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Abstract: Solid oxide electrolysis cells (SOECs) have great application prospects because of their
excellent performance, but the long-term applications of the stacks are restricted by the structural
degradation under the high-temperature conditions. Therefore, an SOEC degradation model is
developed and embedded in a process model of the high-temperature steam electrolysis (HTSE)
system to investigate the influence of the stack degradation at the system level. The sensitivity
analysis and optimization were carried out to study the influence factors of the stack degradation and
system hydrogen production efficiency and search for the optimal operating conditions to improve
the hydrogen production efficiency and mitigate the stack degradation. The analysis results show
that the high temperature and large current density can accelerate the stack degradation but improve
the hydrogen production efficiency, while the high temperature gradually becomes unfavorable in
the late stage. The low air-to-fuel feed ratio is beneficial to both the degradation rate and hydrogen
production efficiency. The results show that the optimization method can improve the hydrogen
production efficiency and inhibit the stack degradation effectively. Moreover, part of the hydrogen
production efficiency has to be sacrificed in order to obtain a lower stack degradation rate.

Keywords: high-temperature steam electrolysis; solid oxide electrolysis cell; high-temperature
degradation; hydrogen production efficiency; optimization

1. Introduction

With the increasing prominent global environmental problems and fossil fuel depletion
issues, there is an urgent need for sustainable and environmentally friendly hydrogen
production technologies [1]. Among the many hydrogen production technologies, the
steam electrolysis vian SOECs has attracted much attention due to the high electrolysis
efficiency and low energy consumption [2,3]. At present, with the various applications
of SOECs as a high-efficiency energy conversion technology, numerous studies on their
long-term durability have been performed. One of the challenges for long-term operation of
SOECs is the degradation of cell materials [4]. The high-temperature operating environment
not only leads to the high efficiency of SOECs but also exacerbates the degradation of
cell materials.

The factors resulting in degradation have been found by the investigation on the
degradation of SOEC components. In the study on the causes of electrolyte degradation,
Hattori et al. [5] investigated the electrical conductivity change of YSZ system at 1000 °C
and found that the cubic phase transformation led to the conductivity drop of electrolyte
YSZ. In order to investigate the degradation mechanism of oxygen and fuel electrodes, Yan
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et al. [6] and Zheng et al. [7] conducted tests using LSC-YSZ, LSCF-YSZ and LSM-YSZ
as the oxygen electrodes during the long-term electrolytic operation at 700-800 °C with
current density of 0.5 Am~?2, respectively. The delamination of oxygen electrodes and
the agglomeration of Ni in fuel electrodes were observed, which reduced the TPB length
and increased the polarization resistance. Wolf et al. [8] studied the degradation behavior
using NiO-YSZ/YSZ/GDC/LSC single cells under steam electrolysis and coelectrolysis
conditions and found Ni-depletion and agglomeration in the fuel electrode in all cells.
Vibhu et al. [9] investigated the degradation process of an electrolyte-supported single
cell composed of Mo-Au-Ni/GDC fuel electrode and LSCF oxygen electrode under the
steam electrolysis condition and found the Sr-segregation and cobalt oxide formation at
the oxygen electrode side as well as the Ni-particle coarsening and depletion at the fuel
electrode side were the main reasons for the degradation.

In addition, some studies also focused on the influence of the operating conditions
on SOEC degradation, such as current density, electrolysis temperature and inlet steam
content. Kim Lohsoontorn et al. [10] performed durability studies of cells at different
electrolytic current densities at periods of over 20 h and found increasing the electrolysis
current density accelerated performance degradation. Zhang et al. [11] carried out an
experimental investigation on the performance and durability of three different solid oxide
cells, and the results demonstrated stable performance in the fuel cell mode but rapid degra-
dation in the electrolysis mode, especially at the high current density. Hoerlein et al. [12]
conducted 1000 h degradation experiments with NiO-YSZ/YSZ /LSCF cells to study the
effect of fuel electrode inlet gas humidity on the long-term stability of SOEC, and the results
demonstrated that increasing humidity may slow down the overall degradation process
despite the initial degradation being fast. Further study of the influence factors of SOEC
degradation was conducted using numerical simulations. Jacobsen and Mogensen [13]
and Virkar [14] developed an electrochemical model of the degraded SOEC indicating
that the degradation was caused by the delamination of the oxygen electrode due to the
high oxygen partial pressure near the oxygen electrode and electrolyte interface. Jensen
et al. [15] used the Ni/YSZ fuel electrode impedance model to simulate the increase in the
electrochemical reaction resistance caused by the decrease of the TPB length. Kamkeng
et al. [16] developed a more detailed SOEC degradation model to analyze the effects of
current density and temperature on degradation.

