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HIGHLIGHTS

e Numerical investigation of benefits of co-production operation of SOCs.

e SOC lifetime and performance improvements by reversed pulse operation.

o Alleviation of chromium poisoning.

e Cyclic operation with longer electrolysis mode improve SOC lifetime and performance.
e Mild electrolysis starting from the beginning enhance SOC lifetime and performance.

ARTICLE INFO 1 ABSTRACT
Keywords: Chromium poisoning of the air electrode is a primary degradation mechanism for solid oxide cells (SOCs)
Solid oxide cell operating under fuel cell mode. Recent experimental findings show that reversed pulse operation for SOCs

Chromium poisoning

. operated as electrolyser cells can reverse this degradation and extend the lifetime. Here, we use a multiphysics
Reversed pulse operation

model of an SOC to investigate the effects of reversed pulse operation for alleviating chromium poisoning of the

Degradation . . . . . .
Lifgtime air electrode. We study the effects of time fraction of the operation under fuel cell and electrolysis modes, cyclic
Performance operation starting after a certain duration, and fuel cell and electrolysis current densities on the cell lifetime, total

power, and hydrogen production. Our modeling shows that reversed pulse operation enhances cell lifetime and
total power for all different cases considered in this study. Moreover, results suggest that the cell lifetime, total
power, and hydrogen production can be increased by reversed pulse operation at longer operation times under
electrolysis mode, cyclic operation starting from the beginning, and lower electrolysis current densities. All in all,
this paper documents and establishes a computational framework that can serve as a platform to assess and
quantify the increased profitability of SOCs operating under a co-production operation through reversed pulse
operation.

Major degradation phenomena should be investigated to develop
proper mechanisms for them and so searching adequate mitigation
techniques for their reduction to improve SOCs lifetime. An extensive
number of studies have been devoted to the investigation of the degra-
dation phenomena occurring under SOFC and SOEC operation modes;
dozens of them can be found in the review articles [1-6]. The main
degradation phenomena under the SOFC operation mode are the chro-
mium (Cr) poisoning of the air electrode [7,8] and nickel (Ni) coarsening
in the fuel electrode [9,10], while Ni migration and air electrode
delamination are the dominant degradation mechanisms under the
SOEC operation mode [11,12]. In addition, corrosion of the metallic

1. Introduction

SOCs are among the most promising energy conversion devices due
to their high efficiency and fuel flexibility owing to their high operating
temperature. Another important advantage of SOCs is their dual func-
tion of operating in both fuel cell (SOFC) and electrolysis (SOEC) modes
by converting the chemical energy of the reactants to electricity and vice
versa. However, the degradation of SOCs due to different physical
phenomena, especially under higher current densities, is an important
issue that needs to be improved for their further commercialization.
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Nomenclature

Abbreviation

ASR Area-specific-resistance

BV Butler-Volmer

Cr Chromium

DOF Number of degrees of freedom
EOL End-of-life

FEM Finite element method
IC Interconnect
Ni Nickel

OoCV Open-circuit voltage

SOEC Solid oxide electrolysis cell

SOFC Solid oxide fuel cell

SocC Solid oxide cell

TPB Triple-phase boundary

TSO Transmission service operator

nfb Cyclic operation not conducted from the beginning of the
cell lifetime

Symbols

Surface area

Heat capacity at constant pressure

Diffusion coefficient, remanent electric displacement
Depth

Open-circuit voltage, activation energy
Faraday’s constant

Gibbs free energy

Height

Thermal conductivity, turbulence kinetic energy
Boltzmann constant

Current

Reaction rate

Current density

Molecular weight

Mole number

Pressure

Universal gas constant

WU B 2O mERTQTERADD B

Radius
Temperature
Time

Source term
Velocity
Voltage

Mass fraction
Mole fraction

X g <2 me g

Greek letters

\Y Vector differential operator

n Overpotential, utilization

A Effective volumetric TPB length
c Conductivity

p Density

€ Porosity, permittivity

W Volume fraction

® Specific rate of dissipation of the kinetic energy
y Surface energy of Ni

Q Diffusion volume element of Ni
Os Inter-atomic spacing of Ni

[ Contact angle

Subscripts and superscripts

act Activation

an Anode

ca Cathode

conc Concentration

Cr Chromium

el Electrolysis

eq Equivalent

IC Interconnect

in Inlet

Ni Nickel

ohm Ohmic

out Outlet

ox Oxidation

interconnect (IC) [13,14] occurs under both operation modes.

