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a b s t r a c t

A highly efficient integrated energy conversion system is built based on a methane catalytic decomposi-
tion reactor (MCDR) together with a direct carbon fuel cell (DCFC) and an internal reforming solid oxide
fuel cell (IRSOFC). In the MCDR, methane is decomposed to pure carbon and hydrogen. Carbon is used
as the fuel of DCFC to generate power and produce pure carbon dioxide. The hydrogen and unconverted
methane are used as the fuel in the IRSOFC. A gas turbine cycle is also used to produce more power output
eywords:
ethane catalytic decomposition
irect carbon fuel cell
olid oxide fuel cell
as turbine

from the thermal energy generated in the IRSOFC. The output performance and efficiency of both the DCFC
and IRSOFC are investigated and compared by development of exact models of them. It is found that this
system has a unique loading flexibility due to the good high-loading property of DCFC and the good low
loading property of IRSOFC. The effects of temperature, pressure, current densities, and methane con-
version on the performance of the fuel cells and the system are discussed. The CO2 emission reduction is

e red
arbon dioxide
odeling

effective, up to 80%, can b

. Introduction

Fuel cells are electrochemical devices that convert the chemical
nergy of a fuel directly into electrical power. They are attractive
ecause of their high efficiencies, flexibility in size, quiet operation
nd low emissions [1,2].

Solid oxide fuel cells (SOFCs) are high temperature devices
873–1273 K) that have emerged as promising candidates for use
n large-scale electricity generation and combined power-heat sys-
ems [3–7]. Methane is considered as one of the most suitable fuels
or the SOFC power system, however, it has to be converted to
ydrogen in an external or internal reformer using one of the fol-

owing techniques: steam reforming (SR), partial oxidation (POX),
r autothermal reforming (ATR) [8–11]. These reforming tech-
iques suffer from deactivation of the catalysts due to coking.

Methane catalytic decomposition (MCD) is a simple process for

he simultaneous production of COx-free hydrogen and pure carbon
ith attractive nano-structural features [12–19]. The heat require-
ent for per mole hydrogen production is only 37.8 kJ compared

o 63.0 kJ for SR process. The hydrogen-rich product can be used

∗ Corresponding author. Tel.: +86 22 27405613; fax: +86 22 27405243.
E-mail address: ydli@tju.edu.cn (Y. Li).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.04.047
uced with the proposed system.
© 2010 Elsevier B.V. All rights reserved.

directly to power a proton exchange membrane fuel cell because
the unconverted methane is benign to the noble metal electrocata-
lyst [20]. If this gas stream is fed to a SOFC with an internal reformer,
the overall efficiency can be further improved because of a decrease
of the load for the circulation system and the high temperature
nature of the SOFC. In addition, deactivation of the internal reform-
ing solid oxide fuel cell (IRSOFC) anode due to coking is avoided
because of the high hydrogen to methane ratio of the stream [21].
The carbon produced in this device can be captured directly into a
molten carbonate salt stream [22] and then fed to a direct carbon
fuel cell (DCFC).

A DCFC converts the chemical energy in the solid carbon directly
into electrical energy [23–30]. The overall cell reaction is the same
as that of carbon combustion. It is a thermodynamically favor-
able process with theoretical thermal efficiency approaching 100%,
which is much higher than the other types of fuel cells. This is due
to the almost zero entropy change of the reaction. DCFC produces
much lower emissions than a conversional coal-burning power
plant along with its much higher fuel utilization [23,31]. Further-
more the effluent is pure CO2.
Steinberg developed a high efficiency energy conversion cycle
by integrating a DCFC with a hydrogen plasma black reactor
(HPBR) [22]. Fossil and biomass fuels are converted to electric-
ity, hydrogen and liquid transportation fuels (gasoline and diesel).
He suggested that this scheme is competitive with conventional

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ydli@tju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.04.047
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Nomenclature

A a kinetic parameter related with ohmic resistance
(� m2 Pa0.67)

a1 regression parameter
a2 regression parameter
ai regression parameter
B a kinetic parameter related with ohmic resistance

(K)
bi regression parameter
C a constant related with ohmic resistance of the con-

tacts (� m2)
CCO2 bulk concentration of CO2 (mol m−3)
D a kinetic parameter related with the electrolyte con-

tent of the matrix (� m2)
Ea apparent activation energy of the electrolyte con-

ductivity (J mol−1)
F Faraday’s constant (96,487 C mol−1)
f a kinetic parameter related with ohmic resistance

