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Mathematical models of direct internal reforming solid oxide fuel cell (DIR-SOFC)
fueled by methane are developed using COMSOL® software. The benefits of inserting
Ni-catalyst rod in the middle of tubular-SOFC are simulated and compared to conven-
tional DIR-SOFC. It reveals that DIR-SOFC with inserted catalyst provides smoother
temperature gradient along the system and gains higher power density and electro-
chemical efficiency with less carbon deposition. Sensitivity analyses are performed. By
increasing inlet fuel flow rate, the temperature gradient and power density improve,
but less electrical efficiency with higher carbon deposition is predicted. The feed with
low inlet steam/carbon ratio enhances good system performances but also results in
high potential for carbon formation, this gains great benefit of DIR-SOFC with
inserted catalyst because the rate of carbon deposition is remarkably low. Compared
between counter- and co-flow patterns, the latter provides smoother temperature distri-
bution with higher efficiency; thus, it is the better option for practical applications.

Dept. of Chemical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok 10330, Thailand

© 2009 American Institute of Chemical Engineers AICKE J, 56: 1639—1650, 2010
Keywords: direct internal reforming, solid oxide fuel cell, catalyst

Introduction

Solid oxide fuel cell (SOFC) is an electrochemical device
that typically operated at high temperature (973-1373 K)';
this technology is expected to be applied for energy genera-
tion in the near future. SOFC offers several advantages, e.g.,
the ability to use CO (along with H,) as fuel and the high
level of exhaust heat, which can be efficiently used in com-
bined heat and power and combined cycle gas turbine appli-
cations. Importantly, because of its high operating tempera-
ture, several hydrocarbon compounds could be applied as
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primary fuels when it is operated as internal reforming (IR-
SOFC). Currently, methane (as a major component in natural
gas) is the most common primary fuel for IR-SOFC.
According to the internal reforming, this operation is
referred to as the utilization of heat generated from exother-
mic electrochemical reaction to endothermic (steam) reform-
ing of hydrocarbons.>” Theoretically, there are two
approaches for IR-SOFC, i.e., direct internal reforming
(DIR-SOFC) and indirect internal reforming (IIR-SOFC).
For DIR-SOFC approach, along with electrochemical reac-
tion, the reforming reaction occurs simultaneously at the an-
ode side of SOFC. Thus, high heat transfer and fuel conver-
sion can be achieved from this operation; nevertheless, an-
ode material must be optimized for both reactions and could
be easily poisoned by carbon deposition from the reforming
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Figure 1. Tubular-designed DIR-SOFC systems in this work.
(a) Conventional DIR-SOFC and (b) inserted catalyst rod DIR-SOFC. [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]

of hydrocarbons. As for I[IR-SOFC, the endothermic reform-
ing reaction takes place at a reformer, which is in close ther-
mal contact with the anode side of SOFC where exothermic
electrochemical reaction occurs. IIR-SOFC gives advantage
in terms of eliminating the requirement of separate fuel re-
former and preventing anode material from carbon deposi-
tion. Nevertheless, IIR-SOFC offers less fuel conversion and
also requires complex configuration compared to DIR-SOFC.
Importantly, another major drawback of both DIR and IIR
operation is the possible mismatch between rates of endo-
thermic and exothermic reactions, which leads to significant
local temperature reduction particularly near the entrance of
the anode channel (for DIR) or reformer channel (for IIR)
and consequently results in mechanical failure due to ther-
mally induced stresses.””’

In this work, a set of mathematical models was developed
to predict the behaviors of tubular-designed DIR-SOFC
fueled by methane, i.e., cell performance, temperature gradi-
ent, and amount of carbon deposition along the cell. The
developed model was coded in COMSOL® program within
2D axial dimension application with an aim of determining
the effect of operating conditions, i.e., inlet steam to carbon
ratio and gas flow pattern on the system performance. Impor-
tantly, as the main scope of this study, we proposed one al-
ternative concept for DIR-SOFC by investigating the benefits
of inserting catalyst rod in the middle of the fuel channel.
This configuration can be called as a hybrid system between
DIR and IIR operations because the reforming reaction takes
place simultaneously with the electrochemical reaction at the
anode (as DIR operation) and also occurs on separate inter-
nal reforming catalyst (as IIR operation). It is noted that the
intrinsic rate equations of methane steam reforming and the
rate of carbon formation over Ni-based material as reported
by Xu and Froment® and Zavarukhin and Kuvshinov® were
applied integrally with DIR-SOFC model to predict the
reforming characteristics of “Ni-based” catalyst rod and an-
ode along with the electrochemical behavior of SOFC sys-
tem. Details of these mathematical models are presented in
the next section.

From the simulation, the system performances (i.e., elec-
trical efficiency, temperature gradient along the cell, and
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amount of carbon formation at anode surface) of this DIR-
SOFC with catalyst rod were determined. The effects of inlet
steam to carbon ratio and gas flow patterns on the perform-
ance of this DIR-SOFC were also investigated and compared
to conventional DIR-SOFC. Lastly, the suitable operating
conditions of DIR-SOFC system fueled by methane were
identified.