Cr poisoning is the prominent degradation phenomenon for the SOC
operating under the fuel cell model (SOFC), especially at lower oper-
ating temperatures [15,17]. Cr poisoning is reasonably well understood
and described in the literature [15-17]. It occurs at the reaction sites on
the air electrode due to the deposition of the volatile Cr-species from the
IC and upstream metal piping, which is carried in the air flow. Experi-
ments [18-20] demonstrated that Cr distributes uniformly over the air
electrode under the open-circuit voltage (OCV), while Cr contents are
located close to the active part of the air electrode under load currents,
and Cr deposition increases with increasing current density (over-
potential). Nakajo et al. [21] proposed a Cr poisoning model deter-
mining the reduction of the air electrode triple-phase boundary (TPB) as
a function of Cr oxidation reaction rate at the TPBs. Several mitigation
techniques for Cr poisoning have been proposed in the literature, e.g.
improving the materials used for the air electrode [22] and coating the
IC [23].

Recent experimental studies have shown the alleviating effects of the
reverse operation of the SOC on the degradation phenomena occurring
under each operation mode (SOFC/SOEC) [26-29]. The

dual-functioning capability of the SOCs, i.e. generating/consuming
power by operating under the fuel cell/electrolysis mode, makes them
adequate candidates to regulate the fluctuations in renewable energies
such as solar and wind. Therefore, reversible SOCs can be considered to
act as batteries, where massive amounts of energy can be stored with
moderate round-trip efficiency [24,25].

Hughes et al. [26] performed up to 1000 h of SOCs durability tests
under constant current and reversible cyclic currents with cycle periods
of 1 and 12 h and half of the cycles under each operation mode. The
authors showed that reversible operation of the SOC did not cause any
new degradation phenomena. Moreover, it was shown that the revers-
ible cyclic operation reduced the degradation of the cell compared to the
constant current case, and applying more frequent cycles further slows
down the degradation rate.

Graves et al. [27] conducted 4000 h of reversible cyclic operation of
a SOC and demonstrated that it could effectively alleviate the intense
degradation of the cell under SOEC operation mode, i.e. delamination of
the oxygen electrode, which was believed to be irreversible. The authors
considered cyclic between SOEC and SOFC operation modes with load
current densities of —1 and 0.5 A/cm? and durations of 1 and 5 h,
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Fig. 1. Schematics of the modeling domains: (a) 3D model, adapted from Ref. [17], and (b) 1D model used in this study.

Table 1
Transport governing equations.
Description Transport equation Eq. #
Mass 2l 1
%4— V-(pu) = Sm M
Momentum Vp = I%uav (@3]
Species ®3)

ow;
epd—t‘+ V- ( — pwi ZDiijj) +pu-V)w; =§;

J
Heat oT “
(Pp)esr 5 + (PCp)esr VT + V-(— kett VT) = St

Charge 5)

oD
V~(—6VV+E+JZ):SJ- ; D= —goe,VV

respectively.

Recently, Zhu et al. [28] employed an electrochemical cleaning
approach to alleviating the Cr poisoning of the air electrode under the
SOFC operation mode via reversing the operation to SOEC mode. The
authors showed that operating the cell poisoned by Cr under a short
SOEC operation mode can effectively remove most of the Cr content
from the air electrode and recover a significant portion of the initial
performance of the cell. They achieved 67% performance recovery for 2
h operation under SOEC mode after poisoning the cell under the SOFC
mode for 120 h. A mild and short SOEC period was considered to avoid
other degradation phenomena happening under SOEC operation mode.
However, these degradations could be mitigated through operating
under SOFC operation mode, as indicated in Ref. [27]. Besides Cr
poisoning, Hauch et al. [29] showed that silicon poisoning occurring
during SOEC operation could be alleviated by a brief SOFC operation.

In this study, we use a multiphysics model of a SOC, which has been
developed for degradation analysis of an SOFC stack [17], to investigate
the effects of the reversed pulse operation on alleviating Cr poisoning of
the air electrode. We show how the Cr poisoning model, used in this
study, captures the Cr cleaning of the air electrode. Effects of the time
fraction of the operation under fuel cell and electrolysis modes, their
current densities, and cyclic operation initiated after some time of
operation are investigated. The results show that it is possible to achieve