(K)
G Gibbs free energy (J)
Go Gibbs free energy at the standard state (J)
H enthalpy (J)
Ho enthalpy at the standard state (J)
h mole enthalpy (J mol−1)
i current (mA)
j current density (mA cm−2)
jo exchange current density (mA cm−2)
joo concentration-independent exchange current den-

sity (mA cm−2)
jlim limiting current density (mA cm−2)
KCO2 mass transport coefficient (m s−1)
KMCD thermodynamic equilibrium constant of methane

catalytic decomposition reaction
ni mole flow rate of species i (mol s−1)
P power (W)
pi partial pressure of species i in gas phase (atm)
pref reference pressure (atm)
ri resistance of component i (�)
R gas constant (8.314 J mol K−1)
T temperature (K)
V voltage (V)
Vo reversible voltage at standard pressure and the

operating temperature (V)
Va,an anode activation polarization loss (V)
Va,cat cathode activation polarization loss (V)
Vc,an anode concentration polarization loss (V)
Vc,cat cathode concentration polarization loss (V)
Voc open circuit voltage (V)
Vohm ohmic polarization (V)
z numbers of charge transfer

Greek letters
˛ apparent charge transfer-coefficient (˛ = 0.5)
�an a kinetic parameter related with anode exchange

current density (A cm−2)
�cat a kinetic parameter related with cathode exchange

current density (A cm−2)
�AC air compressor efficiency
�i resistivity of component i (� cm)
ϕCH4 methane conversion (mol%)
ıi component thickness (m)

Superscript
o standard state

Subscripts
a activation
an anode
c concentration
cat cathode

lim limit
ohm ohmic

integrated combined cycle (IGCC) plants for electricity genera-
tion and hydrogen production. Muradov and Veziroğlu proposed
a fossil-based “hydrogen-carbon” infrastructure [32] in which the
hydrogen stream is fed to a proton exchange membrane fuel cell
(PEMFC) and the carbon product is used for several purposes
including power generation with a DCFC. A highly efficient power
generation process using natural gas and an integrated MCD reactor
(MCDR)–DCFC–PEMFC was proposed by Li et al. [33].

In this paper, an energy conversion system integrating
MCDR–DCFC–IRSOFC is proposed and validated. One of the major
objectives is to design a hydrocarbon-fueled power system with
a high efficiency and a low CO2 emission. In part one, the basic
flow sheet is defined and the mathematical models describing the
MCDR, DCFC, and IRSOFC are developed. Another purpose of this
work is to explore an approach for the analysis of a dual fuel cell or
a multiple fuel cell system.

2. System layout

The flow sheet of the proposed system, with numbered streams,
is presented in Fig. 1. The major components include a MCDR, a
IRSOFC, a DCFC with molten carbonate electrolyte, a catalytic after-
burner (AB), a air compressor (AC), a heat recovery steam generator
(HRSG), two gas turbines (one gas turbine (GT) is used to drive the
air compressor, and the other one (PT) is used to generate power), a
carbon dioxide-air mixer (M1), a steam-gaseous fuel mixer (M2), a
methane-DCFC exhaust heat exchanger (HX1), an air-DCFC exhaust
heat exchanger (HX2), a gaseous fuel-AB exhaust heat exchanger
(HX3), and a pump (P). The invertors are not shown in this figure.

In this system, methane is preheated in HX1 with the DCFC
exhausts, which are also used to preheat the DCFC inlet air in HX2.
The preheated CH4 fuel is fed into the MCDR and decomposed to H2
and carbon. The carbon materials are absorbed and transported by a
molten carbonate stream into the DCFC anode, and consumed elec-
trochemically there to release electrons and produce CO2. A fraction
of CO2 (66.7 mol%) is sent to the DCFC cathode to regenerate the car-
bonate after mixing with air (CO2/O2 ratio 2:1) in M1. The rest CO2
(33.3 mol%) is used to preheat air and CH4. The gaseous products
containing H2 generated in the MCDR and unconverted CH4 are fed
into the IRSOFC anode after mixing with steam in M2. As shown in
Fig. 2, the internal reforming reaction occurs in the IRSOFC anode
compartment. Methane is converted into H2. Air is compressed in
the AC and preheated in the HX3 and fed into the IRSOFC cathode.
The SOFC cell reaction is exothermic, and the heat generated is par-
tially used to drive the internal reforming reaction. The O2 depleted
air and the unreacted gaseous fuel are burned in the AB. The exhaust
emitted from the AB can be further utilized to offer shaft work for

