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Abstract

In this paper a direct internal reforming solid oxide fuel cell (DIR-SOFC) is modeled thermodynamically from the energy point of view.
Syngas produced from a gasification process is selected as a fuel for the SOFC. The modeling consists of several steps. First, equilibrium gas
composition at the fuel channel exit is derived in terms mass flow rate of fuel inlet, fuel utilization ratio, recirculation ratio and extents of
steam reforming and water—gas shift reaction. Second, air utilization ratio is determined according to the cooling necessity of the cell. Finally,
terminal voltage, power output and electrical efficiency of the cell are calculated. Then, the model is validated with experimental data taken
from the literature. The methodology proposed is applied to an intermediate temperature, anode-supported planar SOFC operating with a typical
gas produced from a pyrolysis process. For parametric analysis, the effects of recirculation ratio and fuel utilization ratio are investigated. The
results show that recirculation ratio does not have a significant effect for low current density conditions. At higher current densities, increasing
the recirculation ratio decreases the power output and electrical efficiency of the cell. The results also show that the selection of the fuel
utilization ratio is very critical. High fuel utilization ratio conditions result in low power output and air utilization ratio but higher electrical

efficiency of the cell.

© 2006 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Solid oxide fuel cell (SOFC) is a solid state energy conver-
sion device that contains an oxide ion-conducting electrolyte
made from a ceramic material and operates at temperatures
from 500 to 1000 °C. The basic ideas and materials were pro-
posed by Nernst and his colleagues at the end of the 19th cen-
tury. A detailed history of SOFCs may be found in [1].

SOFCs may be classified according to their temperature
level, cell and stack design and reforming type; which is shown
in Table 1.

Some detailed descriptions of these different types of SOFCs,
advantages and disadvantages of each type over another, etc.
may be found in literature [1-4].
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Unlike lower temperature fuel cells, a wider range of fuel
may be used in SOFCs due to not having a carbonmonoxide
poisoning problem and being capable of reforming the fuel in-
side the cell. There are many options for choosing the fuel
of SOFCs. Among these fuel options, H, and CO are electro-
chemically oxidized at the anode. The remaining ones are re-
formed into Hy and/or CO and then electrochemically reacted.
Methane, higher hydrocarbons, methanol, ethanol, landfill gas,
biomass produced gas, ammonia, hydrogen sulfide, etc. may be
fuel options for SOFCs. Many studies, mainly investigating the
thermodynamic feasibility of these fuels to be used in SOFCs,
may be found in literature [5—-11].

SOFCs have high operating temperatures which enable suc-
cessful thermal integration with bottoming cycles. Most of the
studies in the literature investigate the opportunities of inte-
gration of SOFCs with gas turbine cycles [12—14]. Integration
of SOFCs with gasification cycles [15-17] is another promis-
ing option. There are a few studies searching the integration
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Nomenclature

a extent of steam reforming reaction for
methane, mol/s

A active surface area, cm?2

b extent of water—gas shift reaction, mol/s

c extent of electrochemical reaction, mol/s

Dyetr effective gaseous diffusivity through the

anode, cm?/s

effective gaseous diffusivity through the

cathode, cm? /s

F Faraday constant, C

h specific molar enthalpy, J/mol

H enthalpy flow rate, W

i current density, A/cm?

ioa exchange current density of anode, A /cm?

foc exchange current density of cathode,
A/cm?

s anode-limiting current density, A/cm?

Jes cathode-limiting current density, A /cm?

