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Abstract:  

The all porous solid oxide fuel cell concept is proposed to solve the carbon deposition problem 

of solid oxide fuel cells. The transport of oxygen molecules from the cathode to the fuel side 

through the porous electrolyte can resist carbon deposition but could reduce the fuel cell 

performance.  In this paper, a two-dimensional model for all porous solid oxide button cells is 

developed for the first time.  After model validation with experimental data, the model is then 

extended for a tubular cell for parametric simulations. The effects of operating conditions and 

the electrolyte microstructure properties on carbon resistance and electrochemical performance 

of all porous solid oxide fuel cells are examined.  The good carbon resistance of all porous 

solid oxide fuel cell is numerically demonstrated. It is found that the electrochemical 

performance and anode surface O/C   ratio is significantly affected by anode inlet gas 

composition and flowrate. In addition, the anode supported all porous solid oxide fuel cell 

shows a great potential in terms of both power generation and coking resistance. The results of 
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this study form a solid foundation to understand the mechanism and promising future of all 

porous solid oxide fuel cells. 

Keywords: All porous solid oxide fuel cell; Methane coking; Carbon deposition; Mathematical 

modeling 
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1. Introduction 

A solid oxide fuel cell (SOFC) is one of the most attractive technology for converting the 

chemical energy fuels to electricity through electrochemical reactions [1-4]. Compared with 

other electric generators, SOFCs work in a clean, quiet and high efficiency manner. Compared 

with low temperature fuel cells such as proton exchange membrane fuel cells (PEMFCs) 

requiring very pure hydrogen fuel, SOFCs are fuel flexible and can use 𝐶𝑂 containing feeds 

for power generation. The utilization of carbon contained fuel in SOFCs has received more and 

more interest recently, including the direct utilization of solid carbon [5, 6]. Methane is an 

interesting alternative fuel choice for SOFCs as it is a main component in biogas and natural 

gas. Compared with 𝐻2, methane has a higher volumetric energy density with lower price. 

Using methane as fuel can hopefully accelerate the commercialization of SOFCs for a variety 

of applications[7-11]. However, the direct fueling of methane causes severe coking and carbon 

deposition on SOFC anode (typically with nickel catalyst), resulting in catalyst 

deactivation[12]. Apart from designing novel anode materials [13, 14], strategies like adding 

external reformers and introducing steam together with methane have been proposed to enable 

nickel based anodes for the use of methane while resisting carbon deposition[15-17]. 

Nevertheless, these strategies require extra auxiliary facilities and raise the total expense.  

Recently, Guo et al. [18] proposed a novel concept of all porous solid oxide fuel cell (AP-

SOFC). By using a porous electrolyte, part of O2 from the cathode side can be transported to 

the fuel side to inhibit carbon deposition from methane fuel. In their preliminary experimental 

testing, the AP-SOFC consists of 2 mm thickness porous Gd0.1Ce0.9O1.9 (CGO) membrane as 
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electrolyte, Ni-CGO and Ba0.5Sr0.5Co0.8Fe0.2O3−δ  (BSCF) as anode and cathode, 

respectively. With the Ohmic resistance accounting for nearly 98% of total resistance of the 

cell, the peak power density of the cell reaches 214, 156 and 94 W m-2 at 750, 700 and 600 ℃, 

respectively. After a 2000 h stable operation in a CH4-containing atmosphere without using an 

external reformer or steam addition, no carbon deposition on the anode is observed. After 

further reducing the thickness of the electrolyte from 2 mm to 112 µm in their very recent work 

[19], the same authors obtained 2140 W m-2 at 750 ℃ with a stable operation for more than 

220 hours in the atmosphere of dry methane and dry propane.  Their preliminary experimental 

studies clearly demonstrated the feasibility of the AP-SOFC using hydrocarbon fuels without 

carbon deposition under certain operating conditions for button cell configuration.  However, 

it is still unclear how the microstructure of the electrolyte and how the operating conditions 

affect the carbon resistance and performance of the AP-SOFC, especially for a practical AP-

SOFC with gas composition variation along the channels.  To achieve good carbon resistance 

and cell performance in improved AP-SOFC design, a fundamental understanding of the 

coupled transport and reaction processes in AP-SOFC is essential.   

