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Abstract: The performance degradation issue caused by carbon deposition has limited the commer-
cial application of natural-gas-fueled solid oxide fuel cells. Most previous corresponding studies
are based on thermodynamic equilibrium analyses, while long-term transient evaluation work is
lacking. Therefore, a transient multi-physics numerical model is developed in present work. The
corresponding long-term performance degradation evaluation is then conducted. The results show
that, for a direct internal reforming solid oxide fuel cell, the increase in carbon deposition and deterio-
ration of performance degradation were concentrated in the first 180 days of steady —state operation
and slowed down at the later stage. The electrode inlet rapidly developed a high concentration
of carbon deposition after 180 days of steady—state operation. The deposited carbon deteriorated
the gas transport and decayed reaction activity within the porous electrode, eventually inducing
a deactivation zone with 0 current density at the inlet. Key measures to inhibit carbon deposition
should be implemented within the first 180 days of operation, and the pre-reformed operation of
natural gas is encouraged for natural-gas-fueled solid oxide fuel cells.

Keywords: solid oxide fuel cell; carbon deposition effect; transient multi-physics modeling; long-term
performance evaluation

1. Introduction

As a pillar of global trade, the maritime industry provides key support for the devel-
opment of the world economy, but it also brings serious pollution emissions. According to
the emission reduction roadmap proposed by the IMO (International Maritime Organiza-
tion), the maritime industry needs to achieve more than a 50% carbon emission reduction
by 2050 compared to the level of 2008 [1]. In the face of increasingly stringent emission
regulations, it is becoming more difficult for traditional internal combustion engines to
meet the requirements of energy use [2], while electric propulsion plants are enjoying a
renaissance. Due to their high power density, high thermal efficiency, and convenience to
adapt to marine natural gas fuel with existing fire-fighting measures, solid oxide fuel cells
are considered one of the most promising directions for new energy vessels [3].

Nonetheless, the performance degradation issue of natural-gas-fueled solid oxide
fuel cells caused by carbon deposition during long-term operation limits their marine
application, which inspires further research. In the open literature, there are two different
approaches to solving this problem. One is to develop new catalysts to inhibit carbon
deposition based on the elucidation of the carbon deposition mechanism. For example,
decorative fluorite or peroxidation could be adopted to enhance the coking resistance of
Ni/YSZ electrodes by increasing the flux of oxygen ions and accelerating the fuel cell
reaction [4,5]. Similarly, the decoration of perovskite with nano-sized exsolved metallic
particles could also be adopted to enhance the coking resistance of Ni/YSZ electrodes by
slowing down the generation of carbon fibers [6]. In addition, decorating alkaline earth
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metal oxides could be adopted to speed up the removal of carbon and enhance the coking
resistance of Ni/YSZ electrodes [7]. Rabuni et al. [8] incorporated a copper-ceria layer
inside the micro-channels of an anode scaffold and experimentally demonstrated their
stability resistance to carbon deposition. Zhao et al. [9] explored the effect of Ni-Mo catalyst
layers on inhibiting carbon deposition in Ni-YSZ anodes. Zhang et al. [10] elucidated
the carbon-resistant mechanism of Ni-Fe alloy catalysts in a solid oxide fuel cell. Similar
studies can also be found in Refs. [11-13]. The development of new catalysts has positive
implications for improving resistance to carbon deposition and extending the lifetimes of
solid oxide fuel cells, but further research is needed to confirm their commercial viability.
For example, most of the new catalysts face problems of extra costs. The catalytic activity
of copper-based catalysts differs significantly from that of nickel-based catalysts when
natural gas is fueled [14]. Additionally, the reaction of alkaline earth metal oxides under
high temperatures and CO, operating conditions could distort electrode structure [15].
Moreover, the thermomechanical compatibility of new electrode materials with other cell
components still needs further confirmation, which is extremely important for the long-term
performance and commercialization of solid oxide fuel cells.

Taking implementation ability, durability, reliability, and cost into account, another
more practical approach is to conduct online monitoring of the state of carbon deposition
and corresponding long-term degradation performance evaluations of solid oxide fuel
cells. Based on this, we can identify potential degradation changes as early as possible
and, thus, adopt appropriate optimization strategies to monitor the health of solid oxide
fuel cells and regulate them online to avoid degradation. With regard to appropriate
optimization strategies, corresponding experiments and related kinetic studies provide a
key foundation. Yurkiv [16] reviewed the available literature and pointed out that carbon
deposition could be controlled optimally by operating temperature, fuel composition,
polarization state, and exposure type. Kirtley et al. [17] examined rates of carbon formation
and removal from Ni/YSZ cermet anodes by adjusting the oxygen-to-carbon molar ratio of
supply fuel during in situ operation. They compared the effects of H,O, O,, and CO, on
the removal of carbon deposits. The corresponding results showed that the introduction
of H,O was the most effective in removing carbon deposits, while the introduction of
CO, was the least effective. Schluckner et al. [18] demonstrated that carbon deposition
within solid oxide fuel cells was closely related to both the operating temperature and
fuel composition, which determined the form of deposited carbon. Their results indicated
that carbon deposition in the fibrous form began at around 400 °C, peaked at around
700 °C, and was dominated by the cracking reaction of methane. Carbon deposition in
the graphite form began at much lower temperatures, peaked at around 550 °C, then
decreased with increasing temperature, and was dominated by carbon-monoxide-induced
carbon deposition. According to the form and cause of the deposited carbon, some other
researchers [19,20] have further demonstrated the effects of H,O, H,, and CO; on carbon
removal from solid oxide fuel cells.

