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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 °C to 2.6%/kh at 800 °C. 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 A-m™ under operating voltage at 0.6 V when the attenuation rate

requirement not exceeding 1% 1is satisfied. The combination of MPF simulation, ANN and GA

The short version of the paper was presented at ICAE2021, Nov 29-Dec 5. This
paper is a substantial extension of the short version of the conference paper.



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



Nomenclature
Abbreviations
AFL

ANN

ASL

BRFS

CCCL

CFL
DPB
EL
FC
GA
MPF
MSE
MSR
RM
SOFC
TPB
WGS
Symbols

Anode functional layer
Artificial neural network
Anode support layer

Binary random filled sphere
Cathode current collector layer

Cathode functional layer
Double phase boundary
Electrolyte layer

Fuel cell

Genetic algorithm
Multi-physics filed
Mean square error
Methane steam reforming
Reverse methanation
Solid oxide fuel cell
Triple phase boundary
Water gas shift

Specific surface area
Thickness or diameter
Diffusion coefficient
Activation energy
Equilibrium potential
Faraday constant

Volume current density or mass

diffusion flux

Reaction rate constant
Adsorption constant

Reaction equilibrium constant
Cell length

Molar mass

Total number of particles
Partial pressure

Percolation probability

Source term

Reaction rate or Ideal gas constant

Radius or attenuation rate

Velocity

v
y
z
w
I

Greek letters

a
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Output voltage

Molar fraction
Coordination number
TPB active width
Average current density
Charge transfer coefficient
Bruggeman factor
Pre-exponential factor

Porosity

Effectiveness factors

Contact angle

Permeability

TPB area

Dynamic viscosity

Number fraction of particles
Density

Electrical conductivity

Phase volume

Mass fraction

Subscripts and superscripts

0
20K
eff
el
el-el
el-io
i0

io-el
i0-i0
O
R

Initial state

Twenty thousands

Effective

Electronic phase

Electronic phase-electronic phase
Electronic phase-ionic phase
Ionic phase

Ionic phase-electronic phase
Ionic phase-ionic phase
Oxide

Reduction

or

1. Introduction




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 CO> 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
CO; 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
°C [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 H> and CO for electrochemical reactions. In
particular, biomass-based SOFC is possible to achieve net zero CO> emissions, which is of great
significance for reducing CO; 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



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 “Cr poisoning”. 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 Cr20s.
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 Cr203 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 °C), but this
decline is weakened at moderate temperature (600-800 °C).

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



that there have been related reports on the carbon deposition phenomenon from the perspective of
experiments and simulations [25-28]. 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 Ni>-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.
2*Ni(111) + Hzo(g) +2 Nibulk = Niz 'OH(Z*Ni(m)) +0.5 Hz(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



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.
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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 cm?. 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 H, and CO react electrochemically with O* transported from the
cathode [35]. The CFL provides the reaction sites where O? is oxidized to O* and conducts the O to

electrolyte region. The role of CCCL is relatively simple, which mainly collects the current.
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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, d. 1 mm




AFL thickness, darr 0.01 mm
ASL thickness, dasr 0.04 mm
EL thickness, dgL 0.015 mm
CFL thickness, dcrL 0.01 mm
CCCL thickness, dcccL 0.02 mm
Intrinsic electronic and ionic conductivity
YSZ ionic conductivity, o, 3.34 x10" x e@ S'm’! 9]
Ni electronic conductivity, oy 3.27x10° —1065.3xT S'm’! 9]
GDC ionic conductivity, Oy 316x10° /T xel *0"RT) Sm' | [37]
LSCF electronic conductivity, o,cs 10000 Sm' | [37]
AFL microscopic parameters
AFL porosity, earL 0.3 [29]
Initial Ni particle diameter, dnio 0.6 pm [29]
YSZ particle diameter, dysz 0.6 um [29]
AFL permeability, kart 2x10™ m? [34]
Ni phase volume fraction, yni 0.4
YSZ phase volume fraction, yysz 0.6
ASL microscopic parameters
ASL porosity, earL 0.3
Initial Ni particle diameter, dnio 0.6 um [29]
YSZ particle diameter, dysz 0.6 pum [29]
ASL permeability, karL 2x10™%° m? [34]
Ni phase volume fraction, wni 0.4
YSZ phase volume fraction, yysz 0.5
CFL microscopic parameters
CFL porosity, ecrL 0.3 [29]
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LSCF particle diameter, discr 0.5 um [29]

