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Internal reformation of low steam methane fuel is highly beneficial for improving the energy
efficiency and reducing the system complexity and cost of solid oxide fuel cells (SOFCs).
However, anode coking for the Ni-based anode should be prevented before the technology
becomes a reality. A multi-physics fully coupled model is employed to simulate the operations
of SOFCs fueled by low steam methane. The multi-physics model produces I-V relations
that are in excellent agreement with the experimental results. The multi-physics model and
the experimental non-coking current density deduced kinetic carbon activity criterion are
used to examine the effect of operating parameters and the anode diffusion barrier layer on
the propensity of carbon deposition. The interplays among the fuel utilization ratio, current
generation, thickness of the barrier layer and the cell operating voltage are revealed. It is
demonstrated that a barrier layer of 400 µm thickness is an optimal and safe anode design
to achieve high power density and non-coking operations. The anode structure design can
be very useful for the development of high efficiency and low cost SOFC technology.
Key words: Carbon activity, Methane steam reformation, Diffusion barrier layer, Fuel
utilization ratio, Non-coking condition

stable direct-methane operation with the well-known
Ni-based anodes, despite the high propensity of Ni
to carbon deposition [16–22]. Recent studies suggest
two likely explanations for this apparent discrepancy
[16, 17, 23]. First, some stable operations are observed
because that the methane pyrolysis kinetics on Ni are
relatively slow for working temperature <700 ◦ C. Second, others are due to the coking suppression effect of
SOFC operation. Specifically, it is observed that the
naturally occurring soot formation disappears when the
output current density is above a critical value [24]. The
coking suppression effect may be explained by the steam
production in the current generation that dilutes the local methane fuel [22, 23]. Both the explanations share
the same mechanistic feature that the anode coking is
kinetically controlled. In fact, the kinetic nature of the
soot formation phenomenon is easy to conclude as coking is not observed at some thermodynamically favorable domain. The dynamic feature of the soot formation points out the possibility of achieving coking free
operation with low steam methane by anode structural
design and selection of operating parameters.
Indeed, experiments have shown that the critical density current for coking free operation may be reduced
by adding a diffusion barrier layer on the anode [24].
The result is interesting and important, but is limited
in two substantial ways. First, the existing studies are
conducted on button cells only. It is unclear how to ap-

I. INTRODUCTION

The ability to use methane as fuel is a strong advantage of solid oxide fuel cells (SOFCs) as methane is
abundant in nature. Internal methane steam reforming
(MSR) is very appealing as it is helpful for increasing
the system efficiency and reducing the system complexity [1–4]. To reap the full benefit of internal MSR operations, however, using methane with low steam content
as the fuel is required so that the consequence of reduced power density and increased heating requirement
with high steam content fuel may be prevented [5, 6].
To realize the use of low steam methane fuel, materials to avoid anode coking are critically important
and are actively pursued [3–14]. A common approach
to avoid anode carbon deposition is to eliminate the
use of Ni in the anode [5–10]. Alternatively, methods of
modifying the Ni containing anode with coking resistant
material are developed [4, 11–15]. Unfortunately, there
are serious drawbacks associated with all the known material designs of coking resistant anode, e.g., low electronic conductivity, poor chemical compatibility with
other cell components and high material cost [4, 15].
Interestingly, there have been numerous reports of
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ply the result to production size SOFCs. Second, the
result is qualitative in nature. While it shows a proof of
concept, no specific practical design guideline is given.
For example, the relationships between the thickness of
diffusion barrier layer and the critical current density as
well as the cell performance are unclear. In short, there
is a lack of study on the design of diffusion barrier layer
for coking free operations of SOFCs fueled by low steam
methane. Considering the benefits of high power density and high energy efficiency associated with the low
steam methane fuel, such studies are highly important
for the development of SOFC technology.
This work addresses the anode design issue through
multi-physics modeling. Based on simulations of relevant experiments, a kinetic criterion of non-coking condition is deduced. Parametric studies are then carried
out to examine the effects of operating condition and
anode design on the SOFC performance and the likelihood of soot formation. A rule of anode diffusion barrier
layer design for the optimal balance of operating conditions and cell performance is found for the non-coking
operations of low steam methane fuel.
II. METHOD
A. Multi-physics modeling

