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ABSTRACT

Ammonia (NHj3) is a promising hydrogen carrier and a possible fuel for use in Solid Oxide
Fuel Cells (SOFCs). In this study, a 2D thermo-electrochemical model is developed to
investigate the heat/mass transfer, chemical (ammonia thermal decomposition) and
electrochemical reactions in a planar SOFC running on ammonia. The model integrates
three sub-models: (1) an electrochemical model relating the current density—voltage
characteristics; (2) a chemical model calculating the rate of ammonia thermal decompo-
sition reaction; (3) a 2D computational fluid dynamics (CFD) model that simulates the heat
and mass transfer phenomena. Simulations are conducted to study the complicated
physical—chemical processes in NHs-fueled SOFCs. It is found that increasing the inlet
temperature of NH;-fueled SOFC is favorable for a higher electric output, but the temper-
ature gradient in the SOFC is considerably higher, particularly near the inlet of the SOFC.
The effects of operating potential and inlet gas velocity on NH3-fueled SOFC performance
are investigated. It is found that an increase in inlet gas velocity from 1ms*to 10 ms™*
slightly decreases the SOFC performance and does not affect the temperature field
significantly. For comparison, decreasing the gas velocity to 0.2 m s~ * is more effective to
reduce the temperature gradient in SOFC.

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

aresult, SOFCs are suitable for combined heat and power (CHP)
generation or poly-generation for stationary applications.

Solid oxide fuel cells (SOFCs) are electrochemical devices that
can directly convert the chemical energy of a fuel into elec-
tricity through electrochemical reactions. Working at a high
temperature (673—1273 K), SOFCs have several advantages: (1)
possibility of usinglow cost catalyst, such as Niat the anode; (2)
the waste heat from SOFC is of high quality and can be recov-
ered to achieve a high efficiency [1-3]; (3) fuel flexibility —
alternative fuels such as hydrocarbon fuels and ammonia, can
be directly used in an SOFC for power generation [4—6]. As

* Tel.: +852 2766 4152; fax: +852 2764 5131.

Conventional SOFCs use oxygen ion-conducting ceramics
as electrolyte (SOFC-0) [7,8]. Recent material developments
demonstrated that an SOFC can also be made with a proton-
conducting electrolyte (SOFC-H) [9]. Thermodynamic analysis
has shown that an SOFC-H has potentially higher perfor-
mance than SOFC-O due to higher Nernst potential of SOFC-H.
But currently, the actual performance of SOFC-H is still lower
than SOFC-O, due to higher ohmic overpotential of the proton-
conducting electrolyte [10].
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Although hydrogen (H,) is usually considered as an ideal
fuel for fuel cells and the performance of H,-fueled fuel cells is
quite good, it is still very difficult to produce and store H,
efficiently and economically. It is therefore important to use
alternative fuels in SOFCs, such as biofuels and ammonia.
Ammonia is a widely used material in chemical industry. For
example, it is widely used as a chemical in agricultural
industry. The infrastructure of ammonia is well established in
the world. Its production, storage, transportation are well
developed. In addition, ammonia is relatively safe for use, as
any leakage of ammonia can be easily detected by its odor.
Thus, there is increasing interest in using ammonia as
a hydrogen carrier and a suitable fuel for SOFCs [11,12].

In the literature, there are plenty of experimental studies on
ammonia-fueled SOFCs. These studies not only demonstrated
the technical feasibility of using ammonia as a fuel in SOFCs,
butalso proved that the SOFC performance can be enhanced by
developing new materials or fabricating thin film electrolyte. In
addition to experimental investigation, the SOFC performance
can also be improved by optimizing the working conditions or
optimizing the fuel cell structures. For example, one can opti-
mize the flow field of SOFC stack to increase the stack effi-
ciency, or optimize the electrode micro-structure to improve
the SOFC performance. In order to achieve design optimiza-
tion, a deep understanding of the complicated phys-
ical—chemical processes in SOFC is essential. Although there
are lots of modeling studies of SOFCs running on hydrogen or
natural gas [13—23], the results obtained cannot be directly
applied to NHs-fueled SOFCs. In a NHs-fueled SOFC, endo-
thermic ammonia thermal decomposition may considerably
influence the temperature field of the SOFC and thus can affect
the transport process of gas species as well as the electric
output of SOFCs. In a previous study, one-dimensional elec-
trochemical models have been developed for a NHs-fueled
SOFC [10]. Through model validation and parametric simula-
tion, the model has been demonstrated to be useful in
estimating the current density—voltage relationship of a NH3-
fueled SOFC. However, in the one-dimensional model, only
mass transfer and electrochemical reactions thus it could not
provide detailed information on the heat/mass transfer and
chemical/electrochemical reactions in the NHs-fueled SOFC.In
this study, a two-dimensional thermo-electrochemical model
is developed by integrating a computational fluid dynamics
model with an electrochemical model and a chemical model to
simulate NHs-fueled SOFCs [24,25]. The mass transfer, heat
transfer, chemical reaction (ammonia thermal decomposition)
and electrochemical reaction are fully considered. Parametric
simulations are conducted with an aim to understand how the
inclusion of ammonia thermal decomposition will affect the
SOFC performance.

2. Model development

In this study, ammonia is directly used as a fuel in SOFCs. The
computation domain and the chemical/electrochemical
reactions are shown in Fig. 1. The key geometric dimensions
are summarized in Table 1.