1 current, A

K equilibrium constant

L thickness of a cell component, pim

lower heating value, J/mol

m mass flow rate, g/s

M molecular weight, g/mol

N molar flow rate, mol/s

r recirculation ratio

P pressure, bar

R universal gas constant, J/mol K

T temperature, K

Ur fuel utilization ratio

Uox air (oxidant) utilization ratio

\% voltage, V

Wec power output of the cell, W

X molar concentration

Greek letters

0 electrical resistivity of cell components,
ohmcm

Nel.cell electrical efficiency of the fuel cell

Ag change in specific molar gibbs free energy,
J/mol

Subscripts

a anode

act activation

c cathode

conc concentration

e electrolyte

eq equilibrium

ohm ohmic

r steam reforming reaction for methane

S water gas shift reaction; solid structure

N Nernst

Superscripts

a anode

c cathode

0 standard state

of renewable systems with SOFC. For example, Ntziachristos
et al. [18] have studied the integration of a wind turbine with
a SOFC (or PEM). More recently Hussain et al. [19-21] have
conducted some leading studies on the multi-component and
multi-dimensional modeling of SOFCs.

Two key points for thermodynamic modeling of SOFCs are
determining the exit gas composition and thermal manage-
ment. There are different approaches for calculating the exit gas

Table 1
Classification of solid oxide fuel cells

Classification criteria ~ Types

Temperature level 1. Low temperature SOFC (LT-SOFC) (500-650 °C)
2. Intermediate temperature SOFC (IT-SOFC)
(650-800°C)

3. High temperature SOFC (HT-SOFC)
(800-1000°C)

1. Planar SOFC (Flat-planar and radial-planar
design)

2. Tubular SOFC (Tubular and micro-tubular design)
3. Monolithic SOFC

1. External reforming
2. Direct internal reforming SOFC (DIR-SOFC)
3. Indirect internal reforming (IIR-SOFC)

Cell and stack design

Reforming

composition of the anode section of a SOFC in literature. A
simple approach to calculate the SOFC effluent composition is
given for a SOFC operating with 100% methane which is as-
sumed to be completely reformed within the fuel cell in the fuel
cell handbook by EGG [22]. The moisture required for the re-
forming is supplied by internal recirculation. In their approach,
first, an intermediate solution is found by taking into account
the combined fuel cell and steam reforming reaction for the
part of the fuel that is utilized, and the steam reforming reac-
tion for the part of the fuel that is not utilized. Then, the true
exit gas composition is determined by considering the effect of
the water—gas shift equilibrium. According to the approach of
Achenbach and Riensche [23], steam reforming of methane re-
action is kinetically controlled. An equation is proposed for the
reforming kinetics in the form of the Arrhenius-type indepen-
dence of the H,O partial pressure and proportional to the CHy
partial pressure. On the other hand, in many studies [7,24,25],
the steam reforming and water—gas shift reactions are consid-
ered in equilibrium, and, according to the reforming type, elec-
trochemical reaction may or may not occur simultaneously with
these reactions. In most of these studies, it is considered that
hydrogen is the gas that is electrochemically oxidized since the
CO oxidation rates are much lower than hydrogen, and CO is
converted into H, by water—gas shift reaction.
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Thermal management of SOFCs is important due to operat-
ing the fuel cell safely, and thermodynamically and economi-
cally more efficient. In a SOFC operating with a gas mixture
containing hydrocarbon, the heat is generated inside a SOFC
due to electrochemical reaction, polarizations and water—gas
shift reaction. Some of the heat generated is used by steam re-
forming reaction. The utilization of the remaining heat may be
used in several ways: Yoshida and Iwai [26] have considered a
SOFC system having the same inlet and outlet temperatures. In
this system, the excess heat is utilized by a combustor which is
positioned in close thermal contact with SOFC. It is also pos-
sible to operate the SOFC within a distinct temperature range.
However, high temperature gradients are not desirable within a
SOFC. So, maximum temperature difference between fuel cell
inlet and exit becomes a design criterion. The cooling of the
fuel cell is provided by using excess air at the cathode inlet.
On the other hand, it is also important to maintain a uniform
temperature gradient along the cell in minimizing the stresses
in cell components [1]. Since the stresses are developed due to
mismatch in coefficients of thermal expansions when there is
a temperature difference between the fuel cell and the environ-
ment, the system should be insulated.