A multi-physics model with a rigorous consideration
of the balance of local electrochemical potentials is used
for the numerical simulations of methane fueled SOFCs.
The electrochemical reaction, chemical reaction, electrical conductions, gas transport and heat conduction
are fully coupled in the model. Such a multi-physics
model has been described in detail in Refs.[25, 26].
A standard set of SOFC materials, YSZ electrolyte,
Ni-YSZ anode and YSZ-LSM cathode, are assumed
here. These materials are chosen because they coincide
with those used in experiments examining CH4 fueled
SOFCs [16, 24, 27, 28]. Parameters for the material
properties and electrode microstructures are referred to
Refs.[22, 24, 26]. When comparing with experiments,
geometric models of SOFCs are built according to the
experimental specifications. When discussing the diffusion barrier layer designs, a planar SOFC with coflow gas configuration and a channel length of 10 cm
for the electrochemically active area is assumed. The
microstructural parameters of the barrier layer for gas
diffusion are: 25% for the porosity, the tortuosity of 3.8,
and the average pore radius of 0.25 µm. Other material
properties such as the electronic and thermal conductivities of the barrier layer are the same as that of the
anode. Notice, however, the barrier layer is MSR inert.
When considering the anode design, the operating
temperature is set at Top =1073 K considering the
propensity of carbon formation increases with the temperature and an operating temperature above 1073 K
is undesirable in practice. The operating cell voltage,
Vop , is set at 0.8 V, unless specified explicitly otherDOI:10.1063/1674-0068/31/cjcp1805102

wise, as Vop is expected to be below 0.8 V in practice.
Non-coking condition satisfied for Vop =0.8 V is automatically satisfied for Vop <0.8 V due to the increased
current associated with the reduced Vop . The exit fuel
and air pressures are both set at 1 atm. The input fuel
consists of 3mol% of H2 O. Such a fuel can be easily realized by bubbling CH4 through water at around the
room temperature.
The coupled multi-physics equations are solved by
the commercial finite element software, COMSOL
MULTIPHYSICSr Version 3.5 [29].
B. Carbon activity criterion for soot formation

According to the thermodynamics principle, carbon
deposition occurs when the overall carbon activity (aC )
is larger than one [30–34]. The model for the carbon
activity concerning MSR catalyzed by Ni as suggested
in Ref.[32] is used here. The model is chosen as it is
consistent with the elementary step analysis of MSR
via a pseudo-steady-state analysis and assuming that
chemisorbed carbon (C∗ ) and activated catalyst atom
are the most abundant reactive intermediates [32, 33].
In this model, aC is expressed as [32]:
aC =

kC pCH4 pH2
pH2 O

(1)

where kC is a temperature dependent constant. pi is the
partial pressure of gas species i (i=CH4 , H2 , H2 O). As
the methane decomposition is likely the major source of
C∗ , kC (or aC ) should be proportional to the methane
decomposition rate. That is, Eq.(1) may be rewritten
as,
(
)
pCH4 pH2
Ea
aC = kcatalyst
(2)
exp −
pH2 O
RT
where Ea =96.1 kJ/mol is the activation energy of
methane decomposition, as determined experimentally
[35]. kcatalyst is a constant depending on the catalyst morphology. For the standard anode material
used, comparison between theory and experiment yields
kcatalyst =9400 bar−1 , as to be seen below.
C. Methane steam reforming kinetics

