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Abstract: 

In this paper, a numerical model is developed to investigate the influence of operating 

parameters on the temperature field distribution and the performance of a tubular direct carbon 

solid oxide fuel cell (DC-SOFC).  The model is validated by comparing the simulation results 

with experimental data from the literature. Parametric simulations are conducted to investigate 

the effects of various operating and structural parameters on the thermal behaviors of DC-

SOFCs. It is found that the operating parameters greatly influences the DC-SOFC thermal 

behaviors and the temperature field in DC-SOFC is highly non-uniform.  The position of peak 

temperature in the cell is highly dependent on the operating potential.  In addition, it is found 

that a smaller distance between the carbon bed and the anode electrode is beneficial for 

improving the temperature uniformity in the DC-SOFC.  The breakdown of heat 

generation/consumption in DC-SOFC shows that the anode processes contribute the most to 

the temperature variation in the cell.  The results of the present study form a solid foundation 

for better thermal management of DC-SOFC.   
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1. Introduction 

Solid carbon is the major component of fossil fuels.  It can also be obtained easily from cheap 

and renewable biomasses such as waste wood and leaves. Solid carbon fuels are usually used 

in conventional thermal power plants which will produce significant amount of pollutants and 

hazardous gases such as CO2, SOx and NOx as byproduct [1, 2]. In addition, the efficiency of 

power generation by thermal power plant is typically below 40% or even about 30% if carbon 

capture and storage is adopted to reduce the pollutant emission [3].  Therefore, more efficient 

and environmental friendly strategy using solid carbon fuel for power generation is of practical 

importance since carbon-based fuel will continue to be the major energy source for a long time.   

Solid oxide fuel cell (SOFC) is an advanced energy conversion device which converts the 

chemical energy in the fuel into electrical energy through electrochemical reaction with a high 

efficiency (50-60%) [4, 5]. An SOFC has an all solid-state structure with a dense electrolyte 

sandwiched between two porous electrodes. In SOFCs, the fuel and oxidant are separated by 

the oxygen-ion-conducting electrolyte, resulting in easy emission control.  The high operating 

temperature of SOFCs (about 800oC) facilitates the electrochemical reaction kinetics, thus low 

cost catalyst such as Ni can be used.  In addition, SOFCs can use not only H2, but also other 

various fuels like hydrocarbon fuels, solid carbon, and ammonia for power generation [6, 7]. 

The direct use of solid carbon as a fuel in SOFCs offers a new strategy for efficient and 

environmental friendly power generation.  Due to its high efficiency and easy emission 

control, the direct-carbon solid oxide fuel cell (DC-SOFC) has received more and more 

attention in recent years.  Li et al. [8] combined fluidized bed and DC-SOFC to convert solid 

carbon into electricity for the first time. Based on GC analysis of the reaction products, it was 
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proposed that the intermediate species CO was electrochemically oxidized at the anode 

electrode.  Andrew et al. [9] performed system exergy analyses of DC-SOFCs and found that 

the conversion efficiency of DC-SOFCs was much higher than a carbon fueled SOFC system 

with separate carbon gasification unit and SOFC unit. They also demonstrated a power density 

of 220 mW cm-2 at 0.68 V at 1178 K. Wu et al.[10] adopted FemOn-MxO (M = Li, K, Ca) as 

catalyst to enhance the Boudouard reaction in SOFC anode and achieved a peak power density 

of about 297 mW cm-2 at 1123 K. Li et al.[11] also found that by introducing appropriate 

catalyst into DC-SOFC, the operating temperature can be decreased. Bai et al.[12] assembled 

and tested a 3-cell-stack DC-SOFC and achieved a peak power density of 465 mW cm-2 at 1123 

K. They also found that larger current resulted in shorter life time and smaller carbon fuel 

utilization in the single cells.  Alexander et al. [13, 14] proposed a steam-carbon-air fuel cell 

for H2 and electricity co-generation.  A high efficiency of above 78% was achieved for H2 and 

electricity co-generation.  Gur et al. [8] proposed the CO2 shuttling mechanisms in DC-

SOFC : the electrochemically produced CO2 from CO at the triple phase boundary (TPB) of 

SOFC diffuses to the C bed for CO production from C by Boudouard reaction.  Xie et al. [1, 