The primary purpose of this study is to develop a model
for direct internal reforming SOFC (DIR-SOFC) taking into
account the effect of recirculation ratio of the anode exit gas
which is important especially for supplying water for initiating
the chemical reactions and preventing carbon deposition. In
addition, a method for calculating the air utilization ratio is
developed.

2. Thermodynamic model
2.1. Operation principle

A unit cell is shown in Fig. 1. Syngas mixes with recirculated
gas mixture and enters the fuel channel. Steam reforming of
methane, water—gas shift and electrochemical reactions occur
simultaneously at the anode. The gas mixture exiting the fuel
channel has, generally, high water content. So, some portion of
it may be recirculated since the chemical reactions need water
as reactant. The oxidant, taken as air in this study, enters from
the air channel. The oxygen molecules in the air react with
the electrons, which are produced at the anode and cycled via

A

P> > FUEL CHANNEL > >
1 3 f4 5
ANODE
ELECTROLYTE LOAD
CATHODE
R AIR CHANNEL S
al a2

Fig. 1. Schematic of the DIR-SOFC.

the load. Oxide ions are produced at the cathode and they
diffuse to the anode through the electrolyte. The gas mixture,
having less oxygen content than the air entering, exits the air
channel. Electric current is produced by the flow of electrons
and it effectuates work on the load.

2.2. Assumptions
The following assumptions are made in the analysis:

e Syngas consists of the following gas species, i = {CHy,
CO,, CO, H,0, Hy, Nj}.

e Air consists of 79% Nj and 21% Oy, j = {O2, No}.

e Fuel cell operates at steady state.

e Gas mixture at the fuel channel exit is at chemical equi-
librium.

e Pressure drops along the fuel cell are neglected.

o Temperature at the channel inlets is same (Ty,= Ti3 = Ty1).
Also, temperature at the channel exits is sam¢ (7, = Ty =
Ta).

e Temperature of the solid structure is midway between the
inlet and exit temperatures [27].

e Fuel cell is insulated which means that there is no heat
interaction with environment.

e Only hydrogen is electrochemically reacted. CQ is con-
verted to CO; and H, by water—gas shift reaction.

e Contact resistances are ignored.

e Radiation transfer between solid structure ind/gas channels
is ignored.

2.3. Input data

The volumetric gas composition at state ‘f1” is chosen as
a typical composition obtained from a pyrolysis process. In
dry basis, the composition is as follows [28]: 21% CHa, 40%
Hj, 20% CO, 18% CO3, 1% Nj. Other fixed input parameters
are shown in Table 2. Among them, exchange current density
depends on temperature and material. For the temperature used
in this study and common SOFC materials, these values are
obtained from literature [29]. Effective diffusivity through the

Table 2
Input values that are fixed throughout the study

Input Value
Temperature of the exit (77) 850°C
Temperature difference between exit and inlet (AT) 100°C
Pressure of the cell (Peer) 1 bar
Active surface area (A) 100 cm?
Exchange current density of anode (ioa) 0.65 A/cm2
Exchange current density of cathode (ioc) 0.25 A/cm2
Effective gaseous diffusivity through the anode (Dagefr) 0.2cm?/s
Effective gaseous diffusivity through the cathode (Deefr) 0.05cm?/s
Thickness of anode (L,) 500 pm
Thickness of electrolyte (L) 10 pm
Thickness of cathode (L) 50 pm
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anode and cathode depends on material thickness and tempera-
ture. In this study, the cell is assumed to be an anode-supported
cell and suitable values are chosen according the data given by
Singhal and Kendall [1].

Fuel utilization ratio, recirculation ratio and current density
are chosen as varying input parameters. Current density is taken
in a range from 0.1 to a close value to its maximum value. Re-
circulation ratio is taken as 0.1, 0.2 and 0.3. When the effect
of fuel utilization is investigated, it is fixed at 0.2. Fuel utiliza-
tion ratio is taken as 0.65, 0.75 and 0.85. When the effect of
recirculation ratio is investigated, it is fixed at 0.85.

