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h i g h l i g h t s

� An exergetic analysis is used to identify the thermodynamic irreversibilities of a power plant.
� The plant includes a solid-oxide fuel-cell unit and CO2 capture.
� Additional power generated in the fuel-cell unit enhances the power output of the plant.
� The power plant results in a high efficiency compared both to conventional and other CO2 capture plants.
� High irreversibilities are found for the solid-oxide fuel cell.
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a b s t r a c t

The incorporation of fuel cells into power plants can enhance the operational efficiency and facilitate the
separation and capture of emissions. In this paper a fuel-cell unit, consisting of solid-oxide fuel-cell
stacks, a pre-reformer, and an afterburner is incorporated into a combined-cycle power plant with CO2

capture. The thermodynamic performance of the plant is examined using an exergetic analysis and it
is compared with a conventional combined-cycle power plant (reference plant) without CO2 capture,
as well as with other plants with CO2 capture.

The inefficiencies of the chemical reactions taking place in the fuel-cell unit are found to be the main
source of exergy destruction among the plant components. However, the additional power generated in
the fuel-cell stacks and the afterburner enhances the overall efficiency and compensates for the energy
needed for the capture and compression of the carbon dioxide. When compared with the reference plant
and with alternative capture technologies, the solid-oxide fuel-cell plant with CO2 capture operates more
efficiently and appears to be a thermodynamically promising approach for carbon capture.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction Mitsubishi Heavy Industries (MHI) reported to have developed a
Solid-oxide fuel cells (SOFCs) are regarded as one of the most
promising technologies in the power-generation industry for their
high efficiency, high operating temperature, and low emissions that
allow various applications for heat and power generation [1,2].

Harvey and Richter [3] first proposed the combination of a Bray-
ton cycle with fuel cells, forming the basis of various studies eval-
uating different incorporation possibilities of SOFCs into gas
turbines systems (e.g., [4–6]). Siemens Energy reported to have
successfully demonstrated the concept with a 220 kW unit at the
University of California and a 300 kW unit in Pittsburgh. Moreover,
200 kW-class SOFC-GT hybrid system combining a tubular type
SOFC stack with an internally developed gas turbine. The system
was reported to operate successfully with a net electrical efficiency
of 52% [7].

The operation of a hybrid SOFC-GT system in partial load
conditions was investigated by Calise et al. [8]. In 2003, Onda
et al. studied the effcts of different parameters of an SOFC when
incorporated into a steam injected gas turbine (STIG) cycle and re-
ported a possible efficiency improvement of 1–3% [9]. In the same
year the integration of a humid air turbine (HAT) into an SOFC
system was simulated and studied [6,10]. Panopoulos et al. [11]
and El-Emam et al. [12] studied the operation of an SOFC in a
power plant with coal gasification and a combined heat and power
plant (CHP) with biomass gasification, respectively. Akkaya et al.
[13] investigated efficiency improvements of an SOFC/GT cogene-
ration system and Zink et al. [14] researched an SOFC absorption

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2013.09.034&domain=pdf
http://dx.doi.org/10.1016/j.apenergy.2013.09.034
mailto:f.petrakopoulou@chemeng.ntua.gr
http://dx.doi.org/10.1016/j.apenergy.2013.09.034
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy


Nomenclature

_E exergy rate (MW)
p pressure (bar)
T temperature (�C)
_W power input/output (MW)

y exergy destruction ratio (%)

Subscripts
D exergy destruction
F fuel (exergy)
gen power generation
P product (exergy)
in input
k component
L loss
tot overall system

Abbreviations
AFB afterburner
APH air preheater
C1-C5 compressors
COND condenser
COOL cooler
CT cooling tower

EC economizer
EV evaporator
FG flue gas
GEN generator
GT gas turbine
HP high pressure
HT high temperature
HRSG heat-recovery steam generator
IP intermediate pressure
LP low pressure
LT low temperature
NG natural gas
P pump
PH preheater
PR pre-reformer
SH superheater
SOFC solid-oxide fuel-cell
ST steam turbine

Greek letter
e exergetic efficiency
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heating and cooling system, finding both technical and environ-
mental advantages of such a coupling. Gadalla and Al Aid [15] re-
ported an efficiency improvement of 5% when combining an
SOFC with a PEMFC (polymer electrolyte membrane fuel cell) in
a GT system. A trigeneration plant combining an SOFC with an or-
ganic Rankine cycle (ORC) was studied by Al-Sulaiman et al. [16]
showing relatively promising results. Lastly, Rajashekara [17] stud-
ied the operation of various hybrid plants with fuel cells, including
the coupling of an SOFC with a thermo-photovoltaic power gener-
ation unit.

