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ABSTRACT    

An efficient procedure is presented for the evaluation of solid oxide 
fuel cell (SOFC) anode microstructure triple phase boundary length 
(TPBL). Triple phase boundary- the one that is common between 
three phases of the microstructure- has a great influence on the 
overall efficiency of SOFC because all electrochemical reactions of 
anode take place in its vicinity. Therefore, evaluation of TPBL for 
virtual or experimental 3D microstructures is essential for 
comparison purposes and the optimization processes. In this study, 
first, an algorithm is proposed to distinguish between percolated and 
non-percolated clusters for each of the phases. Then, another 
algorithm is used to determine the value of TPBL for all percolated 
clusters of three phases. Also, a procedure based on thermal and 
diffusion analogy is presented to assess the tortuosity of porous and 
solid phases. Finally for a virtual microstructure, percolated clusters, 
active and total TPBL and tortuosity are calculated and discussed. 
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1. Introduction 

Solid oxide fuel cell (SOFC) is an 
electrochemical device that is used for the 
conversion of chemical energy of fuel into 
electricity with high efficiency compared to 
traditional technologies. The high energy 
conversion efficiency of SOFC, together with 
their high fuel flexibility (hydrogen, 
hydrocarbons, carbon monoxide, etc.), make 
them an ideal candidate for a better 
exploitation of fossil fuels, and for an 
efficient conversion of renewable energy 
sources into electricity [1, 2]. Production of 
electricity using a low-cost, clean and high 
efficiency process has created motivation for 
researchers on all relevant aspects of SOFC 
[3-13].  
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 SOFC is essentially consisted of three main 
parts: two porous electrodes, separated by a 
dense oxide ion conducting electrolyte. The 
main reaction of SOFC is oxidation of the 
fuel. On the cathode side, oxygen gas 
molecules react with incoming electrons 
coming from external circuit. Output of this 
reaction is oxygen ions which migrate 
through the electrolyte to the anode. It is clear 
that the electrolyte must be ion conducting. 
At the anode, the oxide ions react with an 
appropriate fuel such as H2. Outputs of this 
reaction are H2O and electrons. The electrons 
flow from anode to the cathode through the 
external circuit to produce electricity. If both 
oxygen and fuel are provided continuously, 
the SOFC can steadily generate electricity 
[14]. 

Based on the function of SOFC, the role of 
anode is providing an excellent catalyst for 
oxidation of the fuel. In addition, it must have 
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the capability of conducting electrons and 
ions and sufficient porosity to allow gas 
species pass through it. Other requirements 
include stability in the chemical environment, 
matching the thermal expansion coefficients 
of anode and electrolyte, chemical stability, 
and applicability of various fuels [14].  

In a three-phase SOFC anode consisting of 
Nickle (Ni) and yttria-stabilized zirconia 
(YSZ), Ni is the electron conducting element. 
YSZ is ion-conducting element and void has 
the responsibility of transporting fuel. It is a 
common belief that the oxidation reaction of 
fuel occurs only near the triple phase 
boundary (TPB) where the three phases are 
present. Presenting an efficient and accurate 
method for calculating triple-phase boundary 
length (TPBL) is the subject of this article. 

Mazrouei et al. [15] using an artificial 
neural network and genetic algorithm, found a 
microstructure with maximum active TPBL. 
They generated a series of virtual realizations 
for anode microstructure using Monte Carlo 
methodology and by evaluating these 
microstructures based on TPBL, they found 
the optimal microstructure. 

Deng et al. [16] developed a geometrical 
model to predict the influences of solid grain 
size, pore size and porosity on the TPBL in 
electronic composite electrodes of SOFC. 
They concluded that a finer solid grain size 
increases the TPBL and the optimal value of 
this factor depends on grain sizes, pore sizes, 
and porosity value. Despite the attained 
correct conclusions, the proposed method 
suffers some basic flaws. They assumed the 
entire pore space as spherical grains and they 
equated the surface of all these grains to the 
surface of the solid phase which is not correct. 
Also in their assumed model the overlap value 
of two spheres, that is an important parameter, 
was set to a value without any rational 
analysis. 

Janardhanan et al. [17] presented a 
mathematical model to calculate the volume 
specific TPBL in the porous composite 
electrodes of SOFC. The model is exclusively 
based on geometrical considerations 
accounting for porosity, particle diameter, 
particle size distribution, and solids phase 
distribution. They considered uniform particle 
size distribution as well as the non-uniform 
one for the calculation of volume specific 
TPBL. Even though the proposed modeling is 
better than the Deng method [16] the 
fractional overlap is not determined either.  