Compared with the studies on the degradation mechanism of the SOEC stack, few
studies focus on the HTSE system. The heat efficiency and hydrogen production efficiency
are the research emphasis. AlZahrani et al. [17] carried out a thermodynamic simulation of
an SOEC system for hydrogen and oxygen production and performed an optimization for
the system exergy efficiency. Xing et al. [18] developed an energy flow model for the HTSE
system and established an optimizing strategy to maximize the hydrogen yield. Using
high-fidelity and empirical-based system component models, Min et al. [19] performed
a thermodynamic optimization of a coelectrolysis cell system. Li et al. [20] carried out
the system simulation of the solid oxide electrolysis system and made assessments of the
thermodynamic performance using the exergy analysis method.

Some studies have focused on the integrated energy system with the HTSE system.
Prabhakaran et al. [21] proposed a dynamic pricing model of the Power to Gas system via
SOECs used for seasonal energy storage. The energy storage time is optimized to minimize
system costs. Cai et al. [22] performed an optimization of an integrated energy system
coupling the SOEC system with intermittent renewable energy to maximize hydrogen pro-
duction and minimize the SOEC energy consumption and compressor energy consumption.
Chen et al. [23] proposed a photovoltaic hydrogen production system integrating SOECs
with ammonia and performed an optimization to obtain the optimal solar to hydrogen
efficiency. Sun et al. [24] used the genetic algorithm to optimize an integrated energy system
including SOECs and the intermittent renewable energy. The double-objective optimization
in electrolytic efficiency and conversion rate were carried out. Mohammadpour et al. [25]
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proposed an optimized integrated energy system including SOECs that considered the
sustainable index and the total cost rate.

As mentioned above, there have been many studies and modeling work on the degra-
dation mechanism of SOECs. However, there are few studies that consider reactor degrada-
tion at the system level, and there is still no system optimization that takes degradation
into consideration. Therefore, in order to study the influence of reactor structure degra-
dation on the hydrogen production system, this work carried out parameter analysis and
optimization of the HTSE system considering SOEC stack degradation, aiming to find an
effective strategy to slow down the SOEC degradation and extend its life span. The goals
of this paper can be summarized as follows:

1. A pseudo-dynamic model of SOEC degradation is established and embedded in the
HTSE system, which takes into account the high-temperature degradation of typical
SOEC materials.

2. The effects of the key operating conditions on the hydrogen production efficiency
and degradation were studied such as the operating temperature, current density,
air-to-fuel feed ratio, etc.

3. An optimization was carried out to propose the operation strategies to balance the
hydrogen production efficiency and the stack life span.

2. Model Development of SOEC Degradation

For the 1D pseudo-dynamic SOEC model developed in this work, the following
assumptions were considered:

All gas flows are considered as the ideal gases.
Only the degradation due to the stack materials changes at the high temperature
condition is considered, while the mass or heat accumulation inside the cell is
not considered.

e The governing equations to describe the structural degradation are only available for
specified SOEC materials.

e A planar SOEC stack consists of many single cells, which are regarded as unit cells
with the same performance.

A single cell is modeled on behalf of the SOEC stack. Each cell contains an anode
channel, a cathode channel, a solid structure and two interconnected plates [17]. The four
zones are distinguished to facilitate heat balance calculations.

The operating potential of a single cell can be written as

V =Er+ Heathode + Nanode + Welectrolyte (1)

where Er is the equilibrium voltage; #7cath04. is the overpotential of the cathode sides; 17404,
is the overpotential of the anode side and #jectroryte is the overpotential of the electrolyte.

2.1. Equilibrium Potential
The equilibrium potential is defined by the Nernst equation as follows [26]:

1/2
0 (po
RT Py, (Poz>

H,O

@

where Ej stands for the standard potential; F is the Faraday constant, 96,485 C/mol; POZ,

sz and P%zo are the partial pressures of hydrogen, oxygen and steam on the electrode
surfaces, respectively; and R is the universal gas constant, 8.3145 J/(mol K).
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2.2. Cathode Overpotentials

The cathode overpotentials is expressed by the following equation:

Heathode = Weonc,e + Nact,e + Nohm,c (©)]

where #conc,c is the concentration overpotential 7, is the activation overpotential and
Hohme.c is ohmic overpotential.

The concentration overpotential of the cathode side can be obtained by adopting the
Fick’s model [17]:

; _RT n ( CIEI;BCHZO > @
conc,c — A — ~TpR
2F Cr,Cibs

where CiT PB (i = H, and H,0) represents the concentrations of the species at the TPB and in
the bulk flow, respectively.