the air compressor in the GT and generate power in the PT. Finally,
this stream is used to preheat the air entering the IRSOFC cathode
and generate steam in the HRSG, respectively. It is assumed that
there is no heat transfer with the surroundings in above processes.
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Fig. 1. A schematic diag

. Methane catalytic decomposition reactor model

The CH4 decomposition reaction is a moderately endothermic
eaction that proceeds as follows:

H4 → C + 2H2 �Ho = 75.6 kJ mol−1 (1)

The composition of the gaseous stream and CH4 conversion can
e determined using the definitions of the equilibrium constant
MCD:

MCD =
p2

H2

pCH4

(2)
ethane conversion : ϕCH4 = nH2,out,MCDR

2nCH4,in,MCDR
(3)

Due to a very strong C–H bond (440 kJ mol−1 at standard state),
H4 is one of the most stable organic molecules. Thermal decom-

Fig. 2. A schematic diagram of the IRSOFC.
f the proposed system.

position of methane requires a temperature higher than 1273 K
[13,32]. A number of transition metal and carbon catalysts have
been investigated to reduce the working temperature for CH4
decomposition [12–19,34,35]. In this work, a carbon catalyst is
selected for several reasons. (I) The product carbon has high elec-
trochemical activity. The material produced using carbon catalyst
contains mainly carbon filaments and turbostatic carbon. It has
been reported that turbostatic carbon has very good electrochemi-
cal activity as a fuel for DCFC [23]. Filamentous carbon is also highly
active [23,24]. (II) No further purification step is needed when using
this fuel [10–17]. (III) The work temperature for the carbon catalysts
matches that of the fuel cells used in this work. The MCDR based on
carbon catalysts are often operated at 1073–1273 K. The IRSOFC and
DCFC are often operated at 1073–1273 K, and 873–1073 K, respec-
tively. (IV) Finally there are economical reasons for using carbon.
The cost for carbon catalysts is substantially lower than that for
metal catalysts [14,17,21,36].

In order to achieve continuous H2 and carbon production, a flu-
idized bed reactor (FBR) is chosen for the MCD reaction [37–40].
Fig. 3 illustrates the FBR for the MCD process. Preheated dry CH4
is decomposed over the carbon catalyst. The heat required, QM, is
supplied directly by the afterburner.

4. Direct carbon fuel cell model

A DCFC model was developed in order to predict the polariza-
tions, operating voltage, power output, and exhaust temperature.
This new model is an improvement of the models we used in the
past [41]. DCFCs under development are of three types based on

the electrolytes used: solid oxide, molten sodium hydroxide, and
molten carbonate [23–29]. Fig. 4 presents a DCFC based on a molten
carbonate electrolyte. The overall cell reaction for the DCFC is:

C + O2 → CO2 �Ho = −393.5 kJ mol−1 (4)
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Table 1
Operating parameters.

Parameters Values

MCDR
Operating temperature (K) 1073–1273
Methane inlet molar flow rate (mol s−1) 1.0

DCFC
Operating temperature (K) 873–1073
Operating pressure (atm) 1.0
Fuel utilization (%) 100
Air utilization (%) 50
CO2 utilization in the cathode (%) 100
Anode materials Ni
Anode thickness (m) 0.5 × 10−3

Cathode LixNi1−xO
Cathode thickness (m) 0.5 × 10−3

Electrolyte (mol%) 62Li2CO3/38K2CO3

Matrix materials �-LiAlO2

Matrix thickness (m) 0.5 × 10−3

IRSOFC
Operating temperature (K) 1073–1273
Operating pressure (atm) 1.0
Fuel utilization (%) 80.00
Air utilization (%) 30.00
Steam to carbon ratio 2.2:1.0
Limiting current density (mA cm−2) 900
Anode Nickel/yttria-stabilized zirconia
Cathode LSM composite electrolyte
Electrolyte Yttria-stabilized zirconia
Eact,an (×103 J mol−1) 120
Eact,cat (×103 J mol−1) 120
�an (×109 mA cm−2) 5.5
�cat (×108 mA cm−2) 7.0

Other components
AC efficiency (%) 81
GT efficiency (%) 84
PT efficiency (%) 89
Fig. 3. A schematic diagram of the FBR for the MCD reaction.