Due to the transportation of gaseous O2 from cathode to anode through the porous electrolyte, 

the reactions kinetics and mass/momentum transportations are much more complicated than 

traditional SOFCs with dense electrolyte. Apart from the electrochemical oxidization of H2 

and CO , methane oxidization reaction, methane steam reforming reaction, water gas shift 

reaction, H2 and CO oxidization may co-exist in anode and other areas of the AP-SOFC. For 

the safe and high-performance operation of AP-SOFCs, it is urgent to understand these 
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important reactions and the mass/momentum transportation phenomena of different gas species. 

To the best of authors’ knowledge, all porous solid oxide fuel cells has not been modeled and 

simulated yet.  To fill this research gap, the first mathematical model for AP-SOFC is 

developed and numerical simulations are conducted in the present paper. The model is validated 

by comparing the simulation results with experimental data and good agreement is observed.   

 

2. Model description 

2D mathematical models for AP-SOFCs are developed and fully considered the 

electrochemical reactions, chemical reactions, ion/electron conduction and mass/momentum 

transportation. The schematics of AP-SOFC is shown in Fig.1. The button cell has a surface 

area of 2.54 cm-2 with the thickness of its anode, electrolyte and cathode being 55 µm, 2 mm 

and 25 µm, respectively. The cell uses Ni-CGO composites as anode, CGO as electrolyte and 

BSCF as cathode. Material properties, chemical/electrochemical reaction kinetics and other 

tuning parameters are adopted and listed in Table 1 and Table 2, respectively. 

In operation, CH4 and O2 are introduced into the anode and cathode respectively. Gaseous O2 

molecules diffuse through porous electrolyte into anode and react with CH4 molecules to form 

CO2  and H2O . H2O  molecules will react with CH4  molecules through methane steam 

reforming reaction and produce H2 and CO molecules. Both H2 and CO will participate in 

the electrochemical reaction with O2−  ions and generate H2O  and CO2  on triple phase 

boundary (TPB) sites. Along with the generation of H2O and CO2, electrons are released and 

reaches the cathode through external circuit to generate electrical power and continue the 
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electrochemical reaction. H2 and CO will also react with O2 to form H2O and CO2. Due to 

the existence of H2O and CO, Water gas shift reaction catalyzed by nickel is also considered 

on anode.  

2.1 Model assumption 

(1) Both H2 and CO participate in the electrochemical reactions and the TPB sites they shared 

is proportional to their local concentration percentage.  

(2) TPB sites are distributed uniformly in the whole porous electrode. Both ionic- and 

electronic- conducting phases in the porous electrodes are homogeneous and continuous. 

(3) Gases in the model (CH4, CO, CO2, H2O, H2, N2, O2 ) are ideal gases.  

(4) Temperature distribution in the cell is uniform due to its small size. 

 

2.2 Chemical reactions 

Compared with conventional SOFCs, the chemical reactions occurred in AP-SOFCs are more 

complicated due to the transport of gaseous O2 from cathode to anode. The existence of O2 

molecules on anode enables the chemical oxidization of CH4 (RMO),  H2 (RHO), and CO (RCO) 

as shown in Eq. (1) to Eq. (3). 

CH4 + 2O2 = CO2 + 2H2O   (1) 

H2 + 0.5O2 = H2O     (2) 

CO + 0.5O2 = CO2     (3) 

H2 and CO in Eq. (2) and Eq. (3) mainly comes from methane steam reforming reaction (RMSR) 

as shown in Eq. (4). 



7 

 

CH4 + H2O ↔ CO + 3H2  (4) 

Due to the co-existence of H2O and CO, water gas shift reaction (RWGSR) catalyzed by nickel 

in the porous anode is also considered as shown in Eq. (5).  

CO + H2O ↔ CO2 + H2   (5) 

Due to the all porous structure of the AP-SOFC, the above reactions are considered to be 

possible in the whole AP-SOFC.  Their reaction rates are calculated using formulas 

summarized in Table 2. 

 

2.3 Electrochemical reaction  

Both H2 and CO are considered to electrochemically react with O2− and release electrons as 

shown in Eq. (6) and Eq. (7). The O2− ions are formed in the cathode then transport through 

the electrolyte to the anode.  Although electrochemical oxidation of CH4 could take place in 

the SOFC anode, the reaction rate is much lower than that of H2/CO electrochemical oxidation 

reaction.  In addition, the CH4 steam reforming reaction (Eq. 4) and chemical oxidation (Eq. 

1) are fast enough for effective CH4 conversion.  Thus, in the present paper, only H2 and CO 

electrochemical oxidation reactions are considered.  The electrochemical reduction of O2 (Eq. 