During operation, ammonia and air are fed to the anode
channel and cathode channel, respectively. In the porous

x=0 X =X
A D y=yr
Interconnect
NH;—i—» ! H,, H,0, Ny; NH;

Anod NHy HrN, H, HO
node 4
X

Electrolyte
Cathode
H T
y, V. AIr(Oy Ny —> 02 —0, N,
l Interconnect ;
B C y=0
x, U

Fig. 1 — Computational domain of NH;-fueled SOFC;
thickness of interconnector: 0.5 mm; height of the fuel/air
channel: 1.0 mm; thickness of porous anode, electrolyte,
and porous cathode are: 0.5 mm, 0.1 mm and 0.1 mm,
respectively.

cathode, oxygen molecules are transported to the cath-
ode—electrolyte interface, where oxygen molecules react with
electrons to produce oxygen ions, which are subsequently
transported through the dense electrolyte to the porous
anode. In the porous anode, ammonia is thermally decom-
posed into hydrogen and nitrogen (Eq. (1)). The hydrogen
molecules are diffused through the anode to the anode—
electrolyte interface, where hydrogen molecules react with
oxygen ions to produce steam and electrons. The electro-
chemically produced electrons are collected by the current
collector (interconnect) and then transported to the cathode
through the external circuit to complete the cycle. The overall
electrochemical reaction can be written in Eq. (2).

NH; — 1.5H, + 0.5N, (1)

H, 4+ 0.50, > H,0 2

Table 1 — Parameters used in simulation [24].

Parameter Value
Inlet temperature, T (K) 873
Operating pressure, P (bar) 1.0
Electrode porosity, & 0.4
Electrode tortuosity, & 3.0
Average pore radius, 1, (um) 0.5
Anode-supported electrolyte:

Anode thickness d, (um) 500

Electrolyte thickness, d. (um) 100

Cathode thickness, d. (um) 100
Height of gas flow channel, Hy (mm) 1.0
Length of the planar SOFC, L (mm) 20
Thickness of interconnect (mm) 0.5
Inlet velocity: Ui, (m s 1.0
Cathode inlet gas molar ratio: O,/N, 0.21/0.79
Anode inlet gas: 100% NH3

SOFC operating potential (V) 0.8
Thermal conductivity of
SOFC component (W m~* K~?)

Anode 11.0
Electrolyte 2.7
Cathode 6.0
Interconnect 1.1
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Based on the working mechanisms, a 2D thermo-electro-
chemical model is developed by integrating an electrochemical
model and a chemical model with a 2D CFD model. The details of
the three sub-models are described in the subsequent sections.

2.1. Electrochemical model

The electrochemical model is built to describe the current
density—voltage relationship of SOFCs. A planar SOFC with
oxygen ion-conducting electrolyte is considered. The typical
materials for SOFC are nickel, yttria-stabilized zirconia (Ni—YSZ)
anode, yttria-stabilized zirconia (YSZ) electrolyte, and yttria-
stabilized zirconia, lanthanum strontium manganite (YSZ—
LSM) cathode. It is assumed that only hydrogen and oxygen are
involved in the electrochemical reaction and electrochemical
oxidation of ammonia is neglected. Along the SOFC channel, the
interconnector is used to collect current produced. As the elec-
trical conductivity of interconnector is high, it can be safely
assumed that the potential of SOFCs along the main flow stream
remains constant. Therefore, the electrochemical modelis used
to calculate the local current density at given operating poten-
tials. During operation, the relationship between current
density (J) and electrochemical potential (V) of an SOFC can be
obtained by solving the following equations [25],

V=E- Nacta — Mactc — Mohmic (3)

RT
E=E,+ ﬁ1r1 4)

P}.[Z (sz)o.s}

I
Pyo

Eo = 1.253 — 0.00024516T (5)

where E is the equilibrium potential and Ey is the equilibrium
potential at standard pressure; T is the local temperature (K);
Nohmic 18 the ohmic overpotential of the electrolyte; nact,« and
Nacte are the activation overpotentials at the anode and
cathode, respectively; P! is the partial pressure at the electro-
de—electrolyte interface; R is the universal gas constant
(8.3145 J mol™* K'); and F is the Faraday constant
(96485 C mol~?). It should be mentioned that the concentration
overpotentials are included in the Nernst potential (E), since
the partial pressures of gaseous species in Eq. (4) are evaluated
at the electrode—electrolyte interface. The reason to include
the concentration overpotentials in the Nernst potential (Eq.
(4)) is because the logarithm in the Nernst potential could be
mathematically incorrect with a hydrogen partial pressure of
zero at the anode surface. By including the concentration
overpotentials in the Nernst potential, this problem can be
solved, as the partial pressure of hydrogen is non-zero at the
anode—electrolyte interface due to NH; decomposition. The
ohmic and activation overpotentials can be calculated with
Ohm’s law and Butler—Volmer equations, respectively [25].

2.2. Chemical model — thermal decomposition of
ammonia in anode

As ammonia is directly used as a fuel, the hydrogen molar
fraction at the inlet is zero. At the inlet of SOFC, the molar
fraction of NH; 0.9999 is used with the H, fuel, H,O and N,
as trace gases to approximate pure NHj at the inlet. The

thermal decomposition of ammonia for hydrogen produc-
tion in the porous anode is solved through the chemical
model described in this section. It should be mentioned
that NH; thermal decomposition could take place in the
anode (fuel) channel, as this process is favored at high
temperature. According to thermodynamics, at a tempera-
ture of 1273 K, the equilibrium conversion of NH; could be
close to 100%. However, this process is slow with no cata-
lyst [11] and that’s why substantial research efforts have
been made to develop efficient catalyst for NH; catalytic
thermal decomposition. Even with effective catalyst (Ni—Pt
or Ru), the conversion of NH; into H, and N, is still
considerably lower than the conversion based on thermo-
dynamic equilibrium [26]. Other studies also shown that the
rate of NH; thermal decomposition (with no catalyst) is
considerably lower than NH; catalytic thermal decomposi-
tion [27]. Therefore, in the present study, the decomposi-
tion of NH; without catalyst is assumed to be negligible and
only catalytic thermal decomposition of NH; in the porous
anode layer is considered. Nevertheless, the present study
could be modified to include the thermal decomposition of
NHj; in the gas channel without catalyst for more accurate
simulation.

