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Abstract: Ni particle coarsening is an important factor in deteriorating the durability of solid oxide 

fuel cell (SOFC) operations. In order to investigate the influence of Ni coarsening on SOFC 

performance, the transient multi-physical field model of SOFC was developed in this paper. The high 

operating temperature accelerates Ni particle growth and increases the attenuation rate of SOFC 

current density from 0.23%/kh at 650 oC to 2.6%/kh at 800 oC. The increase in the ratio of steam to 

carbon also intensifies the Ni particle coarsening process and deteriorates the transient performance of 

SOFC. Increasing YSZ particle diameter could hinder the growth of Ni particles and slowing down the 

increase rate of Ni particle diameter. Within the range of preset YSZ diameter dYSZ, increasing dYSZ 

reduces the attenuation rate and increases the average current density. Improving Ni phase fraction 

helps to reduce the attenuation rate of current density. Since multi-physical field (MPF) simulation 

needs long calculation time and it is difficult to achieve fast prediction, artificial neural network (ANN) 

is trained by the database generated by MPF. The mapping relationship between operating parameters, 

structural parameters and attenuation indexes is obtained. Finally, the attenuation performance of 

SOFC is optimized by genetic algorithm (GA) through data-driven method. The absolute average 

relative errors of all parameters in predicting attenuation rate and average current density are as low as 

0.767% and 0.248%, which indicates the reliability of the ANN prediction. After optimization, the 

maximum current density is 5960 AĿm-2 under operating voltage at 0.6 V when the attenuation rate 

requirement not exceeding 1% is satisfied. The combination of MPF simulation, ANN and GA 
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provides a framework for fast performance prediction and optimization of strong nonlinear system. 

Keywords: Solid oxide fuel cell, Ni coarsening, Multi-physics field, Artificial neural network, 

Performance attenuation prediction 
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Nomenclature  V Output voltage 

Abbreviations  y Molar fraction 

AFL Anode functional layer Z Coordination number 

ANN Artificial neural network w TPB active width 

ASL Anode support layer ὍӶ Average current density 

BRFS Binary random filled sphere Greek letters 

CCCL Cathode current collector layer Ŭ Charge transfer coefficient or 

Bruggeman factor  

CFL Cathode functional layer ɔ Pre-exponential factor  

DPB Double phase boundary Ů Porosity 

EL Electrolyte layer ɖ Effectiveness factors 

FC Fuel cell ɗ Contact angle 

GA Genetic algorithm ə Permeability 

MPF Multi-physics filed ɚ TPB area 

MSE Mean square error ɛ Dynamic viscosity 

MSR Methane steam reforming ɝ Number fraction of particles 

RM Reverse methanation ɟ Density 

SOFC Solid oxide fuel cell ů Electrical conductivity 

TPB Triple phase boundary ɣ Phase volume 

WGS Water gas shift ɤ Mass fraction 

Symbols  Subscripts and superscripts 

A Specific surface area 0 Initial state 

d Thickness or diameter 20 K Twenty thousands 

D Diffusion coefficient eff Effective 

Eact Activation energy el Electronic phase 

Eeq Equilibrium potential el-el Electronic phase-electronic phase 

F Faraday constant el-io Electronic phase-ionic phase 

j Volume current density or mass 

diffusion flux 

io Ionic phase 

k Reaction rate constant io-el Ionic phase-electronic phase 

K Adsorption constant io-io Ionic phase-ionic phase 

Keq Reaction equilibrium constant O Oxide 

L Cell length R Reduction 

M Molar mass   

N Total number of particles   

p Partial pressure   

P Percolation probability   

Qm Source term   

R Reaction rate or Ideal gas constant   

r Radius or attenuation rate   

u Velocity   

 

1. Introduction 
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As the concept of environmental protection is deeply rooted into the hearts of the people, countries 

around the world pay more and more attention to CO2 emission reduction. For example, China 

explicitly proposed the dual carbon goals of "peak carbon" by 2030 and "carbon neutral" by 2060 in 

September 2020 [1,2]. Besides, more than 50 countries, including Germany, France and the European 

Union have also pledged to reach net zero emissions by mid-century [3]. This means that reducing 

CO2 emissions is imminent and the pace of carbon reduction needs to be accelerated [4]. Under the 

strong demand of the current carbon reduction target, clean and efficient energy conversion technology 

has become a hot topic in current research. 

Solid oxide fuel cell (SOFC), as a kind of high temperature fuel cell (FC), is regarded as the next 

power generation technology due to its superior performance [5]. First, SOFC directly converts the 

chemical energy of fuel into electrical energy through electrochemical reaction, which is different from 

the traditional chemical-mechanical-electrical energy conversion path for power generation. The 

maximum electrical efficiency of SOFC is not limited by the traditional Carnot cycle [6], which is also 

one of SOFC's outstanding strengths: high efficiency. In addition, SOFCs usually operate at 600-1000 

oC [7], which is also why the SOFC is categorized as high temperature FC. High temperature operation 

enables SOFCs to have a wide range of fuel selectivity, because the reforming and shift reactions 

occurs under such high temperature, which could convert hydrocarbons [8,9], alcohols [10,11], 

ammonia [12,13], and even solid biomass [14,15] into H2 and CO for electrochemical reactions. In 

particular, biomass-based SOFC is possible to achieve net zero CO2 emissions, which is of great 

significance for reducing CO2 emission. Therefore, biomass-based SOFC is of great interest to many 

researchers. There have been numerous works discussing the biomass-based SOFC performance at the 

cell and system levels. Another advantage of high temperature operation of SOFC is that it improves 

the electrochemical reaction rate in the case of avoiding the use of precious metal catalysts such as Pt 

and Rh, which eliminates catalyst poisoning to operate more stably [16]. It is worth mentioning that 

SOFC also has some engineering merits, such as low noise, high modularity, flexible installation 

position, etc., which helps to promote the SOFC practical application. 

