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Abstract

Solid oxide electrochemical cells (SOCs) are considered a highly promising
technology for providing efficient, sustainable and economic conversion be-
tween chemical energy and electrical energy. SOCs can be operated as fuel
cells, where electric power is obtained from fossil or non-fossil hydrocarbon
fuels depending on the origin or as electrolysis cells, whereby using electri-
cal energy from renewable sources like wind or solar, chemical energy can
be stored as fuels. However, despite its promising potential, SOCs are still
not commercialized in large scales. A hard competition from well-established
technologies in the electricity generation market, e.g., gas turbines, for the fuel
cell operating mode, hinders its commercialization for large scale applications
while electrolysis operation mode has found its way into niche markets. One
of the big challenges for its success is to guarantee a long-term stability (4+
years), which is currently not attainable due to degradation issues.

Large gradients in temperature, gas composition and local overpotentials in a
single cell or a stack cause degradation. Different variables lead to different
degradation mechanisms. These gradients occur within the cell, making it
difficult to monitor the degradation process. Physical models can be used for
retrieving local quantities and thus assist in failure assessment and provide
insights on how to mitigate them.

A three dimensional multiphysics model has been developed in this work to
simulate the performance of SOCs under fuel cell and electrolysis mode. The
main transport phenomena are included and coupled to the electrochemical
reactions. This enables the calculation of the local partial gas pressures, poten-
tials and temperature distributions through the electrodes and across the cells
as function of the operating cell voltage.

The model has been validated successfully by comparison to cell test experi-
ments with Hy/H,0 and CO/CO; as feedstocks at different temperatures, flows
and gas compositions. The highest deviation found, with respect to the cell
voltage, is 6 %.

Even though the model can operate under both fuel cell and electrolysis modes,
the model has been mainly used in electrolysis mode in this work. Apart from
studying the effect of the cell operating voltage on the temperature, partial
pressure of steam, current density and the overpotential through the cell, the
developed model has been used for analyzing one degradation phenomenon,



i.e., carbon deposition in the electrolysis operating mode. A detailed analysis of
this degradation phenomenon has been performed showing a good agreement
between the experimental data and the modeling approach of the local crossing
of the thermodynamic carbon deposition threshold. The effect of two different
heat boundary conditions on carbon formation have been evaluated as well
as the effect of three different structural parameters for the fuel electrode:
porosity, electrode thickness and ionic conductivity with a view to seeking cell
improvements that can widen the operating window where carbon deposition
is avoided.

Keywords: SOCs, SOECs, SOFCs, multiphysics, modeling, three dimensional,
transport phenomena, electrochemical reactions, overpotentials, potentials, bound-
ary conditions, validation, experimental data, degradation, carbon deposition,
steam, hydrogen, carbon dioxide, carbon monoxide, carbon activity.

I



Popular science summary

Solid oxide electrochemical cells are devices which can be used for two different
purposes. The most common is as an electricity generating source, the so-called
solid oxide fuel cell. Solid oxide fuel cells can convert the energy that fuels con-
tain, known as chemical energy, into electricity via electrochemical reactions.
Common fuels are carbon monoxide and hydrogen, but other carbon containing
fuels such as methane can also be used although a previous reaction (reforming
reaction) will be necessary to transform these into hydrogen or carbon monox-
ide. The most promising purpose of solid oxide electrochemical cells is as an
energy storage device, known by the name of solid oxide electrolysis cell. Solid
oxide electrolysis cells use electrical energy, e.g., surplus of renewable electric-
ity, to drive electrochemical reactions to obtain fuels containing chemical energy
like methane or diesel, which can be used in the existing fuel infrastructure.
Electrolysis cells are commonly described as the reversible operation of fuel
cells, where instead of using fuels to produce electricity, fuels are produced to
store electricity. In a very simplified manner, electrolysis cells can be understood
as batteries, where instead of storing electrical energy in metals as batteries do,
they store electricity in fuels like hydrogen and carbon monoxide.

Depending on the source of the fuel, or electrical energy, solid oxide elec-
trochemical cells can be considered as a promising technology for providing
sustainable, efficient and economic conversion between electrical energy and
chemical energy. Yet, to be considered a competitive technology, these devices
should present a long-term stability, (4+) years, which is nowadays hindered
by degradation phenomena.

In order to extend the lifetime of solid oxide electrochemical cells, reduction
of these degradation phenomena is necessary. As these devices are relatively
complicated, due to the high operating temperatures (800 °C) and explosive
gases (Hy), while measuring the conditions inside is quite challenging and very
expensive to perform regularly, modeling can be a strong tool to analyze the
performance of such devices.

In this work, a three dimensional model of a solid oxide electrochemical cell
has been developed to simulate the behavior of these devices. The model
considers the main physical phenomena that take place in such devices and has
been validated with experimental data under different operating conditions.
Moreover, due to the detailed degree of the model, the local distribution of
certain variables has enabled studying the behavior of the cells under different
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operating conditions and finally, to elucidate degradation phenomena such as
carbon deposition when operating in electrolysis mode.
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Populirvetenskaplig sammanfattning

Elektrokemiska fastoxidceller kan anvéindas for tva olika syften. Den vanligaste
ir som en killa till elektricitet, de s kallade fastoxidbrinslecellerna. Dessa
brénsleceller omvandlar energin i briansle, det som kallas fér kemisk energi, till
elektricitet genom en elektrokemisk reaktion. Branslena som oftast anvands for
att driva brénslecellerna &r kolmonoxid och vétgas dven om andra kolbaserade
branslen kan anvandas, men maste da forst konverteras till kolmonoxid eller
vatgas. For elektrokemiska fastoxidceller &r dock det mest lovande anvind-
ningsomradet som energilagringsenheter, oftast bendmnda som fastoxidelekt-
rolysceller. Fastoxidelektrolysceller anvidnder sig av elektricitet, till exempel i
form 6verskott vid fornybara kéllor, for att driva den elektrokemiska reaktionen
och ladda branslen som metan och diesel, vilka kan anvidndas i dagens samhaélle.
Elektrolyscellerna ar dérfor beskrivna som att utféra den omvénda processen till
den som sker i fastoxidbrénsleceller, da de istéllet for att producera elektricitet
fran brénsle producerar brénsle for att lagra elektricitet. En liknelse kan goras
till batterier vilka lagrar energi (elektricitet) i olika metaller, medan fastoxide-
lektrolysceller lagrar elektricitet i branslen som kolmonoxid och vatgas.

Beroende pé killan till branslet, eller den elektriska energin, som driver de
elektrokemiska fastoxidcellerna s& kan de anses vara en lovande teknologi for
en hallbar, effektiv och ekonomisk hallbar omvandling mellan elektricitet och
kemisk energi. Dock s maéste det tilliggas att for att det ska anses vara en
konkurrenskraftig teknologi och inneha ldngsiktig hallbarhet (4+ &r) s& méste
de degenererande mekanismerna so idag hindrar detta stoppas.

For att utoka livsldngden hos fastoxidelektrolyscellerna sd méste degraderingen
minska. Komplexiteten hos dessa celler, i form av hoga anviandningstempera-
turer (800 °C) och explosiva gaser (vitgas), gor att det 4r badde utmanande
och dyrt att regelbundet mita férhéllanden inuti cellerna och modellering kan
déarfor vara ett kraftfullt verktyg att analysera prestandan hos cellerna.

Detta arbete omfattar utvecklingen av en tredimensionell simuleringsmodell
av en elektrokemisk fastoxidcell for att undersdka dess prestanda. Modellen
tar fysikaliska fenomen med i berdkningen och har bekriftats av experimentell
data tagen fran celler under olika férhallanden. Utférligheten hos modellen har
tillatit en noggrann undersokning av vissa storheter, under ett visst spannigsin-
tervall, men har ocksd medfort att man kan visa hur kolavlagringar, vilket &r en
degraderingsmekanism, paverkat elektrolyscellerna.
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Di
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Ract,rx.
Ry

S
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Sm
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<ca-Hn

N s

Chemical activity of species i, dimensionless
Molar density, [molm™~3]

Specific heat at constant pressure, [J kg1 K‘l]
Mass diffusion coefficient, [m?s7!]

Thermal diffusion coefficient, [kgm~!s™]
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Current density flux, [Am™~2]
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Source term for the momentum conservation equation, [Jm

-3 Sfl

Source term for the mass conservation equation, [molm3s™!]

Source term for the energy conservation equation, [Jm™~
Source term for the charge transfer equation, [Am™3]
Temperature, [K]

Velocity vector, [ms™!]

Voltage, [V]

Diffusion volume, [m?mol~!]
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Greek letters
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RS9 9DITI o

~

Reduction/oxidation transfer coefficient, dimensionless
Carbon activity, dimensionless
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Electric conductivity, [Sm™?]
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Galvani potential, [V]
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XII
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Carbon monoxide
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Hydrogen
Water
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LSC
LSCF
LSM
PEMFC
SMM
SOC
SOEC
SOFC
STP
YSZ

Dusty gas model

Technical University of Denmark
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International Energy Agency
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CHAPTER 1

Introduction

Renewable electricity generation became the second largest source of electricity
world wide after coal in 2013, as reported by the International Energy Agency
(IEA). It was the first time that renewable electricity overtook natural gas, by
supplying 22 % of the total electricity production. Nevertheless, coal reached
its highest level in the same year representing a 41.1 % of the global production
of electricity [1].

Even though electricity based energy carriers are beginning to partially replace
the liquid hydrocarbons commonly used in the transportation sector amongst
others, considerable amounts of hydrocarbon based fuels will still be needed
in the near future. Fossil fuels and biomass are the most common feedstocks
for production of hydrocarbon fuels. However, by using renewable or nuclear
energy, carbon dioxide and water can be recycled into sustainable hydrocarbon
fuels via non-biological processes where oxygen is removed from carbon dioxide
and water. Moreover, capturing carbon dioxide from the atmosphere would
enable a closed-loop carbon-neutral fuel cycle. Solid oxide electrochemical cells
are devices which can produce syngas (synthetic gas), a combination of carbon



1. Introduction

monoxide and hydrogen, via electrolysis using electricity from renewable or
nuclear energy and at the same time, if necessary, produce electricity when
operating in reversed mode, as fuel cells.

Solid oxide electrochemical cells are very interesting devices and at the same
time, extremely complicated due to the different and coupled physical phe-
nomena that describe them. Despite still not being commercially available at
large scales, considerable amount of research has been done on this technology,
especially when operated as fuel cells. However, the electrolysis operation mode
is gaining more and more attention as they cover a completely different and new
market. To be able to mass produce solid oxide electrolysis cells, investigation
should pinpoint to increasing the lifetime and stability of these devices.

Albeit most of the research on solid oxide electrochemical cells is experimentally
based, the use of computational tools has opened a new door of possibilities.
Apart from decreasing the experimental cost and time, numerical simulations
allow the calculation of local quantities in the cells, which are currently impos-
sible to obtain experimentally and can help understand the cell behavior under
certain conditions. Nevertheless, one should bear in mind that experiments and
simulations must go hand in hand for retrieving valuable information of the
cell, which can be key for further development of the technology.

1.1. Research objectives

The objectives of this work were to develop a three dimensional (3D) numerical
model at macroscale to analyze the different physical phenomena occurring in a
solid oxide electrochemical cell (SOC), with special emphasis on the electrolysis
mode of operation, and to be able to model the effects of certain degradation
phenomena that affect such devices. More precisely, the aims were:

= To develop a macroscale 3D multiphyics model for a single planar fuel
electrode SOC, with focus on solid oxide electrolysis cells (SOEC), con-
sidering the main physical phenomena taking place, i.e., electrochemical
reactions, transport of charged species, mass, momentum and heat trans-
fer, with all the corresponding couplings between the different phenom-
ena. The model should be able to operate with Hy/H,0 and CO/CO;, as
feedstocks.
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= Validate the multiphysics model against reliable experimental data.

= To model one degradation phenomenon in SOEC, i.e., carbon deposi-
tion, and evaluate the effect of certain structural parameters on this phe-
nomenon.

To this end, a 3D multiphysics model was developed and thoroughly validated
with experimental data for both feedstocks. When the model operated with
H,/H,0 as reactant, the thermal modes of an SOEC as function of the operating
cell voltage were evaluated as well as the overpotential distribution across the
electrodes in detail. The model operating with CO/CO, was used to study
the carbon deposition phenomenon. The effects of the porosity, thickness and
ionic conductivity of the fuel electrode on this degradation phenomena were
evaluated.

1.2. Methodology

In order to analyze the different degradation phenomena in an SOC, there is
a need for numerical models which sufficiently describe the different coupled
physical phenomena.

The multiphysics model was built with COMSOL Multiphysics 5.2, a finite ele-
ment method (FEM) based commercial software using the Batteries and Fuel
Cells module. The model was developed for a single planar fuel electrode
SOEC in 3D. The modeled cell is comprised of fuel and air channels, a contact
layer, an anode, an electrolyte and a cathode (with an active and a support
layer). The electrochemical reactions, transport of charged species, mass, heat
and momentum were calculated simultaneously. Variation of temperature, type
of fuel, fuel flow rates and composition as well as structural parameters were
performed in the work to analyze different phenomena and their effects on the
cell performance.

The choice of cell modeled in the work, i.e., geometry, cell materials, operation
conditions, etc., has been dictated by the experimental data available from the
Department of Energy Conversion and Storage at the Technical University of
Denmark, (DTU Energy, Risp Campus) in collaboration with Haldor Topsoe
A/S. All cell tests have been done on solid oxide electrochemical cells produced
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by Haldor Topsoe A/S and these tests were performed at DTU Energy by PhD
student Theis Loye Skafte.

1.3. Thesis outline

The thesis can be divided in two parts. The first part contains an extended
summary of the different concepts dealt with in the appended papers. It is, in
turn, structured as follows: after a brief introduction and the aim and objectives
of the thesis in the current Chapter 1, Chapter 2 provides an overview of
solid oxide electrochemical cells, with differentiation between fuel cell and
electrolysis operating modes, description of the characteristic electrochemical
reactions and the most common materials used for these devices. Chapter 3
describes all the physical phenomena taking place in an SOC, with focus on
SOEC, together with an overview of the most common equations used in the
literature accounting for the different phenomena described. In Chapter 4, the
validation conditions, i.e., equations used, experimental setup configuration
and conditions under which the simulations have been performed are briefly
introduced as well as the main validation results. Chapter 5 presents the major
findings of the application of the model, which is also presented in the appended
publications with the corresponding discussion. Nevertheless, the successfully
developed model and its leading broad validation discussed in Chapters 3
and 4 are, per se, also major results of the work. Chapter 6 discusses the
conclusions of the present work as a whole and suggested paths for further
research are proposed in Chapter 7.

The second part, on the other hand, compiles the appended publications.



CHAPTER 2

Introduction to Solid Oxide Electrochemical Cells

Solid oxide electrochemical cells (SOCs) are considered a highly promising
technology for providing efficient, sustainable and economic conversion be-
tween chemical energy and electrical energy. SOCs can be operated as fuel
cells, known as solid oxide fuel cells (SOFCs), in order to obtain electric power
from fossil and non-fossil hydrocarbon fuels (depending on the fuel origin).
However, SOCs can also be operated in the reverse direction, as solid oxide
electrolysis cells (SOECs), so that electrical energy is supplied into the cell to
drive electrochemical reactions, obtaining chemical energy stored as fuels.

The interest in the development of this technology has increased considerably in
the last ten years but most of the development has been focused on employing
SOCs as fuel cells for power generation. Yet, high temperature electrolysis in
solid oxide electrochemical cells is gaining more attention. A feature of SOCs as
energy storage devices is the easiness of scaling up systems by assembling indi-
vidual cells into stacks to meet the desired output power. Although conventional
batteries are more popular as energy storage devices, they store the electrical
energy in expensive metals (Li, Pb, etc.) whereas SOECs store the electricity in
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relatively economic fuels [2]. Nonetheless, for SOECs to become commercially
interesting, a long-term stability for a period of 4+ years must be guaranteed,
which is currently not possible due to various degradation mechanisms.

