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Abstract—This paper aims to design a lumped-capacity model
of a reversible solid oxide cell stack for hydrogen electrolysis.
The lumped-capacity model needs to have an adequate rep-
resentation of the electrical dynamics over a wide operating
range and a model structure suitable for the design of a physical
emulator. The grey-box model is based on data obtained by elec-
trochemical impedance spectroscopy conducted on a commercial
solid oxide cell stack for four different gas compositions at six
aging stages. In addition, a comparison of the experimental and
simulated voltage response of the reversible solid oxide cell stack
in cyclic reversible operation mode was conducted at different
aging levels of the stack.

Index Terms—System Identification, Grey-box modeling,
Electrochemical Impedance Spectroscopy, Electrolysis

[. INTRODUCTION

The growing energy consumption and climate concerns

have given rise to an increasing number of renewable energy
resources. To utilize as much of the electricity from fluctu-
ating renewable energy resources as possible, a promising
solution is electrolysis to produce hydrogen [1]. The hydro-
gen produced during the electrolysis process can be used
as a medium for energy storage and for applications such as
producing heat for buildings, refueling fuel cell vehicles, and
as a source of feedstock for industry [2].
Three main types of water electrolysis technology exist and
can be distinguished by their charge carrier and electrolyte:
alkaline, proton exchange membrane, and solid oxide. The
alkaline and proton exchange membrane electrolysers are
mature technologies that are currently employed in large-
scale plants, whereas Solid Oxide Cell (SOC) technology is
less mature.

The SOC technology can be used both for fuel cells and
electrolysers. The same SOC can often be used for both
operations modes, denoted as a Reversible Solid Oxide Cell
(RSOC). The SOC has the highest energy efficiency potential
for hydrogen production and also offers syngas production
via co-electrolysis. However, the SOC electrolyser technol-
ogy suffers high cost and insufficient long-term durability,
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particularly at high current densities, which currently hinders
this technology scaling possibility [3], [4].

It has been proposed in [5], that the electrolysis-induced
degradation of a RSOC caused by steam electrolysis
continuously at high current density could be reduced by
reversible cycling between electrolysis and fuel cell modes.
It was shown that the degradation at cell level when applying
reversibly cycling was essentially eliminated for an 1100
h test. Furthermore, it was revealed that the degradation
reduction depended on the hourly periods of operation
modes between cycling.

Recently, a new operation mode for RSOC electrolysers
was proposed in [6], where the conventional galvanostatic
or potentiostatic SOC electrolysis operation is substituted
with a pulsed operation where an AC current (or voltage) is
applied on top of a DC current (or voltage), an operating
mode referred to as AC:DC operation. The AC:DC operation
involves cycling asymmetrically around the Open-Circuit
Voltage (OCV) of the RSOC, with cycling periods in the
order of a couple of milliseconds. By operating most of the
time in the electrolysis mode, this can be used for hydrogen
production. The AC:DC method has been experimentally
validated and showed that the temperature profile across
the cell could be kept flat which reduces thermal stress
on the cell. Furthermore, experimental tests showed that
the AC:DC method potentially minimizes the degradation
caused by impurities and nickel migration. This could result
in a simple way to achieve increased RSOC stack module
sizes and extended lifetime.

However, before implementing the novel AC:DC operational
mode for RSOC for electrolysis on a large scale, an
investigation of the associated Power Electronic Converters
(PEC) is required for the cyclic bidirectional operation
mode and the grid integration. Furthermore, a fast and
robust control system is required to ensure the tracking
performance of the defined AC:DC current references for
the PEC. All this is to ensure the performance of the system
in terms of stability, efficiency, and reliability.

The main contribution of this paper is to determine a
method to find a suitable model which can reproduce the
electrical dynamic behavior of a reversibly cycled (AC:DC
operated) RSOC stack from experimental data obtained by
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Electrochemical Impedance Spectroscopy (EIS). The lumped
capacity model can be used as a basis for a wide range
of applications, such as; Control design for PEC and real-
time implementations such as performance predictions, fault
detection, state of health monitoring and diagnostics. Fur-
thermore, a suitable model can be used to design a physical
emulator for the stack, which can reproduce the electrical
behavior of the real system. An RSOC stack emulator allows
for experimental investigation of a single or multiple RSOC
stacks and the associated PEC and control systems. Thereby,
an experimental pre-validation can be made before imple-
mentation in the real system which could cause expensive
damages to the RSOC stacks.