The degradation process is considered in the activation overpotential and the ohmic
overpotential. The initial activation overpotential can be described by the Butler—Volmer
equation as follows [26]:

_ azFacte0 (L= @)2Fracico
Jo=Joco [eXp< RT ) exP( RT (5)

where Jj .o represents the initial exchange current density of the cathode side; ] is the
initial current density of the cell; ais the charge transfer coefficient and z is the number
of electrons produced per reaction. For water electrolysis, « and z are set as 0.5 and 2,
respectively. Thus, Equation (5) can be expressed as [26]:

RT z
o = | 2 () ©

Jo,c0 2Jo,c,0

In the high-temperature environment, the degradation of the cathode materials is
mainly caused by Ni-particle coarsening [16]. It is assumed that Ni will agglomerate with
H,O by forming Niy-OH; thus, the size growth of Ni particles can be expressed by the
following equation [14]:

Xpit Y, Eg;

7 Ni H,O sin
Ni = . C xp | —

TN TN XyszAysz ( Y%f ) ¢ < RT )

where t is the degradation time; ry; and ;o are the radii of Ni particles at the initial
condition and at the degradation time t, respectively; C is the temperature-independent
constant; Xy; and Xygy are the weight fraction of Ni and YSZ; Aygy is the YSZ surface
area; Yy,o and Yy, are the mole fractions of HO and Hy; and Eg;,, is the activation energy
for sintering.

Ni-particle coarsening in the cathode can reduce the TPB length. The relationship
between the TPB length and Ni particle growth can be described by [27]

1/7

@)

Lrpp 7%\11‘,0 (®)

=2
Lrpo 1%,

According to the Butler—Volmer equation [27], Equation (5) can be approximately
expressed as

E
]0 - ]O/C/O exp (mﬂﬂﬂCf,C,O) (9)
In = o = dln — 4 10
Joco RT Mact,c,0 Joco  RT Hact,c,0 (10)
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Integration of Equation (10) gives Equation (11), establishing the relationship between
the activation overpotentials at the initial condition and at the degradation time:

_RT J Jo,c0
Nact,e — Nact,c,0 = T |:h‘1<]0) - h‘l( ]O,c >:| (11)

where 7, is the activation overpotentials at the degradation time £; ] is the electrolysis
current density at the degradation time ¢ and ]y . is the exchange current density at the
degradation time ¢.

Considering Equation (8) and the exchange current density is proportional to the TPB
length [27], Equation (11) can be deduced to Equation (12):

T| (] "o
ln(]O> ln< 1’%\” )1 (12)

R
Hact,e = Nact,c,0 + F

The ohmic overpotential of the cathode can be expressed as follows [16]:

dni_
Nohm,e = ——L] (13)
ONi-YSZ
ONi—Ysz = VNiONi + Vysz0ysz (14)

where dy;_ysz is the thickness of Ni-YSZ composite; on;_ysz is the electronic conductivity
of Ni-YSZ composite; oy; and oygz are the electronic conductivity of Ni particle and YSZ
particle, respectively; and Vy; and Vygz are the volume fractions of Ni and YSZ in the
cathode, respectively. Since oy is so low compared to oy; that it can be negligible, on;—ysz
can be calculated by the following equations based on the percolation theory [16]:

ONi—YsZ = VNiONi (15)

— (3274 x 10* — 10 65T) Vi = Vi i (16)
UNZ‘(‘ ' 1—¢/(1+¢)— VE,

where VY, is the Ni volume fraction at percolation; @ is the porosity.
2.3. Anode Overpotentials
The anode overpotentials is expressed by the following equation:
Nanode = Hconc,a + Hact,a + Nohm,a (17)

where #¢onc,q is the concentration overpotential; #,¢ 4 is the activation overpotential and
Hohme,q i ohmic overpotential.
The concentration overpotential of the anode side can also be obtained by adopting

the Fick’s model [16]:
RT . [ CEPPT,
="—"1In 2 18
Heonc,a 4F ( COZ T, (18)

where CJ'® are the concentrations of the species at the TPB and in the bulk flow, respec-
tively; Ts; and T, are the average temperature of the solid structure and the anode gas
stream, respectively.

Under the high-temperature conditions, the structural degradation of the anode is
mainly caused by the coarsening of LSM-YSZ particles, the formation of lanthanum zir-
conate (LZO) and chromium oxide scale (COS) layer.
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Like the Ni coarsening in the cathode side, the coarsening of LSM-YSZ particles also
reduces the TPB length on the anode side. The activation overpotential at the degradation

i p
}0 7T

L ET

Nact,a = Nact,a,0 °F

Hact o= Ry Sy ( Jo )2+1 (20)
e F 2J0,0,0 2]0,0,0

where 7,140 and 7,4 are the activation overpotentials at the initial condition and the
degradation time t, respectively. D; sy is the LSM surface diffusion, which represents the
initial exchange current density of the anode side.

The formation of the lanthanum zirconate (LZO) and chromium oxide scale (COS)
layer will increase the ohmic resistance of the anode side due to the poor conductive of the
LZO and COS. The ohmic overpotential of the anode side can be expressed as follows:

d d
Mohm,a = (COS + LZO)I (21)
Jcos 0Lz0

where dj 70 and dcpg are the thicknesses of the LZO layer and COS layer, respectively.
o170 and ocpg are the electronic conductivity of the LZO layer and COS layer, respectively.