Digitized microstructures are presented by a 
number of voxels. Every  edge  of  a  voxel  is  
 

 surrounded with three other voxels. With the 
assumption that every voxel is occupied by 
only one phase, the aforementioned edge is 
considered a TPB segment if the neighboring 
four voxels comprise all three phases. 
Because of the step like pattern of the 
voxelized microstructures, if the TPB 
segments are simply added up, the total length 
of TPB is overestimated. Some researchers 
have proposed a correction factor to attain the 
real TPBL.   

Golbert et al. [18] counted all the pixels 
neighboring a TPB edge (four per edge) and 
divided this overall number by four. This 
approach reduces the calculated TPB length 
since some pixels appear for more than one 
edge but are only counted once. 

Suzue et al. [19] assumed that, 
geometrically, the actual TPB length should 
lie between 57.7% and 100% of the cubic 
voxel perimeter. Therefore, they reduced the 
calculated TPBL by 20% as a representative 
value. 

Wilson et al. [20], using an analytical 
assumption for calculated and actual TPBL, 
concluded that the average value for 
correction factor is about 1.455. They 
assumed that the TPBL, calculated in a 
voxelized media for any direction, is the sum 
of the coordinate components of its respective 
vector. Therefore, they attained the average 
correction factor by integrating in all 
directions on the unite sphere. 

To correct the overestimated TPBL, some 
researchers used summation of other distances 
such as midpoint lengths or centroid point 
lengths [21, 22]. Shikazono [21] proposed that 
instead of simply summing up TPB segments, 
the actual TPBL is calculated using the total 
connection lengths of the midpoint of TPB 
edge segment or the total distance between the 
centroids of the triangles defined by the 
neighboring midpoints of the edge segments. 
Using TPB of two overlapped spheres, they 
compared three methods and concluded that 
the centroid method could calculate the TPBL 
within 5% error. 

In this study, first, an efficient algorithm 
was presented for identifying active clusters 
for each phase. Then, based on active clusters, 
another algorithm was presented for active 
TPBL calculations. Because of considering 
only active clusters, the attained TPBL will be 
the active one. This was followed by using a 
thermal conductivity analogy, calculating and 
discussing the efficient diffusion coefficient. 
Finally, for a virtual microstructure, active 
TPBL and tortuosity were calculated. 
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2. Identifying Active Clusters 
 
A cluster of a phase is a subset of that phase 
in such a way that every pair could be 
connected to each other without crossing 
other phases. A cluster is active and 
percolated in a direction (for example  ) 
where there is at least one point, belonging to 
that cluster, on each plane of      and 
      . The behavior of effective 
properties such as transport (conductivity, 
diffusion, and fluid permeability) and elastic 
(Young's modulus) ones are affected by the 
percolation of respective phases. 

To determine the cluster of a specified 
phase (for example, black in Fig. 1), the 
algorithm is started from the first cell on the 
top left (for the first column and row, an 
additional column and row is added (the 
orange color column and row in Fig. 1) so that 
the algorithm could work correctly). If this 
cell is occupied by the other phases, the next 
bottom cell is considered and this continues to 
reach the cell that belongs to the specified 
phase. Upon reaching the desired cell, first, 
the phase of this cell is compared with the left 
and top cells only and, based on the 
conditions, there will be three situations. If the 
phase of the considered cell is different from 
both left and top cells, it is assigned a new 
cluster number. If it is similar to one of the 
two cells, the cluster number of these similar 
cells will be considered identical. If the phase 
of all cells (top, left, and the considered one) 
are identical and the cluster number of top and 
left cells are dissimilar, one of the clusters (for 
example, left) will be omitted and all the  cells  

 

 related to this omitted cluster, together with 
the considered cell, will be assigned the 
cluster number of the fixed cell (top cell) (Fig. 
1). 

After determining the cluster of a cell, the 
next bottom cell is considered and the 
algorithm is continued. It should be noted that 
the movement direction of algorithm is 
always to the bottom and after finishing a 
column the next right bottom is considered. 

This algorithm is almost similar to the 
cluster multiple labeling technique presented 
by Hoshen and Kopelman [23]. 

Cluster determination for three-dimensional 
media is basically similar to the two-
dimensional media. For three-dimensions, 
determination of cluster number is carried out 
for each plane and after finishing a plane, the 
next top plane is considered for assessment. 
The movement directions of the algorithm are 
only on the positive side of coordinate axes.  