In the literature, lots of research works on thermal catalytic
decomposition of ammonia on various catalysts surface have
been reported and thus relevant experimental data are used in
this study. For example, the characteristics of NH; thermal
decomposition on metals and compounds such as Fe, Ni, Pt,
Ru, Ir, Pd, Ni—Pt, Ni/Ru, have been examined in details [28—31].
In the present study, it is considered that thermal decompo-
sition can take place in the composite anode of SOFC with
typical catalyst (Ni) loading [4]. Based on the experimental
results, an analytical expression has been derived to describe
the kinetics of thermal decomposition (mol m—>s™%) of NH; on
the surface of Ni catalyst (typical Ni—YSZ cermet with a Ni
loading of about 50 vol%) in SOFC [25]:

(6)

r=4.0 x 10%exp (—w) NHs

RT

where Pyy, is the partial pressure of NHjs. It’s considered that
the reaction rate is mainly dependent on the partial pressure
of NH3 and the operating temperature.

The thermal catalytic decomposition of NHj (Eq. (1)) is
endothermic and requires thermal energy input (f mol~?). The
thermal energy demand can be calculated from the enthalpy
change of NH; thermal decomposition [32], which is tabulated
in Table 2. In the temperature range of 600—1200 K, the

Table 2 — Thermal energy demand of NH; thermal
decomposition [32].

Temperature (K) Thermal energy demand (] mol %)

600 51374
700 52618
800 53621
900 54411
1000 55013
1100 55451
1200 55746
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thermal energy demand of NH; thermal decomposition can be
approximately calculated as,

Hy = 40265.095 + 24.23214T — 0.00946T? (7)

2.3. Computational fluid dynamics model

The fundamental transport phenomena in an SOFC are fluid
flow, heat transfer and mass transfer. Due to small Reynolds
number of the fluid flow, laminar flow conditions are usually
applied. The heat/mass transfer phenomena in SOFCs are
governed by the conservation laws for mass, momentum,
energy, and species, which are summarized below [33]:

9(pU) | 3(pV)

0x + W = Sm ®
), a(/;\;\/) _ _% +%<,%> +%<Mgly’) L5, (10)
AN O 8 (o2 + 2 (it 45 a2

where U and V are the velocity components in x and y direc-
tions; p is the gas density, which depends on local temperature
and gas composition; u is the viscosity of the gas mixture; k is
the thermal conductivity; ¢, is the heat capacity; foﬁ is the
effective diffusion coefficient of species i in gas mixture and
can be evaluated by Eq. (13)—(15); Y; denotes the mass fraction
of species i.

1 /1 1
_E(L 13
Dt €<Di.m Di.k) a3
1-X;
Di.m = ﬁ (14)
2Dy
j#i
2r, [8RT
Dy = =2 15
SRR VPV (15)

where X; is the molar fraction of species i; M; is the molecular
weight of species i; D; is the binary diffusion coefficient of
species i and j. The binary diffusion coefficients can be
calculated as,

0.0026T**
Dj = —=7—- (16)
p/Mijo;Qp
2
Mij -1 1 (17)
MM

where ¢y is the mean characteristic length of species i and j;
Qp is a dimensionless diffusion collision integral, which can
be calculated as,

gi + 0j

: (18

Jij =

106036 0193 103587 176474
DT 70161 T exp(0.476357) | exp(1.529967) | 3.89411t

T= kT (20)
Eij
where k, = 1.3066 x 1023(J K™?) is the Boltzmann’s constant.
The values of ¢; and ¢;; can be found from reference [34].
In the porous electrodes, effective heat conductivity and
heat capacity are used [35],

k= eks + (1 —¢)ks (21)
Cp = eCps + (1 —€)Cps (22)

where ¢ is the porosity of the electrode; kf and k are the heat
conductivity (W m~* K1) of the fluid and solid, respectively;
¢ps and ¢, s are the heat capacity (J kg™ K™7) of the fluid and
solid, respectively.

The source term S in continuity equation (Eq. (8)) repre-
sents the mass change due to electrochemical reaction at the
electrode—electrolyte interface. Thus the source term is non-
zero at the electrode—electrolyte interface and zero in other
regions. At the anode—electrolyte interface, the source term
for continuity equation can be written as,

Mo M,

Sm = 2FAy  2FAy

(23)

where Ay is the width of the control volume in y direction at
the anode—electrolyte interface. At the cathode—electrolyte
interface, this source term is calculated as,

Mo,
4FAy

Sy = (24)

The Darcy’s law is used as source terms in momentum
equations (Egs. 9 and 10) so that the momentum equations are
valid for both the gas channels and the porous electrodes [35];

W

= (25)
v
5 =5, (26)

where B, is the permeability of the porous electrodes (m?).
The source term (W m3) in energy equation (Eq. (11))
includes: (1) heat generation due to electrochemical entropy

Heat sink due to NH;3
thermal decomposition: Ng, <»05N, +15H,

§
1 Interconnect ?