Table 2
Cell model equations.
Description Governing equation Eq.
#
Cell voltage [34] Veet = E = Nactan — Mact.ca — Moonc.an ~ Neonc.ca — 6
Nohm
1/2
ocv [34] g _ Ao R, <PPH1PO/2 ) %)
. oF 2F "\ prropl?
BV for the anode reaction ) ) (€3]
rate [35] fan = Toandaneff | €XP{ o Mactan | — €XP| —
F
RT Nact.an
BV for the cathode ; i 2F 9
= €X| = — €X] —
reaction rate [36] a = locatea | OXP\ B Mactca P
2F
RT Wact,ca)]
Anode exchange current . B 18300 (10)
density [37]g foan = 314 P2 pilo exp( - )
Cathode exchange . 29200 an
current densitff [38] foca =214 10° pOO?% exp( T )
Anode concentration . RThg, ; 12)
overpotential [39] RT ZFDZZ oPH,0
Neonc.an = 5 I Tﬂ]
2FDY pr,
Cathode concentration (13)
overpotential [39] RT 1
Neoncca = g1 7}37711“1]
4FDY po,
Ohmic overpotential [40] a4
hi .
Nokm = —J 3

(43

oni = 3.27 x 10° — 1065.3T

_42x107 [ 1150
oLsmM = T exp T
1
oysz = 6.25 x 10* exp<7 0?00)
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Table 3
Geometric parameters.
Parameter Value Description
Wstack 0.1m Width of the stack
dstack 0.1 m Depth of the stack
Wiedling 0.015m Width of the sealing domain
Neer 100 Number of the cells
hic 3x10%m Height of the interconnect
hif 2x107*m Height of the Ni foam
hy 3x107*m Height of the contact layer
heenr 2x10%m Height of the cell
hen 1.3x103m Height of the channel
Wen 0.6 x 1072 and 3.2 x 10> m Widths of the bases of the channel

significantly higher total power and hydrogen output through the pro-
longed lifetime of the SOC stack operating under the reversed pulse
operation compared to the base SOFC operation.

2. Methodology
2.1. Stack-scale model

A multiphysics model including transport equations of mass, mo-
mentum, species, charges, and heat is used in this study; this has been
developed in our previous works [17,31,34]. In the model, a homoge-
nization approach is applied to the layered domains of the stack, which
solves for the effective modeling variables over an equivalent porous
domain with effective modeling parameters and properties for each
physics. The application of this approach to the active area of the stack
was introduced in Ref. [30]. The additions of the headers, sealing, and
manifolds to the model are presented in Refs. [17,31]; the 3D schematic

Journal of Power Sources 523 (2022) 231048

of the stack is shown in Fig. la.

The homogenization approach that we have been using in our recent
works, including the current study, is like the homogenization used for
the electrodes of a single cell, in which the transport equations are
solved over an equivalent domain with effective modeling variables
instead of solving the equations on a detailed electrode geometry with
all the phases and pores. Our homogenized stack model replaces the
whole repeating unit with an equivalent domain. This approach has
been used by several research groups, e.g. in Ref. [41] for an SOFC stack
and [42] for a polymer electrolyte fuel cell stack, and European com-
panies. In our recent work [17], we validated our stack-scale model
against the experimental data for the 18-cell FZJ Mark-F SOFC stack
[44] under stationary operation and showed that the degradation
models results are consistent with the common degradation trends re-
ported in the literature.

The transport governing equations that are solved at the stack scale
to obtain the effective modeling variables are given in Table 1, and the
cell model equations used to evaluate the polarization characteristics of
the cells are listed in Table 2. The geometric parameters are given in
Table 3.

Using the 3D model for the cyclic operation is not computationally
feasible for the full lifetime of the stack because each pulsed cycle re-
quires a couple of hours of computation - depending on the fuel cell and
electrolysis operating conditions and their time fractions. Hence, a
lifetime simulation of each cyclic operation with the 3D model would
take several months of computation.

Therefore, an equivalent 1D model, sketched in Fig. 1b, has been
developed based on the same homogenization approach. This model
resolves each cycle in a few minutes, which depends on the lifetime
regime, as it is faster at the beginning with a lower degradation rate and
gets slower for the final cycles under the severe degradation regime.
Thus, the 1D model makes the lifetime simulation of the cyclic operation
feasible within a day or two.