Although the above analyses show the strong vitality of SOFC as a clean energy conversion 

technology, SOFC still faces some problems and challenges in the aspect of stable operation. At present, 

the stabilization operation requirement of commercial SOFC is that the performance attenuation rate 
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keeps less than 1%/1000 h and the lifetime extends more than 40,000 h under stationary application 

scenarios [17,18]. The factors affecting SOFC performance attenuation can be divided into two aspects, 

namely mechanical damage and material degradation. The mechanical damage is the main mechanism 

of SOFC performance attenuation caused by physical action. The mechanical damage means the 

damage of the SOFC mechanical structure, including cracking, delamination, creep damage, etc., 

which is mainly caused by thermal stress [19]. The main countermeasures include minimizing 

temperature gradient, optimizing structure design and material selection. The material degradation can 

be divided into four types according to different positions: cathode, electrolyte, interconnect and anode. 

The main reason of cathode material degradation is that Cr and Zr series oxides generated in the 

cathode block the active site of electrochemical reaction, hinder the adsorption and diffusion of gas, 

increase the ohm resistance thus to lead to the degradation of SOFC performance [20,21]. The 

degradation of SOFC performance caused by Cr oxides is also known as ñCr poisoningò. The 

degradation mechanism of electrolyte is mainly the reduction of YSZ intrinsic conductivity [22]. The 

degradation of interconnect is attributed to the decrease of electrical conductivity caused by the thin 

oxide layer formed on the surface [23]. For stainless steel materials, the oxide layer is mainly Cr2O3. 

The last type is anode material degradation, which mainly includes Ni particle coarsening, carbon 

deposition and impurity gas poisoning. Among the four types of material degradation, the degradation 

of anode materials is the most concerned, especially carbon deposition and Ni particle coarsening, 

because the materials degradation in other positions can be easily inhibited or even eliminated by 

external measures. For example, the formation of Cr2O3 in cathode and interconnect can be inhibited 

by adding an antioxidant layer on the surface of the metal interconnect plate [24]. The decrease of 

intrinsic conductivity of electrolyte YSZ is obvious at high temperature (above 1000 oC), but this 

decline is weakened at moderate temperature (600-800 oC). 

However, Ni particle growth and carbon deposition are inherent degradation mechanisms, which 

are difficult to suppress through external measures and are unavoidable in operation. Carbon deposition 

is a typical problem that causes the performance degradation of SOFCs fueled by carbon hydrocarbons. 

The main reason is that the decomposition of the carbon-containing fuel produces solid carbon in the 

porous anode, resulting in the blockage of the anode pores, which blocks the active site of the reaction 

and makes the gas transport difficult. As a result, the reaction activity is reduced [25]. It is noteworthy 
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that there have been related reports on the carbon deposition phenomenon from the perspective of 

experiments and simulations [25ï28]. It was summarized that the operating conditions can suppress 

the carbon deposition phenomenon. Ni coarsening is a problem that affects the durability of SOFC fed 

by all kind of fuels, which is also the main focus of this article. According to the current research, there 

are two different mechanisms to explain Ni particle growth: atomic migration and vapor transport [29]. 

Atomic migration means that Ni atoms escape from the small crystals and are trapped by the large 

crystals, encouraging the growth of Ni particles. Vapor transfer is a process that the Ni atoms at the 

edge site react with the kinked Ni atoms in the presence of steam to form the composite Ni2-OH [29,30]. 

The specific process can be described by reaction equation (1). Under the humidified environment, the 

vapor transfer mechanism is generally viewed as the main reason of Ni coarsening [29]. In this work, 

the Ni particle growth model based on vapor transfer mechanism was used to describe Ni coarsening 

growth in SOFC anode.  

*Ni(111) 2 bulk 2 *Ni(111) 22 H O(g) 2Ni Ni -OH(2 ) 0.5H (g)+ + +          (1) 

There have been several reports on the influence mechanism and quantitative analysis of Ni 

coarsening on SOFC performance. Zhu et al. [31] established a two-dimensional humidified hydrogen 

fueled SOFC model coupled with Ni coarsening, and discussed the effect of the ratio of the initial Ni 

particle radius to the YSZ particle radius on the current density attenuation rate. Fu et al. [29] developed 

a three-dimensional multi-physics SOFC model coupled with Ni particle coarsening and quantified the 

voltage attenuation rate under different operating conditions. The fuel used in this SOFC model is a 

mixture of steam, methane and hydrogen. The solution time of the model is about 12-16 h. Such a long 

solution time is detrimental to real-time prediction of SOFC performance degradation and fast 

performance optimization. Rizvandi et al. [32] developed a multiscale degradation model of the SOFC 

stack fueled by humidified hydrogen, taking Ni coarsening, Cr poisoning, and interconnect plate 

oxidation into account. The solution time of this model in a high-end workstation is about 75 min. 