Although various studies on SOFC applications and integration
exist, large-scale SOFCs are not yet commercially available and
the technology cannot be considered fully developed. Additionally,
fuel-cell technology is associated with high costs and various tech-
nical problems, such as fuel gas desulfurization, reforming and
short stack working life. Nevertheless, the relatively high efficien-
cies and the lower emissions achieved with fuel cells make them
attractive from an environmental viewpoint [18]. Overall, when
compared to other alternatives, combining hybrid GT/SOFC sys-
tems with CO2 capture is an option to achieve very low emissions
with relatively high efficiency [19].

Carbon capture and storage (CCS) is suggested as a means for
mitigating climate change linked to the combustion of fossil fuels
[20,21]. Thus, it is important to evaluate the feasibility of alterna-
tive CCS technologies [22–25]. CO2 capture can be separated into
three main groups: post-combustion, pre-combustion and oxy-fuel
combustion, depending on the oxidant used in the combustion,
and on whether the capture is realized before or after the
combustion.

In this paper, we present an oxy-fuel, large-scale combined-cy-
cle power plant, in which the combustion chamber is replaced by
an integrated pressurized SOFC unit [26–28]. The plant includes
CO2 separation and compression and its structure is based on a
conventional reference combined-cycle power plant without emis-
sion reduction [29–31]. The thermodynamic performance of the
CO2 capture plant is examined using an exergetic analysis, with
which irreversibilities within components and component
efficiencies are calculated. The operation of the plant is compared
to that of the conventional reference plant, as well as to other
CO2 capture technologies [32]. Finally, important strategies that
would improve the overall plant performance are discussed.

2. Methodology

2.1. Principles of an exergetic analysis

Exergy is the maximum theoretical work obtainable from a
thermal system, as the system is brought into thermodynamic
equilibrium with the environment, while interacting with this
environment only [33]. Neglecting nuclear, magnetic, electrical
and surface tension effects, the total exergy of a system, _Esys, con-
sists of four parts: physical, kinetic, potential and chemical exergy:

_Esys ¼ _EPH þ _EKN þ _EPT þ _ECH ð1Þ

Here, the kinetic and potential exergy are neglected because the
system is considered to be at rest, relative to the environment.
The specific physical exergy of a material stream is obtained from:

ePH ¼ ðh� h0Þ � T0ðs� s0Þ ð2Þ

where h0 and s0 are the specific enthalpy and entropy, respectively,
of the stream being considered at the reference state, and h and s
are the specific enthalpy and entropy at the given thermodynamic
state. The chemical exergy per mole of gas of a mixture of n gases
is calculated with Eq. (3), where eCH

i and xi are the standard molar
chemical exergy and the mole fraction of each substance i,
respectively.

eCH ¼
Xi¼n

i¼1

xieCH
i þ RT0

Xi¼n

i¼1

lnðxiÞ ð3Þ

The total exergy rate of stream j is calculated by multiplying its
total specific exergy, ej = ePH + eCH with its mass flow rate, _mj:

_Ej ¼ _mjej ð4Þ



Fig. 1. Schematic of a steam reformer.
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In an exergetic analysis of an energy conversion system, the
exergy of the fuel and exergy of the product must be defined at
the component level of the plant. To realize this, the principles pre-
sented by Tsatsaronis and Cziesla have been adopted [34]. The ra-
tio between the exergy of the product and fuel of a component
constitutes its exergetic efficiency:

ek ¼
_EP;k

_EF;k

ð5Þ

Thermodynamic processes are governed by mass and energy
conservation laws. Exergy is not conserved and it can be destroyed
due to inefficiencies. The exergy destruction _ED is mainly associ-
ated with chemical reactions, heat exchange, fluid friction, and
the mixing of streams at different states. The rate of exergy
destruction within component k is given by:

_ED;k ¼ _EF;k � _EP;k ð6Þ

The ratio of the exergy destruction within component k and the
exergy of the fuel provided to the overall plant, _EF;tot , constitutes
the component’s exergy destruction ratio:

yD;k ¼
_ED;k

_EF;tot

ð7Þ

The exergetic efficiency of the overall thermodynamic system is
calculated as:

etot ¼
_EP;tot

_EF;tot

¼ 1�
_ED;tot þ _EL;tot

_EF;tot

ð8Þ

Here, _EL;tot represents the exergy loss of the plant, i.e., the thermody-
namic inefficiencies associated with exergy streams exiting the sys-
tem, and _ED;tot is the exergy destruction within the overall plant.
3. The SOFC plant

The main assumptions applied to the simulation of the plant are
presented in Table 1, while a more detailed description of the oper-
ation of the components constituting the SOFC unit is provided be-
low. The software EbsilonProfessional was used for the simulation
of the thermodynamic system [35].

3.1. Assumptions for modeling the SOFC unit

The SOFC unit consists of a pre-reformer (PR), solid-oxide fuel-
cell stacks and an afterburner (AFB), which have been simulated
with the appropriate embedded chemical reactions, mass and en-
ergy balances and reaction conditions. The PR is used to convert
the methane into a gas rich in hydrogen, CO and CO2. In this
way, damage that would have been caused to the cell by soot for-
mation during the direct reforming of the methane is avoided. The
data used for the SOFC unit in the considered plant were based on
the study presented in [26].
Table 1
Simulation assumptions.

Fuel (CH4) 50.1 MJ/kg, 14 kg/s, 50 bar, 15 �C
Air 1.01 bar, 15 �C
SOFC operating conditions 1000 �C, 9.03 bar, 0.70 V
Afterburner (AFB) operating conditions 1000 �C, 8.57 bar, 0.30 V
Fuel utilization ratio, SOFC (%) 85
Fuel utilization ratio, AFB (%) 95
Steam/carbon ratio (�) 2
Air/fuel ratio (�) 24.13
Pressure losses in reactors (%) 5
Reformer-fuel-cell systems are still under investigation, but
natural gas steam reforming is a common process. A simplified
schematic of a steam reformer, where water vapor and methane
react under high temperature to produce H2 and CO, is shown in
Fig. 1. Fig. 2 presents the overall power plant simulated with the
incorporated SOFC and CO2 capture and compression units.

The external PR assumed here includes a strongly endothermic
reforming reaction and the slightly exothermic water gas shift
reaction (Eqs. 9 and 10). We assume that both reactions are adia-
batic and take place at chemical equilibrium.

CH4 þH2O() COþ 3H2 ð9Þ

COþH2O() CO2 þH2 ð10Þ

The necessary water for the reactions is provided by recycling part
of the gas exiting the anode of the SOFC to the inlet of the PR
(Stream 85, Fig. 2). The component used to compensate for the pres-
sure drop within the PR and SOFC is a hot gas fan driven with power
generated in an additional steam turbine (ST4) [36]. The recircula-
tion ratio is determined by the steam/carbon ratio, which was set
to 2. The temperature of Stream 60 (preheated methane) is calcu-
lated using the mass and energy balances of the PR.

The reforming of unconverted hydrocarbons, the shift reaction
and the electro-chemical reaction take place in the SOFC stacks
(Eqs. 9-11), assuming that only hydrogen reacts electrochemically
with the oxygen ions.

H2 þ O2� () H2Oþ 2e� ð11Þ

In order to maintain the energy balance of the SOFC stacks, the
net heat released by Reactions (9) and (10) must be equal to the
heat consumed to increase the temperature of the incoming
streams of the anode and cathode (Streams 83 and 93) to the oper-
ating temperature. With these assumptions, the temperature of the
incoming air (Stream 93) is calculated. The operating voltage, tem-
perature, pressure and fuel utilization in the stacks have been as-
sumed to be 0.70 V, 1000 �C, 9.03 bar and 85%, respectively.
Because the voltage (0.70 V) is rather low for power supply, we as-
sume several cells in stacks to increase the overall voltage of the
fuel cell.

