
1 

Investigation of the Electrochemical Active Thickness of Solid Oxide 

Fuel Cell Anode 

Keqing Zheng1, Li Li2, Meng Ni*,1 

1 Building Energy Research Group, Department of Building and Real Estate 

The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

2 Ability R&D Energy Research Centre, School of Energy and Environment 

City University of Hong Kong, Hong Kong, China 

Abstract 

Determination of the electrochemical active thickness (EAT) is of paramount 

importance for optimizing the solid oxide fuel cell (SOFC) electrode. However, very 

different EAT values are reported in the previous literatures. This paper aims to 

systematically study the EAT of SOFC anode numerically. A SOFC model coupling 

electrochemical reactions with transport of gas, electron and ion is developed.  The 

microstructure features of the electrode are modeled based on the percolation theory 

and coordinate number theory. Parametric analysis is performed to examine the 

effects of various operating conditions and microstructures on EAT. Results indicate 

that EAT increases with decreasing exchange current density (or decreasing TPB 

length) and increasing effective ionic conductivity. In addition to the numerical 

simulations, theoretical analysis is conducted including various losses in the electrode, 

which clearly shows that the EAT highly depends on the ratio of concentration related 

activation loss Ract,con to ohmic loss Rohmic. The theoretical analysis explains very well 

the different EATs reported in the literature and is different from the common 

understanding that the EAT is controlled mainly by the ionic conductivity of 

electrode.  
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Nomenclature 

j  electric current density, A/m2 

jTPB electric current generated in unit TPB length, A/m 

jref reference exchange current density, A/m 

p  partical pressure, pa 

patm  operating pressure, pa 

r  particle radius, m 

rp  pore radius, m 

nel particle number of electron conducting particles 

x gas molar fraction 

BA/C anode/channel interface 

BC/C cathode/channel interface 

BA/E  anode/electrolyte interface 

BC/E   cathode/electrolyte interface 

,
eff
i kD

  
effective Knudsen diffusion coefficient of gas species i, m2/s 

,
eff
i lD

  
effective binary diffusion coefficient of gas species i and l, m2/s 

Eeq  equilibrium electric potential difference, V 

ENernst  reversible electrode potential, V 

F  Faraday constant, 96485 C/mol 

Lel-io   perimeter of contact area between electron and ionic particles, m 

La    anode thickness 

M   molecular mass, kg/mol 

N   molar flux of gas species, mol/(m2 s) 
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Perco   percolation possibility 

Rohmic  ohmic loss, V 

Ract  activation loss, V 

Rcon  concentration loss, V 

Ract,con  concentration related activation loss, V 

R ideal gas constant, 8.314 J/(mol K) 

T   operating temperature, K 

Zel-io   average ionic particle number around electron particle 

Vcell  output voltage, V 

Greek letters  

ηlocal   overpotential, V 

ϕ     electric potential, V 

σ    effective conductivity, S/m 

σ0   material intrinsic conductivity, S/m 

λTPB   TPB length in unit volume (m/m3) 

ξ   tortuosity factor for gas diffusion 

ν   diffusion volume (m3/mol) 

Ψ   volume fraction 

Subscripts:  

el     electronic conducting phase 

io     ionic conducting phase 

inlet   inlet conditions 

ref    reference conditions 

local   local reaction sites 

H2    hydrogen 
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O2    oxygen 

H2O   water 

y    position y 

Superscripts:  

a   anode side 

c   cathode side 

1. Introduction 

Solid oxide fuel cell (SOFC) has recent increasing attention in recent years for its 

potential in clean and efficient power generation. SOFC electrode functions as a 

provider of the electrochemical reaction sites as well as the transport medium of ion, 

electron and gas. In operation, electrochemical reactions only occur in the triple phase 

boundaries (TPBs, as shown in Fig. 1) where reaction gas, ion-conducting phase and 

electron-conducting phase meet. However, even the TPBs in SOFC electrode are 

percolated [1], the electrochemical reactions are believed to occur in a small depth from 

the electrolyte/electrode (E/E) interface, which is known as the electrochemical active 

thickness (EAT). Determination of the EAT is important in designing an SOFC 

electrode with optimum thickness [2].  If the electrode thickness is thinner than EAT, 

the active TPBs are reduced. If the electrode thickness is much larger than EAT, the 

concentration loss caused by gas transportation will also degrade SOFC performance.  