This reaction is extremely exothermic. The carbon fuel and oxi-
ant are introduced into two individual chambers separated by
lectrolyte membrane. At the anode side of the molten carbon-
te electrolyte based DCFC, carbon is electrochemical oxidized by
O3

2− anions following the reaction:

+ 2CO3
2− → 3CO2 + 4e− (5)

The carbonate ion (CO3
2−) is generated at the cathode according

o:

CO2 + O2 + 4e− → 2CO3
2− (6)

nd is transferred through the electrolyte membrane to the anode.
his type of DCFC can use the same cathode and electrolyte materi-
ls as a molten carbonate fuel cell (MCFC) [23]. The cell details and
perating parameters are summarized in Table 1.

The open circuit voltage (OCV) of DCFC can be calculated using
he Nernst equation.

oc,DCFC = Vo
DCFC + RT

zF
ln

(
pO2 p2

CO2,cat

p3
CO2,an

)

= �Go
DCFC

zF
+ RT

zF
ln

(
pO2 p2

CO2,cat

p3
CO2,an

)
(7)
here Vo
DCFC is the reversible voltage at the standard pressure and

perating temperature, �Go
DCFC is the Gibbs free energy change of

eaction (4), and z is the number of electrons transferred in the reac-
ion (here z = 4). The voltage is reduced by the polarization losses,

ig. 4. A schematic diagram of a DCFC based the molten carbonate electrolytes.
HRSG efficiency (%) 80
Heat exchanger effectiveness (%) 98
Catalytic afterburner efficiency (%) 100

namely: anode and cathode activation polarizations (Va,an, Va,cat);
ohmic polarizations for each components (Vohm); anode and cath-
ode concentration polarizations (Vc,an, Vc,cat). The operating voltage
for the fuel cell (V) is calculated by subtracting the various polar-
izations from the open circuit voltage (OCV).

V = Voc − Va,an − Va,cat − Vohm − Vc,an − Vc,cat (8)

The power output is calculated as:

P = iV (9)

The activation polarization is caused by the slow electron release
or capture steps in the electrode–electrolyte bi-layers. Generally, it
can be determined using the Bulter–Volmer equation, as follows:

j = jo

[
exp
(

˛
zF

RT
Va

)
− exp

(
−(1 − ˛)

zF

RT
Va

)]
(10)

where ˛ is the apparent charge transfer-coefficient which is often
taken as 0.5. The activation polarization depends on the exchange
current density (jo) since it is a measure of the electrochemical
kinetics. The exchange current density of the cathode semi-reaction
is determined by the following equation based on the peroxide
mechanism [42].

jo,cat = joo,cat(pCO2,cat)
a1 (pO2,cat)

a2 (11)
where joo,cat is the concentration-independent exchange current
density, pCO2,cat and pO2,cat the partial pressures of CO2 and O2 in
the cathode, respectively. The coefficients a1 (a1 = 0.375) and a2
(a2 = −1.25) are taken from Ref. [42].
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Table 2
The resistivity constants of all components in the IRSOFC.

Components a (×10−5 � cm) b (K) ı (×10−6 m)
Q. Liu et al. / Journal of Pow

The evaluation of the anode exchange current density is compli-
ated due to its dependence on electrode structure, carbon material
roperties and reaction mechanisms. There are few models that
onsider the kinetics of carbon electrochemical oxidation in molten
arbonates [38,40]. A literature investigation suggests that the
o,an for pyrolytic graphite is of the order of 0.01–1.0 mA cm−2 at
73–1073 K [27]. According to Cherepy et al. [23], the higher the
rystallographic disorder, viz. the less graphitization, the higher
he electrochemical reactivity. Therefore, the MCD carbon mate-
ials should have a much higher value for jo,an compared to that
f pyrolytic graphite. In this work, the values of the jo,an are taken
rom [27] but multiplied by a factor in the range of 1–2.

The ohmic polarization is caused by resistances of the elec-
rodes, electrolytes and inter-contacts. These are functions of
emperature and can be evaluated using the following equation
41,43].