To determine the power output of the fuel cells, the electric cur-
rent must be determined first. If the converted moles of hydrogen
are nH2 , the electrons and oxygen ions are 2nH2 (Reaction 11). The
electric current, ISOFC, and the power output, _Wshaft , are then calcu-
lated as:

ISOFC ¼ 2nH2 � F ð12Þ

_WSOFC ¼ ISOFC � V � 0:95 ð13Þ

where, F is the Faraday constant (F = 96,487 C/mol) and V is the
operating voltage [2]. The loss associated with the DC/AC conver-
sion has been assumed to be 5%.

The afterburner, AFB, was simulated as an SOFC-afterburner
leading to additional electricity production [27]. However, here,
the operating voltage is too low to achieve high fuel utilization



Fig. 2. The structure of the SOFC plant.

Table 2
Incoming and outgoing exergy streams.

_Ej (MW) (%)

Incoming exergy streams 852.6 100.00
_ENG 729.6 85.58
_EAir 0.5 0.06
_EWC1

101.1 11.86
_EWC6=Fan 4.9 0.57

_EWC2—C5
15.9 1.87

_EWPumps
0.5 0.06

Outgoing and product exergy streams
_EW ;SOFC 381.1 44.70
_EW ;AFB 27.6 3.24
_EWGT1;GT2;Brutto

190.4 22.33

_EWSTs;Brutto
42.2 4.95

_Eloss;water 0.1 0.01

_Eloss;exhaust 4.8 0.56

_ECO2
28.8 3.38

_ED;tot 177.6 20.83

Table 3
Definitions of the exergy of fuel and product for selected components of the SOFC
plant.

Plant components Exergy of the product, _EP Exergy of the fuel, _EF

C1 _E2 � _E1
_EWC1

SOFC _EW;SOFC þ _EPH
86 þ _EPH

82 � _EPH
83 � _EPH

93
_ECH

83 þ _ECH
93 � _ECH

86 � _ECH
82

PR _ECH
83 � _ECH

84 � _ECH
60

_EPH
84 þ _EPH

60 � _EPH
83

AFB _EW;AFB � _EPH
87 � _EPH

94 þ _EPH
4 þ _EPH

61
_ECH

87 þ _ECH
94 � _ECH

4 � _ECH
61

GT1 _EWGT1
_E4 � _E5

APH _E93 � _E91
_E5 � _E81

HPST _EWHPST
_E41 � _E42
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with a relatively small cell area [18]. The electrolyte of the SOFC
acts as a highly selective membrane for the transport of oxygen
ions from the cathode to the anode. Since 85% of the CH4 is con-
verted to H2 and CO in the SOFC stacks, only carbon monoxide
and hydrogen oxidation take place in the AFB. The fuel utilization
in the AFB for current SOFC technology using Ni-cermet anodes
is lower than 95% at 1000 �C, due to NiO formation. This results
in approximately complete fuel utilization: 99.25% (with 85% con-
verted in the fuel cell and 95% in the AFB: 0.85+(1-0.85)x0.95) [27].
Thus, the SOFC can act as an ‘‘afterburner’’ and approach complete
oxidization of the fuel without introducing nitrogen. This concept
has been proposed as a demonstration project funded mainly by
A/S Norske Shell [28].
The operating voltage, temperature and pressure of the AFB in
this work were set to 0.30 V, 1000 �C and 8.57 bar, respectively.
The assumed loss associated with the DC/AC conversion of the
AFB was also 5%.

The simulation of the power plant requires the incorporation of
the SOFC unit into a reference power plant (Fig. 2). The reference
power plant is a combined-cycle power plant and its thermody-
namic evaluation has been presented in [31]. The reference plant
does not include CO2 capture and is used for comparison of the
SOFC plant with conventional structures. To perform this compar-
ison under similar conditions and to also compare the SOFC plant
with other options for CO2 capture, all plants are provided with
the same amount of fuel and, whenever possible, their operational
conditions are kept constant [29].