In addition, the accurate determination of the EAT is the prerequisite for optimizing the 

functionally graded electrode, in which the microstructure and material composition 

are purposely varied in different layers according to their functions: for electrochemical 

reactions, gas transport, electron conduction or ion conduction.  

However, the EAT reported in literatures significantly varies probably due to the 

different operating conditions, electrode microstructures and material properties used 
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in their studies. Martin Andersson et al. [3] developed a CFD model including fully 

coupled heat, mass, momentum and charge transport and revealed that the reaction 

zone that contains 90% of the electrochemical reactions should be 2.4 μm in cathode 

and 6.2 μm in anode under operating temperature of 1010K. For comparison, it is 

reported by M. M. Hussain et al. [4] that the EAT in anode is about 20 μm when the 

operating temperature is 1073K, current density is 0.5 A/m2 and average particle radius 

is 0.1 μm. Furthermore, it is revealed in their study that the EAT is increased to about 

60 μm when operating temperature is increased to 1273 K. Yoshinori Suzue et al. [5] 

and Naoki Shikazono et al. [6] solved the governing equations describing gas, ion and 

electron transport using Lattice Boltzmann Method (LBM) based on their reconstructed 

Ni/YSZ anode. The positive correlation between EAT (5 μm-20 μm) and operating 

temperature (873 K-1073 K) is also found in their study. However, the efficient 

thickness examined by Z.Y. Jiang et al [7] increases from 36 μm to 126 μm with 

operating temperature decreases from 1073 K to 923 K, which is contradict to previous 

studies. It is commonly regarded that the narrow reaction zone is limited by the poor 

ionic conductivity of electrode, and thus high temperature should generate a large EAT 

due to the raised high ionic conductivity. The different operating temperature effect on 

EAT reported by Z.Y. Jiang et al [7] implies a more complicated underlying 

relationship between operating parameters and EAT. Besides, it is reported by Naoki 

Shikazono et al. [6] that a thinner EAT is found with 10% humidified H2 as fuel, 

compared with the EAT of about 10-15 μm when 1.2% humidified H2 is used as fuel at 

1273K. This result also can’t be explained by our common knowledge that the EAT is 

controlled by the electrode ionic conductivity.  

This study aims to systematically investigate the EAT in SOFC anode over a wide 

range of operating and structural parameters. First, a numerical SOFC model is 
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developed, in which the concentration related Butler-Volmer (BV) equation, the ohm’s 

law and dusty gas model (DGM) are used to describe the electrochemical kinetics in 

TPBs, the electron and ion transport in electrodes and electrolyte, and the gas diffusion 

in electrode pores. The effective conductivities and TPB length required in model 

calculation are obtained with models based on the percolation theory and coordinate 

number theory [8-9]. After that, parametric analysis is conducted to examine the effects 

of operating conditions and electrode microstructure parameters on EAT. Finally, 

explanation of results is given by a theoretical analysis of various losses in electrode.  

2. Model Development 

A one dimensional (1D) anode-supported planar type SOFC model is developed. 

The computational domain and boundaries are shown in Fig. 2. Main assumptions in 

this model include: (1) Constant operating temperature condition is adopted. (2) 

Reaction sites (TPBs) are assumed to be uniformed distributed and well percolated 

inside electrodes. (3) Since the convection flow and pressure gradient effect could be 

safely neglected [10-12], only diffusion is considered for gas transport inside the 

porous electrodes. 