This paper is organized as follows, section II gives a short
review of the different analysis and modeling methods for
SOC. Section III describes the choice of model structure and
the parametrization from experimental EIS data. Section IV a
time-domain simulation of the developed RSOC stack model
is conducted in MATLAB/Simulink and is compared against
experimental data from the RSOC in AC:DC electrolysis
operation mode. In the last section V, is the conclusion of
the paper.

II. MODELING OF THE RSOC STACK

The SOC are complicated systems containing multiple
mass-transfer, chemical, and electrochemical processes, the
coupling of these makes the system non-linear. Therefore,
different modeling techniques for SOC systems have been
utilized for different aspects. Extensive reviews of the SOC
modeling techniques can be found in [7], [8]. In [9], the
challenges associated with developing a unified model, and
how to overcome them are discussed.

The white-box or physical modeling approach is used for
cell design modification or material development, but it is
used as a primary tool to understand cell performance for
system analysis. The physical modeling approach utilizes the
knowledge of physic-chemical characteristics and employs
computational fluid dynamics to simulate all the relevant heat,
mass, and charge transfer processes.

The black-box model is a model that is based on an extensive
amount of experimental data from the system and have
no prior model informationion available. An RSOC model
can be derived through a statistical data-driven approach.
The black-box model is constructed without any physical
laws, which simplifies the complexity of the model. This
modeling approach is mainly used for the design of model-
based control systems.

The Equivalent Circuit Model (ECM) for electrochemical
systems is a gray-box system identification approach, which
is also an experimental data-driven method that usually uses
data obtained by EIS and a predetermined model structure in
the form of an ECM.

EIS is a method of measuring the impedance of an elec-
trochemical system at different frequencies. This is often
conducted using a Frequency Response Analyzer (FRA),
which excites the system with a small sinusoidal voltage
or current perturbation and measures the response at a

single operating point [10]. The EIS data can be visualized
through Nyquist or Bode plots to gain insight into the system
behavior at the operating point for different frequencies. The
EIS data can be used to parametrize an ECM, utilizing an
algorithm to identify the structure and/or parameters of the
ECM. The parameters of the ECM are often used to provide
a physical interpretation of SOC mass transport, reaction
rates, electrolyte resistance, etc. [11]. In [12], it was shown
that the idea of fitting serially connected parallel coupled
pairs of resistor and capacitor (RC elements) to a measured
impedance spectrum could be done for every possible non-
oscillating electrochemical process.

In this paper, the ECM approach is chosen as the modeling
approach, with a parametrization of lumped ideal RC ele-
ments. This approach provides a good candidate to develop
a lumped capacity model, which is also a suitable model
for a physical emulator. The parameterization of the ECM
is conducted based on experimental data obtained from EIS
at OCV on a commercial RSOC stack from SolydEra SpA
with a nominal electrolysis and fuel-cell capacity of 4.5kW
and 1.5 kW, respectively. The RSOC stack was continuously
operated in AC:DC electrolysis mode at a temperature of
around 750°C. However, at regular intervals, an EIS test was
performed at different gas flow compositions at 700°C at
OCV. The EIS data obtained provide a good description of
the system dynamics at different operating conditions and
levels of aging over a wide frequency range.

III. SYSTEM IDENTIFICATION OF RSOC

The system identification of the RSOC stack is based on
the impedance spectrum data from the EIS conducted at four
different gas flow ratio experiments, at six different time
instances, where aging of the RSOC stack has occurred.

The impedance spectra measured for the RSOC stack can
be seen in Fig. 2, and the gas flow mixtures used in the
experiments can be seen in Table I. The EIS was conducted
using an FRA from 0.1 Hz to 100 kHz with 71 frequency
sample points at OCV.