Through the analyses of the above studies, the previous work about Ni coarsening in SOFC fueled by 

biomass syngas is few, whose composition is more complex. Besides, the solution time of previous 

models is too long to meet the requirements of real-time prediction and fast optimization. 

In this study, a multi-physics model of SOFC fueled by biomass syngas coupled with Ni particle 

coarsening is first developed. The relationship between microstructures and apparent performance of 
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porous electrode is quantified by using the binary random packing spherical particles model. Then the 

multi-physics field model is used to generate the adequate training data for the artificial neural network 

(ANN), which is used to predict the performance attenuation of SOFC caused by Ni coarsening. The 

multi-physics field (MPF) simulation can provide detailed information about SOFC performance 

attenuation under different operating and structural parameters, even under extreme conditions for 

training, which is difficult to achieve in experiment [33]. The ANN enables to quickly predict the 

performance attenuation based on the well-trained database generated by the MPF when the input 

parameters are given. The combination of ANN and MPF makes up for the lack of MPF in fast response. 

Furthermore, with the adoption of genetic algorithm (GA), the optimization of the SOFC regarding the 

objective function could be further achieved. Therefore, through the combination of MPF and ANN, 

rapid response prediction of SOFC performance attenuation under different conditions could be 

performed, so as to realize the fast optimization of SOFC performance. The proposed method 

contributes to significantly reduce the MPF computational load to a certain extent, and quickly screen 

out the optimal SOFC operation or structural parameters. 

2. Model development 

2.1 Research framework for combining transient MPF and ANN 

Fig. 1 shows the framework of the proposed MPF and ANN combined model. The whole research 

framework can be divided into three parts. First, a transient multi-physics model of SOFC considering 

Ni particle coarsening is established, and then the model is validated to confirm its rationality. Then, 

the influences of relevant parameters on SOFC performance attenuation are investigated through the 

parametric analyses of the multi-physics model. If the influence mechanism of relevant parameters on 

SOFC performance attenuation is mastered, the indexes to characterize SOFC performance could be 

identified. After determining the independent variable parameters and dependent variable indexes, a 

large number of data sets are generated by running the MPF model. The independent variable 

parameters and dependent variable indexes are set as the inputs and outputs of the ANN, respectively. 

These data sets are divided into two parts: one for ANN to identify mappings between inputs and 

outputs, and the other for validating the accuracy of trained mature ANN. Finally, if the prediction 

accuracy of trained ANN meets the requirements, GA is used to optimize SOFC attenuation 

performance in a data-driven way to obtain the operating and structural parameters with practical 
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guiding significance. Through the combination of MPF, ANN, and GA, the real-time prediction and 

fast optimization of SOFC performance attenuation can be realized, which contributes to quickly 

screen out optimal parameters to improve SOFC durability under the influence of Ni coarsening. 

 

Fig. 1 The research framework for the developed MPF and ANN combined model 

2.2 Geometric structure and working mechanism of SOFC 

The two-dimensional geometric structure of the SOFC is shown in Fig. 2. The specific 

dimensional parameters, electrode and electrolyte parameters involved in this SOFC model are 

summarized in Table 1. In the developed model, the width of the single-channel cell is 2 mm and the 

area of the single-channel cell is 2 mm*4 cm=0.8 cm2. The geometry of the model was also set 

according to the actual cell tested by Fu et al.[34]. As the actual cell consists of many single-channel 

cells, the single-channel cell is extracted for model construction to reduce the computational burden 
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based on the periodic geometry of the cell. The three-dimensional single-channel cell can be further 

simplified into two-dimensional single-channel cell when the interconnection plate is ignored [10]. 

The developed SOFC model is mainly composed of six components, which are anode and cathode 

flow channel, anode support layer (ASL), anode functional layer (AFL), electrolyte layer (EL), cathode 

functional layer (CFL) and cathode current collector layer (CCCL). The role of the flow channel is to 

provide a place for the circulation of fuel and air. The ASL is mainly used as a support to ensure the 

mechanical strength of the cell. The ASL is also the place where the reforming and shift reactions occur. 

AFL is filled with active sites where H2 and CO react electrochemically with O
2- transported from the 

cathode [35]. The CFL provides the reaction sites where O2 is oxidized to O2- and conducts the O2- to 

electrolyte region. The role of CCCL is relatively simple, which mainly collects the current.  

 

Fig. 2 The geometric structure of the SOFC (The schematic diagram of SOFC geometry was drawn 

with reference to the previous work [36]. The size of the SOFC shown in the figure is inconsistent with 

the actual size of the model. The specific SOFC model dimension can be found in Table 1) 

Table 1 The main parameters involved in this MPF simulation model 

Parameters Value or expressions Unit Ref. 