Mathematical Models
Model geometry

The schematic diagram of a tubular-designed DIR-SOFC
applied in this work is shown in Figure 1. As described, two
configurations, i.e., conventional tubular DIR-SOFC (Figure
la) and DIR-SOFC with inserted catalyst rod (Figure 1b)
were considered. For both configurations, methane and steam
are fed to the anode channel of SOFC, where they were
simultaneously converted to hydrogen-rich gas along with
consumed electrochemically to generate electricity. Simulta-
neously, air is fed with the opposite flow direction through
the air channel. It is noted that anode/electrolyte/cathode
compositions of SOFC system considered here are Ni-YSZ/
YSZ/LSM. All dimensions and physical properties of this
SOFC system, which are based on the previous report from
literatures,'®~'* are summarized in Table 1.

Model assumption and equations

The model was developed as the smallest single unit cell
taking into account the effect of temperature on gas distribu-
tion, reactant conversion, and charge transfer. Our developed
models were based on these assumptions: (1) each section is
considered as nonisothermal steady-state conditions, (2) ideal
gas behavior is applied for all gas components, (3) pressure
drop in SOFC stack was neglected, (4) fuel utilization was
fixed constantly at 80%, and (5) the reforming reaction and
carbon formation occurred at the surface of Ni particles on
the catalyst rod and SOFC anode. It is noted that the well-
established methane steam reforming rate expressions pro-
posed by Xu and Forment® were applied to predict the
reforming rate for both sections; the difference in steam
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Table 1. Constant Parameter Values of a Tubular
IIR-SOFC System

Parameter Value Reference

Fuel cell length 0.60 m 10
Inserted catalyst rod 2x 107 m -
Inside radius of the cell 54 x10°m 10
Anode thickness 1 x 107 m 10
Electrolyte thickness 4 %107 m 10
Cathode thickness 5% 107 m 10
Anode permeability 1 x 102 11
Cathode permeability 1 x10°"? 11
Average density of triple phase 633.73 kg m° 14
Average specific heat of 5743 J kg ' K! 14

triple phase
Anode thermal conductivity 623 Wm 'K 14
Electrolyte conductivity 27Wm 'K 14
Cathode thermal conductivity 96Wm ' K! 14
Convection coefficient in the 2987 Wm 2K! 14

fuel channel
Convection coefficient in the 13228 Wm 2 K™! 14

air channel

reforming reactivity between them is related to the dissimi-
larity of their Ni-active surface area. In our modeling, the
dimensions of SOFC system were modified to dimensionless
application (with the full scale of 1.0), and the active areas
of catalyst rod and anode were normalized as relative active
area. The relative active surface area of anode is 0.07,
whereas that of catalyst rod is 0.36. A number of equations
were applied to predict concentration and temperature gra-
dients along this tubular DIR-SOFC system. Details for these
sets of equations are presented in the following sections and
summarized in Table 2.

Gas Distribution. The combination of Brinkman equation
and Navier-Stokes equation'® (Eq. 1) was applied to predict
gases distribution behavior in this work:

V- (pu) = =Vp+ V- (V) == (), (1)

4

where u is the fluid velocity, p the density, p the pressure, u
the viscosity, ¢ the porosity, and &, is the permeability. It is
noted that the influences of pressure and velocity gradient on
gas diffusion properties were also took into account by
applying molecular diffusion and binary diffusion equations
(Egs. 2 and 3, respectively).'®

Djmix = (1 7yi)/Z(yj/ij) 2
Ji#!
1/2; 1/3 1/372
Dy = (000 pM [ 43P g

where D, nix and D;; are molecular diffusion and binary
diffusion flux of species i in mixed gas (m2 s7h, y; is mole
fraction of species i, p is pressure, M;; = 2/(1/M; + 1/M; in
which M; is molecular weight of component i, and 7y is the
special diffusion volume as reported by Fuller et al.'” It is
noted that, in the case of porous media, the diffusion behavior
was corrected by applying porosity (¢) and tortuosity (t), so-
called effective diffusivity coefficient Df .., (Eq. 4). Further-
more, gas diffusion through porous media, D;pmix, Was
explained by two mechanisms, i.e., molecular diffusion
(Dimix) (Eq. 5) and Knudsen diffusion (D;y,) (Eq. 6)
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depending on the relation between pore diameter (dp) and
mean free path of molecular species.

P
D?,pmix = ;Di,pmix (4)
1 1 1
= + )
Dipmix  Dimix  Dixu
1 8RT
Diju = =dpy |~ 6
T3\ M, ©)

where R is universal gas constant.