GDC particle diameter, dopc 0.5 um [29]

CFL permeability, xcrr 2x10™ m? [34]
LSCF phase volume fraction, yiscr 0.5
GDC phase volume fraction, ycpc 0.5

CCCL microscopic parameters

CCCL porosity, ecccL 0.3 [29]

LSCEF particle diameter, drscr 0.5 um [29]

CCCL permeability, xcccr 2x10™ m’ [34]
LSCF phase volume fraction, yiscr 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 H», because of the fast
electrochemical reaction rates of CO and H» [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% N> and 21% Oa.

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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CH,+H,0 — CO+3H, AH =204 kJ/mol (1)
CO+H,0 — CO,+H, AH =41 kJ/mol )
CH,+2H,0 — CO,+4H, AH =164 kJ/mol 3)

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

3
,7 k]_ pH pCO 2 2 1
R=—""—-1 -2 DEN- mol-m_% -s 4
| 33480 plif (pCHA pHZO Keq'I cat ( )
77 k2 pH pCO 2 2 1
R, =—"——% - 2 DEN“ mol-m7 -s 5
'~ 33480 sz (pco szo Keq,ll cat 5)
4
n k3 2 Pw, Pco 2 2
R, =——— 2 -t 2 DEN“ mol-m7 -s 6
11 33480 sz [pCH4 szo Keq’m cat ( )
DEN =1+K +K Pro
= coPco Ty, Py, +KCH4 Pew, +KH20 (7

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

represents the partial pressure; K represents the adsorption constant; 7 is the effectiveness factor, which

1s 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 Egs. (8)-(10).

Anode: H,+0* = H,0+2¢e" )
Anode: CO+0* =CO, +2e” Q)
Cathode: 0,=20* —4e” (10)

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

described as Eq. (11).

. —(1-a)nF
i= IO {CCR eXp ( anRF-FZalct j _ CCO exp[ ( Z-)r nact j} (1 1)
R,ref O,ref

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

calculated by Eq. (12); a 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; 7 represents the temperature; 7.t represents the activation over potential; Cr
and Co are the reduction and the oxide concentration, respectively; Crref and Coerare the reduction

and the oxide reference concentration, respectively.

- yﬂexp(‘ij (12)
nk RT

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

activation energy is 100 kJ-mo1-! for anode and 120 kJ-mo1™! for cathode [41]. The pre-exponential

factor is 5x10° S-m™ for anode and 2x10° S-m™ for cathode [41].

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

j=1-Arpg (13)

where /4 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.

p%+v-ji+p(u-V)a)|=O (13)

5p%+v-ji+p(u-V)a),=Ri (14)

. VM M.

JF—(/JDi"‘Vw. +poD - p ) o DFVXKJ (15
n k n
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where p is the density of gas mixture; w; is the mass fraction of species i; j;is the mass diffusion flux

of species i; u is the velocity of the gas mixture; ¢ is the porosity of electrode; R; is the rate of generation

or consumption of species i; M; is the molar mass of species i; xx is molar fraction of species k; D,

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

which is calculated by Eq. (17).

1-w

Dr=—"%_ (16)

X
Zk#i Dik

Mn:[Z%j (17)

where Dj; 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 Egs. (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).

p%m(u-v)u:—Vp+V-[y(Vu+(Vu)T)—§y(V-u)I} (18)
L 4v-(pu)=0 (19)
ggt—uw(u-v)u:v[—pl +§(Vu+(Vu)T)—§§(V-u)I}—(%+2—?ju (20)
%+V-(pU)=Qm 21)

where u is velocity vector; p is the density of the fluid; p is pressure; x is dynamic viscosity of the gas

mixture; I is unit matrix; x is permeability of the porous media; ¢ is porosity of the porous media; Om
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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).