3.2. Description of the power plant

As seen in Fig. 2, the natural gas entering the SOFC plant
(Stream 3) is preheated and fed into the PR, where it reacts with
steam (Stream 84, 56% v/v H2O) to produce H2 and CO. Air (Stream
1) is compressed to 9.5 bar and is split into two parts (Streams 91



Table A.1
Stream properties of the SOFC power plant.

Stream (j) mj (kg/s) Tj (�C) pj (bar) _EPH
j (MW) _ECH

j (MW) _Etot
j (MW)

1 337.81 15.00 1.01 0.00 0.53 0.53
2 337.81 303.85 9.50 93.71 0.53 94.24
3 14.00 15.00 50.00 8.15 721.47 729.62
4 282.26 1000.00 8.57 228.52 1.97 230.49
5 282.26 543.18 1.06 70.23 1.97 72.19
6 122.26 458.29 1.06 23.17 0.85 24.02
7 122.26 441.57 1.05 21.77 0.85 22.62
8 160.00 458.29 1.06 30.32 1.11 31.43
9 160.00 400.17 1.05 24.27 1.11 25.38
10 282.26 418.15 1.05 45.99 1.97 47.96
11 282.26 341.18 1.05 32.75 1.97 34.72
12 282.26 282.03 1.04 23.61 1.97 25.58
13 282.26 279.09 1.04 23.19 1.97 25.16
14 282.26 232.62 1.04 16.84 1.97 18.81
15 282.26 224.25 1.04 15.78 1.97 17.74
16 282.26 220.59 1.04 15.32 1.97 17.28
17 282.26 156.37 1.03 8.13 1.97 10.10
18 282.26 90.90 1.03 2.83 1.97 4.80
19 43.91 32.89 3.73 0.11 0.11 0.22
20 43.91 136.37 3.62 3.73 0.11 3.84
21 44.23 140.01 3.62 3.97 0.11 4.08
22 35.45 140.01 3.62 3.18 0.09 3.27
23 7.38 140.01 3.62 0.66 0.02 0.68
24 7.38 140.38 25.13 0.68 0.02 0.70
25 7.38 216.62 24.38 1.58 0.02 1.59
26 7.38 222.62 24.38 7.37 0.02 7.38
27 7.38 262.03 23.16 7.71 0.02 7.73
28 35.45 258.95 23.16 36.89 0.09 36.98
29 5.38 438.29 22.00 6.76 0.01 6.77
30 5.38 224.35 4.10 4.41 0.01 4.43
31 8.47 204.25 4.10 6.79 0.02 6.81
32 8.47 146.37 4.32 6.46 0.02 6.49
33 0.32 146.37 4.32 0.24 0.00 0.24
34 8.78 140.01 3.62 0.79 0.02 0.81
35 8.78 140.02 4.32 0.79 0.02 0.81
36 8.78 146.37 4.32 6.71 0.02 6.73
37 28.07 140.01 3.62 2.52 0.07 2.59
38 28.07 141.80 134.56 2.93 0.07 3.00
39 20.07 325.17 130.53 9.76 0.05 9.81
40 20.07 331.17 130.53 22.04 0.05 22.09
41 28.07 488.66 124.00 41.05 0.07 41.12
42 28.07 258.14 23.16 29.18 0.07 29.25
43 13.85 212.03 4.10 11.20 0.04 11.24
44 13.85 32.88 0.05 1.76 0.04 1.80
45 43.91 32.88 0.05 0.09 0.11 0.20
46 10044.15 15.00 1.01 0.00 15.63 15.63
47 217.72 15.00 1.01 0.00 0.54 0.54
48 143.49 21.00 1.01 0.04 0.36 0.40
49 10118.39 18.15 1.01 0.51 14.47 14.98
50 5.38 258.95 23.16 5.60 0.01 5.62
51 30.07 258.95 23.16 31.29 0.08 31.36
52 30.07 32.88 0.05 3.71 0.08 3.78
53 43.91 32.88 0.05 5.47 0.11 5.58
54 20.07 141.80 134.56 2.09 0.05 2.14
55 8.00 141.80 134.56 0.84 0.02 0.86
56 8.00 325.00 130.53 3.89 0.02 3.91
57 8.00 329.36 127.53 8.80 0.02 8.82
58 8.00 629.55 124.00 13.61 0.02 13.63
59 20.07 438.29 124.00 27.57 0.05 27.62
60 14.00 562.83 49.80 19.35 721.47 740.82
61 69.55 1000.00 8.57 90.15 18.95 109.10
62 69.55 656.26 1.09 46.04 18.95 64.98
63 35.55 656.26 1.09 23.53 9.69 33.22
64 35.55 518.00 1.08 18.14 9.69 27.82
65 35.55 348.55 1.08 12.55 9.69 22.24
66 35.55 213.65 1.07 9.15 9.69 18.83
67 39.02 30.00 1.02 0.06 18.87 18.93
68 30.53 30.00 1.02 0.05 0.08 0.12
69 39.02 136.31 3.22 3.33 18.87 22.20
70 38.70 40.00 3.21 2.55 18.87 21.43
71 0.32 40.00 3.21 0.00 0.00 0.00
72 38.70 150.77 10.22 5.94 18.87 24.81
73 38.44 40.00 10.21 5.00 18.88 23.87
74 0.26 40.00 10.21 0.00 0.00 0.00