As for the performance deterioration caused by inhibiting carbon deposition only by
adjusting fuel composition and temperature [17], many researchers have also conducted
further research. For example, Subotic et al. [21] demonstrated a method to simultaneously
remove carbon and recover the initial electrochemical performance. They first generated
carbon in load mode and then demonstrated that combining load mode adjustment and
hydrogen or steam addition could remove carbon while recovering the electrochemical
performance of a solid oxide fuel cell. The recovery time was only about 200 s when carbon
dioxide was used, making it more realistic and feasible [22]. In addition, Han et al. [23]
demonstrated that the use of oxygen ions supplemented with the addition of hydrogen
to prevent the reoxidation of metallic nickel was effective for carbon removal. Similar
results were also seen in the study of Reeping et al. [24]. The above literature provides
detailed appropriate optimization strategies by adjusting operating conditions to deal with
carbon deposition.
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However, with regard to the online monitoring of the state of carbon deposition and
corresponding long-term degradation performance evaluations of solid oxide fuel cells,
there is rather limited research in the open literature. This is because the high operating
temperatures and tight sealing requirements of solid oxide fuel cells make the in—situ
measurement of temperature and carbon deposition a recognized challenge. As a result, the
construction of a corresponding numerical model seems particularly important. Studies in
the literature dealing with long-term performance degradation have only started to appear
in recent years. For example, Yan et al. [24] evaluated the effect of change in porosity caused
by carbon deposition on the performance of solid oxide fuel cells. Ma et al. [25] further
evaluated the long-term performance of solid oxide fuel cells considering the unsteady
state variation in porosity caused by carbon deposition. Zhang et al. [26] conducted a
long-term performance evaluation of coal gasification syngas-fueled solid oxide fuel cells.
Zhu et al. [27] conducted a corresponding evaluation of biomass-gas-fueled solid oxide
fuel cells. These studies have evaluated the long-term performances of solid oxide fuel cells
over an operating time of around 200 days and provide a valuable basis for further research.

In the present work, we further develop a transient multi-physics numerical model
and conduct a long-term performance evaluation of a direct internal reforming solid oxide
fuel cell during 20,000 h of operation. To the best of our knowledge, this is the first
20,000 h long-term performance evaluation for a direct internal reforming solid oxide fuel
cell considering carbon deposition as of the work submission date. The corresponding
evaluation results may lead to new findings and provide a design reference for solid oxide
fuel cells in more demanding marine or power plant applications.

2. Physical Model and Numerical Method
2.1. Working Mechanism and Computational Domain Description

For a direct internal reforming natural-gas-fueled solid oxide fuel cell, in addition
to electrochemical reactions, a methane steam reforming reaction, and a water-gas shift
reaction, the thorny problem of carbon deposition has to be considered. According to
the open literature, it is generally accepted that carbon deposition is mainly caused by a
methane decomposition reaction (Equation (5)) and a Boudouard reaction (Equation (6)).
Therefore, as shown in Equations (1)—(6), the following reactions occurring simultaneously
within solid oxide fuel cells were considered:

1/20,+42¢~ — O~ (1)
H, + 0%~ — HyO + 2¢~ )
CH, + H,O — CO + 3H, ©)
CO + H,O — CO, +H, (4)
CH; — C(s) +2H, (5)
2CO — C(s) + CO, (6)

For the chosen computational domain, the half single cell shown in Figure 1 was used.
Although single cells are stacked to form a stack for sufficient power in engineering use
and there have been some stack-level simulation studies in the open literature [28-30],
stack-level simulations have drawbacks in terms of high computing resource requirements
and long computation times. In our study, as shown in Figure 1, single cells were stacked
neatly to form a stack, and the whole stack could be approximated as the repeated operation
of several single cells by imposing symmetry conditions. Therefore, half of a single cell was
used as the final computational domain in the present work.
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Figure 1. Schematic diagram of solid oxide fuel cell stack and calculation domain in the present work.

The detailed geometry parameters of the computational domain are shown in Table 1.

Table 1. Geometry parameters of the computational domain.

Symbols Values (mm)
Cell length L 100
Cell width W 1.5
Gas channel width W 1
Interconnect height hy 1.15
Gas channel height hg 1
Anode support layer thickness has 0.4
Anode function layer thickness hag 0.015
Electrolyte layer thickness he 0.01
Cathode function layer thickness ha¢ 0.02
Cathode support layer thickness has 0.05

2.2. Basic Assumption

To ensure the validity and accuracy of the calculations, it should be highlighted that
this work was carried out based on the following basic assumptions.

