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This paper examines the electrochemical and direct internal steam-methane reforming performance of
the solid oxide fuel cell when subjected to pressurization. Pressurized operation boosts the Nernst poten-
tial and decreases the activation polarization, both of which serve to increase cell voltage and power while
lowering the heatload and operating temperature. Amodel considering the activation polarization in both
the fuel and the air electrodes was adopted to address this effect on the electrochemical performance.
The pressurized methane conversion kinetics and the increase in equilibrium methane concentration
are considered in a new rate expression. The models were then applied in simulations to predict how
the distributions of direct internal reforming rate, temperature, and current density are effected within
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DIR stacks operating at elevated pressure. A generic 10 cm counter-flow stack model was created and used
SOFC for the simulations of pressurized operation. The predictions showed improved thermal and electrical
Performance performance with increased operating pressure. The average and maximum cell temperatures decreased

Modeling by 3% (20°C) while the cell voltage increased by 9% as the operating pressure was increased from 1 to

10 atm.

© 2010 Published by Elsevier B.V.

1. Introduction

The continuously increasing demand for electrical power, high
efficiency, and the reduction of green house gas emissions provides
impetus for the creation of new power plant designs. Solid oxide
fuel cell (SOFC) stacks, with their high power density and fuel flexi-
bility, are prime candidates to serve as the building blocks for these
power plants. Builders of SOFC stacks for power plant applications,
seeking to maximize reliability and minimize cost and system com-
plexity, are driven to design stacks of cells with increasingly large
active areas (500cm? and larger) and simplified manifolds and
piping systems. Cells of larger size generate increased amounts of
excess heat adding to the complexity of the thermal management
of the stacks and systems. Excess heat from the electrochemical
reactions increases proportionally to the active area (L?) and the
electrical power generated, while the pathways for removing heat
from the stack scale with the cell edge length (L). Subsequently, as
the stacks become larger and more powerful, the ability to remove
excess heat becomes more challenging. With larger heat loads there
is an increased risk of excessively high temperatures within the
stack. Stable electrical and thermal-mechanical performance of
the low-cost metallic interconnect materials (contact and sealing
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materials as well), depends strongly on the maximum temperature
they experience under long-term operation [1,2]. Thus it is impor-
tant to design for optimal heat transfer, maximize the cathode air
flow for sensible heat cooling, and to make efforts to reduce the
excess heat load within the stack.

Two methods of reducing the excess heat load are to increase the
electrochemical efficiency, and to make use of direct internal refor-
mation (DIR) cooling. The electrochemical efficiency of the SOFC is
increased by pressurized operation. The increased efficiency caused
by pressurization is due to increased chemical and electrical poten-
tial resulting in increased operating voltage (and output power),
which subsequently decreases excess heat from the electrochem-
ical reactions. Pressurization of the SOFC is a viable option when
coupled with a compressor and expander in an integrated coal
gasification fuel cell (IGFC) power plant with carbon capture [3].

DIR cooling refers to the process by which methane in the fuel
stream is reformed with steam in the anode to generate hydrogen
and remove heat directly from the electrochemical reactions. The
enhanced efficiency of pressurized electrochemistry and the sub-
stantial heat load reduction available with DIR show promise for
assisting in the effective thermal management of large SOFC stacks.

Modeling of pressurized SOFC systems in the literature
include work by Aguiar et al. [4] to optimize a combined pre-
reformer/internal reforming SOFC to achieve an auto-thermal
system, and Dokamaingam et al. [5] examined the reforming activ-
ity of an indirect internal reformer, and the reformer/fuel cell was
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pressurized to achieve improved system efficiency. Another group
(Onda et al. [6]) examined the power and efficiency of an SOFC-gas
turbine cycle, with external and indirect internal reformers, as a
function of operating pressure and feed gas recirculation. This paper
is focused on the direct internal reforming (DIR) SOFC, investigates
the effect of pressurization on the electrochemistry and steam-
reforming reaction, and provides a new model that characterizes
the combined effects. The model is then applied to simulations of a
generic counter-flow stack operating on methane-rich fuel under
pressurized and non-pressurized conditions as an example of the
spatial and overall effects on performance.

