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e Time-efficient spatially-resolved model for industrial-sized rSOCs.

e Detailed performance assessment based on numerical and experimental study.
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e Very good accordance between measured and simulated EIS, DRT and U/i data.
e Comparison of co-flow and counter-flow conditions for rSOC operation.
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Reversible solid oxide cells (rSOCs) present a unique possibility in comparison to other
available technologies to generate electricity, heat and valuable fuels in one system, in a
highly-efficient manner. The major issue hindering their commercialization are system
reliability and durability. A detailed understanding of the processes and mechanisms that
occur within rSOCs of industrial-size, is of critical importance for addressing this chal-
lenge. This study provides in-depth insight into behavior of large planar rSOCs based on a
comprehensive experimental and numerical study. All the numerical data obtained are
validated with the in-house made cells and experiments. The sensitivity analysis, which
covers a wide range of operating conditions relevant for industrial-sized systems, such as
varying operating temperature, H,/H,O-ratio, operating current etc., provides very good
accordance of the cell performance measured and simulated. It reveals that lowering fuel
volume and thus causing fuel starvation has more pronounced effect in an electrolysis
mode, which is visible in both the low-frequency and the middle-frequency range. More-
over, both co- and counter-flow are appropriate for the reversible operation. However,
more uniform current density distribution is achievable for the counter-flow, which is of
crucial importance for the real system design. The most accurate performance prediction
can be achieved when dividing the cell into 15 segments. Slightly lower accuracy is reached
by logarithmic averaging the fuel compositions, thus reducing the calculation time
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required. A computationally- and time-efficient model with very precise performance
prediction for industrial-sized cells is thus developed and validated.

© 2020 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

An increased share of renewable energies in the European
electricity production mix brings additional uncertainties
regarding planning and prediction of available capacity. In
order to still be able to provide security of supply and grid
stability a higher flexibility of energy supply systems is
necessary. This can be achieved by expansion of energy
storage systems, which store energy during phases of excess
availability and then feed back into the grid according to de-
mand [1-3]. Reversible solid oxide cells (rSOC), which are able
to generate both electricity and heat in fuel cell mode and to
produce valuable fuels in electrolysis mode are considered to
be a promising technology for hydrogen-based energy storage
systems [4]. It has to be noted here that rSOC systems are to
date the only available technology, which can operate in fuel
cell and electrolysis mode in one single system. Any other
technology needs at least two separate systems.

One major challenge of rSOCs is the degradation of cell
performance over time. Recent advances in materials engi-
neering and processing technologies extended fuel cell life-
time and significantly reduced degradation rates down to
0.5%/1000 h, even for extremely long operation times (>
10,000 h) [5—7]. Nevertheless, cells optimized for fuel cell
mode present significantly higher degradation rates of 2—5%/
1000 h when operated in electrolysis mode [8,9]. While the
most frequent degradation modes occurring on the hydrogen
electrode are caused by contaminants or impurities in fuel cell
mode or as a consequence of Ni-spreading and Ni-loss in
electrolysis mode [10,11], the performance of the oxygen
electrode is mainly affected by delamination of the interface
oxygen electrode/electrolyte layer and the formation of sec-
ondary phases [5]. Degradation of the electrolyte can occur as
a consequence of formation of defect associates, which
reduce the mobility of oxygen vacancies in the crystal lattice
and microcracks [12] or prevented diffusion processes, for-
mation of Kirkendall voids [13,14] and the formation of oxygen
in the electrolyte [15]. Nevertheless, besides the material is-
sues, which cause long-term degradation, specific operating
conditions can lead to the accelerated degradation. In order to
enable a reliable operation and longevity of reversible solid
oxide cells, the design of experiments has to be carefully
planned. This includes taking into account operating param-
eters such as current density, voltage, temperature and gas
composition. Therefore, in order to select suitable operational
conditions to reduce degradation rates, it is essential to gain
detailed understanding of reactions and processes that occur
in rSOC cells, their impact on the cell performance and sub-
sequent possible degradation mechanisms [5,16,17].

Individual processes and process parameters in the rSOC
system are difficult to access experimentally, but can be easily
accessible when using simulation tools. Depending on the
application of a model developed and the requirements in
terms of accuracy and scale, different model approaches have
been developed. In black box models the transmission
behavior is determined between predefined input and output
parameters which are based on existing data, whereby the
system structure and physical backgrounds are not taken into
account [18,19]. More complex gray box models utilize the
basic structure of the system, while the single elements are
also parameterized by measured data. The modeling of the
cell behavior based on physical laws is an alternative
approach, which enables the identification of processes and
their connection to chemical, physical and geometrical prop-
erties [20,21]. OD thermodynamic models represent a simple
solution for simulation of the performance achievable, e.g.
reactions within electrolysers and fuel cells are considered
simply as catalytic reactions [22]. While 1D physical electro-
chemical models provide detailed information on mass
transport, heterogeneous chemistry and porous media
transport, they also require a strong dependency the output
parameters on the input parameters such as operating con-
ditions [23]. 1D models are presented to be able to analyse a
dynamic behavior of both SOFC and SOEC and to suggest
appropriate control strategies [24,25]. Advanced 2D models
offer deeper insight into the spatially-resolved rSOC perfor-
mance such as local temperature, current and potential dis-
tribution, gas distribution, heat fluxes and overpotentials
while also giving information about their impact on the
overall performance [26,27]. In Ref. [28] a 2D-transient single
channel model is developed to illustrate performance of rSOC
when operating under hydrogen and syngas. Detailed simu-
lations led to the conclusion that an H,/H,0 mixture is more
appropriate for a reversible operation, while the operation
under syngas can be seen as challenging in terms of switching
between the two operating modes. State-of-the-art 3D models
with commercial computational fluid dynamics codes provide
very precise information on species distribution of the
chemical and electrochemical reactions [29]. 3D simulations
can also be used in a very effectively manner to improve
performance of SOC or even for making a selection of the most
appropriate material designs to enhance electrochemical re-
actions. In Ref. [30] the authors developed a novel porous flow-
field design based on a 3D-model and compared it with several
other material designs, thus enabling an optimization of the
SOEC system. Moreover, when expanding the model from the
single-cell up to the stack level, very important information
relating to both operation stability and system durability can
be obtained. Knowledge about the transient thermal behavior
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of cells and stacks is of great importance in order to predict
mechanisms that can trigger thermomechanical degradation
mechanisms and thus for designing the operating environ-
ment with the aim of ensuring a stable degradation-free stack
operation, as shown in Ref. [31]. Next, on the system level, the
energy analysis for a 10 kW power to gas system performed in
Ref. [32] showed possibilities for increasing the efficiency of
the electrolysis systems. However, according to the authors’
best knowledge, there is still no model available for industrial-
sized rSOCs, which enables very detailed performance simu-
lation considering various operating conditions relevant for
real application, and that is validated by in-house made cells
and experiments.

Scope of this study

This work focuses on the numerical and experimental in-
vestigations of industrial-sized solid oxide cells operated in a
reversible mode. A detailed physical model based on 120
equations was built to analyse cell performance in both
operating modes and to obtain a detailed insight into pro-
cesses and loss mechanisms. By carefully selecting the
fundamental equations, quantitative predictions for opera-
tion in both fuel cell and electrolysis mode can be made,
ensuring extensive validation of the model and detailed
investigation of loss mechanisms.

