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This work establishes a mathematical model of fuel transport efficiency in anode that permeates from 

the surface to the triple phase boundaries through the porous electrode of solid oxide fuel cells. And 

the relationship between the fuel transport efficiency and the parameters of the porous anode and gas 

channel is verified with the reported experimental results. The result shows that the fuel transport 

efficiency in anode is proportional to the porosity of the supported-anode and the length of the gas 

channel on interconnects. The fuel transport efficiency is also inversely proportional to the porosity 

and height of the gas channel on interconnect and the thickness of the porous supported-anode. When 

the porosity of the supported- anode is fixed, the fuel transport efficiency can be improved by reducing 

the porosity or extending the gas channel length, or reducing the gas channel height on the 

interconnect, or reducing the thickness of the porous-anode. When the porosity, height, and length of 

the gas channel on the interconnect are fixed, the fuel transport efficiency in anode can be improved by 

increasing the porosity or reducing the thickness of the porous anode.  
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1. INTRODUCTION 

Solid oxide fuel cells (SOFCs) are an efficient energy converter whose efficiency can reach 

above 70%, and is therefore regarded as a new type of power generator for the future [1]. The SOFCs 

have two types: tubular and planar [2], in which the planar type is particularly favored because of its 

convenience for large-scale integration. The planar SOFCs are divided into three types based in the 

support materials, namely, cathode support, electrolyte support, and anode support, where the anode-

supported cell is an important research focus because of its low working temperature and high density 

of output power among other factors [3]. The Ni-YSZ/YSZ/LSM-YSZ type is regarded as the main 
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anode-supported cell with extensive prospects due to its special requirements on working temperature, 

environment, and interaction between components [4]. Single cells, due to limited energy, are well 

known to combine in series or in parallel to a SOFC stack to obtain necessary energy [5]. Hence, the 

stack is a core component in a SOFC power generation system, and its performance directly 

determines whether the SOFC power generation system can be commercialized.  

To meet the demand for commercialization, specific requirements are imposed on the 

performance of a SOFC stack. For example, the power density should exceed 0.4 Wcm
-2

 under the 

working voltage of 0.7 V, the fuel utilization must be ≥70%, and the lifetime should reach 40,000 h 

[6]. To achieve these targets, researchers have studied the factors affecting the density of output power 

and the lifetime of a SOFC stack. The result shows that the interface contact between the cell cathode 

and the metal interconnect is the key factor affecting the density and lifetime of output power [7-9]. 

Hence, the power density and lifetime of a SOFC stack can be remarkably increased by improving the 

interface contact between the cathode and the interconnect. However, researchers have found that 

despite the remarkably improved electrical performance and lifetime of a SOFC stack, its fuel 

utilization is far less than the requirement of above 70% in most situations. For example, L. Blum et al. 

[10] reported that the fuel utilization of a stack under the working condition was about 40%, showing a 

huge gap from the requirements for commercialization. 

 

 
 

Figure 1. Schematic illustration of the working principle for SOFC 

 

Fig. 1 shows the working principle of SOFCs [11], wherein the fuel diffuses to the triple phase 

boundaries of the active sites through the support anode, and undergoes oxidation reaction at the triple 

phase boundaries of the cell anode to produce electrons. The electrons are then transported to the cell 

cathode through the electronic conductor of the supported-anode and the eternal electronic conductor, 

finally reaching the triple phase boundaries of the cell cathode, and undergoing a reduction reaction 

with the gaseous oxidant waiting there. Next, the reduced gaseous oxidant reacts with the fuel gas 

transmitted through the electrolyte. The working process is repeated, which continuously generates 

power. Hence, it can be concluded that improving the cell electric performance and the actual fuel 

utilization is not only related to the improvement of the interface between cell electrodes and 

interconnects, but also directly related to the permeation of fuel through the anode.  
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Generally, fuel utilization can be increased to a certain degree along with the increasing electric 

performance by improving the interface contact to boost the effect of electron collection. However, 

such means still can’t enable fuel utilization to reach the efficiency required for commercialization, 

which has a direct correlation to the impact on the fuel transport efficiency in supported-anode. As to 