2. Atmospheric electrochemistry and reforming

For the SOFC, the ideal equilibrium open circuit potential
is due to the difference in chemical potential between the
cathode-electrolyte and anode-electrolyte interfaces. This is the
Nernst potential which can be expressed as a function of the
partial pressure of oxygen (Pg,) at the anode-electrolyte and
cathode-electrolyte interfaces:

RT Po, cathode
VNernst = Eln (ZM> (1)

Poz,anode

Here R is the universal gas constant (8.3145]mol-1K™ 1),
T is the temperature in Kelvin, and F is Faraday’s constant
(96,485 As mol~1). This chemical potential causes the reduction of
oxygen in the cathode (Eq. (2)), and the oxidation of hydrogen in
the anode (Eq. (3)), converting chemical energy to electrical energy.

10y +2e~ - 0* (2)

Hy +0%" < Hy0 + 2e” (3)
Overall the global exothermic electrochemical reaction is:

Hy + 10, — H,0 +2e~  AHjo3 = —242Kk] mol ™! (4)

When the external circuit of the SOFC is closed, an electri-
cal current is generated based on the rate at which hydrogen is
electrochemically consumed. Voltage losses are introduced with
the generation of current in the SOFC. These losses detract from
the Nernst potential to yield the net cell voltage. There are three
main losses in an SOFC: activation polarization, concentration
polarization and ohmic losses. At low current densities, the elec-
trochemical activation polarization losses are the dominant loss
mechanism. At intermediate current densities the over-potentials
are dominated by ohmic losses within the stack components. As
the current density increases further, concentration polarization
resulting from the build-up of reactant and product gases in the
electrodes causes additional losses. These three losses are described
using a current-voltage (I-V) relation for the local conditions of the
SOFC in terms of effective cell properties and operational parame-
ters. The [-V relation is specific for the materials, gas compositions,
pressure, and temperature of a given cell [7,8] and is used to deter-
mine the voltage of the fuel cell as:

V(i) = VNernst — iRi — Nact,e — Vcath - Vanode (5)

where iR; is the sum total of the temperature dependent ohmic
losses of the electrodes, electrolyte, and interconnections within
the stack, nqce is the electrode (anode and cathode) activation
polarization, and V4, and Vg4 are the electrode concentration
polarizations, which depend on the porosity, tortuosity and thick-
ness of the electrodes, gas diffusivity, temperature, and current
density [9]. Increased electrode thickness or tortuosity will increase
the concentration polarization.

The activation polarization (7qcte) is controlled by the electrode
reaction kinetics and represents the voltage loss incurred due to ini-
tiating charge transfer. It is related to the exchange current density

(ig) by the phenomenological Bulter-Volmer (B-V) equation [10]
describing the charge transfer rate for the global electrochemical
reaction (Eq. (4)):

o RT 2Fnacte —eFnact,e
1_107(2+ae)F [exp( T ) exp (7RT )} (6)

where o, is the charge transfer coefficient, which for the SOFC is 1
and 2 for the anode and cathode, respectively.

3. Steam-methane reforming

Steam-methane reforming occurs on the surface of a catalyst,
such as the nickel in the Ni-YSZ anode of the SOFC. The methane
combined with steam is converted to hydrogen and carbon monox-
ide by the endothermic steam-methane reforming reaction (Eq.
(7)). In conjunction with the reformation is the water-gas shift
(WGS) reaction (Eq. (8)), which rapidly equilibrates throughout the
anode.

kr
CH4 + Hzolj—f>3H2 + CO AHzgg =206 kJ 1'1'101_1

b

(forward reaction) (7)

IS
o+ HZO£—£H2 +C0, AHyog = —41.1k] mol™!
sb
(forward reaction) (8)