15] experimentally verified the reaction mechanism of DC-SOFCs by comparing the 

performance of a DC-SOFC with an SOFC operating on pure CO. They also proposed CO gas 

and electricity co-generation through a DC-SOFC. It was found that the overall efficiency for 

gas-electricity co-generation was almost twice of the electrical conversion efficiency. Zhou et 

al.[16] fabricated a cathode supported tubular DC-SOFC with a continuous fuel supply to the 

anode. They proposed that the distance between carbon fuel and anode electrode could affect 

the performance of the cell, which was verified by Xu et al.[17] through their modeling work. 
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Jiao et al.[18] used structurally modified coal char as fuel in a DC-SOFC and found that the 

Boudouard reaction activity was greatly improved, which consequently improved the power 

output of the cell.  

The above-mentioned studies demonstrated great potential of DC-SOFC and attempted to 

understand the fundamental mechanisms in DC-SOFC.  However, to the best knowledge of 

authors, there is no detailed thermal analysis of DC-SOFCs in the current literatures. 

Considering that the temperature distribution in DC-SOFCs not only affects the chemical 

reaction and electrochemical reaction of the cells, but also affects the life time of DC-SOFCs 

due to the heat management and thermal stress. In this paper, the previously developed model 

is extended to study the thermal effects on the DC-SOFC temperature distribution which is the 

new contribution of this paper. 

2. Model development  

2.1. Model assumption and calculation domain 

A 2D numerical model including the electrochemical and chemical reactions, ionic/electronic 

charge transport, mass/momentum transport and heat transfer is developed for a tubular direct 

carbon solid oxide fuel cell.  This model is an extension from our previous work[17] which 

has been well validated. Compared with our previous work, cell length in this model has been 

extended from 9mm to 90mm, and thermal effect has also been considered to investigate the 

cell temperature distribution.   

The schematic of the electrolyte supported tubular DC-SOFC is shown in Fig. 1(a).  Carbon 

fuel is supplied to the anode chamber and air is supplied to the cathode channel.  Initial 
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CO/CO2 comes from the reactions between carbon fuel and initial O2 in the anode chamber. 

CO molecules produced in anode chamber diffuse into the porous anode electrode and react 

with O2- through electrochemical reaction at TPB sites where CO2 molecules are then formed 

and electrons are released. After that, the produced CO2 molecules in anode electrode diffuse 

back to the chamber and react with solid carbon to produce more CO molecules through 

Boudouard reaction. These processes repeat continuously between the anode chamber and the 

anode electrode to maintain CO/CO2 cycling while generating electricity, related formulas are 

shown in Eqs. (1-5).  

The main assumptions in this model are shown as below. 

(1) The electrochemical reactions take place on triple phase boundaries (TPBs), which are 

assumed to be uniformly distributed in the whole porous electrodes.  The two conducting 

phases (electronic and ionic) in the porous electrodes are continuous and homogeneous. 

(2) The ionic and electronic charge transport processes take place in the Positive Electrode-

Electrolyte-Negative electrode (PEN) assembly.  

(3) All gases (CO, CO2, O2 and N2) are ideal gases. The gas flow is incompressible.  

(4) The volume of activated carbon fuel in the anode chamber does not change in the steady 

state model. 

(5) Thermal radiation is assumed to be negligible. 

 

2.2. Governing equations 
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This 2D numerical model fully considers the electrochemical and chemical reactions, 

ionic/electronic charge transport, mass/momentum transport and heat transfer processes. The 

2D model consists of the following sub-models: chemical reaction model, electrochemical 

reaction model, mass transport model, fluid flow model and heat transfer model.  

 

2.2.1. Chemical reaction model 

Unlike gas fuel fed solid oxide fuel cells, the fuel for DC-SOFCs is solid carbon. Although CO 

is the real material that participates in electrochemical reaction which happens in anode 

electrode. It is solid carbon that offers chemical energy, and CO is the intermediate that 

transports chemical energy from solid carbon to anode electrode. Thus the chemical reaction 

(Boudouard reaction) is a key process in this system. The Boudouard reaction is described as 

shown in reaction (1)  

𝐶 + 𝐶𝑂2 ↔ 2𝐶𝑂           (1) 

The reaction rate of Boudouard reaction (Rrb) are calculated as shown in Eq. (2) [19]: 