= A

p0.67
O2

exp
(

B

T

)
+ C + D exp

(
f

T

)
(12)

here pO2 is the partial pressure of oxygen at cathode surface, A
nd B are kinetic parameters related to the ohmic resistances, C is
constant related to the ohmic resistance of the contacts, and D is
kinetic parameter that is proportional to the electrolyte content
f the matrix. The total ohmic polarization is:

ohm = ir (13)

The concentration polarization is determined by a limiting cur-
ent density method and is described as follows [44]

c = RT

zF
ln
(

1 − j

jlim

)
(14)

here jlim is the limiting current density caused by limited diffusion
f gaseous reactants and product species into and out of the porous
lectrodes. The cathode concentration polarization is calculated as

lim,cat = zFKCO2 CCO2 (15)

here CCO2 is the bulk concentration of CO2. The mass transport
oefficient KCO2 is taken as 3.5 × 10−2 m s−1 [45]. There are no
orous electrodes used in the anode of the proposed DCFC. In addi-
ional, the diffusion resistance of CO3

2− anion in and CO2 out of the
arbon particle is small. In this work, the limiting current density
f anode is assumed to be 1.0 × 103 mA cm−2.

. Internal reforming solid oxide fuel cell model

A schematic presentation of an IRSOFC is provided in Fig. 2. The
eforming reactions take place in the anode chamber and are as
ollows:

Methane steam-reforming reaction:

H4 + H2O(g) → CO + 3H2 �Ho = 206.2 kJ mol−1 (16)

Water–gas shift reaction:

O + H2O(g) ↔ CO2 + H2 �Ho = −41.1 kJ mol−1 (17)

These reactions are assumed to be at or very close to equi-
ibrium. Steam is provided externally by a vaporizer. The CH4
team-reforming reaction is endothermic and the heat required is
upplied by the overall cell reaction.

2 + (1/2)O2 → H2O(g) �Ho = −241.8 kJ mol−1 (18)
The H2 produced in the MCDR and in the reforming process are
lectrochemically oxidized by O2− in the three phase boundary in
he anode side to produce steam and release electrons.

2 + O2− → H2O(g) + 2e− (19)
Anode 2.98 −1392 150
Cathode 8.11 600 2000
Electrolyte 2.94 10350 40
Interconnector 125.6 4690 100

At the same time, O2− is regenerated with the cathode semi-
reaction as:

(1/2)O2 + 2e− → O2− (20)

The OCV of the IRSOFC can be calculated using Nernst equation.

Voc,SOFC = Vo
SOFC + RT

zF
ln

(
pH2

2
√

pO2

pH2O

)

= �Go
SOFC

zF
+ RT

zF
ln

(
pH2

2
√

pO2

pH2O

)
(21)

where z is 2. The IRSOFC suffers from various polarization losses
and the operating voltage follows Eq. (8).

Eq. (10) is applied to both the anode and cathode semi-reactions
in order to evaluate their activation polarizations in the IRSOFC.
The activation polarizations depend principally on the exchange
current density. The following equations are used for evaluate the
anode and the cathode exchange current densities, respectively
[46,47].

jo,an = �an

(pH2

pref

)(pH2O

pref

)
exp
(

−Ea,an

RT

)
(22)

jo,cat = �cat

(pO2

pref

)0.25
exp
(

−Ea,cat

RT

)
(23)

The ohmic polarization for the IRSOFC is a function of tem-
perature and can be reduced by operating at high temperatures.
Generally, the ohmic polarization is determined experimentally
from the measured temperature dependency of the resistivity
[46,47]. It is can be calculated using the following equations:

Vohm =
∑

i

iri (24)

ri = ıi�i (25)

�i = ai exp
(−bi

T

)
(26)

where ri is the component resistances, ıi is the component thick-
ness, �i is the component resistivities, and ai and bi are the
parameters obtained by experimental regression. The values for
each of the component parameters are list in Table 2 [47].