According to much of the literature for steam reforming of
methane over a nickel catalyst, including tests at pressures up to
41 atm, the conversion rate is first order, or nearly first order in
methane as reviewed by Lee et al. [11] and as corroborated by
their own tests. The review also revealed there is little consensus
about the dependence of the reaction rate on steam partial pres-
sures due in part to differences in catalyst activities and the range
of conditions tested by the investigations. Some testing at atmo-
spheric pressure [11-13], and at very low pressures (0-10Torr)
[14] showed negative steam reaction order. In the review [11],
rate expressions were provided for seven of the investigations that
were performed at total pressures ranging from 1 to 41 atm, two of
which included zero steam dependence, while the remaining five
showed steam reaction orders of 1 or greater. Some of the reviewed
rate expressions with positive steam reaction orders have been
used successfully in modeling investigations including: the devel-
opment of DIR anode materials by Saeki et al. [15], and dynamic
simulation and control of an industrial steam reformer by Alatiqi
and Meziou [16]. An interesting modeling analysis by Elnashaie et
al. [17] showed that a reforming rate expression developed by Xu
and Froment [18] and used by others [4,5] could express positive
or negative effects of steam depending on the conditions. For total
pressure up to 1 atm and high temperature (T> 800 °C) the effect of
steam could hinder the methane conversion, and for total pressures
of 1-15 atm and lower temperature (T< 800 °C) the effect of steam
could result in an increased reforming rate.

Past modeling of DIR in SOFC stacks performed by this group
[19] used a rate law, derived experimentally by Nakagawa et al.
[20] under atmospheric pressure testing conditions. The rate law
was first order in methane over the range of gas pressures and
temperatures in which we were interested, particularly, in units
of kPa, 5 <CH4 <15, 10<H,0 <50, and 10 <H, <30, and temper-
atures in Kelvin 975 < T < 1275 for simulations dealing with a total
pressure of 1atm. Their testing was performed at S:C of at least
2:1 to prevent coking of the nickel anode catalyst, and with at least
5kPa of hydrogen to activate the reaction and prevent deactiva-
tion of the catalyst by sintering. Our later modeling work [21-23]
used an expression derived experimentally by King et al. [24]. The
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expression is provided here for convenience:
E,
8 a —0.0134 -1 -1
—Tch, = 2.188 x 10° exp (_ﬁ) CCH4CCO2 mol s~ gmcat
9)

where E, is the activation energy (94,950 mole~') and the C; are
gas concentrations (mole cm~3). This rate expression is the result
of tests performed under atmospheric conditions in a plug flow
reactor (designed to minimize concentration and thermal gradi-
ents) using Ni-YSZ catalytic powder, and as other investigators
have done, using S:C>2 and CH4:H, > 10 to prevent coking and
deactivation of the catalyst. This expression is based on testing
of highly active samples of a Ni-YSZ catalyst, which moved the
reforming reaction (Eq. (7)) forward proportional to the methane
concentration. With the above-mentioned pressures of water and
hydrogen present during the tests, the conversion rate showed no
dependence on those species. The testing did show a slight hinder-
ing effect due to the presence of CO, as is reflected in Eq. (9). The
form of Eq. (9) represents the forward reforming reaction, and is
most suitable for reforming conditions sufficiently far from equi-
librium. As was the case with the previous rate expression used
[20], application of Eq. (9) is limited to atmospheric pressure sim-
ulation cases, and sufficient steam must be present (S:C>1) in the
gas feed to support the forward steam-reforming reaction. For sim-
ulations involving steam-methane reforming at elevated operating
pressures the applicability of Eq. (9) is surpassed, hence it must be
replaced with a new expression to account for the effect of the
increased pressure.

A characteristic of increased total pressure (on the
steam-methane reforming reaction) is to increase the methane
concentration as the gas seeks a lower potential energy state (and
lower gas volume) as the reverse reaction is favored and Eq. (7) is
driven the left. Further discussion of this effect is included in Sec-
tion 4.2 where a new reforming rate expression for high operating
pressures is presented. The new rate expression is designed to pro-
vide similar rates as Eq. (9) for operation at atmospheric pressure
at the same temperature and gas partial pressures, and to provide
meaningful rates for operation at higher total gas pressures.