Table 4
Degradation phenomena equations.
Description Governing equation Eq. #
Ni coarsening [9] Ni particle radius 1 (15)
5C 5\5
™ = <7(1 — &)+ () >5
c— DS}'Q5S s > Wi (16)
- 0
2ksT (1= )1+ )"+ )% v/ mRi + Wsz/ sz
. .. N
Electronic conductivity of the anode S Wi — W a7
e 14 0/(1-9) — iy
Percolation threshold of Ni, yt; - whi/mNi _ 1764 18)
wia/ma + (L= wig) /s
Average particle coordination number = Wi /TNi + Wysz /Tysz 19)
Z =Iyszysz— o ——
Wysz/Tysz
TPB density of the anode electrode ) . 3(1 — @)y 2 (20)
Aan = 27min(ry;, r'ysz)(sin 6) (%) (05(1 + %)Zysz_ysz)
Ni sz
Effective TPB density of the anode electrode Y/ T 25\ 04 (21)
3.764 — zysz.m#
Aaneff = Aan Pysz | 1 — ysal X2
0.4
3.764 — Zyszysz\ 0 (22)
pysz = | 1- -
Cr poisoning [16] Cr poisoning reaction 2Cr02(OH) () + 6€~—Crz03(5) + 2H20 + 30%~ (23)
TPB density of the cathode electrode 1 0da _ Mcno, ; 24)
' o Jea Ot 6Fpgy,0,htes
Reaction rate of the Cr oxidation . . os 05 . F (25)
ip = 100 Xcro, (oH), XH,0.cr source2 Sinh oRT 'lea
IC oxidation [21] Wagner’s law for the oxide scale growth ohZ, . Eaox (26)
b s on(3)
Conductivity of the oxide scale Eq 27)
O1cox = kox exp| — RT

ASR of the oxide scale

hic ox (28)

ASRicox =
O1C.0x
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Table 5
Degradation models parameters.

Parameter Value Description

kg 1.38064852 x Boltzmann constant
108K

r 1.9Jm™2 Surface energy of Ni [9]

Q 10.9 A® Diffusion volume element of Ni [9]

s 25A Inter-atomic spacing of Ni [9]

Ds 4.8l x 10711 m? Atomic surface diffusion coefficient [9]

h

2 2.5 % 107*h7! Fitting parameter for Ni coarsening model. It is
chosen arbitrarily based on the ranges used in
[9,43]

B 0.8 Fitting parameter for Ni coarsening model [10]

e 0.542 pm Initial radius of Ni particles [9]

sz 0.3 pm Initial radius of YSZ particles [9]

Wi 0.4 Volume fraction of Ni [43]

Vysz 0.6 Volume fraction of YSZ [43]

Zyszvsz 6 Coordination number between YSZ particles

i [°]

0 15 Contact angle between Ni and YSZ particles [9]

Mcr,0, 151.99 g mol ! Molecular weight of chromium oxide

Pcry0s 5.22gcem 3 Density of chromium oxide

hrpp 35 nm Maximum height of chromium oxide [16]

iop 6.74 Am 2 Exchange current density for Cr oxidation [16]

X¢ro, (OH), 1078 Mole fraction of CrO,(OH), in the cathode

electrode [21]
Water vapor mole fraction in the chromium
source [21]

2
XH,0.Cr source 10

ki, 1.38 x 10* cm? A constant for the weight gain rate of the oxide
h! scale [21]

Eqox 286.6 kJ mol * Activation energy of the oxide scale [21]

Kox 0.458 Scm ! A constant for the conductivity of the oxide

scale [21]

Eq 33.3 kJ mol ! Activation energy for 6,y [21]

Pic 7.75 g em ™3 Density of the IC (Crofer22APU)

My 54.97 g mol ! Molar mass of the IC (Crofer22APU)

The 1D model describes the stack in the flow direction and includes
all the domains except the manifolds. In the 1D simplification, all the
cells in the stack are assumed to experience the same boundary condi-
tions, mimicking an “infinitely tall stack™ with no difference amongst the
cells in the height of the stack. The voltage applied is thus the same on all
the cells, and heat transfer between the cells is zero as all cells develop
the same heat (adiabatic condition). The model could be improved to a
2D or 3D stack model, but this will increase the runtime of even a
computationally effective model to months, why this has been avoided
for the time being.

2.2. Degradation sub-models

The specific sub-models for the degradation phenomena of Ni par-
ticle coarsening in the anode electrode, Cr poisoning of the air electrode,
and oxidation of the IC have already been reported in Ref. [17]. The
degradation models equations and their parameters are given in Tables 4
and 5, respectively. Ni coarsening is defined analytically, Eq. (15), based
on the Ostwald ripening mechanism [9], and the oxide scale growth over
the IC is determined by Wagner’s law [21], Eq. (26). The Cr poisoning
model is described in more detail in the following for a clearer inter-
pretation of the results.