2.4. Calculation of the equilibrium gas mixture composition
at the fuel channel exit

Here, the first step is the calculation of the equilibrium gas
composition at the fuel channel exit. We derive the equations
in terms of total molar or mass flow rate of gas species at state
‘f1°. Since, it is more convenient to adjust the mass flow rate
for a system operator; the equations are given in terms of mass
flow rate of state ‘f1°. In this regard, the molar flow rate of gas
species at state ‘f1’ may be given in terms of mass flow rate as
follows:

i i mi
N =xp Sl M (0
Here, the states ‘f2’, ‘f4’ and ‘f5’ have the same molar compo-
sitions. The composition of gas species at these states is shown
by xéq. Then, the molar flow rate of gas species at the state ‘f3’
becomes

- (r - Npa). (2)

The steam reforming reaction for methane, water—gas shift
reaction and electrochemical reactions, which are shown in
Egs. (3)-(5), respectively, occur simultaneously at the cell as
follows:

CH4 + H>0 < CO + 3Hy —m \/ 3)
CO+H0 < Hy+COy D S @)

Hy + %02 — H»O. (@)

Let the extents of reactions shown in Egs. (3)-(5) be a, b and
¢, respectively. The molar flow rate of state ‘f4’ is given as

Ni, = Nis +d', M= N+l —> d fl) ©)
Where

dM = —q, 6.1)
d"0=_—qg—b+e, (6.2)
d©=q—b, (6.3)
d®2 = p, (6.4)
d® =304+ b —c, (6.5)

aN =0. (6.6)

Here, c is also the molar flow rate of hydrogen utilized in the
fuel cell which can also be defined as follows:

¢ = (N> +3a +b) - Ur. )

We obtain the following equation by summing molar flow rate
of gas species at state ‘f4’ by using Eqgs. (6)—(6.6) and combin-
ing with Eq. (2):
Niy = Njj + xiy - r-(N3 + 2a). (®)
The total molar flow rate of state ‘f3’ is given as

Ni3 = ———. €))

Combining Egs. (6)—(6.6), (8) and (9), the equilibrium molar
gas composition at the fuel channel exit results in
i _ Ny Nj+d

oy = =V = —. 10
“" Ny Np+2a (10

The molar flow rate of hydrogen utilized, c, is redefined by
combining Egs. (6.5) and (7)—(10) as

_ (N{? +3a+b)- Ur

11
IL—r+r-Ur an

Hence, using Egs. (6)—(6.6), (10) and (11), the equilibrium gas
composition at the fuel channel exit is found as

 CHy
cos N —a (12)
& N1 + 2a
e (Nfﬁ‘f+3a+b) _ <(1—r)(1—UF)) 13
o Nl +2a l—r+r-Ur
CO
CO_Nfl‘ +a—>b (14)
Yeq Ni1 + 2a ’
7 CO»
xE02 — —A{ﬂ + b, (15)
e Nt + 2a
(6]
ng =
NP+ [—a—b+(1vf1f2+3a+b) - Up/(1—rr - UF)]
Nfl + 2a ’
(16)
N
N,
g =—"H—. a17)
Nt + 2a

Here, a, b, and molar flow rates of gas species at state ‘fl’
which are a function of my¢; are unknown. So, we need three
equations to be solved simultaneously to find a, b and mg.
These are the chemical equilibrium equations corresponding to
the steam reforming and water—gas shift reactions and the rela-
tion between electrical current and molar flow rate of hydrogen
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utilized; which are shown in Egs. (18)—(20), respectively.

e B )y
K, = expl—Ag}/RT ] = m ' (p_) G
o () (87)
K¢ =exp[—Ags/RT ] = W,

(N{? +3a +b) - Ur
l—r+r-Us

19)

I=i - A=2-F-c=2-F.

