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bstract

Deposition of carbon on conventional anode catalysts and formation of large temperature gradients along the cell are the main barriers for
mplementing internal reforming in solid oxide fuel cell (SOFC) systems. Mathematical modeling is an essential tool to evaluate the effectiveness
f the strategies to overcome these problems. In the present work, a three-dimensional model for a planar internal reforming SOFC is developed.

co-flow system with no pre-reforming, methane fuel utilization of 75%, voltage of 0.7 V and current density of 0.65 A cm−2 was used as the
ase case. The distributions of both temperature and gas composition through the gas channels and PEN (positive electrode/electrolyte/negative
lectrode) structure were studied using the developed model. The results identified the most susceptible areas for carbon formation and thermal

tress according to the methane to steam ratio and temperature gradients, respectively. The effects of changing the inlet gas composition through
ecycling were also investigated. Recycling of the anode exhaust gas, at an optimum level of 60% for the conditions studied, has the potential to
ignificantly decrease the temperature gradients and reduce the carbon formation at the anode, while maintaining a high current density.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFC) have attracted considerable
nterest during the past decade as highly effective sources of
lectrical energy [1]. This type of fuel cell operates at rela-
ively high temperatures (650–950 ◦C) with hydrocarbons or
ydrogen as the fuel at the anode and air as the oxidant at the
athode. Internal reforming of methane within an SOFC to pro-
uce hydrogen in situ can maximize the efficiency and simplicity
f the process by combining the reforming and electrochemical
rocesses. The two main drawbacks to internal reforming are the
arge temperature gradients generated within the fuel cell and the
eposition of carbon on the anode that leads to deactivation of
he electrocatalysts.
Steam reforming is a highly endothermic reaction, whereas
lectrochemical oxidation is an exothermic reaction [2–5]. At
he inlet of a cell where the fuel, typically methane, concen-
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ration is high, the reforming rate dominates such that the inlet
egion cools below the feed temperature. As the fuel flows into
he cell the relative amount of hydrogen to methane increases
nd the electrochemical reaction eventually dominates result-
ng in a temperature increase downstream in the cell. The steep
emperature gradients that result from the localized heating and
ooling within the cell can lead to significant thermal stresses in
he solid structure and potentially to a system failure from crack
ormation in the cell.

The second drawback of steam reforming on conventional
ickel/yttria-stabilized zirconia (Ni/YSZ) anodes is the tendency
f Ni to catalyze carbon formation [6]. Eventual deactivation of
he catalyst occurs if the rate of carbon deposition, occurring
hrough reaction (1), exceeds the rate of its removal, occurring
hrough reactions (2) and (3) [7–10]:

H4→ C + 2H2 (1)
+ H2O → CO + H2 (2)

+ O2−→ CO+ 2e− (3)

mailto:jhill@ucalgary.ca
dx.doi.org/10.1016/j.jpowsour.2007.07.003
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Nomenclature

A area
Cp heat capacity at constant pressure
D diffusion coefficient
Dh hydraulic diameter
E energy
E0 reference reaction potential
EOCV open circuit potential
F Faraday no.
G heat transfer parameter
h convective heat transfer coefficient
H height
i current density
i0 exchange current density
k conductive heat transfer coefficient
L cell length
ne no. of electrons transferred in the reaction
N no. of moles
Ni molar flux of species i
Nu Nusselt no.
P pressure
Prandtl Prandtl no.
R universal gas constant
R5,6,7 reaction rate (mol m−2 s−1)
Re Reynolds no.
t thickness
T temperature
u linear velocity
w width
X mole fraction
Z distance in z-direction

Greek letters
γ heat transfer parameter
η potential (voltage) drop
νij stoichiometric coefficient

Subscripts
a anode
act activation
air air
c cathode
cb catalyst bed
conc concentration
e electrolyte
f fuel
fc fuel channel
ic interconnect
s solid
t total

Superscripts
Eff effective
Ref reference
TPB triple phase boundary
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At lower temperatures – typically below 973 K – dispro-
ortionation of carbon monoxide (the so-called Boudouard
eaction) can also serve as a carbon forming reaction as will
e discussed later.