(continued on next page)
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Table A.1 (continued)

Stream (j) mj (kg/s) Tj (�C) pj (bar) _EPH
j (MW) _ECH

j (MW) _Etot
j (MW)

75 38.44 150.77 32.46 8.32 18.88 27.20
76 38.36 40.00 32.45 7.44 18.89 26.33
77 0.08 40.00 32.45 0.00 0.00 0.00
78 38.36 151.73 103.09 10.76 18.89 29.66
79 38.33 30.00 103.09 9.87 18.90 28.77
80 0.03 30.00 103.09 0.00 0.00 0.00
81 282.26 458.29 1.06 53.49 1.97 55.45
82 159.15 1000.00 9.03 130.38 3.21 133.59
83 105.86 674.00 9.50 104.04 959.63 1063.67
84 91.86 1027.47 10.00 129.47 208.03 337.50
85 91.86 1000.00 9.03 124.72 208.03 332.75
86 153.38 1000.00 9.03 208.26 347.36 555.61
87 61.52 1000.00 9.03 83.53 139.33 222.86
88 34.00 565.26 1.09 22.50 9.26 31.77
89 34.00 205.02 1.04 8.49 9.26 17.75
90 69.55 209.43 1.04 17.55 18.95 36.49
91 206.67 303.85 9.50 57.33 0.32 57.65
92 131.15 303.85 9.50 36.38 0.20 36.59
93 206.67 424.47 9.50 71.85 0.32 72.17
94 290.29 698.85 9.03 159.27 1.44 160.71
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and 92). Stream 91 is preheated in an air preheater (APH) by the
gas exiting the main expander of the plant (GT1) and is fed to
the cathode of the SOFC stacks (Stream 93). The oxygen contained
in this stream is transported from the cathode to the anode of the
cell through the electrolyte. Stream 92 is mixed with the oxygen-
depleted air (Stream 82) exiting the cathode of the SOFC stacks
and is fed to the cathode of the afterburner. The exhaust gas from
the anode of the SOFC stacks, which contains H2O, CO2, as well as
unused H2 and CO, is fed into the AFB. The anode and cathode gases
are kept separate in both the SOFC and the AFB.

The flue gas exiting the cathode of the AFB (Stream 4) is ex-
panded in GT1. The gas then passes through the APH, enters the
three-pressure-level heat-recovery steam generator (HRSG) and
is exhausted to the environment (Stream 18). In the HRSG, steam
is produced and expanded in the steam turbine (ST) of the plant.
Part of the generated steam is fed to an additional steam turbine
(ST4) that drives the hot gas fan (C6) and the CO2 compressors
(C2-C5).