Energy Transfer. Heat transfer phenomena considered in
this system involve the conduction along stack materials and
convection from heat flow though the system. Furthermore,
the effect of heat radiation between the catalyst rod and
SOFC was also concerned for the case of DIR-SOFC with
inserted catalyst rod. The calculated gas properties were
referred as a function of temperature; thus, momentum,
mass, and energy balances were integrated. It should be
noted that, in all gas flow channels, both conduction and
convection heat transfers were considered, and the heat
capacity and conductivity of gas species were set as the
function of temperature."

Reforming Model. As mentioned earlier, methane steam
reforming reaction over Ni-based catalyst rod and SOFC
anode was simulated based on the intrinsic rate equations
and parameters reported by Xu and Froment,® whereas the
amount of carbon deposition was predicted based on the
equations proposed by Zavarukhin and Kuvshinov.” It is
noted that the developed model for predicting the rate of car-
bon formation, which was coded in COMSOL® program in
this work, was first validated with the results reported by
Zavarukhin and Kuvshinov® at the same operating condi-
tions. As shown in Figure 2a, both results are in good agree-
ment with the error less than 5%.

Importantly, the effects of heat convection in gas stream,
heat of reactions, and conductive heat transfers from fuel
channel were taken into account in the reforming model.
Furthermore, in the case of DIR-SOFC with inserted catalyst
rod, the radiation between the catalyst rod and the solid cell
was also considered. We made the assumption here that the
reforming reactions occurred only at the catalyst surface, and
no gas was diffused into the catalyst rod.

SOFC Model. All momentum, mass, heat, and charge
balance equations for SOFC systems in this work are given
in Table 2. In detail, all electrochemical reactions take place
at electrodes and electrolyte interface to generate electricity
from both H, and CO. Here, the cell voltage is theoretically
calculated from Nernst equation. It is noted that the actual
voltage is always less than the theoretical value because
of the presence of activation, concentration, and ohmic over-
potentials.'*

Activation loss

Activation loss, 17,., is the activation barrier of electro-
chemical reaction at electrode, which is significant at low
current density.” This overpotential is determined from But-
ler-Volmer equation, Eq. 7. The relations of current density
with H, and O, concentrations at electrodes are given in
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Eqs. 8 and 9."® As the expression of activation loss from CO
oxidation is not well ascertained, the current density from
CO is assumed to be three times lower than that from H,
(Eq. 10)." It is noted that all parameter values related to
these equations are reported in Table 3.

. neF n.F
j=lo [eXp <0<R6—an> —exp ((1 — (=)o ”“C‘)} ©)
j =9 PH, \ (PH0 exp| — Eact anode )
0,H, anode " Dret P —RT

po,\ % Eact cathod
jOﬁOz = 19cathode <P?Zf> exp (7 %) (9)

. 1,
Joco = zjory, (10)

where jj is the exchange current density, j the current density,
3 the exchange current density constant, o the charge transfer
coefficient, n. the number of electron, F the Faraday’s
constant and E, is the activation energy.

Concentration overpotential

This overpotential, #.on, is caused by the dropping of pres-
sure or partial pressure of reactant gases along porous elec-
trodes at reaction sites.” It is normally reduced at high cur-
rent density. The diffusion at bulk zone as defined in term of
concentration overpotential is given in Eq. 11.%°*' Accord-
ing to Suwanwarangkul et al.*> and Hernandez-Pacheco
et al.,”® the dusty gas model was applied to calculate concen-
tration at active site.

RT 4 RT p RT p
fleon = o2 In PngI:zO A pcopfoz T, Coz> 7
2F PH,Ph,0 2F PcoPco, 4F 0,

1)

where * represents gas partial pressure at active site.

Ohmic overpotential

This overpotential, #opm, occurs from the ion transport
across the cell, which mainly depends on ionic conductivity
of cell material. By applying ohm’s law, the relation of
ohmic overpotential and material resistivity is given in Egs.
12 and 13," in which the resistivity is determined from Eq.
14 based on the data in Table 4.

Nohm = JRohm 12)
o

Ropm = 13

" Aelec ( )

o =a-exp(b/T), (14)

where R, is the ohmic resistance,  the ionic conductivity, ¢
the thickness of electrode or electrolyte layer, and a,b are the
constant property of material. It is noted that the transmission-
line model as reported by Stiller et al.** can also apply to
estimate the ohmic overpotential with comparable results to
these equations. By applying the operating conditions (e.g.,
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pressure, air, and fuel flow rates, inlet fuel temperature, fuel
utilization, and inlet fuel composition) based on the work of
Stiller et al.,>* the deviations of observed ohmic overpotential
between both models are in the range of 6% (within the
operating temperature range of 1250-1350 K).

Considering all polarizations, the cell performance was
determined in terms of the electrical efficiency. It is noted
that the anodic current was calculated from both H, and CO
conversion rates, whereas the cell efficiency, #ei.., Was cal-
culated from the ratio between output power density (P) and
the energy of all input fluids, Eq. 15.