(1) The gas flow within the fuel cell remained laminar based on the reality of the low flow
rate supply of the fuel channel.

(2) The gas mixture was considered a compressible ideal gas based on the facts of the
high-temperature and low-pressure operating conditions.

(3) The fuel cell material was treated as continuous and isotropic.

(4) The active sites involved in the thermochemical and electrochemical reactions were
uniformly distributed within the catalytic layer.

(5) Small amounts of extraneous gases in the fuel gas were ignored, e.g., the proportion
of air was treated as 79% Nj and 21% Oy, and natural gas was treated as 100% CHy.

2.3. Governing Equations
2.3.1. Electrochemical Reaction and Thermochemical Reaction

The Butler—Volmer equation is one of the most widely used expressions to describe
the relationship between activation overpotential and current density and was also used in
the present work to calculate the local current density of the solid oxide fuel cell. It was
calculated as follows:

) . anF 1—a)nF
iy = ASA-i exp(ﬁiyact) - eXp(—%ﬂact) @)

where iy is the current density in a specific volume, ij is the exchange current density, ASA
is the active specific area, T is the local temperature, and 7, is the activation overpoten-
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tial. The corresponding calculation method for exchange current density and activation
overpotential can be found in our previous work [31].

For the thermochemical reaction shown in Equations (3) and (4), the corresponding
reaction rate was computed as follows:

—27063 —232.78 3

rMsr = 63.6T2 exp( )ecH,CH,0 — 3.7 X 1071414 exp(#)cCOcH2 (8)

—16909

—12509
)ccoch,o0 — 6.77 10*T12 exp( T )€co,CH, 9)

rwasr = 1199T2 exp(

where 7 is the reaction rate, and ¢ is the mole concentration of species.

For the methane decomposition reaction and the Boudouard reaction shown in
Equations (5) and (6), respectively, the corresponding reaction rate was computed as
follows [20,32]:

o = & (ko (pen, — 12, /K ) / (Mc-(1+ kiap?)) ) (10)

PCo — Peo, / KBrPCO

Mc(1+ Kcopg, + Pco, /Keo,Keop )

rBr = akprKco (11)
where « is the reaction activity coefficient, k is the reaction rate constant, K is the equilibrium
constant, p is the local pressure, and Mc is the molar mass of carbon.

The resulting deposited carbon concentration was computed as follows:

dCc
rc = —, =MD tBR (12)
dt
where t is the operation time, and Cc is the concentration of deposited carbon.
The attenuation of the reaction activity caused by carbon deposition was expressed as

follows [32]:
do

dt
The attenuation of the porous electrode porosity caused by carbon deposition was
expressed as follows:

= —ak,rACc (13)

@ _ e M- (14)
dt pc
The resulting attenuation of the porous electrode permeability was computed as follows:
¢ 3.35
K = Ko () (15)
€0

where ¢ is the porosity of the porous electrode, « is the permeability of the porous electrode,
and the subscript 0 represents the original state.

2.3.2. Ion and Charge Transport

The ion and electron transport process within a solid oxide fuel cell can be expressed
according to Ohm’s law. It was expressed as follows:

ie = Oeffe \Y% Pe (16)

ii = Ot V] @i (17)

where ¢ is the potential, and the subscript e represents electron while i represents ion. o
is the effective ion or electron conductivity rate, which was computed as follows:

VNia
Oeffe,a = ONi - - (18)
ea
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Ws
Ueffia = 0YSZ AZ,a (19)
i,a
Viswm,
Oeffec = OLSM—— 2 (20)
e,
Wysz
Teftic = OYSZ— (21)
i,c
9.5 x 107 —1150
oNj = T exp( T ) (22)
10300
oysz = 3.34 x 10* exp( T ) (23)
4.2 x 107 —1200
OLsM =~ &X ( T ) (24)

where V is the volume fraction, 7 is the tortuosity, and the subscript a represents anode
while c represents cathode.

2.3.3. Mass and Momentum Transport

Gas transport simultaneously occurs in the gas channel and porous electrode. Thus,
the corresponding mass and momentum transport needed to be described separately.
For the gas channel, it was expressed as follows:

op =\
g—f—V(pu)—O (25)
a(pﬂ)) —— - —T 2
: - : I v
5 +V-(pit) = -Vp+V {y(Vu—i—Vu ) (v u)} (26)
For the porous electrode, it was expressed as follows:
d(ep) 2\ _
4V (pi) = Qs (27)

0 pﬁ/e e
( = ) +v(‘”;”> - —eVp+v[y(vZ+vﬂ’T)—2;‘(vZ)] —S%; (28)

where Qs is the mass source caused by the reaction, p represents the local pressure, and y is
the dynamic viscosity.