The gas exiting the anode of the AFB (Stream 61) contains
mainly water vapor and CO2 and is expanded in the secondary
gas turbine of the plant (GT2). After the expansion, the CO2-rich
gas is separated into two parts: one part is used to preheat the
incoming fuel in a natural-gas preheater (NGPH) and the remain-
der is sent to the secondary HRSG of the plant (SH II, EV II, EC II).
The CO2 included in Stream 90 is isolated, while the included water
is condensed in the four-stage, intercooled compression unit (C2-
C5). Stream 79 contains approximately 99% CO2 ready for transport
and storage.
4. Results and discussion

The definitions of the exergetic efficiencies of selected plant
components are presented in Table 2. Some cases require the sep-
aration of exergy into physical and chemical parts. For dissipative
components, such as the particle filter, the absorber, and the inver-
ter, the exergy of the product cannot be defined [37]. In Table 3, the
exergy of incoming and outgoing/product streams is shown. The
thermodynamic data at the stream level can be found in the
Table A.1 of the paper.

The Grassmann diagram of the SOFC plant is shown in Fig. 3.
The plant produces a net amount of electricity of 482 MW with
an overall exergetic efficiency of 71%. Close to 60% of the total
power output is generated in the fuel-cell stacks, 30% in the
expanders of the plant (GT1 and GT2) and only 7% in the steam
turbine. The results of the exergetic analysis for selected compo-
nents and for the overall plant are shown in Table 4.

In general, the calculated exergetic efficiencies of the compo-
nents of the SOFC plant are within expected value ranges [33]. High
absolute values of exergy destruction are calculated for the SOFC
stacks, the AFB, the PR, GT1, and C1. Although the PR, the SOFC
and the AFB operate with relatively high exergetic efficiencies, they
are responsible for approximately 54% of the overall exergy
destruction, due to the high inefficiencies linked to the chemical
reactions taking place there. Although specific measures can be ta-
ken to improve the efficiency of exothermic chemical reactors,
such as preheating the incoming streams, it has been shown that
most of the exergy destruction within such components is
unavoidable [31,38,39]. It should also be mentioned that the effi-
ciency of an SOFC is limited by its scale. One measure to achieve
better performance of the examined SOFC unit would be to im-
prove its voltage characteristics in order to decrease the exergy
destruction of the electrochemical reaction. Other measures to im-
prove the cost effectiveness of the considered plant could include
the elimination of the steam turbine, because the power generated
there is relatively low. This would also decrease the overall invest-
ment cost of the plant.

4.1. Comparison of the SOFC plant with the reference plant and
alternative CO2 capture plants

When comparing the individual results of common plant com-
ponents of the SOFC and reference plants, we see that the efficien-
cies are comparable. However, we note a relatively large difference
in the exergy of the fuel and product for the majority of the com-
ponents. Specifically, large differences are found for the GT and
ST systems of plants, which in the SOFC plant operate with signif-
icantly smaller mass flow rates. Although smaller mass flow rates
result in the use of smaller components, they also result in a de-
crease of the available thermal energy in the flue gases and, thus,
reduce the production of steam in the Rankine cycle of the SOFC
plant.

Nevertheless, when looking at the overall plants, the results fa-
vor the SOFC plant. Although the reference plant receives the same
amount of fuel as the SOFC plant, it produces 412 MW with an
exergetic efficiency of 56.1%. Thus, compared to the SOFC plant,
the reference plant performs with a substantially lower efficiency
that results in a significantly lower power output. Although
electricity is required to compress the separated CO2 in the SOFC
plant, the overall power generation of the plant, which consists of



Fig. 3. Grassmann diagram of the SOFC plant.
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the power generated in the gas turbines, the steam turbines, the
SOFC and the AFB, significantly surpasses that of the reference
plant.

Other CO2 capture alternatives incorporated into the reference
plant and simulated under similar conditions are presented in
[40,41]. The most efficient technologies among the alternatives
examined in ref. [29] were two oxy-fuel power plants. The first
one included chemical looping combustion (CLC plant) and the sec-
ond one a mixed conducting membrane reactor (AZEP concept).
When comparing the SOFC plant with these plants, we again find
significant differences in component sizes. Since the component
sizes of the AZEP and CLC plants agreed in general with those of
the reference plant, the plants included streams of similar mass
flow rates [29]. Nevertheless, since the amount of the fuel and,
thus, the amount of the generated CO2 emissions is the same in
all considered power plants, the results of the CO2 compression
unit is similar in all concepts including CO2 capture.