(8)) and oxidization of H2 and CO are shown as follows. 

H2 + O2− = H2O + 2e−   (6) 

CO + O2− = CO2 + 2e−   (7) 

O2 + 4e− = 2O2−      (8) 

The overall electrochemical reactions of H2 and CO as fuel and O2 as oxidant are written as 
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Eq. (9) and Eq. (10). 

H2 + O2 = H2O   (9) 

CO + O2 = CO2   (10) 

Equilibrium potentials (Eeq) for Eq. (9) and Eq. (10) can be calculated as follows. 

EH2
= EH2

0 +
RT

2F
ln [

PH2
L (PO2

L )
1

2⁄

PH2O
L ]   (11) 

ECO = ECO
0 +

RT

2F
ln [

PCO
L (PO2

L )
1

2⁄

PCO2
L ]   (12)  

Here R is the universal gas constant, T is the operating temperature, F is the Faraday constant. 

 EH2

0  and ECO
0  are the respective standard potentials for Eq. (9) and Eq. (10).  PH2

L , PH2O
L , PCO

L  

and PCO2

L  are the anode local gas partial pressures for H2, H2O, CO and CO2, respectively. PO2

L  

is the cathode O2 local partial pressure. The values of ECO
0  and EH2

0  at given temperature can 

be calculated by Eq. (13) and Eq. (14): 

EH2

0 = 1.253 − 0.00024516T (V)   (13) 

ECO
0 = 1.46713 − 0.0004527T (V)   (14) 

It should be noted that the equilibrium potentials calculated by Eq. (11) and Eq. (12) are equal 

at an open circuit condition. When current is extracted from AP-SOFC, the equilibrium 

potentials for these two reactions become different due to the different overpotential losses 

involved in electrochemical oxidation of H2 and CO.   

The operating potential can be calculated by deducting overpotential losses from equilibrium 

potential as shown in Eq. (15) [5, 20]: 

V = Eeq − ηact − ηohmic   (15) 

The activation overpotential loss (ηact) stems from the activation barrier of the electrochemical 
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reactions at the electrodes. This overpotential is strongly related with the reactions at hand, the 

electrode material and its microstructure. ηact can be described by Butler-Volmer equation as 

shown in Eq. (16). 

i = i0 {exp (
αnFηact

RT
) − exp (

(1−α)nFηact

RT
) }   (16) 

Here i and i0 are the operating current density and exchange current density, respectively. α 

is the electron transfer coefficient and n  is the number of transferred electrons per 

electrochemical reaction. i0 can be expressed as Eq. (17). 

i0 = γ exp (−
Eact

RT
)  (17) 

Here γ is the pre-exponential factor and Eact is the activation energy. 

The ohmic overpotential (ηohmic) is caused by ionic/electronic resistance in the cell. It can be 

calculated by Ohm law. It should be noted that the mass-transport-related overpotential loss is 

already considered by using local gas partial pressure in equilibrium potential calculation in 

Eqs. (11) and (12). The electrochemical reaction parameters can be found in Table 3. 

  

2.4 Mass and momentum transport 

Mass transport of gas species in channels and porous materials is calculate by extended Fick’s 

as shown in Eq. (18)[21]: 

Ni = −
1

RT
(

B0yiP

μ
∇P − Di

eff∇(yiP)) (i = 1, … , n)   (18) 

Here B0 is the porous material permeability and μ is the gas viscosity. yi and Di
eff are the 

mole fraction and overall effective diffusion coefficient of component i, respectively. Di
eff is 

determined by both molecular diffusion coefficient (Dim
eff) and Knudsen diffusion coefficient 
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(Dik
eff) as shown in Eq. (19) [22]: 

Di
eff =

ε

τ
(

1

Dim
eff +

1

Dik
eff)

−1  (19) 

Here ε is the porosity and τ is the tortuosity factor. Detailed calculation of Dim
effand Dik

effcan 

be found in ref. [23].  

The mass conservation can be described by Eq. (20) as: 

∇(−Di
eff∇ci) = Ri    (20) 

where ci  is the gas molar concentration and Ri  is the mass source term of the gaseous 

species. 

Momentum transport of gas species in channels and porous material is calculated by Navier-

Stokes equation with Darcy’s term as shown in Eq. (21): 

ρ
∂u

∂t
+ ρu∇u = −∇p + ∇[μ (∇u + (∇u)T) −

2

3
μ∇u] −

εμu

k
  (21) 

Here ρ is the gas density and u is the velocity vector.  