Geometric structure 

Cell length, L 40 mm  

Channel thickness, dc 1 mm  
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AFL thickness, dAFL 0.01 mm  

ASL thickness, dASL 0.04 mm  

EL thickness, dEL 0.015 mm  

CFL thickness, dCFL 0.01 mm  

CCCL thickness, dCCCL 0.02 mm  

Intrinsic electronic and ionic conductivity 

YSZ ionic conductivity, YSZs  
10300

43.34 10 Te
-

³ ³  SĿm-1 [9] 

Ni electronic conductivity, Nis  
63.27 10 1065.3T³ - ³  SĿm-1 [9] 

GDC ionic conductivity, GDCs  ( )45.33 10 /63.16 10 /
RT

T e
- ³

³ ³  SĿm-1 [37] 

LSCF electronic conductivity, LSCFs  10000 SĿm-1 [37] 

AFL microscopic parameters 

AFL porosity, ŮAFL 0.3  [29] 

Initial Ni particle diameter, dNi0 0.6 ɛm [29] 

YSZ particle diameter, dYSZ 0.6 ɛm [29] 

AFL permeability, əAFL 
-112 10³  m2 [34] 

Ni phase volume fraction, ɣNi 0.4   

YSZ phase volume fraction, ɣYSZ 0.6   

ASL microscopic parameters 

ASL porosity, ŮAFL 0.3   

Initial Ni particle diameter, dNi0 0.6 ɛm [29] 

YSZ particle diameter, dYSZ 0.6 ɛm [29] 

ASL permeability, əAFL -102 10³  m2 [34] 

Ni phase volume fraction, ɣNi 0.4   

YSZ phase volume fraction, ɣYSZ 0.5   

CFL microscopic parameters 

CFL porosity, ŮCFL 0.3  [29] 
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LSCF particle diameter, dLSCF 0.5 ɛm [29] 

GDC particle diameter, dGDC 0.5 ɛm [29] 

CFL permeability, əCFL 
-112 10³  m2 [34] 

LSCF phase volume fraction, ɣLSCF 0.5   

GDC phase volume fraction, ɣGDC 0.5   

CCCL microscopic parameters 

CCCL porosity, ŮCCCL 0.3  [29] 

LSCF particle diameter, dLSCF 0.5 ɛm [29] 

CCCL permeability, əCCCL 
-102 10³  m2 [34] 

LSCF phase volume fraction, ɣLSCF 1   

 

2.3 MPF model for SOFC 

The multi-physics field model mainly consists of chemical reaction, electrochemical reaction, 

mass transfer and momentum transfer. The governing equations of MPF model are discussed as follows 

based on the working principle of each region. 

2.3.1. Model assumptions 

· The fuel gas for the electrochemical reaction is only CO and H2, because of the fast 

electrochemical reaction rates of CO and H2 [10]. 

· The flow in the fuel and air channel is laminar due to the low Reynolds number of the flow in the 

channels. 

· The cathode air is composed of 79% N2 and 21% O2. 

· The SOFC is considered local isothermal due to the small cell size [38]. 

· The active sites of chemical and electrochemical reactions are uniformly distributed. 

· The gases involved in the MPF model obey the ideal gas equation of state. 

2.3.2. Chemical reaction model 

Generally speaking, three types of reforming and shift reactions take place in ASL under the 

syngas atmosphere [39]. The first reaction is methane steam reforming (MSR) reaction, as show in Eq. 

(1). The second reaction is water gas shift (WGS) reaction, as show in Eq. (2). The last reaction is 

reverse methanation (RM) reaction, as shown in Eq. (3). 
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4 2 2CH +H O CO+3H  204 kJ/molH­ D =              (1) 

2 2 2CO+H O CO +H  41 kJ/molH­ D =-              (2) 

4 2 2 2CH +2H O CO +4H  164 kJ/molH­ D =             (3) 

The corresponding reaction kinetics equations of the three reactions are shown in Eqs.(4)-(6) [35]. 

2

4 2

2

3

H CO 2 2 11
I CH H O cat2.5

H eq,I

 mol m s
33480

p pk
R p p DEN

p K

h - -
å õ

= - Ö Öæ öæ ö
ç ÷

         (4) 

2

2

2

H CO 2 2 12
II CO H O cat

H eq,II

 mol m s
33480

p pk
R p p DEN

p K

h - -
å õ

= - Ö Öæ öæ ö
ç ÷

         (5) 

4 2

4 H O2

2

4

H CO2 2 2 13
III CH cat

H eq,III

 mol m s
33480

p pk
R p p DEN

p K

h - -
å õ

= - Ö Öæ öæ ö
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        (6) 

2

2 2 4 4 2

2

H O

CO CO H H CH CH H O

H

1+ + + +
p

DEN K p K p K p K
p

=            (7) 

where k represents the reaction rate constant; Keq represents the reaction equilibrium constant; p 

represents the partial pressure; K represents the adsorption constant; ɖ is the effectiveness factor, which 

is assumed as 0.03 [40]. 

2.3.3. Electrochemical reaction model 

The half-electrode reactions at the anode and the half-electrode reaction at the cathode are shown 

in Eqs. (8)-(10). 

2-

2 2Anode: H +O H O 2e-= +                 (8) 

2-

2Anode: CO+O CO 2e-= +                 (9) 

2-

2Cathode: O =2O 4e--                  (10) 

The electrochemical reaction kinetics is determined by the Butler-Volmer formula, which is 

described as Eq. (11). 