Hydrogen is consumed by the anode semi-reactions at the three-
phase boundary. Its partial pressure decreases when it is not readily
replenished from the bulk gas phase. This causes concentration
polarization in the anode and decreases the cell voltage. The same
phenomenon occurs at the cathode where oxygen is consumed by
the cathode semi-reaction. In this work, the concentration polariza-
tion is determined using the limiting current density method given
by Eq. (14) with the assumption of a constant value for limiting
current density [47].
6. Models of other components

In order to reach high CH4 conversion and effective utilization of
the catalyst, the MCDR operating temperature has to be higher than
1073 K [15]. The CH4 stream must be preheated before entering
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ig. 5. Equilibrium conversions for CH4 and equilibrium concentrations for H2 and

H4 at atmospheric pressure and varying temperatures. (©) CH4 conversion, ( )
2 concentration, ( ) CH4 concentration.

he reactor. The carbon products are fed directly into DCFC with-
ut preheating. The gaseous products are mixed with steam in M2.
his high temperature stream is fed into the IRSOFC anode without
ignificant temperature gradients [48]. The effectiveness of all heat
xchangers is assumed to be 98% [47,49].

The AC, GT and PT are all under adiabatic operation. The work
nput in the AC is calculated using following equation.

c = nair(hAC2 − hAC1)
�AC

(27)

here nair is the mole flow rate of air, hAC2 and hAC1 are the mole
nthalpies of air of outlet and inlet, respectively, �AC is the air com-
ressor efficiency. The work output of GT and the power output of
T are equal to the products of the enthalpy change of the exhausts
ultiplied with the efficiency of turbines.
The catalytic afterburner is modeled on the basis of the complete

uel (including H2, CO and CH4) oxidation. The burner is under adi-
batic operation and the outlet gas temperature is calculated using
imple mass and energy balances.

Finally, it is assumed that there are no chemical reactions occur-
ing in the mixers and HRSG. Mass and energy balances for the
ixers and the HRSG are used to determine the mole flow rates

nd outlet temperatures.
For the DCFC and IRSOFC, the characteristics including voltage

fficiency, current efficiency (fuel utilization efficiency), theoretical
eversible efficiency, and overall cell efficiency were estimated [45].

Additional assumptions are listed as follows:

Steady state operation for all components with negligible friction
loss.
All gases, e.g. CH4, CO, CO2, H2O, H2, N2, and O2, are ideal gases.
The air contains 21 mol% O2 and 79 mol% N2.
The operation pressure of MCDR and DCFC is 1 atm with negligible
pressure loss.

. Results and discussion

.1. Effects of CH4 conversion

Fig. 5 presents the equilibrium conversions of CH4 and equi-

ibrium concentrations of H2 and CH4 at atmospheric pressure

ith varying temperatures. For temperatures higher than 973 K,
he CH4 conversion is higher than 80%. Because the carbon product
s used for power generation, a high CH4 conversion is preferable.
s defined above, the MCDR operation temperature is in the range
Fig. 6. The anode activation polarization curves for the DCFC at (�) 923 K, ( ) 973 K,

( ) 1023 K (top) and IRSOFC at (©) 1173 K, ( ) 1223 K, ( ) 1273 K (bottom). The
operating pressure is 1.0 atm.

of 1073–1273 K. It is higher than the DCFC operating temperature
(873–1073 K) and similar to that for the IRSOFC (1073–1273 K). The
MCD is a high temperature O2-free process at steady state, con-
sequently, the high temperature carbon product exiting from the
MCDR can be directly fed into the DCFC anode.

The electrical efficiency of the energy system increases 5% when
the CH4 conversion increases from 50 to 90%. This stems from the
significant increase of the DCFC power output as the amount of
carbon fuel increases along with the CH4 conversion. In contrast,
the IRSOFC power generation decreases with increasing CH4 con-
version due to the trade-off between the MCD and the internal
reforming (IR) processes. As the CH4 conversion increases in the
MCDR, the amount of residual CH4 decreases, viz. the amount of
CH4 taking part in the reforming reaction decreases. Hydrogen pro-
duce with the reforming process is twice as high as that with the
MCD process. Consequently, the net amount of H2 taking part in
the anode reaction decreases. This causes the power output and
the electric efficiency of the IRSOFC to decrease with increasing
CH4 conversion in the MCDR step.