All the data simulated are validated by experimental re-
sults acquired for the purpose of this study. A mixture of
hydrogen, water vapor and nitrogen was employed as fuel. A
very good accordance between the simulated and measured
data was achieved and the results observed enabled: (i) better
understanding of single processes, which is not possible with
purely experimental investigations, (ii) making suggestions
for the improvement of the experimental setup, and (iii) very
detailed presentation of performance achievable for
industrial-sized rSOCs. It is important to mention here that
the aim of the experimental study was not to achieve the
maximum performance of the cells employed. The cells were
embedded in a housing and the setup was prepared to have
slight leakages and not ideal contacting of the electrodes and
contacting meshes. This makes it possible to simulate such
failure modes and to see their impact in the simulation re-
sults, when simulating systems of industrial scale, and also
for determining failures of this kind when operating the cells
and systems. A physical model of a planar rSOC developed
enables the predicting of polarization curves, electrochemical
impedance performance and distribution of relaxation times
under different operating conditions, thus including varying
operating temperatures, fuel and air volume flows, fuel and
air/oxygen composition, as well as flow conditions. One of the
most common methods for analysis of processes in fuel cells,
the electrochemical impedance spectroscopy (EIS), was
applied in-operando as a state of health diagnosis method.
The data obtained were used to derive and interpret the
equivalent circuit model (ECM) and evaluate distribution of
relaxation times (DRT), or simply to analyse geometrical as-
pects of the EIS curve. ECM is a combination of ideal electrical
elements that simulate charge transfer, mass transport and
other processes. DRT is sort of an equivalent way to express

information contained in ECM, in which the frequency-
dependent impedance values are converted into a spectrum
of serially connected RC-elements according to their relaxa-
tion times [21,33—35]. This makes it easier to differentiate
between the individual loss mechanisms, even if the associ-
ated time constants are close together. The measured and
simulated results could thus be compared with each other.

Although the model enables very detailed analysis of
rSOCs in both operating modes, the aim was not to develop
complex 3D models, which are computationally- and time-
intensive, but the model, which gives as much detailed in-
formation as possible in a time-efficient manner. The model
presented in this study was developed in MATLAB and ac-
cording to the authors’ best knowledge no such model is
currently present in the literature. It is based on the physical
laws and presents a time-efficient solution for very detailed
performance assessment of industrial-sized rSOCs, which is
of crucial importance for development, operation and opti-
mization of rSOC systems. For its validation in-house made
cells and experimental data are used. The model developed
can easily be implemented into available tools for prediction
of cell performance, comparison of monitored and predicted
performances and thus also be used to extend control
algorithms.

Experimental setup

The experimental investigations were carried out on single-
cells embedded in a ceramic-cell housing and the data ob-
tained were used to validate the model developed. For this
purpose, voltage monitoring, polarization curve, electro-
chemical impedance spectroscopy (EIS), extensive tempera-
ture measurements and off-gases analysis were conducted.
Fuel electrode-supported solid oxide cells (further in the text
referred as SOC) were employed. The fuel electrode was
fabricated as Ni/YSZ, mixing raw nickel oxide powder with
8 mol% YSZ and sintering it at approximately 1,200 °C for 5 h.
Afterwards, the anode composed of NiO and 8YSZ was screen-
printed on the YSZ support. In order to ensure the gas-
tightness of the 8YSZ electrolyte, it was co-fired at 1,400 °C
for 5 h. A barrier layer between the electrolyte and the cathode
was composed of GDC. On the top of it, the LSCF perovskite
cathode was screen-printed and sintered at 1,080 °C. The
overall area of the single-cells was 10 cm x 10 cm with an
active area of 80 cm?. The cell geometry is illustrated in Fig. 3b.

An illustration of the test rig used is provided in Fig. 1. The
cells were embedded in a ceramic cell housing, which was
fabricated as alumina. When using a ceramic cell housing it
is possible to avoid unwanted failure, which could occur
when employing metallic cell housing. The cell anode and
cathode were supplied with gas via gas pipes. The gas inlet
and outlet pipes are ceramic and heated up to the operating
temperature in an electrical furnace. The operating temper-
ature was varied between 700 °C, 750 °C and 800 °C for the
purpose of the detailed investigations. The fuel electrode was
supplied with a mixture of hydrogen/steam/nitrogen, since
the cells are operated in a reversible mode. The same gas
composition can thus be used in both operating modes.
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Fig. 1 — Comparison of cell performance when varying operating temperature, fuel volume flow and oxygen concentration

on the oxygen electrode.

Hydrogen is always required at the fuel electrode inlet in
order to prevent oxidation of the anode in a fuel cell mode
and cathode in an electrolysis mode, respectively. In parallel,
the air electrode is supplied with air. The operating param-
eters applied for experimental investigations, thus consid-
ering gas composition, fuel and air volume flow and
operating temperature, are shown in Table 1. Volume flow of
individual gas components was controlled using mass flow
controllers (MFC). An ABB gas analyser is used for analyzing
the volumetric fraction of single gas components at both the
anode inlet and outlet sides.

In order to achieve a desired degree of gas-tightness be-
tween the electrodes, glass sealing was used. In addition,
ceramic frames were used. Ni-meshes were used for con-
tacting on the fuel electrode. A platinum mesh was applied on
the oxygen electrode. The temperature was measured at 6
different points on the fuel electrode, 6 points on the oxygen
electrode as well as on the fuel and air inlet and outlet (4
points). A mechanical load was applied, which can be
increased up to 1 kg/cm?, in order to decrease the contacting
resistance. A more detailed description of the cell housing can
be found elsewhere [36—38].

Problem identification ]

!

Literature evaluation

Yes

Additional simulations?

Fig. 2 — Flow chart showing the basic principle of modeling and experiments.
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Fig. 3 — Basic overview of a simulation model.

For the purpose of electrochemical analysis, measure-
ments of polarization curves and electrochemical impedance
spectroscopy were performed. A Bio-Logic impedance analy-
ser with an 80-A booster was employed for this purpose. It is
designed for 4-quadrant operation and can thus be used both
as a potentionstat and a galvanostat, with an option to control
DC and AC signals. Before starting electrochemical measure-
ments, an effort was made to achieve a state of equilibrium.
The polarization curve measurements were performed by
applying the current ramp of 40 mA/s. The impedance mea-
surements were performed in a galvanostatic mode, by
superimposing an AC current wave in the frequency range
100 mHz-10 kHz with 10 points/decade. Since the booster was
used, the maximum frequency was limited to 10 kHz. The AC
value was set to a count of 4% of the DC value for the specific
operating point. The EIS measurements were performed in the
entire load range. The impedance data obtained were further
analyzed by applying distribution of relaxation times meth-
odology and the software used for this is detailed explained in
Ref. [34].