( ) actR act O
0

R,ref O,ref

1
exp exp

nFC nF C
i i

C RT C RT

a ha hë û- -å õî îå õ
= -ì üæ öæ ö

ç ÷î îç ÷í ý
         (11) 

where i represents the electrode current density; i0 represents the exchange current density, which is 

calculated by Eq. (12); Ŭ represents the charge transfer diffusion coefficient; n represents the number 
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of electrons transferred in the electrochemical reaction; F represents the Faraday constant; R represents 

the ideal gas constant; T represents the temperature; ɖact represents the activation over potential; CR 

and CO are the reduction and the oxide concentration, respectively; CR,ref and CO,ref are the reduction 

and the oxide reference concentration, respectively. 

0 exp actRT E
i

nF RT
g

-å õ
= æ ö

ç ÷
                 (12) 

where ɔ is the pre-exponential factor; Eact is the activation energy; ɔ is pre-exponential factor. The 

activation energy is 100 kJĿmo1-1 for anode and 120 kJĿmo1-1 for cathode [41]. The pre-exponential 

factor is 5Ĭ109 SĿm-2 for anode and 2Ĭ109 SĿm-2 for cathode [41]. 

The volume current density of electrode is calculated by Eq. (13). 

TPBj i l= Ö                      (13) 

where ɚ is the triple phase boundary (TPB) area per unit volume 

The relationship between the equilibrium potential Eeq and the output voltage V can be referred 

to our previous work [9].  

2.3.4. Mass transfer model 

The mass transfer governing equations are discussed in two cases, one is the mass transfer in the 

flow channel, and the other is the mass transfer in the porous electrode. The mass transport process in 

the flow channel belongs to the mass transfer without any filling medium, which can be described by 

Eq. (13). The electrode region is filled with porous media, so the influence of porous media should be 

taken into account in the mass transfer governing equation inside the electrode region. The governing 

equation in the electrode region is shown in Eq. (14). It is worth noting that the transient model is 

established in this paper, so the unsteady term is considered in the mass transfer equations of both 

electrode and flow channel regions. Moreover, due to the presence of electrochemical or chemical 

reactions in the electrode region, the source term in the governing equation is generated. 

( ) 0i
i i

t

w
r r w
µ
+ÐÖ + ÖÐ =

µ
j u                (13) 
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t

w
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+ÐÖ + ÖÐ =

µ
j u                 (14) 
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- Ð + - Ðæ ö
ç ÷

äj           (15) 
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where ɟ is the density of gas mixture; ɤi is the mass fraction of species i; ji is the mass diffusion flux 

of species i; u is the velocity of the gas mixture; Ů is the porosity of electrode; Ri is the rate of generation 

or consumption of species i; Mi is the molar mass of species i; xk is molar fraction of species k; 
m

iD  

is mean diffusion coefficient of species i, which is calculated by Eq. (16); nM  is mean molar mass, 

which is calculated by Eq. (17).  

1
=m i

i
k

k i
ik

D
x

D

w

¸

-

ä
                   (16) 

1

= i
n

i i

M
M

w
-

å õ
æ ö
ç ÷
ä                    (17) 

where Dik is the binary diffusion coefficient between species i and species k, whose definition could 

be found in our previous work [9]. In the porous media region, the binary diffusion coefficient needs 

to be modified to the effective binary diffusion coefficient. The specific correction method can also 

refer to our previous work. 

2.3.5. Momentum transfer model 

Similar to mass transfer model, momentum transfer governing equation has two different 

expressions. In the flow channel, it is the classical unsteady N-S equation and mass conservation 

equation, as shown in Eqs. (18) and (19). In the porous electrode, it is the N-S equation that considers 

Darcy's seepage, as shown in Eq. (20), also named Brinkman equation. The mass conservation in 

porous medium is shown as Eq. (21). 
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where u is velocity vector; ɟ is the density of the fluid; p is pressure; ɛ is dynamic viscosity of the gas 

mixture; I is unit matrix; ə is permeability of the porous media; Ů is porosity of the porous media; Qm 
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is mass source term caused by chemical and electrochemical reactions. The calculation method of the 

dynamic viscosity of the gas mixture could be also found in Ref. [9]. 

2.4 Ni coarsening model for SOFC 

In this work, the vapor transport mechanism is used to describe the growth process of Ni particles 

in SOFC anode. Based on the vapor transport mechanism, Sehested et al. [30] proposed the sintering 

model of Ni based catalyst to describe the increase of Ni particle diameter. Fu et al. [29] determined 

the constants in the model by fitting experimental data. Finally, the Ni particle growth model is 

described by Eq. (22). 

( )
2

2

1/

H ONi
00.5

Ni io H

exp
1

n

na
t

p E
d t d

A p RT

y
a

y

è øå õ -å õ
= +é ùæ ö æ öæ ö- ç ÷é ùç ÷ê ú

           (22) 

where dt is the diameter of Ni particle at time t; ɣNi is Ni phase fraction; Aio is specific surface area of 

electrolyte skeleton in anode (ɛm-1); 
2H Op  and 

2Hp  are steam and hydrogen partial pressure (bar), 

respectively; Ea is the total energy barrier (242 kJĿmol-1); 0

nd  is the initial Ni particle diameter (ɛm); 

n is characteristic exponent related to the transport mechanism, which is 8 according to the fitting 

result; Ŭ is the pre-exponential factor (3.04Ĭ108 ɛmn-1bar-0.5h-1). 