The rate of carbon formation is affected by the steam to hydro-
arbon or carbon ratio [8,11,12], the current density [9,13,14],
nd the hydrogen to hydrocarbon ratio [15]. Higher steam to
arbon ratios and higher current densities decrease the rate of
arbon formation by enhancing removal of carbon from the
urface through reactions (2) and (3) [9,13]. Higher current
ensities result in more oxygen anions diffusing through the
lectrolyte to the anode structure and production of more steam
ithin the pores of the anode through the electrochemical reac-

ion. Diffusion of oxygen anions is limited to the active region
f the anode [16] and will not reduce carbon formation at the
lectrochemically inactive regions of thicker anodes in anode-
upported systems. A higher ratio of hydrogen to methane will
lso decrease the rate of carbon formation by promoting the
everse of reaction (1) [17,18].

A promising way to resolve the problems of both carbon for-
ation and steep temperature gradients in SOFC is to recycle

art of the outlet stream from the anode [19–21]. This exhaust
tream contains hydrogen (H2, ∼15%), water and a relatively
igh carbon dioxide (CO2) to carbon monoxide (CO) ratio.
ecycling of the outlet anode stream adjusts the inlet feed com-
osition. Specifically, the concentration of methane (CH4) is
ecreased and the concentrations of H2 and CO2 are increased.
hese changes result in a higher current density at the inlet,

ower rate of carbon formation [2], and decreased steam make-
p requirement [19]. In addition, temperature gradients in the
ell are reduced because of the increase in the relative rate of
he electrochemical reaction (reaction (3)) versus the rate of the
eforming reaction (reaction (5), below). The amount of car-
on formation is reduced from the higher concentrations of both
ydrogen and carbon dioxide in the feed. Hydrogen impedes
eaction (1), while carbon dioxide (CO2) promotes the reverse
oudouard reaction [22,23] as shown in reaction (4):

O2+C → 2CO (4)

In order to better understand the operation of SOFC, a num-
er of theoretical models have been developed. Some studies
ave modeled various SOFC geometries for electrode- [1,24]
nd anode-supported [25–27] cells with either internal [25,26] or
xternal reforming [27]. The results of these studies indicate the
ormation of large temperature gradients along the length of the
ell when internal reforming is employed. The models published
hus far, however, contain deficiencies such as modeling in only
ne or two dimensions rather than in three dimensions, assum-
ng reactions occurring in the gas-phase are representative of the
olid-phase reactions, and neglecting the effect of diffusion of
ases through the PEN (positive electrode/electrolyte/negative
lectrode) structure in all directions. These deficiencies affect

he reliability of the results and limit their usefulness.

In this study, we have developed a rigorous model of an SOFC
ith direct internal reforming in order to investigate the prob-

ems of carbon formation and temperature gradients within a cell
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ig. 1. Schematic of modeled system: (a) 3D view of three cells in a stack and
b) front view of half of one unit cell. The letters in (b) are those referred to in
he boundary conditions in Table 2.

nd stack. The three-dimensional model includes electrochem-
cal reactions, and heat and mass transfer between the solid and
as phases, and is solved using COMSOL Multiphysics 3.2. The
omposition of the feed gas mixture, in particular the concentra-
ions of H2, CH4, H2O and CO2, is the main parameter varied in
his study. Our results demonstrate that recycling of the anode
xhaust gases is indeed a promising technique for regulating the
emperature gradients and carbon formation within the cell.