Using Wagner’s law for parabolic oxidation, the growth of LZO and COS can be
written as follows [28]:

70 _ Kgrz0 exp <_ Erzo > 22)
ot (Xo,Lz0P120)* RT

I os _ Ky .cos o (_ Ecos > 23)
ot (Xo,cospcos)’ RT

In Equations (22) and (23), K, 170 and K, cos are the weight gain rates for the LZO
and COS layer growth, respectively. X, 170 and X, cos are the weight ratios of oxygen
in the LZO and COS layers, respectively. p;zo and pcos are the LZO and COS densi-
ties, respectively. E; 7o and Ecpg are the activation energies for the LZO and COS layer
growth, respectively.

2.4. Electrolyte Overpotentials

The YSZ crystal structure changes due to the cation diffusion under high temperature
and reducing conditions, leading to a decrease in the YSZ ionic conductivity. The ohmic
overpotential of the electrolyte can be expressed as follows [16]:

d
Helectrolyte = i] (24)
Oe
a—a—gex L A+ (1—-A)ex L (25)
e~ T OP\ TR P\77
T =723 x 10" exp(89.8rys+ ) (26)

where d, is the thickness of YSZ electrolyte; o is the electronic conductivity of YSZ electrolyte;
0V is the pre-exponential factor for electrolyte; E,  is the electrolyte activation energy; A is the
electrolyte fitting parameter; 7 is the time constant and 7y is the ionic radius.
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2.5. Mass and Heat Balance

The average temperatures at the anode channel, the cathode channel, the solid struc-
ture and the interconnect plate are calculated by the mass and heat balance equations

as follows:
N¢,in = Ne,out (27)
Noou = Ny + 1" 28)
Ne,inHe,in — NeoutHe,out + Qe diff + Qe,cono = 0 (29)
Na,inHain — NaoutHaout + Qaaiff + Qa,cono = 0 (30)
Qr + Qscono + Qr + VJNum = 0 (31)
Qi cono +Qr =0 (32)

where H¢ oyt and H, j, are the enthalpies of the outlet and inlet gas of the cathode side,
respectively. Hgy+ and H, ;, are the enthalpies of the outlet and inlet gas of the anode
side, respectively. Q. 4irr and Qg qifs are the heat generated or lost by gas diffusion at the
cathode and anode sides, respectively. Q¢ conp and Qg cono are the heat by the convective
heat transfer at the cathode and anode flow channels, respectively. Qs cono and Q1 conv are
the heat by the convective heat transfer at the solid structure and the interconnect plate,
respectively. Q, is the reaction heat; Qg is the heat by the radiant heat transfer; and Num
denotes the number of the single cells in the stack.

3. Simulation
3.1. Process Description and Simulation

The flow diagram of the HTSE system in this work is shown in Figure 1. In the cathode
side, the purified water is transferred to the steam generator by a feed pump and turns into
steam. After being mixed with a certain proportion of hydrogen, the gas mixture is further
heated by the cathode heat exchanger and electric heater before entering the cathode of
the SOEC stack. In the anode side, the air is pressurized by the air compressor and heated
by the anode heat exchanger and electric heater before entering the stack. In the SOEC
stack, the steam is electrolyzed into hydrogen and oxygen, which flow out from the cathode
and anode sides, respectively. The oxygen-rich gas at the anode outlet is directly vented
after exchanging heat with the anode inlet gas. The hydrogen-containing gas is cooled by
exchanging heat with the cathode inlet gas and then further cooled to remove water at
a flash tank. The produced high-purity hydrogen is then compressed into the cylinders
for storage.

COOLER1

o) = om

=
RECYCLE

Figure 1. The process model of HTSE system established by Aspen Plus.
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The process model of the HTSE system is established in Aspen Plus software. The
SOEC degradation model was developed via Aspen Custom Modeler and embedded in
Aspen Plus for the process simulation. The HTSE system is assumed to operate under steady
state conditions in the simulation. On the contrary, the SOEC degradation model considers
the dynamic degradation process by the structural parameters, which are defined by the
time-dependent functions, such as ryj;, d; 70 and dsoc. The values of some parameters for
the calculation of the SOEC stack degradation are provided in Table 1.

Table 1. Some parameters used in SOEC modeling.