Today’s state-of-the-art cells have high electrochemical performance. An impor-
tant goal is improving the long-term durability. To do so, a deep understanding
of the different degradation phenomena is required to be able to minimize
their effects and increase the lifetime of the cells, e.g., carbon formation which
destroys the electrochemical active sites, too high overpotential for nickel (Ni)-
based anodes which causes Ni oxidation, too high overpotential for oxygen-
electrodes which is responsible for build up of oxygen partial pressure near the
interface of the electrolyte and oxygen electrode, etc.

2.1. Solid oxide fuel cells

Global environmental concerns have increased the interest in alternative high-
performing electrical power units such as the solid oxide fuel cells (SOFCs). As
defined in Paper I, SOFCs are high-temperature electrochemical devices that
convert chemical energy of fuels into electrical energy in an environmental
friendly and efficient manner.

The invention of fuel cells is not as recent as one might think. In fact, the prin-
ciple behind fuel cells dates from the 19th century [3]. Although the discovery
of the fuel cell is usually attributed to Sir William Groove in 1839 by demon-
strating the reversibility of water electrolysis [4], Sir Humphrey Davy reported
the same discovery already in 1802 [5]. In 1962, scientists at Westinghouse
Electric Corporation (nowadays Siemens AG) demonstrated, for the first time,
the extraction of electricity from a device they named “solid electrolyte fuel
cell” [6]. Since then, an intense research from companies and universities have
contributed to the development and improvement of this technology.

Despite almost six decades have passed since their discovery, SOFCs are still
nowadays not being commercialized in large scales. Many reasons can be given
to the non-commercialization of SOFCs at such scales but the lack of sufficient
knowledge of some phenomena that take place in an SOFC, may be the key to
the slow development of this technology. Besides, the market in which SOFCs
must compete contains well established technologies like gas turbines, which
are already mass produced and can supply electricity at much larger scales. Yet,
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SOECs, described in Section 2.2, can turn the table as they cover a completely
different, and new market.

The working principle of an SOFC is sketched in Figure 2.1. The cell shown is
a planar design but other designs are also available, e.g., a tubular design.
Oxygen or air is supplied into the channel on the cathode side or positive
electrode whereas the fuel (hydrogen, methane, methanol, etc.) is supplied into
the fuel channel on the anode side or negative electrode to obtain electricity
and steam as a product as shown in Eq. (2.1). Oxygen molecules diffuse
through the cathodic diffusion layer, to the reactive surfaces of the cathode
active layer. The reactive surfaces of the active layer are where the reduction
of oxygen to oxide ions (0?~) takes place, Eq. (2.2). The electrons required
are supplied by the oxidation of the fuel in the anodic active layer. The fuel
molecules diffuse through the porous anode supporting structure, also known as
the anode diffusion layer, to the anodic triple-phase boundaries (3PBs), where
they are oxidized to water when reacting with the oxide ions that have diffused
through the electrolyte from the cathodic reactive surfaces, Eq. (2.3). The 3PBs
are where the electrochemical reaction in the anode occurs and receives the
name of triple-phase boundaries as it is the location where the pores, the ionic
conducting and the electronic conducting phases meet.

1
Hy(g) + 3 Og(g) == H20(g) 2.1)
1 B .
502(g)+2e 0 (2.2)
Hy(g)+ 0?” ==Hy0(g) +2e~ (2.3)

If another reactant rather than hydrogen is supplied, reformation of the fuel
can take place in the porous region forming carbon monoxide and hydrogen.
As with hydrogen, carbon monoxide can also be oxidized as follows:

CO(g) +0?” == COgg) +2¢" (2.4)

Different proposed reaction mechanisms try to describe the electrochemical
phenomena taking place in the anode and in the cathode of the fuel cell without
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Figure 2.1: Schematic drawing of the electrochemical reactions in an SOFC.

a clear consensus on which is the most accurate one. Thus, different surface
compounds are suggested under different assumptions stating that nothing is
clear in this field when going into details of the reaction mechanisms [7-11].
However, the general reaction can always be used but if the performance of
SOFCs must be improved, the understanding of the reaction mechanism for
this reaction might be key to success. Yet, the electrochemical reactions are
not the only chemical reactions that take place at the electrodes of the fuel
cells. The other main group of reactions is the reforming reactions. Regarding
reforming reactions, different kinetic expressions on Ni-YSZ electrodes have
been reported in literature and are summarized in Table 1 in Paper I, claiming
more attention due to the amount of ambiguities gathered around these kinetic
expressions. Both of these types of reactions; the electrochemical and the
reforming reactions, are known as surface reactions because both take place
at the surface of the electrodes, electrochemical reactions at both electrodes
and reforming reactions at the anode, and thus the active surface area or the
3PBs, depending on the electrode material, is very important.
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One of the main characteristics of SOFCs is that they operate at high tempera-
tures. The fact that these cells initially operated at temperatures around 1000
°C is due to the material of the electrolyte used, yttria-stabilized zirconia (YSZ)
which presented a too high resistance at 800 °C for an electrolyte supported
cell. YSZ is a ceramic material which becomes conductive to oxygen ions
at certain temperatures while remaining non-conductive to electrons. Thus,
electrochemical reactions can take place at the electrodes without the need
of expensive catalysts [12-14]. In fact, the anode material, usually Ni-YSZ,
is catalytic itself for both the internal reforming and electrochemical reactions
that take place while strontium doped lanthanum manganite (LSM) is one of
the common materials for the cathode at such temperatures. Nowadays, SOFCs
operate at lower temperatures, e.g., 600-800 °C or even lower, that allow using
other electrode materials rather than Ni-YSZ and LSM. Two of the most common
materials used today for the cathode are the lanthanum strontium cobalt ferrite
(LSCF) or the strontium doped lanthanum cobaltite (LSC), which present a
mixed conductivity as ionic and electronic conducting phases coexist.

However, it is not just a matter of decreasing the operating temperature as other
phenomena must be taken into account as well. The kinetics of the chemical
reactions that take place in SOFCs are temperature dependent and this is also a
matter of concern.

When comparing SOFCs to other current fuel cell types, for example, proton
exchange membrane fuel cells (PEMFCs), SOFCs present a number of attractive
features. SOFCs are fuel flexible, which means that different fuels apart from
pure hydrogen can be used due to the tolerance of carbon monoxide, being
a fuel as well. Then, short-chain hydrocarbon fuels like methane or ethanol
among others can be supplied as fuel to SOFCs. Long-chain hydrocarbons
can lead to carbon deposition on the Ni-based electrode damaging the cell if
no upstream treatment is done. Moreover, all components are in solid state
(there are no liquid electrolytes like for example in alkaline fuel cells), there
is no electrolyte dehydration or cathode flooding, which are the most critical
challenges for PEMFCs, and the high quality waste heat produced at a high
temperature by SOFCs can be utilized effectively for either combined heat and
power or for use in hybrid systems together with gas turbines.
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2.2. Solid oxide electrolysis cells

Hydrogen presents certain advantages as an energy carrier as it can be ob-
tained from all primary energy resources such as fossil fuels, renewable energy
sources and nuclear power as well as from synthesized hydrogen carriers like
methanol, ammonia and synthetic fuels [15]. For example, devices such as
fuel cells can convert hydrogen into electricity in an environmentally friendly
and efficient way as previously mentioned. Due to the increasing interest of
hydrogen as a fuel, industry and governmental institutions are putting more
effort in developing hydrogen-related technologies [16]. Although nowadays
the main hydrogen source is by hydrocarbon reforming, hydrogen can also be
obtained through green energy procedures such as water splitting (electrolysis,
photolysis or thermochemical water splitting), from biomass, etc. [17-21]. At
present, water electrolysis is the most viable process for hydrogen production at
large scales and consists of splitting water into hydrogen and oxygen by apply-
ing electrical energy [17]. The total energy required for electrolysis increases
slightly with temperature while the required electrical energy decreases. Thus,
high-temperature electrolysis might be a really interesting process to consider
when waste heat from other processes is available [16, 17]. In fact, solid oxide
electrolysis cells can use the waste heat from industry to decrease the heat
demand from the endothermic electrochemical reactions and the electricity ob-
tained from renewable sources, mainly solar cells or wind turbines. Moreover,
there is growing interest in integrating electrolysis cells together with nuclear
energy to improve the hydrogen production efficiency [22, 23].

High-temperature electrolysis (HTE) of water takes place at 700-1000 °C and
the technology is based on the high-temperature cells, especially SOECs.

SOECs are usually understood as SOFCs operating in reversed mode due to
the similarity. An SOEC consists of the same components as an SOFC: fuel
and air channels, a cathode, an anode and an electrolyte. The components’
materials are also usually the same: Ni-YSZ cermet for the steam/hydrogen
electrode, YSZ for the electrolyte and LSM for the oxygen-side electrode. In the
state-of-the-art solid oxide electrochemical cells, the LSM has been replaced by
more active electrocatalysts such as LSC and LSCF with an interlayer of acceptor
doped ceria, usually gadolinia doped ceria (CGO), to avoid reaction between
the LSC or LSCF with the YSZ [24]. However, the transport characteristics
in SOECs differ considerably from SOFCs, especially those related to kinetic
models, potential ranges and gradients involved, influencing performance and
long-term stability in different ways and thus, results from SOFCs cannot be
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directly applied to SOECs. This further emphasizes the limited amount of
research that has been done in this field and the need for more attention for
development of the technology [24-26].

Typical SOC electrodes consist of three-phase composites (an ion conducting,
an electron conducting and a gas phase for electrodes like Ni-YSZ) creating a
porous microstructure in order to allow the transport of ions, electrons and
gases at the same time within the electrodes. The electrochemical reactions
take place at the percolated triple-phase boundaries (3PBs), where the ionic
and the electronic pathways meet with the gas phase. Electrode performance is
determined by several factors but two of the primary factors are the abundance
of 3PBs and the transport properties. Also, the electrode microstructure is key
for improving the electrochemical cell performance. Porous composite struc-
tures have been developed to increase the length of 3PBs in the electrodes. Due
to the degree of complexity of the interactions between these and in order to
be able to improve the cell performance, a deep understanding of the electrode
microstructure is required in quantitative terms [27].

Steam (H30) is fed into the electrolysis cell where water splitting takes place
giving hydrogen and oxygen as products, as shown in Eq. (2.5). Although
hydrogen is the most important product obtained, oxygen should be considered
as a co-product instead of a by-product as it is a valuable commodity which can
be sold for other applications.

1
HQO(g) _ Hg(g) + 5 Og(g) (2.5)

Steam is fed into the fuel channel on the cathode side as shown in Figure 2.2.
The water molecules diffuse through the porous cathode structure to the ca-
thodic 3PBs, where they react with the electrons supplied by an external source
to produce hydrogen gas and oxide ions, Eq. (2.6). Apart from steam, an-
other feedstock for SOECs is carbon dioxide (CO), which is reduced to carbon
monoxide (CO), Eq. (2.7). Electrolysis of both feedstocks simultaneously, H,O
and COg, is also possible and is known as co-electrolysis.

HoO) +2e” == Hyg) + 0% (2.6)

COgg) +2e~ == CO(g) + 0%~ 2.7)
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Figure 2.2: Schematic drawing of the electrochemical reactions in an SOEC.

The oxide ions are transported through the electrolyte to the reactive surfaces of
the mixed ionic-electronic conducting ferrite/cobaltite anode, where the oxide
ions are oxidized to oxygen gas, as shown in Eq. (2.8). Moreover, the electrolyte
prevents the electrons crossing over from the oxygen electrode to the fuel elec-
trode. The oxygen gas molecules produced diffuse back through the porous
anode to the air channel. Note here the difference between the two devices,

although the reactions are the same, they take place in opposite directions.

1
0% = 2 Oz +2e”
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CHAPTER 3

Modeling of Solid Oxide Electrochemical Cells

Current research in SOCs is oriented towards solving a certain number of prob-
lems like, for example, those material related arising from the high operating
temperatures, mechanical and thermal stability of the cells and stacks. Also
the issues regarding the different types of available fuels for SOFCs or those
associated with the electrochemical reactions: possible reaction mechanisms,
different surface species depending on the reaction mechanism, etc. Different
possibilities exist to analyze these problems amongst which experimental mea-
surements and numerical modeling are the strongest ones. However, due to the
small dimensions of the cells and the high operating temperatures, the experi-
ments become very demanding and expensive as a result of the materials and
instruments required. Therefore, numerical modeling is needed for analyzing
the current problems. Different levels of modeling have been performed by
researchers depending on the scientific targets and objectives.

Several modeling approaches exist depending on the purpose of the research,

each with its advantages and disadvantages. The ability to choose an adequate
method relies on the clear understanding of the processes to model in terms
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of physical phenomena, the different parameters involved as well as the dimen-
sions and the computational capability. In general, the computational capability
is still increasing, which leads to more possibilities for more detailed modeling
at smaller scales and more complex problems [28]. The modeling of fuel cells
and electrolysis cells involves complex geometrical structures on many length
scales, which are important for macrostructural changes of, e.g., flow, tempera-
ture and stress on the macro-scale of an SOC stack as well as for implementing
the electrochemical reactions at micro- and nano-scale. This can in turn, also
be used to elucidate the reaction kinetics, which only limited information exists
on. Yet, numerical approaches require experimental data in order to validate
the simulated models. Obtaining experimental data under realistic conditions
for these devices is not as straightforward as one can imagine, especially at
micro- and nano-scale.

SOCs are known to be complex devices as different physical phenomena take
place at the same time and these are highly coupled. The attraction for compu-
tational modeling of physical phenomena, known as multiphysics modeling, in
these devices has increased in the last years. Multiphysics models consider the
interaction and coupling between several physical phenomena.

The evolution of SOCs multiphysics models at cell level in the last twenty years
can be summarized in Table 3.1. A selection of significant reported multiphysics
models in literature, the model described in this work referred to as current
work and what can be considered the ideal model with the corresponding nu-
merical models describing the main physical phenomena occurring in SOCs are
outlined. Achenbach et al. [29] reported one of the first three-dimensional (3D)
models in literature of SOFCs, which was a transient model, in 1994. In the be-
ginning of the 20th century, Chan et al. [30] went a step further by considering
the Butler-Volmer equation for the reaction kinetics. Some years later, Ni [16]
solved the fluid flow in detail while Laurencin et al. [31], further introduced
the Dusty gas model for a more accurate resistance due to gas diffusion in
the electrodes and considered radiation for a cell stack. Chatzichristodoulou
[24] solved the ionic and electronic transport within the electrolyte layers for
a detailed potential distribution as a starting point for discussing degradation
mechanisms. In the current model, linear Chang-Jaffe kinetics have been in-
troduced for description of the reaction kinetics and a detailed distribution of
the overpotentials across the cells allows studying degradation phenomena in
the device. The ideal model is also included in Table 3.1. The ideal model
would be the one that combines the best models for describing the different
physical phenomena, which are those stated in Table 3.1 and described later in
the chapter.
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Table 3.1: Evolution of multiphysics models.

Flow Heat Gas Reaction  Charge transfer
model model diffusion kinetics in the electrolyte
[29] (1994) PF cc ND ND ND
[30] (2001) PF UT F-B BV ND
[16] (2009) ME CC F-B ND ND
[31] (2011) PF CCR DGM BV ND
[24] (2016) PF uT DGM ND e=/0%"
Current model ME CC SMM-B cJ 02-
Ideal model ME CCR DGM cJ e /0%~

@ PF: plug flow

b ME: momentum equation

¢ CC: conduction and convection

4 UT: uniform temperature

€ CCR: conduction, convection and radiation
f ND: not discretized

& F-B: Fick’s law and Bosanquet equation

h DGM: Dusty gas model

L SMM-B: Stefan-Maxwell model and Bosanquet equation
JBV: Butler-Volmer

k cJ: Chang-Jaffe

e~ electronic transport
M 02~ jonic transport

Another prominent modeling approach is multiscale modeling, which consists
of connecting a specific process at different time- and length scales. Different
length scales define the multiscale model: macro-, micro-, meso- and nano-
although the divisions between the different scales is not stated clearly in the
literature. A rough division of numerical models considering multiphysics and
multiscale concepts consists of continuum models (finite element/volume meth-
ods) [32-35], discrete models (Lattice Boltzmann and Monte Carlo methods)
[27, 36-40] and molecular dynamics based models [41-43].