𝑅𝑟𝑏 = 𝑘𝑟𝑏exp⁡(−𝐸𝑟𝑏/𝑅𝑇)𝑐𝐶𝑂2        (2) 

2.2.2. Electrochemical reaction model 

The electrochemical reaction model is developed to calculate the electrochemical reaction rate 

at given operating conditions.  As shown in Fig. 1(a), the gas mixture of CO/CO2 flows in the 

anode while air is supplied to the cathode.  O2 molecules diffuse from cathode channel into 

the TPB sites in porous cathode electrode, where they are reduced to form oxygen ions (O2-) 

via reactions (3). 
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𝑂2 + 4𝑒− → 2𝑂2−           (3) 

The oxygen ions transport through the dense electrolyte to TPB sites in the anode, where they 

electrochemically react with CO molecules to form CO2 and release electrons as shown in 

reaction (4): 

2𝐶𝑂 + 2𝑂2− → 2𝐶𝑂2 + 4𝑒−         (4) 

As CO is the actual material that participate in the electrochemical reaction instead of solid 

carbon in DC-SOFC. The overall electrochemical reaction can be obtained by combining 

reaction (3) and reaction (4) as shown in reaction (5): 

2𝐶𝑂 + 𝑂2 → 2𝐶𝑂2           (5) 

Related operating potential can be determined by its thermodynamic equilibrium potential and 

operating overpotential losses as shown in Eq. (6): 

𝑉 = 𝐸𝑒𝑞 − 𝜂𝑎𝑐𝑡,𝑎𝑛 − 𝜂𝑎𝑐𝑡,𝑐𝑎 − 𝜂𝑜ℎ𝑚𝑖𝑐       (6) 

Here 𝐸𝑒𝑞 is the equilibrium potential (Nernst potential) of the overall electrochemical reaction 

which is determined by the thermodynamic property of the reaction. 𝜂𝑎𝑐𝑡 is the activation 

overpotential which reflects the energy barrier needed to overcome for the electrochemical 

reaction to proceed. 𝜂𝑜ℎ𝑚𝑖𝑐 is the ohmic overpotential from the ionic/electronic conduction. 

The concentration overpotentials are not considered in Eq. (6) as local gas partial pressures at 

the TPB are used in the equilibrium potential calculation. 

2.2.2.1. Equilibrium potential  

As CO participates in the electrochemical reaction in DC-SOFCs, the related equilibrium 
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potential for reaction (5) can be calculated by Eq. (7):  

𝐸𝐶𝑂 = 𝐸𝐶𝑂
0 +

𝑅𝑇

2𝐹
ln [

𝑃𝐶𝑂
𝐿 (𝑃𝑂2

𝐿 )
1
2⁄

𝑃𝐶𝑂2
𝐿 ]        (7) 

Here 𝐸0 is the potential under standard conditions, R is the universal gas constant (8.3145 J 

mol-1 K-1), T is the operating temperature (K), F is the Faraday constant (96485 C mol-1).  𝑃𝐶𝑂
𝐿 , 

𝑃𝐶𝑂2
𝐿 and 𝑃𝑂2

𝐿  are the local partial pressures of CO, CO2 and O2, respectively.  The value of 

𝐸𝐶𝑂
0  can be calculated by Eq. (8)[20]: 

𝐸𝐶𝑂
0 = 1.46713 − 0.0004527𝑇        (8) 

Thus, the Nernst potential can be calculated as shown in Eq. (9) by combining Eq. (7) and Eq. 

(8). 

𝐸𝑐𝑜 = 1.46713 − 0.0004527𝑇 +
𝑅𝑇

2𝐹
ln [

𝑃𝐶𝑂
𝐿 (𝑃𝑂2

𝐿 )
1
2⁄

𝑃𝐶𝑂2
𝐿 ]   (9) 

 

2.2.2.2. Activation overpotential 

Activation overpotential is the potential loss involved in the electrochemical reaction, which is 

related with the electrochemical reaction kinetics. Butler-Volmer equation is adopted to 

describe the relationship between the activation overpotential and the current density [21]. 