 

2.5 Boundary conditions and model solution 

Electric potentials are specified at the outlet surface of two electrodes while the two ends along 

the cell length are electrically insulated. Inflow gas flow rate and molar fraction of the species 

are given at the channel inlets. Zero flux is specified at the end of the electrodes and electrolyte. 

Pressure condition is specified at the gas channel outlets. 

The model is solved at given parameters such as operating temperature, voltage, inlet gas flow 

rate and species mole fraction. The commercial software COMSOL MULTIPHYSICS® is 

employed for the numerical simulation.   
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3 Results and discussion  

3.1 Model validation  

In the experiments [18], all porous planar SOFCs (electrolyte-supported) were prepared and 

tested at 700 ℃ for 2000 hours. During the test, there was neither any CH4 on the cathode side 

nor COx on the anode side observed by online gas chromatography. And no carbon deposition 

was observed after the test. 

In accordance with the experiments, the all porous SOFC for model validation employed Ni-

CGO anode, CGO electrolyte and BSCF cathode with the same structural parameters in ref.[18]. 

The model is validated by comparing the simulation I-V characteristics with experimental data 

as shown in Fig. 2a with high accuracy. The same tuning parameters are used in the subsequent 

parametric simulations. The structure is extended to a tubular AP-SOFC cell for the study of 

practical operation. An anode supported AP-SOFC is also designed and analyzed in this study.  

 

3.2 Analysis of carbon deposition resistance characteristic and safety 

operation 

The AP-SOFC has shown excellent resistance to methane coking and carbon deposition in the 

experiments [18, 19]. According to fuel cell handbook[24], methane coking can be avoided at 

high oxygen-to-carbon ratio (O/C ratio). The O/C ratio here is based on the total atoms of 

oxygen in the steam and air feed, i.e., one mole O2 and one mole H2O provides two moles 

and one mole oxygen atoms, respectively. Moreover, for the whole nickel deposition area, 

anode surface has the lowest oxygen and steam fraction while the highest methane fraction. 
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Thus, 1.5 O/C ratio at anode surface is suggested to be a minimum safe operation O/C ratio 

for AP-SOFCs in this paper.  

The AP-SOFC button cell exhibits a high (~ 3) and uniform O/C ratio at different operating 

potentials on anode surface as shown in Fig. 2b. A smaller operating voltage brings a faster 

electrochemical reaction and produces more H2O, hence a lager O/C ratio can be obtained. 

The distributions of different gas species are also given in Fig. 2c. Although the porous 

electrolyte allows the transportation of gas species between anode and cathode, the molar 

fraction of methane in cathode and oxygen in anode is close to zero due to the fast consumption 

by chemical and electrochemical reactions. For safety operation, the concentration of H2 and 

CO in air in suggested to be smaller than the “Lower Explosive or Flammable Limit”, which 

are 4% and 12%, respectively. Therefore, the H2×O2 and CO×O2 products should be smaller 

than 8.4 × 10−3  and 2.52 × 10−2 , respectively.  As can be seen in Fig. 2d, the good 

separation between fuels and oxygen results in a quite low fuel×oxygen product in the whole 

test area with a maximum value of 1.2 × 10−4 , which ensures a safe operating environment. 

It should also be noted that the electrodes have a higher porosity (0.6) than electrolyte (0.42), 

which is in consistence with the experiments.  The use of higher electrode porosity minimizes 

the gas transport effect in the porous electrodes, thus the analyses can focus on how the porous 

electrolyte can affect the gas transport between the cathode channel and the anode channel. 

 

3.3 Effect of cathode inlet 𝐎𝟐 molar fraction 

In the experiment conducted by Guo et al, because of laboratory safety instructions, a low 
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molar fraction of O2 (4%) was used in an AP-SOFC button cell in small effective reaction area. 

Whereas in practical operation, air will be employed in much larger tubular SOFC. Therefore, 

a tubular AP-SOFC model is here developed with the same governing equations applied in the 

previous button AP-SOFC. The tubular cell has a length of 18 mm, an inner diameter of 10 mm 

and an outer diameter of 14.16 mm. The thickness and micro-structure of the tubular cell are 

the same with the button cell. The methane molar fraction at the anode inlet is 4 %. The 

performances of tubular AP-SOFCs with different cathode inlet O2 molar fraction (4% and 

21%) are compared to evaluate the AP-SOFC performance in practical operation.  