In this section, the main physical phenomena occurring in SOCs, i.e., elec-
trochemical reactions, transport of charged species, momentum transfer, mass
transfer and heat transfer are defined. Moreover, a discussion of the available
partial differential equations that describe these phenomena from a continuum
model point of view is presented. Although the physical phenomena are the
same for all SOCs, focus of the discussion is mainly on SOECs, as it is the main
scope of the thesis. Furthermore, modeling of carbon formation, a degradation
phenomenon, is also outlined.
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3.1. Electrochemical reactions

The electrochemical reactions that govern the electrolysis of steam and carbon
dioxide, i.e., reduction and oxidation, are presented in Chapter 2.

One key issue in the physical modeling of SOCs is to determine the amount
of current generated by the cell. The most common way of doing this today
is to use the Butler-Volmer equation, in which the current density relates to
the activation overpotential at each electrode/electrolyte interface. The Butler-
Volmer equation is given by Eq. (3.1) [44, 45]:

i=1ip

nekl nek
exi (a0 7oz et —exp - o | 3.

where R is the ideal gas constant, n, is the number of electrons participating
in the electrochemical reaction, F the Faraday constant, T the temperature, i,
is the exchange current density which depends strongly on the cell materials,
construction and temperature and i is the current density, both in [Am™2].
The charge transfer coefficients for each electrochemical half-reaction governed
by the electron transfer process at the 3PB are a, and a.. The activation
overpotential is 7a¢t.

There is, however, no experimental support that this hypothesis is valid al-
though most researchers, both experimental and modelers, assume that this
equation describes the reaction kinetics in a satisfactory way [31, 32, 46-52].
When large activation losses are considered, a linear form of the Butler-Volmer
equation can be used, see Tafel equation [53, 54]. Mogensen et al. have pointed
out that the Butler-Volmer equation does not accurately describe the reaction
kinetics when considering all the overpotentials. Some of the critique pointed
out by Mogensen et al. is, quoting [55];

= Composite electrodes do not follow a Butler-Volmer type expression.

» There is no experimental evidence that charge transfer, as described by the
Butler-Volmer equation, is a rate limiting SOC electrode reaction.

» There will not be any single simple potential barrier to charge transfer.
Charge transfer is limited by surface diffusion and transport through the
surface layers.
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» Electron transfer does not occur at a well-defined interface near the 3PB
with a single activation barrier. It takes place through a non-homogeneous
chemical and microstructural layer, which varies with temperature, time, gas
compositions, etc. and several varying activation barriers.

= Complicated structures with several particle types involved will probably
have a multi-step reaction mechanism with more than one process contribut-
ing to the polarization resistance.

A possible reason for the widely assumed use of the Butler-Volmer equation in
SOCs is because it has been well experimentally observed for ambient temper-
ature aqueous systems like PEMFC electrodes. However, it does not necessarily
translate to electrochemistry at 700 °C, where the actual charge-transfer process
does not need to be rate-limiting compared with adsorption, diffusion and other
processes.

For all the reasons stated, linear Chang-Jaffe kinetics, Eq. (3.2) [56], can be
used as an alternative equally valid assumption.

. n
1= (3.2)
Ract,rx‘

where 7 is the overpotential and R, . is the activation polarization resistance
for the corresponding electrochemical reaction.

Thermodynamics of electrochemical cells

The chemical potential is an important part of thermodynamics and mass trans-
fer for systems without electrical forces. This approach is valid also for elec-
trochemical reactions but some modifications to the theory are needed because
of the electrical charges. It can be shown that the electrochemical reactions
can be taken into account by considering the electrical contribution [57]. The
equilibrium condition for an electrochemical reaction can now be written as:

r P
Y uitziFp=) pi+ziF¢ (3.3)
i=1 i=1
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where z; is the charge number of the component in the reaction, r stands for re-
actants and p for products. The chemical potential of species i is represented by
u; and ¢ is the Galvani potential. The electrochemical potential is a composite
potential which takes into account the chemical as well as the electrical forces.
It is thus beneficial to introduce the definition of the electrochemical potential,
n, as [57]:

ni=pi+2;F¢ (3.4)

Note here that now 7 is the electrochemical potential and not the overpotential
defined in Eq. (3.2). Using Eq. (3.3) and Eq. (3.4), the equilibrium condition
for the electrochemical reaction, Eq. (2.8), can be written as:

1
No2- = 5M0s) + 216~ (3.5)

where Eq. (3.5), ng2-, N0, and ne- are the electrochemical potential of the
oxide ions, oxygen gas and electrons, respectively.

By making use of Eq. (3.4), it is possible to express the terms in Eq. (3.5) for
the different species as:

Noz- = Ho2- —2F¢ (3.6)
M02(g = HOz(g) 3.7
Ne~ = le —F (3.8)

where pgs-, flo,, and pe- are the chemical potentials of the oxide ions, oxygen
gas and electrons, respectively, F is the Faraday constant and ¢ is the Galvani
potential. The Galvani potential can be understood as the electric potential
in the interior of the solid [58]. Note that for the oxygen gas, Eq. (3.7), the
electrochemical potential is equivalent to the chemical potential as there is no
charge contribution. Moreover, for an ideal gas, i.e.O9, the chemical potential
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can be expressed as function of the chemical potential at a reference state plus
a factor considering the activity of the gas i in the mixture [57].

It is also useful to define the electromotive potential, 7, as [58]:

n= 1 (3.9)

The electromotive potential, also known as Fermi potential, is therefore defined
in terms of the electrochemical potential of the electron. This means that the
electromotive potential can be considered as a measure of the electric potentials
of the cell terminals.

By inserting and combining Egs. (3.6), (3.8) and (3.9) in Eq. (3.5) at equilib-
rium, one obtains:

1 (., Ho2-
(7°1—¢9) . = F (1“02 +RT1na02) - _20F (3.10)

where pf is the chemical potential of Oy at a reference state and a; is the
activity of the component i in the correspondent gas mixture. The chemical
potential of oxide ions, -, is assumed to be constant as consequence of
considering that the electrolyte has constant oxygen stoichiometry.

It is possible to obtain similar expressions for the electrochemical reaction tak-
ing place at the fuel electrode, Eq. (2.6). Applying the same procedure, one
obtains:

1 (., N aH,0 Ho2-
(159~ )0 = 55 (0 - i, + R71m (2222} - B (3.11)
2

Eq. (3.12) shows that the open circuit voltage of the cell (OCV) is the difference
in the electromotive potentials of the electrodes at equilibrium. It is also known
as equilibrium potential difference, and it is the minimum cell voltage required
to decompose water (assuming negligible current leak at OCV).
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where q; is the activity of the component i in the correspondent gas mixture.

Now that the electromotive and the Galvani potentials have been introduced,
the relationship between these, at a state i and at equilibrium, and the overpo-
tential, n, defined in Eq. (3.2) is defined as:

1= =)~ -0y @19

where 7 is the overpotential, n is the electromotive potential ¢ the Galvani
potential.

For a better understanding of the potentials (Fermi and Galvani potentials) and
the overpotential distribution in an SOC, these are exemplified in Figures 3.1
and 3.2, which are also present in Paper III. The distribution of these potentials
and overpotential in fuel cell mode through the oxygen electrode, electrolyte
and fuel electrode (active layer) are shown in Figure 3.1. The electromotive or
Fermi potential at a state i, &, the electromotive potential at equilibrium,¢9,
the Galvani potential, ¢, as well as the overpotential, n shown in Figure 3.1
follow Eq. (3.13) when ¢*% = 0. Moreover, the cell voltage, Vo1, as well as the
equilibrium cell voltage, V4, are also indicated.

The equivalent Figure 3.1 but for electrolysis mode under the same conditions
specified above, i.e., ¢4 =0 is Figure 3.2. In electrolysis mode, and opposite to
the fuel cell mode, the operating cell voltage is larger than the equilibrium cell
voltage (open circuit voltage) due to the overpotential contribution.

Moreover, how the resistances of the electrodes and the electrolyte affect the

Galvani potential in both cell modes as well as the overpotential distribution
across the electrodes can be seen in both Figure 3.1 and Figure 3.2.
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3.2. Carbon deposition
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Figure 3.1: Potentials and overpotential distribution across the oxygen electrode,
electrolyte and fuel electrode thicknesses for fuel cell mode

3.2. Carbon deposition

Carbon deposition is a degradation mechanism that can damage SOECs at cer-
tain operating conditions when COs is used as feedstock. This phenomenon can
lead to a complete destruction of the cell [59].

Degradation at the interface between the YSZ electrolyte and the Ni-YSZ elec-
trode has been reported due to the formation of small amounts of carbon when
performing co-electrolysis of CO, and H,O at high current densities, which
provides the highest syngas production rate. Raman spectroscopy was used
by Duboviks et al. [59, 60] to show that the most common known carbon
formation is when supplying hydrocarbons in fuel cell mode, which occurs at
the electrode region close to the fuel channel, by methane cracking, Boudouard
deposition or other thermochemical reactions depending on the fuel gas com-
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3. Modeling of Solid Oxide Electrochemical Cells
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Figure 3.2: Potentials and overpotential distribution across the oxygen electrode,
electrolyte and fuel electrode thicknesses for electrolysis mode.

position whereas in electrolysis mode, carbon formation takes place at the
mentioned electrode/electrolyte interface, where CO is produced. The amount
of active sites in the Ni-YSZ electrode can be reduced by formation of carbon in
these locations. The worst carbon deposition scenario leads to a delamination of
the electrode/electrolyte interface. Carbon formation can occur by the two-step
reaction of electrolysis of CO; to CO, Eq. (3.14), followed by the Boudouard re-
action, Eq. (3.15). Carbon deposition could also occur by electrolysis of carbon
dioxide to solid carbon, Eq. (3.16), which is thermodynamically equivalent to
the two-step reaction of electrolysis of CO, to CO followed by the Boudouard
reaction. Another equivalent possibility to the two-step process described is the
electrolysis of COy to CO followed by the electrolysis of CO to C, Eq. (3.17).
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3.2. Carbon deposition

2C0g(g) +4e” ==2C0() +20%" (3.14)
2CO0(g) — Cs) + COx(g) (3.15)
COg(g) +4e” == C(5+202" (3.16)
CO(g) +e~ = C(g + 02" (3.17)

Carbon deposition has been observed at reactant conversion conditions consid-
ered not to be thermodynamically favored for carbon to deposit, i.e., higher
reactant conversion than common values for SOEC operation. Therefore, un-
derstanding why the thermodynamic threshold is locally crossed and where
this happens in the cell would be of great interest for determining the operating
conditions and to avoid possible degradation of the cell [61].

Carbon deposition can be evaluated by calculating the thermodynamic carbon
deposition threshold, pco . Carbon will form at the electrolyte/fuel electrode
interface if the partial pressure of CO (pco) in the cell is larger than the car-
bon deposition threshold. This threshold, Eq. (3.20), can be derived from the
Boudouard reaction equilibrium constant, Eq. (3.18), and Dalton’s law of partial
pressures, Eq. (3.19), at pieta1 = 1 atm:

pco

Ko = g2 (3.18)
Pco

Dtotal = PCO, + PCO (3.19)

PCoB = 2Ktq3 (—1+‘/1+4Keq,3) (3.20)

where K., p is the equilibrium constant for the Boudouard reaction and p; is
the partial pressure of species i in the fuel gas mixture.
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3. Modeling of Solid Oxide Electrochemical Cells

Carbon formation can also be evaluated by calculating the carbon activity, ac,
in the cell, Eq. (3.21). The carbon activity is similar to the thermodynamic
threshold. For a¢ values larger than 1, thermodynamics will favor carbon
deposition while below 1, no carbon will be formed.

2
Pco
Pco,

ac ZKeq,B (3.21)

3.3. Transport of charged species

The current conservation equation and Ohm’s law, Eq. (3.22), describe the
transport of ions and electrons in an SOC [28, 48, 62, 63].

g

V- J=-V-
(neF

Vige- /e,) =3, (3.22)

where J is the current density flux, o is the ionic or electronic conductivity,
n. is the number of electrons transferred per molecule of hydrogen or carbon
monoxide produced, F the Faraday constant, 1q2-,- the ionic or electronic
electrochemical potential and S, is the related source term.

Equation (3.22) can be expressed in terms of the Galvani potential, ¢, when
the ionic electrochemical potential is considered, see Eq. (3.6). It can also be

written as function of the Fermi potential, n, for the electrochemical potential
of the electron, see Eq. (3.9).

V-J=V-(aV¢) =8, (3.23)

V- J=V-(oVm) =8, (3.24)

The related source term, S,, is defined as follows:
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3.4. Momentum transfer

S = { 0 in electrochemical inactive layers (3.25)
e J in electrochemical active layers (3.26)

where j is the volumetric current density [Am~3]. The electrochemical active
areas are the regions where the electrochemical reactions occur, i.e., the fuel
and oxygen electrodes, while the inactive layers refer to the porous support

layers.

An effective ionic or electronic conductivity is calculated for porous media as
[30, 64-66]:

N Xi
Oeff =) 0i—5 (3.27)

i=1 T

where y; is the volume fraction of the electron or ion conducting material i in
the electrode and t; the tortuosity of the corresponding material.

Few models in literature consider the current conservation equation explicitly.
From those reported [24, 67-69], only [24] solves the electronic transport
within the electrolyte layers for a bi-layer electrolyte SOEC, as a base for further
study of degradation mechanisms. Other models in literature do not consider
the current conservation or is not specifically discretized [16, 29-31, 70-73].

3.4. Momentum transfer

In a solid oxide electrochemical cell, momentum transfer of the gas takes place
in the gas channels and in the porous electrodes. Momentum transfer is de-
scribed by the momentum conservation equation [74]:

V-(pUU)=-Vp+V-(uVU)+S, (3.28)

where U is the velocity vector, p the pressure, u the dynamic viscosity of the gas
mixture, p the density and Sy is the momentum source term, which is described
as follows according to the different cell regions.
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3. Modeling of Solid Oxide Electrochemical Cells

- I%U in porous layers (3.30)

0 in gas channels (3.29)
Sg=
0

where K| is the permeability of the corresponding porous layer.

The momentum conservation equation started being used in SOCs when com-
putational fluid dynamics (CFD) tools became available [16, 67-70, 72, 73].
Nevertheless, there are other numerical models which use plug flow when a
detailed flow distribution in the cell is not focus of interest [24, 29-31, 71].

3.5. Mass transfer

Mass conservation is an important part in engineering analysis. The mass
conservation, or as it is also known, the continuity equation, Eq. (3.31), ensures
that mass is conserved throughout the system. For an electrochemical system,
like SOCs, a source term accounting for the electrochemical reaction is added
to the equation.

V-(cU)=8,, (3.31)

where c is the molar density and S, is the mass source term due to the electro-
chemical reactions. The molar density can be calculated via the ideal gas law
for a system like SOCs. The mass source stems from the reacting species, and is
thus linked to electrochemical reactions and the exchange current density as:

0 in non-electrochemical active layers (3.32)

Sm= Z J in electrochemical active layers (3.33)

where n, is the number of electrons transferred per molecule of hydrogen or
carbon monoxide produced and j is the volumetric current density. For a system
where oxide ions (0%~) are transported through the electrolyte, n, = 2 [34].
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3.5. Mass transfer

The mass transfer equation Eq. (3.31) considers the bulk flow within the cell.
However, the different species within the cell will also move relative to each
other because of different gradients. An SOC is a multicomponent system
that contains a mixture with n species. Thus, a balance equation for (n—1)
components is also required, Eq. (3.34), apart from the continuity equation,
Eq. (3.31).

V-(cUY;)=-V-N; +8S,, ; (3.34)

where N; is the molar diffusion flux of species i, Y; is the molar fraction of
species i in the gas mixture and S,, ; is the source term due to the electrochem-
ical reaction for species i (Eq. 3.33).