NHy—imr ‘onvection —-- Ha, ;0. Ny: NH
E]ccu‘i\clrll;lic:%_: ;
Cathode — ¢~ .
Air (0, N,) —-—“ Convection —'%*02; N,
'/ Interconnect ;’

Heat generation due to electrochemical reaction: H, +0.50, — H,0
and overpotential losses: 7,

Fig. 2 — Heat sink and heat generation in NH;-fueled SOFC.
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change and irreversible overpotentials [33] and (2) heat energy
demand for thermal decomposition of NHj (Eq. (1) and (5)).
The overall heat sink and heat generation in the SOFC is
schematically shown in Fig. 2. In the porous anode, thermal
decomposition of NHj takes place and thus the source term
can be written as,

ST = — YHR (2 7)

In the dense electrolyte, the source term includes the irre-
versible loss through entropy change and activation losses via
electrochemical reaction (at the electrode—electrolyte inter-
face), as well as ohmic overpotential of the electrolyte. These
losses are assumed to evenly distributed in the electrolyte and
thus the source term can be written as,

Bt o

St = 2Fd, ' d.

where AS is the entropy change of the electrochemical reac-
tion (J K™* mol™?) and can be found from reference [32]; d, is
the thickness of electrolyte; n, (V) is the total overpotential
loss, which can be calculated as,

n=V-E (29)

It should be mentioned that the ohmic losses at the elec-
trodes are not included in calculating the total overpotential
loss, as they are usually small, compared with the electrolyte
ohmic loss and the activation losses [36]. However, the
ohmic loss of the electrodes can be easily included in the
electrochemical model if the conductivity of SOFC electrodes
is low.

The source terms in species equations (Eq. (12)) can be
calculated in the way similar to the source term for continuity
equation (Eq. (8)). However, in the anode, the thermal
decomposition of NH; should be included.

In this study, the electrochemically consumed H, fuel
comes from NH; thermal decomposition (Eq. (1)). Thus, elec-
trochemical consumption of N mol H, fuel is equivalent to
consumption of N/1.5 mol NH; fuel. With a gas channel width
of w (in a direction perpendicular to the x—y plane in Fig. 1),
the amount (N, mol s™%) of electrochemically consumed H,
fuel can be evaluated as,

_ JLw

N=2F

(30)
where L is the length of the SOFC cell, ] is the average current
density (A m ™).

The inlet gas velocity (Ui, m s~*) of NH3 can be converted
to molar flow rate (Fin, mol sfl) as,

o UinHrwp

Fin = 31
Mo, (31)

where Hg is the height of gas channel (1 mm in the present
study), p is the density of NHs (kg m ) and Myy, is the
molecular weight of NH; (kg mol™?%). Obviously Hrw is the
cross-sectional area (m?) of the gas channel. The fuel utiliza-
tion factor (ng) [37], can thus be evaluated as,

N  JLMw,

T 15F, 3FUpHep (32)

Nr

3. Numerical methodology
3.1. Boundary conditions

The boundary conditions for the present model are briefly
summarized here. At the inlet (x = 0), a constant flow velocity
is specified for the gas flow channels, while zero gas velocity is
specified for the solid part. Similarly, constant gas composi-
tions are specified at the inlets of the gas flow channels and
constant temperature is specified at the inlet for both the gas
flow channels and the solid part. At the bottom and the top of
the computation zone (y = 0 and y = yy in Fig. 1), thermally
adiabatic conditions are assumed (zero temperature gradient).
At the outlet of the computation domain (x = x), zero
temperature gradient, zero velocity gradient, and zero mass
fraction gradient are assumed for gas flow channels, while
zero velocity is assumed for the solid part.

3.2. Numerical scheme

The governing equations are discretized and solved using the
finite volume method [38]. The boundary conditions and the

a 7000
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0.000 0.005 0.010 0.015 0.020

Location along the main flow stream, x (m)

Fig. 3 — Effect of temperature on NH;-fueled SOFC
performance — (a) Distribution of current density; (b)
Distribution of electrolyte Nernst potential.
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detailed calculation procedures can be found in the previous
publication and thus not repeated here [39]. It should be
mentioned that the electrochemical model and the chemical
model are linked with the CFD model through source terms. In
the iteration, the current density and chemical reaction rate
are obtained from the electrochemical model and the chem-
ical model for calculating the source terms in CFD model.
Then the CFD model is solved to update the temperature, gas
composition, fluid velocity in SOFC. With the updated gas
composition and temperature, the electrochemical model and
chemical model are solved again to update the current density
and chemical reaction rate. Computation is repeated until
convergence is obtained. The in-house CFD code is written in
FORTRAN.

4, Results and discussion

Before performing parametric simulations, the model should
be validated by using experimental data. In the literature, there

a 0.004-
0.00
H, molar fraction
0.0795
0.003 0.159
E 0.238
>
0.002 - 0.318
0.398
Inlet temperature: 973K
0.001 Operating potential: 0.8V 0477
Inlet gas velocity: 1 ms” I 0.557
0.636
0.000 T T T 1
0.000 0.005 0.010 0.015 0.020
Location along the main flow stream, x (m)
b 0.004 e
H, Molar Fraction I 0.0129
0.003 0.0259
E 0.0388
> 0.002 0.0517
0.0647
0.001 Inlet temperature: 773K 0.0776
’ Operating potential: 0.8V 0.0906
Inlet gas velocity: 1 m.s™ I
0.103
0.000 +4 T T T 1
0.000 0.005 0.010 0.015 0.020

Location along the main flow stream, x (m)

Fig. 4 — Distribution of H, molar fraction in NH;-fueled
SOFC — (a) Inlet temperature: 973 K; (b) Inlet temperature:
773 K; Note: in y-axis, from 0 to 0.5 mm and from 3.2 mm to
3.7 mm are interconnectors; from 0.5 mm to 1.5 mm is the
cathode (air) channel; from 1.5 mm to 1.6 mm is the porous
cathode; from 1.6 mm to 1.7 mm is the dense electrolyte;
from 1.7 mm to 2.2 mm is the porous anode; from 2.2 mm
to 3.2 mm is the anode (fuel) channel.

are many available experimental data for model validation and
parameter determination. The electrochemical model, chem-
ical model and CFD model have been validated by using the
literature data and presented in the previous publications
[25,38]. Numerical experiments have been carried out to ensure
grid independence of the results. The dimensions and typical
structural/operating parameters for NHs-fueled SOFC are
summarized in Table 1. It should be mentioned that the length
of SOFC in literature varies considerably. In the present study,
the celllength of 20 mm from the literature [23,40] is used in the
simulation, as a larger cell length requires considerably more
computation resources.