The reaction rate of MSR, CH4 +H2 O=CO+3H2 , as
catalyzed by Ni is usually expressed as,
(
)
Ea
m
n
rMSR = kMSR · pCH4 · pH2 O · exp −
(3)
RT
The commonly accepted value for the methane reaction
order, m, is 1. The steam reaction order, n, is dependent on the steam carbon ratio, S/C. n is known to be
1 for low S/C [26, 36]. And n is close to 0 for high S/C
[35, 37]. Combining the results of Ref.[35] and Ref.[26],
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representative of low and high S/C, respectively, a unifying expression for the MSR reaction rate is deduced
as,
83pH2 O
rMSR = 9.46 × 107 pCH4
·
9 + 48pH2 O + 16pH2 O 2
)(
)
(
96.1
pH2 3 pCO
exp −
1−
(4)
RT
pCH4 pH2 O Keq,MSR
(
)
−26830
where Keq,MSR is 1.198×1017 exp
(kPa)2 .
T
Eq.(4) is used in this work, unless explicitly stated
otherwise. Considering the influence of rMSR on the
result of aC , a few other reaction rate expressions often seen in literatures [30, 36, 38–40] are also used for
testing purpose, including:
(
)
205
rMSR = k̄ × 30.8 × 1010 pCH4 pH2 O exp −
(5)
RT
(
)
82
rMSR = k̄ × 4274pCH4 exp −
(6)
RT
[
(
)
27063
rMSR = k̄ × 63.6T 2 cCH4 cH2 O exp −
−
T
(
)]
232.78
3.7 × 10−14 T 4 cCO cH2 3 exp −
(7)
T
Here ci is the molar concentration of fuel species i
(i=CH4 , H2 O, CO, and H2 O). The value of k̄ is determined by fitting the experimental open circuit voltage at T0 =1073 K [16, 28]. The resulting k̄ values are
350, 20 and 1.05×108 for Eq.(5), Eq.(6), and Eq.(7),
respectively.
Following the recommendation of Ref.[30], the reaction rate for the near equilibrium water-gas shift (WGS)
reaction, CO+H2 O=CO2 +H2 , is expressed as,
(
)
12509
2
rWGS = 1.199T exp −
cCO cH2 O − 67.7T 2 ·
T
(
)
16909
exp −
cCO2 cH2
(8)
T

III. RESULTS AND DISCUSSION
A. I-V curves and carbon activity criterion

By constructing button cell geometric models and using operating conditions specified experimentally [24],
simulations with the above mentioned multi-physics
model are carried out to determine the I-V relations
and distributions of physical quantities. FIG. 1 compares the theoretical and experimental I-V results.
Clearly, the theoretical results for different operating
temperatures and different anode structures (with and
without barrier layer) are in very good agreement with
the experimental data, demonstrating the validity of the
modeling tool used.
DOI:10.1063/1674-0068/31/cjcp1805102

FIG. 1 Comparison of theoretical and experimental [24] I-V
relations of button cell SOFCs with and without a 400 µmthick anode diffusion barrier layer. SOFCs are fueled by
humidified methane (H2 O:CH4 =3:97).

The distributions of partial pressures of gas species
are used to compute aC of Eq.(2). It is known experimentally that the critical current density of non-coking
operation at Top =1073 K is 0.6 A/cm2 with a barrier
layer thickness of 400 µm and is less than 1.8 A/cm2
when there is no barrier layer [24]. By requiring aC
in the entire anode to be less than 1 for the non-coking
current density, the maximum possible kcatalyst thus determined is 9400 bar−1 .
B. Mechanism for the reduction of carbon activity

As indicated in Eq.(2), the carbon activity is ultimately determined by the distributions of fuel species
in the Ni-YSZ anode. As the current generation requires the consumption of CH4 and the production of
H2 O, the effect of operating current on the reduction
of carbon activity is in principle easily understandable
(Eq.(2)). To illustrate the role of diffusion barrier layer
on reducing the carbon activity, FIG. 2 compares the
partial pressures of fuel species in the anode near the
fuel inlet and along the anode thickness direction for
operating SOFCs with and without a diffusion barrier
layer. The anode near the fuel entrance is chosen as
it is where the highest carbon activity is found for the
operating SOFC examined. As shown in FIG. 2, relative to the cell with a bare Ni-YSZ anode, the diffusion
barrier layer reduces pCH4 while increases pH2 O inside
the Ni-YSZ zone. This is simply because that the barrier layer makes it difficult both for H2 O to diffuse away
from the Ni-YSZ zone and CH4 to diffuse into the NiYSZ zone. As a result, the critical current density for
coking free operation is reduced by the presence of a
diffusion barrier layer.
In addition to being affected by the processes of current generation (CH4 consumption and H2 O production) and gas diffusion (anode thickness and barrier
layer), the fuel species are first of all dependent on the
input fuel and the overall fuel consumption, i.e., fuel
utilization. For given Vop and Top , the fuel utilization
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FIG. 2 Partial pressures of fuel species (CH4 , H2 and
H2 O) in the anode near the fuel inlet and along the anode thickness direction for two cells, one with and another
without a diffusion barrier layer. The SOFCs are operated at Vop =0.8 V, Top =1073 K and a methane flow rate
of 1.084×10−3 mol·m−1 s−1 . The thickness of the Ni-YSZ
anode is 500 µm and the thickness of the barrier layer is
300 µm.