The electrochemical reactions at the solid surfaces of the 3PBs influence gas
diffusion. Mass diffusion is complex, especially within a porous region like an
active electrode [75]. Apart from molecular diffusion, which dominates at large
pore sizes and high pressure systems in the electrodes, Knudsen diffusion is also
present. Knudsen diffusion becomes significant when the mean-free path of the
species is larger than the pore size [76]. To take into account both type of
diffusions, i.e., molecular and Knudsen, an effective diffusion coefficient can be
calculated. The effective diffusion coefficient is a variable related to the molar
diffusion flux, N;, which can be described by Fick’s law. Fick’s law is stated as:

VT
N, = —cz)iseffvy,- ~Dri— (3.35)

where szeff is the effective binary diffusion coefficient of gas species i and j
and Dr; is the thermal diffusion coefficient of component i in the gas mixture.

Fick’s law is only valid for a binary mixture, for a multicomponent mixture
with invariable composition, for dilute mixtures or when the mass diffusion
coefficient is independent of composition [77, 78]. Due to its simplicity, Fick’s
law has been often used in computational models due to its ease of implemen-
tation [16, 25, 46].

The Stefan-Maxwell (SMM) equations provide a more accurate description of
the molar flux for an SOEC system [76]. As discussed by Bird et al. [77], the
SMM can be seen as an extension of Fick’s law for a multicomponent mixture.
By the assumption that for ideal gases the Maxwell diffusion coefficients can be
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3. Modeling of Solid Oxide Electrochemical Cells

approximated by the binary diffusion coefficients, the Stefan-Maxwell equations
can be written as [76, 79]:

gy LN VN b ooy Yig (3.36)
) P .
s DB RT ' RT

where p is the total pressure.

As Webb et al. [78] pointed out, Fick s law and the SMM describe gas diffusion
in open spaces using effective diffusion parameters to account for the porous
medium, but the basic transport equations are not altered. Thus, the Dusty gas
model (DGM) appears to be a more suitable model for porous electrodes as it
is seen as a breakthrough considering both the SMM formulation and Knudsen
diffusion, Eq. (3.37) [78].

== (3.37)
J=Tj#i ij’eff p&et  RT " RT

n o YiN; -Y;N; N; Y; K
JHNi i i _ P VY - & (1+ ;){pff)v
pD;*

where DK off §

is the effective Knudsen diffusion coefficient of species i.

Tu understand gas transport mechanisms and their limitations, as well as for a
proper evaluation of the transport phenomena at a continuum level, an accurate
evaluation of the effective diffusion coefficients is needed. Geometric param-
eters of the porous electrodes, for example, porosity, tortuosity, particle size
distribution, etc., are valuable input for calculation of these effective transport
properties [80]. The effective diffusion coefficient, as well as for other transport
properties, is usually calculated via Eq. (3.38).

Beff _ Xi
Dl] T2DU (3.38)

where y; is the volume fraction of the void, electron or ion conduction material
in the electrode, 7 the tortuosity and D‘Z. the binary diffusion coefficient. Yet, the
number of available tortuosity/porosity correlations in literature is significant
[80], emphasizing the focus of attention in microstructure modeling, where
specific values for a determined electrode can be obtained.
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3.5. Mass transfer

The binary diffusion coefficient, ij, can be evaluated by the kinetic theory of
gases applying the Chapman-Enskog theory [81].

B _pB _

3.198-1078717 (1 1 \12
R ) (3.39)

R + R
2 . .
D (Uil/s + v}/3) M, M,

where p is the pressure, M; and M are the molar masses of the gas component
i and j, respectively, and v; and v; the diffusion volumes of component i and j,
respectively.

The Knudsen diffusion coefficient, DlK , is defined as [82]:

d, |8RT
K _*Yp
D; =3\ 7L (3.40)

where d, is the mean pore diameter.

Other gas transport models have been reported in literature for modeling solid
oxide electrochemical cells, mainly SOFCs, like the binary friction model (BFM)
[83-85] and the cylindrical pore interpolation model (CPIM) [85, 86]. Despite
the different available methods, Fick’s model and the SMM are, by far, the most
frequently used when modeling solid oxide electrochemical cells [51, 69, 87—
90].

Due to the computational cost and simplicity, several authors in literature use
the Bosanquet formula, Eq. (3.41), to account for both molecular and Knudsen
diffusion in Fick’s model or in SMM instead of the DGM [46, 47, 88, 89].
The main limitation of the Bosanquet formula, as Bertei and Nicolella [91]
point out, is that it is only valid under the following conditions [92]: binary
mixture, isobaric conditions and no net change in the number of moles. These
are conditions which are hardly fulfilled in an SOC.

1 1 1

R . (3.41)
eff B,eff K eff
Dij Dy D
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3. Modeling of Solid Oxide Electrochemical Cells

3.6. Heat transfer

Heat transfer in solid oxide electrochemical cells occurs by conduction, con-
vection and radiation. Conduction takes place in the electrolyte, electrodes
and interconnects. Convection through the entire cell occurs due to motion
of the gases. Radiation within the electrolyte-electrode structure and surface
to surface radiation in the fuel and air channels is also present. Moreover,
depending on the operating temperature and cell voltage, heat generation or
consumption exists.

As conduction is more significant than radiation inside the cell, radiative heat
transfer can be neglected as demonstrated by a previous study [93]. Several
models in literature can be found where radiation is neglected [16, 47, 67—
69, 71-73, 94]. However, radiation has been found to be significant when
determining the cell stack temperature distribution according to Hartvigsen et
al. [95]. Thus, radiation effects can be considered for future studies of cell
stacks.

The energy conservation equation is given by Eq. (3.42) to ensure that energy
is conserved throughout the whole computational domain.

V-(pcpUT)=V-(EVT)+Sr (3.42)

where ¢, is the specific heat at constant pressure and % is the thermal conduc-
tivity of the medium. St is the thermal source term, which takes into account
the heat from the electrochemical reactions, the polarizations and joule heating
and is defined as follows [46, 96]:

in gas channels (3.43)

S in electrochemical inactive areas (3.44)
T

Il
QAT @

TAS . . .
+J (TI + W) in electrochemical active areas (3.45)

where i is the current density, j the volumetric current density, o the electric
conductivity of the material, AS the entropy change for the reaction and 7 is
the overpotential.
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3.6. Heat transfer

To point out the importance of heat transfer in solid oxide electrochemical cells,
the relative contributions of the different available heat sources for the fuel
cell operating mode are reported in Table 2 in Paper I. Results show that the
electrochemical reactions are the major contributors to the total heat in SOFCs
followed by the reforming reaction.

Nevertheless, due to the scope of research, some models in literature assume a
uniform temperature across the cell [24, 30, 70].

31






CHAPTER 4

Validation

Developing a multiphysics model, no matter the scale, it is a challenge itself.
A multiphysics model must however be validated against experimental data,
increasing the degree of difficulty but at the same time, reliability. The acces-
sibility to trustworthy experimental data might turn into a challenge as well.
However, having a strong reliable multiphysics model can be a valuable tool
for understanding certain phenomena occurring in the cell which cannot be
observed experimentally, improving the cell performance as well as reducing
the experimental cost amongst other advantages.

The conditions under which the model has been validated are presented in
this chapter. Yet, one must bear in mind that nothing is set in stone due
to the constant development in all fields, e.g., materials, modeling functions,
computational capabilities, etc.

33



4. Validation

4.1. Experimental conditions

A cell consisting of a Ni-YSZ support, a Ni-YSZ active layer, a YSZ electrolyte
and a LSCF-based oxygen electrode plus a contact layer has been considered in
the multiphysics model and is shown in Figure 4.1. The Ni-YSZ support is the
porous cathode while the Ni-YSZ active layer is the fuel electrode in Figure 4.1.
A CGO barrier layer is present between the electrolyte and the LSCF-based
electrode. The thicknesses of the different components are stated in Table 1
in Paper III.

Fuel channel——=
Porous cathode——
Fuel electrode—

Electrolyte— ~— Oxygen electrode

< Contact layer
<— Air channel

Figure 4.1: Schematic drawing of the Haldor Topsoe A/S cell with its
components.

The test specimen consists of a 53 mm x 53 mm single cell with an active area of
40 mm x 40 mm, mounted into a test rig. The contacting of the cell is realized
with corrugated nickel and gold meshes for the fuel and oxygen electrodes
respectively, which provide a uniform contacting and gas distribution. The flow
configuration in the cell test rig is shown in Figure 4.2.

All tests have been performed on planar fuel electrode supported solid oxide
electrochemical cells produced by Haldor Topsoe A/S while the current-voltage
(i-V) measurements were performed at DTU Energy. A number of i-V tests for
the electrolysis of two feedstocks, i.e., Hy/H20 and CO/CO,, were measured
at different inlet conditions. These conditions (temperature, flow rate and
composition) are specified in Table 2 in Paper III for Hy/H5;O and in Table
1 in Paper IV for CO/CO,.

34



4.2. Simulation conditions

: Simulation
. domain

Fuel outlet

Figure 4.2: Experimental setup arrangement with flow configuration and
indication of the simulation domain.

4.2. Simulation conditions

A three-dimensional (3D) multiphysics model of a planar SOC has been de-
veloped and validated with experimental data with Ho/H,O in Paper III and
CO/CO; in Paper IV as feedstocks at different temperatures, flows and gas
compositions. The model considers the main transport phenomena taking place
in such devices and are defined in Chapter 3. For the electrochemical reactions,
due to all the reasons stated regarding the use of the Butler-Volmer equation,
linear Chang-Jaffe kinetics [56], Eq. (3.2), are used in Paper III and IV to
calculate the current density at the electrodes. At the fuel side, Eq. (4.1) or
Eq. (4.2), are used according to the fuel selected while at the air side, Eq. (4.3)
is proposed [97, 98]. The denominator of Egs. (4.1) to (4.3) accounts for the
activation polarization resistance, Ryt rx., and it is partly Arrhenius temperature
dependent and partly reactant/product activity dependent.

. n
; _ 4.1
fuel, HoO EuredHy0) 01 .-0.33 1)
Ry redH,0€XP | — 7 H,%H,0
. n
; _ 4.2
fuel,CO2 Ea,red,COz 0.058 ,-0.25 ( )
RO,red,COZeXp RT Aco aCOz
. n
Lair = (4.3)
E _
Rooxexp 7 | ag)?
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where 7 is the overpotential, a; is the activity of the component i in the cor-
respondent gas mixture, E, .q is the activation energy of the activation po-
larization resistance, Ractred, for the reduction reaction, Eq. (2.6), Eqox is
the activation energy of the activation polarization resistance, Ractox, for the
oxidation reaction, Eq. (2.8), and Ry is the pre-exponential factor.

To model carbon deposition in Paper IV, the thermodynamic carbon deposition
threshold, Eq. (3.20), has been locally calculated as well as the carbon activity,
Eq. (3.21).

Transport of charged species is modeled by the current conservation equation
and Ohm’s law, Eq. (3.22), and momentum transfer via the momentum conser-
vation equation, Eq. (3.28). Regarding mass transfer, the continuity equation
is considered as well as the species conservation equation. Mass diffusion is
modeled via the SMM and the effective diffusion coefficient is calculated via
the Bosanquet formula, Eq. (3.41), to account for both molecular and Knudsen
diffusion despite its limitations in both Paper III and IV.

Regarding heat transfer, radiation has been neglected to avoid a high complexity
degree but heat sources due to joule heating, electrochemical reactions and
polarizations are taken into account. The governing equation representing this
transport phenomenon implemented in the multiphysics model is the energy
conservation equation, Eq. (3.42), as defined in Chapter 3.

All the assumptions considered to model the setup in Figure 4.2, the specified
boundary conditions, the parameters used as well as the calculation of gas
properties are defined in Paper III and IV.

4.3. Validation against i-V curves

As mentioned above, a wide range of i-V curves were measured to validate
the model for two different feedstocks at different temperatures, reactant flows
and compositions. A single fitting parameter is required to fit the computational
model to the experimental data, which is the pre-exponential factor of the ac-
tivation polarization resistance for the fuel electrode, R yed fuel coOntributing to
the current density, defined via the linear Chang-Jaffe kinetics [56], Egs. (4.1)
and (4.2). R red fuel Values are defined in Paper III for H,O and in Paper IV for
CO;. The remaining material parameters have been taken from literature.
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4.3. Validation against i-V curves

The comparison of i-V curves at different temperatures for a 24 Lh~! at standard
temperature and pressure (STP) Hy/H50 at 50 % Hy under electrolysis and fuel
cell mode is shown in Figure 4.3, and for a 24 Lh™! at STP CO/CO> at 50 % CO
under electrolysis mode in Figure 4.4. Results for Hy/H5O as feedstock show a
maximum deviation with respect to the cell voltage of 1.3 % while for CO/CO»,
a maximum deviation of 1.2 % between the experimental and the simulated
data for all the temperatures considered is reported.

1.25¢
Experiment T=700 °C
127 0 O Simulation T=700 °C
1151 - Experiment T=750 °C
' . +  Simulation T=750 °C
11k o ,,, S Experiment T=800 °C
x  Simulation T=800 °C
S 105
g R
5 .
> 0.95¢ L,
Electrolysi d
ool ectrolysis mode Be.. Fuel cell mode
o85F
0.8f o + X
0.75 . . . . . . |
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Current density [A/cmz]

Figure 4.3: i-V curves comparison at different gas inlet temperatures for Ho/H20
as feedstock. Negative and positive current densities correspond to
electrolysis mode and fuel cell mode operation, respectively.

Comparisons of i-V curves for a 24 Lh™! at STP H,/H,0 at 96 % H, under fuel
cell mode at three different temperatures are given in Figure 7 in Paper III,
showing also a very small deviation between experimental and simulated data.
The i-V curves shown correspond to fuel cell operation mode and the maximum
deviation reported with respect to the cell voltage is 6 %.

The good results obtained from validation against i-V curves under different

conditions, indicate that the multiphysics model has been developed with suc-
cess and can be further used for the understanding of the physical processes
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Figure 4.4: i-V curves comparison at different gas inlet temperatures for CO/CO
as feedstock. Negative and positive current densities correspond to
electrolysis mode and fuel cell mode operation, respectively.

taking place as well as for degradation phenomena. Moreover, linear Chang-
Jaffe kinetics are valid for describing the full i-V curves.

4.4. Validation against carbon deposition

For validating the multiphysics model ability to predict carbon deposition, the
model results are compared with experiments at 750 °C with different gas
composition. In the experiments, the current density is gradually increased until
carbon formation is observed [61, 99]. The current density and the highest CO
partial pressure, pco, achieved throughout the cell are shown in Figure 4.5.
The location where carbon formation is first detected both experimentally and
via simulations in the cell under different flow rates and compositions are at
the cell outlet, close to the electrolyte/fuel electrode interface. These inlet
conditions are specified in Table 2 in Paper IV as well as a brief description
of the experimental and simulation procedure for detecting carbon formation.
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Figure 4.5: Current density and pco at the cell outlet comparison when carbon
formation is first detected in the cell for different fuel flow rates and
compositions at 750 °C. The colors indicate different experiments
with different inlet conditions.

Simulation results seem to provide an acceptable agreement with the experi-
mental values obtained presenting similar trends. Deviations between experi-
mental and simulated data can be due to, among other factors, the magnitude
of the step used for increasing the cell voltage or current in the experiments.
Moreover, almost all the points from the experiments in Figure 4.5 are below
the thermodynamic threshold at 750 °C, marked by the blue horizontal line,
indicating that carbon deposition takes place at lower pgo values than the
theoretical pgo threshold. This indicates that there is a local crossing of the
thermodynamic carbon deposition threshold.
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CHAPTER B

Main Results & Discussion

In this chapter, a brief description regarding Paper II is given and a summary
of the main results from Paper III and IV is presented.

5.1. Paper II

In Paper II, a three dimensional SOC model of a cell operating in electrolysis
mode was developed using the commercial software ANSYS Fluent, which is
based on the finite volume method, for Hy/H5O as feedstock operating in cross-
flow configuration. Despite the simplicity of the model and the non-commercial
dimensions of the cell, the model was suitable for studying the behavior of the
current density, the temperature distribution and the hydrogen production in
an SOEC under different operating cell voltages and flow configurations. A
sketch of the computational domain used is shown in Figure 5.1, while all the
dimensions and details are specified in Paper II.
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Figure 5.1: Computational domain for an initial study of an SOEC (not to scale).