EIS can only be used to analyze a system, which satis-
fies the conditions of causality, linearity, and stability. To
check the fulfillment of these conditions for the system, the
Kramers-Kronig (K-K) relations are used. The K-K relations
consist of a set of transformations that can be used to predict
one part of the impedance from the other [13]. A residual
spectrum can be calculated by comparing the predicted and
measured parts of the impedance spectrum, which should be
small to fulfill the requirements. The K-K relations test in
[14], was used on all the measured impedance spectra data
and all residual spectra had small residual values within the
limits. The residual spectra are not shown in this paper.

From the inspection of impedance spectra characteristics in
Fig. 2, it can be seen that from the low-frequency range, two
impedance drops occur. At the end of the measurement range,
an approximately constant impedance occurs. The analogy in
electrical circuit elements for these impedance spectra can be
described by an ECM where two RC elements and a single
resistor are connected in series. The electrical circuit model
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TABLE 1
GAS FLOW MIXTURE FOR THE EIS EXPERIMENTS CONDUCTED AT A
TEMPERATURE OF 700°C.

Exp.1 Exp.2 Exp.3 Exp.4
H20 [g/min] 27 23 23 23
Hz [NL/min] 3 6 6 6
Air [NL/min] 372 100 200 372
No [NL/min] 0 75 0 0

Fig. 1. The electrical circuit of the model.

can be seen in Fig. 1, and it consists of the ECM and a
voltage source E. The voltage source represents the OCV
the RSOC stack generates.

The nominal OCV of the RSOC stack was determined as
the mean of the OCV voltage measurements, which were
conducted before each EIS experiment. The measured OCV
at both temperatures showed a spread with a small range
(< £ 2V) around the nominal OCV. The impedance spectra
show a large phase lead at the high-frequency range, and this
is due to the inductance of the current collector wires, but
mainly due to the inductance of the cables connecting the
RSOC stack to the FRA equipment, which differs between
the six ages. However, the inductance is neglected in the
model due to the limited amount of additional information
it would add to the dynamic model of the RSOC stack, due
to a low value of inductance, and most of the inductance
is thought to originate from the wiring of the RSOC stack
to the FRA equipment. The dynamics of the chosen ECM
structure can be described by the differential equations in eq.
1

dver (t) Ve (L)
=lip — ——
A R
dUCQ(t) Ve2 (t) (1)
= Iin -
Cr =0 R,

Wn(t) = Vel (t) + Ue2 (t) + Iin, (t)Rs

where C and C are the capacitors and v.; and v.o are the
voltage across C7 and Cs, respectively. Ri, Ro, and Ry are
the resistors. V;,, and I;, are the input voltage and current
of the ECM, respectively. To identify the parameters, the
equations in eq. 1 are converted to a state-space model in

eq. 2.
:711 0 _|va(®)
. :COR c_}a] X L«;(t)]
B_ 2] 7 u(t) = [Ii (t)} )
c=[ 1], (1) = |Viu 1)
D= |[R,]

In this paper, the unknown parameters of the model are
the five electrical parameters: Cy, Co, R1, Ry, and R,. To

identify these, a grey-box modeling approach is utilized, as
some of the entries in the state-space model in eq. 2 are
known due to the model structure.

The identification of the five electrical parameters is ac-
complished by minimizing the error between the model
impedance and the measured impedance data. A cost function
is defined in eq. 3 for the model in the frequency domain [15].

V(6) = Z 1Z(wj) = GO.w)I* IUWHI* G

Where V is the cost function for the model. 0 is the parameter
vector, w; is the frequency at the sample j, and N is the
number of samples. Z is the measured impedance data, and
U is the input excitation data. G is the transfer function of the
time-domain model in eq. 2. Thus, to estimate the parameter
vector, a minimization between the measured impedance
Z(wj;) and the transfer function value G(8,w;). The parameter
vector estimation is thereby formulated as a minimization
problem in eq. 4.

6 = arg mein V(0) 4

For the numerical minimization of the function V(0), the
Gauss-Newton iterative search method is applied [15]. The
iterative numerical minimization method requires an initial
set of model parameters. Due to the physical insight of
the system from the impedance spectra, an initial model
parameter set was estimated, the initial parameters used was
01: 0.8 F, CQ =0.40 mF, and R1:R2:R3: 0.2 Q.