. System and model development

A three-dimensional mass and heat transfer model was devel-

ped for an anode-supported cell of planar geometry, as shown
n Fig. 1. The PEN structure is between interconnects that form
hannels for air and fuel flow. In the model, the air and fuel
ow co-currently over opposite sides of the PEN structure. The

able 1
ystem specifications

as inlet temperature 1073 K
urrent density (i) 0.65 A cm−2

ir to fuel ratio 8
node thickness (ta) 1000 �m
athode thickness (tc) 50 �m
low arrangement Co-current flow
perating voltage 0.7 V
ell dimensions 10 cm× 10 cm
uel utilization 75%
lectrolyte thickness (te) 10 �m
hannel dimensions (wfc × Hfc) 5 cm× 2 cm
team to carbon ratio in fuel 2
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hoice of co-current flow is discussed in Section 3. Calculations
ere performed on one unit cell in the stack. It will be shown

hat one unit cell is representative of the behavior of the entire
tack, except at the edges of the stack where the boundary con-
itions may be different. As shown in Fig. 1a, there is a plane
f symmetry in the centre of each unit cell and so the calcula-
ions required can be further reduced. In the presented results,
he x, y and z dimensions have been normalized between 0 and
, unless otherwise noted. A summary of system specifications
s presented in Table 1.

.1. Mass balances

The following three surface reactions were considered in the
odel:

H4 + H2O
reversible←→ CO+ 3H2 (5)

O+ H2O
reversible←→ CO2 + H2 (6)

2+O2−→ H2O + 2e− (7)

The steam reforming and water-gas shift reactions (5) and
6), respectively, generate H2 while the electrochemical oxida-
ion reaction (7), consumes H2 and produces steam at the anode.
s the rate of CO oxidation is slower than the rate of H2 oxi-
ation [27–29] and the concentration of CO is lower than the
oncentration of H2, electrochemical oxidation of CO was not
ncluded in the model.

Table 2 summarizes the equations and boundary conditions
or the mass transfer calculations. Eq. (8) describes diffusion
ithin the anode structure. All reactions occurring in this system

re assumed to take place on the solid surface (i.e., not in the gas
hase). The terms on the left-hand side of the equation account
or the diffusion in the solid phase while the terms on the right-
and side account for the change in the number of moles of each
pecies through the relevant reactions. The last term accounts
or the change in the total number of moles from the steam
eforming reaction, Eq. (5), in which the ratio of the moles of
roducts to the moles of reactants is two. The solid structure is
ssumed to be insulated from all sides and mass transfer is only
ermitted from the anode to the anode gas channel as shown in
he boundary equations in Eq. (9).

Eq. (10) describes convective mass transfer in the anode gas
hase. Diffusion of the gases through and from the solid structure
s accounted for in this equation and the boundary conditions
iven in Eq. (11). Diffusion in the direction of flow is neglected
nd the only boundary condition in that direction is the initial
oncentration of each species.

Multi-component diffusion coefficients were used for mass
ransfer in the gas phase, while Knudsen diffusion was used for
he diffusion through the porous solid structure of the anode
30]. The effective diffusion coefficient (Deff

i ) is a function of
he tortuosity of the solid and the gas–solid interactions as given

n Eq. (13):

1

Deff
i

= 1

DKnudsen
i

+ 1

Di,gasε/τ
(13)
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Table 2
Equations and boundary conditions used for mass transfer calculations

Within the anode structure
Deff

i (∂2Pi/∂x
2 + ∂2Pi/∂y

2 + ∂2Pi/∂z
2)

RT
=

∑
j=5,6,7

accordingly

νiRj + νi

i

2F
+ Pi

Pi(2Ri)
(8)

x = 0, wfc y = tc + te y = Hs z = 0, L
∂Pi

∂x
= 0

∂Pi

∂y
= 0 Deff

i

∂Pi

∂y
= −Di,g

∂Pi

∂y

∂Pi

∂z
= 0

(9)

Gas phase (anode channel)
1

Afc

(
∂(ṅt(Pi/Pt))

∂z

)
−Di,g

(∂2Pi/∂x
2 + ∂2Pi + ∂y2)

RT
= 0 (10)

At : ab, ef y = Hs y = Hfc
∂Pi = 0 Deff

i

∂Pi = −Di,g
∂Pi ∂Pi = 0

(11)
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∂x ∂y ∂y ∂y
z = 0
PCH4 = 0.33Pt PH2O = 0.67Pt PH2 = PCO = PCO2 = 0

here DKnudsen
i is the Knudsen diffusion coefficient for each

pecies i, Di,gas the gas phase diffusion coefficient of species i,
the porosity, and τ is the tortuosity.
The steam reforming reaction rate was determined using a

imple reaction model of the form shown in Eq. (14) [31]:

SR = k0xCH4Pt e−Eact/RTcb (14)

In this equation, the rate of reaction, RSR, depends on the
requency factor, k0, the partial pressure of methane, xCH4 ·Pt,
ctivation energy of the reaction, Eact, and temperature of the
atalyst bed, Tcb. The water-gas-shift (WGS) reaction is typi-

ally assumed to be at equilibrium throughout the cell [26,32].
n the present work, however, simple kinetic models were used
or both forward and backward reactions, as suggested by
ehnert et al. [26].

t
i
g
s

able 3
quations and boundary conditions used for heat transfer calculations

ithin the PEN structure

ks

(
∂2Ts

∂x2
+ ∂2Ts

∂y2
+ ∂2Ts

∂z2

)
= Q̇

x = 0, wfc z = 0, L
∂T

∂x
= 0

∂T

∂x
= 0

y = 0 y = Hs

ks
∂T

∂y
= hair(Tair − Ts)+ �NO2 Cp,O2 Tair −ks

∂Ts

∂y
= hf(Tf − Ts)−

∑
�NiCp,iT

ithin the interconnects structure

kic

(
∂2Tic

∂x2
+ ∂2Tic

∂y2
+ ∂2Tic

∂z2

)
= 0

x = 0, wfc z = 0, L At : ab, ef y = 0, Hs (solid contacts) A
∂T

∂x
= 0

∂T

∂z
= 0 kic

∂Tic

∂x
= hair(Tair − Tic) kic

∂Tic

∂y
= −ks

∂Ts

∂y
k

node and cathode channel

hair[(Tair − Ts)wfc + (Tair − Tic)(wfc +Hfc)]− wfc �NO2 Cp,O2 Tair = Cp,air
dṁairT

dz

hf[(Tf − Ts)wfc + (Tf − Tic)(wfc +Hfc)]+ wfc

∑
�NiCp,iTi = Cp,f

dṁfTf

dz

z = 0
Tair = Tf = 1073 K
(12)

.2. Heat balances

The unit cell is assumed to be thermally isolated and thus
ffectively insulated from all sides. Heat is generated or with-
rawn from reactions occurring on the surface and within the
olid catalyst structure. The reactions considered do not occur
n the gas phase at the temperature of interest for this study
i.e., 1073 K). Heat is exchanged between the solid and the gas
treams by convection and through transport of reactants and
roducts from or through the solids. Across the solids, heat con-
uction was considered dominant. The equations and boundary
onditions for the heat transfer calculations are given in Table 3.

The electrochemical oxidation consists of two half-cell reac-

ions occurring separately in the anode and cathode, and heat
s generated within the electrolyte and the electrodes. The heat
enerated, however, is assumed to be produced within the anode
tructure because the cathode and electrolyte are very thin, rel-

(15)

(16)

i
(17)

(18)

t : ad, eh

ic
∂Tic

∂y
= hair(Tair − Tic)

(19)

air (20)

(21)

(22)
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Table 4
Equations used for calculations of activation overpotentials [1]

i0,a = Ka e−Eact,a/RT

(
PTPB

H2

Pt

)(
PTPB

H2O

Pt

)
(26)

i0,c = Kc e−Eact,c/RT

(
PTPB

O2

P ref

)1/4

(27)
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Average gas phase concentrations of reactants and products
along the length of the cell are shown in Fig. 2. The rapid
depletion of CH4 and H2O and the corresponding increase in
K. Nikooyeh et al. / Journal of

tive to the anode. The gases flowing on each side of the PEN
tructure remove heat from each surface through convection as
hown in the boundary conditions in Eqs. (17), (20) and (21). The
iffusion of species also contributes to the transfer of heat from
he PEN structure to the gas phases. Within the solid structure
eat transfer occurred only through conduction as accounted for
n Eqs. (15) and (18). The gases enter the channels at 1073 K
Eq. (22)) and all the sides of the solid structure are insulated
Eqs. (16) and (19)).