2.3.4. Heat and Species Transport

The heat transfer within the solid oxide fuel cell was simulated based on the local
thermodynamic equilibrium method, which meant that the temperature difference between
the gas phase and the solid phase in the electrode was negligible. It could be expressed

as follows:
d(pcyT)
ot

where k. represents the effective thermal conductivity, and c, represents the specific heat
capacity. Qy, is the heat source term caused by the reaction, which was expressed as follows:

+pcp-VT = V-(ketV'T) = Qp (29)

Qn = Qir + Qre + Qr (30)

where Q);, is the irreversible heat source term during operation, Qy is the electrochemical
reaction heat source term, and Q, is the thermochemical reaction heat term. The detailed
calculation method can also be found in our previous work [31].
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The species transport within the solid oxide fuel cell could be described by the
convection—diffusion conservation equation. It could be expressed as follows:

@ T V(Pwiz) - V{PwiZDeff {in + ;[(xi — wi)Vp]] } =R; (31)

where, w; represents the mass fraction of ith component, and x; represents its molar fraction.
Degs represents the effective diffusion coefficient, and R; represents the corresponding mass
source caused by varied reactions.

3. Solution Method and Model Validation

A numerical solution requires appropriate boundary conditions to describe the oper-
ating state of a solid oxide fuel cell. In the present work, Dirichlet boundary conditions
were used for the gas inlet, while Neumann boundary conditions were used for the outlet.
The right-side surface of the calculation domain was applied as the symmetry boundary,
while the remaining external surfaces were insulation boundaries. More detailed boundary
conditions are shown in Table 2, wherein Ty is the inlet temperature with a value of 1073 K,
po is atmospheric pressure, the operating voltage V. is 0.7 V, the anode inlet velocity ug
is 0.3 m/s, and the cathode is 0.75 m/s. According to the typical engineering conditions
for direct internal reforming solid oxide fuel cells [33,34], the inlet fuel was a mixture of
methane and steam with a molar ratio of 2.5.

Table 2. The boundary conditions of the simulation model in the present work.

Boundary Surface Conditions
Inlet condition Uy =ug, Uy =z =0,T=Tpy, w=wjg
Outlet condition p=po, VI =0,Vw =0
Top surface condition Vu=0,VT=0,Vw=0,Vi=0
External surface of the anode-side interconnector ¢=0, VT =0
External surface of the cathode-side interconnector ¢ =V, VI =0
Remaining external surfaces VT =0,Vi=0

For the research content of this paper, the model validation work needed to focus
on two aspects: the first was the accuracy of the carbon deposition kinetic model, which
was the basic guarantee for the long-term performance evaluation considering the carbon
deposition effect; the other was the validation of the solid oxide fuel cell model. For
rationality of the carbon deposition reaction kinetics model, the simulation results were
compared with the experimental measured data from Zavarukhin et al. [32]. As shown in
Figure 2, the comparison between the experimental data and the simulation results showed
an overall satisfactory agreement. As for the validation of the solid oxide fuel cell model,
the simulation results were also compared with experimental data by Hsieh et al. [35],
which were also discussed in our previous work [31]. Based on the above comparisons, the
rationality of the transient multi-physics numerical simulation in the present work could
be confirmed.
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Figure 2. Comparison of simulated and experimental carbon deposition rates and polarization curves
for SOFCs under different temperatures and pressure of 1 atm with data from Refs. [32,35].

4. Results and Discussions

Before conducting the discussion, it should be noted that the typical inlet fuel condi-
tions for direct internal reforming solid oxide fuel cells [33,34], a mixture of methane and
steam with a molar ratio of 2.5, were adopted in the present work. Although increasing the
molar ratio may improve the carbon deposition within solid oxide fuel cells, it is outside the
scope of this paper, as that is not a typical engineering condition. As previously mentioned,
during long-term operation, carbon deposition inevitably occurs within direct internal
reforming natural-gas-fueled solid oxide fuel cells. When a solid oxide fuel cell operates for
a short time, the effect of carbon deposition on the porous electrode can be neglected. With
an increase in operation time, carbon deposition has a non-negligible effect on long-term
performance [20].

In general, the corresponding effects on the long-term performances of solid oxide
fuel cells can be summarized into two main aspects [23,24]: (1) the effect on the microscopic
morphology and transport properties of the porous electrode and (2) the effect on the reac-
tion activity and the resulting output performance degradation. Therefore, the discussion
is divided into three sections. The first section clarifies the spatial-temporal evolution of
carbon deposition within the SOFC porous electrode during 20,000 h of steady—state oper-
ation. The resulting variation in porous electrode microscopic morphology and transport
properties is discussed in the second section, while the variation in the reaction activity and
current density are discussed in the third section.

4.1. The Spatial-Temporal Evolution of Carbon Deposition

As previously mentioned, carbon deposition inevitably occurs within direct internal
reforming natural-gas-fueled solid oxide fuel cells during long-term operation. When
a solid oxide fuel cell operates for a short time, the effect of carbon deposition on the
porous electrode can be neglected, while it has a non-negligible effect on the long-term
performance of a solid oxide fuel cell with the increase in operation time. Therefore, the
spatial-temporal evolution of carbon deposition within an SOFC porous electrode during
long-term operation is the basis for the performance degradation evaluation of solid oxide
fuel cells.