4. Pressurized electrochemistry and reforming

Models that characterize the effects of pressure on the elec-
trochemistry and steam-methane reforming can be used to
investigate and provide insight into the thermal and electrical
performance changes that could be expected of a pressurized
DIR-SOFC. Three-dimensional simulations of a DIR-SOFC stack
operating at various pressures enable examination of spatial tem-
perature and current density distribution changes, and the coupled
electrical performance of the stack. Insights gained by such simu-
lations can be of assistance when considering operational changes
for existing systems and for designing new systems. To this end this
paper presents a new pressurized electrochemistry and reforming
(PER) model for simulating pressurized operation in a DIR-SOFC
stack. The model includes a modified electrochemistry polariza-
tion term and a new reforming rate expression to account for the
effects of operating the SOFC at high pressure on the fuel cell’s
performance.

4.1. Pressure effects on electrochemistry

When an SOFC is pressurized, the Nernst potential (Eq. (1))
will increase based on the partial pressure of oxygen at the
electrode-electrolyte interfaces. Data collected during pressurized
operation of tubular SOFCs at Siemens Westinghouse and summa-
rized editorially by Singhal [25] showed that the increase in cell
voltage was larger than that attributable to the increased Nernst

potential alone. The additional performance improvement was
thought to be a result of decreased activation and cathode concen-
tration polarizations. Tubular, cathode supported SOFCs can have
1-2 mm thick cathodes and subsequently large cathode concentra-
tion polarizations [25].

Nagataetal.[10] modeled the Siemens pressurized tubular SOFC
and showed a much larger contribution to the total polarization
from the activation polarization than from the concentration polar-
ization. In fact the combined anode and cathode concentration
polarizations were less than the activation polarization of either
electrode. A similar electrochemical performance model, devel-
oped by Iwata et al. [26] for the simulation of a planar, electrolyte
supported SOFC, with a thin (35 wm) anode and cathode found the
concentration polarization to be much smaller in magnitude than
the anode and cathode activation polarizations. The PER model
includes the concentration polarizations for operation at atmo-
spheric conditions [9] and considers the effect of pressurization
on the activation polarizations in both the anode and the cathode.

The activation polarization is independent of the electrode
thickness and, as found by Sawata et al. [27] depends upon the
electrode-electrolyte interface conductivity and the exchange cur-
rent density. Nagata et al. [10] proposed a simplified exchange
current density which is a function of the partial pressure of oxygen
(POZEI ):

io = face exp (i ) PY, | (10)
where B is a constant, y is the reaction order, and Eg is the
activation energy. The reaction order for the cathode was found to
be 0.5, while that of the anode was found to be 0.133 [10]. These
reaction orders were corroborated by Iwata et al. [26] who used
values of 0.5 and 0.15 for the cathode and anode, respectively.
The pre-exponential B, and activation energy Eqct can be viewed
as adjustable parameters set to characterize a particular electrode
performance. Eq. (10)is used to calculate the exchange current den-
sity in the PER model for the activation polarization in both the fuel
and the air electrodes.

The PER model can be fit to contemporary and historical cell
performance data for the purpose of validation and stack sim-
ulations. Fig. 1 shows the model applied to non-reforming (no
methane in fuel) cases of constant fuel utilization tubular SOFC
(cathode supported) data [25] as shown in Fig. 1a, and to planar
SOFC (anode supported) data [28] as in Fig. 1b. While these two
data sets do not represent contemporary, high-performance pres-
surization data, they do demonstrate the flexibility and suitability
of the model for application to general pressurized SOFC perfor-
mance.

4.2. Pressure effects on direct internal methane reforming

In addition to the effect on electrochemistry, pressurization
effects the rate of the steam-methane reforming reaction (Eq. (7)),
which for the DIR-SOFC occurs on the nickel surface in the Ni-YSZ
anode. At high temperatures and low pressures the reaction kinet-
ics drive the reforming reaction forward; while at low temperature
and high pressure the reverse reaction is favored wherein, by the
law-of-mass-action, the number of gas molecules (volume) and
pressure will be minimized at equilibrium. To illustrate the effect of
pressure and temperature on the steam-methane reforming reac-
tion, the commercially available and validated chemistry code HSC
Chemistry 5.1 [29] was used to calculate equilibrium gas composi-
tions (based on an arbitrary input gas mixture of H,, H,0, CO, CO5,
and CHy) for pressures ranging from 1 to 10 atm, and for temper-
atures from 650 to 850°C. The methane concentration increased
(Fig. 2a), and the hydrogen concentration decreased (Fig. 2b) with
increasing pressure at any given temperature. Also, as the tem-
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Fig. 1. The PER model fit to pressurized, non-reforming, electrochemical performance data of (a) tubular cell operating on 89% H,, 3% H,O, running at 1, 3, and 10 atm at
constant 85% UF, and (b) planar cell operating on 25% H,, 3% H, O, running at 1, 3, and 10 atm.