The rate of heat generation Q̇ was determined from

˙ = RSR�HSR + RWGS�HWGS + i

(
�HOx

nF
− Vcell

)
(23)

here Q̇ stands for the rate of heat generation, �H the enthalpy
f the steam reforming (SR), water-gas-shift (WGS), or oxi-
ation (Ox) reactions, i the current density at each point, n the
umber of electrons transferred through the reaction, F the Fara-
ay constant, V the voltage of the cell, and R is the rate of steam
eforming or water-gas shift, per surface area of the catalyst.

There is an entrance effect as the gas enters the channels on
ither side of the PEN structure. In the energy balance analy-
is, axial variations of the convective heat transfer coefficient,
, therefore, are determined and taken into account [33]. The
ariation in the value of h is larger on the cathode side because
he Reynolds number is higher for air.

.3. Electrochemistry

Electrochemical calculations were used to estimate current
ensities throughout the cell. The reversible cell voltage (EOCV)
r the “open circuit voltage” (OCV) is a function of temperature
nd reactant concentrations. The difference between the OCV
nd the cell operating voltage (Vcell) equals the sum of ohmic
osses (the current density (i) times the cell resistance (Rohm)),
he activation losses or overpotential (ηact), and the concentration
verpotentials (ηconc) as follows:

OCV − Vcell = Rohmi+ ηact + ηconc (24)

The concentration overpotentials can be relatively large
>0.02 V) when mass transfer is the rate-limiting step of the
lectrochemical reaction within the cell. For the present case,
owever, H2 is readily available throughout the anode and the
aximum current density is sufficiently low that the concentra-

ion overpotential was negligible. This assumption is justified
sing the results from Aguiar et al. [25] and also by perform-
ng calculations at areas having high current densities and low
ydrogen concentrations. Thus, for the present model only acti-
ation and ohmic losses were considered.

The open circuit voltage, EOCV, was evaluated solving the
ernst equation as follows:

OCV = E0 + RT

nF
ln

(
PH2P

0.5
O2

P

)
(25)
H2O

here E0 represents the theoretical potential of the reaction at
emperature T and partial pressures PH2 , PO2 , PH2O for hydro-
en, oxygen and water, respectively, and R is the gas constant.

F
t
t

O2

icell = i0,electrode

[
exp
(

αneF

RTηact,electreode

)
− exp

(
(1− α)neF

RTηact,electrode

)]
(28)

The equations used for exchange current densities and
verpotential calculations are listed in Table 4. For activa-
ion overpotential calculations, the Butler–Volmer equation was
pplied separately to the anode and the cathode. The values of the
ctivation overpotential depend on the nature of the reaction, the
atalyst and the temperature. These dependences are included
n the values of exchange current densities, i0. The data used for
he overpotential calculations were obtained from the work of
ostamagna and co-workers [1,34].

. Results and discussion

In this section, the model results for the concentration and
urrent density profiles along the length of the cell will be dis-
ussed first. The results for the methane to steam ratio will then
e presented and the susceptibility of different areas of the cell
o deposition of carbon based on this ratio will be examined.
he temperature distributions along the length and through the
ross-section of the unit cell will be given and the resulting tem-
erature gradients shown. Finally the effects of recycling of the
node exhaust gas on both the temperature distribution and the
ethane to steam ratio will be discussed.

.1. Concentration and current density profile
ig. 2. Bulk-mean anode gas phase composition along the length of the cell. In
his and all following figures, the relevant section of the unit cell is indicated in
he inset.
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the steam to carbon ratio is lowest, and to which the oxygen
anions will not penetrate.
ig. 3. Current density in the mid-plane of the PEN structure along the length
f the cell.

2 concentration indicates that steam reforming occurs mainly
t the entrance to the cell (z < 0.2). The produced H2 is then
onsumed by the electrochemical reaction such that the H2 con-
entration reaches a maximum at approximately 20% along the
ength of the cell (z = 0.2). Correspondingly, there is a mini-

um in the H2O concentration because H2O is consumed by
he reforming reaction and produced by the H2 oxidation reac-
ion. The distributions of CO and CO2 along the length of the
ell are in agreement with equilibrium calculations for z > 0.2. At
he inlet region (z < 0.1), however, CO is produced so quickly by
team reforming that the water-gas shift reaction does not reach
quilibrium. These trends in concentration are in agreement with
he calculations of Aguiar et al. [25].