7.2. Properties of DCFC and IRSOFC

7.2.1. Polarization losses of DCFC and IRSOFC
The anode and cathode activation polarizations for the DCFC

and IRSOFC are displayed in Figs. 6 and 7, respectively. The results
indicate that the DCFC anode activation polarization is of the order
of magnitude of 10−1 V, while the IRSOFC anode activation polar-
ization is in the range of 10−3 to 10−2 V for IRSOFC anode. This is

caused by the lower exchange current density for the DCFC anode
which is in the range of 0.1–2 mA cm−2 at 873–1023 K [27,50]. Nev-
ertheless, the figure clearly shows that both the anode activation
polarizations for the DCFC and IRSOFC decrease with the increase
in the operating temperatures. As shown in Fig. 7, cathode acti-
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1023 K (top) and IRSOFC at (©) 1173 K, ( ) 1223 K, ( ) 1273 K (bottom). The
perating pressure is 1.0 atm.
ation polarizations for the DCFC and IRSOFC are lower and both
n the range of 10−3 to 10−2 V. In addition, they depend on the
perating temperature and the current density. Fig. 8 illustrates
he ohmic polarizations for the DCFC and IRSOFC. They increase

ig. 8. Ohmic polarization curves. DCFC at (�) 923 K, ( ) 973 K, ( ) 1023 K (top)

nd IRSOFC at (©) 1173 K, ( ) 1223 K, ( ) 1273 K (bottom). The operating pressure
s 1.0 atm.
Fig. 9. Anode concentration polarization curves. DCFC at (�) 923 K, ( ) 973 K, (

) 1023 K (top) and IRSOFC at (©) 1173 K, ( ) 1223 K, ( ) 1273 K (bottom). The
operating pressure is 1.0 atm.

linearly with the increases in the current density. Although the
IRSOFC operating temperature is higher than that for the DCFC, the
ohmic polarizations are as high as the DCFC due to the low ionic
conductivity of the electrolyte (viz. yttria-stabilized zirconia elec-
trolyte) and the low electronic conductivity of the interconnectors
[51]. Fig. 9 shows that the anode concentration polarizations for the
DCFC and IRSOFC are less than 0.02 V when the current density is
less than 600 mA cm−2 and increase sharply at high current densi-
ties. Fig. 10 illustrates the DCFC and IRSOFC cathode concentration
polarizations. Concentration polarizations for the DCFC are much
lower than those for the IRSOFC due to the higher limiting current
density.

7.2.2. Electrochemical performance of DCFC and IRSOFC
The DCFC and IRSOFC are the main units in the proposed sys-

tem and determine the power output and heat generation for the
system. Fig. 11 illustrates the DCFC and IRSOFC OCVs at different
temperatures. The OCV depends on Gibbs free energy change (�G)
for the cell reactions, and the partial pressure of the gaseous reac-
tants and products. For the DCFC, the OCV is 0.94 V due to the nearly
constant �Go value (approximately −395 kJ mol−1 at 873–1073 K).
For the IRSOFC, the �Go decreases from 188.5 to 177.3 kJ mol−1

which results in a decrease in the OCV from 0.85 to 0.80 V in
the same temperature range. This decrease can be moderated by
increasing the operating pressure.

Figs. 12 and 13 display the kinetic properties and the power den-
sities of the DCFC and IRSOFC at different temperatures. The DCFC
cell voltage decreases to 0.6–0.7 V due to the large anode activation
polarization losses at 923–1023 K and current densities less than

100 mA cm−2. Then it decreases slowly along with the increase of
the current density in a large range (100–900 mA cm−2). The power
density of DCFC increases almost linearly with increases in the cur-
rent density at 923–1023 K. It is also clearly shown that the DCFC
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Fig. 12. The cell voltage as a function of current density for the DCFC at (�) 923 K,

( ) 973 K, ( ) 1023 K, and IRSOFC at (©) 1173 K, ( ) 1223 K, ( ) 1273 K. The
operating pressure is 1.0 atm.
ig. 10. Cathode concentration polarization curves. DCFC at (�) 923 K, ( ) 973 K,

) 1023 K (top) and IRSOFC at (©) 1173 K, ( ) 1223 K, ( ) 1273 K (bottom). The
perating pressure is 1.0 atm.

erformance can be improved by increasing the operating temper-
ture. For the IRSOFC, the cell voltage decrease is small in the range
f 0–600 mA cm−2 at 1173–1273 K, however, a significant voltage
ecrease occurs at higher current densities due to depletion of the
2 fuel. This reveals that the IRSOFC is favored at relatively low
urrent densities (<400 mA cm−2), while the DCFC performance is
etter at high current densities (>400 mA cm−2). The combination
f the DCFC and IRSOFC increases the loading flexibility.