P.Ay

=), (15)
> YLHV; 11731

Helee =

where A, is the activation area, (mz), LHV; 1173 the lower
heating value of component i at 1173 K., P the power density
W cm’z), and y}“ is the mole fraction of inlet gas, i. The
governing equations for mass and heat transfers of SOFC
anode are summarized in Table 2. It should be noted that -V
curve obtained from developed model in this work was
validated with the previous work of Leng et al., 13 as shown in
Figure 2b. Clearly, both the results are in good agreement.

Results and Discussion

Modeling of conventional DIR-SOFC and DIR-SOFC
with inserted catalyst rod

The tubular DIR-SOFC model (with and without inserted
catalyst rod) was first simulated at 1173 K and 1 bar. The
inlet fuel (methane and steam) with inlet steam to carbon (S/
C) ratio of 2 was fed to the fuel channel with a total flow
rate of 24.8 cm® s !: simultaneously, air was introduced to
the cathode channel with the flow rate of 94.24 cm® s
(theoretical oxygen ratio). Table 3 presents all related param-
eters of these DIR-SOFC systems. It is noted that the con-
sumption rate of H, and CO (Uy) at the anode channel was
fixed constant at 80% for both configurations. Under these
conditions, characteristic results of these two DIR-SOFC
configurations, i.e., methane conversion, product gas distri-
bution, and temperature gradient along SOFC channels (both
fuel and air channels) are shown in Figures 3 and 4.

Figures 3a,b present the mole profiles of methane and
hydrogen along the fuel channel of conventional DIR-SOFC
(without inserted catalyst rod). It can be seen that the con-
centration of methane decreased along the length of fuel
channel particularly at the surface of the anode (on the right-
hand side of the channel); nevertheless, it is clear that signif-
icant amount of methane remains unreacted and presented at
the outlet of the fuel channel. As for hydrogen concentration
profile, oppositely, it increased along the length of fuel chan-
nel particularly at the surface of the anode, and considerable
amount of hydrogen was presented in the gas products at the
exit of the fuel channel. Both figures indicated that, under
conventional DIR-SOFC conditions, methane incompletely
reformed and hydrogen was inefficiently used by electro-
chemical reaction.

Figures 3c,d show the mole profiles of methane and hydro-
gen along the fuel channel of DIR-SOFC with inserted cata-
lyst rod. Clearly, significant improvements in methane con-
version and hydrogen utilization can be achieved. In detail,
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Table 2. Steady-State 2D Dimensional Model’s for
Tubular DIR-SOFC

Fuel channel for conventional DIR-SOFC

Mass balance V.(—D;V,, +¢;¥) =0 (17)
Energy balance V.(Vpc,T) — Z V.(4VT)=0 (18)
Boundary

z=L; r20; ur = in,

Vf = Vin, Pf = Pr, Cif = Ciiin, It = Tj

Fuel/anode interface and

z20; n-Nepg=— ZRreform — Re—from;
n-Ny,of = — ZRreform
n-Ny,r = ZRreform + Re_from,
n-Ncof = — ZRreform
n-Nco, = > Rectorm
n- (kVT) = h(Tt = T) + > VHretormRietorm

Anode/electrolyte 1 interface

z>0; n- Ny, = —Ju,/2F,
n-Niyor = Ju,/2F
n-Ncos = —Jco/2F,,
n - Nco, = Jco/2F

n- (kVT) = Z AHelecRelec +J(E - ntolal)

Fuel channel for inserted catalyst rod DIR-SOFC

Mass balance V.(—D;V¢; + ¢;V) =0 (19)
Energy balance V.(Vpc,T) — Z V.(ALVT)=0 (20)

Boundary

z=L; r>0; ur = in, Vf = Vin,

DPi = Pr Cit = Ciiin, It = Tiny Troa = Tin

Fuel/catalyst rod interface and fuel/anode interface

z>0; n- NCH4‘f = = ZRreform — Re—from,
n- NHZO,f = - ZRreform
n- NHz,f - ZRreform + RC*fl‘Omv
n- NCO,f = - ZRreform
n- NCOZ - ZRreform

(Continued)
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Table 2. (Continued)

Fuel/catalyst rod interface

n- (kVT) = hf(de — Tf)
oAq(T

(?
1 A1
:,ﬂ—s(rl)

+ Z AI'IreformRreform +

Fuel/anode interface
n- (kVT) = h(Tf - Ts) + Z AI-IreformRreform

Anode/electrolyte 1 interface

z2>0; n-Ny,r = —Ju,/2F,
n-Ny,or = Ju,/2F
n-Ncos = —Jco/2F,
n - Nco, r = Jco/2F
- (kVT) = AHeecRetee + Mo
Solid cell

Energy balance V.(Vpc,T) — V.(4VT)

oA (T — T*
+ZAHelec+7’£rf Do (21)
T A

Lia(t-n)
Boundary
z=L; r>0; T, =Ty,

Air channel

Mass balance V.(=D;Ve; +¢;V) =0 (22)

V.(VpepT) — ZV.(A4VT) =0 (23)