The higher O2 molar fraction in air indeed changes the electrochemical performance of the 

tubular AP-SOFC as shown in Fig. 3a due to the significant decrease of syngas (H2 + CO) 

concentration presented in Fig. 3b. With the increase of cathode inlet O2 molar fraction from 

4% to 21%, the maximum output power density drops from 136 W m-2 to 96 W m-2. This is 

mainly caused by the low syngas concentration level produced from small methane molar 

fraction (4%) and fast chemical oxidation reaction. As can be seen from Fig. 3b, the peak 

syngas molar fraction decreases from 0.9 % to 0.3 % when cathode O2 molar fraction is 

increased from 4 % to 21%, indicating that a higher inlet methane concentration 

may be needed. The detailed O2 distribution inside the porous anode-electrolyte-cathode area 

at the inlet and outlet of tubular AP-SOFC is also shown in Fig. 3c. At the inlet area, there is a 

significant O2 molar fraction gradient while the distribution of O2 is quite uniform at the outlet. 

In addition to electrochemical performance, O/C ratio is significantly affected by cathode inlet 

O2 molar fraction. As can be found in Fig. 4a and Fig. 4b, the average anode surface O/C ratio 
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rises from ~ 3.4 to ~ 260 as the cathode inlet O2 molar fraction is increased from 4 % to 21 %. 

Furthermore, the anode surface O/C-ratio distribution gradient in tubular AP-SOFC is rather 

steep (Fig. 4c and 4d) compared with that in button AP-SOFC (Fig. 2b). This difference is 

mainly caused by the different cell sizes and flow directions in these two kinds of AP-SOFCs. 

Due to the highest methane concentration at the anode inlet and relatively slow O2 diffusion 

from cathode to anode through the porous electrolyte, the O/C-ratio is close to 0 at anode inlet. 

With the continuous consumption of methane and production of H2O, the contribution by 

H2O to O/C-ratio is increased along the cell length and becomes the crucial factor at 

low O2 molar fraction (4 %) condition. For comparison, the O/C-ratio contributed 

by O2 dominates at high O2 molar fraction (21 %) condition.  An important benefit 

brought by high cathode inlet O2 molar fraction is the remarkably narrowed low-O/C -ratio 

region (O/C <1.5), which declines from 19 % to 1 % as the cathode inlet O2 molar fraction is 

increased from 4 % to 21 %. Such a large high-O/C   -ratio region fraction (> 99%) can 

effectively prevent AP-SOFCs from methane coking and carbon deposition. 

 

3.4 Effect of anode inlet 𝐂𝐇𝟒 molar fraction 

Anode inlet CH4  molar fraction is a key parameter for AP-SOFCs because it significantly 

affects both the O/C ratio and the electrochemical performance. 

As shown in Fig. 5a, the current density rises quickly from 207 A m-2 to 362 A m-2 when the 

anode inlet CH4 molar fraction is increased from 0.04 to 0.2. A further increase of current 

density can also be obtained with higher anode inlet CH4 molar fraction, however, the anode 
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surface average O/C-ratio decreases to be less than 1.5 when the anode inlet CH4  molar 

fraction is higher than 0.32. For this reason, a too high anode inlet CH4 molar fraction is not 

suggested to resist carbon deposition under the current simulation conditions. The high O/C-

ratio at small anode inlet CH4 molar fraction is mainly contributed by the O2 (Fig. 5b), while 

H2O dominants O/C ratio at large (> 0.15) anode inlet CH4 molar fraction.  

The CH4 conversion efficiency is acceptable at different inlet fractions. With increasing anode 

inlet CH4 molar fraction to 1.0, the conversion efficiency decreases from ~ 100 % to be about 

53 %. For the suggested operation condition where the O/C-ratio and power density are both 

high (e.g. 0.2 anode inlet CH4 molar fraction), the CH4 conversion efficiency reaches 92 %. 

Besides, a high inlet CH4 molar fraction also results in high concentration of syngas at the cell 

outlet (Fig. 5d), indicating the potential of syngas and electricity co-generation in the AP-

SOFCs.  