In order to evaluate the proposed system comprehensively,
comparison of DCFC and IRSOFC was made. In particular, the
arious efficiencies including the theoretical reversible efficiency,
oltage efficiency, current efficiency, and overall cell efficiency
ere estimated. The results are shown in Fig. 14. The theoretical

eversible efficiency for the DCFC is almost 100% at 873–1073 K,

ig. 11. Open circuit voltages for the DCFC and IRSOFC at different temperatures.
he operating pressure is 1.0 atm.

Fig. 13. The power densities as a function of the current density for the DCFC at (�)

923 K, ( ) 973 K, ( ) 1023 K and IRSOFC at (©) 1173 K, ( ) 1223 K, ( ) 1273 K.
The operating pressure is 1.0 atm.

Fig. 14. A comparison of efficiencies for the DCFC and IRSOFC. (A) theoretical
reversible efficiencies, (B) voltage efficiencies, (C) current efficiencies, (D) overall
cell efficiencies. The operating pressure is 1.0 atm.
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ig. 15. The effect of air compress ratio on the PT inlet temperature and PT power
utlet.

hile that for the IRSOFC is 70–80% at 1073–1273 K. The volt-
ge efficiency for the DCFC is somewhat lower due to the large
olarization losses. However, the DCFC has higher current efficien-
ies because of the total consumption and undiluted concentration
f the solid carbon fuel. The overall cell efficiency for the DCFC
s approximately 65% at 873–1073 K. For the IRSOFC, the overall
ell efficiency is in the range of 45–50% at 1073–1273 K under the
perating pressure of 1 atm.

.2.3. Operating pressure of IRSOFC
As shown in Eqs. (21) and (23), the voltage output of IRSOFC

an be improved with the increase of the OCV and the decrease
f cathode activation polarization loss with increasing the partial
ressure of oxygen fed into the IRSOFC cathode. Therefore, air is
ompressed through the air compressor to raise the power output
f the IRSOFC. There is a trade-off between shaft work output from
T and the power output from PT. Along with the increase of the
ir compress ratio, the shaft work output from GT increases, the
emperature and pressure of the gases at the GT outlet or the PT
nput decrease. While, as shown in Fig. 15, the power output from
T increase to the peak value at the compress ratio of 2. The sum of
ower output of IRSOFC and PT is given in Fig. 16. It is clearly shown
hat the maximum power output is achieved at the compress ratio
f 4.

.3. Reduction of CO2 emissions
In a typical SOFC based integrated energy system, the separation
nd recovery of CO2 from the exhaust stream is a multi-step and
apital intensive process [4,49,52]. In the system proposed here,

ig. 16. The effect of air compress ratio on the power output of PT and IRSOFC, (�)
T, ( ) IRSOFC, ( ) PT and IRSOFC.
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the principal CO2 generator is the DCFC anode and this CO2 can
be easily captured and recovered. Only a small fraction of the CO2
is generated from the IRSOFC anode. Compared to a typical SOFC
based integrated energy system, the emission of CO2 is reduced
dramatically. The major factors that affect the emissions of CO2 is
CH4 conversion in the MCDR and the current output in the DCFC.
In this case, a 80% reduction of CO2 emission can be achieved.

8. Conclusions

In this work, a highly efficient power system that integrates
a MCDR, a DCFC, a IRSOFC and two GTs is designed and simu-
lated.

The results show that CH4 conversion plays a major role with
regard to the power output of the overall system. The performances
of DCFC and IRSOFC were evaluated using electrochemical models.
The results indicate that they are under anode activation polar-
ization and ohmic polarization control, respectively. The DCFC has
better high-load performance while IRSOFC performs better at rela-
tively lower loads. Thus the proposed system offers significant load
flexibility. The pressure of air inlet in the IRSOFC cathode affects the
power output of the IRSOFC and the power turbine. The optimum
air compress ratio is 4. The production of pure CO2 saves the cost
of its sequestration and facilitates its utilization for other industrial
processes. In this work, 80% of the CO2 emission is reduced com-
pared to a system utilizing a single SOFC. A further exploration of
this system with exergy analysis will be discussed in a following
article.
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