Boundary
z=0;7r>0; uy=0,vy =Vain,Cia = Cajns Ta = Tajn
Air/cathode interface

z> 0; n -Noziyf = —Joz/zF
n- (kVT) = h(Ts — T,)

Outer layer

z>0 n-(kVT)=0

as seen in Figure 3c, the concentration of methane decreased
along the length of fuel channel particularly near the anode
and catalyst rod with greater rate than conventional DIR-
SOFC because of the promotion of reforming reactivity by
inserting the catalyst rod. Importantly, as shown in Figure 3d,
hydrogen generated from the steam reforming reaction was
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Figure 2. Validations of simulation results in this work with the literature.®'3

(a) Rate of carbon formation at various conditions (our simulation: blank symbols and the results from the literature’: black symbols);
(b) I-V curve validation between our simulation results with the experimental results from literatures. -

efficiently used along the channel, thus significantly lower
amount of hydrogen left the system compared to the conven-
tional DIR-SOFC system. The results from Figures 3a—d can
be summarize that, without catalyst rod, the anode alone inef-
ficiently reforms methane, thus significant amount of methane
remains presented in the system; under methane-rich gas con-
dition, hydrogen generated from the reforming reaction can-
not be well utilized electrochemically. By inserting the cata-
lyst rod, the steam reforming of methane was promoted; with
less methane presented in the system, hydrogen can be effi-
ciently used via electrochemical reaction.

Figure 4 presents the temperature profiles along the fuel
and air channels of both DIR-SOFC systems. Obviously, the
local temperature reduction at the entrance of the fuel chan-
nel was reduced, and smoother temperature profiles along
both channels can be achieved when the catalyst rod was
inserted into the fuel channel. The temperature of DIR-
SOFC with inserted catalyst rod decreases only 50 K (from
1173 K to the lowest 1123 K), whereas the temperature gra-
dient dropped by 180 K in the case of conventional DIR-
SOFC. From the calculation, the average temperature differ-
ence along the DIR-SOFC with inserted catalyst rod was
within 8.3 K cm ™!, which is lower than the critical point (10
K) as previously reported,25 whereas the average temperature
difference along conventional DIR-SOFC was higher than 20
K. Under these inlet conditions, the output voltage from
DIR-SOFC with inserted catalyst rod was 0.74 V, which is
higher than that achieved from the conventional DIR-SOFC
(0.69 V); furthermore, the electrical efficiency and power
density significantly improved (from 45.3 to 63.5% and 0.32

Table 3. Constant Parameters for Predicting Activation Loss

9anode (A miz) 5.5 x 108
9cathnde (A m—Z) 7.0 x 108
Eaclvanodc (kJ kmOlil) 1.1 x 105
Eacl,cathode (kJ km0171) 1.2 x 105

to 0.45 A cm ™). Importantly, the amount of carbon deposi-
tion on the anode of DIR-SOFC with inserted catalyst rod
was predicted to be significantly less than that of the con-
ventional DIR-SOFC (9.82 x 107" g g~ h™' for DIR-SOFC
with inserted catalyst rod compared to 3.43 x 107? g g’
h~! for conventional DIR-SOFC).

It can be seen that all observed results indicated the great
benefit of DIR-SOFC with inserted catalyst rod compared to
conventional DIR-SOFC in terms of primary fuel conversion,
temperature distribution along the system, electrical effi-
ciency, output power density, and the potential amount of
carbon deposition at the anode of SOFC. We suggested that
these improvements are mainly related to the presence of
higher amount of active nickel in the system, which helps to
promote the steam reforming and generate more hydrogen
for electrochemical reaction. The reason for better tempera-
ture distribution for DIR-SOFC with inserting catalyst rod is
also related to the promotion of the endothermic steam
reforming of methane to hydrogen, which is simultaneously
consumed efficiently by the exothermic electrochemical reac-
tion at SOFC anode. We indicated here that, at steady-state
condition where the heat generated from the electrochemical
reaction was continuously supplied to the system, the occur-
ring of simultaneous high endothermic steam reforming and
exothermic electrochemical reactions results in their good
energy exchange coupling, which eventually enhances the
great autothermal operation. Regarding the benefit on the
reducing of potential carbon deposition at the anode of
SOFC, although it was observed from the simulation that
some carbon could be formed on the catalyst rod (6.83 x
10 g g' h™") during operation, this problem can be

Table 4. Resistivity of Cell Components, Ni-YSZ/YSZ/LSM"?

0.0000298, b = —1392
0.0000811, b = 600
0.0000294, b = 10,350

Anode resistance constant a
Cathode resistance constant a
Electrolyte resistance constant a
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Figure 3. Results from COMSOL® represented the concentration profiles in the fuel channel of DIR-SOFC systems

(simulated at 1 bar with inlet S/C ratio of 2).