1/n
: Ph,0 -E
d — WNI 2 a t dn
‘ [a(l—wm)#\o[ p&f]exp(RT] ' } 22

where d; is the diameter of Ni particle at time #; wni is Ni phase fraction; 4;, is specific surface area of

electrolyte skeleton in anode (um™); Puo and P, are steam and hydrogen partial pressure (bar),

respectively; Ea is the total energy barrier (242 kJ-mol™); d; is the initial Ni particle diameter (um);

n 1s characteristic exponent related to the transport mechanism, which is 8 according to the fitting
result; o is the pre-exponential factor (3.04x10% um™'bar®°h1),
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.

25.1 Micro model

15



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 Eqgs. (23)-(26), the subscript “el” represents the electron conducting phase and the
subscript “i0” 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. That’s to say, the radius of YSZ particles keeps unchanged [42].

Z _ l//el / r-el

=7 23
el l//el / rel + l//io / I’io ( )
Wi, T,
Z_ = Z . 10 10 24
e l//el / I’el + V/io / I’io ( )
Z . =£. 1_|_rL? . l/jiolrio (25)
e 2 rl(z) l//el /rel +l//io / r-io
2, =2 1400 | Valh (26)
i 2 re? l//el / reI + l//io / rio

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;  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 Egs. (27) and (28) [43].

o _ [1_(3.7642— zel_e,j | ] | 27)
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o :{1_(3.7642— zio_ioj | J 28)

where P represents percolation probability.
The number of total particles per unit volume of the electrode can be calculated by Eq. (29) [43],
where o and &, represent the ratio of the number of particles in the electronic or ionic conductive

phase to the total number of particle, respectively.

_ l-¢ (29)
413nr2E, +413n13E,
— l//el / re?
= 30
éel l//el / re? +l//io / rlz ( )
Il
é:io: Vio ! Tio (31)

Vol re? +y ! rig
where; N is the total number of particles; ¢ 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).

Ay =27min(r,, 5, )sin@-w-N&,Z,,. PP (32)

el %io el-io” el io
where 6 is the contact angle, which is assumed as 15°; w is the active width of the contact line, which

is set as 20 nm [44].
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Ni Particle YSZ Particle

Ni-YSZ-Pore TPB

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 LSCEF is still treated as electron conductivity phase when calculating

the coordination number, percolation probability and other microscopic parameters.
Ao =271 (2-(1-c056) - Z,, , —(1-C086) - Z,,,, )- N&,P,P, (33)

where v represents the radius of LSCF particles. Because both LSCF and GDC can conduct 0%, P,
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).
Ay =271 (2—(1-c0s6)- Z, — (1-C0s6)-Z,,,, ) N&, (34)
where An; is the specific surface area of Ni particles; i 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).

A, = 2712 (2 (1-€0860) - Z;p;, —(1-€056)- Z, ) - N& (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 Egs. (36) and (37) [45].
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or =o't ((1_5)1/4 P )y (36)

io,eff

op ™ =0 ((L-e)w R ) 37)

| eff . . . .. . 10 . c . .
where o is the effective electronic conductivity of phase i; o7 is the intrinsic electronic

i0,0
i

io,eff

i is the effective ionic conductivity of phase j; o~ 1is the intrinsic

conductivity of phase i; o

ionic conductivity of phase j; y 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 (1 ) are is shown in Egs. (38) and (39), respectively.

r= % x100% (38)
B J«OzoK | (t)d
| = 0K (39)

where [y is the initial current density; >0k 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 a 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.
1.2
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10 —— Sim. 700°C
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Fig. 4 The comparison of experimental and MPF /- 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

20



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 hours’ attenuation rate and average output current density. In other words, the MPF will
produce an 819x8 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 6x5%2 ANN is constructed, as shown in Fig. 5. The epoch is set as 200 and the
training goal is set as 4E-5.

Neural Network

Hidden Layer Output Layer
Input u °
- LI’” i -’

\

l Output
Q—=Q

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 yy,: Yco: Yco,: YcH,: YH,0=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 °C
Operating potential 0.6 0.3-0.8 \Y
Initial Ni particle diameter 0.6 0.5-0.7 pm
YSZ particle diameter 0.6 0.5-0.7 pum
Ni phase volume fraction 0.4 0.35-0.55 -
Anode porosity 0.3 0.25-0.50 -
Anode fuel velocity 0.5 - ms’!
Cathode air velocity 1.0 - m-s™!