Creation of a simple model for rSOC simulation

In order to both numerically examine and predict perfor-
mance of the reversibly operated SOCs of industrial size, a
model based on physical parameters was built. The equations
used are selected to be appropriate for both the fuel cell and
the electrolysis mode. Employing the fundamental model
equations it is possible to simulate polarization curves, elec-
trochemical impedance spectroscopy and detailed loss dis-
tributions. A total of 120 equations were employed for the
model development. They enable to integrate thermody-
namics, charge transfer, mass transfer in both electrodes and
flow field, and reaction kinetics into an advanced model. The
boundary conditions are set based on the experimental setup,
described in the previous section. A detailed explanation of all
the parameters used in the equations can be found in the list
of symbols. We will not show all of the equations that were
used in this study, but only the most representative ones. In
this section, the detailed insight into the modeling steps is

Table 1 — Operating parameters used.

Influencing variable 9 Fuel electrode Oxygen electrode
XH, XH,0 XN, Vr Xo, XN, Vo
Variants (Abbreviation) °C % % % SLPM % % SLPM
Temperature
(T) 700 30 30 40 2 21 79 1.6
750 30 30 40 2 21 79 1.6
800 30 30 40 2 21 79 1.6
Volume flow
Fuel electrode (V) 750 30 30 40 2 21 79 1.6
750 30 30 40 0.85 21 79 1.6
Gas composition - Fuel electrode
(XF1) 700 45 15 40 2 21 79 1.6
(XF2) 700 30 30 40 2 21 79 1.6
(XF3) 700 15 15 70 2 21 79 1.6
Flow configuration
Co-/Counter-flow (F) 750 30 30 40 2 21 79 1.6
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given, especially with regard to charge transfer, mass transfer
in electrodes, mass transfer in flow field as also polarization
and the impedance model.

The simplified flow chart used for carrying out experi-
mental and numerical investigations within this study is
shown in Fig. 2.

Fundamental equations

The energy conversion in fuel cells can be described focusing
on the basic thermodynamic principles. The chemical re-
actions of crucial importance in this study are hydrogen
oxidation in the fuel cell mode, and in the opposite direction,
steam dissociation in the electrolysis mode:

1
H; +5 0,=H,0 0]

Besides the macroscopic thermodynamic consideration,
for which only the initial and end conditions are taken into
consideration, additional information on the occurring pro-
cesses can be gained by considering the reaction kinetics. In
the equilibrium state, the forward and reverse reaction rates
are equal and the current density that occurs is indicated as
an exchange current density. Nevertheless, if the operating
state diverges from the equilibrium state, the exchange cur-
rent density is not equal for the forward and reverse reactions,
thus resulting in the net current density, as follows [39]:

. . N C Vst “Fen C Vst, JF..
i=Aij =13 H(C_rg)l wrl .e«-“T%'_H(C_*;>‘ wl | g tasgs @)
E P

in which « is the transfer coefficient, n indicates the over-
voltage losses, and c is related to the species concentration.
In contrast to the ideal operating conditions, different ef-
fects occur under real operating conditions, which reduce the
fuel cell performance. The deviation from the ideal voltage is
specified by overvoltage losses. They can be divided into the
equilibrium share (7,), for which operating current equals
zero, and the current-depending share (7;), as follows [40]:

n=no+mn ©)]

In the equilibrium state, the current density is considered
to be zero, thus leading to the following overvoltage:

R-T Cpp\ /stm
v En(11)")

Considering such overvoltage differentiation, the net cur-
rent can be presented as the Butler-Volmer-Equation [35]:

. -
i=ige | @@ ®r — g=(1-a) e (5)

with the activation overvoltage n,,and the exchange current
density io.

Moreover, the losses are divided into concentration losses,
activation losses and ohmic losses. Depending on the con-
centration of reactants and products on the electrochemically

active reaction sites in comparison to their concentration
under open circuit voltage (OCV) conditions, the local

potential and thus the occurring losses vary in accordance
with Eq. (6) [40].

R-T C:n vstm
Neone = Ze_.F' In (rm[ (a) > (6)

cmorefers to the concentration of the specific gaseous species
at OCV and c,, to the local concentrations. In the present study,
all the losses are related to the H,, H,O and O, components,
thus differing between losses that occur on the fuel electrode
and those on the oxygen electrode. Taking the electro-
chemical reactions that occur into account, the forward and
reverse reactions are dependent on the required activation
energy and thus the available potential difference, which is
presented as a function of charge transfer. A deviation from
the equilibrium state is thus necessary in order to initiate the
occurrence of reactions, and thus simultaneously leading to
the irreversible entropy increases and losses [41]. For a special
case, in which a transfer coefficient is defined tobe o = 0.5, the
Butler-Volmer-Equation (Eq. (5)) becomes a hyperbolic sine
function and the overvoltage can be calculated according to
the following equation [40]:

2-R-T . i
Nact = o F arsinh <2—lo) . (7)

Finally, the ohmic losses are determined as a function of
the area specific resistance r and the operating current density
i [40]:

Nohm =T L. (8)

In this study, no further losses except those mentioned
above are considered, in order to simplify the calculations.
Thus, the cell voltage E is determined as a difference of the
Nernst-voltage and the specific losses that occur during the
operation [40]:

E=EN — Nact — Mconc — Nohm (9)

Modeling principles

The fuel cell is in general divided into several segments in the
flow direction for the purpose of the simulations performed.
The influence the number of segments has on the quality of
the data observed will be discussed later. An illustration of a
segment simulation is shown in Fig. 3a. The gas composition
in the flow field of one segment is assumed to be constant
and thus all the changes across the flow direction and taking
the direction of the cell thickness into consideration can thus
be neglected. The mass transfer only is considered for each
electrode, thus enabling 1D-analysis. However, the division
into several segments makes it possible to analyse the
changes that occur in the flow field direction, thus enabling
the 2D-analysis. The segment number is labeled with an
index n. The parameter £ describes the distance from the
boundary layer electrolyte/electrode, and for the flux of
species N the transport from the electrolyte layer towards the
gas flow field is considered as positive. The index F always
refers to the fuel electrode, whereas the index O refers to the
oxygen electrode. The fuel flow velocity is indicated by v and
it concerns the velocity on both the inlet and the outlet of the
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segment; the velocity at the outlet is indicated by the same
number n as for the corresponding segment. The index m
refers to the gas component; its concentration in the fuel flow
field is indicated by c, and in the electrode by a superscript b.
The contacting meshes are in general considered as a part of
the fuel flow field, whereas the meshes with higher layer
thickness are considered as a part of the fuel electrode. In
Fig. 3b the cell used is presented with the length (I) and width
(b) of its electrochemically active area, as shown in Ref. [42].

As already known, in the fuel cell mode the ionic transfer
occurs in the oxygen electrodes via electrolyte and further
through the fuel electrode, which, because of the negative
oxygen ions corresponds to the technical current direction
from the fuel electrode to the oxygen electrode. Therefore,
this direction is considered as positive in the fuel cell mode,
and negative in the electrolysis mode. For both the fuel cell
and the gas distributed along the cell, a constant temperature
is assumed, and thus the thermal effects are neglected.
Furthermore, in order to simplify the calculations and
considering the available literature, electrochemical reactions
are assumed to occur only on the boundary layer electrolyte/
electrode, thus neglecting reactions in the direction of the
electrode thickness. In Ref. [43], the numerical investigations
carried out showed that reactions strongly diminish with
increasing distance from the boundary layer electrode/elec-
trolyte and thus the reactions can be considered to occur
mainly in a region of several um.