The essential difference between the SOFC plant and the other
capture alternatives lies in the resulting efficiency. While the AZEP
and CLC plants operate with a lower efficiency than the reference
plant, the SOFC plant has a higher efficiency because of the electric-
ity produced in its SOFC and AFB. In this way, the SOFC plant is found
to be thermodynamically superior when compared with the other
alternatives. It should be mentioned, however, that the expected
cost of electricity (COE) generated from the SOFC plant would likely
be significantly higher than the COE from the other concepts.



Table 4
Results for selected plant components of the SOFC plant.

Component k _EF;k (MW) _EP;k (MW) _ED;k (MW) yD,k (%) ek (%)

C1 101.1 93.7 7.42 4.18 92.7
GT1 158.3 149.2 9.08 5.11 94.3
PR 44.8 30.1 14.64 8.24 67.3
SOFC 609.4 543.9 65.51 36.89 89.3
AFB 119.9 103.5 16.39 9.23 86.3
GT2 44.1 41.2 2.90 1.64 93.4
HPST 11.9 11.0 0.85 0.48 92.8
IPST 2.3 2.2 0.15 0.09 93.6
LPST 9.4 8.2 1.28 0.72 86.4
ST4 27.6 20.8 6.74 3.79 75.6
APH 16.7 14.5 2.22 1.25 86.7
NGPH 14.0 11.2 2.82 1.59 79.9
RH 1.4 1.2 0.24 0.14 82.6
HPSH 6.1 5.5 0.53 0.30 91.3
HPEV 13.2 12.3 0.96 0.54 92.7
HPEC 9.1 7.7 1.47 0.83 83.9
IPSH 0.4 0.3 0.08 0.05 80.6
IPEV 6.3 5.8 0.56 0.31 91.2
IPEC 1.1 0.9 0.17 0.10 84.0
LPSH 0.5 0.3 0.13 0.07 71.6
LPEV 7.2 5.9 1.27 0.71 82.3
LPEC 5.3 3.6 1.68 0.95 68.3
SH II 5.4 4.8 0.58 0.33 89.2
EV II 5.6 4.9 0.67 0.38 88.0
EC II 3.4 3.1 0.35 0.20 89.6
C2 3.9 3.3 0.62 0.35 84.1
C3 4.0 3.4 0.65 0.37 83.8
C4 4.0 3.3 0.65 0.37 83.6
C5 4.0 3.3 0.68 0.38 83.0
C6/Fan 4.9 4.7 0.19 0.10 96.2

Total 730.2 518.9 177.58 100.00 71.1
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In general, CO2 capture is energy intensive and the main disad-
vantage of most technologies is that they significantly decrease the
operational efficiencies of the plants. The oxy-fuel plants discussed
here are relatively efficient because they perform the oxygen sep-
aration without the use of an air separation unit, which consumes
significant amounts of energy. However, they are still associated
with significant efficiency penalties when compared to business
as usual scenarios. SOFC plants can overcome this problem by gen-
erating additional power that makes up for the energy needs of the
CO2 compression unit. Nevertheless, to achieve further progression
for large-scale SOFC plants, the implementation challenges of SOFC
units must be resolved, while the economic and environmental
performance of SOFC plants must be considered as well.

5. Conclusions

In this paper, an exergetic analysis was used to evaluate a com-
bined-cycle power plant including a solid-oxide fuel cell and CO2

capture and compression. The plant was simulated using data from
a conventional reference plant without CO2 capture and was com-
pared both with the reference plant and with other plants with
alternative capture technologies.

The fuel-cell stacks, afterburner and expanders cause most of
the exergy destruction within the solid-oxide fuel cell plant.
Although inefficiencies related to chemical reactions are mostly
unavoidable, improvements could be achieved by eliminating
sub-processes that increase the exergy destruction or the exergy
loss, and burden the capital investment of the structure. The over-
all exergetic efficiency of the fuel-cell plant (71.1%) was found to
be significantly higher than that of the reference plant (56.5%),
due to the additional power produced in the fuel-cell stacks and
afterburner of the plant. In addition, the thermodynamic efficiency
of the examined power plant seems promising, especially when
compared to other alternatives for CO2 capture.
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