The simulations were conducted with four different operating cell voltages in
order to study the effect on the different parameters. The simulations results
showed that increased operating voltages leads to higher current densities.
Increased operating cell voltages also led to an increased partial pressure of
hydrogen. It should be noted that the increase in hydrogen production might
lead to large temperature gradients. The different thermal modes of electrolysis
cells and how the operating cell voltages affects these modes were also studied,
that is, endothermic, thermo-neutral and exothermic modes.

Moreover, the effect of considering a co-flow configuration on the temperature
distribution, current density and production of hydrogen were also investigated
indicating that co-flow configuration leads to higher temperature gradients,
lower current densities and consequently, lower production of hydrogen.

5.2. Paper III

In Paper III, apart from the extensive validation of the SOEC model when using
Hy/Hy0 as feedstock, the effect of the operating cell voltage on the steam
partial pressure, overpotential and the temperature were investigated.
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5.2. Paper III

Detailed potential distribution

One of the major features of the multiphysics model presented is the ability to
evaluate the potential and overpotential distribution through the cell. This is a
valuable feature, which can be used for evaluation of degradation phenomena
in the cell.

A base case was defined in Paper III for studying the temperature, current
density, partial pressure of steam and potentials distribution through the cell,
see Figure 8 in Paper III. The base case operating conditions are 24 Lh™! at
standard conditions (STP) for a 50 % Hy/50% H,O feedstock at 750 °C and an
operating cell voltage of 1.1 V.

Figure 5.2 shows the potential change through the active electrode layers and
the electrolyte, see Paper III. The cell voltage is given by the difference in the
Fermi potentials, which are stated as boundary conditions for the simulations.
The Fermi potential for the air electrtode is m,; = 0 V and for the fuel electrode,
7eel = —1.1 V, see Figure 5.2. The calculated cell voltage at equilibrium is
defined by Eq. (3.12), and is approximately 1 V, see Figure 5.2. The Galvani po-
tential, ¢, is shown to decrease from the air electrode to the fuel electrode which
is a result of different ohmic resistances from the different cell components. In
the regions where the electrochemical reactions take place, i.e., electrode active
layers close to the electrolyte interface, the overpotentials present higher values.

Effect of the operating cell voltage

The partial pressure of HyO, the overpotential distribution as well as the tem-
perature were chosen to study the effect of the operating cell voltage. Four
different cell voltages were selected when operating the cell at 750 °C and
PH,0 = 0.5 atm as inlet conditions. 0.9 V represents the fuel cell operation
mode while the remaining three correspond to the electrolysis operation mode.
Different thermal behaviors in electrolysis operation mode are dictated by the
operating cell voltage. To capture the endothermic behavior, 1.1 V is selected,
which is below the thermo-neutral voltage. 1.3 V represents a voltage very close
to the thermo-neutral voltage of steam electrolysis at 750 °C (1.285 V) while the
exothermic behavior is captured by 1.5 V, a voltage above the thermo-neutral
voltage. This provides current densities of 0.18, -0.43, -1.08 and -1.54 Acm ™2,
respectively, as seen in Figure 4.3.
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Figure 5.2: Potential and overpotential distribution for the base case: 24 Lh™!
STP for a 50 % H2/50% H3O0 feedstock at 750 °C and an operating
cell voltage of 1.1 V.

The H,O0 partial pressure distribution along the fuel flow direction, where the
variation of py,o is more significant, is shown in Figure 5.3a for the four cell
voltages. At the fuel inlet, y = 4 cm, the inlet partial pressure is set to pg,0 =0.5
atm. The fuel outlet is located at y = 0 ecm. The partial pressure of H,O increases
in fuel cell mode (0.9 V) as seen in Figure 5.3a due to the production of steam.
As this voltage is very close to the equilibrium cell voltage, cell voltage where
the current density is zero and thus, limited electrochemical reaction takes
place, the fuel utilization is very low. In electrolysis mode, lower HyO partial
pressures are achieved at the fuel outlet with increasing cell voltage. The higher
the operating cell voltage, the higher the current density and consequently, the
fuel utilization. Fuel starvation can be observed at 1.5 V as steam is totally
consumed before the cell outlet is reached. An 86 % fuel utilization is attained
at 1.5 V in comparison to 60 % at 1.3 Vand 24 % at 1.1 V.

Particularly noteworthy for this model is the capability to evaluate the over-
potential distribution through the air electrode, electrolyte and fuel electrode
at the four different cell specified voltages at the fuel and air outlets, see Fig-
ure 5.3b. Higher cell voltages result in higher overpotentials as seen in Fig-
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ure 5.3b. Furthermore, higher overpotential voltages are detected at the active
electrode regions, close to the electrolyte, as it is where the electrochemical
reactions occur due to limiting ionic conductivities. However, the overpotential
does not follow the general trend at 1.5 V. It tends to 0 V at the air side and
is close to 0 V at the electrolyte/fuel electrode interface, increasing through the
fuel electrode towards the fuel channel. This behavior is due to fuel starvation
taking place at such high voltage. When fuel starvation occurs, there will not
be any electrochemical reaction occurring in electrolysis mode as there is no
fuel left to react, resulting in no overpotential nor current density increase. Gas
diffusion limitations increase as fuel is consumed explaining the behavior of
the fuel electrode overpotential when starvation takes place. Thus, most of the
reaction will occur where there is a bit of reactant left, i.e., at the gas channels
and consequently, the overpotential increases at the fuel electrode as reported.
A more detailed explanation about the fuel starvation phenomenon at 1.5 V can
be observed in Figure 5.4 as a result of the capacity of this model to evaluate
the cell behavior under critical operating conditions.

The distribution of the steam partial pressure at the fuel active/diffusion inter-
face in Figure 5.4a indicates that there is no reactant left half-way from the fuel
inlet, located at y = 40 mm. The fuel, Hy/H5O, flows from y =40 to y =0 mm
while air flows from x = 0 to x = 20 mm. The same but in overpotential terms is
shown in Figure 5.4b. The overpotential profile through the electrodes and elec-
trolyte at four different cell points at 1.5 V is presented. The four correspond to
the different fuel and air inlet/outlet combinations. In red, the overpotentials
corresponding to the fuel inlet while in blue, the ones corresponding to the fuel
outlet.

At the fuel inlet, the overpotentials follow the same distribution as presented
in Figure 3.2, which is the most common, high overpotential at the electrolyte/
electrode interface due to the electrochemical reactions and tending to zero at
the end of the electrode as the active electrochemical area reaches the end. Yet,
at the fuel outlet, as there is no reactant left, and no electrochemical reaction
can take place as explained above.
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An electrolysis cell shows different thermal behaviors as function of the oper-
ating cell voltage, as the cell can be run below, above or at the thermo-neutral
voltage. The temperature profiles at the fuel outlet for the four stated voltages
are shown in Figure 5.3c. From top to bottom, the different temperature profiles
are displayed for increasing cell voltage.

= At 0.9 V, fuel cell operation mode, results in exothermic behavior as
the general electrochemical reaction for hydrogen is highly exothermic.
Moreover, the contribution from Joule heating always results in a positive
net heat flux. This is proved by a temperature increase of about 8 °C along
the flow direction.

= At 1.1V, electrolysis operation mode and a cell voltage below the thermo-
neutral point for steam at 750 °C, the cell behaves as endothermic. De-
spite heat is supplied from the furnace, a temperature decrease of 8 °C is
observed.

= At 1.3V, electrolysis operation mode and a cell voltage very close to the
thermo-neutral voltage, the net heat transfer should be almost zero if no
extra heat is supplied to the cell. Figure 5.3c shows a 2 °C temperature
increase along the fuel flow direction.

= At 1.5V, electrolysis operation mode and a cell voltage above the thermo-
neutral point, a temperature increase along the flow direction proves the
positive net heat flux.

At higher cell voltages, higher current densities are achieved meaning higher
steam utilization and thus, more hydrogen is produced. The temperature gra-
dient should not be too large to avoid cell damage. Still, due to fuel starvation
close to the cell outlets at 1.5 V, the temperature difference at the outlet of
the cell channel is only 5 °C, due to no contribution from the electrochemical
reactions. If the heat supply from the furnace where the cell is mounted was
not taken into consideration, larger temperature gradients would have been
reported.

Moreover, in Paper III, the importance of including heat transfer when perform-

ing simulations as well as the distribution of current, temperature, potential and
overpotentials as well as steam for one specific operating voltage are presented.
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5.3. Paper IV

In Paper IV, carbon deposition as a degradation phenomenon in solid oxide
electrolysis cells was treated extensively. The validation presented in Chapter 4,
demonstrated that the model can simulate an SOEC with CO/CO,, as feedstock,
see Figure 4.4. It is also shown that carbon deposition occurs due to local cross-
ing of the thermodynamic carbon deposition threshold, a phenomenon which
has been observed both experimentally and in simulations, see Figure 4.5. The
major findings are presented as follows.

A base case was defined to study the effect of the fuel electrode’s porosity,
thickness and ionic conductivity on the carbon deposition phenomenon. The
specified inlet conditions for the base case defined are 750 °C, 2 Lh™! of CO
and 13 Lh™! of CO, at standard conditions. The cell voltage for the base
case is 1.31 V, which corresponds to a cell voltage where carbon formation
is first detected under the specified inlet conditions. Moreover, two different
heat boundaries were considered to study their effect on carbon deposition.
The first condition corresponds to a specified heat flux boundary to account
for a furnace, where the cell is mounted reflecting the experimental setup, see
Paper III and IV for all the details, while the other corresponds to thermal
insulation (adiabatic, gfumace = 0). The partial pressure distribution of carbon
monoxide, pco, and the temperature distribution throughout the cell are two
variables that can impact on the carbon deposition phenomenon. For analyzing
the effect of the different geometric parameters on carbon formation, a detailed
distribution of these variables in the cell domain is necessary, see Figure 5.5.
For Figure 5.5 and the forthcoming figures, different plane locations have been
defined for showing the distribution of certain variables. These plane locations
correspond to the active layer/diffusion layer interface at the fuel electrode and
three vertical planes in the fuel flow direction. For more details about the plane
locations, refer to Figure 6 in Paper IV.

Effect of thermal boundary condition

The temperature and the CO partial pressure distribution, respectively, when
considering the heat flux boundary condition are shown in Figures 5.5a and 5.5¢
while Figures 5.5b and 5.5d show the distribution of such parameters for the
thermally insulated case. The distributions shown correspond to the fuel ac-
tive/support layer interface.
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Figure 5.5: Temperature and partial pressure of CO at the active/support layer
interface with heat flux or thermal insulation as boundary condition.
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A temperature decrease along the air and fuel flows is observed for the two
defined heat boundary conditions, see Figures 5.5a and 5.5b. The fuel flows
from y =40 mm to y = 0 mm, and the air flows, from x = 0 mm to x = 20 mm.
This decrease in temperature is due to that the operating cell voltage, 1.31 V,
corresponds to a cell voltage below the thermo-neutral point for CO5 electrolysis
at 750 °C (1.46 V). And when operating under the thermo-neutral voltage,
the corresponding endothermic electrochemical reactions dominate over Joule
heating, leading to an endothermic cell behavior, as seen in Paper III. For the
thermally insulated case, the coldest region in the cell is at the fuel and air
outlets. For the heat flux boundary condition case, the coldest region is shifted
a bit upstream due to the heat the cell receives from the surrounding furnace.
As the equilibrium constant for the Boudouard is temperature dependent, and
consequently also the thermodynamic carbon deposition threshold, which is
an indicator for carbon deposition, Eq. (3.20), temperature will affect carbon
formation. If temperature decreases, the thermodynamic carbon deposition
threshold, pco,g, will be lowered and as the temperature varies through the
cell, so will the local threshold do. The lowest local thermodynamic carbon
deposition threshold is attained where the lowest temperature is reached in the
cell, which corresponds to the thermal insulated condition, Figure 5.5b, due to
the heat consumption from the electrochemical reactions. Nevertheless, when
the cell receives the heat from the furnace, the temperature gradient across the
cell is decreased, see Figure 5.5a, shifting the local thermodynamic threshold.
A temperature difference of 43.4 °C is obtained for the thermal insulation
boundary while the maximum temperature difference is reduced to 20 °C for
the heat flux boundary condition. Hence, by supplying heat to the system, the
local thermodynamic threshold can be shifted towards the theoretical value at
750 °C, approaching isothermal conditions as the temperature gradient across
the cell is decreased.

The partial pressure of CO increases along the fuel flow direction, from y =40
mm to ¥y =0 mm as shown in Figure 5.5d. The highest pco value is attained
at the fuel outlet, close to the air inlet (x = 0 mm) for the thermally insulated
case. Figure 5.5d also shows that the CO partial pressure is highest at the
electrolyte/fuel active layer interface. Similar tendency is observed for the heat
flux condition, only that a more even distribution of the species throughout
the cell is achieved, see Figure 5.5c. Highest pco values are registered at
this interface. This fact corroborates that carbon formation in SOEC is elec-
trochemically driven as Duboviks et al. [59, 60] pointed out, as it is where the
electrochemical conversion of CO5 to CO (or to C) takes place. Furthermore,
higher partial pressure of CO will favor carbon formation as specified by the
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Boudouard reaction, Eq. (3.15) or no CO will be formed at all if direct carbon
deposition is occurring, Eq. (3.16).

To combine the effects of both temperature and species concentration, the car-
bon activity, Eq. (3.21), has been plotted for the base case defined in Figure 5.6,
for the two described heat boundary conditions. The carbon activity distribution
is shown at three vertical planes along the fuel flow direction corresponding to
the fuel inlet, middle of the cell and fuel outlet. For the same operating cell
voltage, which is 1.31 V, a higher carbon activity is registered for the thermally
insulated case. A substantially larger temperature difference across the cell
is registered for the thermal insulated boundary condition, see Figure 5.5b,
being double of that for the heat flux boundary condition, see Figure 5.5a. This
significant temperature decrease can explain the higher carbon activity for the
adiabatic case, as the thermodynamic carbon deposition threshold is decreased
significantly. Consequently, larger amounts of carbon are formed when thermal
insulation is considered as the partial pressure values of CO registered for both
heat boundary conditions do not differ as much as temperatures do. Further-
more, it can be clearly observed that the most carbon formation prone region is
located at the fuel and air outlets, at the fuel electrode active layer close to the
electrolyte interface, see Figures 5.6a and 5.6b.

High enough local concentration of CO can cause carbon deposition. A possible
explanation is gas diffusion limitations away from the reaction sites at the
electrode/electrolyte interface, where CO, has to diffuse a longer distance,
increasing the concentration of CO at this interface. Temperature is another
factor that may contribute to carbon formation as above-mentioned. When
operating under the thermo-neutral voltage, a temperature decrease through
the cell is expected, lowering the local carbon deposition threshold due to its
temperature dependency. As temperature decreases along the flow direction
when endothermic electrolysis, at certain locations the concentration of CO
might not be sufficient for carbon to deposit, but as the flow continues down-
stream, the temperature decreases and then, carbon forms. Thus, there are
multiple scenarios which can cause carbon deposition.
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Figure 5.6: Carbon activity distribution at different positions along the fuel flow
for the base case: (a) with heat boundary condition and (b) with
thermal insulation.
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Effect of fuel electrode porosity, thickness and ionic conductivity

A parameter study was performed to study the effect of the fuel electrode
porosity, thickness and ionic conductivity on carbon formation. All the results
presented were performed when the heat flux boundary condition was contem-
plated. Being the furnace temperature and the gases inlet temperature fixed to
750 °C.

In the primary y-axis of Figure 5.7, the highest CO partial pressure that can
be obtained before carbon deposition is first detected in the cell is shown for
the different fuel electrode porosities, thicknesses and ionic conductivity values
considered for the study. In the secondary y-axis of Figure 5.7, the correspond-
ing current densities are shown.
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Figure 5.7: Maximum pco values obtained before carbon deposition is detected
in the cell for different fuel electrode porosity values, thicknesses and
ionic conductivities and their corresponding current densities.