(20)

The temperature dependent equilibrium constant is solved by
the classical method in which the change in Gibbs free energy of
the reactions is used. However, equilibrium constants for steam
reforming and water—gas shift reactions may also be found by
using a simple relation and equilibrium constant coefficients
[30]. On the other hand, instead of doing calculations based on
equilibrium constant, a more direct procedure which is based
on minimization of the total Gibbs free energy may be used. In
this method, it is not necessary to know the chemical reactions.
Only, gas species that are present in the system, moles of species
in the initial unreacted state, temperature and pressure should
be known to calculate the equilibrium composition. Solution is
found by using Lagrange multipliers. Further information on
this may be found in Perry and Green [31].

2.5. Calculation of air utilization, terminal voltage, power
output and cell efficiency

The cell analyzed in this study is assumed to be insulated,
and the heat produced in the cell is carried away by sending
excess air. Also, the maximum temperature difference is taken
as 100°C as to be determined as an input parameter to adjust
the mass flow rate of air entering the air channel. Hence, the air
utilization ratio is calculated according to the cooling necessity
of the fuel cell.

The molar flow rates of gas species at the air channel inlet
and exit are defined as follows:

.02 C

N2 = , 21
al 2'U0x ( )
NNz_L.B_E. ¢ (22)
AT U 217 42 Uy’

- 0y c c c( 1

N = —_— == -1 N 23
2 T2 Uy 2 2(on ) 23)
) 79

N2 2 (24)
2 74D Uy

The gas composition at the air channel exit is calculated using
the following:
7O
92 = ‘NaZ2 _ 1 — Uox
27 No o 100/21 — U’

(25)

o2 =1—x2 (26)

Here, the Nernst voltage is calculated as

-Bl)  RT Xeq'

VW= —]——=-— -In

2F 2F xg]z . /xg?zz . P/Po
Here, three types of polarizations, e.g., ohmic, activation
and concentration, are considered and calculated through
Eqgs. (28)—(32). The ohmic polarization is caused by the re-
sistance to the flow of oxide ions through the electrolyte and
resistance to the flow of electrons. The activation polariza-
tion is the voltage drop due to the sluggishness of reactions
occurring at the electrode—electrolyte interfaces [1]. If we as-
sume that charge transfer coefficient for anode and cathode is
0.5 and substitute this value in the Butler—Volmer equation,
this equation takes the form as shown in Eq. (29) [29]. The
concentration polarization is caused by the resistance to mass
transport through the electrodes and interfaces [32]:

27)

Vohm = <Rcontact + Zpk : Lk) i (28)
k
RTy . 4 i
Vact = Vact,a + Vact,c = —— -sinh 2
lo,a
+ RTs inn1 (- (29)
- S1n
F 2io.c
RT i
Veone = Vé}mc + cconc = |:— 2FZ In (1 — ;)
Piy
+ zl 1+ 4 )
2F ( Pﬂzo las
RT, i
— In{l1——1]]1, 30
+[ 4F n( zﬂ e
where
Hy
2F - Py” - Daett
s = ———"——, (31)
RT,-L,
(6]
4F - Pazz * Deetf 32)

ies = 5 :
(P =Py )/P)-RT: - L

The electrical resistivity of cell components, p, is the inverse
of electrical conductivities. The formulations for electrical con-
ductivities of cell components, as a function of temperature
of solid structure, for common SOFC materials are given by
Bossel [30]. The terminal voltage and power output of the cell
are given by

V =WN — Vohm — Vact — Veons (33)

Wrge=1-V. (34)

Here, the enthalpy flow rate of state ‘f1’ is calculated using
an energy balance around the control volume enclosing the
junction point by Eq. (35). The temperature of this state is then
found by iteration:

Hii= " Niy - h'(T)=) " Nk -h'(Ty)= Y Nh-h'(T.). (35)
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For the insulated fuel cell, the energy balance around the control
volume enclosing the fuel cell is written as

ZNfll R +ZN2'1/1 R = Wpc-i-ZNfis h

+ > NS i
Here, the air utilization is calculated through an iterative solu-
tion method using Eq. (36). After obtaining air utilization by
iteration, terminal voltage and power output of the cell is found
using Eqgs. (33) and (34).