Parameter Value
Cathode inlet gas composition: HyO/H; (%mol) 90/10

Anode inlet gas composition: O, /N3 (%mol) 21/79
Operating temperature (°C) 750

Operating pressure (bar) 1.05

Cathode thickness (m) 32x10°*
Anode thickness (m) 1.0 x 107°
Electrolyte thickness (m) 1.5 x 107°
Number of single cells 75

Cell sizes (m?) 0.12 x 0.12
YSZ surface area (m? gfl) 0.41 [16]
Initial Ni radius (m) 45 % 1076 [16]
Initial YSZ radius (m) 4 % 1070 [16]
Volume Fraction: Ni/YSZ 40/60 [16]
Volume Fraction: LSM/YSZ 50/50 [16]
LSM surface diffusion (cm =2 h~1) 1.12 x 1075 [16]
Tonic radius (A) 1.01 [16]

YSZ coordination number 6 [16]

LZO density (g cm ) 6.05[16]

COS density (g cm—3) 5.255 [16]
Activation energy for sintering (J/mol) 3.32 x 105 [16]

3.2. Optimization

The degradation rate is a key indicator reflecting the stack performance, while the
hydrogen production efficiency is a key indicator reflecting the system performance. Both
the degradation rate and the hydrogen production efficiency should be considered for a
long-term, highly efficient operation. Thus, the degradation rate of SOEC stack and the
hydrogen production efficiency of the HTSE system are taken as optimization objectives.

The degradation rate of SOEC stack is calculated by

u(t) — Ufto)

At = U(to)

(33)

where U(t) and U(ty) are the SOEC stack voltages at the degradation time t and fy, respectively.
The hydrogen production efficiency used to evaluate HTSE system can be expressed by

_ Anp,LHVy,

34
Poye (34)

where AHj; is the hydrogen production. LHVY, is the low heating value of Hy. Psys
denotes the power and heat energy demands of the system, respectively. Psys contains
the electrical power demands of the SOEC stack, pump, steam generator, electric heaters
and compressors.

According to the mechanism analysis, the high temperature leads to the serious
structural damages of the SOEC stack as well as the lower impedance of the stack [29]. In
addition, the stack temperature can be effectively controlled by adjusting the air flow at the
anode inlet [30]. Therefore, the inlet temperatures of cathode and anode, current density



Energies 2023, 16, 2616

90f18

and air-to-fuel feed ratio were selected as the decision variables. The upper and lower

bound values of the decision variables are given in Table 2.

Table 2. The value ranges of the decision variables in optimization.

Decision Variable Lower Bound Upper Bound
T, (°C) 700 800
T, (°C) 700 800
J (A/m?) 2000 8000
kr 1 4

In this work, the optimization program based on the Multiobjective Particle Swarm
Optimization (MOPSO) algorithm was developed in MATLAB to optimize the system
process model in Aspen Plus. The flowchart of the optimization procedure is shown in
Figure 2. As shown in Figure 2, the optimization method is as follows:

1.  Update the structural parameters of the SOEC stack. The structural parameters (i.e.,
rNi, dLzo and dcpg) at the end of the previous degradation period should be assigned
as the structural parameters of the SOEC stack in the current period.

2. Perform the optimization. The optimal decision variables for the new degradation
period are solved by the MOPSO algorithm.

3. Carry out the simulation of the next period. The simulation of the new degradation
period is carried out by the new decision variables and structural parameters, and the
new structural parameters for the succeeding period are calculated. Repeat steps 1 to
2 until the optimization process is over.

Start

Decision variables range presets
TarTe, J, CVR, kg

Initialize population

|
Structure parameters assignment |
Tvi00 d120,00 dcos,o

Aspen plus software
calling Input the degradation time interval
At t=t+ At

A
Calculate the degradation rate and
hydrogen production efficiency
AU, n
|

I Determine domination | Obtain the structural parameters
¢ after t hours of degradation at the

best optimum point

I Storage non-dominated particles | 3

Choose the best optimum point
based on the objective function
Y

I Update particle positions |

Maximum number of
iterations?

Output optimal Pareto front l

Figure 2. The flowchart for the online optimization procedure of the SOEC hydrogen production.
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4. Results and Discussion
4.1. Model Validation and Analysis

The simulation results were validated by the experimental data reported by Brisse
etal. [31]. The J-V curves at two different temperatures are selected for the model validation.
As shown in Figure 3, a good agreement between the simulation results and experimental
data was found. The maximum and minimum relative errors at 800 °C are 6.7% and 0.7%,
respectively. Moreover, the large error occurs at low temperature and high current density.
In general, the SOEC model developed in this work is feasible for simulating the HTSE
system from in terms of accuracy.

Simulation value Experiment value Maximum relative error
800°C <& 800°C 6.67%

- — 900C 0 900°C 4.34%

2000 4000 6000 8000 10,000
Current density (A/m?)
Figure 3. The result of model validation for SOECs.

Figure 4 shows the contributions of the anode, electrolyte and cathode sides to the
overpotentials of a single cell at conditions of 750 °C, 5000 A/m? and air-to-fuel feed
ratio of 3. As shown in Figure 4, the proportion of the anode overpotentials is the largest
followed by that of the cathode overpotentials, and both of them account for far more than
the proportion of the electrolyte overpotential. It can also be found that the proportion of
the anode overpotentials increases with the degradation, time while those of the cathode
overpotentials and electrolyte overpotentials decrease. This can be explained by the fact that,
in the degradation model, the formation of LZO and COS layers and coarsening of LSM-
YSZ are considered in the anode part, resulting in the increase of activation overpotential
and ohmic overpotential, while only Ni-particle coarsening is considered in the cathode
part, and only the conductivity reduction caused by the electrolyte crystal structure change
is considered in the electrolyte part.
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90
| - Anode
80 - Cathode
L - Electrolyte

Proportion of overpotential (%)

0 2000 4000 6000 8000 10,000
Degradation time (hr)

Figure 4. The proportion of overpotential at each part of a single cell during degradation.