perature increased, the forward reforming reaction is favored
and the methane concentrations decrease at any given pressure.
Our new reforming rate expression for use in elevated pressure
applications includes these characteristic effects of pressuriza-
tion and temperature on the steam-methane reforming reaction
as described by the law-of-mass-action. According to the mass-
action law, the rate of reaction of methane reformation can be
expressed as the difference of forward and backward reactions
(of Eq. (7)):

Eq

E
—TcH, = Kkp exp (_R;) Pcu,PH,0 — Ky €Xp (—RL]?) Pcopa2 (11)

where P; are the gas partial pressures, and k; and E; are forward
and backward rate constants and activation energies, respectively.
This expression is first order in methane, which suits the atmo-
spheric pressure case, and is also first order in steam. Lehnert
et al. [30] extracted kinetics models from testing data, and used
one-dimensional anode diffusion and permeation gas transport
models, with electrochemical reaction boundary conditions at the
anode-electrolyte interface, to examine the effect of pressure dis-
tributions within the anode on the steam-methane reforming rate.
From their results they arrived at the same form (as Eq. (11))
for their rate expression. Other modeling investigations have also
used rate expressions originating from the law-of-mass-action to
describe pressurized reforming data [15,16].

At equilibrium the forward and backward rates of Eq. (11) are
equal yielding:

3
k exp(—Eqs/RT) PcoPy, K (12)
= = Keq
ky exp(—Eqp/RT) PcH,PH,0
eq
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Fig. 3. Equilibrium constant for the steam-methane reformation reaction for pres-
sures of 1-10 atm and temperatures from 650 to 850 °C. The solid line is calculated
from Eq. (14).

The equilibrium constant is defined as

)

The equilibrium concentration data shown graphically in Fig. 2a
and b were used to calculate the equilibrium constant via Eq. (12)
over the given range of temperatures and pressures. Fig. 3 shows
that the equilibrium constant for all pressure cases overlay each
other demonstrating that the equilibrium constant is independent
of the pressure, and that the temperature dependence is fit by an
Arrhenius expression consistent with Eq. (13). The forward reaction
activation energy (Ey) is provided by the previous rate expres-
sion (Eq. (9)) and the backward reaction activation energy depends
upon the Gibbs free energy of the reaction (A;G?) and the forward

ArGO
RT

Keq,r = €xp (— (13)
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Fig. 2. Equilibrium molar concentrations of (a) methane and (b) hydrogen based on an arbitrary input gas mixture of H,, H,0, CO, CO,, and CHy4.
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Fig. 4. Steam-methane reforming rates for a non-equilibrium gas with composi-
tion: 11% CHa, 33% H,0, 5% CO, 33% H,, 6% CO,, and 12% N,.

reaction rate constant according to Eq. (12). Thus combining Eqgs.
(11)-(13) yields the final rate expression:

pcopfllz

E
—rcn, = kp exp <_Ra%> PcH,PH,0 — Koy (mols~!gmcat™1)

(14)

This new rate expression drops the nearly zero CO, depen-
dence of Eq. (9), while maintaining thermodynamic consistency
between forward and backward reactions necessary for condi-
tions at or near equilibrium under which the reverse reaction
can occur and the methane pressure will increase with increased
pressure as shown in Fig. 2a. Choosing an appropriate value
for k (9110mols~! gmcat~! atm?) Eq. (14) yields the same rate
as the previous expression (Eq. (9)) at 800°C. Fig. 4 compares
steam-methane reforming rates calculated using the new (Eq. (14))
and previous (Eq. (9)) rate expressions for total pressures of 1 and
5atm for a non-equilibrium gas with composition (11% CHg, 33%
H,0, 5% CO, 33% H,, 6% CO,, and 12% N, ). At both 1 and 5 atm the
rates are equal at 800 °C and the new rate is lower than the previous
rate at lower temperatures (52% lower at 5atm and 650 °C).