Finally, the electrical efficiency of the cell is calculated as
Wic
Nf -LHV'
The flowchart of the MathCAD program used for the model is

shown in Fig. 2.

(36)

Nel,cell = 37

2.6. Validation of the model

The experimental works for DIR-SOFCs lack in the literature
in terms of usage of different fuels and information about the
input parameters used for the experiment. In the present model,
taking the channel inlet and exit temperatures different, taking
the fuel cell as insulated, and using a syngas make it difficult
to find data for comparison purpose from literature. However,
experimental data with methane as fuel presented by Tao et al.
[33] are used for comparison with the model results as given
in Table 3. It is seen that the difference is in the range of
+12% for the voltage and 8% for the power output which
sort of validates the model. This difference is mainly due to the
assumptions considered in the model and the comparison.

3. Results and discussion

The model developed in this study may be summarized as
follows: In the first part of the model; using principles of ther-
modynamics, mathematical manipulations and definitions of
some fuel cell related parameters such as fuel utilization ra-
tio; fuel channel equilibrium exit gas composition is derived
in terms of extents of chemical reactions and molar flow rate
of gas species at the fuel channel inlet. Then using chemical
equilibrium equations and the relation between the electric cur-
rent and the molar flow rate of hydrogen that is utilized, exit
gas composition of the fuel channel exit is found. In the sec-
ond part of the model, air utilization ratio which measures the
amount of excess air that should be sent to the air channel to
carry away the unutilized heat in the fuel cell is calculated for
an insulated fuel cell and a controlled fuel inlet and exit gas
temperature. So, air channel inlet and exit gas composition,
Nernst voltage, polarizations and work output of the fuel cell
are derived in terms of air utilization ratio. Using the first law
of thermodynamics for the control volume enclosing the fuel
cell, this ratio is calculated. After finding this ratio, fuel cell
output parameters; such as cell voltage, work output of the cell
and electrical efficiency of the cell are found. The procedure
is repeated for each current density, recirculation ratio and fuel
utilization ratio.

£
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In this study, the formulations to find the exit gas composi-
tion of the anode section are derived for a gas mixture including
water vapor as fuel. If there is enough amount of water vapor
in the initial gas mixture, it may not be necessary to recirculate
the anode exit gas stream. However, if we consider a more gen-
eral case in which, for example, a dry gas mixture is used as
the fuel, recirculation is necessary for a DIR-SOFC to initiate
the steam reforming and water—gas shift reactions. Hydrogen
produced by these reactions is utilized by the electrochemi-
cal reaction simultaneously, and more amount of water vapor
than the amount of that necessary for initiating the reactions
is produced. This study is simplified by considering the cell as
a whole which may be regarded as a zero-dimensional mod-
eling approach. Due to this fact, it is not possible to track the
change of gas composition along the cell. An improved method
may be dividing the cell into several sections to analyze the
change of gas composition along the cell. If such a method is
applied, the effect of initial water vapor amount may be seen
more clearly.

In literature, it may be seen that different input and out-
put parameters are used in different thermodynamic models of
SOFCs. For example, fuel utilization may be considered as an
input parameter in one study and an output parameter in another
study. In this study, input parameters are determined according
to the recirculation and thermal management considerations.
Due to this, mass flow rate and temperature of the inlet fuel are
considered as output. These parameters may be adjusted by the
system operator accordingly.

The recirculation ratio adjusts the steam to carbon ratio
entering the anode section. In many studies in literature, it
is seen that carbon deposition problem is related with this
ratio. However, this problem is not considered in this study;
rather, its effect on system performance is investigated. High
recirculation ratios increase the system’s complexity which is
generally undesirable. The effect of this ratio on output param-
eters is shown in Fig. 3. It may be observed from the figures
that its effect is not very significant for low current densities.
For high current densities, as recirculation ratio increases,
mass flow rate of fuel, air utilization ratio, terminal voltage,
power output, and electrical efficiency of the cell decrease.
Having a lower air utilization ratio means higher mass flow
rate of air entering from the cathode sections; which in turn
increases the cost of the system. However, the mass flow rate
of fuel decreases in this condition which decreases the
operation cost.