The impedance spectra of the twenty different fitted models
are shown in a Bode plot visualization with dashed lines
in Fig. 2 with the corresponding experimental impedance
spectra as solid lines. By examination of the difference be-
tween the measured impedance spectra and the corresponding
fitted models impedance spectra, a similarity is seen in the
impedance magnitude across the measured frequency range,
but for the phase angle a discrepancy is seen at frequencies
above 400 Hz due to the missing inductance term in the fitted
models. However, the fitted models still have a fit percentage
to the measured EIS data with a mean fit percentage of 85.9%
with a standard deviation of 1.4%.

From each of the fitted models, there are five estimated
electrical parameters. A data set for each electrical parameter
can be obtained from the different fitted models. For graphi-
cally displaying the statistics of each electrical parameter data
set, a box plot is employed in Fig. 3. The box plot shows
the median and mean of each electrical parameter data set.
The bottom and top of each blue box are the 25th and 75th
percentiles. This range is also denoted as the Inter Quartile
Range (IQR), and the whiskers extension displays the most
extreme data points not considered outliers.

From the box plots, it can be seen that the data set for
each electrical parameter have a different relative range of
estimates compared to the median. The IQR is relatively
small around the median of the estimated capacitors , whereas
it is almost double the relative size for the estimates of the
resistors. There are two outliers observed in the box plot of
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Fig. 2. The experimental EIS data is shown as solid lines, whereas the corresponding fitted models data are shown as dashed lines.

the data set for the C'y capacitance. The outliers are due to
the operating conditions in experiment 1. This can also be
seen in Fig. 2 for experiment 1, where the magnitude and
phase at low frequencies, have a relatively larger deviation
from the other experiments compared to each other.

A statistical evaluation of the box plot is necessary to
determine the five electrical parameters for the nominal ECM
for the RSOC stack. For the electrical parameters C, Co,
R, and R, only a slight relative skewness in the distribution
of the electrical parameter set is noticed by comparing the
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Fig. 3. Box plot of estimated electrical parameter data sets for 700°C.

center of the IQR and the median. For the electrical parameter
Ry, a large skewness in the distribution of the electrical
parameter set is observed. The skewness of R; is due to
the large impedance at low-frequency region in experiment
1 compared to the other experiments. Due to the small
sample size for each parameter and the observed outliers,
the median is chosen as a robust statistical evaluation of
the central tendency of the estimated parameter sets for
the parametrization of the nominal model. The confidence
interval for the chosen parameter is not used in this paper,
due to the skewness, non-normal distribution and low sample
number for the estimated electrical parameter sets. However,
the boxplot give a good insight into the uncertainty of
the electrical parameters in the model, which is valuable
for future system robustness analysis. The five electrical
parameters for the nominal dynamical model of the RSOC
stack can be seen in Table II.

A. Operating Temperature Effect

Changing the RSOC stack operating temperature impacts
the dynamics of the system. The EIS was conducted at
700°C, except at age 6 where it was also conducted at 750°C,
whereas the continuous AC:DC operation of the RSOC stack
is conducted near 750°C. In [16], [17], the variation in
performance due to temperature was investigated for the same
type of RSOC used in this paper and it was shown in that the
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Fig. 4. Box plot visualizing the ratio of the estimated electrical parameter
data sets relative to the median of the parameter estimate at 700°C at age

6 for the two operating temperatures.

TABLE 11
ELECTRICAL PARAMETERS FOR THE NOMINAL ECM OF THE RSOC
STACK AT THE TWO OPERATING TEMPERATURES.

Temp.[°C] | Ci[F] Co[mF] Ri[Q] Ro[Q] R.[Q] E[V]
700 0.61 0.47 0.21 0.25 0.32 63
750 0.61 0.47 0.21 0.15 0.20 61

dominant effect of increasing the temperature was a reduction
in the ohmic resistance. The ohmic reduction was due to
an improved ionic conductivity of the electrolyte, barrier
layer, and cathode. In [16, Fig. 1], an exponential fit from
experimental data gives a function for the area-specific ohmic
resistance dependence on the inverse of the temperature. The
function estimates that changing the operating temperature
from 700°C to 750°C results in an approximately 35 %
reduction in the area-specific ohmic resistance.