Several studies, e.g. Refs. [16,18-20], have proposed the following
mechanisms for the Cr poisoning of the air electrode: 1) an electro-
chemical reaction, Eq. (23), which indicates the oxidation of the volatile
Cr species occurring at the TPBs of the air electrode and so reduces the
TPBs; and 2) chemical reactions that replace the manganese atoms of the
LSM crystal with the chromium and form phases such as SrCrO4. It has
been shown that the Cr poisoning of the air electrode mainly occurs

Journal of Power Sources 523 (2022) 231048

through the electrochemical reaction since higher Cr poisoning was
observed for higher overpotentials [16]. Therefore, in this study, just the
electrochemical reaction is considered for the Cr poisoning. Nakajo et al.
[21] proposed the empirical relation (24) for the reduction of the TPBs
of the LSM/YSZ electrode, which is defined as a function of the reaction
rate of the Cr oxidation, ip, determined by equation (25) as a function of
the overpotential.

2.3. Operating conditions

The cyclic operation is applied to the model via rectangular pulses of
the load current density cycling between fuel cell and electrolysis
operation modes, as shown in Fig. 2a for the first 1000 h of the opera-
tion. In this graph, the cell is operated 95 and 5% of the time under fuel
cell and electrolysis modes, respectively; onwards, this will be abbre-
viated as 95%-5%. Fig. 2b shows the initial evolution of the cell voltage
corresponding to the load current density pulses given in Fig. 2a.

Smoothing with a transition time with a duration of 50% of the
electrolysis operation time for each cyclic operation, as shown in Fig. 2c,
is used to minimize the convergence difficulties and improve the run-
time of the model. The effects of the transition time are investigated for
the cyclic operation with 20% operation time under the electrolysis
mode; the comparison is given in the Supplementary material. It is found
that lower transition time, which leads to a longer operation time under
electrolysis mode, results in longer lifetime and higher power and
hydrogen production. Transition times of 25 and 75% of the electrolysis
operation time vary the lifetime, total power, and hydrogen production
by about 3, 4, and 8%, respectively, compared to the base transition time
of 50% of the electrolysis operation time. In this study, we use the
transition time of 50% of the electrolysis operation time since it is the
shortest transition time that leads to a proper convergence for all the
cyclic operations, especially the cyclic operation with the shortest
electrolysis operation time, i.e. 5% operation time under electrolysis
mode.

Inlets and outlets are located at the left and right edges of the
modeling domain for both the fuel and air flows, respectively, which
results in a co-flow configuration. Pressure boundary conditions are
applied to the inlets and outlets, and the latter is atmospheric pressure.
Moreover, the operating temperature is controlled by the gas inlet
temperatures. The operating conditions are listed in Table 6. A detailed
discussion of the modeling approach and geometric and modeling pa-
rameters can be found in Refs. [17,30,31].

The end-of-life (EOL) of the cell is defined at a drop of 20% of the
SOFC operating voltage compared to the initial operating voltage. Up to
this point, all the degradation regimes, including the final accelerated
one, are captured with the current model. Because of the final severe
degradation rate, the model is getting into convergence issues and
crashing after resolving a portion of this regime.

2.4. Solution method

The software COMSOL Multiphysics is used to couple the governing
equations and solve them numerically via the finite element method
(FEM) approach. A mesh size of 1 mm is applied to all domains with 5
times denser mesh at the inlet and outlet of the active area, which leads
to a number of degrees of freedom (DOF) of 1919. To ensure the mesh-
independency of the results, the model is run for the base SOFC degra-
dation with a refined mesh 5 times denser than the base mesh, i.e. the
mesh size of 0.2 mm. The relative errors between the models voltage and
maximums of the temperature and current density are within 0.02%,
0.002%, and 0.04%, respectively. The model is run on a high-end
workstation with an Intel Core i9 3.5 GHz 12-core processor.

3. Results

Fig. 3 shows the base case with evolutions of various modeling
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Fig. 2. (a) Pulses used for the load current density under cyclic operation, (b) the resulting cell voltage, and (c) the first load current density cycle.

Table 6
Operating conditions for both SOFC and SOEC operation modes.
Parameter Value Description
T; 700 °C Inflow temperature
Pout 101325 Pa Outlet pressure
Din fuel 102.5 Pa Fuel inlet gauge pressure
Din,air 1700 Pa Air inlet gauge pressure
J 0.5 A/cm? Load current density magnitude for the base operation
XH, in 0.5 Hydrogen mole fraction at the inlet
X0, .in 0.21 Oxygen mole fraction at the inlet

variables for the base SOFC operation without pulsed cycling of the
current density. The variables are the cell voltage and averages of the
activation overpotentials of the air and fuel electrodes, Ni particle
radius, normalized TPB density of the air and fuel electrodes, electronic
conductivity of the fuel electrode, and area-specific-resistance (ASR) of
the oxide scale over the interconnect.