 
3. Determining the Active TPBL 
 
TPB is the common boundary of all phases. In 
order to determine active TPBL, first, active 
cluster of all phases must be determined. 
Considering only active clusters, the common 
boundary among them will be active too. 

For easy counting of the TPB segment, the 
procedure is carried out in three steps. In each 
step only the unidirectional edges of 
voxelized microstructure are counted. For 
each assessed edge, if the presence of all 
phases in the four surrounding voxels is 
verified, that edge can be considered as a TPB 
segment (Fig. 2). 

 

 

Fig. 1. Schematic of the implemented algorithm for identifying cluster number of an square occupied by an 
intended phase 
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Fig. 2. (left) An edge is considered as TPB segment if all three phases are present in surrounding cells (right) 
schematic of the used algorithm for determining active TPB segments. 

 
4. Effective Diffusion Coefficient and 

Tortuosity 
 
Transportation of gas fuel, electron and ion 
are the essential geometrical issues for proper 
functioning of the SOFC anode. Phase 
percolation is a main factor that influences the 
effective coefficient of respective 
transportation. 

The anode porous media provides pathways 
for flowing fuel gas through the structure. 
Because of the pore size of the porous media 
(about nanometer-to-micrometer), the main 
mechanism of gas transport is diffusion [5]. 
Depending on the characteristics of the 
diffusing gas species and microstructure 
morphology and scale, three mechanisms can 
occur when gas molecules travel through the 
porous media. These mechanisms are 
molecular diffusion, viscous diffusion, and 
Knudsen diffusion [5]. Among these 
mechanisms, a reasonable approximation for 
effective diffusion coefficient for the porous 
media can be calculated using [5] 

     
 

 
      

 
(1) 

where     ,  , and   are effective diffusion, 
tortuosity, and bulk diffusion coefficient, 
respectively. 

Similar relations could be expressed for 
effective conduction coefficient of Nickle and 
YSZ phase. In the anode, every phase 
transports species apart from others. This 
means transportation of ion, electron, and gas 
fuel is carried out only through the YSZ-, 
Nickle- and void-phase, respectively, and 
other phases are insulator to what passes 
through the considered phase. Therefore, the 
tortuosity of each phase can be calculated 
separately from the others, using the thermal 
conductivity     analogy. Effective    diffusion 

 problem of a distinct phase is mathematically 
equivalent to effective electrical and thermal 
conductivity problems in the cases where 
adjacent phases are nonconductor to what 
passes through the considered phase [24, 25]. 

A dimensionless factor, F, can be defined 
using the mathematical equivalency of 
thermal and diffusion problems as 

  
 

    
 

 

    
    

(2) 

where      and   are the effective and bulk 
thermal conductivity coefficients of the 
specified phase, respectively. 

For each phase, using thermal conductivity 
problem and assuming    ,      and F 
could be computed for each direction.  

In order to determine      for any intended 
direction, two different temperatures, as 
boundary conditions, are considered for the 
two surfaces perpendicular to the specified 
direction and all the other surfaces are 
assumed to be insulator. 

Using Eqs. (1) and (2), the tortuosity can be 
expressed as: 

                (3) 

 
5. Results and Discussion 
 

5.1. Evaluating the Percolated and Active 
Clusters of the Microstructure 

 
For the implementation of the procedure, a 
virtual three-phase anode microstructure 
consisted of 26% Nickle, 33% YSZ, and 41% 
void with cell dimensions of 150x150x150 
was used. Virtual realization of the 
microstructure was carried out by a hybrid 
stochastic methodology based on the colony 
and kinetic algorithms and Monte Carlo 
methodology [6]. 
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Figure 3 demonstrates a clustered cut 
section of YSZ phase of 3D microstructure, 
using the explained algorithm in section 2. 
The zero sites belong to other phases. 

Clustering of Nickle, YSZ, and void phases 
are illustrated in Figs. 4, 5, and 6. Considering  

 

 all clusters of all phases, it is revealed that for 
each phase there is only one active cluster. 
Other clusters, in spite of their large size (Fig. 
4) or large numbers (of void in Table 1), are 
not percolated and they have no effect on the 
performance of SOFC.  