𝑖 = 𝑖0 {exp (
𝛼𝑛𝐹𝜂𝑎𝑐𝑡

𝑅𝑇
) − exp (

(1−𝛼)𝑛𝐹𝜂𝑎𝑐𝑡

𝑅𝑇
)⁡}     (10) 

Here 𝑖0  is the exchange current density representing the activity of the electrochemical 

reaction, 𝛼 is the electronic transfer coefficient and n is the number of electrons transferred in 

a single electrochemical reaction.  
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2.2.2.3. Ohmic overpotential 

The ohmic overpotential in the DC-SOFC results from ion/electron conduction, thus it is 

largely dependent on the ionic/electronic conductivity of electrode and electrolyte. The ohmic 

overpotential can be calculated with the Ohm’s law as shown in Eq. (11) and Eq. (12): 

𝑖𝑙 = −𝜎𝑙
𝑒𝑓𝑓𝛻(∅𝑙)          (11) 

𝑖𝑠 = −𝜎𝑠.𝑒𝑓𝑓𝛻(∅𝑠)          (12) 

Here 𝜎𝑙.𝑒𝑓𝑓 and 𝜎𝑠.𝑒𝑓𝑓 are the effective ionic and electronic conductivities, respectively.  ∅𝑙 

and ∅𝑠⁡are the ion conducting and electron conducting electric potentials, respectively.  In the 

porous electrodes, the effective conductivities are related to the structural parameters including 

volume fraction and tortuosity as shown in Eq. (13) and Eq. (14). 

𝜎𝑙
𝑒𝑓𝑓 = σ𝑙 ∙

𝑉𝑙

𝜏𝑙
            (13) 

𝜎𝑠
𝑒𝑓𝑓 = σ𝑠 ∙

𝑉𝑠

𝜏𝑠
            (14) 

Here σ𝑙   and 𝜎𝑠  are the intrinsic ionic and electronic conductivities, 𝑉𝑙  and 𝑉𝑠  are the 

volume fraction value in ionic and electronic phases,⁡𝜏𝑙  and 𝜏𝑠  are the tortuosity value in 

ionic and electronic phases. 

 

2.2.3. Mass transport model  

In the gas channel and porous electrodes, both free molecular diffusion and Knudsen diffusion 

are considered in this mass transport model.  Free molecular diffusion dominates in gas 

channel and large pores while Knudsen diffusion becomes significant when pore sizes are 
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comparable or smaller than molecular mean-free path.  The extended Fick’s model is used to 

describe gas transport in the channel and porous electrodes as shown in Eq. (15): 

𝑁𝑖 = −
1

𝑅𝑇
(
𝐵0𝑦𝑖𝑃

𝜇

∂P

∂z
− 𝐷𝑖

𝑒𝑓𝑓 ∂(𝑦𝑖P)

∂z
)⁡(𝑖 = 1,… , 𝑛)    (15) 

Where 𝑁𝑖 represents the flux of mass transport, 𝐵0 is the permeability coefficient, 𝑦𝑖 is the 

mole fraction of component i,⁡𝜇 is the dynamic viscosity of the gas mixture and 𝐷𝑖
𝑒𝑓𝑓

 is the 

effective diffusivity of species i.  The effective diffusion coefficient (𝐷𝑖
𝑒𝑓𝑓

) considering both 

molecular diffusion coefficient (𝐷𝑖𝑚
𝑒𝑓𝑓

) and Knudsen diffusion coefficient (𝐷𝑖𝑘
𝑒𝑓𝑓

) and can be 

calculate as Eq. (16): 

𝐷𝑖
𝑒𝑓𝑓

=
𝜀

𝜏
(

1

𝐷
𝑖𝑚
𝑒𝑓𝑓 +

1

𝐷
𝑖𝑘
𝑒𝑓𝑓)

−1          (16) 

Here 𝜀  is the volume fraction of the pores, 𝜏  is the tortuosity factor. 𝐷𝑖𝑚
𝑒𝑓𝑓

  and 𝐷𝑖𝑘
𝑒𝑓𝑓

 

depend on the micro-structure of the porous electrode and operating conditions.  More 

detailed calculation procedures of these two parameters can be found in reference [22-24]. 

 

2.2.4. Fluid flow model 

The general Navier-Stokes (N-S) equation is used to describe the momentum conservation.  

For momentum conservation in channels, the N-S equation can be described as shown in Eq. 