The spatial distribution of carbon deposition within the porous anode electrode under
different operating periods is given in Figure 3. It is worth noting that the comparison
between different running times needed to be differentiated by their respective legends.
As can be seen from Figure 3, with regard to spatial distribution characteristics, carbon
deposition near the inlet of the solid oxide fuel cell was more serious than that near the
outlet, and carbon deposition near the left fuel channel was also more serious than that
near the right electrolyte, which is similar to the results of Wang [24]. Taking the carbon
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deposition condition after steady—state operation for 40 days as an example, the deposited
carbon concentration near the porous electrode outlet was around 29,000 mol/ m3, while
near the inlet, it was as high as 59,000 mol/m?. This means that the deposited carbon
concentration within the porous electrode was extremely uneven. It differed by half after
40 days of steady—state operation.
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Figure 3. The spatial and temporal evolution of deposited carbon (mol/m?) within the porous anode
electrode of the solid oxide fuel cell during 20,000 h of steady—state operation.

With regard to temporal evolution characteristics, carbon deposition increased con-
tinually with the increase in operation time during 20,000 h of steady—state operation.
More specifically, taking the carbon deposition concentration near the inlet as an example,
it increased from 0.21 mol/m? to 5.9 x 10* mol/m? after operation for 40 days. During
the subsequent period from 40 days to 160 days of operation, the corresponding carbon
concentration further increased to a maximum of 1.1 x 10° mol/m3. With the increase
in operation time, carbon deposition continued to increase. Eventually, the continuous
carbon deposition formed a high concentration value of 2.04 x 10° mol/m?, which had a
non-negligible effect on electrode porous structure and transport properties, causing a more
deteriorated operation condition. It should be noted that the higher carbon deposition
near the left inlet fuel channel was caused by the higher methane concentration at the
inlet of the solid oxide fuel cell, which reflected the poor long-term performance of the
direct internal reforming operation. Moreover, the highest value of carbon deposition
concentration reached 2.04 x 10° mol/m?, which indicated that the deposited carbon could
be in the dense form of film carbon after 20,000 h of operation [16]. At this period, carbon
deposition may be difficult to remove, and key measures to inhibit carbon deposition
should be implemented early.



Energies 2023, 16, 124

10 of 20

In order to describe the evolution trend of carbon deposition concentration under
varied operating times more clearly, Figure 4 also demonstrates the detected values of local
carbon deposition concentration at the electrode midpoint based on Figure 3. As shown in
Figure 4, the 20,000 h performance evaluation captured the trend that carbon deposition
increased rapidly at first and slowed down at later stages. During the steady—state opera-
tion period from 0 days to 180 days, the carbon deposition reached 1 x 10> mol/m? after
180 days of steady —state operation, with an average growth rate of around 556 mol/m?/d.
As for the operation period from 180 days to 360 days, the carbon deposition eventually
reached 1.35 x 10° mol/m?3, with an average growth rate of around 194 mol/ m3/d. A
further decreased growth rate was found with the increase in operation time. Overall, the
growth rate (the line slope) of carbon deposition was greater around the first 180 days
(around 4000 h) of steady—state operation. It could be inferred that high-speed carbon
deposition mainly occurred in the early stage of 180 days (around 4000 h) of operation.
Additionally, the carbon deposition rate gradually decreased with the increase in operation
time. This indicated that key measures to inhibit carbon deposition can be placed in the
early stage around 4000 h of solid oxide fuel cell operation.

20

W36 72 108 144 180

1 1

02
0 180 360 540 720 900
1(d)

Figure 4. Variation in carbon deposition of porous anode electrode over operating time during
20,000 h of steady—state operation.

4.2. The Effect of Carbon Deposition on Microscopic Morphology and Transport Capacity of
Porous Electrode

Deposited carbon adsorbs onto the solid surface of the porous electrode and occupies
its void volume, causing changes in its microscopic morphology and the resulting dete-
rioration in transport properties. Due to the occupancy of the void volume by deposited
carbon, the porosity of the porous electrode is the first to be affected. Therefore, Figure 5
shows the spatial and temporal evolution of porosity within the porous anode electrode of
the solid oxide fuel cell considering the carbon deposition effect.
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Figure 5. The spatial and temporal evolution of porosity within the porous anode electrode of the
solid oxide fuel cell during 20,000 h of steady—state operation.