The model predicts the common degradation trend of initial decay,
linear regime, and a final accelerated regime [17,21], as shown in
Fig. 3a. The evolutions for the cell voltage, degradation phenomena, and
related model variables illustrated in Fig. 3 are consistent with common
trends that have been reported in the literature for constant operating
conditions [9,16,21,32,33]. A detailed discussion of the results

presented in Fig. 3 can be found in our recent work for a 3D stack model
[17].

Comparisons of these 1D model results with the 3D model ones are
shown in the Supplementary material. It is shown that the 1D model
predicts the same trends as the 3D model but with some discrepancies
between them. The models’ differences are due to the discrepancies
between the modeling variables from the models, especially current
density and temperature that are the main modeling variables affecting
the degradation models. This is reasonable as the 1D model does not
resolve the variations of the modeling variables along the height of the
stack.

3.1. Cyclic operations compared to base operation

Fig. 4 shows comparisons of evolutions of the cell voltages under the
base (fuel cell) and cyclic operations. The solid-colored fields stem from
overlapping lines plotting the vertical shift between SOFC and SOEC
mode of operation, which has a high frequency compared to the simu-
lated time scale. The figure legends provide total power productions of
the stack over its lifetime, in MWh/cm?, under the base and cyclic op-
erations. Fig. 4a shows the cyclic operation starting from the beginning,
while Fig. 4b shows it starting after 12.5 kh, where the acceleration of
the Cr degradation occurs, with the specific electrode simulated in this
study. Cr poisoning causes the final accelerated degradation regime [17,
21].
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Fig. 3. Evolutions of (a) cell voltage and averages of: (b) activation overpotential of the air electrode, (c) activation overpotential of the fuel electrode, (d) Ni particle
radius, (e) normalized TPB density of the air electrode, (f) normalized TPB density of the fuel electrode, (g) electronic conductivity of the fuel electrode, and (h) ASR

of the oxide scale over the interconnect.

Fig. 4 indicates that cyclic operations improve the cell lifetime by
alleviating the final accelerated degradation regime (Cr poisoning).
Therefore, it can be concluded that operating the cell at electrolysis
mode can clean the Cr poisoning over the air electrode, which has
already been demonstrated in an experimental study by Zhu et al. [28].
The model captures this Cr cleaning under the electrolysis operation
mode via the activation overpotential of the air electrode, which is
switching to negative values leading to negative reaction rates and so
increasing the TPB density of the air electrode, as indicated in Eqgs. (24)
and (25).

One can see that the cyclic operations enhance the total power
production of the stack, which increases with the operating time under
the electrolysis mode. For instance, cyclic operations starting from the
beginning with 10 and 20% operation time under the electrolysis mode
improve the cell lifetime by 36 and 100%, respectively, and the total
power production by 19 and 53%, respectively. This demonstrates that
the lifetime improvements under the cyclic operations are high enough
to compensate for the operation periods under the electrolysis mode.

Fig. 5 shows the effect of the cyclic operation on the activation
overpotential of the air electrode. The exponential evolution of the
activation overpotential, as illustrated in Fig. 5a, indicates that the
degradation of the air electrode contributes to the increased degradation
rate. Moreover, this figure shows the alleviating effect of the cyclic

operation on the activation overpotential of the air electrode (Cr
poisoning), which is due to its negative values under the electrolysis
operation mode.

This alleviating effect of the cyclic operation on the activation
overpotential of the air electrode can be seen in Fig. 5b for its distri-
butions along the flow direction at 8, 16, and 24 kh. For the base SOFC
operation, the activation overpotential increases at the inlet of the active
area, where the maximum current density is located, with time to a
maximum level and starts to proceed into the active area afterward.
However, for the cyclic operation, the maximum value of the activation
overpotential is much lower than the base operation and limited to a
smaller portion of the active area.

Fig. 6 shows comparisons of evolutions of the cell voltages, total
power, and hydrogen production under the base operation and cyclic
operations starting from the beginning and after 12.5 kh. To resolve the
solid colored fields and make the comparisons clearer, only lower
voltages of each cycle, i.e. under fuel cell mode, are shown for the cyclic
operations. It is seen that the cyclic operations starting from the
beginning result in longer lifetimes and higher total power and hydrogen
production over the lifetime than for the base case with the constant fuel
cell operation.