4.1. Temperature effect

The effect of inlet temperature on performance of NH;-fueled
SOFCis shownin Fig. 3.Itis found that both the current density
and electrolyte Nernst potential increase with increasing inlet
temperature, indicating that higher electric output can be
obtained at higher inlet temperature. More importantly, the
distributions of local current density and electrolyte Nernst
potential are quite different at different temperatures. At
a higher inlet temperature (i.e. 973 K), the local current density
and electrolyte Nernst potential monotonically decrease along
the main flow stream, which is similar to a H,-fueled SOFC [39].
For comparison, at a lower inlet temperature (i.e. 773 K), both
the local current density and electrolyte Nernst potential
increase significantly near the inlet, followed by gradual
increase along the main flow stream in the downstream. The
difference is mainly caused by different distributions of H,
molar fraction at different temperatures. In the present study,
the molar fraction of H, at the SOFC inlet is zero, since NHs is
used as a fuel for SOFC. For both high and low temperatures,
the molar fraction of H, increases along the flow channel due to
thermal decomposition of NH; in the SOFC anode (Fig. 4). Atan
inlet temperature of 973 K, the molar fraction of H, increases
rapidly near the inlet from 0.0 to be higher than 0.5 in the
porous anode, followed by a slight increase in the downstream
(Fig. 4a). Due to the high molar fraction of H, near the inlet (so
that the ratio of P}, (Pp, )*® /P}; , decreases along the channel), it
is similar to an SOFC directly running on H, and it is the reason
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@ 20001
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Fig. 5 — Distribution of current density and electrolyte
Nernst potential in NH;-fueled SOFC with cell length of
10 cm.
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why the current density and electrolyte Nernst potential are
similar to those of the H,-fueled SOFC [39]. For comparison, at
aninlettemperature of 773K, the molar fraction of H increases
steadily from 0.0 at the inlet to be slightly higher than 0.1 at the
outlet of SOFC (Fig. 4b). From Eq. (4) it can be seen that the
electrolyte Nernst potential is related to the ratio of th /Phio,
which means the electrolyte Nernst potential is more sensitive
to H, molar fraction at a lower molar fraction of H,. For
example, anincrease of H, molar fraction from 0.001 t0 0.01 can
increase the ratio of P} /P}; o by 10 times. The relatively large
variation of P /P} o explains why there is a considerable
increase in both local current density and electrolyte Nernst
potential near the inlet at a temperature of 773 K (Fig. 3). The
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Fig. 6 — NH; thermal decomposition in SOFC — (a) Inlet
temperature: 973 K; (b) Inlet temperature: 973 K,
logarithmic scale; (c) Inlet temperature: 773 K.

average power densities are calculated to be 4688.3 W m~2 and

3620.5 W m~2 at 973 K and 773 K, respectively. The fuel utili-
zation factor at 973 K and 773 K are about 3.7% and 3.0%,
respectively. The very low fuel utilization factor is mainly
caused by small cell length (2 cm) used in the present study. An
increase in cell length from 2 cm to 10 cm can increase the fuel
utilization factor to be about 15.3%. The fuel utilization factor
doesnotlinearlyincrease with increasing cell length is because
the average current density decreases with increasing cell
length, as can be seen from the distributions of current density
and Nernst potential in Fig. 5. However, as the computation
time is significantly increased with increasing cell length
(withoutincreasingthe grid size), the following simulations are
performed for a cell length of 2 cm, which is also in line with
some studies in literature [23,40].

Since H, is produced from NH; thermal decomposition, the
kinetics of NH; thermal decomposition at different tempera-
tures are investigated and shown in Fig. 6. At a high inlet
temperature (973 K), the rate of NH; thermal decomposition is
very high (>6 x 10* mol m® s*) near the inlet in the porous
anode and decreases rapidly in the downstream (Fig. 6a).
Using a logarithmic scale, it can be seen that the rate of NH;
thermal decomposition is about 10°> mol m—3s~* at the middle
of SOFC and decreases to be on the order of 10> molm 3sin
the downstream of the SOFC (Fig. 6b). For comparison, the rate
of NH; thermal decomposition does not vary too much at an
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Fig. 7 — Distribution of NH; molar fraction in NH;-fueled
SOFC — (a) Inlet temperature: 973 K; (b) Inlet temperature:
773 K.
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Fig. 8 — Temperature of NH;-fueled SOFC — (a) Inlet

temperature: 973 K; (b) Inlet temperature: 773 K.

inlet temperature of 773 K — decreases from about

225 mol m~2 s7! at the inlet to about 112 mol m~2 s~ ! at the
outlet of SOFC (Fig. 6¢). As a result, the molar fraction of NH;
decreases from 1.0 at the inlet to be about 0.06 near the inlet
(in the porous anode), due to very high rate of NH; thermal
decomposition at an inlet temperature of 973 K (Fig. 7a). It
should be mentioned that in the immediate downstream of
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Fig. 9 — Effect of operating potential on NH;-fueled SOFC
performance.

the locally low NH; molar fraction, there is a slight increase in
NH; molar fraction in the porous anode, due to diffusion and
permeation of NH; from the gas channel to the porous elec-
trode. At an inlet temperature of 773 K, the molar fraction of
NH; decreases gradually from 1.0 at the inlet to be about 0.85
at the outlet (Fig. 7b).