As shown in Figure 5, with regard to temporal evolution characteristics, the porosity
of the porous electrode remained at the initial value of 0.5 because there was no obvious
carbon deposition in the early stage of operation. As the operation time increased, the
porous electrode porosity gradually decreased corresponding to the increase in deposited
carbon shown in Figure 3. In terms of spatial maximum, the porosity of the porous electrode
gradually decreased from 0.5 (0 days) to 0.41 (40 days), 0.34 (80 days), 0.3 (120 days), 0.276
(160 days), 0.257 (200 days), 0.202 (400 days), 0.172 (600 days), and 0.148 (834 days). With
regard to spatial distribution characteristics, the porosity near the inlet of the porous
electrode was lower than that near the outlet, and the porosity near the left fuel channel
was also slightly lower than that near the right electrolyte. Taking the spatial distribution
after operation for 40 days as an example, the porosity near the inlet of the porous electrode
was 0.34, while that near the outlet was 0.41. The change in porosity was the direct result of
carbon deposition. Therefore, it could be found that the spatial distribution of porosity was
highly consistent with the carbon deposition shown in Figure 4. More specifically, taking
the porosity of the porous electrode near the inlet side as an example, the original gas phase
pores were heavily occupied by carbon deposition due to the higher deposited carbon
concentration, causing a decrease in the proportion of gas transport channels, which was
the direct cause of the decrease in porosity, while lower carbon deposition concentration
induced a relatively higher porosity near the outlet.
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In order to describe the variation trend of porous anode electrode porosity as varied by
operating time more clearly, Figure 6 also demonstrates the detected values of local porosity
at the electrode midpoint based on Figure 5. As shown in Figure 6, corresponding to the
variation in carbon deposition, the local porosity also decreased rapidly at first and slowed
down at later stages. In the early stages of operation, the local porosity remained at its
initial value of 0.5 because there was no obvious carbon deposition. After the first 180 days
of operation, the local porosity decreased rapidly to 0.26, almost half of the initial value. As
the operation time increased from 180 days to 360 days, the local porosity decreased from
0.26 to 0.2, reaching a 23% decrease. A further decreased decline rate was found with the
increase in operation time. Overall, the decrease in electrode porosity was concentrated in
the first 4000 h of steady—state operation. These results also confirmed that key measures
to inhibit carbon deposition within direct internal reforming solid oxide fuel cells can be
placed in the early operation stage around 4000 h.
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Figure 6. The variation in porous anode electrode porosity over operating time during 20,000 h of
steady —state operation.

The void volume occupancy caused by carbon deposition within a porous electrode
can deteriorate its transport properties. Therefore, taking permeability as the characteristic
index, Figure 7 demonstrates the spatial and temporal evolution of permeability within
the porous anode electrode of the solid oxide fuel cell caused by carbon deposition during
20,000 h of steady—state operation. As shown in Figure 7, with regard to temporal evolution
characteristics, the permeability of the porous anode electrode decreased continually with
the increase in operation time. More specifically, at the initial stage of operation, the
porous electrode permeability remained at its initial value of 1.76 x 10~!! m?. With the
increase in operating time, the permeability of the porous electrode decreased rapidly,
driven by the reduction in gas phase pore space. In terms of spatial maximum, the porous
electrode permeability decreased from 1.76 x 10~ m? (0 days) to 8.9 x 1012 m? (40 days),
4.5 x 10712 m? (80 days), 2.9 x 10712 m? (120 days), 2.1 x 10~!2 m? (160 days), 1.7 x 10~
m? (200 days), 7.1 x 10713 m? (400 days), 4 x 10713 m? (600 days), 2.5 x 10~'3 m? (800 days),
and 2.3 x 10713 m? (834 days). It could be found that the permeability of the porous
electrode decreased by two orders of magnitude after 20,000 h of steady —state operation.
It was inferred that the long-term performance degradation of the solid oxide fuel cell
came not only from the decrease in reaction activity, but also from the deterioration of
transport capacity.
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Figure 7. The spatial and temporal evolution of permeability (m?) within the porous anode electrode
of the solid oxide fuel cell during 20,000 h of steady—state operation.

With regard to spatial distribution characteristics, the deterioration of porous electrode
permeability was consistent with its porosity. More specifically, the permeability near the
inlet of the porous electrode was lower than that near the outlet, and the permeability
of the porous electrode near the left fuel channel was also slightly lower than that near
the right electrolyte. Taking the results after 40 days of operation as an example, the
permeability near the inlet of the porous electrode was 4.4 x 10~!2 m?, while that near the
outlet was 8.9 x 10712 m2. This meant that the permeability within the porous electrode
also differed by half after 40 days of operation, which was similar to the increase in carbon
deposition. This was because gas transport within the porous electrode occurred in the void
volume. With the decrease in void volume within the porous electrode, the space for gas
transport was reduced, directly resulting in a decrease in permeability. The correspondence
between the doubling of carbon deposition and the halving of permeability indicated that
the deposited carbon may remain in the same structure during this period.

In order to describe the variation trend of permeability within the porous anode
electrode as varied by operating time more clearly, Figure 8 also demonstrates the detected
values of local permeability at the electrode midpoint based on Figure 7. As shown in
Figure 8, the decrease rate of permeability during the first 4000 h of steady—state operation
far exceeded the decrease rate of porosity. The local permeability remained at its initial
value of 1.76 x 107! m? at the early stage, while it rapidly decreased to 1.69 x 10712 m?
after 180 days of operation. In other words, the local permeability of the porous electrode
decreased by one order of magnitude after 180 days of operation. Combined with the
value of local permeability (1.87 x 10! m?) after 20,000 h of steady —state operation, this
means that the transport capacity deterioration of the porous electrode was concentrated in
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the first 180 days of steady—state operation when fuel starvation of a solid oxide fuel cell
may occur.
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Figure 8. The variation in porous anode electrode permeability over the operating time during
20,000 h of steady—state operation.