The cyclic operations initiated at the beginning show a significantly
longer lifetime than the cyclic operations started after 12.5 kh. For
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Fig. 4. Comparisons of evolutions of the cell voltages under the base operation
(fuel cell) and cyclic operations: (a) starting from the beginning and (b) starting
after 12.5 kh. The first number after cycling shows the percentage of operation
time at fuel cell mode, and the second number shows the percentage of oper-
ation time at electrolysis mode. The last number shows the total power pro-
duction in MWh/cm?, The abbreviation nfb represents cyclic operations not
conducted from the beginning of the cell lifetime.

instance, cyclic operations with 20% operation time under the elec-
trolysis mode starting from the beginning and after a certain period
improve the cell lifetime by 100 and 40%, respectively, and the total
power production by 53 and 18%, respectively. Therefore, the cyclic
operation should be started from the beginning to clean the Cr poisoning
continuously and prevent its accumulation over the TPBs.

3.2. Effects of the fuel cell and electrolysis current densities on the cyclic
operation

Fig. 7 shows the effects of the base load current densities on the
evolutions of the cell voltages, total power, and hydrogen production
under the base operations and cyclic operations starting from the
beginning with 20% operation time under electrolysis mode. Again, it is
seen that the cyclic operation improves the lifetime and total power
output as compared to the constant base operation for different load
current densities. Both base and cyclic operations show similar trends of
shorter lifetime and higher total power production for higher load cur-
rent density.

Interestingly, the rate of the total power improvement for higher load
current densities and lifetime improvement for lower load current
densities are almost the same for both base and cyclic operations. Hence,
the cyclic operation behavior with the load current density is similar to
that of the common fuel cell operation. Moreover, the ratios of the
lifetimes and total powers of the cyclic and base operations are close for
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Fig. 5. Comparisons of evolutions of the activation overpotential of the air
electrode under the base operation (fuel cell) and cyclic operations starting
from the beginning: (a) averages of the activation overpotentials over the cell
lifetime, and (b) distributions of the activation overpotentials along the active
area at 8, 16, and 24 kh.

all the load current densities; these ratios are slightly higher for the load
current density of 0.4 A/cm?.

Finally, the effects of the electrolysis current density on the cyclic
operation are investigated, as shown in Fig. 8. Electrolysis current
densities of —0.25, —0.5 (base), and —0.8 A/cm? are considered, and the
time fraction of each operation mode is adjusted so that it results in
equivalent hydrogen production for each cycle. It has to be noted that a
fixed load current density of 0.5 A/cm? is used for the fuel cell mode.

Fig. 8 shows that the cyclic operation with a lower electrolysis cur-
rent density (/longer operation time under the electrolysis mode) has
the longest lifetime and highest total power and hydrogen production.
This indicates that the duration of the electrolysis mode is more effective
than the magnitude of the negative activation overpotential in cleaning
the Cr poisoning. This outcome leads to more benefits as the lower
current densities ensure that the cell does not significantly degrade
during the electrolysis operation mode; this is important as the cell de-
grades faster under electrolysis mode than the fuel cell mode. However,
the same alleviation has been shown for the degradation phenomena
occurring under electrolysis mode by the cyclic operation to the fuel cell
mode [27].
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Fig. 6. Comparisons of the base operation (fuel cell) and cyclic operations: (a) evolutions of the cell voltages, and (b) total power and hydrogen production over the
lifetime of the stack. Solid and dashed lines show the lower voltages for the cyclic operation starting from the beginning and after 12.5 kh, respectively.

4. Discussion

In a power grid, ancillary services are required by the transmission ser-
vice operator (TSO) to maintain the integrity and stability of the trans-
mission and distribution system and the power quality. Some of the ancillary
services are traded on electricity markets, while other ancillary services such
as short-circuit power, inertia, reactive reserves, and voltage control are not
traded on the market. The TSO may instead choose to advertise the pro-
curement of these services at different notices and durations.

The increasing electricity production from wind and solar power
increases the requirement for ancillary services to mitigate unforeseen
imbalances between power production and consumption. Dynamically
operated SOFC systems that also can be operated as electrolysers for
hydrogen production, as the one considered in the current paper, can
provide such services. The co-production of ancillary services can
generate substantial revenues for the service provider.

The system for the reverse operation of the SOC would be more
complex (/expensive) than the one used for the common operation of
the SOCs as it needs more elaborate control strategies to adapt the inlets
and outlets for each operation mode, e.g. the stack taking hydrogen from
a tank under the fuel cell mode, while supplying hydrogen to the tank
under the electrolysis mode.

The current study shows that the reverse operation of the SOC alle-
viates the Cr poisoning of the air electrode occurring under fuel cell

operation mode and so enhances the lifetime of the SOC stack. The
longer lifetime leads to higher outputs from the stack both in terms of
power and hydrogen production. Therefore, this higher stack output
together with the benefits of the ancillary services for the reverse
operation, could overcome the expenses of making the system compat-
ible with such a reverse operation. These first investigations of the po-
tential lifetime increase open up to a techno-economic study of the
potential gains.