 

3.5 Effect of support layer type 

Compared with the electrolyte-supported SOFC, an anode-supported SOFC has a thicker anode 

but much thinner electrolyte. In general, the anode concentration loss is negligibly small even 

in anode-supported SOFC while the ohmic loss from the electrolyte usually dominates the total 

overpotential losses in an electrolyte-supported SOFC. The use of anode-support can 

significantly reduce the total overpotential loss due to the substantially reduced electrolyte 

ohmic loss. In addition, as the catalytic sites for methane reforming reaction is restricted in 

anode, the anode-supported AP-SOFC shall provide a larger catalytic reaction area. The anode-
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supported AP-SOFC in the following parametric studies is designed to have the same material 

and length with the electrolyte-supported AP-SOFC, while the thickness of anode and 

electrolyte are designed to be 500 µm and 100 µm, respectively. 

The significant improvement of output power density has been shown in Fig. 6a. The peak 

power density has been elevated from 146 W m-2 in an electrolyte-supported AP-SOFC to 1607 

W m-2 in an anode-supported AP-SOFC.  

As for the electrochemical performance (Fig. 6b), the electrochemical reaction rate grows 

quickly with increasing anode inlet CH4 molar fraction at a relatively low CH4 molar fraction 

(< 0.2), however it climbs slowly with the further increase of CH4 molar fraction but drops 

slightly at large CH4  molar fraction (> 0.34). On the other hand, the O/C-ratio falls 

continuously with increasing CH4 molar fraction. Compared with electrolyte-supported AP-

SOFC, the anode-supported AP-SOFC has a much better carbon deposition resistance as the 

O/C-ratio keeps at a high value (~ 5) at the high (0.36) anode inlet CH4  molar fraction 

condition as shown in Fig. 6c. It can also be found from Fig. 6d that anode-supported AP-SOFC 

also provides a very high CH4  conversion efficiency (> 97 %) in the range of studied 

parameters, indicating a great economic advantage in large scale operation.  

 

4 Conclusion 

Mathematical models of all porous solid oxide fuel cells are developed to study their 

characteristics in preventing carbon deposition and outputting power density. The model is 

validated by experimental data. Key parameters affecting carbon deposition and 
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electrochemical performance such as O/C-ratio and electrochemical reaction rate are 

investigated. The electrolyte-supported and anode-supported all porous solid oxide fuel cells 

are also compared to examine how support-type affects the carbon deposition resistance and 

power generation characteristics.  

The diffusion of O2  from cathode to anode significantly raises the O/C-ratio on anode 

electrode, which efficiently inhibits the methane coking and carbon deposition. A peak power 

density of 146 W m-2 has been obtained in an electrolyte-supported all porous solid oxide fuel 

cell with 100 SCCM air and 20 % CH4 as cathode and anode inlet gas, respectively. The output 

power can be further improved to 1607 W m-2 in an anode-supported all porous solid oxide fuel 

cell at the same operating conditions with a higher O/C-ratio, showing a great potential in both 

power harvest and carbon resistance in this design.  

It is also found that the CH4 conversion efficiency is quite high and there is a rich rest of 

syngas in anode outlet. Therefore, it is possible for an all porous solid oxide fuel cell to 

efficiently cogenerate electricity power and syngas using methane without carbon deposition. 

When all porous solid oxide fuel is extended to a larger scale, it can be a promising method in 

the utilization of methane for electricity generation and high-quality fuel conversion in real 

application. It should be noted that the support-type design is a preliminary work in optimizing 

all porous solid oxide fuel cells. Considering the very high O/C-ratio on most anode area of the 

investigated all porous solid oxide fuel cells, a further optimization on porous electrode and 

electrolyte is still possible. 
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Nomenclature 

Abbreviation 

AP-SOFC All porous solid oxide fuel cell  

BSCF Barium strontium cobalt ferrite (𝐵𝑎0.5𝑆𝑟0.5𝐶𝑜0.8𝐹𝑒0.2𝑂3−𝛿) 

CGO gadolinium-doped ceria (𝐺𝑑0.1𝐶𝑒0.9𝑂1.9)  