In the present study, considering the experimental setup
and the ceramic cell housing, although a glass sealing is used,
the occurrence of leakages is presumed, which lead to the
water vapor production even under OCV conditions. This is
considered in the model by properly corrected gas inlet
composition. In addition, it is assumed that the internal
leakage current occurs due to undesired gas and electrons
exchange, which is considered to be constant and thus results
in an offset of the polarization curve [41,44,45]. All the relevant
parameters used for the purpose of the simulations are given
in Table 2.

Charge transfer

The ohmic losses, ascribed to a resistance resulting from the
following: (i) electron conduction in the metallic phase of the
electrodes and in contacting meshes, (ii) ionic conduction in
the electrolyte, as well as (iii) contact resistance between (a)
single wires within the contacting meshes, (b) meshes and
electrodes, and (c) individual layers; are summarized into an
area specific resistance, which is thus presented as a function
of the experimental setup and not solely the rSOC micro-
structure. Resistance of this kind is temperature-dependent
and its function is displayed in the form of an Arrhenius
approach [40]:

r=T1o e T (10)

with a pre-exponential factor roand the activation energy E,,.
The parameter values are determined by fitting of the
measured data and as such are presented in Table 2. It is
assumed that this resistance is equal to the high-frequency
resistance in impedance spectra.

Mass transfer in electrodes

A Dusty gas model (DGM) was used to describe the mass
transfer within the porous electrodes, for which the molar flux
of species N, the concentrations of individual gas compo-
nents b, and the pressure pPare considered as a function of the
coordinate &. If the mass transfer occurring in parallel to the
cell surface is neglected, the following equation is valid for
each component m [50]:

Zc?-Nm—cEn-Nl Nn _ dch  Bgecp dp° (11)

~ "Dy Dy 0 weDy 02

l#=m

in which, D¢ represents the binary diffusion coefficients of the
components | and m, the effective Knudsen diffusion coeffi-
cient D¢, the permeability B, and dynamic viscosity p of the
gas mixture. The terms on the left-hand side describe the
diffusion in a multi-component system according to the
Stefan-Maxwell model and the interaction of the gas compo-
nents with the porous structure, whereby the last term on the
right-hand side refers to the advective mass transfer in the
form of a Darcy equation. For the purpose of the model
simplification, the diffusion coefficients are taken into
consideration as constant on the boundary to the flow chan-
nels, thus resulting in linear pressure and species quantity
distribution. A comparison is made for the results observed
when using constant diffusion coefficients and the data
implemented from the Matlab ode 45 algorithm for a current
density of +500 mA/cm? in both fuel cell and electrolysis
mode. In Fig. 4, distribution of the selected parameters for a
stationary case on the fuel electrode is illustrated. The
parameter values used in the model are listed in Table 2,
whereby the mean size of the porous structures is estimated
based on the scanning electrode microscope (SEM) images.
The diagrams show that the results observed in the current
range of interest can be considered as linear and they show
very good accordance with the data obtained when using
linear diffusion coefficients. The change in the effective
diffusion coefficients within the electrode is very low and the
assumption of constant values results in very low deviations
that can be neglected. The effective diffusion coefficient of
water vapor is lower than that of hydrogen, whereby in the
fuel cell mode its partial pressure on the boundary layer
electrode/electrolyte increases slightly and decreases slightly
in the electrolysis mode, since in the first case water vapor is
formed and in the latter case consumed. The pressure
changes can also be effectively reproduced using the constant
diffusion coefficients; these can be neglected, however, in the
current range considered. Furthermore, a higher nitrogen
fraction in the fuel mixtures leads to a decrease in the H,0 and
H, diffusion coefficients, and as a consequence the concen-
tration variation in the electrode increases for constant cur-
rent density. Simultaneously, the influence of nitrogen on the
pressure change is very low.

Mass transfer in the flow field

The mass transfer processes within the flow field are calcu-
lated based on conservation equations of mass, momentum,
energy, charge as well as species balance. Under the
assumption that pressure and temperature within the entire
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Table 2 — Model parameters, cell geometry and charge transfer values.

Parameter Value Unit Source
Length of the electrochemically active area I 8.94:102
Width of the electrochemically active area b 8.94.102 m
Electrochemical active surface I-b 8.1073 m?
Electrolyte thickness ¢ 1.5-10°° m [46]
Fuel electrode thickness 6p 3.5-10°% m [46]
Oxygen electrode thickness 6o 3.10°° m [46]
Fuel flow cross-section on the fuel side Ar 1,2-107* m? Estimated value
Flow field cross-section on the oxygen side Ao 1,2-10~* m? Estimated value
Leakage on the fuel side V; ¢ 5.103 1 Measurement data
min
Leakage current i 1 mA [44]
cm?
Inductivity of the measuring cables L 5.10°° H Measurement data
Pre-exponential factor for ohmic resistance rq 547.10°8 3 fit
m2
Activation energy Eq, 5.64-10% J fit
mol
Fuel electrode
Transfer coefficient ar 0.75 - [42]
Pre-exponential factor hydrogen-desorption vy, 1.22-108 Pa [42]
VK
Activation energy desorption Eg ges 8.812-10* J [42]
mol
Pre-exponential factor ¢ 2.2-108 A fit
m2
Activation energy Eqr 8.49-10* J [43]
mol
Capacitance between fuel electrode and electrolyte Cr 25 F fit
m2
Oxygen electrode
Transfer coefficient ap 0.5 - [47,48]
Pre-exponential factor v, 8:10° A fit
m2
Activation energy desorption E, o 1,2-10° J [47,48]
mol
Capacitance between oxygen electrode and electrolyte Co 10 F [49]
2
Fuel electrode
Average pore radius rpr 1076 m SEM
Average particle diameter dy, ¢ 3.10°6 m SEM
Tortuosity 7,4 F 3.5 - [42]
Porosity @, 0.35 - [42]
Oxygen electrode
Average pore radius 10 5.10~7 m SEM
Average particle diameter dyo 10 m SEM
Tortuosity 740 3.5 - [42]
Porosity &0 0.35 - [42]

flow channels as well as the species concentration and ve-
locity within the cross-section are constant, the mass transfer

Table 3 — Initial operating conditions applied for model

validation. can be described based on 1D species balance equation. Nu-
merical investigations carried out by other researchers
Parameter Without H,0 With H,0 showed that diffusion along the flow field direction has a very
Temperature e —— low impact on the polarization curve and impedance spectra,
Gas composition fuel 15 % Hy, 85 % Ny 30 % Hy, 30 % Hy0, 40 % N, even under very high currents ( >600 mA/cmZ) [51]. Consid-
electrode ering this, the species balance equation, under the assump-
Volume flow fuel 2 SLPM 2 SLPM tion of ideal gas behavior, can be used as follows [52]:
electrode
Gas composition 21% 0,3, 79% Ny 21 % 0, 79 % N, acs,  0(ci,ev) _b 12)
oxygen electrode ot ay A"
Volume flow oxygen 1.6 SLPM 1.6 SLPM . . .
dreTeiE with ¢§,as molar concentration, v flow velocity, b electro-

chemically active width of the fuel cell, A as cross-section area
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N,) and comparison

with results using the constant diffusion coefficients (0 H,, AH,0, 0 N;) for species quantities in fuel flow channels for (i)

15 % H, and 85 % N, at 500 mA /cm?, (ii)
N,—500 mA/cm?.