the Ni-YSZ/YSZ/LSMYSZ type cell, the cell supported material was initially NiO-YSZ with various 

thickness. For example, Mukhopadhyay et al. [12] reported a thickness of 1.2 mm to 1.5 mm, and Bora 

et al. [13] reported a thickness of 0.4 mm to 0.6 mm. The structure of SOFC stack is also different. For 

example, Schuler et al. [14] and Herle et al. [15 ] adopted a co- flow structure, where the cell active 

area was 50 cm
2
 and the thickness of supported-anode was 0.4 ~ 0.6 mm, Huang et al. [16] adopted a 

cross-flow structure, where the thickness of supported-anode was 0.55 mm with various cell area, 

Yokoo et al. [17] adopted an internal flow structure, where the cell active area was 60 cm
2
 and the 

thickness of supported-anode was 1.1 mm. Hence, the flow rate of fuel from the gas channel and the 

fuel permeating into the triple phase boundaries through the porous supported-anode are various 

among them, resulting in different fuel utilization and electrical efficiency.  

As to the supported-anode planar SOFCs, researchers became aware of the importance of the 

anode structure on cell performance, and began to improve the electrical performance by adjusting the 

cell structure, which subsequently improved fuel utilization as well [18-19]. In addition, the fuel 

utilization, in turn, has a significant influence on cell performance [20]. Hence, researchers conducted 

numerous simulation studies on fuel gas transport inside the anode, and established a  transport model 

of fuel gas to obtain the mole fraction of gas transport inside the anode under fixed porosity, cell size, 

and other parameters [21-25]. In addition, they analyzed the fuel gas transport and distribution inside 

the cell electrode. However, the research on fuel transport efficiency in the porous anode was generally 

ignored, which imposes limits on the SOFC stack to improve its electrical performance and its actual 

fuel utilization. Hence, the aim of this work is to establish a mathematical model of the fuel transport 

efficiency that permeates to the triple phase boundaries from the anode side through the porous 

electrode, and analyze the factors on fuel transport efficiency on the anode side by comparing it with 

the published experimental result to further verify the model, which are helpful to provide a reference 

for adopting measures to improve the electrical performance of SOFCs and its actual fuel utilization.  

 

 

 

2. THORETICAL ANALYSIS AND MODELING  

Fig. 2 shows the gas transport in a working SOFC. When the gas is fed from the entrance, part 

of fuel gas is transmitted to the exit through the gas channel of the metal interconnector. During this 

process, part of gas is permeated to the triple phase boundaries through the porous support-anode and 

reacts with the oxidant gas. Assuming the Qx as the flow rate of fuel through the gas channel of the 

metal interconnect, it can be written as the following based on the literature [26] 

x x effx x

x

A D C
Q

L

   
                            (1) 

where Qx is the flow of fuel through the metal interconnector's gas channel, m
3
s

-1
, Deffx  is 

the effective diffusion coefficient through the cross-section of the metal interconnector's gas channel, 
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m
2
s

−1
, Ax is the total area of diffusion along the cross-section of the metal interconnector's gas channel, 

m
2

,εx is the porosity of gas flowing along the gas channel of the metal interconnector, ΔCx is the 

concentration difference between two ends of gas channels on the metal interconnector, L is the gas 

channel length on the interconnect surface, m. 
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Figure 2. Schematic illustration of the gas transport process 

 

According to the reference reported [27-28], the effective diffusion coefficient in Formula (1) 

can be expressed as  

1 1 1

eff b kD D D
                             (2) 

where Db is the self-bulk diffusion coefficient of gas, m
2
 s

−1
, Dk is the Knudsen coefficient.  

The size of gas channel on the metal interconnector is normally quite large. Therefore, gas 

diffuses in the gas channel of metal interconnect are mainly determined by the flow of viscous gas and 

molecular diffusion, and the Knudsen diffusion may be disregarded [29]. The diffusion coefficient for 

this work can thus be expressed as  

eff y bD D                                   (3) 

As illustrated in Fig. 2, the cross-section area in Formula (1) can be expressed as  

x=B hxA                                    (4) 

where B is the width as shown in Fig.2, m, hx is the gas channel width on the interconnector, m.  