Figure 5.7a shows the maximum pco values and corresponding current den-
sities for different fuel electrode porosity values. The transport of the fuel
molecules, CO, and CO, is hindered due to gas diffusion limitations at low
porosity values. This results in higher CO partial pressures at the reaction site,
favoring carbon formation. Hence, for low porosity values, carbon is detected
at lower current densities, and corresponding operating cell voltages, than for
higher porosity values. Diffusion limitations decrease when the fuel electrode
porosity is increased, reducing the probabilities for carbon deposition to occur.
However, for porosity values higher than 30 %, the maximum pco tends to a
plateau. The plateau behavior can be explained by no gas diffusion limitations
at high porosity values.
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The effect of different fuel electrode thicknesses is shown in Figure 5.7b. The
fuel electrode thickness was modified by changing the thickness of the electrode
diffusion layer while the thickness of the active layer remained unchanged and
set to 10 um. The thickness values shown in Figure 5.7b correspond to the
thickness of the diffusion layer. Diffusion limitations are diminished as the
diffusion path is shortened by decreasing the electrode thickness, facilitating
the transport of species. The amount of carbon monoxide at the reaction sites
is consequently decreased and larger CO partial pressures at the cell outlet can
be obtained before carbon formation is detected in the cell, i.e., higher current
densities are required in thinner electrodes for carbon detection.

Last, the effect of the fuel electrode ionic conductivity on carbon formation
is shown in Figure 5.7c. Due to the temperature dependency of the ionic
conductivity of YSZ, see Paper IV for the detailed temperature-dependent equa-
tion, a factor is taken into account for the variation of this parameter. Higher
current densities are achieved with increasing ionic conductivity, favoring the
electrochemical reactions’ distribution. Consequently, higher pco values are
obtained promoting carbon deposition as dictated by the Boudouard reaction,
Eq. (3.18). For further understanding, the overpotential distribution through
the air electrode and the fuel active layer are plotted in Figure 5.8 for the
different ionic conductivity values at 1.31 V. The operating cell voltage is
the one corresponding to the base case, defined above. The overpotentials are
plotted at the air and fuel outlets, like it is done in Figures 12, 13 and 14 in
Paper IV.

The overpotential distribution at 1.31 V shown in Figure 5.8 corroborates that at
higher ionic conductivities, carbon deposition is favored for the same inlet flow
rates at this voltage. Considering that 1.31 V is the cell operating voltage where
carbon is first detected for the base case (k, =1), higher fuel overpotential
values are achieved at the electrode/electrolyte interface due to limitations
of the ionic conductivities. At higher conductivity values, charge transfer is
increased, spreading out the reaction zone across the electrode and higher pco
values are registered as explained above.

Moreover, Paper IV also presents the detailed distribution of the local partial
pressure of CO, the local thermodynamic threshold (pco ) and the tempera-
ture at the fuel/air outlets through the cell thickness for different fuel electrode
porosity values, thicknesses and ionic conductivity values.
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different fuel electrode ionic conductivities at the fuel/air outlets at
1.31V.
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CHAPTER 0

Conclusions

Research reported here aimed at developing a three-dimensional model of a
solid oxide cell as complete and reliable as possible to predict the performance
of it under certain operating conditions and better understanding of the physical
phenomena as well as carbon deposition as degradation phenomenon. The
scientific contributions can be summarized as:

= Modeling

1. A 3D model of a fuel electrode planar solid oxide cell has been devel-
oped and described in detail. The model, which considers the main
physical phenomena taking place in such devices, allows a detailed
description of the overpotential through cell thickness, an important
feature for studying degradation phenomena. The detailed overpo-
tential spatial resolution has not described in such detail before.

2. A thorough validation of the model has been presented with two
feedstocks, Hy/H20 and CO/CO,, at different temperatures, flows
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and compositions, where the deviation with respect to the cell volt-
age has been maximum of 1.2 % for CO/CO electrolysis, 1.3 % for
Hy/H,0 electrolysis and 6 % for Hy/H50 in fuel cell mode. Such
broad validation has not been reported before for computational
models at continuum level.

The capability of this model to evaluate the overpotential distribu-
tion through the cell in detail has been demonstrated for steam star-
vation at high operating cell voltages.

The effect of considering heat transfer in the model in electrolysis
mode is particularly observed at high voltages, where the impact
on the current density is noticeable, resulting in a higher hydrogen
production due to higher current densities achieved.

A new tool is now available for understanding and predicting degra-
dation and failure mechanisms of SOCs.

= Carbon deposition

1.

Local crossing of the thermodynamic carbon deposition threshold
has been observed both experimentally and numerically, with a good
agreement between the two methods, validating the model even
further.

The concentration of CO and temperature affecting the local ther-
modynamic carbon deposition threshold have been quantified. Gas
diffusion limitations favor carbon formation in SOECs.

Different heat boundary conditions affect the local values of CO con-
centration and temperature but the carbon activity is similar at the
same voltage, showing a lower sensitivity to temperature.

The impact of porosity, conductivity and thickness of the fuel elec-
trode on the thermodynamic carbon deposition threshold has been
quantified in terms of temperature and CO concentration.

Finding an optimal point of operation in SOCs is challenging due to
the complexity through cross-coupling phenomena.

The model presented is a good tool for evaluating the performance of an SOEC
under different operating conditions. Despite its reliability, the model is cur-
rently still under development for improvement. Several aspects have been
taken into consideration, being the improvement of the mass diffusion model
the first priority. Furthermore, it is intended the use of impedance data to
model the conductivity for all the cell components from ohmic resistances to
obtain more realistic values for the existing cells.
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Outlook

Despite the research in SOCs, and specially in SOECs, has increased in the latest
years, there is still lot to be done before leaving no stone unturned, specifically
in terms of modeling. Computational modeling is a strong tool for simulation
of the cell performance under specific conditions and which can be of valuable
help if the developed model is trustworthy. Thus, a model itself is meaningless
if no proper validation with reliable experimental data is done. Yet, SOCs are
in continue development and so does the modeling field, leaving space for a
whole room of improvement. The thesis has addressed several individual issues
that will improve the quality of the model developed in the work. Nevertheless,
the suggestions for improving SOECs modeling are:

= Use microstructure reconstruction for obtaining microstructural parame-
ters of the cell as well as specific transport properties instead of calculating
effective transport properties, as it is currently done in most macrostruc-
ture models. This could be of great help to rule out uncertainty regarding
the material parameters relating to microstructure, i.e., tortuosity and
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porosity. A proper microstructure characterization is at hand and thus
modeling the influence of all the physical phenomena in the cell, i.e.,
diffusion paths, available 3PBs, etc.

Consider the interconnects at cell level and study the transport phenom-
ena limitations due to this stack component, e.g., mass and current trans-
port.

Quantify the existing deviation between the different existing mass diffu-
sion coefficient equations.

More attention and effort should be set into modeling stacks of SOCs to
shorten the path to mass production. A single cell model allows the study
of the physical phenomena, but considering a cell stack can provide useful
performance information which might be key for large scale applications.

Study the effect of considering radiation in a single cell and in a stack
model. Both in terms of effects on the cell performance itself as well as
on the computational times required.

Scaling up from stack modeling, system modeling should also be taken
into account where the economics of the whole process could also be
evaluated.

Last, one should bare in mind that increasing the complexity of the system
usually translates into longer computational times. For being successful, the
optimum between complexity and computational cost/time should be found. If
experiments take less time than numerical calculations, performing simulations
will be called into question.
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Abstract. Solid oxide fuel cells (SOFCs) are widely studied for their advantages especially
at high temperatures. However, operating at high temperatures represents a high cost due to
the strict requirements the materials are expected to fulfill. Thus, the main goal in SOFC
research has been to decrease the operating temperature so that the range of available materials
is widened and hence, the operating cost can be reduced. In this paper, the different heat
sources that contribute to the cell energy balance are presented with strong emphasis on the
chemical reactions that take place in SOFCs. The knowledge of which heat sources or sinks
taking place and their locations within the SOFC can provide useful information for further
design and efficiency improvements.

1. Introduction

Solid oxide fuel cells (SOFCs) are high-temperature electrochemical devices which convert the
chemical energy of fuels directly into electrical energy in an environmental friendly and efficient
manner. For this reason and due to the depletion of fossil fuels, SOFCs are regarded as promising
candidates for energy conversion and thus, for being able to obtain electrical power for our society
in an environmental friendly way.

When comparing SOFCs to other current fuel cell types, for example, proton exchange
membrane fuel cells (PEMFCs), SOFCs present a number of attractive features. SOFCs are
fuel flexible, which means that different fuels apart from pure hydrogen can be used due to the
tolerance of carbon monoxide (CO), a fuel as well. Then, short-chain hydrocarbon fuels like
methane or ethanol among others can be supplied as fuel to SOFCs. Long-chain hydrocarbons
can lead to carbon deposition if no previous treatment is done. Moreover, all components are
in solid sate (there are no liquid electrolytes like for example in alkaline fuel cells), there are no
water management issues, which is the main headache for PEMFCs, and the high quality waste
heat produced by SOFCs can be utilized effectively for either combined heat and power or for
use in hybrid systems together with gas turbines.

Substantial improvements in performance and durability have been made in the last years in
SOFCs mainly due to the advances in manufacturing technology. Although other fuel cells are
nowadays more technologically developed, for example, molten carbonate fuel cells, SOFCs are
widely considered to be one of the two most promising fuel cells together with PEMFCs.

Published under licence by IOP Publishing Ltd 1



6th European Thermal Sciences Conference (Eurotherm 2012) IOP Publishing
Journal of Physics: Conference Series 395 (2012) 012086 doi:10.1088/1742-6596/395/1/012086

2. Problem Statement

SOFCs are particularly attractive fuel cells compared to other types as mentioned before and
thus, they have become an important area of research and development all over the world in the
last years and still nowadays [1].

One of the main characteristics of SOFCs is that they are high-temperature devices. The
fact that these cells initially operated at temperatures around 1000°C is due to the material of
the electrolyte used, yttria stabilized zirconia (YSZ). This is a ceramic material which becomes
conductive to oxygen ions at certain temperatures and non-conductive to electrons as well as the
anode and cathode materials. Thus, electrochemical reactions can take place at the electrodes
without the need of expensive catalysts. In fact, the anode material (YSZ) is catalytic itself
for both the internal reforming and electrochemical reactions that take place. The limited
range of the available materials to operate at high temperatures is the major limitation to mass
production of SOFCs due to the material cost. Nevertheless, long starting times are required
for high temperature SOFCs and thermal control becomes difficult despite the high thermal
efficiency and long-term stability. In order to be able to mass produce SOFCs, a substantial
reduction in the system cost (cell and stack production processes) is required. One way to reduce
the costs is by reducing the material costs and increase the durability of the cells. This can be
done by reducing the operating temperature to an intermediate temperature, 600-800°C (IT-
SOFC), or even lower than 600°C, (LT-SOFC). When the temperature decreases, the overall
performance is reduced because the electrolyte resistance increases and the reactions at the
electrode become inactive [1, 2].

However, it is not just a matter of decreasing the operating temperature as other phenomena
must be taken into account as well. As well known, the kinetics of the chemical reactions that
take place in SOFCs are temperature dependent and this is also a matter of concern. Thus, it
is of big interest to know the relationship between the chemical reactions and the heat transfer
phenomena.

The main objective of this article is to describe the major concerns of the chemical reactions
in SOFCs relating to thermal issues and thus, describe the major sources for heat transfer in
SOFCs. How and where they originate and are located to obtain a detailed model for simulation
are important so that the overall cell performance can be improved and the further fuel cell
development can be promoted.

3. Chemical reactions: heat transfer effects

SOFCs consist of two porous electrodes (an anode and a cathode) separated by a dense elec-
trolyte and connected into an electrically conducting circuit, see Figure 1. The electrodes must
present large reaction sites for the electrochemical reactions having a great number of paths for
ion and electron conduction and presenting the appropriate porosity for oxygen, hydrogen and
the formed water migration. The required properties for the electrolyte are somehow similar
to those required for the electrodes but present some variations. The electrolyte must present
a high ionic conductivity, high density, long-term high temperature performance stability and
high long-term reliability which means high strength and high durability [3].

One of the major concerns for SOFC technology at the temperatures used nowadays is that
the steam reforming (SR) reaction rate is much faster than the electrochemical reaction rate.
This fact can be explained by the high nickel (Ni) content which is necessary for the electric
conductivity and offers a high number of catalytic sites. The steam reforming reaction (Eq.1)
is a highly endothermic reaction (AH® = 206 kJ mol~') and thus, consumes energy while the
electrochemical reactions produce energy as they are exothermic.
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If the steam reforming reaction is faster
than the electrochemical, there will be cool-
ing at the inlet of the cell and heating
at the outlet resulting in a large temper- Eifode
ature gradient in the cell. This temper-
ature gradient can cause thermal stress as
well as reduced efficiency [4]. The SR re-
action takes place in the anode support
layer of the fuel cell (FC) while the electro-
chemical reactions take place at the three-
phase boundaries (TPBs) in the reaction ac-
tive region or functional layer, see Figure
1.

Interconnect

Figure 1. Schematic image of an SOFC with some
detail on surface chemistry.

CH, + H,0 = CO + 3H, (1)

The steam reforming reaction rate needs to be lowered in order to decrease the existing tem-

perature gradients and thus, improve the cell performance. To do so, detailed knowledge of the

steam reforming kinetics is required. At present, steam reforming reaction on Ni based catalysts

has been widely studied for catalytic reactors because of its industrial importance. However,
few studies have been performed for SOFC.

The goal for optimizing the internal reforming reactions for an SOFC is to lower the reaction
rate of the steam reforming reaction while maintaining a high electronic conductivity and a high
reactivity for the electrochemical reaction. Yet, high reforming reaction rates are still required
compared to the electrochemical reaction rates. To reduce the reforming reaction rate, different
solutions have been presented [4, 5]:

o Lowering the temperature. The general trend is to lower the operating temperature
as SR has a high activation energy (depending on the mechanism 63.3-228 kJ mol~!,
Table 1) and the reaction rate decreases rapidly with temperature. The present lower
temperature limit for efficient operation is between 650 — 700°C (IT—SOFC) [4, 5] although
the current trend is to even decrease it more to 300-600°C (LT—SOFC) by using ceria-
based composites as electrolyte [6]. Such low temperatures, close to 300°C, are too low for
internal reforming reactions and thus, external reforming is required. The major limitation
for decreasing the operating temperature is the ionic conductivity in the electrolyte and
thus, the materials used. Different kinetic expressions for the SR reaction over Ni/YSZ
anodes have been reported and are shown in Table 1. The different expressions shown seem
to vary significantly most probably due to different experimental conditions. Moreover, two
types of kinetic expressions are used: power law expressions derived from data fitting from
experimental conditions and general Langmuir-Hinshelwood expressions. Furthermore, it
was intended to have the same units for the reaction rate in order to be able to compare the
different expressions with more precision but the lack of information and the ambiguities
with units add difficulty in this task stating that more work needs to be done in this field.
Although no activation energy (E4) value is shown in expression 5, the stated F4 value is
calculated experimentally by Bebelis et al. [7].

e Reducing the fuel concentration. The fuel concentration can be decreased by recirculating
part of the anode exhaust gas, [5].

e Modification of the Ni/YSZ anode or design of other anode materials to decrease the
SR activity. Possibility exists to replace some Ni in the anode by copper (Cu) or using
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Cu/Ce02/YSZ among others. The replacement of some Ni particles by Cu seems to be
a promising option as it reduces the reforming rate without a significant reduction in the
electrochemical reduction. However, more work needs to be done in this field [4, 5].

e Increase the particle size. For the same amount of Ni particles, the surface area decreases for
larger Ni particles and thus, there are less active sites. Moreover, if the particle size in the
active anode also increases, the TPB, where electrochemical reactions take place, decreases
as well. This means that the Ni particle size also influences the electrical conductivity:
when the particle size increases, the electrical conductivity decreases [8]. So, increasing the
particle size to decrease the SR rate may reduce the cell performance [4]. However, a better
alternative is to use functionally graded particle size electrodes. By this way, a large TPB
reaction area near the anode-electrolyte can be obtained while avoiding high diffusion losses
by using large particles at the electrodes, away from the boundary [9, 10].