is dependent on the amount of fuel supplied. That is,
the carbon activity is dependent on the fuel flow rate
for the chosen Vop and Top . To illustrate, FIG. 3 shows
the dependence of the maximum value of carbon activity in the anode, together with the fuel utilization ratio,
on the fuel flow rate.
As shown in FIG. 3, the maximum carbon activity of less than 1 is possible for the anode without
a barrier layer when the fuel flow rate is lower than
5.242×10−4 mol·m−1 s−1 , corresponding to a current
density of 3870 A/m2 and a fuel utilization of 95.7%.
In comparison, the corresponding results for the anode with a barrier layer of 300 µm are a fuel flow
rate of 1.073×10−3 mol·m−1 s−1 , a current density of
6823 A/m2 and a fuel utilization of 82.4%. No matter there is a diffusion barrier layer or not, the maximum carbon activity should be below 1 in order to
avoid carbon deposition. The results show that the fuel
utilization ratio should stay above some minimum in
order to prevent the soot formation. Moreover, the results demonstrate that the minimum fuel utilization ratio required for coking free operation is reduced by the
presence of a diffusion barrier layer, consistent with the
experimental observation.
The above results also mean that, for a given Vop , the
fuel flow rate should be kept below a certain threshold
so that the fuel utilization ratio can be higher than the
minimum value required. For a given fuel flow rate
that meets the requirement with Vop , it also meets the
requirement with V <Vop as the reduced cell voltage
means an increased current production and a higher fuel
utilization ratio. That is, the decrease of carbon activity with the increase of current generation is consistent
with the decrease of carbon activity with the increase of
fuel utilization ratio. On the other hand, the criterion
of minimum current density for non-coking operation is
less convenient to use. For example, when a cell voltage
DOI:10.1063/1674-0068/31/cjcp1805102
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FIG. 3 Relationships among the fuel flow rate, maximum
carbon activity in the Ni-YSZ anode and the fuel utilization
ratio for SOFCs with and without a diffusion barrier layer
(the thickness of the barrier layer is 300 µm.)

is chosen, increasing the current production is limited
by the electrochemical performance of the cell and requires an increased input fuel flow rate. The increased
fuel input results in a decrease in the fuel utilization
ratio. As a result, the soot formation may occur. That
is, the statement that increasing the operating current
is helpful for the non-coking operation can be misleading in practice. It is valid only when it is the result of
reducing the cell voltage for a given fuel flow rate. It
is incorrect if the increased current output is the result
of increasing the fuel supply for a given cell voltage.
Therefore, the minimum fuel utilization criterion will
be used below for discussing the diffusion barrier layer
designs as the criterion is valid regardless of the criterion is met by reducing the fuel flow rate or by reducing
the cell voltage.
C. Barrier layer thickness and minimum fuel utilization for
non-coking operations

As mentioned above, the minimum fuel utilization for
non-coking operations is over 95% for the cell without a
barrier layer. Such a high fuel utilization is unrealistic
in practice. The critical fuel utilization can be reduced
by applying an anode diffusion barrier layer. Naturally,
the effect of the barrier layer on reducing the carbon activity is dependent on the barrier layer thickness. The
relationship between the fuel utilization and the maximum carbon activity in the anode as affected by the
barrier layer of different thickness is shown in FIG. 4.
As shown in FIG. 4, the minimum fuel utilization
ratio to keep the carbon activity in the Ni-YSZ anode
to be below 1 decreases with the increase of the thickness of the barrier layer. For the case of Vop =0.8 V
(FIG. 4(a)), the minimum fuel utilization ratios for the
barrier layers of 200, 300, 400, and 500 µm thickness
are 92%, 82%, 64%, and 37%, respectively. Considering
that SOFCs are typically operated at a fuel utilization
ratio of 70%−80%, a barrier layer thickness below 300
µm is not suitable for practical use. For the fuel utilization ratio of 70%−80%, the operating current densities
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FIG. 4 Relationship between the fuel utilization and maximum carbon activity in the anode with a diffusion barrier
layer (the thicknesses of the barrier layer are indicated in
the figure): (a) Vop =0.8 V, (b) Vop =0.7 V.