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 °C, the Ni particle diameter increases to 0.63 pm
at 2 kh, while the Ni particle diameter increases to 0.945 um at 2 kh at the elevated temperature of 800
°C. 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 °C, the percolation probability
decreases from 0.82 to 0.80 and TPB area from 71581 m™! to 64399 m™!. By comparison, when the
temperature is 800 °C, the percolation probability decreases from 0.82 to 0.23 and TPB area from

71581 m™ to 10433 m™'. In particular, the percolation probability of electron conductive phase is
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reduced by 0.23 in 20 kh at 800 °C. 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 °C, the current density is higher than that at 650 °C throughout the computational life cycle. But
the attenuation rate of current density is 2.6%/kh at 800 °C, which is also larger than that corresponding
to 650 °C (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 °C according to Fig 6(d). When SOFC is operated at 750 °C, the current density
attenuation rate is 1.5%/kh and the average current density is 5214 A m. 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. 7 shows the spatial distribution of intermediate variables at /=10 kh. It can be seen that the

distribution of partial pressure ratio szo/ pﬂf

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.

is consistent with the distribution of Ni particle
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3.2 The effect of operating voltage
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The influence of operating voltage on SOFC transient performance is relatively simple, which
affects the coarsening of Ni particles by adjusting the partial pressure ratio inside the SOFC anode.
The improvement in operating voltage means a decrease in current density. Therefore, the amount of
hydrogen involved in the electrochemical reaction decreases. The partial pressure of residual hydrogen

increases and the partial pressure of steam decreases inside the anode. As a result, the partial pressure

ratio Py o / pgf shown in Fig. 7(b), reduces with the increase of operating voltage. Accordingly, the

decrease of Ni particle coarsening and TPB areas slows down, as shown in Fig. 7(a) and Fig. 7 (¢).
The characterization performance directly reflected on SOFC is the reduction of attenuation rate. It
can be seen from Fig. 7(d), the attenuation rate of SOFC current density decreases from 1.565%/kh to
1.355%/kh as the operating voltage gradually increases. It should be noted that the suppression of cell
attenuation by increasing voltage is relatively limited. Moreover, raising the voltage too much will
significantly reduce the average current density and deviate from the ideal cell operating point.
Therefore, it is generally recommended that the voltage should be maintained within the appropriate

range. The selected operating voltage here is typically 0.6 V.
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Fig. 8 The effect of operating voltage on (a) Ni particle diameter; (b) partial pressure ratio; (c) effective
area of TPB; (d) current density
3.3 The effect of fuel composition

This section discusses the influence of different fuel compositions on SOFC performance
attenuation. Herein, a total of five representative cases are discussed, as shown in Table 3. These five
cases simulate the influence of different S/C ratios on cell performance attenuation by varying the
molar fraction of CH4 and H>O in syngas atmosphere, respectively. Fig. 9 shows the impact of different
fuel compositions on SOFC performance. The different fuel compositions affect the Ni coarsening
process mainly by changing the partial pressure ratio. The increase of S/C means that less CHy is
involved in reforming reaction and less hydrogen is produced, thus increasing the partial pressure ratio,
as shown in Fig. 9(b). As a result, the Ni particle coarsening process intensifies and the Ni particle
diameter increases, as shown in Fig. 9(a). The three-phase interface area decreases gradually, as shown

in Fig. 9(c). With the increase of S/C ratio from 0.5 to 3.0, the Ni particle diameter increases from 0.75
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pm to 0.83 um at /=2 kh. Accordingly, TPB area decreases from 40489 m™' to 29711 m™!. According to
the attenuation curve of current density shown in Fig. 9(d), the reduction of S/C ratio helps to decrease
the attenuation rate and to increase the average current density. The average current density
corresponding to case 1 is 5816 A-m™ and the attenuation rate is 1.1%, while case 5 corresponds to an
average current density of 5075 A-m with an attenuation rate of 1.6%. In general, reducing the S/C
ratio in syngas contributes to suppress Ni particle coarsening, thus improving cell performance.

Table 3 The different fuel compositions

Syngas composition

No.