30%H,, 30%H,0 and 40%N, at q, and (iii) ,

30%H,, 30%H,0 and 40%

of the flow channel, and s,, is the molar current density on the
electrode on the boundary to the flow field. For a segment
analysis a spatial discretisation of the species balance equa-
tion according to the finite difference method with the back-
ward difference for positive flow velocity is used, as shown in
the following equation [52].

acsnm an.n'““ - Csn,yFl'Un—l b .
3t Ay = 4 S (13)

Polarization curve and impedance model
Calculation of the polarization curve occurs according to Eq.
(9) (Nernst-voltage less all the occurring voltage losses, which
are considered as a function of local current densities and gas
composition.) The gas compositions can also be considered as
a function of the operating current. In order to illustrate the
cell impedance the fundamental equations are linearized and
the loss potentials are approached by Taylor series. On the
assumption that electrochemical reactions are characterized
by a very low time constants, the frequencies examined can
be considered as quasi-stationary. Therefore, there is no
explicit time-dependency in the relation between potential
losses that occur as a result of specific reactions. These can be
calculated according to the following equation [53]:

on

n(i,x) = n(f,?)Jra—".]‘g(i —1)+—

o ax| +(x—X) (14)

in which x depicts further current density dependent param-
eters. Because of the linearization applied, the system
response on the harmonic input variable is the harmonic
output variable with the same frequency, but the varied
amplitude and the phase. Thus, the solution obtained can be
presented as follows [53]:
i=i+Re(i-e") x=X+Re(X &)
(15)

n=7+Re(7 - &)

Eventually, the area specific impedance z is calculated as a
ratio between the voltage and current amplitudes [53]:

(16)

—~ )

If the cell is considered as one segment, the entire simu-
lation can be simplified towards 1D-simulation. It is assumed
that the operating conditions remain constant within the
segment and the voltage amplitude is determined as a sum of
the amplitudes of single voltage losses, which are linked to the
current amplitudes of the specific segment and the alterna-
tions in the gas composition due to the related transfer
function. For the 2D-model, the cell is divided into several
segments and in that case, it was assumed that the cell
voltage and the complex amplitude are equal for all the seg-
ments. The current amplitudes give more detailed informa-
tion about alternations in the gas composition in the flow
channel, which impact the following segments. The overall
impedance can thus be calculated according to Ref. [53]:

-1
b-Ay
Z= <;Z—> (17)
The equivalent circuit models used to simulate impedance
for both 1D- and 2D-model are shown in Fig. 5.

Model validation and experimental study

In this section the results obtained in the simulation study are
presented and compared with the experimental results. Thus,
model validation and an analysis of the deviations observed
are provided. There are several reasons based on which dif-
ferences in the simulated and measured values can occur,
such as e.g. assumptions made for the model design and pa-
rameters selection. Furthermore, it is also possible that the
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Fig. 5 — Equivalent circuit used.

experimental setup impacts the ideal operating conditions, logarithmic average value of the concentration of single
thus causing variations of the results expected. The operating components at the inlet and outlet of the segments, and (iii) by
conditions under which the measured data are obtained and cell division into 15 segments. For the purpose of simulating
which are used here for the model validation can be seen in gas distribution in the flow field, dry hydrogen fuel was used,
Table 3. since it causes the highest changes of the gas composition
Detailed insights into the impact of specific parameters on along the cell as well as a function of operating conditions. In
the results are given here, which are the gas composition in Fig. 6 the measured voltage (indicated by cross symbols),
flow channel, number of segments, flow configuration, simulated voltage (indicated by solid black line) and single
transfer coefficient, operating temperature, fuel volume flow losses (represented by colored areas) are presented. When
and fuel composition. considering single losses, these are separated into activation
losses (act), concentration losses caused by changes in the
Gas composition in the flow channel flow channels (conc, chan) and in the electrodes (conc, diff), on
the fuel side (F), on the oxygen side (O) as well as ohmic losses
As already described in the previous section, the gas compo- (ohm).
sition within the fuel flow field is assumed to be constant. In the first case for which the constant gas composition in
However, there are different criteria available to determine the flow channel is assumed, as shown in Fig. 6a, no con-
such constant gas composition: (i) gas composition is centration losses occur in the flow channel, because the
assumed to be same on the segment inlet and outlet, (ii) variation of the gas composition is not considered. Therefore,
1.2F ‘ ‘ R 1.2F ‘ : 1.2} :
1 - 1 - 1 -
> > >
~ ~ ~
D 0.8 D 0.8 D 0.8
0.6 0.6 0.6
| | | | |
0 200 400 0 200 400 0 200 400
i / mA/cm? i / mA/cm? i / mA/cm?
(a) 1D inlet. (b) 1D logarithmic average. (c) 2D (15 segments).

‘ Nact,F Necone,dif f,F Tlcone,chan, F I Tlohm B Nact,O B Tconce,di f f,0 B Tlconc,chan,O ‘

Fig. 6 — Comparison of + the measured and — simulated polarization curves and separation of single losses as a function of
different ways for determination of gas composition in the flow channels.
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it is not possible to simulate losses that occur as a conse-
quence of high operating currents and high fuel utilization
rates. This is clearly visible in the diagram, since on increasing
the current density, the discrepancy between the measured
and the simulated curves increases significantly. In compari-
son, the 2D representation created by dividing the cell into 15
segments results in increasing concentration losses and
slightly increasing activation losses on the fuel side with an
increasing operating current, as can be seen in Fig. 6c. In the
low current density range (< 100 mA/cm?), the losses remain
almost identical. The results observed using logarithmic
averaging (see Fig. 6b) of the gas concentrations within the
flow channels are similar to those observed for the 2D simu-
lation. However, in this case the concentration losses first
increase strongly at higher operating currents (> 400 mA/
cm?). However, in comparison to the measured data, both
latter models show lower losses and with no such abrupt
decrease as that observed for the measured polarization
curve.

This discrepancy can on the one hand be explained as a
consequence of 3D effects such as non-uniform current den-
sity distribution over the cross-sectional surface, which are
not considered in this numerical study, because of the model
complexity that would avoid the main goal of this study.
Numerical study devoted to the investigation of fuel flow
within the ceramic cell housing used [38], showed that when
using the proposed geometry an area with a 25% higher flow
density on the oxygen side and 15% higher on the fuel side is
formed, whereby the volume flow decreases in the remaining
cross-section. This could be considered through the further
model extension towards a 3D model and simulation of seg-
ments in the cross-sectional direction. This was not done,
however, in the present study. On the other hand, it is possible
that the limited gas distribution within the flow channels
causes a concentration gradient in the cross-sectional flow
field, which thus leads to the greater change of the gas
composition on the boundary electrode/flow channel and to
increasing losses. A further reason for the changes observed
could also be explained based on the results observed in Refs.
[38], where it was shown that local water vapor pressure can
even vary by as much as about 10%. The model accuracy could
thus be increased using the computational fluid dynamic
simulation tools, which simultaneously have a significant
increase on the complexity of the model. Nevertheless,
further explanation is not the issue in the modeling, but in the
experimental setup, which is based on the leakage and not
ideal contacting of the electrodes, lowering the measured cell
performance.