2.5 Microscopic binary random filled sphere model 

The binary random filled sphere (BRFS) model is a bridge between the microstructure and 

macroscopic performance characteristics of the cell. In BRFS model, Ni particles, YSZ particles, GDC 

particles and LSCF particles are regarded as regular spherical particles. Through the BRFS model, 

parameters such as the three-phase interface area of the electrode and the specific surface area of Ni 

particles can be obtained. As a result, the changes of electrode microstructure will be mapped to the 

macro performance of the cell. Although it is an idealized assumption to treat electrode particles as 

regular spheres, it gives a possibility to communicate microstructure and macroscopic performance. 

Furthermore, the BRFS model has also been widely used in the past decades. Therefore, the BRFS 

model is also developed here to discuss the influence of Ni particle growth on the macroscopic 

performance of the cell. The BRFS model is described as follows. 

2.5.1 Micro model 
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The SOFC electrodes mainly contain three kinds of particles, which are electronic conductive 

phase, ionic conductive phase and mixed conductive phase. In this SOFC model, Ni particles are 

electronic conductive phase, while GDC and YSZ particles are ionic conductive phase. LSCF particles 

are mixed conductive phase. According to BRFS theory, the coordination number, percolation 

probability, total particle number and some microscopic parameters could be calculated. Note that in 

the following Eqs. (23)-(26), the subscript ñelò represents the electron conducting phase and the 

subscript ñioò represents the ionic conducting phase. In addition, with the coarsening of Ni particles, 

the radius of Ni particles varies with time. However, the melting point of YSZ is high, so the skeleton 

formed by YSZ is almost unchanged. Thatôs to say, the radius of YSZ particles keeps unchanged [42]. 
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where Zel-el, Zio-io, Zel-io, Zio-el are coordination number between electron conducting phase and electron 

conducting phase, ion conducting phase and ion conducting phase, electron conducting phase and ion 

conducting phase, ion conducting phase and electron conducting phase, respectively; Z is the average 

coordination number, which is assumed as 6 [43]; r is the particle radius; ɣ is the volume fraction of 

particles. 

The percolation probability refers to the probability that particles form percolation clusters, and 

thus forming the conductive paths in the whole electrode [43]. It can be divided into electron 

percolation probability and ion percolation probability according to different electrode conduction 

types. The percolation probability can be calculated by Eqs. (27) and (28) [43]. 
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where P represents percolation probability. 

The number of total particles per unit volume of the electrode can be calculated by Eq. (29) [43], 

where ɝel and ɝio represent the ratio of the number of particles in the electronic or ionic conductive 

phase to the total number of particle, respectively. 
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where; N is the total number of particles; Ů is the porosity. 

2.5.2 Triple phase boundary area model 

The TPB refers to an interface between electronic conductive particles, ionic conductive particles 

and pores, which could transfer electrons, ions and gas molecules simultaneously. Specifically, the 

TPB in the SOFC anode refers to the interface of Ni-YSZ-pore. Because the junction of Ni-YSZ-pore 

is a line actually, also known as TPB line. Since the TPB line is difficult to support electrochemical 

reactions, the TPB line is generally extended to the surface of particles of limited width near the TPB 

line, shown in dashed region of Fig. 3. According to BSFC theory, anode TPB area can be obtained by 

calculating the area at the junction of Ni-YSZ-pore, as shown in Eq. (32).  

( )an el io el el-io el io2 min , sinr r w N Z P Pl p q x= Ö Ö              (32) 

where ɗ is the contact angle, which is assumed as 15o; w is the active width of the contact line, which 

is set as 20 nm [44]. 
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Fig. 3 Schematic diagram of the three phase boundary 

As the LSCF is the mixed conductive phase, so the TPB of the cathode could be simplified into 

the double phase boundary (DPB), i.e. LSCF-pore interface. The DPB area per unit volume of the 

cathode only needs to calculate the surface area of the LSCF particles exposed in the pore, as expressed 

in Eq. (33). It is worth noting that LSCF is still treated as electron conductivity phase when calculating 

the coordination number, percolation probability and other microscopic parameters.  

( ) ( )( )2

ca M el-el el-io el el io2 2 1 cos 1 cosr Z Z N P Pl p q q x= - - Ö - - Ö Ö        (33) 

where rM represents the radius of LSCF particles. Because both LSCF and GDC can conduct O2-, Pio 

is set to 1. 

2.5.3 The specific surface area model 

Since the Ni particles in the ASL region also act as catalysts for chemical reactions, the specific 

surface area per unit volume of Ni particles is calculated to obtain the reaction rate. The specific surface 

area of Ni particles is calculated by Eq. (34). 

( ) ( )( )2

Ni Ni el-el el-io el2 2 1 cos 1 cosA r Z Z Np q q x= - - Ö - - Ö Ö         (34) 

where ANi is the specific surface area of Ni particles; rNi is the radius of Ni particles. 