Our results show that the reversed pulse operation with longer
operation times under electrolysis mode, starting from the beginning,
and having lower electrolysis current densities improve the cell lifetime,
total power, and hydrogen production notably. However, a maximum of
20% of the cycle time is considered for the electrolysis operation in this
study as the degradation phenomena, especially Ni migration, occurring
under the electrolysis mode are not included. Nonetheless, the degra-
dation phenomena under electrolysis mode could be alleviated by cyclic
to the fuel cell mode [27].

Future studies will be performed with a more elaborated model, e.g.
with updated Cr poisoning model for newer air electrode materials such
as LSCF, including different rates for Cr poisoning and cleaning, and
adding the Cr poising through chemical reactions, which are neglected
for the SOFC operation as their rates are negligible compared to the Cr
poisoning via the electrochemical reaction; however, their effects could
be comparable having the electrochemical cleaning of the chromium.
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Fig. 7. Comparisons of the base operation (fuel cell) and cyclic operations starting from the beginning with 20% operation time under electrolysis mode for different
base load current densities: (a) evolutions of the cell voltages, and (b) total power and hydrogen production over the lifetime of the stack.
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Fig. 8. Comparisons of the cyclic operations starting from the beginning for different electrolysis current densities: (a) evolutions of the cell voltages, and (b) total

power and hydrogen production over the lifetime of the stack.

Moreover, the Ni coarsening model needs to be updated as the current
model developed by Ref. [9], which is one of the most recent and
thorough models developed for the Ni coarsening, is not impacted by
changes in overpotential and gas composition induced by the cyclic
operation, as shown in Fig. 3 of the Supplementary material. Further-
more, the increased chance of mechanical failure due to the higher
temporal and spatial temperature gradients over the stack can also be a
challenge from the dynamic operation suggested here. However, new
tougher cells, sealings, and contact layers are constantly developed for
the SOC stack to withstand the dynamic operation better. Such a me-
chanical analysis can be done by integrating the stack-scale mechanical
model [31] with a 3D degradation model [17].

The model will be used to study the effects of the reversible cyclic
operation on other degradation phenomena occurring under both fuel
cell and electrolysis modes. We expect further improvements in the SOC
performance since alleviating effect of the reversed pulse operation on
other degradation phenomena has been recently demonstrated in
experimental studies in the literature. Furthermore, such a thorough
model, including the effects of the reversed operation on other degra-
dation phenomena as well, such as Ni migration, will be used for a
system-level economic analysis comparing the benefits of the reverse
operation mode on the stack outputs, i.e. power and hydrogen, and the
extra expenses that are necessary for running the stack under the reverse
operation.

5. Conclusion

In this study, a multiphysics model of an SOC is used to investigate
the effects of reversed pulse operation on alleviating Cr poisoning. We

11

show how the Cr poisoning model used in this study captures the alle-
viation of the Cr poisoning of the modeled LSM/YSZ air electrode.
Moreover, the effects of the time fraction of the operation under fuel cell
and electrolysis modes, cyclic operation not starting from the beginning,
and fuel cell and electrolysis current densities on the lifetime, total
power, and hydrogen production of the SOC are investigated. The
reversible cyclic operations considered in this study improve the lifetime
and total power production of the stack. The model predicts that the
cyclic operation starting from the beginning with a 20% operation time
under the electrolysis mode improves the cell lifetime and total power
production by 100 and 53%, respectively.

Results indicate that the cyclic operation starting after a certain
period is not as effective as the cyclic operation starting from the
beginning in enhancing the cell performance (cell lifetime, total power,
and hydrogen production). Moreover, longer operation times under
electrolysis mode extend the lifetime of the cells. Furthermore, it is
found that different fuel cell current densities lead to almost the same
improvements in the cell performance, while lower electrolysis current
densities with higher operation times enhance the cell performance.

The results presented in this study are based on a model including
degradation phenomena of Ni coarsening, Cr poisoning of the LSM/YSZ
electrode, and IC oxidation. The results are influenced by the Cr
poisoning model for the LSM/YSZ electrode, and using newer air elec-
trode materials such as LSCF would quantitatively but not qualitatively
lead to different results. Also, including other degradation phenomena
such as Ni migration, which is a major one under SOEC operation mode,
would result in a more accurate representation of both operations when
such models are available. Similar alleviating effects of the cyclic
operation on the other degradation phenomena are expected as they
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have already been shown in recent experimental studies.
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