(17): 

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌𝑢∇𝑢 = −∇𝑝 + ∇[𝜇 (∇𝑢 + (∇𝑢)𝑇) −

2

3
𝜇∇𝑢]           (17) 

For momentum conservation in porous electrodes and the anode chamber, the N-S equation is 

modified by including the Darcy’s term for momentum conservation: 
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𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌𝑢∇𝑢 = −∇𝑝 + ∇[𝜇 (∇𝑢 + (∇𝑢)𝑇) −

2

3
𝜇∇𝑢] −

𝜀𝜇𝑢

𝑘
             (18) 

Here 𝜌 is the gas density, u is the velocity vector, p is pressure and 𝜀 is the porosity of the 

electrode.  

 

2.2.5. Heat transfer model 

In DC-SOFCs, electrochemical reactions in TPB sites generates heat while the chemical 

reaction (Boudouard reaction) in anode chamber consumes heat. This will not only result in the 

gradient of temperature along the cell length, but also along the cell width. General heat balance 

equation is used to describe the heat transfer in the cell as: 

ρ𝐶𝑝𝑢 ∙ ∇𝑇 + ∇ ∙ (−𝜆𝑒𝑓𝑓∇𝑇) = 𝑄                   (19) 

where 𝐶𝑝 is the fluid heat capacity at constant pressure, u is the fluid velocity field, 𝜆𝑒𝑓𝑓 is 

the effective thermal conductivity and Q is the heat source. In the porous structure of electrodes, 

𝜆𝑒𝑓𝑓 can be calculated as: 

𝜆𝑒𝑓𝑓 = (1 − 𝜀)𝜆𝑠 + 𝜀𝜆𝑙                  （20） 

where 𝜆𝑠 and 𝜆𝑙 are heat conductivity of solid and liquid phase, respectively. Value of above 

material property parameters are listed in Table 1. 

 

2.3. Boundary conditions 

2.3.1. Electrochemical reaction 

The electric potentials are specified at the outer boundaries of cathode and anode as working 
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potential and zero potential, respectively.  The insulation condition is applied to the bottom 

and top of the cell. 

2.3.2. Mass transport 

Inflow gas mole fraction is specified at the inlet of the cathode.  The convective flux boundary 

condition is specified at the outlets of the cathode and anode.  Zero flux is assumed at the end 

of anode chamber, electrolyte/electrode interface and the ends of electrodes. 

2.3.4. Fluid flow 

Standard gas flow rate (standard cubic centime per minute: SCCM) is specified at the cathode 

while pressure condition is specified at the outlet.  No-slip condition is applied to the end of 

anode chamber, electrolyte/electrode interface and the ends of electrodes. 

2.3.5. Heat transfer 

Thermal insulation condition is applied to the outer boundary of cathode chamber, the end of 

anode chamber and the ends of electrodes and electrolyte. Gas temperature is specified at the 

cathode inlet. 

 

2.4. Model parameters 

The values of material thermal properties and tuning parameters are summarized in Table 1 and 

Table 2, more detailed information can be found in our previous work[17].  In the parametric 

simulations, the parameters are varied to evaluate their effects on the DC-SOFC performance, 

detailed operating parameters are listed in Table 3 to Table 5. 



13 
 

2.5. Model solution 

The model is solved at certain cell potential, inlet gas flow rate and inlet gas temperature.  The 

output of the model is mainly the temperature distribution. The calculations are performed 

using the finite element commercial software COMSOL MULTIPHSICS®. 

 

2.6 Model validation 

This model is an extension of our previous model, which has already been validated by 

comparing the simulation results and experimental data from the literature as shown in Fig. 

1(b). More detailed information about the model validation can be found in [17]. 

 

3. Results and discussion 

3.1. Effect of applied voltage 

The relationship between operating potential, current density and average electrolyte 

temperature at given operating conditions are shown in Fig. 2. The detailed operating 

conditions are listed in Table 3.  

As can be seen in Fig. 2, when operating potential decreases from 1.0 V to 0.6 V, the cell current 

density increases from 754 A m-2 to 5417 A m-2.  The average electrolyte temperature 

decreases slightly when the operating potential decreases from 1035 K at 1.0 V to 1029 K at 

0.9 V and increases quickly to 1104 K at 0.6 V.  The electrochemical reaction rate and 

overpotential losses are higher at a lower operating potential, leading to more heat generation.  
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However, more CO2 can be generated at a higher current density, which in turn leads to a higher 

rate of the endothermic Boudouard reaction and more heat consumption in the anode chamber.  