The temperature field of SOFC is determined by the source
term in energy equation (Eq(2). 27, 28). For NH;-fueled SOFC,
this source term depends on 3 factors: (1) NH; thermal
decomposition for H, and N, generation; (2) entropy change of
the electrochemical reaction; and (3) irreversible overpotential
loss, including the ohmic, activation, and concentration
overpotentials. The first factor is highly endothermic while
both (2) and (3) are exothermic. The considerable temperature
decrease along the NHs-fueled SOFC indicates that the
thermal energy demand for NH; thermal decomposition is
higher than the heat generation by the electrochemical reac-
tion and the overpotential losses (Fig. 8). The result is
consistent with experimental observation, which showed
considerable temperature decrease in NHj-fueled SOFC [41].
More importantly, it is found that the temperature gradient in
SOFC is very high at a high temperature. At an inlet temper-
ature of 973 K, the SOFC temperature decreases by more than
100 K in only 5 mm downstream of the inlet and the temper-
ature difference between the inlet and outlet is about 130 K
(Fig. 8a). This is because the endothermic thermal decompo-
sition of NHj; is highly temperature dependent. At a high
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Fig. 10 — Temperature of NH;-fueled SOFC — (a) Operating
potential: 0.6 V; (b) Operating potential: 0.3 V.
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temperature (i.e. 973 K), the rate of NH; thermal decomposi-
tion is high, consuming a considerable amount of heat, which
in turn decrease the SOFC temperature considerably (Fig. 8).
The high temperature reduction also explains why the rate of
NH; thermal decomposition decreases rapidly along the SOFC
(Fig. 6), which in turn decreases the heat demand in the
downstream.

From the above analysis, it can be seen that the inclusion of
NH; thermal decomposition in SOFC complicates the trans-
port and reaction processes and significantly influences both
the temperature field and the electrochemical performance of
SOFC. One can increase the electric output of the SOFC by
increasing the temperature, but the very large temperature
gradient in the SOFC at high inlet temperature must be
considered carefully in stack design.

4.2. Strategies to reduce the temperature difference in
SOFC

As already mentioned in the previous section, the tempera-
ture field of NH;-fueled SOFC depends on 3 factors. We may
reduce the temperature gradient by adjusting these 3 factors.
Since the exothermic electrochemical reaction and the over-
potential losses depends on the current density, it is possible
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Fig. 11 — Effect of inlet gas velocity on NH;-fueled SOFC
performance — (a) Distribution of current density; (b)
Distribution of electrolyte Nernst potential.

to increase the heat generation by operating the SOFC at
higher current density, or in other words, at lower operating
potential. As expected, the current density is increased
considerably when the operating potential is decreased from
0.8 Vto 0.3V (Fig.9). As the operating potential is reduced from
0.8V100.6V, the temperature difference between theinletand
outlet is reduced from about 130 K to about 115 K (Fig. 10a).
With a further reduction in operating potential (to 0.3 V), the
inlet/outlet temperature difference is further reduced and the
temperature in the downstream of SOFC starts to increase
along the gas channel (Fig. 10b). However, it should be also
mentioned that the temperature gradient in the upstream is
still high due to high rate of NH; decomposition. As heat
generation increases with decreasing operating potential, the
cell temperature starts to increase in the downstream of the
cell, generating a “cold spot” in the upstream (Fig. 10b). The
average current density is increased from 5860.4 Am2at 0.8V
t09160.1Am>at0.6V,and furtherto 14232.4Am *at0.3V. As
a result, the fuel utilization factor is increased from 3.7% at
0.8 V to about 5.8% at 0.6 V, and 8.9% at 0.3 V. The average
power density is increased from 4688.3 W m™2 at 08 V to
5496.1W m 2 at 0.6 V, but with a further decrease in operating
potential to 0.3 V, the average power density is decreased
considerably to 4269.7 W m 2. The variation of power density
with operating potential is in line with other electrochemical
modeling studies on SOFC, which show maximum power
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Fig. 12 — Temperature of NH,-fueled SOFC — (a) Inlet gas
velocity: 10 m s~ 7; (b) Inlet gas velocity: 0.2 m s~ ™.


http://dx.doi.org/10.1016/j.ijhydene.2010.11.100
http://dx.doi.org/10.1016/j.ijhydene.2010.11.100

3162

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 36 (2011) 3153—3166

density at optimal operating potential. Therefore, reducing
the operating potential can reduce the inlet/outlet tempera-
ture difference, increase fuel utilization factor but too low
potential may result in a low electric output. In addition, the
high temperature gradient (“cold spot”) in the upstream (near
the inlet) remains to be further reduced.