H, CcO CO, CH,4 H,O S/C
Case 1 40% 20% 10% 20% 10% 0.5
Case 2 40% 20% 10% 15% 15% 1.0
Case 3 40% 20% 10% 12% 18% 1.5
Case 4 40% 20% 10% 10% 20% 2.0
Case 5 40% 20% 10% 7.5% 22.5% 3.0
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Fig. 9 The effect of fuel composition on (a) Ni particle diameter; (b) partial pressure ratio; (c) effective
area of TPB; (d) current density
3.4 The effect of YSZ particle diameter

Fig. 10 shows the influence of different YSZ particle diameters on cell performance attenuation.
It can be seen from Fig. 10(a) that decreasing YSZ particle diameter increases the ionic conductive
phase surface area, thus hindering the growth of Ni particles. For example, when dysz=0.5 pum,
Aic=4.55 pm, Ni particle diameter is 0.788 um at =20 kh; when dysz=0.7 pm, Ai;=3.2 um, Ni particle
diameter is 0.831 pum at =20 kh. However, the decrease of YSZ particle diameter hinders the
connection of electronic conductive phase, which makes the percolation probability decrease rapidly.
As shown in Fig. 10(b), when dysz exceeds the initial Ni particle diameter dnio, Pel remains above 0.7;
when dysz is smaller than the dnio, Pel decreases rapidly. In particular, when dysz=0.5 um, P. decreases
from 0.7 to 0.23 within 2 kh. Fig. 10(c) shows the attenuation curves of TPB area under different YSZ

particle diameters. It can be seen that when dysz<dnio, the TPB area gradually increases with the
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increase of dysz. When dysz>dnio, TPB area decreases with the improvement of dysz in the initial stage
but increases in the later stage. This is mainly because in the early stage, percolation probability Pe
changes relatively little with dysz, as depicted in Fig. 10(b), and the decreases of TPB area is mainly
controlled by the increase of Ni particle diameter due to the increase of dysz. In the later stage, the
influence of percolation probability Pei on TPB area is gradually remarkable, so TPB area increases
with the increase of dysz. The complex effect of YSZ particle diameter dysz on the TPB area is mainly
due to the nonlinear interaction between Ni particles and YSZ particles. In terms of current density,
increasing dysz will reduce the attenuation rate and increase the average current density. As dysz
increases from 0.5 pm to 0.7 pm, the attenuation rate decreases from 2.5% to 1.14%, and the average
current density increases from 4668 A-m™ to 5238 A-m™. Therefore, within the currently set range of

dysz, improving dysz is conducive to improving SOFC performance.
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Fig. 10 The effect of YSZ particle diameter on (a) Ni particle diameter; (b) Electronic phase percolation
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3.5 The effect of Ni phase volume fraction

Fig. 11 discusses the impact of different Ni phase fractions wn; on the long-term operating
performance of SOFC. It can be seen from Fig. 11(a) that with the increase of wni, the coarsening rate
of Ni particle diameter is significantly accelerated. This is consistent with the phenomenon described
by the Ni particle growth formula, as shown in Eq. (22). The increase of wni also increases the
connectivity of electron phase, thus increasing Pe, as shown in Fig. 11(b). When yni increased to more
than 0.5, Pe remains above 0.85. The increase of Pe is not obvious with the increase of wni. The TPB
area increases gradually with the increase of wni, but the increase is also not obvious when yni>0.5, as
shown in Fig. 11(c). This is roughly consistent with the characteristics conveyed in Fig. 11(b). In terms
of current density, when wni is less than 0.45, the current density increases with the increase of wni
throughout the calculation time. But when yn;i>0.45, the change of current density is not obvious with
the increase of yni. As wni increases from 0.35 to 0.55, the current density attenuation rate decreases
from 3.2% to 0.94%. But when yn;i>0.45, the decrease of attenuation rate is slight. In a word, increasing
Ni phase fraction in a certain range contributes to reducing the attenuation rate of current density,

which is beneficial for SOFC long-term operation.
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Fig. 11 The effect of Ni phase fraction on (a) Ni particle diameter; (b) electronic phase percolation
probability; (c) effective area of TPB; (d) current density.
3.6 ANN prediction