The current densities, calculated in the mid-plane of the PEN
tructure, are shown in Fig. 3. The current density increases to
maximum at z≈ 0.25. The maximum in the current density

oes not occur at the same location as the maximum in the H2
oncentration because the current density depends on the tem-
erature as well as the concentration of H2 (see equations in
able 4). That is, the temperature of the anode changes along

he length of the cell as the relative rates of the exothermic and
ndothermic reactions change. The temperature profile will be
iscussed in Section 3.3.

.2. Methane to steam ratio

In terms of carbon deposition, the main parameters of interest
re the concentration of methane and the steam to hydrocarbon
atio. The steam to hydrocarbon ratio increases along the length
f the cell as the steam and methane react to form hydrogen,
hich then electrochemically reacts to form steam (Fig. 2). In
ig. 4, the data are presented in terms of the methane to steam
atio, which varies between 0 and 0.5 (the steam to methane ratio
aries between infinity and 2). At the inlet of the cell, the ratio of
ethane to steam is 0.5, and this ratio decreases throughout the
ength of the cell as methane is consumed and steam is produced.
hus, the inlet of the cell is the most susceptible area for carbon

ormation.

F
a
c

ig. 4. Ratio of methane to steam in the gas phase along the length of the cell.

The cross-sectional distribution of the methane to steam ratio
ithin the anode at the inlet (z = 0.005) is illustrated in the con-

our plot in Fig. 5. The letters (a, d, e, and h) correspond to the
ame letters used in Fig. 1b. The rate of change in the methane to
team ratio with distance into the anode indicates that the major-
ty of the steam reforming reaction occurs in the top portion of
he anode, closest to the fuel channel and furthest from the triple-
hase boundary, at which the fuel, oxygen anions and catalyst
eet. The methane to steam ratio continuously decreases from

he gas/anode interface (line ad) through the anode structure to
he anode/electrolyte interface (close to line eh—the electrolyte
nd cathode are very thin relative to the anode). According to the
ethane to steam ratio, the area that is most susceptible to car-

on formation is the catalyst at the gas/anode interface at which
ig. 5. Contour plot of methane to steam ratio in the XY plane of the anode
t z = 0.005. Note that the values for x and y are the actual distances. The
oncentration of methane is essentially zero under the interconnect.
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ig. 6. Bulk-mean temperature in the gas phases along the length of the cell
nd temperature along the mid-plane of the PEN structure. Because the PEN
tructure is thin, temperature variation in the y-direction is negligible.

.3. Temperature distribution

In this section, temperature distributions in three dimensions
or each of the gas and solid phases are discussed. Calculated
ulk-mean gas phase temperature distributions are shown in
ig. 6. Also included is the temperature profile in the flow direc-

ion at the mid-plane of the solid phase (PEN structure). The
emperature of the solid phase is lowest at the inlet where the rate
f the endothermic steam reforming reaction is the highest. The
olid phase is approximately 50 K cooler than the temperature
f the inlet gases. As the exothermic electrochemical oxida-
ion reaction rate increases, the temperature increases along the
ength of the cell. The temperature of the gas-phase on the anode
ide is close to the temperature of the solid phase. There is a lag
n the temperature at the gas inlet while the gas cools to the
emperature of the solid. On the cathode side, the gas flow rate
s substantially higher than that on the anode side. Changes in
he air temperature are therefore less dramatic than that for the
node gas phase. Temperature gradients in the PEN structure,
long the length of the cell, are relatively large and attain a
aximum value of 16.4 K cm−1 at z≈ 0.25.
A balance on the total heat required, taking into account both

he endothermic reforming reactions and the exothermic elec-
rochemical and WGS reactions, indicates that even if the total
mount of cooling could be distributed evenly throughout the
ell, the outlet temperature would be approximately 1120 K.
hat is, a net excess of heat is generated. The maximum temper-
ture gradient, however, would decrease to∼7–9 K cm−1 as the
inimum temperature would be 1073 K, the inlet temperature

f the gases, compared to 1023 K in the current configuration.
Both the longitudinal (z-axis) distribution of temperature and

he cross-sectional profiles (x–y plane) of temperature determine
hermal stresses in the materials. Calculations show that the max-
mum temperature difference across the PEN structure (in the