 
 

 

Fig. 3. A 2D cut-section of a 3D 150x150x150 pixel and the respective clustered cells 

 
 
 

 
 

Fig. 4. Cluster of Nickle phase (left) the main percolated cluster (right) the second cluster and third one that are not 
active 
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Fig. 5. The cluster of YSZ phase: (left) the main percolated cluster (right) the second cluster and third one. 
Compared with Nickle phase, these clusters are very small. 

 

Fig. 6. The main percolated cluster of void phase. Other clusters of this phase are many but their size is very 
small. 

 
Analysis of the active clusters for all three 

phases is listed in Table 1.  
It could be seen that for the phase with 

lowest volume fraction, Nickle, there are large 
inactive clusters. On the other hand, for void, 
that is the phase with largest volume  fraction,  

 there are a large numbers of inactive clusters, 
but their size is very small (compared to the 
size of main active cluster). 

From the viewpoint of percolation, the best 
configured phase is YZS. This phase has the 
largest active percentage and the lowest 
inactive cluster. 

 
Table 1. Clustering of all three phases (Nickle, YSZ and void). There is only one active cluster for each of phases. 

phase 
Volume 

fraction 

Number 

of cells 

Number 

of cluster 

Size of active 

cluster 

Size of  second 

cluster 

Size of third 

cluster 

Active cluster 

percent 

Nickle 0.26 877,512 442 722,197 43792 35687 82% 

YSZ 0.33 1,118,713 309 1,102,001 2231 21015 98.5% 

Void 0.41 1,378,775 44,718 1,325,232 147 105 96% 
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5.2. Counting Active TPBL Segment 
 
Using the proposed method in section 3, the 
total and active TPB are listed in Table 2. The 
value for the percentage of active TPB, e.g. 
63%, has conformity with the 66.1 % of Ref. 
[26] (with the same volume fraction for 
Nickle and YSZ phases). Also, the value of 
density of TPBL (0.005996) matches that 
(0.0057-0.0231) reported by Mazrouei et al. 
[15]. 

Figure 7 illustrates the active and total TPB 
segments. The red segments are not attached 
to the main percolated cluster and are 
inactive. 

 
 

 
 
 

 5.3. Tortuosity Calculation 
 
Using the Avizo Fire 8.1 software,   and 
other related parameters were calculated. 
Applying two different temperatures on two 
opposite faces and assuming others as 
adiabatic faces, the effective thermal 
conductivity is calculated. Tortuosity of all 
phases is listed in Table 3. The attained 
amounts are in good agreement with presented 
values of tortuosity for each phase given by 
Ref. [27]. 

When gas diffuses or electrons and ions 
transport, only the active cells of each phase 
are being involved. Therefore, if the inactive 
clusters of each phase were removed, the 
actual tortuosity of each phase or tortuosity of 
percolated clusters could be determined as 
illustrated in Table 3. 
 

Table 2. TPB segment counting of active and total clusters. 

Total TPB 

segment 

Active TPB 

segment 

Percent of 

active TPB 

Total cell of 

microstructure 

Density of TPBL 

(segment/cell) 

31986 20237 63% 3,375,000 0.005996 

 

 

Fig. 7. Active (blue) and total (blue and red) TPB segments 

 

Table 3. Effective thermal conductivity (diffusion) coefficient and tortuosity 

phase Volume 

fraction 
    Tortuosity Percent of 

Active 

Tortuosity of percolated 

cluster 

Nickle 0.26 0.04453 5.84 21.4 4.81 

YSZ 0.33 0.06715 4.91 32.65 4.86 

Void 0.41 0.16060 2.55 39.27 2.45 
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6. Conclusion 
 
In the present study, evaluation of a three-
phase SOFC anode based on three-phase 
boundary and tortuosity was investigated. 
Clustering of phases and determining the 
active clusters was carried out using the 
proposed algorithms. It was revealed that for 
each phase only one cluster is the main active 
cluster and other clusters, in spite of their 
large number or size, are inactive. Also for 
Nickle, the phase with lowest volume 
fraction, large inactive clusters were observed. 
On the other hand, for void, that was the 
phase with largest volume fraction, large 
number of inactive clusters existed, but their 
size was very small. The attained values for 
TPB and tortuosity are in good agreement 
with other previous studies.  

Using the proposed algorithm, it is possible 
to identify useless clusters and avoid 
assigning materials to these unused cells. This 
can be used in topology optimization for 
evaluating a proposed topology. Provided 3D 
print of a microstructure is possible, this 
algorithm could be used for removing unused 
clusters and reducing additional cost of 
material and manufacturing. 
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