These combined effects result in the slightly temperature decrease when operating potential 

decreases from 1.0 V to 0.9 V.  With a further decrease of operating potential from 0.9 V to 

0.6 V, the temperature of DC-SOFC is increased substantially, indicating that the heat 

generation from the electrochemical reactions and overpotential losses is higher than heat 

consumption by Boudouard reaction.   

The temperature distribution of the DC-SOFC is shown in Fig. 3. At an operating potential of 

1.0 V, the temperature decreases along the DC-SOFC length and the peak temperature occurs 

at the cathode inlet. While at an operating potential of 0.6 V, the temperature increases along 

the cell length and the peak temperature occurs at the cathode outlet.  The different 

temperature distribution patterns are caused by the electrochemical and chemical processes in 

the DC-SOFC.  At a high operating potential, the heat generation from electrochemical 

reaction and overpotential losses is lower than heat consumption by endothermic Boudouard 

reaction, leading to a decrease of cell temperature. While at a relatively lower operating 

potential, exothermic processes are greatly enhanced due to increased current density, which 

in turn increase the temperature of DC-SOFC. 

The temperature of the anode temperature is found to be always lower than the cathode 

temperature at the same cell length position, as endothermic Boudouard reaction takes place in 

the anode chamber.  It is important to point out that the temperature distribution of the DC-

SOFC is almost uniform at an operating potential of about 0.65V.  For long-term and stable 

operation DC-SOFC, the uniform temperature distribution is desirable to reduce the thermal 
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stress in the cell.  The results of the present study clearly demonstrate that the temperature 

uniformity of DC-SOFC can be achieved by controlling the operating conditions. 

Fig. 4. shows a breakdown on heat generation/consumption from different components in the 

cell.  It can be seen that the porous anode and the anode chamber contribute most to the heat 

generation and consumption, respectively.  At an operating potential of 1.0 V, the heat 

consumption by Boudouard reaction in the anode chamber is slightly higher than the heat 

generation from electrochemical reaction and overpotential losses, which well explains the 

thermal effect in Figure 3.  In the porous anode, the entropy change due to electrochemical 

reaction contributes to over 90% of heat generation in the anode while activation loss in anode 

contributes to about 9.85%.  At an operating potential of 0.6, both the heat generation and 

heat consumption are substantially enhanced and the heat generation from electrolyte and the 

cathode are not negligible.  The total heat generation is found to be higher than the heat 

consumption, again in consistence with the results in Figure 3.  Compared with the 1V case, 

the anode activation loss contributes to about 29% of the total heat generation in the anode at 

0.6V.  The results suggest that the heat generation/consumption in the anode is the key for 

controlling the temperature field of DC-SOFC.  Thus it is possible to adjust the operating 

parameters to control the chemical and electrochemical processes in the anode to control the 

temperature distribution in DC-SOFC.   

3.2. Effect of cathode inlet gas temperature 

Inlet gas temperature will also affect the temperature distribution in the cell. Detailed operating 

parameters are listed in Table 4.  
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As shown in Fig. 5, at a potential of 1 V, cell temperature decreases from inlet to outlet along 

the cell length at cathode inlet gas temperature from 1023K to 1173K. It can also be found from 

Fig. 5 that the temperature gradient along the cell length increases with increasing cathode inlet 

gas temperature. As shown in Fig. 6(a), when the operating potential is 0.6V, cell temperature 

increases from inlet to outlet along the cell length. However, it should also be noted that when 

cell operates with a relative high cathode inlet gas temperature (1123 K), the peak temperature 

could occur at the middle of the DC-SOFC. This is because electrochemical reaction rate is 

very high at a high temperature and low operating potential and oxygen is almost exhausted in 

the cathode channel (Fig. 6(b)), resulting in nearly zero electrochemical reaction and no heat 

generation in the end of the DC-SOFC. For comparison, the rate of endothermic chemical 

reaction is still high throughout the anode chamber, decreasing the temperature of DC-SOFC 

in the downstream.  