Formulas (3) and (4) are substituted into Formula (1), then the gas flow on the gas channel of 

the metal interconnect can be expressed as  

xQ =D B h x
x b x

C

L



                                (5) 

As illustrated in Fig. 2, when gas transports through the gas channel of metal interconnect, part 

of gas permeates to the triple phase boundaries through the pores. The flow rate that permeates to the 

triple phase boundaries can be expressed by the formula below [30] 

y y

y

y

A P
Q

h





 



                             (6) 
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where Qy is the flow rate of fuel that permeates to the triple phase boundaries through the 

porous electrode, m
3
s

-1
, Ay is the total area of diffusion along the cross-section of the porous 

support-anode, m
2
, εy is the porosity of the porous anode, ΔPy is the pressure drop from entrance to exit 

of the micropores of the porous anode, Pa, hy is the thickness of the porous anode, m, d is the pore 

diameter inside the porous anode, m, μ is the permeation coefficient of gas inside the porous electrode, 

m
2
, η is the dynamic viscosity of the gas fluid, Pa s. 

The gas permeation parameter can be obtained through the formula below [30]  
2

32
y

d
                                    (7) 

As illustrated in Fig. 2, the cross-section area in Formula (6) can be expressed as  

y =B LA                                    (8) 

By substituting Formulas (7) and (8) into Formula (6), the flow rate of fuel gas through the 

porous anode can be expressed as  
2

32

y y

y

y

d B L P
Q

h





   


 
                           (9) 

Assuming the the flow rate of Qx is the total flow, based on the above description, the transport 

efficiency Fu of fuel gas from the porous supported-anode to the triple phase boundaries is  

y

u

x

Q
F =

Q
                                (10) 

Hence, the Formula (10), which refers to the fuel transport efficiency, can be expressed as  
2 2

u

x

F =
32 D h

y y

b x y x

Pd L

C h



 


  

   
                     (11) 

Assume 
2

32 D

y

b x

Pd

C





 

  
                           (12) 

Hence, Formula (11) can be simplified as  
2

u

x

F =
h

y

y x

L

h





 


                            (13) 

 

 

 

3. RESULTS AND DISSCUSSION  

Formula (13) reveals that the transport efficiency Fu of fuel gas that permeates from the porous 

supported-anode to the triple phase boundaries is proportional to the porosity εx and length L of the gas 

channel of the metal interconnect and inversely proportional to the porosity εy of the porous supported-

anode, the height hx of the gas channel of the interconnect, and the thickness hy of the supported-

anode. Hence, the transport efficiency of fuel gas can be improved by two aspects. When the 

parameters of the gas channel on the metal interconnect remain constant, the transport efficiency of 

fuel gas can be improved by increasing the porosity of the supported-anode εy or by reducing the 

thickness of the supported-anode hy. When the porosity εy and thickness hy of the supported-anode 
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remain unchanged, fuel transport efficiency can be increased by extending the length L of the gas 

channel on the metal interconnect or by reducing its porosity εx.  

To verify the theoretical model, the experimental result reported in literature was applied by F. 

Zhao et al. [31], in which the work investigated the effect of the parameters of the supported-anode on 

cell performance.  
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Figure 3. Comparison of the theoretical calculation result and the calculated result in literature 

 

The experimental results show: (1) when other parameters of a single cell are certain, the cell 

performance under 0.7 V gradually increases from about 0.58 W cm
-2

 to 0.9 W cm
-2

 at 48%, 1.15 W 

cm
-2

 at 57%, and 1.20 W cm
-2

 at 76% under the same gas flow and working temperature when the 

porosity of the supported-anode increases from 32% to 48%, 57%, and 76%, respectively. The fuel fed 

in the experiment was hydrogen at a flow rate of 300 sccm, and the cell active area was 2 cm
2
. A 

preliminary calculation indicated that the fuel utilization was in the sequence of 39.5%, 48.8%, 74.4%, 

and 74.5% as the porosity increased. (2) when other parameters of the cell anode remain constant, the 
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output power density of the cell under 0.7 V is in the sequence of 0.58, 0.71, 0.90, and 1.06 W cm
-2

 

when the thickness of the cell anode drops from 2.45 mm to 1.45, 1.0, and 0.5 mm, respectively. The 

formula reported by W. Winkler [32] is applied to calculate the fuel utilization, the value of fuel 

utilization in the experiment is in the sequence of 27.9%, 46.5%, 58.1%, and 69.8%.  