Through the above parametric analyses, it was found that the transient characteristics of SOFC
are affected by multiple parameters. Therefore, it is necessary to use ANN to predict the attenuation
performance of SOFC. Herein, a total of 6 important parameters including operating temperature,
operating voltage, initial Ni particle diameter, YSZ particle diameter, Ni phase fraction, and porosity
are selected as input variables of ANN, and two indexes, average current density and attenuation rate,
are adopted as output variables of ANN. The value ranges of the input variables are shown in Table 2.
The training results of ANN are shown in Fig. (12). It can be seen that the value of the output variables
is highly linear with the target value. The R index of all samples fitting is 0.999 and the mean square
error (MSE) is as low as 4.6E-5. Therefore, it is reliable that the neural network has been trained well

and enables to perform the accurate prediction.
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Fig. 12 The performance of ANN training results

First, the attenuation rate of the cell current density is predicted. The relative error between the
predicted and the actual values is calculated. The relative error is defined as Eq. (40). Fig. 13 shows
the specific prediction results. It can be seen that the relative errors are within the ranges of -
3.5%~0.1%, -0.22%~1.2%, -1.1%~1.7%, -1.6%~2.3%, -1.7%~4.4%, -1.6%~0.26% under different
temperatures, voltages, initial Ni particle diameters, YSZ particle diameters, Ni phase fractions,
porosities, respectively. The average value of absolute relative errors is 0.898%, 0.373%, 1.05%,
0.879%, 0.975%, 0.436%, respectively. The average relative error for all parameters is 0.767%, which
is low. The low error also confirms the accuracy and validity of the trained ANN model. Fig. 13 also

shows the variation trends of attenuation rate of current density under different parameters. For
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example, as the operating temperature increases from 650 to 810 °C, the attenuation rate increases
from 0.22% to 3.7%; as the YSZ particle diameter increases from 0.5 pm to 0.7 um, the attenuation
rate decreases from 2.5% to 1.14%. This trends help us to select parameters more intuitively to meet

the requirements of attenuation rate.
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Fig. 13 Comparison of the MPF and ANN models in the prediction of the attenuation rate in SOFCs at
different parameters.
The prediction results of average current density are also given by Fig. 14. As can be seen that

the relative errors are within the ranges of -0.4%-~1.5%, 0~1%, 0.1%~0.6%, -1.0%~0.3%, -0.8%~0.8%,
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-0.1%~0.8% under different temperatures, voltages, initial Ni particle diameters, YSZ particle
diameters, Ni phase fractions, and porosities, respectively. The average value of absolute relative errors
is 0.165%, 0.322%, 0.274%, 0.316%, 0.311%, 0.166%, respectively. Compared with the prediction
results of attenuation rate, the error of average current density is lower, which is -1.0%~1.5%. The
average relative error of all parameters is 0.248%. This further verifies the accuracy of the ANN
predicting the average current density. In addition, the variation trend of average current density under
different operating conditions can also be obtained in Fig. 14. It was found that the lowest attenuation
rate is often different from the parameters corresponding to the high current density. For example, the
temperature of 650 °C corresponds to the smallest attenuation rate and average current density. By
contrast, the attenuation rate and average current density are the highest at 800 °C. Therefore, it is
necessary to conduct optimization for the operating conditions and structural parameters of SOFC to
find the optimal operating point that meets the requirements of both low attenuation rate and large

current density.
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Fig. 14 Comparison of the MPF and ANN models in the prediction of the average density in SOFC at
different parameters.
3.7 Optimization SOFC performance with GA

As a source heuristic optimization algorithm, GA is suitable for the optimization problem of
without definite function expression. Actually, the GA has been widely used in engineering
optimization problem [33,47]. In this optimization problem, ANN mapping is used as fitness function
of GA. After the above discussion, it can be found that the parameters corresponding to the minimum
attenuation rate and maximum average current density are generally different. The objective of

optimization is to seek the maximum average current density but with the attenuation rate of less than
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1%. Because the most obvious characterization of SOFC is power density, which is the result of
multiplying voltage and current density. So here, the operating voltage is fixed as constant to optimize
the current density. When the current density reaches its maximum, the power density also reaches its

maximum. The whole optimization problem is summarized as follows.