Impact of the segment numbers on the simulation results

For a 2D perspective the cell is divided into segments and
electrochemical reactions are taken into consideration for
each segment. Thus, the gas composition on one segment
corresponds to the gas composition obtained at the outlet of
the previous segment. In this context current density is
considered to be constant along each segment. On increasing
the number of segments the length of each segment and the
alteration within the segment decreases, while the accuracy
of the simulated data increases. The impact of the number of

segments on the average current density, distribution of
voltage losses as well as electrochemical impedance spectra
and distribution of relaxation times, for an operating voltage
of 0.75 V and under operating conditions defined in Table 3, is
presented in Fig. 7.

In Fig. 7a, a hyperbolic trend of the average current density
as a function of segment numbers is observable, whereby the
curves become flatter with the increasing number of seg-
ments. Increasing the number of segments results in a distinct
increase of concentration losses in the flow field channels on
the fuel side, but only in a slight increase on the oxygen side.
This behavior is most pronounced until segment 5, subse-
quently the changes are very slight until segment 15, after
which no changes are observable, as can be seen in Figs. 7a—b.
When analyzing impedance data observed as Nyquist dia-
grams (Fig. 7c) and DRT-data (Fig. 7d), it can be seen that
increasing the number of segments up to 2 results in distinct
changes, for which low-frequency processes are observable.
The height of the low-frequency arc increases with an
increasing number of segments, but only up to the segment
number 10. If the number of segments is higher than 10, no
further changes occur. In the DRT spectra it is visible that even
middle-frequency peaks initially increase with the increasing
number of segments, and additional peaks are observed be-
tween the low- and middle-frequency peaks. Their time con-
stant decreases with the increasing number of segments and
finally they start to merge with the middle-frequency peak.
The occurrence of such an additional peak may be explained
by processes that occur under very low water vapor partial
pressure, as at the fuel electrode inlet, and their impact de-
creases as the length of the segment decreases.

Impact of the flow configuration

When dividing the cell into segments, it is also possible to
investigate the impact of the flow direction on the cell per-
formance. There are in general, three different possible flow
directions: co-flow, counter-flow and cross-flow. It is also
possible to investigate each of these with the experimental
setup used in the experimental study. Under co-flow condi-
tions, the fuel and air directions are same, but these are in the
opposite directions in the case of counter-flow. In Fig. 8 the
impact of flow direction on the cell performance can be seen
thus taking the voltage (Fig. 8a), current density (Fig. 8b) and
species distribution (Fig. 8c) observed in the numerical study
into consideration.

The polarization curves in Fig. 8a show that the impact of
the flow configuration is very low under specific operating
conditions. Moreover, when taking into account current dis-
tribution, it can be seen that the impact of flow configuration
is low under low current densities and becomes evident only
at higher operating currents. In such a case the counter-flow
results in a more uniform distribution than the co-flow
configuration, the reason for this is the distribution of
gaseous species, as presented in Fig. 8c. On the fuel electrode
side the electrochemical reactions in the fuel cell mode lead to
a decrease in the hydrogen partial pressure and a water vapor
increase in the flow direction, with the result that the local
Nernst-voltages decrease and the concentration losses in-
crease. The decreasing oxygen partial pressure on the oxygen
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Fig. 7 — Impact of number of segments on the cell performance, when fueling it with dry hydrogen at 0.75 V.

electrode causes an increase in concentration losses. Thus,
under co-flow conditions the losses on both electrodes in-
crease in the flow direction and cause a drop in the operating
current. The direction of the concentration losses for the
counter-flow configuration is opposite for the two electrodes,
thus resulting in a more uniform current density distribution.
In electrolysis mode this effect is very weak, since oxygen is
formed and thus the changes in the oxygen partial pressure
are lower. Moreover, the increase in the oxygen concentration
increases the exchange current density on the oxygen elec-
trode and causes lower activation losses.

In the experimental investigations performed, the fuel flow
direction remained unchanged, while the air flow direction
was changed in order to achieve the counter-flow configura-
tion. The measured impedance spectra (Fig. 8d) and the cor-
responding DRT spectra (8e) show almost no deviations
between the co-flow and counter-flow. The only difference is
observed in the low-frequency range due to noise. This can be
caused by changes in the temperature distribution when
reversing the flow direction and also from the occurrence of
leakage caused by changes in pressure distribution.

Transfer coefficient

The transfer coefficient « is a kinetic parameter, which de-
scribes the behavior of the activation energy required and
thus the reaction rates of the forward and reverse reactions
considered as a function of the varying electrochemical re-
actions and their potential within the cell [41]. In order to
simulate the cell performance in a correct way, it is important

to first estimate its correct values. For simulation of fuel cells,
o is usually selected to be 0.5 [29]. When simulating reversible
operation, however, it is important to consider the impact of
the transfer coefficient appropriate for simulating losses in
both operating modes. Fig. 9a shows the activation over-
voltage trend as a function of three different transfer co-
efficients, 0.5, 0.75 and 0.85, employing the operating
conditions shown in Table 3. If o = 0.5 (indicated by orange
line) a point-symmetric behavior is observable and losses are
identical in both operating modes. In the range of low current
densities, a linear behavior is observable independent on the «
value, thus concluding that in such a range the transfer co-
efficient does not impact the curve behavior. In the case if
a> 0.5, the activation losses are significantly lower for positive
operating currents, based on which an asymmetric behavior is
observable. An asymmetric behavior of this kind is intensified
with the increasing values of transfer coefficients. Their
impact is much more pronounced for negative operating
currents in electrolysis mode.

The experimental investigations performed on fuel
electrode-supported cells resulted in significantly higher los-
ses when operating the cell in the electrolysis mode in com-
parison to the fuel cell mode. Therefore, we assume that such
behavior can be linked to the asymmetric activation losses on
the fuel electrode, based on which « is assumed to be greater
than 0.5. In our study, since the cell is operated in a reversible
mode, we performed simulations for two different « values,
and compared the results obtained when employing a = 0.75,
as available in the literature [42] with « = 0.85.
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Fig. 8 — Comparison of numerical and experimental results observed when fueling the cell with humidified fuel considering

the co-flow and counter-flow configuration.

The results observed when employing the two different o
values for the simulation study are presented and compared
with the measured data in Fig. 9b for polarization curve, in
Fig. 9c for EIS-spectra and in Fig. 9d for DRT-spectra. Com-
parison of the simulated and measured polarization curves
shows that when considering the fuel cell mode, slightly lower
losses are predicted for the higher o value (indicated by green
solid line), whereby in the electrolysis mode significantly
higher losses are predicted than for the lower « (indicated by
blue solid line). The EIS- and DRT-plots provide the required
explanation for such behavior, showing that this difference
results mainly from the middle-frequency range and the
activation losses. Under OCV conditions, the diagrams are
identical for both «, since the losses in the low-current range
are independent on the transfer coefficient in this case and
the exchange current densities are almost the same based on
the same partial pressures of H, and H,0O. In the DRT-spectra
the middle-frequency range would appear to result in the
highest deviations, which can be explained by several factors.
On the one hand, the reasons are the leakage effects consid-
ered in the developed model, which cause a very low current
to flow even under OCV conditions as well as the subsequent
alternation of the gas composition. On the other hand, the
conversion of the impedance data to the distribution of

relaxation times can result in specific artifacts. On increasing
the current density, the amplitude in the middle-frequency
range in the fuel cell mode decreases and increases in the
electrolysis mode, the increase of which is intensified with the
increasing a. Additionally, when increasing «, the dependency
of the exchange current density on the water vapor concen-
tration increases. This even intensifies the rising trend in the
electrolysis mode, since the water vapor concentration de-
creases with increasing operating current due to the
increasing quantity of hydrogen generated, thus leading to
larger activation losses. In the low-frequency range the same
trend is expected as for the middle-frequency range, although
only apparent to a much lesser extent, which is also to be
ascribed to the dependency on the exchange current density.