Fig. 3 shows the experimental estimation reported in literature and the theoretical estimation by 

means of Formula (13). Fig. 3(a) compares the theoretical calculation of the fuel transport efficiency 

under different porosities of the supported-anode and the actual fuel utilization that resulted from the 

experiment. The calculation assumes that the theoretical transport efficiency Fu is consistent with the 

fuel utilization that resulted from the experiment when the porosity is 32%. Since the fuel transport 

efficiency Fu is linearly proportional to the porosity, the theoretical calculation of Fu is in the sequence 

of 39.5%, 59.3%, 70.4%, and 93.8% as the porosity increases. The theoretical calculation result of Fu 

is quite close to the actual fuel utilization when the porosity is 32%, 48%, and 57%, respectively. 

When the porosity is 76%, the theoretical calculation of Fu deviates more from the actual fuel 

utilization that resulted from the experiment. Fu in this work indicates the transport efficiency of fuel 

that permeates from the surface to the triple phase boundaries through the porous electrode. The actual 

fuel utilization that resulted from the experiment is the efficiency of gas that permeates to the triple 

phase boundaries as it takes part in the chemical reaction. When the porosity of the support-anode is 

76%, the transport efficiency of fuel is much greater than the actual utilization, i.e., the flow rate of 

fuel gas that permeates to the triple phase boundaries is far more than the flow being utilized in a 

timely manner. The actual fuel utilization can’t be improved further even the fuel transport efficiency 

is higher due to the limited cell performance. The result also shows that it is unnecessary to increase 

the porosity further when the fuel utilization has reached its maximum.  

Fig. 3(b) compares the theoretical calculation of the fuel transport efficiency under different 

anode thicknesses and the actual calculation of fuel utilization that resulted from the experiment. 

Assuming that the fuel transport efficiency Fu is consistent with the actual fuel utilization when the 

thickness is 0.5 mm, as the thickness increases, the fuel transport efficiency reduces accordingly and 

becomes smaller than the actual utilization by 23.2%, 22.4%, and 13.7%, respectively, indicating that 

the big difference between them. It can be deduced that the difference perhaps results from the results 

that the actual fuel transport efficiency Fu is much higher than the actual fuel utilization when the 

thickness of anode is 0.5 mm. Assuming that the fuel transport efficiency Fu is consistent with the 

actual fuel utilization when the thickness is 0.5 mm, the fuel transport efficiency will naturally be 

lower than the actual fuel utilization with the increasing thickness. However, as the thickness 

increases, declining trends of the fuel transport efficiency Fu is consistent with that of the actual fuel 

utilization. Based on Fig. 3(b), when the anode gets thicker, the fuel transport efficiency gets closer to 

the actual fuel utilization when the porosity is 48%, verifying the theoretical model.  

 

4. CONCLUSIONS 

This work built a mathematical model of the fuel transport efficiency of SOFCs that permeates 

from the cell surface to triple phase boundaries through the porous anode: 
2

u

x

F =
h

y

y x

L

h





 


. The result 
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of this mathematical model indicates that the fuel transport efficiency that permeates to the triple phase 

boundaries through the porous supported electrode is proportional to the porosity of the support 

electrode and the length of the interconnector’s gas channel, and inversely proportional to the porosity 

and height of the interconnector’s gas channel and the thickness of the porous supported electrode. The 

actual utilization of SOFC is quite consistent with the trend of the theoretical calculated fuel transport 

efficiency, which verifies the theoretical model. Hence, the fuel transport efficiency can be increased 

by reducing the porosity or extending the gas channel length, or reducing the gas channel height on the 

metal interconnect, or by decreasing the size or increasing the porosity of the porous electrode, which 

will result in the higher actual fuel utilization. 
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