transfer coefficient and surface area. For a counter
ow type heat exchanger:

= 1 − exp[−NTU(1 + Cr)]
1 + Cr (8)

r = Cmin

Cmax
(9)

UA

TU =

Cmin
(10)

max = Cmin(Thotin − Tcoldin ) (11)

=�Hcold = −�Hhot = εQmax (12)
r Sources 195 (2010) 8134–8140 8137

2.3.2. Compressors and turbine
Practically, compressor and turbine maps are used to determine

the operating isentropic efficiencies given the temperature, pres-
sure and flow rates. However, in this particular work, determining
the operating conditions of the compressor and turbine is not of
interest, since it does not entail the design and selection of appro-
priate compressors and turbines. In the present power plant, the
compressors and turbine already exist. The present work is only
interested in retrofitting the existing plant to replace as much com-
bustion with fuel cell processes, so it is desired to maintain “normal”
operation of the compressor and turbine. As a result, the inlet con-
ditions to the turbine and compressor, as well as their respective
isentropic efficiencies are already known. The only minor differ-
ence is that a different amount of fuel will be handled in the hybrid
plant than in the standard plant. However, it is assumed that this
slight change in flow rate will not significantly affect the isentropic
efficiency of the turbine. So in this work, there is no need to deter-
mine the isentropic efficiencies since they are already known from
analysis of the standard power plant:

W = −�H (13)

�s =

⎧⎪⎨
⎪⎩
W

Ws
for turbine

Ws

W
for compressor

(14)

2.3.3. Solid oxide fuel cell
The SOFC produces DC power via electrochemical processes. The

methane is reformed inside the anode compartment, producing
hydrogen which is electrolyzed in the SOFC. The following refor-
mation, shift and half cell reactions take place at the respective
electrodes:

CH4 + H2O → CO + 3H2 (15)

CO + H2O → CO2 + H2 (16)

H2 + O2− → H2O + 2e− (17)

1/2O2 + 2e− → O2− (18)

The operating cell voltage is determined from subtracting all
overpotentials (activation, ohmic and concentration) from the stan-
dard Nernst potential at the given temperature and pressure:

E = −G0

2F
+ RT

2F
log

(
pH2

pH2O

√
pO2

patm

)
(19)

Vcell = E − (�activation + �ohmic + �concentration) (20)

i = i0
[

exp
(
˛
nF

RT
�act

)
− exp

(
−(1 − ˛)

nF

RT
�act

)]
(21)

i0,anode = �anode
pH2

pref

pH2O

pref
exp

(
−Eact,an

RT

)
(22)

i0,cathode = �cathode
(
pO2

pref

)1/4

exp
(

−Eact,ca
RT

)
(23)

�conc = RT

2F
log

(
1 − i

ilim

)
(24)

Constants for the ohmic and activation parameters are given
elsewhere [31]. The work or power output from the SOFC is the
product of total current and cell voltage. The SOFC produces DC
power which must be inverted to an AC output. An inverter effi-

ciency of 98% is assumed in this work.

Applying the first law of thermodynamics to the entire fuel cell
system, the following equation applies:

WSOFC = iVcellASOFC = −�HSOFC (25)
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fuel cell scales up, since the GT maintains an approximately con-
stant power output. The minimum energy cost of 4.65 ¢ kWh−1 is
observed when the SOFC power is 11.0 MW. With indirect cou-
pling, there is a limit to the size of the SOFC that can be coupled
138 D.F. Cheddie, R. Murray / Journal o

The fuel cell operating temperature in a lumped parameter
odel is typically taken as the outlet temperature [7] since the

nlet gas streams are preheated inside the fuel. This is especially the
ase in injection tube SOFCs. The SOFC stack is typically designed in
uch a way as to minimize temperature gradients and hence ther-
al shock. Thus a fairly uniform spatial temperature distribution

s actually achieved in SOFC design. As a result, the outlet temper-
ture (assumed common for both anode and cathode) can be taken
s the operating cell temperature. Eq. (25) is used to determine the
nlet air temperature required to maintain the predetermined SOFC
emperature.

.3.4. Cost functions
The economic analysis of the plant entails the capital costs

ssociated with the SOFC and other related equipment, e.g., heat
xchangers, reformers, afterburners, inverters, etc. Presently the
ost of SOFC technology is prohibitive, however, the cost analysis
n this work is based on projected mass production costs when the
echnology matures [19]. These projected capital costs are shown
elow, respectively for the SOFC, inverter, pre-reformer, counter
ow heat exchangers, as well as gas turbine components. Capital
osts for other auxiliary equipment such as tubing, mixers, valves
re taken as 10% of the capital cost of the SOFC.