objective function: max (T) 41)
constraint function: O<r<1 (42)

650 °C<T <800 °C

V €[0.3V 0.8V]
0.5um<d,;; <0.7 um
0.5um<d,g, <0.7 um
0.35<y,, <0.55
0.25<¢,<0.5

optimization variables (43)

The optimization results are shown in Fig. 15. Take the optimization result when the operating
voltage is 0.6 V as an example to analyze. It can be seen that the GA basically converges at generation
about 55. After optimization, the maximum current density is 5848 A-m™ under the required
attenuation rate. At this time, the corresponding attenuation rate is 0.962% and the optimization
variable value vector is (7=759.9, V=0.6, dni0=0.693, dysz=0.602, yni=0.50, £,=0.336). The average
current density and attenuation rate calculated by MPF simulation are 5641 A-m? and 0.945%,
respectively in the case of current optimized variable. The relative error between MPF simulation
results and ANN optimization results is 3.67%. This reflects the reasonableness and reliability of
adopting a data-driven approach to optimize SOFC. It is important to note that it may not be necessary
to optimize all the parameters listed in Eq. (43) during SOFC practical work or production. In this case,
some parameters just need to fix a constant value. In other cases, the parameters that do not appear in
Eq. (41) may need to be optimized. In such case, the ANN database needs to be expanded to consider
the influence of specific parameters on the value of the objective function, and then the parameters
could be optimized by the developed data-driven GA. Fig. (16) shows the evolution of optimization
variables during the optimization process. It can be seen that in the process of optimizing the objective
function step by step, the optimization variables are constantly evolving. When the objective function

gradually stabilizes and approaches the optimal result, the optimization variable is basically stable.
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The optimal variables are stable when the generation achieves 40, and the stable optimization variable

vector is (7=759.9, V=0.6, dni0c=0.693, dysz=0.602, wni=0.50, £,=0.336).
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4. Conclusions

To investigate the influence of Ni particle coarsening on SOFC performance, the SOFC transient
multi-physical field model is developed. Additionally, since the calculation time of MPF simulation is
too long to achieve fast prediction, ANN is trained by the database generated by MPF simulation. The
mapping relationship between parameters (the operating and structural parameters) and attenuation
index is obtained. Finally, the attenuation performance of SOFC is optimized by GA. The specific
conclusions can be summarized as follows.

* Increasing the operating temperature could improve the current density as a whole. However, the
high operating temperature accelerates Ni particle growth and increases attenuation rate of SOFC
current density. The attenuation rate is 2.6%/kh at 800 °C, and 0.23%/kh at 650 °C. The increase
of S/C also intensifies the Ni particle coarsening process and deteriorates the transient
performance of SOFC.

* Increasing YSZ particle diameter prevents the growth of Ni particles, which slows down the
increase rate of Ni particle diameter. The complex effect of YSZ particle diameter on the TPB area
and current density is mainly due to the nonlinear interaction between Ni particles and YSZ
particles. In the range of preset YSZ diameter, increasing dysz helps to reduce the attenuation rate
and to increase the average current density. As the dysz increases from 0.5 pm to 0.7 um, the
attenuation rate decreases from 2.5% to 1.14%, and the average current density increases from
4668 A-m™ to 5238 A-m?. When ;i is less than 0.45, the current density increases with the
improvement of wni. But when yni>0.45, the change of current density is slight with the increase
of wni. Increasing Ni phase fraction in a certain range could also reduce the current density
attenuation rate.

*  The trained ANN is used to predict the average current density and attenuation rate under different
operating conditions and structural parameters. The average value of absolute relative errors of all
parameters in predicting attenuation rate and average current density is 0.767%% and 0.248%,
which indicates the reliability of the ANN prediction.

*  The average current density of SOFC is optimized by GA through data-driven method under the
condition of limited attenuation rate. The maximum current density is 5701 A-m™ at the fixed

attenuation rate. The relative error between MPF simulation results and ANN optimization results
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is 1.02% only. The combination of MPF simulation, ANN and GA could provide a framework for

fast prediction and optimization of strong nonlinear problems such as complex SOFC multi-

physical field.
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