-direction) is within 1 K. Therefore, gradients in the y-direction
re small, as would be expected for a solid with high thermal
onductivity and with a relatively thin PEN structure. Heat is
lso well dissipated through the interconnects.

i
t
o
a

ig. 7. Temperatures in the PEN structure vs. position in the direction lateral to
hat of flow. Z represents the dimensionless distance from the gas inlet, along
he flow direction. Temperature variations in the y-direction are negligible.

Along the length of the cell, however, the distribution of
emperature within the PEN structure in the x-direction varies
onsiderably. To illustrate the gradients in the x-direction, the
emperature distributions of four planes from z = 0.005 (inlet
f cell) to z = 0.5 (midway along length of cell) are plotted in
ig. 7. At the inlet, the temperature difference between the PEN
tructure under the interconnect and the PEN structure at the
iddle of the cross-section is 10 K with a maximum temper-

ture gradient of 35 K cm−1. Mid-way along the length of the
ell, however, this temperature difference is less than 1 K and
he temperature gradient is negligible. The temperature gradi-
nts in the x-direction are a result of the fact that only part of
he PEN structure is in contact with the interconnect, which
ffectively dissipates heat. Note that the maximum values of the
emperature gradients in the x-direction are significantly larger
han those in the z-direction along the pathway of the gases (i.e.,
5 K cm−1 versus 16 K cm−1). This fact illustrates the signifi-
ance and importance of 3D modeling in systems that include
nternal reforming.

These calculations were performed using a co-current flow of
ases. Running the model using a counter-current flow pattern
esulted in significantly higher temperature gradients, especially
t the inlet region of the cell. The maximum value of the gradients
n the counter-current configuration was more than 40% higher
han in a co-current flow system. These results are in agreement
ith those reported by Aguiar et al. [25] for planar systems and
y Li and Chyu [35] for tubular systems.

.4. Applicability of results to stack analysis

For the heat balance calculations all the cell outer surfaces
ere assumed to be insulated. This assumption is applicable to

he case of a single stand alone cell. For cells in a stack, however,
he heat transfer from one cell to another also should be taken

nto account, as the top surface of each cell is in contact with
he bottom surface of the next cell. The calculated temperatures
n the top and bottom surfaces of the cell along the pathway
re plotted in Fig. 8. As shown, these values are within 5 K (and
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recycling the anode exhaust gases in several ways. First, the
hydrogen to hydrocarbon ratio is higher in the feed. Second,
the increased hydrogen content will result in a higher amount

Table 5
Inlet concentration and average current density as a function of recycling level

Level of
recycling (%)

Inlet concentration (mol%) Average current
density (A cm−2)

CH4 H2O H2 CO CO2
ig. 8. Temperature of the top and bottom surfaces of the interconnect plates
long the length of the cell.

ctually within 1 K for over 90% of the cell) throughout the cell,
uch that there will be little if any heat transfer between cells
n a stack, and the distribution of temperature within the PEN
tructure calculated in this study is applicable to either a single
ell or a cell within a stack. To further verify this result, a “two-
djacent-cell” system was modeled. Although the temperature
istribution in the interconnects changed slightly, the tempera-
ure distribution in the PEN structure for the two-adjacent-cell
ystem was identical to the distribution obtained for the single
ell system.