CMO Carbon monoxide oxidization 

HO Hydrogen oxidization 

MO Methane oxidization 

MSR Methane steam reforming 

O/C Oxygen to carbon 

SCCM  Standard cubic centime per minute 

SOFC Solid oxide fuel cell 

TPB  Triple phase boundary 

WGS Water gas shift  
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Roman 

𝐵0 Permeability coefficient, m2 

𝑐𝐶𝑂2
  Mole concentration of carbon dioxide, mol·m-3 

𝑐𝐻2𝑂  Mole concentration of water, mol·m-3 

𝐷𝑖
𝑒𝑓𝑓

 Effective diffusivity of species 𝑖 , m2·s-1 

𝐷𝑖𝑘
𝑒𝑓𝑓

  Knudsen diffusion coefficient of 𝑖 , m2·s-1 

𝐷𝑖𝑚
𝑒𝑓𝑓

  Molecular diffusion coefficient of 𝑖, m2·s-1 

𝐸𝑎𝑐𝑡   Activation energy, J·mol-1 

𝐸𝐶𝑂   Equilibrium potential for carbon monoxide oxidization, V 

𝐸𝐶𝑂
0   Standard equilibrium potential for carbon monoxide oxidization, V 

𝐸𝑒𝑞   Equilibrium Nernst potential, V 

𝐸𝐻2
  Equilibrium potential for hydrogen oxidization, V 

𝐸𝐻2

0   Standard equilibrium potential for hydrogen oxidization, V 

𝐹 Faraday constant, 96485 C·mol-1 

𝑖  Operating current density, A·m-2 

𝑖𝑜 Exchange current density, A·m-2 

n Number of electrons transferred per electrochemical reaction 

𝑁𝑖  Flux of mass transport, kg·m-3·s-1 

𝑝 (partial) Pressure, Pa 

𝑃𝐶𝑂
𝐿   Local 𝐶𝑂 partial pressures, Pa 

𝑃𝐶𝑂2

𝐿   Local 𝐶𝑂2 partial pressures, Pa 
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𝑃𝐻2

𝐿   Local 𝐻2 partial pressures, Pa 

𝑃𝐻2𝑂
𝐿   Local 𝐻2𝑂 partial pressures, Pa 

𝑃𝑂2

𝐿   Local 𝑂2 partial pressures, Pa 

𝑅 Gas constant, 8.314 J·mol-1·K-1 

𝑅𝐶𝑀𝑂  Carbon monoxide oxidization reaction  

𝑅𝐻𝑂  Hydrogen oxidization reaction 

𝑅𝑀𝑆𝑅   Methane steam reforming reaction 

𝑅𝑀𝑂  Methane oxidization reaction 

𝑅𝑊𝐺𝑆   Water gas shift reaction 

T Temperature, K 

u Velocity field, m3·s-1 

V Volume fraction 

𝑦𝑖   Mole fraction of component i 

z Gas diffusion direction 

 

Greek letters 

 

𝛼  Charge transfer coefficient 

𝜀  Porosity 

𝜂𝑎𝑐𝑡   Activation overpotential loss, V 

𝜂𝑜ℎ𝑚𝑖𝑐   Ohmic overpotential loss, V 

𝜅  Permeability, m2 
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𝜇  Dynamic viscosity of fluid, Pa·s 

𝜌  Fluid density, kg·m-3 

σ Conductivity, S/m 

𝛾  Pre-exponential factor, A m-2 

τ  Tortuosity 
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Table 1 Material properties  

Parameters Value or expression Unit 

Conductivity   

Porous CGO  0.224 × 𝑒
16054

𝑅𝑇  [18] S m-1 

BSCF −24455 + 82.321𝑇 −
8.28𝑇2

1000
+

2.7778𝑇3

10000
 

[18] 

S m-1 

Ni 3.27 × 106 − 1065.3𝑇 [25] S m-1 

Porosity   

Cathode  0.6 [18]  

Anode  0.6 [18]  

Electrolyte 0.42 [18]  

Anode volume fraction   

CGO 0.23 [18]  

Ni 0.77 [18]  

Cathode volume fraction   

CGO 0.25 [18]  

BSCF 0.75 [18]  

𝐒𝐓𝐏𝐁  2.14 × 105 [26] m2/m3 

Electrode tortuosity 3  
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Table 2 Chemical reaction parameters 

Reaction Unit 

Methane oxidization reaction rate [27]  

5 × 104 × 𝑒
−166000

𝑅𝑇 × 𝑝𝐶𝐻4
× 𝑝𝑂2

 (anode) 𝑚𝑜𝑙 𝑚3 𝑠−1 

1.1 × 𝑒
−166000

𝑅𝑇 × 𝑝𝐶𝐻4
× 𝑝𝑂2

 (other area) 𝑚𝑜𝑙 𝑚3 𝑠−1 

Hydrogen oxidization reaction rate [27]  

5 × 104 × 𝑒
−48484

𝑅𝑇 × 𝑝𝐶𝐻4
× 𝑝𝑂2

0.5  𝑚𝑜𝑙 𝑚3 𝑠−1 

Carbon monoxide oxidization reaction rate [27]  