It is known that there is always some unused hydrogen and
that the degree of the utilization of hydrogen is determined
by the fuel utilization ratio. Fig. 4 shows the effect of fuel
utilization ratio on output parameters. Unlike recirculation ratio,
its effect is more significant. It may be observed from the figures
that a wider range of current density may be selected for lower
fuel utilization ratios. As fuel utilization ratio increases, mass
flow rate of fuel, air utilization ratio, terminal voltage, and
power output of the cell decrease; whereas electrical efficiency
of the cell increases.Qt may be considered controversial to have
low power output and high electrical efficiency at the same
time. This is due to the fact that less mass flow rate of fuel is
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Data and equations

to calculate the
thermodynamic
properties

Input data (Fixed)
X|f1 ) Pcell, Tz; AT, A,
loa, ioc, Daeff, Dceff, La, Le, I—c

Constants

M ,R,F

Define: T, T, Nf’l( Mgy ),

Nfl( mfl)s xéq(a, b-,- mfl)

4>| Initial guesses for: a, b, my

Solve Egs.(18), (19) and (20) using
Given-Find block. Give
No constraints: Xéq >0, A>0,

B>0, iy, 20

Did the Given-Find
block give a solution? 4

Yes

Define: N;z, N}g, H,l, XL Un), VwUo), 0, 04, O,
Pcs Pas Pes Vohm’ Vact’ Vconc(on)9 VceII(on)s
chl/(on)s N;S» Né| (on)s Néz(on)

4’| Initial guess for: U, |

| Solve Eq(36) using Given-Find block |

Did the Given-Find
block give a solution?

Yes

@ox’ Vcell ’ chl/ ’ nel,cell>

Fig. 2. Flow chart of the MathCAD program.

Comparison of the model created with experimental data (the values are taken as approximate values) given by Tao et al. [33]

Current Cell voltage Cell voltage of the Power density of Power density of the
density (A /cmz) of the model (V) experiment (V) the model (W /cm2) experiment (W /cmz)
0.1 0.83 0.86 0.083 0.082

0.2 0.794 0.76 0.159 0.15

0.3 0.753 0.68 0.226 0.21

0.4 0.705 0.62 0.282 0.26

0.5 0.639 0.57 0.319 0.295

0.6 0.57 0.52 0.342 0.315
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Fig. 3. Effect of recirculation ratio and current density on (a) air utilization ratio; (b) terminal voltage; (c) power output; (d) electrical efficiency; for fuel
utilization ratio of 0.85.
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Fig. 4. Effect of fuel utilization ratio and current density on (a) air utilization ratio; (b) terminal voltage; (c) power output; (d) electrical efficiency; for
recirculation ratio of 0.2.

needed for higher fuel utilization ratios. Hence, it is seen that 4. Conclusions

increasing this ratio improves the system thermodynamically

and decreases the cost of fuel; but also increases the cost of the In this study, a DIR-SOFC operating with syngas has been
air flow entering the cathode section.-) modeled thermodynamically. The recirculation of the anode



C.0. Colpan et al. / International Journal of Hydrogen Energy 32 (2007) 787—795 795

exit gas stream is taken into account in the model to obtain
a formulation valid for gas mixtures containing different gas
compositions. The effect of recirculation ratio and fuel utiliza-
tion ratio is also investigated. The conditions that are thermo-
dynamically effective and economically effective are identified
and discussed. Future study will concentrate on the thermoeco-
nomic optimization of the DIR-SOFC and enhancement of the
present model including the carbon deposition using the finite
control volume method.
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