4.3. The Effect of Carbon Deposition on Reaction Activity and Output Performance

As previously mentioned, deposited carbon adsorbs onto the solid surface of the
porous electrode. The resulting coverage of the catalytic active site directly decreases the
reaction activity within the porous electrode of a solid oxide fuel cell. To illustrate this
effect, Figure 9 demonstrates the spatial and temporal evolution of the reaction activity
within the porous anode electrode under varied operating time considering the carbon
deposition effect. Before conducting the discussion, it should be noted that the reaction
activity at the beginning of the operation was considered as the initial benchmark of 100%.

As can be seen from Figure 9, with regard to spatial distribution characteristics, the
reaction activity near the inlet of the solid oxide fuel cell electrode was lower than that
near the outlet, and the reaction activity near the left fuel channel was also lower than
that near the right electrolyte. Taking the reaction activity condition after operation for
40 days as an example, the reaction activity near the porous electrode outlet was around
77%, while it was as low as 29% near the inlet. In other words, the reaction activity within
the porous electrode was extremely uneven. After 40 days of steady—state operation, the
reaction reactivity difference within the porous electrode was more than double. It could
be inferred that the lower value of the reaction activity near the left inlet fuel channel was
related to higher methane concentration and the resulting more severe carbon deposition.
Similarly, on the opposite side, the higher hydrogen concentration and the lower methane
concentration led to a relatively higher reactivity value.

With regard to temporal evolution characteristics, the reaction activity decreased con-
tinually with the increase in operation time during 20,000 h of steady—state operation. As
shown in Figure 9, as the operating time increased, the reaction reactivity (spatial maxi-
mum) decayed rapidly from 100% (0 days) to 77% (40 days), 38% (80 day), 23% (120 days),
17% (160 days), 14% (200 days), 7.3% (400 days), 5.2% (600 days), 4.1% (800 days), and
4% (834 days). The reaction activity value was only 4% after 20,000 h of steady—state
operation, which reflected the poor long-term performance of the direct internal reforming
natural-gas-fueled solid oxide fuel cell.
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Figure 9. The spatial and temporal evolution of reaction activity within the porous anode electrode
of the solid oxide fuel cell during 20,000 h of steady—state operation.

In order to describe the evolution trend of reaction activity under varied operating
times more clearly, Figure 10 also demonstrates the detected values of local reaction activity
at the electrode midpoint based on Figure 9. As shown in Figure 10, similar to the deteriora-
tion of permeability, the local reaction activity also experienced rapid decay during the first
4000 h of steady—state operation and slowed down at later stages. More specifically, the
local reaction activity remained at its initial value of 100% at the early stage, while it rapidly
decreased to 12.8% after 180 days of operation. As for the operation period from 180 days
to 360 days, the reaction activity further decreased to 7.13%. The subsequent period of oper-
ation saw a slow decay from 7.13% (day 160) to a minimum of 3% (834 days). Overall, the
decay was concentrated in the first 4000 h of steady—state operation, which also supported
the judgement that early intervention is required to suppress carbon deposition.
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Figure 10. The variation in reaction activity within the porous anode electrode over operating time
during 20,000 h of steady—state operation.

The combination of the decay of reaction activity and the deterioration of transport
capacity within the porous electrode led to performance degradation of the solid oxide fuel
cell. In order to elucidate the performance degradation of the solid oxide fuel cell caused
by carbon deposition during long-term operation, Figure 11 demonstrates the spatial and
temporal evolution of current density within the porous anode electrode of the solid oxide
fuel cell during 20,000 h of steady—state operation.

As shown in Figure 11, with regard to spatial distribution characteristics, the current
density near the inlet of the solid oxide fuel cell electrode was lower than that near the outlet,
and the current density difference between the left fuel channel and the right electrolyte
was not large. On one hand, the higher reaction reactivity and better fuel transport due to
lower carbon deposition promoted a local electrochemical reaction near the outlet of the
porous electrode. On the other hand, due to sufficient electrochemical reaction, a high local
temperature was created by the release of heat from the electrochemical reaction, which
in turn led to a further increase in current density. Taking the current density distribution
after operation for 40 days as an example, the current density near the porous electrode
outlet was around 4600 A /m?Z, while it was as low as 400 A/m? near the inlet. This means
that the current density distribution within the porous electrode was extremely uneven.
Moreover, it is worth noting that, after 160 days of steady—state operation, a deactivation
zone of 0 current density began to appear in the electrode inlet of the solid oxide fuel cell.
Additionally, there was a tendency for the deactivation zone to gradually expand toward
the outlet, which further deteriorated the output performance of the fuel cell. This indicates
that the current density of the solid oxide fuel cell experienced a decrease of two orders
of magnitude across the entire space, reflecting the poor long-term stability of the direct
internal reforming natural-gas-fueled solid oxide fuel cell.