The growth of Ni particles will be hindered by YSZ skeleton. The specific surface area of YSZ 

particles is calculated by Eq. (35). 

( ) ( )( )2

io io io-io io-el io2 2 1 cos 1 cosA r Z Z Np q q x= - - Ö - - Ö Ö          (35) 

2.5.4 The effect conductivity model 

The growth of Ni particles also has an impact on the conductivity of the particles, which is realized 

by Eqs. (36) and (37) [45]. 
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( )( )el,eff el,0

el1i i i P
g

s s e y= -                 (36) 

( )( )io,eff io,0

io1j j j P
g

s s e y= -                 (37) 

where 
el,eff

is   is the effective electronic conductivity of phase i; 
el,0

is   is the intrinsic electronic 

conductivity of phase i; 
io,eff

js  is the effective ionic conductivity of phase j; 
io,0

js  is the intrinsic 

ionic conductivity of phase j; ɔ is the Bruggeman factor, which is assumed as 1.5 [45]. 

The parameters involved in the BRFS model, such as phase fraction, particle diameter, etc., are 

listed in Table 1. 

2.6 The performance attenuation indexes 

To clearly evaluate the performance of SOFC under the influence of Ni particle coarsening, the 

MPF model simulates the evolution of SOFC performance over 20,000 hours in this work. The 

attenuation rate per thousand hours and average current density are defined here to characterize the 

performance attenuation of SOFC. The definitions of attenuation rate per thousand hours (r) and 

average current density (I ) are is shown in Eqs. (38) and (39), respectively. 

20K 0 100%
20

I I
r

-
= ³                   (38) 

()
20K

0

20K

I t dt
I =
ñ

                   (39) 

where I0 is the initial current density; I20K is current density at 20 kh (20,000 hours). 

2.7 Validation of MPF simulation for SOFC 

The model developed in this work can be divided into two parts, one is the MPF model and the 

other is the BRFS model. The BRFS model is established by considering electrode particles as ideal 

spheres, which is a kind of idealized model to some extent. Although the BRFS model is a microscopic 

description of electrode particles, which is difficult to be validated by experiments, it has been widely 

accepted as a bridge between the macroscopic performance and microstructure of electrodes [31,43]. 

Therefore, the MPF model is just validated in this work. The SOFC generally have two opposite 

operating modes, which are electricity generation mode and electrolysis mode. In electric mode, the 

cell is charged by fuel gas to generate electricity; while in electrolytic mode, which is also called SOEC 

(Solid oxide electrolytic cell), the cell is powered by electricity to generate hydrogen from water. In 
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this work, the discharge mode of SOFC is only focused on, so the polarization curve of SOFC 

discharge process is validated. The SOEC's model is not investigated in current work and could not 

validate it. However, the SOEC model has been reported and validated in other reported work [46,47]. 

In the validation process, all parameters settings are consistent with Ref. [34]. The details of the 

parameters used for model validation and process can be found in the supporting materials. In order to 

make up for the difference of simplifying 3D to 2D, the charge transfer diffusion coefficient Ŭ is 

adopted as the tuning parameter to debug the validation model. It can be seen from Fig. 4 that the 

experimental data are in good agreement with the simulation results, thus confirming the reliability of 

the MPF model. 

 

Fig. 4 The comparison of experimental and MPF I-V characteristics  

2.8 Combination of MPF model with ANN prediction 

Although the MPF model could analyze the performance of SOFC, MPF simulation needs to 

couple many physical fields and the simulation is too complex, resulting in a long calculation time. 

Therefore, it is necessary to develop a fast prediction method for SOFC attenuation performance. 

Compared with MPF model, ANN could map input variables to output variables quickly and accurately, 

especially for highly nonlinear models. Combining the MPF model and the ANN algorithm will greatly 

improve the speed and accuracy of predicting the SOFC attenuation performance. The MPF model is 

mainly used to generate a large number of databases for training ANN, which is to establish nonlinear 
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function relations between inputs and outputs. Furthermore, compared with the experimental test to 

capture a large amount of data, the MPF could save expensive costs and time. 

The MPF generates more than 800 data samples. Each data sample includes 6 input variables and 

2 output variables. The input variables include temperature, initial Ni particle diameter and other 

operating and structural parameters that have important impacts on SOFC attenuation performance. 

The output variables are selected to evaluate the SOFC attenuation performance as defined above: 

thousand hoursô attenuation rate and average output current density. In other words, the MPF will 

produce an 819Ĭ8 data matrix as a training data set. The data set will be randomly divided into two 

parts based on the ratio of 9:1, with 90% of the data for ANN training and 10% for testing. Based on 

these data samples, a 6Ĭ5Ĭ2 ANN is constructed, as shown in Fig. 5. The epoch is set as 200 and the 

training goal is set as 4E-5.  

  

Fig. 5 The schematic of the constructed ANN 

On the basis of training mature ANN models, a data-driven approach is adopted to optimize SOFC 

performance. In other words, the mature ANN is used as a mapping function between inputs and 

outputs, and GA algorithm is used to optimize the objective functions. As a source heuristic 

optimization algorithm, GA is particularly suitable for optimization problems without definite function 

relations in practical applications. Moreover, GA has also been widely used in practical applications 

currently. In this practical problem, the genetic algebra is 100, the population size is 60, the crossover 

probability is 0.4, and the mutation probability is 0.2.  