2.1 Electrochemistry 

In this model, only O2 reduction reaction and H2 oxidation reaction are considered, 

as shown in Fig. 1.  

Anode: 

2
2 2 2H O H O e                         (1) 

Cathode: 

2
20.5 2O e O                          (2) 
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The generated oxygen ions O2- in cathode are transported through electrolyte into 

anode while the released electrons e- in anode are transported through external circuit 

to cathode to form a cycle. Therefore, the overall reaction in the cell is: 

2 2 20.5H O H O                               (3) 

2.1.1 Electrochemical reaction kinetics 

The relationship between electric current generated in unit TPB length jTPB (A/m) 

and local overpotential ηlocal can be described by the Butler-Volmer equation [13-14]: 

2, 2 ,

2, 2 ,

exp exp
a a

H TPB H O TPBa a local local
TPB ref

H ref H O ref

p p F F
j j

p p RT RT

                        
     (4) 

0.25

2,

2,

exp exp
c c

O TPBc c local local
TPB ref

O ref

p F F
j j

p RT RT

                       
            (5) 

where, pH2,TPB and pH2O,TPB are the partial pressures of hydrogen and water in anode 

TPBs; pO2,TPB is the partial pressure of oxygen in cathode TPBs; pH2,ref, pH2O,ref and 

pO2,ref are the reference partial pressures of hydrogen, water and oxygen (equals to 

0.968 atm,0.032 atm and 0.21atm in this study, respectively); F, R, and T are the 

Faraday constant (96485 C/mol), ideal gas constant (8.314 J/(mol K)) and operating 

temperature (K); superscripts a and c represent the anode and cathode, respectively. 

jref is the exchange current density tested under reference conditions and it can be 

calculated as [13-14]: 

 3 85 / 1 1
2 10 exp

1073[ ]
a
ref

kJ mol
j

R T K
    

     
  

           (6) 

 4 100 / 1 1
3.75 10 exp

1073[ ]
c
ref

kJ mol
j

R T K
    

     
  

           (7) 

2.1.2 Output voltage 
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The local overpotentials a
local  and c

local  in anode and cathode, and the cell 

output voltage Vcell are defined as [15]: 

c c c c
local el io eqE                                   (8) 

a a a a
local el io eqE                             (9) 

/ /C C A C
cell el elV                            (10) 

where, ϕ and Eeq are the electric potential (V) and equilibrium electric potential 

difference (V), respectively; subscripts el and io represent the electronic phase and 

ionic phase; superscripts a and c represent the anode and cathode, respectively; 

superscripts C/C and A/C represent boundaries labeled in Fig. 2.  

In this study, the equilibrium electric potential differences of the anode and 

cathode are defined as follows: 

0;a c
eq eq NernstE E E                        (11) 

where, ENernst is the reversible electrode potential and can be obtained as [16]: 

 2 ,

0.5
2, 2,

ln
2

H O TPB
Nernst T

H TPB O TPB

pRT
E E

F p p

 
    

 
                (12) 

1.253 0.00024516TE T                      (13) 

The electric potential distribution can be obtained by solving charge balance 

equations [15], as written in Eq. (14)-Eq. (16). 

Anode: 

2

2

a a a
a a ael io el
el TPB TPB

dj dj d
j

dy dy dy

                       (14) 

Cathode: 

2

2

c c c
c c cel io el
el TPB TPB

dj dj d
j

dy dy dy

                      (15) 

Electrolyte: 
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2

2
0io io

io

dj d

dy dy

                          (16) 

where, j, σ and λTPB are the electric current (A/m2), effective conductivity (S/m) and 

TPB length in unit volume (m/m3). 