In comparison to the measured data, the simulation results
in the entire range show lower losses, the deviation of which
is higher in the electrolysis mode. The Nyquist-plots show the
higher high-frequency resistance for the measured data,
which can appear as a consequence of contacting issues in the
experiments. The ohmic resistance values used for the
simulation are obtained by curve fitting as a function of the
operating temperature and based on the several measured
data available. Moreover, the measured data show even
stronger dependency of the middle-frequency range on the
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0.85 on the cell performance and comparison with

operating current. In this case, employing higher values for
transfer coefficient results in lower deviations between the
measured and the simulated data. Next, the low-frequency
range of the Nyquist-plot is also lower in the simulated
values, which can occur due to the processes in the flow
channels, as discussed above. Such effects could also provide
a specific impact in the middle-frequency range. The DRT-
spectra show very good accordance of the simulated and the
measured time constants. The measured data show addi-
tional peaks at approximately r = 1's, which can be caused by
the signal noise in the low-frequency range. In the simulation
the time constant at 7 = 2-1073 s is predicted as lower, which
could refer to higher effective diffusion coefficients for the
mass transfer in the fuel electrode.

Impact of operating conditions on the cell performance

In the previous sections a comparison was made between the
measured and the simulated data. It could be seen that slight
deviations often occur between the modeled and experi-
mental values. The reason for this lies on the one hand in the
choice of the model parameters and on the other hand on the
experimental setup, in which small deviations can also result
in considerable performance variations. For example, if there
are leakages in the experimental setup, the volume flow can
change within the flow channels and the cell. Subsequently, it
causes changes of the temperature distribution and the

equilibrium state. Furthermore, depending on the fuel used,
high temperature differences can occur between the cell inlet
and outlet, which impact the average cell temperature, thus
leading to slightly changed operating conditions in compari-
son to those applied in the modeling study. For this reason,
the impact of three selected operating parameters: operating
temperature, fuel volume flow and gas composition, on the
cell performance were investigated in detail in an experi-
mental study.

The operating temperature is an essential parameter for
achieving a sufficient efficiency, both in the fuel cell and
electrolysis mode, since the electrolyte conductivity in-
creases with increasing temperature and the reaction ki-
netics are also enhanced. Nevertheless, the possibility for
specific degradation mechanisms to occur in addition to
more demanding requirements on the system components
also increases simultaneously with the temperature. The
impact of the operating temperature on the cell performance
(T) is illustrated in Figs. 10a and b. The temperature was
varied between 700 °C indicated by blue solid line, 750 °C
depicted in green solid line and 800 °C illustrated by orange
solid line. When varying the operating temperature, the hu-
midified fuel mixture stated as T in Table 1 was used. It
consisted of Hy/H,O/N, = 30/30/40, with the fuel volume flow
of 2 SLPM and the air volume flow of 1.6 SLPM. The measured
polarization curves, as presented in Fig. 10a, show decreasing
OCV with the increasing temperature. In the fuel cell mode
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Fig. 10 — Comparison of cell performance when varying operating temperature, fuel volume flow and fuel composition.

this results in the increasing heat release, while in the elec-
trolysis mode in the decreasing power required. Next, an
increasing operating temperature reduces the polarization
losses thus flattening the curve. In the fuel cell mode, an
intersection point is observable and after this has been
exceeded the losses are reduced. The Nyquist-plots in
Fig. 10b show that while increasing the operating tempera-
ture both the ohmic resistance and high- and middle-

frequency impedance decrease. The low-frequency pro-
cesses would appear to be independent of the operating
temperature and the current density. Additionally, the DRT
analysis was performed, which showed a peak between the
low- and middle-frequency range, the amplitude of which
does not vary with the varying temperature, but its time
constant moves towards faster processes with the increasing
temperature. This can be linked to the water vapor transport
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in the fuel electrode, as observed in the simulation results
referred to above.

When varying the volume flow, the velocity and thus the
variation of the gas components in the fuel channel are
influenced at the specific current density. The lower volume
flow results in the faster variation of the chemical potential
and thus increasing losses during the electrochemical re-
actions. Moreover, reducing the volume flow leads to an in-
crease in fuel utilization, thus reducing quantity of unused
fuel components at the fuel electrode outlet. The volume flow
can also influence the temperature in the fuel cell system. The
results observed when varying the fuel volume flow (V) be-
tween 2 SLPM and 0.85 SLPM are shown in Fig. 10c and d. The
furnace temperature was kept constant at 750°C, whereas on
the oxygen electrode the volume flow was set to 1.6 SLPM. The
fuel composition remained unchanged. By reducing the fuel
flow from 2 SLPM (indicated by blue solid line) down to 0.85
SLPM (indicated by green solid line), the losses increased in
the entire load range, the impact of which is even more pro-
nounced in electrolysis mode. The impedance measurements
showed no impact of the volume flow in the high-frequency
range, but a significant difference occurred in the low-
frequency range. This is visible for both operating modes
when increasing the operating current density. In parallel, the
time constant moves towards higher values thus leading to
the conclusion that losses occurred that can be traced back to
the mass transfer effects in the gas channels on the fuel side.
In the electrolysis mode, additional losses occur in the middle-
frequency range and they increase with increasing current
density. This occurs on lowering the exchange current density
due to the decreasing water vapor concentration, which thus
causes higher activation losses.

Finally, the fuel gas composition was changed, in which
the ratio between hydrogen and water vapor concentration as
well as fuel dilution in nitrogen were varied. The set operating
parameters can be found in Table 1, labeled as XF. The po-
larization curves in Fig. 10e show a clear dependence on the
H,0 quantity; the higher H,O partial pressure, the flatter the
curve and lower the losses. For the OCV the H,/H,O-ratio is
also of crucial importance according to the Nernst-equation,
which is also confirmed by the measured data. The more
detailed insight into losses is visible in the Nyquist-plots in
Fig. 10f. Increasing the nitrogen quantity, which means

—100 mA/Cm2

intensified fuel dilution and lower hydrogen and also the
water vapor quantity, result in higher losses in the low-
frequency range. If the H,O quantity on the fuel electrode is
lower, the impedance of the low- and middle-frequency range
increase in the electrolysis mode with the increasing current
density. In the fuel cell mode, the difference between the
impedance spectra is not so pronounced. This behavior may
occur as a consequence of asymmetric activation losses in the
fuel electrode. Additionally, the water vapor concentration
increases in the fuel cell mode due to the restricted transport
in the fuel electrode and decreases in the electrolysis mode,
thus amplifying the observed effect.