To relate the estimated electrical nominal parameters esti-
mated at 700°C to the electrical parameters for the nominal
dynamical model at 750°C an investigation of the relative
ratio between the estimated electrical parameter data sets to
the median of each parameter data sets median at 700 °C at
age 6 are conducted in Fig. 4. The effect of the operating
temperature is mainly affecting the ohmic resistance for the
electrical parameters Ry and R, with a decrease 41% and
36%, respectively. The correlation found between the ohmic
resistance and temperature is used to calculate the electrical
parameters for the nominal dynamical model at 750°C.

IV. MODEL VALIDATION

The experimental data consists of a set of time domain
measurements of the stack voltage and current at the differ-
ent ages studied. The measurements were sampled at 100
kHz. Unfortunately, the time domain data from age 1 was
corrupted, so no comparisons were conducted for this age.

To validate the dynamic performance of the nominal elec-
trical circuit model, it was constructed in MATLAB Simulink
using the Simscape Specialized Power Systems toolbox. As
the experimental current excitation is not a perfect square
waveform, the simulation model utilizes the experimental
current measurement as input. The comparison of the time

domain measurements in AC:DC operation between the ex-
perimental and simulation can be seen in Fig. 5.

The contentious operation of the stack is conducted at
nominal operating conditions, which is a temperature of
around 750°C with a gas flow ratio of 1500 g/h HoO and
14.7 NLM Hs. The continuous AC:DC operation was in some
of the experiments conducted with different frequencies and
duty ratios. At ages 2 and 3 the AC:DC operation is shown at
a frequency of 100 Hz with a duty ratio of 80% electrolysis
mode. At ages 4 and 5 the AC:DC operation shown was
conducted with a frequency of 60 Hz with a duty ratio of 88
% electrolysis mode. At age 6 the AC:DC operation shown
was conducted with a frequency of 30 Hz with a duty ratio
of 90 % electrolysis mode. A bidirectional power supply
generated the asymmetric square-shaped excitation waves.

The time domain dynamic comparison shows an agreement
in the transient response at the different aging levels of the
RSOC stack. However, a DC-gain difference can be seen in
the early ages. This is as expected, as there is a variation
in the resistances at the different aging stages, and the
simulation model only uses the nominal values determined
for the resistances in the model. Furthermore, a part of the
DC-gain difference is expected to occur due to a higher fuel
utilization the AC:DC operation than during the EIS, which
increases the value of the estimated resistances [18].

V. CONCLUSION

Initially, an experimental analysis of the dynamics of the
RSOC was conducted using EIS at four different gas flow
ratios, conducted at six different aging levels of the RSOC
stack. From the experimentally obtained impedance spectra, a
suitable ECM structure was chosen to consist of two parallel
RC elements and a single resistor connected in series. The
parameters were estimated using a gray-box system identifi-
cation method by utilizing the developed mathematical model
of the chosen ECM and the obtained EIS data.The distribu-
tion of the parameterization data sets was visualized by a box
plot, from which the nominal parameters of the equivalent
circuit were chosen. The electrical circuit model using the
nominal estimated parameters was used for simulation of the
time dynamics, which showed an overall good agreement in
the transient response compared to experimental data from
the RSOC stack in AC:DC operation at the different aging
stages. However, a larger DC-gain difference was found for
the early degradations stages.

This paper presents a method to derive a lumped capacity
model which describes the electrical behavior for an RSOC
stack that can be derived using the widely used EIS data and
ECM approach. This method is generalizable for other RSOC
stacks, and the same model structure can be used for other
RSOC having a similar impedance characteristics.

The model presented in this paper, will be used for future
work in developing a physical emulator of the RSOC stack.
Furthermore, it will be used for the control design and
performance validation for a PEC supplying a RSOC stack
in AC:DC operation mode.
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