Concentration profiles of (a) methane and (b) hydrogen in the fuel channel in the conventional DIR-SOFC. Concentration profiles of (c)
methane and (d) hydrogen in the fuel channel in the inserted catalyst rod DIR-SOFC. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

practically minimized by applying alternative reforming cata-
lyst with higher resistance toward carbon deposition (e.g.,
Rh-based catalysts) without any changing of SOFC anode
required; this highlights another beneficial of DIR-SOFC
with inserting catalyst rod in terms of catalyst flexibility.

As the next step, the effects of important operating condi-
tions, i.e., inlet fuel flow rate, inlet steam to carbon ratio,
and gas flow pattern on the system performance were studied
to optimize the suitable operating conditions for these DIR-
SOFC systems. It is noted that the effects of other operating
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Figure 4. Results from COMSOL® represented the temperature gradient in the fuel and air channels of DIR-SOFC
systems (simulated at 1 bar with inlet S/C ratio of 2).

Temperature gradients of the fuel and air channels (7} and T,, respectively) for (a) conventional DIR-SOFC and (b) inserted catalyst rod
DIR-SOFC; (c) comparison of temperature profiles at each channel of both systems. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

conditions, e.g., fuel inlet temperature and operating pressure Effect of inlet fuel flow rate

were also carried out. Nevertheless, we found insignificant The inlet fuel flow rate was found to be one of the major

impact of these operating parameters on the system perform- parameters that strongly affects the performance of DIR-
ance, thus they are not reported here. SOFC system. Here, the effect of inlet fuel flow rate on the
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Figure 5. Effect of inlet fuel flow rate on the tempera-
ture gradient in the fuel channel of DIR-SOFC
systems (simulated at 1 bar with inlet S/C
ratio of 2).

Temperature profiles in the fuel channel of (a) conventional
DIR-SOFC and (b) inserted catalyst rod DIR-SOFC at vari-
ous inlet fuel flow rates.

temperature gradient, power density, electrical efficiency,
and amount of carbon formation for both DIR-SOFC systems
was studied by varying the inlet fuel flow rate from 18.6 to
24.8, 37.2, and 49.6 cm® s7L Figure 5a and Table 5 indicate
that the cooling effect and power density of conventional
DIR-SOFC system can be improved by increasing the inlet
fuel flow rate; nevertheless, the electrical efficiency signifi-
cantly reduced (because of the lower rate of methane conver-
sion at higher fuel flow rate), and the amount of carbon dep-
osition increased considerably. Similar trends were observed
for DIR-SOFC with inserted catalyst rod, Figure 5b and
Table 5.

Effect of inlet S/C ratio

As possible carbon deposited on the surface of SOFC an-
ode is one of the major problems for DIR-SOFC and it
strongly depends on the ratio of steam to carbon in the sys-
tem, we here aimed at the determination of suitable inlet S/C
ratio to minimize the potential for carbon deposition in the
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Table 5. Effect of Inlet Fuel Flow Rate on the Electrical
Efficiency and Power Density of DIR-SOFC Systems
(Simulated at 1 bar with Inlet S/C Ratio of 2)

Power Density (A cm %) Electrical Efficiency (%)

Inlet DIR with DIR with
Velocity ~ Conventional  Inserted  Conventional  Inserted
(em®s7h DIR Catalyst DIR Catalyst

18.6 0.27 0.42 49.67 78.98

24.8 0.32 0.45 45.25 63.53

37.2 0.36 0.47 333 44.64

49.6 0.46 0.51 227 35.57

cell and maximize the performance of the system. It is well
established that the amount of carbon formation can be effi-
ciently reduced by adding excess steam at the feed; never-
theless, too high steam content can reduce the overall system
efficiency because high energy is required to vaporize water
to steam. As for the typical methane steam reforming over
Ni-based catalysts, it has been reported that the steam to car-
bon ratio should be in the range of 1.4-3.0.%° Here, the
effect of inlet steam content on the amount of carbon deposi-
tion and performance of both DIR-SOFC systems were
investigated by varying the inlet steam to carbon (S/C) ratios
from 1.5 to 4.0.

Figures 6 and 7 and Table 6 present the effect of inlet S/C
ratio on the temperature gradient along the fuel channel, the
electrical efficiency achieved, and the amount of carbon dep-
osition for both DIR-SOFC systems. It can be seen that the
amount of carbon formation decreased with increasing inlet S/
C ratio (Figure 7) because the excess steam can prevent the
formation of carbon species from the methane cracking reac-
tion. Nevertheless, considering the temperature gradient and
electrical efficiency, it was found that the cooling spot
increased with increasing the inlet S/C ratio (Figure 6),
whereas the electrical efficiency decreased (Table 6). This
could be due to the fact that the presence of excess steam
diluted hydrogen concentration in the fuel channel and
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Figure 6. Effect of S/C ratio on the temperature gradi-
ent in the fuel channel of DIR-SOFC systems
(simulated at 1 bar).