Relative error - simulation vs. measurement

In Fig. 11 the relative error is shown as the deviation of the
simulated values in comparison to the measured values at an
average current density of 100 mA/cm? in electrolysis mode
and 200 mA/cm? in fuel cell mode for both transfer coefficients
used (as discussed in Section Transfer coefficient). The error is
illustrated for the initial operating conditions given in Table 3,
as well as for the variations performed for specific parameters
selected. When decreasing the water vapor quantity (down to
15 vol%) and volume flow on the fuel side (down to 0.85 SLPM)
as well as increasing the operating temperature up to 800 °C,
the concentration losses and their impact on the cell perfor-
mance increase, which is underestimated in the simulation
model leading to the higher voltages in fuel cell mode and
lower voltages in electrolysis mode. With decreasing tem-
perature the impact of activation losses increases, for which
the simulation, based on its dependency on the water vapor
concentration, shows lower losses in electrolysis mode and
higher losses in fuel cell mode. Thus, since individual errors
show the same tendency in the electrolysis mode, the total
relative error increases. In contrast, in the fuel cell mode, the
individual errors feature opposite tendencies, based on which
the total relative error seems to be lower. The higher transfer
coefficient leads on the one hand to the higher activation
losses in electrolysis mode and lower losses in fuel cell mode,
while on the other hand the dependency on the gas compo-
sition is intensified, thus leading to lower losses in electrolysis
mode and higher losses in fuel cell mode. At a lower operating
temperature of 700 °C the higher transfer coefficient results in

200 InA/CIn2

Initial conditions (Tab. 3) — -
zp = 45% Hy, 15 % Ho0, 40 % Ny E— =
Vi = 0.85 SLPM —_— ———
J=T00°C e -
¥ =800°C _— —
-3 -1 0 -1 0 1 2
fret | % fret | %

Fig. 11 — Comparison of relative error between the simulated and measured cell voltage in both electrolysis and fuel cell
mode for transfer coefficients of = 0,75 and = 0,85 when varying operating conditions.
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a low error in the fuel cell mode, since in this range the main
deviation occurs due to the activation losses.

To sum up, the transfer coefficient of 0.85 would appear to
show a lower discrepancy between the simulation and the
experimental results, however, the activation losses are
overestimated for low water vapor concentrations. The gen-
eral trends are thus better predicted when employing a
transfer coefficient of 0.75, although the losses are estimated
to be lower. Nevertheless, since the gas composition as a
function of the cross-sectional flow field is neglected, which
influences the activation losses, the discrepancies observed
are plausible. Nevertheless, for all the cases shown here,
maximum relative errors of 3% in electrolysis mode and 1.5%
in fuel cell mode are observed, which implies very good
agreement of the simulated and measured data and confirms
the suitability of the model developed to simulate processes
within industrial-sized rSOCs.

Conclusion

This study gives a detailed insight into the operating behavior
and loss mechanisms of industrial-sized solid oxide cells
operated in a reversible mode with hydrogen/water vapor
mixture. A model based on physical parameters was used for
this purpose, which aids in a better understanding of the
processes and behavior within the operating cell based on
polarization curves, impedance data and specific losses illus-
trated. The model was validated with respect to varying
operating temperature, volume flow and fuel gas composi-
tions based on experiments performed in-house.

The simulated polarization curves are in a very good
accordance with the measured data for both, fuel cell and
electrolysis mode. The discrepancy between the measured
and simulated data increased: (i) with the decreasing fuel
volume flow in fuel cell mode, and (ii) with increasing oper-
ating temperature in electrolysis mode. Regarding the
Nyquist, the quantitative discrepancy was observed mainly in
the middle- and low frequency range, which is ascribed to the
unconsidered effects occurring in the flow channels, such as
non-uniform gas distribution in the flow cross-section. Next,
it was identified that a non-uniform gas distribution in the
flow channels has a greater influence on the voltage losses in
electrolysis mode in comparison to the fuel cell mode. Taking
into account varying flow configurations, the numerical and
experimental studies showed no significant deviation be-
tween co-flow and counter-flow, whereby a more uniform
current density distribution was achieved for the counter-
flow. This could be of great importance in two cases: (i)
when significantly increasing the operating currents thus
increasing the heat losses, and (ii) for the case of internal
reforming of hydrocarbons. Considering different approaches
for determination of the gas distribution within the cell, the
logarithmic averaging of the gas components between the
inlet and outlet provides similar results as when dividing the
cell into segments. Thus, it can be used as an alternative to
reduce the computing time, especially for large systems.
Focusing on the asymmetric activation losses that occur, it is
not possible to fully predict performance in the electrolysis
mode when performing investigations solely in fuel cell mode.

However, comparing the numerical and experimental data for
different operating conditions, it is possible to link the pro-
cesses that occur with the specific frequency ranges and to
identify losses. In order to increase the model accuracy,
further steps are possible, but the model extension toward the
3D model would be required, which would thus significantly
increase the computing requirements.

In conclusion, it must be highlighted that the operating
behavior of reversible solid oxide cells in industrial-size can be
predicted for both operating modes in a qualitatively adequate
manner. The model developed reveals the entire chemical and
electrochemical analysis of the cells under investigation, en-
ables performance prediction and eventually its optimization.
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Appendix. List of symbols

Symbol Description

SOFC Solid oxide fuel cell

Ni-YSZ Nickel—Yttrium-stabilized-Doped
zirconia

SEM Scanning electron microscope

NO, Nitrogen-oxide

SOy Sulfur-oxide

CO, Carbon-dioxide

0% Oxygen-ion

YSZ Yttrium-stabilized-Zirconia

Yo, Volume fraction of oxygen

IN, Volume fraction of nitrogen

Unernst Nernst voltage

A'Grp Gibbs energy change

nel Number of electrons

F Faraday constant

R Universal gas constant

T Cell operating temperature

Po,. Cathodic oxygen partial pressure

Po,.. Anodic oxygen partial pressure

i Current density

io Equilibrium exchange current
density

o Transfer coefficient

AD Electrode over-voltage



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 45 (2020) 29166—29185

29183

Symbol Description

AUopm (1) Ohmic losses

Ta Anode-resistance

Tg Electrolyte-resistance

rc Cathode-resistance

AUconc (1) Concentration losses

i Limiting current density

D Diffusion coefficient of reactants

CTPB Reactants concentrations on the
triple-phase boundary

d Thickness of the diffusion layer

DGM Dusty Gas Model

SEM Semi-electron microscopy

u Dynamic viscosity

n Overvoltage

£ Coordinate in electrode

d Layer thickness

Y Pre-factor

@, Porosity

Tq Tortuosity

n Equivalent number and number of
electrons released due to fuel
utilization

A Cross-section area

N Molar flux

y Coordinate in flow channel

I Length of the electrochemically
active area

b Width of the electrochemically
active area

By Gas permeability

P Pressure

R Gas constant

t Time

i Current density

z Area-specific resistance

L Inductivity

@ Area-specific capacitance

io Exchange current density

i Exchange current density under
standard conditions

M Molar mass

Tp Pore radius

dp Particle diameter

S Molar flux

v Velocity

v Volume flow

F Transfer function for mass transfer
in electrodes

G Transfer function for mass transfer
in fuel channels

H Transfer function for charge

transfer
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