The percolation theory based model [8-9] is used to calculate the effective ionic 

conductivity σio, electronic conductivity σel and TPB length λTPB, as follows (more 

details can be found in ref. [8-9]): 

TPB length: 

, , ,i i i i i i
TPB el io el el io erco el erco ioL n Z P P i a c                      (17) 

where, Lel-io is the perimeter of contact area between el and io particles; nel is the total 

particle number of el particles; Zel-io is the average io particle number around el 

particle; Perco is the percolation possibility.  

Conductivity: 

  1.50
,1 ,i i i erco iP i el io                          (18) 

where, ε is the electrode porosity; Ψ is the volume fraction; σ0 is material intrinsic 

conductivity. In this work, materials used in anode/electrolyte/cathode are 

NiO+YSZ/YSZ/LSM+YSZ. However, the model can be easily applied to other 

materials if their material properties are known. 

2.2 Mass conservation  

For SOFC in operation, reactant gases (H2 and O2) should be transported from gas 

channels to TPBs while produced water steam from TPBs to gas channels. The gas 

concentration distributions could affect electrochemical reaction rates and further 

SOFC performance, as shown in Eq. (4)-Eq. (5). Gas diffusion in porous electrodes 

can be described by the dusty gas model (DGM) [17]: 
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1,
, ,

1ni l i i l i
l l ieff eff

i k atm i l

N p N p N dp

D p D RT dy 


                    (19) 

where, N is the molar flux of gas species (mol/(m2 s)); p and patm are the partial 

pressure of gas species and operating pressure (Pa); ,
eff
i kD  is the effective Knudsen 

diffusion coefficient of gas species i (m2/s); ,
eff
i lD  is the effective binary diffusion 

coefficient of gas species i and l (m2/s).  

The effective diffusion coefficients can be calculated as follows [18]: 

,

2 8

3
eff
i k p

i

RT
D r

M


 

                       (20) 

0.58 1.75

, 21/3 1/3

3.198 10 1 1eff
i l

i latm i l

T
D

M Mp v v




  
  

    
              (21) 

where, M is the molecular mass (kg/mol); rp is the average pore radius (m); ξ is the 

tortuosity factor for gas diffusion; ν is the diffusion volume (for H2, O2, N2, H2O, the 

values are (m3/mol): 6.12×10-6, 16.3×10-6, 18.5×10-6, 13.1×10-6). 

In steady state, the diffusion of gas species should satisfy mass balance, as written 

in Eq. (22) and Eq. (23). 

Anode: 

22

2

a a
H OH TPB TPBdNdN j

dy dy F


                     (22) 

Cathode: 

2

4

c c
O TPB TPBdN j

dy F


                        (23) 

 

2.3 Boundary conditions 

The detailed setting information of boundary conditions labeled in Fig. 2 is listed 

in Table. 1. Inlet gas compositions (pH2,inlet, pH2O,inet, and pO2,inlet) are given in the 
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anode/channel (BA/C) and cathode/channel (BC/C) interfaces. Mass fluxes in BA/C and 

BC/C are determined by total current density j. Only ionic current flux passes through 

the electrolyte (BA/E and BC/E). Only electronic current flux passes through the 

electrode/channel interfaces (BA/C and BC/C).  

3. Solution Method and Model Validation 

The established model is implemented with the commercial finite element software 

COMSOL MULTIPHSICS®. Equations for ion, electron and gas transport are solved 

simultaneously with the default stationary nonlinear solver. With given output 

voltages, the gas concentration，current density and local overpotential distribution 

can be obtained. Grid in computational domain is refined to ensure the grid 

independence.  

Key parameters calculated with above equations are compared with literature data 

(under T=1073 K) and shown in Table. 2.  Cell performance is also calculated and 

compared with experimental results [19] for model validation, as shown in Fig. 3. In 

the above comparison, the structural parameters of the SOFC and the operating 

conditions of the experimental study are used as input parameters in the simulation: 

the thicknesses of anode/electrolyte/cathode are 1000/8/20 μm, the volume fraction of 

ionic conducting phase in anode Ψio is 0.33, and porosities of anode and cathode are 

0.48 and 0.26.  Other parameters used in model validation can be found in Table 3.  