3. Results and discussion 

First, the influences of related operating parameters and structural parameters on SOFC 

performance attenuation are discussed and analyzed. Then, the appropriate operating parameters and 

structural parameters which significantly determine the attenuation of cell performance, are selected 

as the input variables to train ANN. The selected operating parameters are operating temperature, 
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potential and fuel composition. The selected structural parameters are initial Ni particle diameter, YSZ 

particle diameter, Ni phase volume fraction and anode porosity. The detailed information about the 

selected parameters is listed in Table 2. The single parameter is investigated here, which means that 

when one of the parameters is investigated, the other parameters keep the typical values. The typical 

anode inlet molar fuel composition is ώ : ώ : ώ : ώ : ώ =0.4: 0.2: 0.1: 0.1: 0.2.  

Table 2 Parameters and value ranges for parameter analysis and ANN input variables 

Parameters Typical value Value range Unit 

Operating temperature 750 650-810 oC 

Operating potential 0.6 0.3-0.8 V 

Initial Ni particle diameter 0.6  0.5-0.7 ɛm 

YSZ particle diameter 0.6 0.5-0.7 ɛm 

Ni phase volume fraction 0.4 0.35-0.55 - 

Anode porosity 0.3 0.25-0.50 - 

Anode fuel velocity 0.5 - ms-1 

Cathode air velocity 1.0 - ms-1 

 

3.1 The effect of operating temperature 

The influence of temperature on SOFC transient performance is shown in Fig. 6. As the temperature 

increases, the Ni particle diameter increases to a larger extent. As can be seen from the formula of Ni 

particle coarsening, Ni particle diameter gradually increases with the increase of temperature. It can 

be seen from Fig. 6(a), when the temperature is 650 oC, the Ni particle diameter increases to 0.63 ɛm 

at 2 kh, while the Ni particle diameter increases to 0.945 ɛm at 2 kh at the elevated temperature of 800 

oC. The effect of the increased Ni particle diameter is that the percolation probability of electron 

conductive phase Pel and the TPB area decrease, as shown in Fig. 6(b) and Fig. 6(c). Furthermore, the 

higher the temperature is, the larger the Ni particle diameters are, and the faster the decrease of TPB 

and percolation probability is. For example, when the temperature is 650 oC, the percolation probability 

decreases from 0.82 to 0.80 and TPB area from 71581 m-1 to 64399 m-1. By comparison, when the 

temperature is 800 oC, the percolation probability decreases from 0.82 to 0.23 and TPB area from 

71581 m-1 to 10433 m-1. In particular, the percolation probability of electron conductive phase is 
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reduced by 0.23 in 20 kh at 800 oC. This means that the connectivity of the electronic conductive phase 

is already poor, and the cell performance attenuation should be very severe. The characterization of 

the effect of temperature on SOFC performance is reflected on the current density. As can be seen from 

Fig. 6(d), the higher the temperature is, the higher the current density as a whole in the entire 

calculation life cycle is, but the larger the attenuation rate is. For example, when the temperature is 

800 oC, the current density is higher than that at 650 oC throughout the computational life cycle. But 

the attenuation rate of current density is 2.6%/kh at 800 oC, which is also larger than that corresponding 

to 650 oC (0.23%/kh). This is mainly because the higher temperature results in the faster 

electrochemical reaction rate and the larger overall corresponding current density. On the other hand, 

the higher temperature also brings about more obvious Ni particles coarsening and the greater current 

density attenuation as a result. This is also why the average current density and attenuation rate are 

used to evaluate SOFC attenuation performance in this work. In order to limit the attenuation rate 

within a certain range and ensure a higher average current density, it is recommended that SOFC 

operates at 750 oC according to Fig 6(d). When SOFC is operated at 750 oC, the current density 

attenuation rate is 1.5%/kh and the average current density is 5214 A·m-2. Although the current density 

attenuation rate does not meet the requirement of 1%/kh, it can be further reduced by optimizing other 

parameters. If the operating temperature is further reduced, the average current density will be even 

lower. 
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Fig. 6 The effect of operating temperature on (a) Ni particle diameter; (b) electronic conductive phase 

percolation probability; (c) effective area of TPB; (d) current density. 

Fig. 7 shows the spatial distribution of intermediate variables at t=10 kh. It can be seen that the 

distribution of partial pressure ratio 
2 2

0.5

H O H/p p   is consistent with the distribution of Ni particle 

diameter. However, the spatial distribution of Ni particle diameter is opposite to the spatial distribution 

of percolation probability and TPB area. This can be confirmed by the corresponding formulas as 

shown in Eq. (22), Eq. (27) and Eq. (32). This is also consistent with the information shown in Fig. 6 

about the distribution of variables over time. The coincidence of time and space also reflects the 

rationality and correctness of the solution. 
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Fig. 7 The spatial distribution at t=10 kh and 750 oC of (a) partial pressure; (b) Ni particle diameter; 

(c) TPB effective area; (d) electronic conductivity phase percolation probability. 

3.2 The effect of operating voltage 
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