Temperature profiles in the fuel channel of conventional
DIR-SOFC and inserted catalyst rod DIR-SOFC at various
S/C ratios.
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Figure 7. Effect of S/C ratio on the predicted carbon
formation at the anode of DIR-SOFC sys-
tems.

Predicted amount of carbon formation at the anode of (a)
conventional DIR-SOFC and (b) inserted catalyst rod DIR-
SOFC at various S/C ratios.

resulted in lower the exothermic electrochemical reaction;
thus, the temperature drops down because of the strong endo-
thermic steam reforming reaction occurred. Hence, we con-
cluded that, to maximize the performance of DIR-SOFC, low
inlet S/C ratio must be applied; nevertheless, high potential
for carbon deposition must be aware. This gains the great ben-
efits of DIR-SOFC with inserted catalyst rod because the rate
of carbon deposition was remarkably lower than the conven-
tional DIR-SOFC even at a lower inlet S/C ratio (Figure 7b).

The modeling of DIR-SOFC with inserted catalyst rod at
particularly low inlet S/C ratio (from 2:1 to 0.5:1) was also
carried out to determine the optimum operating condition for
this system. As shown in Figure 8, the electrical efficiency
increased with decreasing inlet S/C ratio from 2:1 to 1.1:1,
then it rapidly reduced at lower inlet S/C ratio; furthermore,
significant amount of carbon deposition was observed. These
strong negative effects could be due to the incomplete
reforming of methane with steam and the occurring of meth-
ane cracking instead. Hence, the suitable inlet S/C ratio for
DIR-SOFC with inserted catalyst rod should be slightly
higher than the stoichiometric value (1/1).

Effect of flow direction

For typical autothermal application, e.g., heat exchanging
system, flow direction of exchanged fluids strongly affects

Table 6. Effect of Inlet S/C Ratio on the Electrical Efficiency
and Power Density of DIR-SOFC Systems (Simulated at 1

bar)
Power Density (A cm?) Electrical Efficiency (%)
DIR with DIR with
Steam/ Conventional Inserted Conventional Inserted
Carbon DIR Catalyst DIR Catalyst
1.5:1 0.37 0.48 45.95 64.25
2:1 0.32 0.45 45.25 63.53
3:1 0.32 0.41 38.88 47.10
4:1 0.31 0.39 33.99 44.96
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Figure 8. Effect of inlet S/C ratio (at lower range) on
the electrical efficiency and predicted carbon
formation of inserted catalyst rod DIR-SOFC
(simulated at 1 bar).

Estimated electrical efficiency and predicted carbon forma-
tion at the anode of inserted catalyst rod DIR-SOFC at vari-
ous S/C ratios.
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Figure 9. Effect of flow pattern on the temperature
gradient in the fuel channel of DIR-SOFC
systems (simulated at 1 bar with inlet S/C
ratio of 2).

Temperature profiles in the fuel channel of (a) conventional
DIR-SOFC with co-flow and counter-flow patterns and (b)
inserted catalyst rod DIR-SOFC with co-flow and counter-
flow patterns.
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Table 7. Effect of Flow Pattern on the Electrical Efficiency, Power Density, and Predicted Carbon Formation of DIR-SOFC
Systems (Simulated at 1 bar)

Power Density (A cm ™ 2)

Electrical Efficiency (%)

Carbon Formation (g gea ')

Flow Conventional DIR with Conventional DIR with Conventional DIR with
Direction DIR Inserted Catalyst DIR Inserted Catalyst DIR Inserted Catalyst
Counter-flow 0.32 0.45 4525 63.53 343 x 1073 9.82 x 1077
Co-flow 0.25 0.51 34.7 71.44 2.83 x 1073 9.83 x 1077

the heat transfer and reaction behavior in the fluid stream,
thus the effect of fuel and oxidant flow direction on the
DIR-SOFC performance was also considered here. In the
previous sections, air flow is counter-flow to fuel flow in the
fuel channel. As an alternative option, the system behavior
was analyzed as co-flow pattern by changing mass and
energy balances in air channel along with their correspond-
ing boundary conditions while keeping all other operating
conditions identical to those of counter-flow pattern. Figures
9a,b show the effect of these two gas flow patterns on the
temperature profiles along the fuel channels. It can be seen
that the flow directions of fuel gases and air strongly affect
the temperature gradient along the system.

In the case of conventional DIR-SOFC configuration with
co-flow pattern, no local cooling temperature occurred at the
entrance of the fuel channel because the electrochemical
reaction occurred rapidly at the entrance of the channel due
to the oxygen-rich condition in the air channel, which
resulted in sufficient heat for endothermic steam reforming
reaction. Nevertheless, this flow pattern caused significant
temperature drop at the second half of the channel as most
of oxygen was electrochemically consumed, and the required
heat for the steam reforming reaction is larger than the gen-
erated heat from electrochemical reaction. Under co-flow
pattern, the average solid cell temperature was lower than
that of the counter-flow pattern and resulted in the increase
in cell resistance, which eventually reduced the electrical ef-
ficiency (Table 7) and output voltage (reduced by 34.7% to
0.65 V). According to the potential for carbon deposition, it
was observed that lower amount of carbon deposition
occurred for DIR-SOFC with co-flow pattern, Table 7. This
is due to the presence of higher hydrogen content in the fuel
channel for DIR-SOFC with co-flow pattern, which reduces
the potential for carbon deposition, according to the carbon
formation rate expression.’