 

3.3. Effect of distance between carbon and anode electrode 

Previous study has shown how the distance between carbon fuel and anode electrode (Dce) 

will affect the performance of DC-SOFC [17]. As the thermal conductivity of gas is much 

smaller than that of solid carbon, the increase of Dce will surely increase the variation of 

temperature in the cell. Thus the effect of Dce on the temperature distribution of the cell is 

discussed, detailed operating parameters are listed in Table 5.  

Fig. 7 shows the effects of Dce on the temperature distribution in the cell with 1073K cathode 

inlet gas temperature and 0.7 V operating potential. Distance between carbon and anode 
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electrode surface varies from 59 μm to 2059 μm in this study. As can be seen from Fig. 7, 

when Dce is quite small (59 μm), the gradient along the cell width is quite small. With the 

increase of Dce, there occurs an obvious temperature boundary between solid carbon and anode 

gas channel and the gradient along the cell width becomes quite large.  

Besides, it is observed from Fig. 8 that the CO molar fraction in anode decreases quickly with 

the increase of Dce, which is due to the increased gas transport difficulty and lower chemical 

reaction temperature caused by larger Dce. Thus, it is also important to keep a small distance 

between carbon fuel and anode electrode when cell is placed horizontally.  

 

4 Conclusions 

A multi-physics model considering electrochemical reaction, chemical reactions, 

ionic/electronic charge transport, mass/momentum transport and heat transfer is developed to 

characterize the temperature distribution of a tubular DC-SOFC. Parametric simulations are 

conducted to evaluate the effects of operating potential, cathode inlet gas temperature and 

distance between the carbon fuel and anode electrode on DC-SOFC temperature distribution.   

It is found that the operating potential has a great effect on the temperature distribution of the 

cell. With the decrease of operating potential, the overall cell temperature increases quickly. 

Beside, the temperature gradient also changes from negative to positive along the cell length 

with the cell operating potential decreasing from 1.0 V to 0.6 V and a relative even temperature 

distribution of the cell is found when the operating potential is around 0.65V. It is also observed 

from the breakdown analysis that most of the heat is generated from anode electrode, where 
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entropy change heat is the majority part compared with other processes. 

Cathode inlet gas temperature is also found to play an important role on the temperature 

distribution of the cell. When the operating voltage is high (1.0 V), cathode inlet gas plays as 

the outer heat source and it plays as the outer heat sink when the operating voltage is low (0.6 

V). It should also be noted that when the cathode inlet gas temperature is high (1123K), cathode 

oxygen may be exhausted in the cell, which not only causes a peak temperature point in the 

middle position of the cell length but also decreases cell’s electrochemical performance.   

The effect of distance between carbon fuel and anode electrode on temperature distribution is 

also studied in this work. It is found that the temperature gradient increases quickly along the 

cell width with the increase of Dce due to the small thermal conductivity of the gas. 
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Nomenclature 

Abbreviation 

DC-SOFC Solid oxide fuel cell direct using carbon as fuel  

PEN Positive Electrode-Electrolyte-Negative electrode assembly 

SCCM  Standard cubic centime per minute 

SOFC Solid oxide fuel cell 

TPB  Triple phase boundary 
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Roman 

𝐵0 Permeability coefficient, m2 

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

𝐶𝑝  Heat capacity, J·K-1 

𝐷𝑐𝑒  Distance between carbon and anode electrode 

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 

𝐸𝑎  Active 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 

𝐸𝑟𝑏  Active energy of Boudouard reaction, J·mol-1 

𝐹 Faraday constant, 96485 C·mol-1 

𝑖𝑜 Exchange current density, A·m-2 

𝑘𝑟𝑏  Equilibrium constant of Boudouard reaction, s-1 

𝐿𝑐𝑒𝑙𝑙  Length of the cell, mm 

n Number of electrons transferred per electrochemical reaction 

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

𝑝 (partial) Pressure, Pa 

𝑅 Gas constant, 8.314 J·mol-1·K-1 

𝑅𝑐𝑒  Ratio 𝐷𝑐𝑒  and cell length 

𝑅𝑐𝑒  Reaction rate of Boudouard reaction, mol·m-3·s-1  

T Temperature, K 

u Velocity field, m3·s-1 

V Volume fraction 

𝑦𝑖  Molar fraction of component i 

  

  