Table 1. Steam reforming reaction kinetics reported for SR over Ni/YSZ SOFC anode/anode—supports.
E4 in [kJ mol_l}

Expression r [r] Ex T [°C] ko, kad, k*, k™ S/C Ref.
o P, exp (L7200 ol gy 700-940 4274 [mel] 26-8  [11]
koPo, Pr,0 exp (w) ol 205  600—700  30,8-10%0 [mel ] 2-35  [12]
ko P, Pyl exp (“E4700 ) mol 95 850900 8542 [ el ] 15-25 [13]
ko P, Py exp (<2470 mol 191 1.01- 1013 [ el ) - (14]
KaaPen, (1 - g pes Darons) mol 298 800~ 900 Kadygpe = 0.26-1070[mL] 02 [7]
. 3
koPo, (1 - i;:jgk) exp (ZopA20)  mel 633 650950 498 [ 2 [15]
k' Kaacty Pory Kadty0 PHy0 . onl‘ _ 700 — 1000 - 3_7 [16]
(1+KaacH, Pory+Kadnyo PHyo+Kaaco Peo) m ]‘ '
kf Pow, Pr,o — ky PeoPi,o mol 700 - 950 kfjgrax =23-107° [Re] 3 [17, 18]
k;lﬂ?:}K =14-107% [mg;i%}
288.52PC 11, Phiy 0 exp (%{””) mol B B B [19]

1+16Pc 5, +0.143Pr, 0 exp (39920 m?s

One of the main goals in the fuel cell research is to lower the material cost in order to be
able to mass produce SOFC. As seen, the current trend in SOFC development is to decrease
the operating temperature. By lowering the operating temperature, other phenomena that take
place within the SOFC are also affected. Therefore, the relationship between the chemical and
electrochemical reactions with temperature is more than obvious. For this reason, considering
heat transfer when performing a numerical simulation of an SOFC is of great interest.

4. Heat transfer in SOFCs affected by various reactions
Different phenomena take place in an SOFC at different length scales. As mentioned, chemical
reactions are still the least understood phenomena taking place inside the fuel cell and the need to
model at small length scales so that the different chemical species (surface species, ions, etc.) can
be distinguished and thus, the existing reaction mechanisms implemented, is more than obvious
in order to understand and improve the cell operating conditions if possible. Thus, a good model
for the cell microstructure is required. Different models exist based on different time and length
scales. Examples are computational fluid dynamics (CFD), Monte Carlo method (MC), Lattice
Boltzmann (LB) or coarse-grained molecular dynamics method (CG) among others.
Nevertheless, when modeling chemical reactions, other transport phenomena, like heat
transfer, must be taken into account as chemical reactions are strictly bonded to heat transfer,
being special contributors to the global energy balance of the fuel cell.
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Heat transfer within the whole FC unit cell consists of convection and conduction. Convection
occurs between the gas flow and the solid surfaces while conduction takes place in the solid and
in the porous parts. Moreover, radiation also takes place for example, within the electrode-
electrolyte structure, from the stack to the surrounding environment and surface to surface
radiation in the air and fuel channels. Nevertheless, considering radiation in the model adds
a higher degree of complexity to the governing equations [20]. However, radiation should be
considered if a detailed model is required. Heat generation or consumption is also present. The
general heat conduction equation is used to calculate the temperature distribution for the solid
phase in the porous electrodes [21]:

\Y (_ks . VTS) = Qs (2)

where Qs is the heat source, such as the heat transfer between the gas and the solid phases, and
the heat generation due to the ohmic polarization and the internal reforming reactions.

The temperature for the gas phase in the porous electrodes (also valid for the air and fuel
channels) is governed by [21]:

V(=ky-VTy) = Qg — pycpguVTy (3)

where kg, is the gas thermal conductivity and Qg is the heat transfer between the gas and the
solid phases which is calculated as follows:

Qg = —Qs = hy (Ty — Ts) = Avhs g por (T — T5) (4)

The subscript s refers to solid, g to gas and por to porous. All previous equations are based on
the local temperature non-equilibrium (LTNE) approach where the temperature from the gas-
and solid-phases are not assumed to be locally the same as in the local temperature equilibrium
(LTE)[22].

It is very important to know where exactly the heat sources in the fuel cell are generated
or consumed when modeling at the microscale region (nm and a few pm) in order to obtain an
accurate temperature profile in the fuel cell.

There are different mechanisms of heat generation or consumption taking place in an SOFC.
Basically, all the heat sources within an SOFC are due to the electrochemical and chemical
reactions in an SOFC. Thus, knowledge about these sources is of interest as it can provide
information for the overall performance, possible mechanical stresses, etc. The mentioned heat
sources will be described in the following sections.

4.1. Methane steam reforming and water-gas shift reforming reactions
SOFCs using methane as fuel need to undergo a reformation process of the fuel as methane
cannot be directly used in the FCs. Thus, by reforming methane, carbon monoxide and hydrogen
are produced which can now be directly used as fuel. The reforming process can be done
internally or externally but SOFCs present the possibility to have internal reforming reaction of
methane due to the high operating temperatures. The methane steam reforming (MSR) reaction,
Eq. 1, is a highly endothermic reaction (A Hya73x = 227.6kJ mol~!) and thus, introduces a high
sink of heat into the cell components involved in the process [23]. The steam reforming reaction
of methane takes place in the anode of the fuel cell as it requires the Ni particles which act
as catalysts of the reaction. Thus, the steam reforming reaction strictly takes place at the Ni
particles’ surface.

As the SR reaction is endothermic, the heat absorbed or consumed by the reaction in % can
be determined by the reaction rate and the enthalpy of reaction. Different expressions for the
reaction rate can be found in Table 2.

m

Qusr = TMsrRAHsrR AV (5)
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Anyhow, the SR reaction of methane is accompanied by the water-gas shift (WGS) reaction.
The WGS is slightly exothermic (AH1a735x = —31.8 kJ mol™!) and it is usually assumed to be
in equilibrium as it is a much faster reaction than the SR reaction [17, 23-26].

CO +H,0 = CO, + H, (6)
The heat generated by the WGS reaction can be expressed as follows.
Qiwas = rwesAHwes Av™ (7

The equilibrium approach can be modeled as [25].

r ks P (1 Feo, P, ) (8)
as =kwasPeo |1 — —— 5 —FH5—
" " K. wasPcoPu,o
4276
KE,WGS = exp (T - 3.961) (9)

where kyas is the reaction rate constant and can be calculated according to Haberman and
Young [25] and K. weag is the equilibrium constant for the WGS reaction.

4.2. Entropy changes due to the electrochemical reactions
The oxidation of hydrogen is the driving reaction of the energy conversion in an SOFC device.
This process can be written as a general reaction as follows:

1
H, + 50, = Hy0 (10)

Nevertheless, this general electrochemical reaction consists of two semi-reactions that take
place in different parts of the fuel cell. The reduction of oxygen, Eq. 11, takes place in the active
layer of the triple-phase boundaries (TPBs) of the cathode while the oxidation of hydrogen,
Eq. 12, takes place at the anodic TPBs.

%OQ +2e” — 02 (11)

H, + 0% — H,0 + 2¢~ (12)
Although the global electrochemical reaction is highly exothermic (AHjor3x =

—250 kJ mol™1), only a part can be converted into electric work. The maximum work that
can be obtained is given by the Gibbs free energy (AG).

AGER:AHER—TASER (13)

where the subscript ER refers to electrochemical reaction and the term (—T'ASgg) is the change
of entropy released as heat due to the electrochemical reaction.

Despite the fact that most models assume that the heat associated with the general
electrochemical reaction is assigned to the anodic TPB, this heat is generated at the two different
electrodes and in different amounts. Therefore, if a detailed model is desired, one should take
into account the entropy changes for each semi-reaction and thus, calculate the heat generation
due to the electrochemical reaction for each electrode as follows. However, one must consider
the reaction sites as infinitely thin layers and thus, the released heat per unit volume [%], by
considering TPBs reaction area, can be calculated [23].

"an,cat __ j an,cat ,cat
i = 5 (~Tasge) Avees (14)
where j is the local current density. Moreover, Fischer et al. [23] showed that the amounts of
heat released or absorbed by the semi-reactions are the most important sources or sinks of heat
in the fuel cell.
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4.3. Concentration polarizations

Concentration polarizations are those polarizations associated with the variation of concentration
of the critical species due to mass transfer processes. There are basically two main sources due
to mass transport: transport of reactants and products through the electrodes and diffusion
between the bulk flows and cell surfaces. Thus, concentration polarizations are highly dependent
on the diffusion length, the pore volume percentage of the components as well as the gases
involved [27]. Therefore, these concentration polarizations give a surplus heat at the anodic and
cathodic reaction sites which can be calculated as follows [23].

"an,cat __ : _an,cat an,cat
conc, - ]T]cor;,c AU ’ (15)

4.4. Activation polarizations

The activation polarizations can be considered as the extra potential needed in order to overcome
the activation energy (E4) or energy barrier of the rate-determining step to a value that the
reaction proceeds at a desired rate [22, 27]. The activation polarizations are described by the
Butler-Volmer equation [22, 23, 27].

o ne Fnly e O
J=o exp | a=—prt— | —exp | = (1 —a) = — (16)

where n, is the number of electrons participating in the reaction, o the charge transfer coefficient,
usually assumed to be 0.5 in FCs and jp the exchange current density.

The heat generated by these irreversible polarizations is released at the anodic and cathodic
catalyst particle surfaces. Thus, the heat source will be [W] [23].

3
Q:ﬁn,mt _ jngzt,catA,Uan,cat (17)
4.5. Ohmic polarizations
The ohmic polarizations are due to the joule heating effect or, in other words, they are due
to the resistance to ion transfer through the electrolyte (YSZ), electron transfer through the
electrodes (Ni or strontium doped lanthanum manganate, LSM) and current collectors and also
by the contact resistance between the different cell components. Thus, they are characteristic
for the solid parts of the FC and they lead to a release of heat which can be determined by the
local current density and the material conductivity [22, 23, 27].

Qo =—J (18)

where Q, is the local heat source [%]

4.6. Comparison of different heat sources

In Table 2, the different kinds of heat generation or consumption within SOFCs are summarized.
Moreover, in the last column, the percentage contributed by each one in absolute values is shown.
The sum of all contributions adds up to 100 %. These values are estimated for the model used by
Andersson et al. [28], in which reforming reactions take place through the whole cell operating
a 30% pre-reformed natural gas as fuel.

The results show that the main contribution to heat generation or consumption is by the
electrochemical reactions. It must be pointed out that this is the net contribution from both
semi-reactions, that is why it is considered as a heat source (positive values) because, as
mentioned previously, the different semi-reactions take place at different electrodes (one being
endothermic and the other exothermic). Nevertheless, still electrochemical reactions are the
main contributors. The second most important is the methane steam reforming reaction, which
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is the heat sink of the SOFC as it is a strong endothermic reaction. Thus, as electrochemical
and reforming reactions are the main contributors, it is reasonable that the major concerns of
nowadays technology are that the SR reaction is much faster than the electrochemical reaction
and the need of lowering the SR reaction rate. Activation polarizations are quite significant as
they are directly related to the chemical reactions. The contribution from the WGS reaction
and the ohmic polarizations are quite similar while the contribution from the concentration
polarizations is less than 1%.

Table 2. Mechanisms and relative contribution of specific reaction to the total heat (source or sink)
in SOFCs

Mechanism Symbol Location Expression Heat %  Relative
source/sink contribution

"

MSR reaction Qusr anodic active layer rars AHyspAv™” sink 27
WGS reaction Qwas anodic active layer rwasAHwygs Av*™ source 6
mo . . . .
Electrochemical reaction Qpie  active layer electrodes’ TPBs T (7TAS;¥IL?"“L) Avemeat gource 47
. . . " N . . .

Concentration polarizations Q.2  electrodes’ reaction sites Jnmcat Ayan.cat source <1

Activation polarizations Qm,lzn'cat electrodes’ reaction sites jnZZ'CMAﬂ“"’““f source 16
. . . 1 . i2 q

Ohmic polarizations Qq solid cell components = source 3

5. Conclusions
The research done lately in the FC field has allowed a decrease in the operating temperature
of SOFCs. This has resulted in a big gain for SOFCs as internal reforming of natural gas is
possible, cheaper materials can be used for the FC and also higher stability of the overall fuel
stack. This is indeed an important path for improving SOFC performance to increase the future
potential market.

Special attention has been given to the kinetics of the internal reforming reaction as it is
believed to be one of the main issues for improving the SOFC performance. Different kinetic
expressions based on the overall reaction schemes have been found in the literature for SR in Ni-
YSZ catalysts on SOFC anodes. However, these expressions differ ones from each other making
comparison difficult as the conditions they are derived from are also different.

Moreover, the different heat sources that take place within an SOFC have been described
together with the place at which they are located as well as their relationship with the chemical
and electrochemical reactions in an SOFC. From the different heat sources, the heat originated
or consumed due to the electrochemical reactions at the two electrodes is the main contributor
followed by the steam reforming reaction.

In order to perform a detailed simulation of an SOFC, heat transfer phenomena must be
taken into account as well as a detailed reaction mechanism for each reaction. If a detailed heat
transfer analysis is implemented, with special details on where the heat sources are located,
detailed reaction mechanisms for the different chemical reactions are also required. This means
modeling probably at nanometer scales and the computational cost may be increased. However,
it is a good chance for obtaining a detailed model of the chemistry and temperature distribution
so that the SOFC performance can be further improved.
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Nomenclature

Av

Active surface area to volume ratio,

doi:10.1088/1742-6596/395/1/012086

Greek symbols

[m2 m*3] o Charge transfer coefficient, dimen-
Cp Specific heat at constant pressure, sionless

[kJ kg 'K™1] n Voltage loss, [V]
Ea Activation energy, [kJ mol™! p Density, [kg m_3]
F Faraday constant, [sA mol ! o conductivity, {S m_l}
AG ([;;?bs 1 fl;(]ee energy of reaction, Superscripts

mo

h Heat » jransfer coefficient, Z:t 10&;1311; de

[W m—K ] . 0 Standard conditions
AH lflkrj]thahl)z/l] change of reaction, m per unit volume

mo

j Current density, [A m™?] Subscripts o o
k Thermal conductivity, [W mflel] act Activation .polarlzat{ons.
k; Reaction rate constant, conc Concentration polarizations

[mol m*3Paf25*1] ER Electrochemical reaction
Ke Equilibrium constant, dimensionless 9 Gas )
Ne Number of electrons, dimensionless ¢ Gas species
P Partial pressure, [bar] or [Pa] por POIOL}S
Q Heat flow, [W] 0 Ohmic "
T Reaction rate, mainly [mol m~2s! 0 Standard conditions
R Gas constant, [J mol~ Kfl]
AS Entropy of reaction, [J molflel}
T Temperature, [°C] or [K]
U Velocity vector, [m s_l}
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A finite volume method based computational fluid dynamics model has been developed and applied for a
cathode-supported planar solid oxide electrolysis cell (SOEC) operating in cross-flow configuration
arrangement. The performance behavior, in terms of current density, temperature distribution and
hydrogen production in an SOEC, has been investigated for different operating voltages and compared
with a corresponding parallel-flow configuration. The predicted results show that higher current densi-
- ties are obtained for higher operating voltages. The anodic current density is higher than the cathodic
’;gyEVéDrdS' one. Yet, the parallel-flow configuration yields lower current density values although they remain in
CFD the same order of magnitude as those from the cross-flow arrangement. The simulation reveals various
temperature profiles depending on the operating voltage emphasizing the three thermal operating modes
of an SOEC, i.e., endothermic, thermo-neutral and exothermic. Per contra, the parallel-flow arrangement
gives a temperature decrease along the flow direction although operating in exothermic mode. Higher
hydrogen molar fractions at the outlet of the cathode channel were obtained at higher operating voltages
due to the higher current densities generated and the exothermic operating mode. The parallel-flow

arrangement yields lower hydrogen production due to the lower current densities revealed.
© 2014 Elsevier Ltd. All rights reserved.