5 × 104 × 𝑒
−47773

𝑅𝑇 × 𝑝𝐶𝑂 × 𝑝𝑂2

0.5  𝑚𝑜𝑙 𝑚3 𝑠−1 

Methane steam reforming reaction rate [28]  

2.395 × 107 × 𝑒
−231266

𝑅𝑇 × (𝑝𝐶𝐻4
× 𝑝𝐻2𝑂 −

𝑝𝐶𝐻4
3 ×𝑝𝐶𝑂

𝐾𝑝𝑟
)  𝑚𝑜𝑙 𝑚3 𝑠−1 

𝐾𝑝𝑟 = 1.0267 × 1010

× 𝑒−0.2513×𝑍4+0.3665×𝑍3+0.5810×𝑍2−27.134×𝑍+3.277  

 

𝑍 =  
𝑇

1000
   

Water gas shift reaction rate [29]  

0.0171 × 𝑒
−103191

𝑅𝑇 × (𝑝𝐶𝑂 × 𝑝𝐻2𝑂 −
𝑝𝐻2 ×𝑝𝐶𝑂2

𝑘𝑝𝑠
)  𝑚𝑜𝑙 𝑚3 𝑠−1 

𝑘𝑝𝑠 = 𝑒−0.2935×𝑍3+0.6351×𝑍2+4.1788×𝑍+0.0169     

𝑍 =  
𝑇

1000
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Table 3 Electrochemical reaction parameters 

Parameter Value Unit 

𝛾𝐻2
  3.68 × 109 [30] A m-2 

𝐸𝑎𝑐𝑡,𝐻2
  1.2 × 105 [30] J mol-1 

𝛾𝑂2
  1.39 × 1010 [30] A m-2 

𝐸𝑎𝑐𝑡,𝑂2
  1.2 × 105 [30] J mol-1 

𝛾𝐶𝑂   1.67 × 109 [31] A m-2 

𝐸𝑎𝑐𝑡,𝐶𝑂  1.2 × 105 [31] J mol-1 

𝛼𝐻2
  0.5 [30]  

𝛼𝐶𝑂  0.5 [32]  

𝛼𝑂2
  0.5 [32]  
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Fig.1 Schematic of a tubular all porous solid oxide fuel cell (AP-SOFC) 
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Fig. 2 (a)Model validation for AP-SOFCs; (b) Anode surface O/C ratio of the button AP-SOFC 

at different voltages;(c) Molar fraction distribution of CH4, H2, CO and O2 in the whole cell 

area at 0.5 V operating potential; (d) Molar fraction product distribution of oxygen and different 

fuels in the whole cell area at 0.5 V operating potential. 
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Fig. 3 (a) I-V-P curves of the tubular all-porous SOFC, (b) Syngas (CO+H2) molar percentage 

(%) distribution in the tubular all-porous SOFC at 0.8V with 4 % CH4 in anode inlet gas, 4 % 

and 21 % O2 in cathode inlet gas, respectively and (c) O2 molar percentage (%) distribution at 

inlet and outlet of the tubular all-porous SOFC at 0.8V with 4 % CH4 at the anode inlet. 
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Fig. 4 The average anode surface O/C ratio of tubular AP-SOFCs at different operating 

potentials with 4 % CH4 in anode inlet gas, 4 % (a) and 21 % (b) O2 in cathode inlet gas; the 

breakdown of total O/C ration on anode surface along the cell length direction with 4 % CH4 

in anode inlet gas, 4 % (c) and 21 % (d) O2 in cathode inlet gas at 0.45V operating potential. 
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Fig. 5 The change of tubular AP-SOFC anode inlet CH4 molar fraction on (a) anode surface 

average O/C ratio and current density at 0.45 V operating potential, (b) O/C ratio breakdown, 

(c) CH4 conversion efficiency and (d) distribution of syngas with 0.1, 0.5 and 0.9 inlet CH4 

molar fraction. 
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Fig. 6 (a)The comparison of electrolyte-supported and anode-supported AP-SOFCs on the 

output power density with 0.2 inlet CH4 molar fraction; (b) the current density and O/C ratio 

characteristics with different inlet CH4 molar fraction at 0.45 V operating potential (c) the 

breakdown of O/C ratio constitution and (d) the CH4 conversion efficiency in anode-supported 

AP-SOFC at different anode inlet CH4 molar factions.  

 

  