The effects of inlet gas velocity on the SOFC performance
and temperature field are investigated and discussed in the
subsequent paragraphs. It is found that increasing the inlet
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gas velocity from 1.0 m s~* to 10.0 m s™* decreases slightly
both the current density and the Nernst potential (Fig. 11). As
a result, the average current density is slightly decreased from
5860.4 Am 2-5737 Am™?, as the inlet gas velocity is increased
from 1.0 to 10.0 m s~ %, leading to a small decrease in average
power density from 4688.3 W m 2 to 4589.6 W m 2. Moreover,
the fuel utilization factor is considerably decreased to be only
0.36% at an inlet gas velocity of 10.0 m s™*. This is different
from H,-fueled SOFC, in which the current density, electrolyte
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Fig. 13 — Effect of inlet gas velocity — (a) NH; decomposition rate at 10 m s~ *; (b) NH; decomposition rate at 0.2 m s~ %; (c) NH3
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Fig. 13 — (continued)

Nernst potential, and average power density increase with
increasing gas velocity [38]. In addition, a decrease in inlet gas
velocity to 0.2 m s~* decreases significantly both the current
density and electrolyte Nernst potential. And the average
current density and power density are decreased to
4850.8 A m~2 and 3880.6 W m™?, respectively. However, the
fuel utilization factor is significantly improved to be about
15.2% at an inlet gas velocity of 0.2 m s~*. The dependence of
current density and electrolyte Nernst potential on gas
velocity is mainly due to the variation in gas composition and
will be discussed later. It should be noted that the reduction in
current density will reduce the heat generation from electro-
chemical reaction and overpotential losses. Therefore, the
inlet/outlet temperature difference is slightly increased as the
inlet gas velocity is increased from 1 m s~* to 10 m s %, despite
of higher heat transfer between the gas and the solid structure
(Fig. 12a). For comparison, the inlet/outlet temperature
difference of SOFC is considerably decreased at a gas inlet
velocity of 0.2 m s~ (Fig. 12b). The “cold spot” in the upstream
is a result of temperature reduction by NH; decomposition in
the upstream and temperature increase by electrochemical
reaction and overpotential loss in the downstream. The
difference in temperature field at various gas velocities results
from the different current density and different rates of NH3
thermal decomposition. As can be seen from Fig. 13a, the NH;
thermal decomposition rate is slightly higher at a gas velocity
of 10 m s~ ! than at a gas velocity of 1.0 m s, resulting in

higher heat demand. For comparison, the rate of NH; thermal
decomposition is decreased to be very small (about
1.0 mol m~3s7?) in the downstream of the SOFC at an inlet gas
velocity of 0.2 m s~ (Fig. 13b), leading to smaller or even zero
heat consumption. At a high gas velocity (10 m s~ '), more NH;
can be transported from the gas channel to the porous elec-
trode through permeation. In addition, as more NHj is
supplied to the anode at a high inlet gas velocity, the molar
fraction of NH; only decreases from 1.0 at the SOFC inlet to
about 0.6 at the outlet (Fig. 13c). The higher NH; molar fraction
can lead to higher rate of NH; thermal decomposition at
higher inlet gas velocity, since the decomposition rate is
proportional to the partial pressure of NHj3 (Eq. (6)). For
comparison, the molar fraction of NH; decreases from 1.0 to
0.0 in the downstream of SOFC at an inlet gas velocity of
0.2 m s %, as much less NHs is supplied to the anode channel
(Fig. 13d). And this can decrease the rate of NH; thermal
decomposition at a lower inlet gas velocity (Fig. 13b).

In order to understand the effect of inlet gas velocity on
current density and electrolyte Nernst potential, the distri-
butions of gas composition in SOFC are investigated. At
a higher inlet gas velocity (10 m s~ %), the H, molar fraction
increases from 0.0 at the inlet to be about 0.3 at the outlet
(Fig. 13e), which is lower than at an inlet gas velocity of
1.0 m s~ (Fig. 4a). This is because the supply of larger amount
of NH; dilutes the concentration of Hy, despite of higher rate of
NH; thermal decomposition. For comparison, at an inlet gas
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velocity of 0.2 m s~%, the molar fraction of H, increases quickly
to be about 0.6 near the inlet, followed by small variation in
the downstream as NHj; is completely decomposed (Fig. 13f).
From the Nernst equation, it is expected that the lower molar
fraction of H, at a high inlet gas velocity tends to decrease the
electrolyte Nernst potential. However, the actual current
density and electrolyte Nernst potential only slightly
decreases when the inlet gas velocity is increased from
1.0 m s~ ' to 10.0 m s~ (Fig. 11). The reason is that at a higher
gas velocity (10 m s~?), the molar fraction of H,0 in the anode
is decreased while the molar fraction of O, is increased
(Fig. 13g and i), which tends to increase the electrolyte Nernst
potential and the current density. The combined effects result
in a slight decrease of electrolyte Nernst potential and current
density with increasing gas velocity (Fig. 11). At a low inlet gas
velocity (0.2 m s %), the molar fraction of H,O increases
considerably (Fig. 13h) while the molar fraction of O,
decreases more significantly than at a higher gas velocity
(Fig. 13j), which considerably decreases both the electrolyte
Nernst potential and thus the current density (Fig. 11).

From the above analysis, it can be seen that the tempera-
ture gradient of SOFC can be reduced by operating the SOFC at
a lower potential, thus producing a higher current density and
more heat generation to compensate heat sink due to NH;
thermal decomposition. It can also improve the fuel utiliza-
tion factor. However, there is an optimal operating potential to
achieve the highest average power density. A high inlet gas
velocity is beneficial to improve the electric output of
H,-fueled SOFC, but degrades the electric output of NH;-fueled
SOFC. In addition, the fuel utilization factor is significantly
decreased at a high inlet gas velocity. At a low inlet gas
velocity (0.2 m s™%), the temperature gradient can be reduced
and the fuel utilization factor can be increased. However, the
electric output (average current density and power density) is
decreased at an inlet gas velocity of 0.2 m s™*. In practice,
constant fuel utilization factor can be maintained by adjusting
the operating parameters. For example, an increase in inlet
temperature (i.e. from 873 K to 973 K) can decrease the inlet
gas density at a given inlet gas velocity, leading to a lower Fi,
(Eq. (32)). In order to maintain a constant fuel utilization
factor, the average current density should be reduced
accordingly, decreases the amount of heat generation. Since
NH; catalytic thermal decomposition (endothermic) largely
determines the temperature field of NHs-fueled SOFC, the
temperature gradient could be further higher in order to
maintain a constant fuel utilization factor at a high inlet
temperature. As discussed in the previous section, higher
current density (higher fuel utilization factor) is useful to
reduce the temperature gradient at a higher temperature. This
is different from H,-fueled SOFC. For a H,-fueled SOFC, an
increase in inlet temperature decreases the gas density thus
requires lower current density in order to maintain a constant
fuel utilization factor, which in turn decreases the tempera-
ture gradient in SOFC stack. Therefore, all the factors should
be carefully considered in determining the optimal operating
conditions of NH;-fueled SOFC. If the SOFC is specified mainly
to produce high power density, the SOFC should be operated
at an optimal potential. If a high fuel utilization factor is
desired, then a large cell length, a low operating potential and
a low inlet gas velocity should be chosen.