4. Results 

To be general, the subsequent parametric simulations will focus on a standard cell 

with typical cell configurations.  The structural parameters of the standard cell are 

listed in Table 3.  Parametric analysis of the EAT is conducted by varying only one 

parameter each time.  The ionic current density distribution in SOFC is shown in Fig. 

4 (standard cell, output voltage Vcell=0.7 V). As labeled in Fig. 4, the zone thickness 
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inside which 99% ionic current is transferred into electronic current is defined as the 

EAT. In the following part of this section, only the effect of various parameters on 

EAT is presented. Explanation of results is given in the next section.  

4.1 Effect of operating conditions 

Variation of EAT with different output voltage Vcell is shown in Fig. 5. It can be 

seen that the EAT increases from 5.75 μm to 9.5 μm as the output voltage Vcell 

increases from 0.3 V to 0.9 V. For comparison, it is also predicted by [2, 14] that high 

electrode overpotential leads to a smaller active thickness. However, [4] considered 

that the output voltage Vcell only had negligible effect on EAT. It should be noted that 

in the following part, results are only obtained under output voltage Vcell=0.8 V and 

Vcell=0.5 V for actual operation consideration.  

In this study, humidified H2 is supplied as fuel. Four kinds of xH2,inlet are 

considered to simulate the different gas composition along gas flow channel for SOFC 

in operation. As shown in Fig. 6, the EAT decreases from 8.1 μm to 4.5 μm as xH2,inlet 

decreases from 96.8% to 70% when output voltage Vcell= 0.8V. Similar results can be 

found in [6], in which a thinner EAT is obtained with a lower xH2,inlet.   

The effect of operating temperature T on EAT is examined by changing T from 

1173 K to 873 K, as shown in Fig. 7. It can be found that the EAT increases from 8.1 

μm to 9.4 μm under Vcell=0.8V as operating temperature T decreases from 1173K to 

873K, which is consistent with results in [7]. On the contrary, [5, 14, 4, 26] revealed 

that the EAT was negatively correlated with operating temperature T. 

Reference exchange current density is an indicator of the electrochemical reaction 

rate in electrode, which strongly depends on the operating conditions, electrochemical 

reaction types as well as electrode material properties. Since the expressions of 

reference exchange current density reported in literature vary significantly, it is 
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necessary to consider the effect of jref on EAT. The reference exchange current 

density jref calculated with Eq. (6) is defined as jref_standard. The effect of jref on EAT is 

examined by changing jref from 0.1jref_standard to 2jref_standard, as shown in Fig. 8. It can 

be seen that increasing exchange current density decreases the EAT, which coincides 

with results in [14]. Since the TPB length λTPB affects the local current source (see Eq. 

(14) and Eq. (4)) and further the cell performance in the same way as reference 

exchange current density jref, a negative correlation between λTPB and EAT can be 

deduced. 

Similarly, effective ionic conductivity σio in anode calculated with Eq. (18) is 

defined as the σio_standard. The effect of σio on EAT is examined by changing σio from 

0.5σio_standard to 2σio_standard. As shown in Fig. 9, the anode EAT increases significantly 

(from 5.5 μm to 15.25 μm, under Vcell=0.8 V) with increasing anode effective ionic 

conductivity. Same results can be found in [7]. 

4.2 Effect of structure parameters 

Variations of microstructure parameters will affect electrode TPB density, 

effective conductivities, and effective diffusion coefficients. The effect of mean 

particle radius r on EAT is studied by changing the mean particle radius r from 0.5 

μm to 2 μm, as shown in Fig. 10. It can be seen that EAT increases greatly from 3.75 

μm to 18 μm (under Vcell=0.8 V) as r increases. In this aspect, similar trends are 

obtained in [7, 14, 27].  

The effect of particle radius ratio rio/rel on EAT is also examined, as shown in Fig. 