4.2. Sensitivity Analysis

To obtain a more detailed understanding of the behavior of the developed system, the
sensitivity analysis of the hydrogen production efficiency of the system and the degradation
rate of the SOEC stack was performed at different inlet temperatures, current densities and
air-to-fuel feed ratios. The effects of various operating variables on the degradation rate,
stack voltage and hydrogen production efficiency are further discussed.

4.2.1. Effect of Inlet Temperature

Figure 5 shows the variation of the degradation rate, stack voltage and hydrogen
production efficiency with the different inlet temperatures at the fixed current density of
5000 A /m?, air-to-fuel feed ratio of 3. Three different temperatures of 700 °C, 750 °C and
800 °C were selected. Figure 5a shows that the degradation rate increases gradually, which
leads to an increase in the overpotential at the fixed current density. Therefore, it can be
found in Figure 5b that the stack voltage also increases gradually over time. In Figure 5c,
the increasing stack voltage increases the electrolytic power, which results in a gradual
decrease in the hydrogen production efficiency.

—=—700 C

_ 46 p
——750 C ——750 C 9 —=—700C
——800 C MOF | ——s00C N ——750°C
20F 945
9 o
~ 105 o
[} —_ £
s 15} s o4
= (] (e}
(<] 2100 5
& g 3%
8 10F ‘>3 <]
Q.
® 95 c 42
a [}
5F o
<
90 S41f
0 A L n 1 n A L A A A I L n 1 A 1
0 2000 4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000
Degradation time (hr) Degradation time (hr) Degradation time (hr)

(@)

(b) (©

Figure 5. Variation trends of (a) degradation rate, (b) stack voltage and (c) hydrogen production
efficiency with degradation time at 700 °C, 750 °C and 800 °C. (Operating at 5000 A /m? and air-to-fuel
feed ratio of 3).
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In Figure 5a, the degradation rate increases with the increase of inlet temperature.
Especially at the end of the period, the rise rate of the curve at a high temperature is more
obvious. The effect of the degradation rate is reflected in the distribution of the stack
voltage. As can be seen from Figure 5b, the stack voltage decreases with the increase of inlet
temperature, while the trend changes at the end of the period where the higher temperature
leads to a larger voltage. This is because the rise rate of the degradation rate at the end of
the period under the higher temperature is larger than that under the lower temperature.
Figure 5c shows the distribution of the hydrogen production efficiency at the different
temperatures. Moreover, it can be found that the distribution of the hydrogen production
efficiency is opposite to that of the stack voltage.

In general, the inlet temperatures of the cathode and anode sides have a significant
effect on the degradation rate, stack voltage and hydrogen production efficiency. Moreover,
it can be found that the impact trends of the inlet temperatures on the stack voltage and
hydrogen production efficiency are different at different time periods.

4.2.2. Effect of Current Density

Figure 6 shows the variation of the degradation rate, stack voltage and hydrogen
production efficiency with the different current densities at the fixed inlet temperature of
750 °C and air-to-fuel feed ratio of 3. Three current densities of 2000 A/m?2, 5000 A /m?,
and 8000 A /m? are selected. The variation trends of the degradation rate, stack voltage
and hydrogen production efficiency with the degradation time are the same as those in
Section 4.2.1. As shown in Figure 6a, a large current density results in a large degradation
rate. Especially at the end of the period, the rise rate of the degradation rate under the higher
current density increases dramatically. This is because the larger current density increases
the reaction temperature, which can promote the stack degradation. From Figure 6b,
the higher current density leads to the larger stack voltage. It can be explained by the
electrochemical mechanism of the SOEC stack that the higher current density increases the
overpotentials of the stack. As shown in Figure 6¢, the current density has a significant
effect on the hydrogen production efficiency. The increase of the current density results in
the increase of the steam conversion rate, which greatly improves the hydrogen production
efficiency of the system. However, the hydrogen production efficiency drops dramatically
at the high current density due to the sharp rise in the degradation rate.

0

2000

L : L L L L L L s 25 : L : L L
4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000

Degradation time (hr)

(a)

Degradation time (hr) Degradation time (hr)

(b) ()

Figure 6. Variation trends of (a) degradation rate, (b) stack voltage and (c) hydrogen production
efficiency with degradation time at 2000 A/m?, 5000 A/m? and 8000 A /m?. (Operating at 750 °C
and air—to—fuel feed ratio of 3).