Greek letters  

𝛼  Charge transfer coefficient 

𝛽𝐻2  Electrochemical kinetics parameter for H2 

𝜀  Porosity 

𝜂𝑎𝑐𝑡,𝑎𝑛  Anode activation polarization, V 

𝜂𝑎𝑐𝑡,𝑐𝑎  Cathode activation polarization, V 

𝜂𝑜ℎ𝑚𝑖𝑐  Ohmic polarization, V 

𝜅  Permeability, m2 

𝜆  Thermal conductivity, W·m-1K-1 

𝜇  Dynamic viscosity of fluid, Pa·s 

𝜌  Fluid density, kg·m-3 
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σ Conductivity, S/m 

τ  Tortuosity 

∅  Potential, V  

  

  

Subscripts  

an Anode 

ca Cathode 

co Carbon monoxide 

l Ionic phase 

s Electronic phase 

  

  

Superscripts  

0 Parameter at equilibrium conditions 

eff Effective 

L Local 
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Table.1 Material thermodynamic properties[25, 26] 

Parameters Value Unit 

Thermal conductivity   

Carbon 1.59 W m-1K-1 

Electrode 13.54 W m-1K-1 

Electrolyte 2.7 W m-1K-1 

Specific heat capacity   

Carbon 887.5 J kg-1K-1 

Electrode 390 J kg-1K-1 

Electrolyte 300 J kg-1K-1 

Density   

Carbon 1700 kg m-3 

Electrode 6870 kg m-3 

Electrolyte 2000 kg m-3 
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Table. 2 Model tuning parameters 

Parameter Value Unit 

Cathode tortuosity 3  

Anode tortuosity 3  

O2 exchange current density 𝒊𝑶𝟐
 400 𝐴𝑚−2  

CO exchange current density, 𝒊𝑪𝑶 450 𝐴𝑚−2  

CO charge transfer coefficient, 𝜶𝑪𝑶 0.5  

O2 charge transfer coefficient, 𝜶𝑶𝟐
 0.5  

Equilibrium constant of Boudouard 

reaction 

6 × 1013 ∙
𝑇−973

150
  1/s 

 

Table. 3 Operation parameters for operating potential effect study in DC-SOFC 

Parameter Value Unit 

Operating potential 0.6 – 1.0 V 

Anode inlet gas flow rate 0  

Cathode inlet gas flow rate  400 SCCM 

Cathode gas composition Air  

Cathode inlet gas temperature  1073 K 

 

Table. 4 Operation parameters for cathode inlet gas temperature effect study in DC-SOFC 

Parameter Value Unit 

Operating potential 0.6 – 1.0 V 
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Anode inlet gas flow rate 0  

Cathode inlet gas flow rate  400 SCCM 

Cathode gas composition Air  

Cathode inlet gas temperature  1023 - 1173 K 

 

 

Table. 5 Operation parameters for 𝐷𝑐𝑒 effect study in DC-SOFC 

Parameter Value Unit 

Operating potential 0.6 - 1 V 

Distance between anode 

chamber and electrode, 𝑫𝒄𝒆  

59 - 2059 μm 

Anode inlet gas flow rate 0  

Cathode inlet gas flow rate  400 SCCM 

Cathode gas composition Air  

Cathode inlet gas temperature  1073 K 
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Fig.1. Schematic of the electrolyte supported DC-SOFC(a) and model validation for DC-

SOFC. 

 

a 

b 
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Fig. 2. Effect of operating potential on cell current density and temperature 

 

Fig. 3. Cell temperature distribution at 1.0 V, 0.65 V and 0.6 V operating potential. 
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Fig. 4. Breakdown of heat power from different components in the cell.

 

Fig. 5. Cathode inlet gas temperature effects on cell temperature distribution at 1.0 V  
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Fig. 6. Cathode inlet gas temperature effects on cell temperature distribution at 0.6 V 

operating potential (a) and cathode O2 molar fraction (b) with 1123 K inlet gas temperature. 

  

a b 



31 
 

 

 

Fig. 7. Effects of Dce on the temperature distribution in the cell with 1073K cathode inlet gas 

temperature and 0.7 V operating potential 
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Fig. 8. Effects of Dce on the CO molar fraction distribution in the anode with 1073K cathode 

inlet gas temperature and 0.7 V operating potential 