FIG. 5 Effect of rMSR expressions on the relationship between the fuel utilization and maximum carbon activity in
the anode when the thickness of the barrier layer is 400 µm:
(a) Vop =0.8 V, (b) Vop =0.7 V.

in unit of A/cm2 for the barrier layer thicknesses of
0, 400, and 500 µm are in the range of (0.77, 0.87),
(0.66, 0.74) and (0.62, 0.70), respectively. The current
output for a 400 µm-thick barrier layer is higher and
more desirable than that for a 500 µm-thick barrier
layer. Besides, compared to the cell with no barrier
layer, the power loss caused by a 400 µm-thick barrier
layer is about 15%, which is moderate considering the
huge benefit of no-coking operations with no external
reformer. Therefore, a barrier layer with a thickness
of about 400 µm is optimal for achieving high power
output under non-coking condition. When a low power
load is desired in practice, the non-coking condition can
be easily maintained by reducing the fuel supply at the
same cell voltage so that the fuel utilization increases
and the carbon activity decreases.
It is noted that the minimum fuel utilization ratio
for non-coking condition can be substantially reduced
for reduced Vop , due to the accompanying increased current production. For example, as shown in FIG. 4(b) for
Vop =0.7 V, basically all fuel utilization ratios for a barrier layer with a thickness of over 300 µm meet the noncoking requirement, though the minimum fuel utilization ratio for a 200 µm-thick barrier layer remains impractically high. Considering that the electrical power
efficiency of SOFC is proportional to Vop and Vop ≤0.8 V
is usually required to obtain an acceptably high power
density, a thickness of about 400 µm is clearly more desirable than a thickness of about 300 µm. Nevertheless,
it is noted that a barrier layer of a thickness of about
300 µm is also acceptable for the operating condition of

Vop ≤0.75 V.
Notice that the above carbon activity results are obtained based on Eq.(4) for the MSR reaction rate. As
there are a number of different experimentally determined rMSR , to ensure the credibility of the barrier layer
design result, the effect of different rMSR expressions on
the design result is also examined. Representative testing results are shown in FIG. 5. As shown in FIG. 5,
the carbon activity obtained with Eq.(4) is the highest for all fuel utilizations and cell voltages examined.
Therefore, the above result of the barrier layer design
is safe and reliable. It may be argued that the optimal
barrier layer thickness may be different from the above
result if a different rMSR expression is used. However,
it is noted that Eq.(4) is the result based on the newest
experimental data and is more reliable than the previous ones. Moreover, carbon deposition is fatal for the
operations of SOFCs, it is highly desirable to use a safe
criterion. Therefore, the above design result is strongly
recommended.

DOI:10.1063/1674-0068/31/cjcp1805102

IV. CONCLUSION

A multi-physics model with consideration of detailed
balance of electrochemical potentials is employed to
simulate the operations of SOFCs fueled by low steam
methane. The effect of current generation on suppressing the soot formation is proven to be the result of the
current accompanying fuel consumption and steam production that reduce the carbon activity. The minimum
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fuel utilization is therefore identified as a more robust
indicator for the non-coking condition than that of the
critical current density. The effects of fuel utilization,
barrier layer thickness and operating voltage on the anode carbon activity are examined systematically. Considering the practical fuel utilization of ≥70% and cell
voltage of ∼0.8 V required by high efficiency SOFC operations, an anode diffusion barrier layer of 400 µm is
found to be optimal for achieving high electrochemical performance under non-coking condition. The finding on the anode structure design opens the door for
realizing the technology of low steam methane fueled
SOFCs that is highly desirable based on the energy efficiency and economic considerations. Experimentalists
are therefore urged to conduct validating experiments
so that the technology may become a reality.
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