SOFC = ASOFC (2.96TSOFC − 1907) (26)

inverter = 105
(
WSOFC

500

)0.7
(27)

pre−reformer = 130
(
APR

0.093

)0.78

+ 3240(VPR)0.4 + 21280.5(VPR) (28)

HX = 130
(
AHX

0.093

)0.78

(29)

SOFC,aux = 0.1(CSOFC ) (30)

GT =WGT [1318.5 − 98.328ln(WGT )] (31)

comp = 91,562
(
Wcomp

445

)0.67

(32)

The thermo-economic model also includes the cost of natural
as (Cgas = USD $3.50 MBTU−1) and the cost of water supplied to the
uel cell. The cost analysis is based on a n = 10-year life cycle with a
= 9% rate of interest. The capital costs as well as annual costs are
sed to determine the life cycle break-even per-unit energy cost.
q. (33) is used to compute this break-even per-unit energy cost
USD $ kWh−1). Minimizing this energy cost is the design objective
n this work:

power = Ccapital + 540,168NCH4

56.26Pnet
(33)

The enthalpy and entropy equations for each species are pro-
rammed as user defined functions into MATLAB. The enthalpy

nd entropy values of each gas species are determined from coef-
cients used in Ref. [29]. Sub-routines for each component as
ell as cost functions are then written in MATLAB’s programming

anguage. These sub-routines iteratively determine the outlet con-
itions (temperature and composition) of each component given
he inlet conditions. When inlet conditions are unknown, the out-
et conditions are initially guessed and iteratively determined. All
ub-routines are combined into one plant algorithm which is used
o determine all state properties, and hence optimize the hybrid
ower plant.
Fig. 2. SOFC model validation.

3. Results and discussion

3.1. Model validation

The SOFC model is validated using experimental data published
in Refs. [21,31,32] (Fig. 2). Experimental data are based on 89% H2
and 11% H2O as the anode fuel, and operation at 1000 ◦C and 1 atm.
The model predictions for this hydrogen cell are within ±2.3% of
the experimental data. The model is then used to predict the SOFC
performance for the internally reforming SOFC using methane, also
shown in Fig. 2. It predicts that the performance of the cell is
diminished because of the lower partial pressure of hydrogen in
reformed methane. Unfortunately, data is not readily available for
SOFCs using methane or natural gas, thus the internal reformation
aspect of the SOFC cannot be validated at this time.

3.2. Power plant optimization

The optimization objective is to find the size of the SOFC that
minimizes the lifecycle per-unit energy cost. The efficiencies, total
power output and energy cost are plotted against the SOFC power
in Fig. 3. As expected, the plant power increases linearly as the
Fig. 3. Power, efficiency and energy cost vs. SOFC power (cell voltage = 0.5 V, anode
recycle = 0.6, oxygen/methane ratio = 4).
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o the GT, since the turbine outlet stream has a limited heating
apacity. If the SOFC is too large, the GT outlet will not be able
o properly preheat the SOFC inlet gases. Nevertheless, the plant
ecomes less economically feasible as the SOFC increases above
1 MW. The plant efficiency peaks at 50.2% at 13 MW SOFC power,
owever, for an SOFC power of 11 MW, the efficiency is only slightly

ower at 49.9%. There is also a lower limit to the size of the SOFC
n this configuration. Since the anode outlet (at 1373 K) is recycled,
he introduction of this hot stream to the inlet helps to maintain a
igh SOFC temperature. For small fuel cell stacks (<7 MW), there

s the tendency for overheating. This problem can be solved by
ncreasing the air flow rate, however, the performance is found
o decrease as the air to fuel ratio increases. Another solution is
o remove the heat exchangers at the fuel cell inlet. However, this
ffectively defeats the purpose of coupling the two power systems.
hus, a small scale SOFC will not achieve the optimum hybrid per-
ormance when coupled to a gas turbine in this configuration. An
1 MW SOFC is considered optimal. In this case, the hybrid plant
roduces 20.6 MW of power.

It should be noted that this peak efficiency is well below the
0–70% typically reported for SOFC–GT hybrids. This is because
he efficiencies are higher when direct coupling is utilized. With
irect coupling, the SOFC and GT use the same working fluid, and
s a result the SOFC successfully replaces most of the combus-
ion processes. However, as discussed earlier, direct coupling is not
ractical for GT power plants already in existence. For such cases

ndirect coupling is needed, but since only a small amount of com-
ustion is eliminated, the plant efficiencies do not approach that
f directly coupled hybrids. Nevertheless, 49.9% efficiency is still
onsiderably high that the 30% efficiency of the standard plant.

Table 1 shows the exergy breakdown of the plant using this
ptimally sized SOFC. The exergy destruction associated with com-
ustion processes amounts to 20.7% of the net power produced,
ompared with 111.2% for the standard power plant. However,
he SOFC accounts for 19.2%, and the heat exchange and mixing
ntroduced by the coupling accounts for 20.0%. The total exergy
estruction is 71.1% of the total plant power, compared with 134.7%
or the standard plant. For the hybrid plant, the exergy destruction
s distributed among the various components, unlike the standard
lant where the combustion device dominates the exergy destruc-
ion. These results show that the indirect coupling of the SOFC
ignificantly improves the second law performance of the power
lant. The result is that the second law thermal efficiency increases
rom 28.9% for the standard plant to 48.0% for the hybrid.