11. When the volume fraction of ionic conducting phase Ψio and electron particle 

radius rel in anode are kept as 0.5 and 0.5μm, the EAT has an increase from 6.1 μm to 

8.75 μm (under Vcell=0.8 V) as rio in anode increases from 0.5 μm to 1 μm. But it is 
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noted by [14] that the effect of rio/rel on EAT depends on the resulted variation of σio 

and λTPB.   

Variation of electrode composition changes the effective conductivities and TPB 

density simultaneously. Fig. 12 shows the effect of the volume fraction of electron 

conducting phase Ψel on EAT. Same with [7, 14, 4], a larger EAT is obtained with a 

lower content of the electron conducting phase Ψel.  

Finally, the effect of porosity ε on EAT is examined by changing ε from 0.3 to 0.6. 

Increasing of porosity will decrease TPB density and effective ionic/electronic 

conductivity, but improve the gas transport in electrode simultaneously. Negligible 

effect of porosity on EAT is found in this study, as shown in Fig. 13. However, a large 

EAT is found with a large porosity in [14].  

5. Discussion  

To explain the results given above, various kinds of losses in SOFC anode are 

shown in Fig. 14. The total electrode thickness is La, and the original point refers to 

the anode/channel (BA/C) interface. Therefore, the losses for position y to generate a 

certain amount of electronic current jy (or consume a certain amount of ionic current) 

include: the ohmic loss caused by ion transport from BA/E to position y and electron 

transport from position y to BA/C (Rohmic), the activation loss caused by the 

electrochemical process (Ract), and the concentration loss caused by the concentration 

differences between position y and reference conditions (Rcon). Since the gas 

concentration distribution affects the SOFC performance by affecting the reaction rate, 

the Rcon and Ract can be combined into Ract,con, as shown in Eq. (4). Therefore, the total 

voltage loss for position y to generate jy is (Ract,con+ Rohmic), which determines the 

possibility of the electrochemical reactions’ occurrence in position y. That is, for 

optional position y1 and y2, to generate the same amount of electronic current, if the 
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(Ract,con,y1+Rohmic,y1) is less than (Ract,con,y2+Rohmic,y2), electrochemical reactions prefer 

to occur in position y1. 

Based on the analysis above, two extreme situations are considered: 

(1) Ract,con is negligible and Rohmic is the dominant loss. Considering the electronic 

conductivity is orders of magnitude larger than ionic conductivity in typical SOFC 

composite electrodes, its contribution to Rohmic can be neglected. Therefore, Rohmic is 

reversely proportional to the ionic transport distance. That is, the nearer the location 

from the anode/electrolyte interface (BA/E), the easier for the electrochemical 

reactions’ occurrence.  

(2) Rohmic is negligible and Ract,con is the dominant loss. The gas concentration 

distribution effect can be ignored in typical SOFC operating conditions. As a result, 

the activation loss related to electrochemical reactions should be independent of its 

location. That is, electrochemical reactions should occur evenly throughout the 

electrode when homogeneous distribution of TPB is assumed.   

Therefore, it can be concluded that the EAT (thickness of the reaction zone where 

most electrochemical reactions occur) depends on the ratio of Ract,con/Rohmic in SOFC 

electrode. A larger ratio will lead to a more even distribution of electrochemical 

reactions inside electrode and thus a larger EAT.  For comparison, a lower ratio will 

limit the electrochemical reactions close to the electrolyte and lead to non-uniform 

distribution of the reaction rates.   

Explanation of results:  

First of all, large exchange current density jref (Fig. 8) and TPB length λTPB lead to 

thinner EATs by decreasing the Ract,con. Large ionic conductivity σio (Fig. 9) lead to a 

larger EAT by decreasing the Rohmic.  

As the output voltage Vcell decreases from 0.9 to 0.3, the dominant loss that 
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determines SOFC actual performance changes from the activation loss to ohmic loss, 

which leads to a smaller ratio of Ract,con/Rohmic and a thinner EAT, as shown in Fig. 5. 