The reforming reaction is tightly coupled to the WGS reaction
(Eq. (8)), which is assumed to be at equilibrium, resulting in:

K Py,0Pco ~(AGY, + AG}QIZO - Acgoz)
eq,s = = exp
Pco, Py, equil RT
(15)
where
AGY = AHp + AT log T + B T? + G T~! + D T (16)

and A, — Dy, are fitted parameters [31]. For implementation of the
model into the simulation code, the WGS reaction rate (Rs) is chosen
iteratively such that equilibrium (Eq. (15)) is satisfied.

5. Stack channel simulations

The PER model discussed in Sections 4.1 and 4.2 can be applied
directly to examine the behavior of an SOFC test specimen with
a very small active area over which current density, temperature,
gas concentrations, and other scalars can be considered uniform.
Within a planar cell or stack, of substantial active area (e.g. 100 cm?2
or larger), these scalars can have substantial variations and can-
not be considered uniform. Thus, when designing a large stack
it is useful to examine these spatial variations with model pre-
dictions to determine how they can be expected to affect the
performance [21-23,32-35]. To investigate the spatial variations

of temperature, current and voltage, in SOFC stacks, the PER model
was implemented in a general-purpose transport code in which
three-dimensional model geometries can be created. Within user-
defined subroutines hooked to the transport code, the PER model
provides mass, species, and thermal source terms to couple the
spatial thermal-fluid-electrochemical-chemical solutions.

Computations for the steady state thermal-fluid solutions were
performed using a traditional formulation for conservation of mass,
species, momentum, and energy [36],

., .

aT(j(puj) =Sm (17)
d

E(PqukJrFk,j):Sk (18)
J
., . )

W(,oujui—qj)=—a—)’z +S, (19)
'j i
a, . 9 . ou; ou;

aT(j(Pujh) = 8T<j(ujp) —Paij + TuaT(] + Sh (20)

where the x; are the Cartesian coordinates (j=1, 2, 3), y; is the fluid
velocity components in direction x;, p is the pressure, p is the gas
density, Y, is the gas specie mass fraction, F; is the gas diffusional
flux component and Sy, Sk, Sp, and Sy, are mass, species, momentum,
and enthalpy source terms, respectively. The mass source term (Sy;)
in Eq. (17) accounts for mass transport of oxide ions through the
electrolyte while the species source terms (S ) in Eq. (18) account
for the consumption of O, and Hs, and the generation of H,O at the
interfaces of the electrolyte with the cathode and anode, as well as
the other reforming, and shift reaction species, CHy, CO, and CO>.
The Faradic O, and H, species source terms, due to the electro-
chemical reactions, are proportional to the electrical current (Eq.
(6)), which includes the effect of the pressurized Nernst potential
(Eq. (1)) and the pressurized exchange current density (Eq. (10)),
through Faraday’s law:
i i

SH,,Faradic = _ﬁ’ S0,,Faradic = _E (21)

The gas species source terms (S; ) are completed by including the
Faradic source terms, and the reformation (R;) and shift reaction
(Rs) rate sources terms. In the anode region they become:

SH, = SH,,Faradic + 3Rr +Rs (22)
SH,0 = —SH,,Faradic — Rr — Rs (23)
Sc, = —Rr (24)
sco = Rr — Ry (25)
sc,0 =Rs (26)

and in the cathode air region the gas species source term is:

502 = SOz,Fczraclic (27)

Enthalpy released by the local electrochemical reaction (Eq.
(4)), diminished by the electrical power, and modified by the local
enthalpy of the methane reforming and WGS reactions provide the
source term (Sy, Wm—3s~1) for the thermal energy and temper-
ature solution (Eq. (20)). For the simulations all equations were
solved in an iterative and fully coupled solution.