In general, the high current density can improve the hydrogen production efficiency
while accelerating the stack degradation. Thus, the high current density should be adopted
at the beginning of the degradation period for high hydrogen production efficiency and then
decrease in the middle and late stages of the degradation period for a long operating life.



Energies 2023, 16, 2616

13 0f 18

%)
- - N
© o N S

Degradation rate (
S (o]

N

0
0

—s—15
——25

——

4.2.3. Effect of Air-to-Fuel Feed Ratio

Figure 7 shows that the variation of the degradation rate, stack voltage and hydrogen
production efficiency with different air-to-fuel feed ratios at the fixed inlet temperature of
750 °C and current density of 5000 A/m?. From Figure 7a, it can be seen that the air-to-fuel
feed ratio has a little effect on the degradation rate. A larger air-to-fuel feed ratio results
in a larger degradation rate. The reason is that the stack is in an endothermic state at the
inlet temperature of 750 °C and the current density of 5000 A /m?; the larger air flow can
increase the reaction temperature, which leads to a larger degradation rate. Figure 7b
shows the distribution of the stack voltage. It can be found that a larger air-to-fuel feed
ratio leads to a lower stack voltage within 1000 h. This is because the reaction temperature
with a large air-to-fuel feed ratio will be higher under the endothermic operation of the
stack, which reduces the irreversible loss of the stack. However, a higher temperature
also leads to a larger degradation rate, and the stack voltage increases faster. Therefore, a
larger stack voltage with a larger air-to-fuel feed ratio occurs after 1000 h. Figure 7c shows
the distribution of the hydrogen production efficiency. It can be seen that the hydrogen
production efficiency decreases with the increase of the air-to-fuel feed ratio. This is because
the large air flow not only increases the power consumption of the air compressor but also
increases the stack voltage.

N
o]
1

——15
—e—25
——y

IS
=l
T

N
o

S
a
T

IS
N

N
w

N
N

Hydrogen production efficiency (%)

2000

4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000

Degradation time (hr)

(@)

Degradation time (hr) Degradation time (hr)

(b) (c)

Figure 7. Variation trends of (a) degradation rate, (b) stack voltage and (c) hydrogen production
efficiency with degradation time at air-to-fuel feed ratio of 1.5, 2.5 and 4. (Operating at 750 °C and
5000 A/m?).

In general, the air-to-fuel feed ratio has a slight effect on the degradation rate and stack
voltage while having a significant effect on the hydrogen production efficiency. A low air-
to-fuel feed ratio is beneficial to the degradation rate and hydrogen production efficiency.

4.3. Multiobjective Optimization

The decision variables and objective functions of multiobjective optimization are
described in Section 3.2. The decision variables are optimized every 100 h, and the degra-
dation period is set for 2000 h. In this process, the structural parameters after the previous
degradation are used as the structural parameters of the SOEC stack for the next optimiza-
tion. Since the optimal solution solved by the multiobjective optimization is a set of Pareto
solutions, it is necessary to select a point from the optimal solution set. Therefore, the
hydrogen production efficiency is prioritized to select the optimal point in the first 1100 h,
while the point with the smallest distance from the ideal point is selected as the optimal
point in the last 900 h. Taking the Pareto solution set at the time of degradation 1200 h as
an example, the red point a is selected as the optimal point which is the closest to the ideal
point shown in Figure 8.
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Figure 8. Pareto solution set at degradation for 1200 h.

The optimal point records selected during the optimization process are listed in
Table 3. As shown in Table 3, the decision variables at the optimum point are all on the
boundary except for the inlet temperatures in the first 1100 h. This is because the hydrogen
production efficiency is prioritized to select the optimal point within 1100 h. As discussed
in Sections 4.2.2 and 4.2.3, the large current density and low air-to-fuel feed ratio is more
beneficial to the hydrogen production efficiency. After 1100 h, both the degradation rate
and hydrogen production efficiency are taken into consideration. As shown in Figure 5c,
although the higher temperature leads to a higher hydrogen production efficiency, it has
a slight effect in the hydrogen production efficiency within 2000 h. The floating valve of
the hydrogen production efficiency within 2000 h is lower than 1.5%. However, the low
temperature can reduce the degradation rate significantly. Moreover, the low air-to-fuel
feed ratio is beneficial to both the degradation rate and hydrogen production efficiency.
Therefore, the minimum temperature and air-to-fuel feed ratio are obtained in the last
900 h.

Table 3. The optimal point selection records during optimization.