Figure 9b presents the temperature distribution in the fuel
channel for DIR-SOFC with inserted catalyst rod under
counter- and co-flow patterns. Clearly, DIR-SOFC with co-
flow pattern provided smoother temperature distribution with
higher average cell temperature. These result in the reducing
of cell overpotentials and consequently gain higher output
voltage (0.77 V) and electrical efficiency (71.4%, Table 7).
It is noted that the flow direction showed insignificant
impact on the amount of carbon deposition for DIR-SOFC
with inserted catalyst rod (Table 7). We summarized that the
high efficiency of DIR-SOFC with inserted catalyst rod
under co-flow pattern is due to the good matching between
the heat exothermically supplied from the electrochemical
reaction and the heat required for the endothermic steam
reforming reaction along the fuel cell system, thus concluded
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here that DIR-SOFC with co-flow pattern is more satisfac-
tory than that with counter-flow pattern.

Conclusions

The simulation indicated that DIR-SOFC with inserted cat-
alyst rod provides smoother temperature gradient along
SOFC system with significantly lower local cooling at the en-
trance of the fuel channel. In addition, higher power density
and electrochemical efficiency with less carbon deposition
can be achieved compared to the conventional DIR-SOFC.

By increasing the inlet fuel flow rate, the cooling effect
and power density of both DIR-SOFC systems can be
improved; nevertheless, less electrical efficiency with higher
amount of carbon deposition was predicted. It was then
found that, to maximize the performance of DIR-SOFC, low
inlet S/C ratio must be applied; nevertheless, high potential
for carbon deposition must be aware. According to the simu-
lation result, the most suitable inlet S/C ratio for DIR-SOFC
with inserted catalyst rod was 1.1, whereas that of conven-
tional DIR-SOFC should not be less than 1.5. DIR-SOFC
with counter-flow pattern was then compared to that with
co-flow pattern. In the case of conventional DIR-SOFC,
although the local cooling temperature at the entrance of the
fuel channel and the amount of carbon deposition can be
minimized, this flow pattern caused significant temperature
drop at the second half of the channel; furthermore, the aver-
age solid cell temperature was lower than that of the coun-
ter-flow pattern, which resulted in the increase in cell resist-
ant and eventually reduced the electrical efficient and output
voltage. As for DIR-SOFC with inserted catalyst rod, the co-
flow pattern provided smoother temperature distribution with
higher average cell temperature, which leads to reduced cell
overpotentials and consequently higher output voltage and
electrical efficiency.
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Notation
C, = specific heat of the gas streams, kJ mol ' K™
A,ce = external catalyst surface area = M
_ . 3 7(d2—(d—2tea)” )L
¢; = concentration, mol m
D;; = binary diffusion, m? s}
¢ = the effective molecular diffusivity, m* s~
D; ., = the Kundsen diffusivity, m? s~}
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Reieet = the hydrogen oxidation reaction rate, mol m?2s
2

D, = pore diameter, m
E = open circuit voltage, V
E,.. = activation energy, kJ mol ™!
F = Faraday’s constant, 96,487 C mol ™!
AH = the change of heat of reaction, kJ mol ™!
jo = exchange current density, mA cm >
J = current density, mA cm 2
Ju, = current density from hydrogen oxidation reaction, mA cm™
h = heat transfer coefficient, kJ m s K!
k = thermal conductivity, kJ m ' s K!
NP = the bulk molar diffusive flux of gas component, mol m~' s~
p° = standard partial pressure, bar
p; = partial pressure of species i,
R = universal gas constant; 8.314 J mol ' K.

2

-1

{raa = the heat flux from radiation, W m™
act = specific surface area of catalyst
T = temperature, K
u = fluid velocity, m s~
y; = the mole fraction of gas

1

Greek letters

p = density, kg m™>

y = special Fuller et al.'” diffusion volume

9 = exchange current density constant, mA cm
o, = charge transfer coefficient of anode and cathode

¢ = Stefan-Boltzmann coefficient

& = porosity

T = tortuosity

2

Neenn = voltage drop of the whole cell, Volts

J. = thermal conductivity (kJ m~' s™' K™

Superscripts

* = active site

Subscripts

a = air channel

c-form = carbon formation

i = component (methanol, water, hydrogen, etc.)
Jj = reaction (SRM, WGS, etc.)
f = fuel channel
s = solid oxide fuel cell
Act = activation losses
cell = cell stack
con = concentration losses

ohm = ohmic losses

elec = electrochemical reactions

rod = catalyst rod

reform = reforming
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