5.1. Model geometry and boundary conditions

The geometry chosen for the model was a generic, modestly
sized (10cm in length) counter-flow stack channel with active
area width of 5.42mm. The 10cm length was selected to pro-
vide sufficient dimensions for substantial spatial variations to exist.
The three-dimensional model geometry is shown in partial view
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Fig. 5. Partial isometric view of three-dimensional channel model used for the sim-
ulations.

in Fig. 5. The model is composed of 10,268 computational ele-
ments and includes 1 mm tall fuel and air flow channels and a
0.66 mm thick membrane-electrode assembly (MEA). Within the
MEA, the anode, dense electrolyte, and cathode thicknesses are
600, 10, and 50 pm, respectively, and both electrodes have a 30%
porosity and tortuosity factors of 2.5. Additionally, 2 mm thick sepa-
rator/interconnect plates, and 1.21 mm (half thickness) ribs provide
the interconnection from cell to current collector in the model.
Within the active area the computational grid consisted of 5 ele-
ments across the channel, and 50 elements along the 10 cm length.
For the application of planar SOFC stack simulations the number of
computational elements required to model the cells, bipolar plates,
and other components can become quite large. In general the distri-
butions of temperature, current density, and gas species vary across
the plane of each cell throughout the stack height, and the planar
and macroscopic three-dimensional distributions are of primary
interest when examining the stack performance. For these reasons
the present model does not resolve the temperature, charge den-
sity, or gas/surface/bulk specie distributions throughout the MEA
thickness, instead it uses a single computational element through
the MEA and calculates a single bulk temperature for that incre-
mental portion of the planar cell. This is a suitable practice that
this group has utilized in the past, and a description of the stack
modeling methodology can be found in Recknagle et al. [37]. The
model geometry as described was constructed to represent a single
repeating channel unit located at the mid-level of a large, multiple-
cell stack where thermal gradients between adjacent channels
would be small and the gradients would be confined along the
channel length; thus symmetry boundaries were used at the top,
bottom, and side surfaces of the model to represent this condition,
while adiabatic boundaries were used at the channel ends. Constant
mass and constant temperature inflow boundaries were used for
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Table 1

Coefficients to give activation polarizations.
Location o B Eqer, k] mol~1 y
Cathode 2 5.77E+05 125 0.5
Anode 1 7.0E+07 110 0.133

the air and fuel streams for simulations of constant current density
(and constant fuel utilization) cases.

5.2. Fuel composition and electrochemical performance

For the present analysis the fuel was assumed to be gasified
coal, the composition of which depends in part upon the gasifier
type used. Hydrogen compositions can range from about 30% to
over 50% depending upon subjection of the syngas to water-gas
shift, CO, removal, hydrogen separation, and desulphurization pro-
cesses [38,39]. Many of these processes result in fuel compositions
containing very little methane. For large stacks whose maximum
temperatures can become very large [23] reformation cooling is
desirable to decrease the net heat load, and could have a positive
effect on the temperature distribution within the stack. The feed gas
was assumed to be methanized and delivered to the anode with
the composition: 33% Hy, 33% H,0, 5% CO, 6% CO,, 11% CHy4, and
12% N, for all simulations. The methane content in this fuel gas
would provide substantial on-cell reformation cooling and enable
the effect on performance to be examined. The electrochemical
performance of the cell operating on fuel of this composition and
under atmospheric pressure was taken to be 0.8V at 0.434 Acm—2
to reflect contemporary high-performance cell data, in contrast to
data shown in Fig. 1a and b. This performance corresponds to oper-
ating conditions of 750 °C, with 65 and 15% fuel and air utilizations,
respectively. Table 1 summarizes the coefficients for Egs. (6) and
(10) used to calculate the activation polarizations in the PER model.