5. Conclusion

A 2D thermo-electrochemical model is developed to study the
performance of a NHs-fueled SOFC, by integrating a 2D CFD
model with an electrochemical model and a chemical model.
The conjugate heat transfer, mass transfer, as well as chem-
ical/electrochemical reactions in SOFC are fully considered.

It if found that the inclusion of NH; thermal decomposition
in SOFC significantly impacts the SOFC electric output and the
temperature field. In addition, the inlet temperature consid-
erably influences the SOFC performance. At a higher inlet
temperature (973 K), both current density and electrolyte
Nernst potential decrease monotonically along the SOFC
channel. While at a lower inlet temperature (773 K), the current
density and electrolyte Nernst potential increase rapidly near
the inlet, followed by gradual increase in the downstream. At
an inlet temperature of 973 K, the rate of NH; thermal decom-
position is very high (higher than 60000 mol m~3 s~%) near the
inlet but decreases rapidly in the downstream, due to a signif-
icant decrease in SOFC temperature. For comparison, the rate
of NH; thermal decomposition isin the order of 100 molm 3s~*
and does not vary much along the SOFC channel at an inlet
temperature of 773 K. Although higher inlet temperature is
desirable to achieve higher electric output of the SOFC, the
large temperature gradientin the SOFC at a higher temperature
must be considered carefully.

Simulations are conducted to evaluate possible ways to
reduce the temperature gradient in SOFC at elevated
temperature. It is found that decreasing the operating poten-
tial can increase the fuel utilization factor considerably. It can
also reduce the temperature gradient in the SOFC, particularly
in the downstream. However, the “cold spot” in the upstream
remains to be solved. And the highest average power density
occurs at an optimal operating potential. Increasing the inlet
gas velocity from 1.0 m s to 10.0 m s ' significantly
decreases the fuel utilization factor but slightly decreases the
electric output of NH3-fueled SOFC, which is different from
H,-fueled SOFC. In addition, as the rate of NH; thermal
decomposition and current density only vary slightly with
increasing inlet gas velocity, the temperature field does not
change much when the inlet gas velocity is increased from
1.0m s ! to 10.0 m s™*. For comparison, reducing the inlet gas
velocity from 1.0 m s~! to 0.2 m s™! is more effective in
reducing the temperature gradient of SOFC, mainly due to the
considerable reduction in NH; thermal decomposition rate.
The fuel utilization factor is also significantly improved at an
inlet gas velocity of 0.2 m s~. However, the electric output of
SOFC is considerably decreased at a low inlet gas velocity. All
these factors should be carefully considered in the design of
optimal operating conditions.
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Nomenclature

B, Electrode permeability, m?

Cp Heat capactity, J kg ' K '

dgy Thickness of anode, um

d. Thickness of cathode, um

de Thickness of electrolyte, um

Deff Effective diffusion coefficient of species i in gas
mixture, cm? s~ *

Dix Knudsen diffusion coefficient of i, cm? s—*

D;; Binary diffusion coefficient of i and j, cm? s*

E Equilibrium potential, V

Eo Reversible potential at standard condition, V

F Faraday constant, 9.6485 x 10* C mol*

Fin Molar flow rate of NH; at the SOFC inlet , mol s~*

He Height of gas flow channel, m

Hgr Heat demand for NH; thermal decomposition,
Jmol?!

) Current density, Am™2

k Thermal conductivity, W m~* K~*

L Length of the SOFC cell, m

M; Molecular weight of species i, kg mol*

N Electrochemical consumption rate of H, fuel, mol s*

P Operating pressure, bar

P! Partial pressure of species i at electrode—electrolyte
interface, bar

r Reaction rate of NH; thermal decomposition,
molm—3s7?!

Tp Mean pore radius of electrode, um

R Universal gas constant, 8.3145 J mol * K*

Sm Source term in continuity equation, kgm >3 s7?

SxSy Source terms in momentum equations, kg m2s?

St Source terms in energy equations, W m >

Ssp Source terms in species equations, kg m—>s*

T Inlet temperature, K

U Velocity in x direction, m s~*

Uin Gas velocity at the SOFC inlet, m st

Y SOFC operating potential, V; Velocity in y direction,
mst

X Molar fraction of species i

Y Mass fraction of species i

€ Electrode porosity

£ Electrode tortuosity

oij Mean characteristic length of species i and j

Qp Dimensionless diffusion collision integral

p Density of the gas mixture, kg m 3

u Viscosity of gas mixture, kgm *s*

Nacta Activation overpotential at anode, V

Nact.c Activation overpotential at cathode, V

Mg Fuel utilization factor

Nonmic ~ Ohmic overpotential of the electrolyte, V
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