But it should be noted that, different conclusions might exist when concentration loss 

is dominant. Moreover, the typical output voltages (0.8 V and 0.5 V) shown in the 

result section represent the activation loss dominant case and ohmic dominant case, 

respectively.  

High inlet hydrogen molar fraction xH2,inlet causes a low reaction rate in anode 

(see Eq. (4)) and thus leads to a larger ratio of Ract,con/Rohmic and a thicker EAT, as 

shown in Fig. 6. However, it should be mentioned that high inlet oxygen molar 

fraction xO2,inlet improves the electrochemical reaction in the cathode side and 

indicates a thinner EAT.  

Decreasing the operating temperature T decreases the reaction rate and effective 

conductivity simultaneously. Therefore, the effect of operating temperature on EAT 

depends on the resulted variation in Ract,con/Rohmic. Moreover, variations in mean 

particle radius r, particle radius ratio rio/rel, porosity and volume fraction of electron 

conducting phase Ψel also affect the Ract,con and Rohmic at the same time.  However, 

under wider operating conditions, the concentration could become significant or even 

limiting.  Thus the effects of these structural parameters on electrode active 

thickness could be significant.  Consequently, their effects on EAT require further 

study for a detailed cell. 

6. Conclusion 

In this work, a numerical model is established to investigate the EAT in SOFC 

anode. For the standard cell defined with parameters in Table. 3, the EAT is 8.1 μm 

(Vcell=0.8 V). Such a small value is in the range of [5, 6, 26, 28, 29], but differs a lot 

from [7, 25, 30]. The differences are probably caused by the quite different exchange 
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current densities used in simulations. The effects of various operating conditions and 

electrode microstructure parameters on EAT can be explained by the variation of the 

ratio Ract,con/Rohmic. It can be concluded that measures which raise the ratio will lead to 

a larger EAT. Although this work is conducted for SOFC anode, the positive 

correlation between EAT and the ratio Ract,con/Rohmic is also applicable for SOFC 

cathode.  
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Table. 2  

Parameters Present study Previous study Calculation conditions 

a
TPBj  1.62×10-2 A/m  

1.89×10-2 

A/m [13] 

pH2=0.9×105 Pa  

pH2O=0.1×105 Pa 

pO2=0.15×105 Pa 

a
local =0.1 V 

c
local =0.3 V 

c
TPBj  8.83×10-3 A/m 

1.12×10-2 A/m 

[13] 

a
TPB & c

TPB  1.2×1012 m/m3 
2.13×1012 

m/m3 [20] ε=0.4 

ξ=3 

Ψio=0.5  

rio=rel= rp=0.5 μm 

0 4 10300
3.34 10 exp( )YSZ T

    [21] 

0 63.27 10 1065.3Ni T    [22] 

7
0 8.85 10 1082.5

exp( )LSM T T
 

 [23] 

 

a
io & c

io  0.33 S/m 

a
el  3.1×105 S/m 

c
el  3.3×104 S/m 

2,
eff
H kD   1.6×10-4 m2/s 

1.5×10-4 m2/s 

[13] 

2, 2
eff
H H OD   8.5×10-4 m2/s 

5~9×10-4 m2/s 

[24] 
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Table. 3 

Operating temperature, T 1073K 

Operating pressure, p 101325 Pa 

Inlet gas composition (molar fraction):  

Anode, xH2 + xH2O 96.8% H2+3.2% H2O [25] 

Cathode, xO2 + xN2 21% O2+79% N2 

Structure parameter:  

Thickness, La/Le/Lc 400 μm /50 μm /50 μm 

Porosity, a & c  0.4 

Tortuosity, a & c  3 

Mean particle radius, elr & ior  0.5 μm 

Volume fraction of ionic phase, a
io & c

io  0.5 
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