5.3. Simulation test cases

To demonstrate the PER model and show the potential benefit
of pressurized operation, a set of simulations were performed in
which the above-mentioned current density, fuel and air utiliza-
tions, and inflow gas temperature of 670°C, were held constant
for operating pressures of 1-10 atm. Fig. 6a provides a plot of the
reforming rates near the fuel inlet side (at right in the figure) for
each operating pressure case. Reforming rates were the highest
near the fuel inlet where methane concentrations were highest, and
the reforming rates increased with increasing operating pressure,
which as discussed in Section 3 is as expected for the simulated
conditions of high total pressure and intermediate temperatures
(< about 800°C). The 1 atm case had a maximum reforming rate of
1.5E—07molm~3s-! and decreased to about zero within 2cm as
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Fig. 6. Pressurized stack simulation results for internal reforming, operating pressures of 1-10atm, and profiles of (a) methane reforming rate, molm=3s=' and (b) cell

temperature, °C.
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Fig. 7. Pressurized stack simulation results for internal reforming, operating pressures of 1-10 atm, and profiles of (a) current density, Acm~2 and (b) Nernst potential, V.

the methane was rapidly consumed. The reforming rate increased
and the reaction length decreased as the operating pressure was
elevated from 1 to 10atm. In the 10-atm case, the reforming rate
at the fuel inlet was 3.5E—07 mol m~3 s~1, with a steep decrease to
about zero as the reaction zone was approximately 1 cm in length.
Beyond the primary reaction zone along the remaining cell length,
in the absence of substantial methane concentration, the forward
and reverse reaction rates were approximately at equilibrium. The
faster reforming rate due to pressurization increased the temper-
ature depression at the fuel-in edge, as illustrated in Fig. 6b (at
right), resulting in an increased difference between minimum and
maximum temperatures along the cell (~40°C at 1 atm and ~58°C
at 10atm). The temperature decreased with increased operating
pressure along the full cell length resulting in decreased average
and maximum cell temperatures. In all cases the methane was
fully reformed, thus heat removal due to reforming was the same
for each case. The decreased average and maximum temperature
was due to decreased heat load resulting from increased electrical
performance.

The fuel utilization and average current density of each oper-
ating pressure case were constant as noted, yet the distribution
of the current density was affected by the cell temperature as
shown in Fig. 7a. The current density was lower at the fuel-in
edge for the increased pressure cases due to lower leading edge
temperatures. The lower mid-cell temperatures also resulted in
decreased maximum current density values mid-cell. Because the
current density was decreased at the inflow edge and at mid-cell,
more hydrogen was available downstream, and the current den-
sity values increased approaching the air-in (fuel-out) edge (at
left). Underlying these results the Nernst potential was increased
with increased pressure and decreased temperature along the full
cell length (Fig. 7b). As a result, the cell voltage was consistently
increased with increased operating pressure, with values ranging
from 0.8V at 1 atm to nearly 0.87V at 10 atm (Fig. 8) for an overall
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Fig. 8. Cell voltage versus operating pressure.

increase of 9%. Thus pressurized operation of this SOFC example
stack with internal reforming resulted in decreased maximum and
average cell temperature with increased electrical performance.

6. Conclusions

The constitutive pressurized electrochemistry and reforming
(PER) model characterizing the pressurization effects has been
applied to an existing SOFC performance model. The resulting elec-
trochemistry model accounts for the SOFC performance due to
increased Nernst potential and diminished activation polarization,
both of which serve to boost cell voltage and power while low-
ering heat load and operating temperature. A rate expression for
methane reforming that correctly considers the effects of pressure
on the reaction kinetics, by the law-of-mass-action, allowing the
methane concentration to increase with pressure at equilibrium
was introduced. The PER model was implemented in a general-
purpose transport code for simulations of pressurized DIR-SOFC
stack operation at steady state. The iterative calculation procedure
fully couples the thermal-fluid-electrochemical-chemical solution
for meaningful predictions of DIR-SOFC stack performance trends.
The capability was applied in simulations to evaluate the changes
in spatial distributions of current density, temperature, and Nernst
potential within a generic stack operating on methane-rich fuel and
air at atmospheric and elevated pressures. The model predicted
improved thermal and electrical performance in a 10-cm counter-
flow stack with the operating pressure increased from 1 to 10 atm,
as the average and maximum temperatures were decreased by 3%
(20°C), and the cell voltage increased by 9%.
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