.5. Recycling

The effects of recycling on the temperature distribution for
0, 60 and 75% recycling of the anode exhaust gas are shown
n Fig. 9. The percent of recycling is defined as the amount of
ecycled gas divided by the total amount of anode outlet gas mul-
iplied by 100%. As mentioned in Section 1, recycling results in
dilution of the methane concentration and enrichment in the

ydrogen concentration in the feed. The higher hydrogen con-
entration in the feed results in a higher current density at the
nlet region with a corresponding increase in the temperature.
he higher the fraction of recycling the smaller the temperature
ifference between the inlet (z = 0) and outlet (z = 1) of the unit
ell (Fig. 9a). The maximum temperature gradient decreased
rom 16 K cm−1 for no recycling to almost 10 K cm−1 for a
ecycling ratio of 75%.

Recycling also influences the cross-sectional temperature
istribution of the PEN structure (Fig. 9b). Note that the tem-
erature difference is plotted in the y-axis of Fig. 9b for ease
f comparison. The absolute temperature of the PEN structure
ill be different for each level of recycling. Consistent with

he result in the z-direction, increasing the amount of recy-
ling decreases the temperature difference in the x-direction
ithin the PEN structure. The temperature gradients at the inlet

egion (z = 0.005) decreased from 35 K cm−1 with no recycling
o 11 K cm−1 with 75% recycling.

The steam concentration within the cell is also a function of
he amount of recycling. With a higher concentration of hydro-
en in the feed, the rate of the electrochemical reaction increases

nd more steam is produced. The calculated inlet concentra-
ions and average current densities for various levels of recycling
re listed in Table 5. With 50 and 60% recycling, the steam to
ethane ratio at the inlet was the same as that with no recy-

5
6
7

ig. 9. Temperature distribution of the PEN structure for different levels of
ecycling: (a) along the length of the cell and (b) through the cross-section at
= 0.005. The temperature variation in the y-direction is negligible.

ling. For 75% recycling, the steam to methane ratio increased.
lthough an increase in steam concentration is advantageous

n terms of reducing carbon formation, the relative amount of
ydrogen decreases as the amount of steam increases, with a
esulting decrease in the average current density of the sys-
em. Thus, an intermediate level of recycling may be optimal
epending on the system parameters.

The susceptibility to carbon formation will be influenced by
0 33.0 67.0 0 0 0 0.62
0 21.7 43.5 13.0 8.5 13.3 0.66
0 16.5 34.4 24.6 11.0 13.5 0.71
5 10 42 18 12.5 17.5 0.55
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f steam at the triple-phase boundary. Third, the increase in
he concentration of CO2 in the feed will increase the rate of
arbon removal through reaction (4). Offsetting these effects,
owever, is the increase in the amount of CO with increasing
evels of recycling. The WGS reaction is equilibrium limited at
073 K and, thus, the ratio of CO to CO2 increases as the level of
ecycling increases. The increasing amount of CO will impede
emoval of carbon from the surface by shifting the equilibrium
f reaction (2).

. Conclusions

A 3D model has been developed to investigate the ther-
al and electrochemical behavior of an anode-supported SOFC

perating nominally at 1073 K with direct internal reforming of
ethane. The model was developed for a single cell but is appli-

able to the analysis of a stack because of the minimal (<5 K)
emperature difference between the top and bottom of the inter-
onnect structures. The results of the developed model indicate
hat significant temperature gradients exist both along the length
f the cell (up to 16 K cm−1) and within the cross-section of
he cell (up to 35 K cm−1), specifically at the inlet to the cell.
he identification of the temperature gradients within the cross-
ection of the cell is only possible with the use of a 3D model.
he 2D models previously presented in the literature are defi-
ient in this respect. The relatively large temperature gradients
re a result of the relative rates of the endothermic methane steam
eforming reaction and exothermic electrochemical reaction at
ifferent locations in the PEN structure. These large temperature
radients can be reduced by recycling a percentage of the anode
xhaust gases, which changes the composition of the feed. The
ncreased concentration of H2 increases the (exothermic) elec-
rochemical reaction, thus reducing the temperature decrease at
he inlet of the cell, while the increased concentrations of H2,

2O and CO2 may also decrease the amount of carbon deposi-
ion. There is an optimal level of recycling, however, in terms
f minimizing the temperature gradients and carbon formation,
nd maximizing the average current density.
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