Degradation Time (h) T, (°O) T. (°O) J (A/m?) kg 1 (%) AU (%) U (V)
100 721.68 721.68 8000.0 1.5 54.83 0.795 101.14
200 741.94 741.94 8000.0 1.5 55.09 0.402 100.38
300 746.98 746.98 8000.0 1.5 55.07 0.317 100.41
400 751.81 751.81 8000.0 1.5 55.07 0.275 100.41
500 760.34 760.34 8000.0 1.5 55.14 0.258 100.18
600 783.44 783.44 8000.0 1.5 55.49 0.279 99.15

700 777.47 777.47 8000.0 1.5 55.28 0.250 99.74

800 783.60 783.60 8000.0 1.6 55.10 0.253 99.71

900 752.23 752.23 8000.0 1.5 54.63 0.191 101.59
1000 782.39 782.39 8000.0 1.5 55.13 0.234 100.14
1100 784.07 784.07 8000.0 1.5 55.07 0.233 100.28
1200 700.00 700.00 6624.8 1.5 50.00 0.075 104.11
1300 725.34 725.34 6800.3 1.5 51.24 0.091 102.66
1400 700.00 700.00 6442.0 1.5 49.51 0.068 104.14
1500 700.00 700.00 6500.4 1.5 49.61 0.069 104.25




Energies 2023, 16, 2616 15 of 18
Table 3. Cont.
Degradation Time (h) T, (°O) T. (°C) J (A/m?) kg 1 (%) AU (%) U (V)
1600 700.00 700.00 6500.4 15 49.57 0.068 104.33
1700 700.00 700.00 6682.5 1.5 49.94 0.072 104.53
1800 746.16 746.16 5882.5 1.5 49.53 0.078 100.62
1900 700.00 700.00 6965.4 15 50.46 0.079 104.89
2000 700.00 700.00 6521.4 15 49.47 0.067 104.64
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The variations of the optimization objectives in the optimization process are shown
in Figure 9. In the optimization process, the hydrogen production efficiency of the system
is given priority at the first 1100 h, and both the hydrogen production efficiency and
degradation rate are taken into consideration after 1100 h. As shown in Figure 9a, as the
hydrogen production efficiency of the system is given priority, the hydrogen production
efficiency after the optimization is significantly larger than that without the optimization,
while it decreases dramatically after taking both the hydrogen production efficiency and
degradation rate into consideration at 1100 h. This can be explained by the fact that
the temperature, current density and air-to-fuel feed ratio have a limited effect on the
degradation rate but have a significant effect on the hydrogen production efficiency at
the first 1100 h. Thus, as shown by Figure 9b, the distributions of the degradation rate
before and after optimization in the first 1100 h are very close. When the degradation rate is
considered after 1100 h, the lower temperature and lower current density are desired, which
have an adverse effect on the hydrogen production efficiency, so the hydrogen production
efficiency drops dramatically at 1100 h, and the degradation rate decreases significantly
compared with the nonoptimization, as shown in Figure 9b. In general, partial hydrogen
production efficiency has to be sacrificed to obtain a lower degradation rate.
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Figure 9. Variation trends of (a) hydrogen production efficiency and (b) stack degradation rate in the
optimization process.

Figure 10 shows the distributions of the Ni radius and the thickness of LZO and COS
with and without the optimization. From Figure 10, it can be seen that in the first 1100 h
the Ni radius, the thicknesses of LZO and COS are larger than those without optimization.
In the last 900 h, the growth of the structural parameters slowed down, and the Ni radius
and the thicknesses of LZO and COS are lower than those without the optimization after
1800 h. This is because the optimal selection takes both hydrogen production efficiency and
stack degradation rate into account, and the stack degradation is significantly inhibited.
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Figure 10. Variation trends of structural parameters (a) Ni radius, (b) LZO thickness and (c) COS
thickness over time during optimization.

5. Conclusions

An optimization program was developed in this work to mitigate the degradation of
the SOEC stack and improve the hydrogen production efficiency for the HTSE system. The
degradation process was modeled by a custom-developed SOEC model embedded into
a system model of the HTSE system, and the effects of some decision variables (i.e., the
inlet temperature, current density and air-to-fuel feed ratio) on the hydrogen production
efficiency and stack degradation rate of the system were studied. The main conclusions of
this work are listed as follows:

(1) The high temperature accelerates the stack degradation. However, it is favorable
to the hydrogen production efficiency at the early stage of the degradation process
and gradually becomes unfavorable in the late stage. The high current density can
improve the hydrogen production efficiency while accelerating the stack degradation.
The air-to-fuel feed ratio has a slight effect on the degradation rate and stack voltage,
while it has a significant effect on the hydrogen production efficiency. A low air-to-fuel
feed ratio is beneficial to the degradation rate and hydrogen production efficiency.

(2) Compared with the nonoptimization, the hydrogen production efficiency after the
optimization is significantly larger when taking the hydrogen production efficiency as
the objective in the early stage. The degradation rate is significantly lower than that
without the optimization when taking the degradation rate into consideration in the
late stage. Part of the hydrogen production efficiency has to be sacrificed in order to
obtain a lower stack degradation rate.

(3) Compared with the nonoptimization, the structural degradation after the optimization
is more obvious when taking the hydrogen production efficiency as the objective in
the early stage, while it decreases to be less than those without the optimization when
taking the degradation rate into consideration in the late stage.
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