Table 2 shows a breakdown of the projected capital and oper-
ting costs of the optimized hybrid power plant. The existing GT
omponents (turbine, compressors and combustor) incur a capi-
al cost of $8.28 M. The cost of the SOFC system is considerably
igher at $16.19 M, while the heat exchangers add a relatively small
ost of $1.60 M. Operating costs include the annual cost of natu-
al gas, estimated at $4.32 M. Maintenance costs are included in

he capital cost of each component. The break-even energy cost
s 4.65 ¢ kWh−1, which is considerably less than the 5.46 ¢ kWh−1

nergy cost associated with the standard plant, indicating that the
ybrid plant produces power in a more cost effective manner than
he standard plant.

able 2
ost breakdown for the optimized hybrid plant.

System Cost (USD $M) Type

Gas turbine power plant 8.28 Capital
SOFC 16.19 Capital
Heat exchange 1.60 Capital
Gas cost 4.32 Annual

Break-even electricity cost 4.65
Fig. 4. Efficiency and energy cost vs. air/fuel ratio (cell voltage = 0.5 V, anode recy-
cle = 0.6).

3.3. Sensitivity analysis

It is of interest to perform a sensitivity analysis on the system
to determine the factors that most significantly affect the perfor-
mance. These factors include the air/fuel ratio, the fraction of anode
recycling and the fuel cell voltage. It is known that SOFC perfor-
mance improves as the temperature increases, thus it is best to
operate the SOFC at the highest permissible temperature adher-
ing to material thermal constraints. That value is taken as 1373 K.
Simulation has also shown that the most optimum performance
occurs when the cell voltage is 0.5 V, the anode recycle fraction is
0.6, and the oxygen/methane molar ratio is 4. Thus these values
will be taken as the basis for which the following comparisons are
made. Each of these parameters is now varied from their base value
to observe the effect on the hybrid plant performance.

Fig. 4 shows the effect of varying the air/fuel ratio in the fuel
cell. The energy cost reaches a minimum of 4.63 ¢ kWh−1 for an oxy-
gen/methane ratio of 3.5. The efficiency on the other hand increases
as the oxygen/methane ratio decreases, increasing to over 51% for
low air flow rates. Stoichiometrically, the oxygen/methane ratio
cannot be lower than 2, however, for oxygen/methane ratios less
than 4, the air flow rate is not sufficiently high to regulate the
fuel cell temperature. As a result the fuel cell tends to overheat. At
higher air flow rates, the decreased performance can be attributed
to a higher amount of energy being required to preheat the air
entering the SOFC. It is concluded that an oxygen/methane ratio
of 4 is ideal. This is also practical in that it ensures sufficient air
for proper oxidation of the fuel in both the SOFC and the after-
burner.

Fig. 5 shows the effect of varying the fuel cell voltage. It shows
that the most optimum performance occurs close to 0.5 V. The
energy cost reaches a minimum at approximately 0.47 V while the
efficiency peaks at 0.52 V. As the cell voltage increases, although the
fuel cell exergy destruction is less, the plant performance decreases
mainly because of reduced heat generation in the fuel cell, which
decreases the synergistic effect of the hybrid power plant. At lower
cell voltages, there is the risk of approaching the limiting current.
The plant performance is optimum when the cell is operated at
0.5 V.

Fig. 6 shows the effect of varying the anode recycle fraction.
It can be shown theoretically, that for 75% fuel utilization in the

SOFC, this anode recycle fraction cannot be lower than 0.58 other-
wise there will not be sufficient steam for reformation. Fig. 6 shows
that the performance of the hybrid plant improves steadily as the
anode recycle fraction decreases. For recycle fractions above 0.75,
the SOFC tends to overheat so those results are not shown. These
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Fig. 5. Efficiency and energy cost vs. SOFC voltage (anode recycle = 0.6, oxy-
gen/methane ratio = 4).
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ig. 6. Efficiency and energy cost vs. anode recycle fraction (cell voltage = 0.5 V,
xygen/methane ratio = 4).

esults show that it is ideal to use the lowest permissible fraction
f recycling. In this work that value is taken as 0.6.

. Conclusions
A thermo-economic model was developed and used to optimize
n indirectly coupled SOFC–GT hybrid power plant. Indirect cou-
ling was utilized because it offers the most practical coupling of
OFCs to existing GT power plants. Results show that the overall

[

[
[

er Sources 195 (2010) 8134–8140

thermal efficiency can be increased from 30% to 48.0% while the
cost of producing power can be reduced from 5.46 to 4.65 ¢ kWh−1

as a result of the coupling. The most optimum performance was
observed when a 11 MW SOFC was used for a total power output of
20.6 MW. Sensitivity analyses also show that for indirectly coupled
SOFC–GT hybrid applications, it is preferable to operate the SOFC
at a cell voltage of 0.5 V, to utilize low air flow rates (100% excess
oxygen), and 60% anode recycling.
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