In order to directly illustrate the long-term performance degradation of the direct
internal reforming solid oxide fuel cell, Figure 12 also demonstrates its variation in output
current density during 20,000 h of steady—state operation. As shown in Figure 12, cor-
responding to the increase in carbon deposition, the output current density of the direct
internal reforming solid oxide fuel cell deteriorated rapidly at first and slowed down at the
later stage. More specifically, the output current density remained at the initial value of
3258 A/m? when the solid oxide fuel cell started operation because there was no obvious
carbon deposition. Then, it rapidly decreased to 428 A/m? after 180 days (around 4000 h)
of steady—state operation and further decreased to 67 A/m? after 20,000 h of operation.
This means that the steady—state operation degradation rate of the solid oxide fuel cell for
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180 days (around 4000 h) was relatively large, while the corresponding value for 834 days
(around 20,000 h) was relatively small due to the lower output performance.
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Figure 11. The spatial and temporal evolution of current density (A /m?) within the porous anode
electrode of the solid oxide fuel cell during 20,000 h of steady—state operation.
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Figure 12. The variation in output current density of direct internal reforming solid oxide fuel cell
during 20,000 h of steady—state operation.
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The steady —state operation degradation rate of the solid oxide fuel cell for 180 days
(around 4000 h) of operation in the present work was 20.1% per 1000 h, while the degra-
dation rate was 4.9% per 1000 h for 834 days (around 20,000 h) of operation. In fact, the
low current output after 4000 h of operation was not of engineering application value.
The rapid performance degradation reflected the poor performance of the direct internal
reforming solid oxide fuel cell, particularly with the appearance of the deactivation zone
with 0 current density. Therefore, to avoid performance deterioration at the fuel inlet
and maintain better long-term stability, we proposed an integrated system of a thermally
self-sustained methane steam reformer and a solid oxide fuel cell in our previous work. The
corresponding long-term performance degradation evaluation of this integrated system
should also be conducted in future work.

5. Conclusions

To conduct the evaluation of long-term performance degradation caused by carbon
deposition for a direct internal reforming natural-gas-fueled solid oxide fuel cell, a transient
multi-physics numerical model coupled an electrochemical reaction and a thermochemical
reaction; the transport of ions, electrons, heat, mass, and momentum; and the carbon depo-
sition effect was developed. Then, the spatial and temporal evolution of carbon deposition
within the solid oxide fuel cell during 834 days (around 20,000 h) of steady—state operation
was elucidated for the first time, and the resulting effect on the output performance of the
solid oxide fuel cell was clarified. The following main conclusions were drawn.

(1) Rapid development of carbon deposition was concentrated in the first 180 days
(around 4000 h) of operation. The average growth rate of carbon deposition could
reach 556 mol/m3/d during the first 180 days of operation, while it was only
194 mol/m3/d for 180-360 days of operation. Additionally, the deposited carbon
concentration was extremely uneven within the porous electrode. The probe value
of deposited carbon concentration near the outlet was around 29,000 mol/ m?3, while
it was as high as 59,000 mol/ m?3 near the inlet. This indicated that key measures
to inhibit carbon deposition should be implemented early in the first 180 days of
operation and should focus on the anode inlet area of solid oxide fuel cells.

(2) Deposited carbon adsorbed onto the solid surface of the porous electrode and occupied
its void volume, causing decreases in porous electrode porosity and permeability. In
addition, the rapid deceases in local porosity and permeability were also concentrated
in the first 180 days (around 4000 h) of operation. The probe value of local porosity
decreased rapidly from 0.5 to 0.26, with a decrease rate of almost half during the first
180 days of operation, while it decreases from 0.26 to 0.2, with a decrease of 23% from
180 to 360 days of operation. Accordingly, the permeability of the porous electrode
near the inlet decreased by two orders of magnitude after 20,000 h of steady—state op-
eration. It was inferred that changes in the porous electrode microscopic morphology
and the resulting deterioration of transport properties could significantly affect the
long-term performance of a solid oxide fuel cell by inducing fuel starvation.

(3) Coverage of the catalytic active site caused by deposited carbon decayed the reaction
activity and led to the output performance degradation of the solid oxide fuel cell.
The corresponding deterioration of output current density was also concentrated in
the first 180 days operation. The output current density remained at 3258 A/m? when
the solid oxide fuel cell started operation, but it rapidly decreased to 428 A /m? after
180 days of operation. Moreover, it is worth noting that, after 160 days of operation,
a deactivation zone with 0 current density began to appear in the electrode inlet
of the solid oxide fuel cell. Additionally, there was a tendency for the deactivation
zone to gradually expand toward the outlet, which further deteriorated the output
performance of the fuel cell. The performance degradation reflected the poor long-
term stability of the direct internal reforming natural-gas-fueled solid oxide fuel cell
and the necessity of the pre-reformed operation of natural gas through the integrated
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system of a thermally self-sustained methane steam reformer and a solid oxide fuel
cell proposed in our previous work.
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