Current density
Temperature distribution
Hydrogen production
Operating voltage

1. Introduction increases with temperature while the required electrical energy

decreases. Thus, high-temperature electrolysis might be a really

Hydrogen, an ideal energy carrier, is considered to be an
encouraging fuel candidate for improving the usage of renewable
energy sources. Due to the increasing interest of hydrogen as a fuel,
industry and governmental institutions are putting more effort to
develop hydrogen-related technologies [1]. Despite the fact that
nowadays the main hydrogen source is hydrocarbon reforming,
hydrogen can also be obtained through green energy procedures
such as water splitting (electrolysis, photolysis or thermochemical
water splitting) and biomass [2-5]. At present, water electrolysis is
the most viable process for hydrogen production at large scales and
consists of splitting water into hydrogen and oxygen by applying
electrical energy [2]. The thermal energy required for electrolysis

* Corresponding author. Tel.: +46 462228610.
E-mail address: Maria.Navasa@energy.lth.se (M. Navasa).

http://dx.doi.org/10.1016/j.apenergy.2014.04.104
0306-2619/© 2014 Elsevier Ltd. All rights reserved.

interesting process to consider when waste heat from other pro-
cesses is available [1,2]. Actually, electrolyzer cells can use the
waste heat from industry and the electricity obtained from solar
cells or wind turbines. Moreover, there is growing interest in inte-
grating electrolysis cells together with nuclear energy to improve
the hydrogen production efficiency [6,7].

However, the production of hydrogen via water electrolysis,
especially via solid oxide electrolysis cells (SOECs), is strongly
dependent upon two main factors. The first refers to the restriction
of the consumption of fossil fuels, mainly by political reasons,
which will lead to an increase of energy supply from renewable
energy sources and a consequent increasing interest in hydrogen
related energy technologies. The second factor is if the energy price
for energy from non-fossil fuels sources, i.e., solar or wind energy, is
lower than that of the energy from fossil fuels. Regarding the
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Nomenclature

Cp specific heat at constant pressure ng’1 K’l]
Dn mass diffusion coefficient [m? s1]

Dr thermal diffusion coefficient [kg m~' s~1]

F Faraday constant [C mol ']

io exchange current density [A m—2|

] mass diffusion flux kg m=2 s~1]

j volumetric current density [A m~3]

K permeability [m?]

k thermal conductivity W m=1 K]

N number of species i in the gas mixture, dimensionless

e number of electrons transferred per reaction, dimen-
sionless

P pressure [Pa]

S entropy [kj mol™' K]

Sa source term for the momentum conservation equation
Wm~]

Sm source term for the mass conservation equation
kgm3s1]

Sr source term for the energy conservation equation
Wm]

S source term for the charge transfer equation [A m—3)

T temperature [K]

U velocity vector [m s~]

1% voltage [V]

Y; molar fraction of species i, dimensionless

Greek letters
n polarizations [V]
n dynamic viscosity [Pa s]

o density [kg m—3]
o electric conductivity [Sm™!]
'3 potential [V]

Subscripts and superscripts

act activation

an anode

cat cathode

i gas species i

j gas species j

Q ohmic

Abbreviations

CFD computational fluid dynamics
FVM finite volume method

HTE high-temperature electrolysis
SOEC solid oxide electrolysis cell
SOFC solid oxide fuel cell

TPB triple-phase boundary

Chemical species compounds

CH4 methane

Cco carbon monoxide
CO, carbon dioxide
e electron

H, hydrogen

H,0 water

0, oxygen

0% oxide ion

second condition, the production cost of hydrogen and syngas will
define the potential and viability of SOECs. The production cost of
hydrogen and syngas by SOECs is mainly defined by the following
parameters: the electricity price and the cell specifications and
requirements (costs of cells and stacks, performance and durability
of the device) [8]. The main part of the production cost of hydrogen
and syngas is the electricity cost [2,9]. At higher operating temper-
atures, less electricity is required compared to low-temperature
processes which can help to decrease the electricity cost. Neverthe-
less, if electricity at lower prices can be obtained from renewable
energy sources, the production price can be lowered. Another
factor that can even lower more the production price if operating
at high temperatures is using the waste heat from other processes,
as previously mentioned, as heat for steam generation. From a
global perspective, most of the electricity produced nowadays is
by fossil energy sources with relatively low efficiency compared
to some renewable energy sources. For example, a SOEC operating
in reversed mode, as a fuel cell, has an efficiency for electricity
production of 60% compared to a 30-40% provided by conventional
gas turbine power plants [9]. Another advantage that SOECs
present in comparison with other electrochemical processes or
hydrogen production methods is that it can be used as a device
for recycling or reusing carbon dioxide from other energy systems
or as a CO, capture device, i.e., a possibility for CO, storage.
Although the materials used are relatively expensive for the cell
production, research in this area is moving forward but a major
concern is how to improve the performance and durability of
the cell.

High-temperature electrolysis (HTE) of water takes place at
high temperatures (700-1000 °C) and its technology is based on
the high-temperature fuel cells, especially solid oxide fuel cells
(SOFCs). Thus, one of the most typical devices for HTE is the solid

oxide electrolysis cell (SOEC), see Fig. 1. SOECs are usually under-
stood as SOFCs operating in reversed mode. Steam is fed into the
electrolysis cell where water splitting takes place giving hydrogen
and oxygen as products, as shown in Eq. (1). Thus, an SOEC is com-
prised of the same components as an SOFC: fuel and air channels
and two electrodes (anode and cathode) separated by an electro-
lyte. However, it seems that the transport characteristics in SOECs
differ considerably from SOFCs, especially related to kinetic reac-
tions, and thus, results from SOFCs cannot be directly applied to
SOECs, emphasizing the significant need for SOEC modeling as rel-
atively little has been done in this field [10,11].

H;0(g) = Hag) + Oz 1)

2. Problem statement

Water steam is fed into the fuel channels on the cathode side.
The water molecules diffuse through the porous cathode structure
(the cathode diffusion layer in Fig. 2) to the triple phase boundary
(TPB) at the cathode-electrolyte interface (the cathode TPB layer in
Fig. 2) where they react with the electrons supplied by an external
source to produce hydrogen gas and oxygen ions, Eq. (2). The oxide
ions (0%) are transported through the electrolyte to the TPB at the
anode-electrolyte interface (the anode TPB layer in Fig. 2) where
the oxide ions are oxidized to oxygen gas, as shown in Eq. (3).
The oxygen gas molecules produced diffuse through the porous
anode structure (the anode diffusion layer in Fig. 2) to the outlet
at the air channel.

H,0() + 26~ = Hy + 0> (2)
0> = 1/20y¢ +2e” (3)
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Fig. 2. The computational domain for a unit planar SOEC (not to scale). Cell dimensions are stated in Table 1.

Nevertheless, mass diffusion is not the only transport phenom-
enon that takes place through the porous layers of the SOEC. An
SOEC is known to be a complex device as many different transport
phenomena occur simultaneously, i.e., mass convection in the gas
channels, mass diffusion in the porous layers, transport of ions
and electrons due to electrochemical reactions, heat generation
or consumption, etc. The wide variety of transport phenomena that
describes the behavior of an SOEC remarks the complexity of the
system. Thus, in order to improve the efficiency of the device and
the hydrogen production efficiency in general terms, numerical
simulations are required to study the interactions of these phe-
nomena and their effects on the overall performance. Although
SOECs are not new devices, few modeling and simulation works
have been done compared to SOFCs. Several models can be found
in the literature from different research groups. Most of the models
reported so far are based on 1D mathematical models [12-15] or
1D/2D computational fluid dynamics (CFD) simulations on a unit
cell or a stack of planar SOECs [1,10,16-20] and just a few refer
to 3D with some limitations [7,21-24]. Some models from the lit-
erature are briefly discussed.

The first 3D model was reported by Hawkes et al. [21] and
O’Brien et al. [7,22,23]. Hawkes et al. presented 3D CFD cell stack
models by using the commercial software ANSYS FLUENT. All their
models include mass, momentum, energy and species conservation
equations. The electrochemical reactions are implemented as well.
The geometry of the electrolyte is simplified by treating the elec-
trolyte as a 2D component, resulting in a zero thickness electrolyte
(eliminating the transport processes in the thickness or cell height
direction). Ni et al. [1,16,17] have also developed a couple of CFD
models of SOECs. The effects of the inlet velocity as well as the

electrode porosity were studied under different operating poten-
tials for a 2D model (along the main flow and cell height directions)
operating under parallel-flow configuration. The governing equa-
tions for momentum, mass, heat and species were discretized by
the Finite Volume Method (FVM) and solved by an in-house code
[1]. A mathematical model of the coupled transport phenomenon
(mass transfer only) and the electrochemical reactions at micro-
scale level has also been developed by Ni et al. [17] to study the
effect of the gas transport on the concentration polarizations. Other
one-dimensional mathematical models along the main flow direc-
tion can be found in the literature. Udagawa et al. [12-14] devel-
oped a mathematical model considering the electrochemical
reactions, mass and heat transfer for a cathode-supported planar
SOEC stack for steady and unsteady state. The effects of the current
densities, the temperature under exothermic and endothermic
operations as well as the air flow on the stack temperature were
studied. Regarding CFD simulations, 2D models are the most
reported ones in the literature. Grondin et al. [ 18] conducted a sim-
ulation of a single circular SOEC considering only charge, mass and
heat transfer. The authors pointed out that the mechanism of water
steam reduction on Ni-YSZ is not clearly identified for YSZ. More-
over, they showed that the temperature distribution depends on
the gas feeding configuration under the three thermal operating
modes (endothermal, exothermal and thermoneutral) of SOECs.
Jin and Xue [19] developed a more complete 2D planar SOEC model
considering the coupled processes of charge balance, electrochem-
ical reaction kinetics, mass, momentum and energy balances to
perform an analysis of the SOEC performance affected by the size
and position of delaminations at the electrode/electrolyte
interface.
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Further, most of the models are based on the reversed SOFC
operation mode concept to describe an SOEC which seems not to
be the most optimal, especially for kinetic reactions related mod-
els. Hence, the need for 3D models that are able to capture the cou-
pling between the different transport phenomena and the
electrochemical reactions in an SOEC is more than necessary in
order to understand SOEC performance in relation to the material
properties, cell design parameters as well as operating conditions.
Special emphasis on the electrochemistry concerning the electro-
chemical reactions should be made.

Despite the limited number of complete CFD models available,
considering both 2D and 3D, one of the current trends in the SOEC
field is to consider the electrolysis of carbon dioxide; probably due
to environmental considerations as it can be used as a method for
carbon adsorption [25-28].

3. Modeling description

The 3D geometry of a planar SOEC shown in Fig. 2 is used to
study the performance of such devices by using ANSYS FLUENT.
The modeling domain consists of a single cell which operates in
cross-flow, i.e., the steam/hydrogen flow direction is perpendicular
to the oxygen flow direction.

3.1. Cell geometry

A sketch of the cell geometry to be modeled can be found in
Fig. 2. Note that the sketch is not to scale. In Table 1, the different
parameters used in the calculation as well as the dimensions of the
different components of the cell can be found. The modeling
domain used for the calculations consists of two gas channels:
one for the water/hydrogen at the cathode side and another one
for the air at the anode side. Connected to the each channel, the dif-
fusion layer is located followed by TPB layer where the electro-
chemical reactions take place, namely Eq. (2) at the cathodic TPB
and Eq. (3) at the anodic TPB. The component that separates the
two TPBs is the electrolyte layer, i.e., the region through which
the oxide ions are transported. Interconnects for both sides are also
considered in the computational domain.

3.2. Governing equations for transport processes in SOECs

A 3D (CFD) model is developed and implemented using the
commercial software ANSYS FLUENT 14.5 with its fuel cell and
electrolysis add-on module to simulate a single electrolysis cell
as it would exist in the interior of a multiple cell stack. FLUENT

Table 1

Parameters used in simulation.
Parameter Value Units
Operating temperature 1073 K
Operating pressure 1 bar
Length and width 0.2 m
Cathode diffusion layer thickness 5.1074 m
Cathode TPB layer thickness 1.10°° m
Electrolyte thickness 1.1074 m
Anode TPB layer thickness 1.10°° m
Anode diffusion layer thickness 5.10°5 m
Gas channel height 1.1073 m
Gas channel width 0.1 m
Open circuit voltage (OCV) 0.84 v
Cathode exchange current density 7500 Am2
Anode exchange current density 2000 Am>2
Active surface area-to-volume ratio in TPBs 2.10° m-!
Permeability 1.10°12 m?

is based on the Finite Volume Method (FVM) and thus, for each
computational domain, the governing equations stated in Table 2
are solved. Moreover, the different source terms for each cell com-
ponent are specified. When the equations are solved for the porous
sub-domains, the effective values of the transport properties, such
as the thermal conductivity, density, dynamic viscosity and the
specific heat, are considered. The values used for the density, spe-
cific heat, thermal conductivity and charge transfer conductivity
are independent of the temperature, as pre-defined by the FLUENT
fuel cell and electrolysis add-on module [29]. Similar values can be
found in the literature [1,7,17,22]. The major simplification done
by this module is considering the same material for both elec-
trodes. These limitations will be released in the future work using
different electrode materials,temperature dependent thermo-
physical properties and reaction kinetics.

Apart from the governing equations stated in Table 2, the cur-
rent conservation equation, Eq. (4), is also considered in the mod-
el’'s system of equations.

/ Jan av = Jear av 4)
anode cathode

where j is the volumetric current density, [A m~3].

It should be noted that the species transport equation in Table 2
is solved for H, and H,0 at the fuel side and for O, at the air side.
N, is not included as it does not undergo the electrochemical reac-
tions specified above. The mass diffusion flux from the species
equation, J;, is calculated by Ficks law Eq. (5) taking into account
the Soret effect.

VT
Ji=—pDl VY~ Dri= (5)

where D7’ is the effective mass diffusion coefficient of component i
in the gas mixture and Dy; is the thermal diffusion coefficient of
component i in the gas mixture as well.

Fick’s law is the simplest diffusion model and it is only valid for
a binary mixture, for a multicomponent mixture with invariable
composition, dilute mixtures or when the mass diffusion coeffi-
cient is independent of composition. As an SOEC operates under
a mixture of four different gas species with variable composition,
the Stefan-Maxwell equations should be used.

By the assumption that for ideal gases the Maxwell diffusion
coefficients can be approximated by the binary diffusion coeffi-
cients, the external force is assumed equal on all species and by
neglecting pressure diffusion, the Stefan-Maxwell equations can
be written as [30]:

vy () ) VT & YiY; (Dr; Dy
IS S ) = VY - —— Ll Y Bt Bt 1 6
Z Dy \pi p; T Z Dij \ p; p ©
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where Dy is the binary diffusion coefficient which can be evaluated
by the kinetic theory of gases applying the Chapman-Enskog theory
[31].

3.3. Boundary conditions

The major boundary conditions applied in the SOEC computa-
tional model are specified in Table 3. The operating voltage (V)
and the inlet molar fractions for the water mixture species, water
and hydrogen, are specified in Table 4 according to the different
simulation cases.

3.4. Solution methods
The semi-implicit method for pressure-linked equations (SIM-

PLE) has been used for the pressure-velocity coupling. The first-
order discretization scheme has been employed for the convection
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Table 2
Governing equations and corresponding source terms.
Governing equation Source term
Continuity equation Except TPBs TPBs
V- (pU) = Sm Sm=0 Sm = >_iSmi
Momentum equation Channels TPBs and diffusion layers
V- (pUU) = VP + V- (uVU) + 54 Sa=0 Sq=—4§U
Energy equation Diffusion layer, electrode, interconnects TPBs
_v. 2 2
V- (pCpUT) = V - (kVT) + S¢ Sp=L Bt (e + %)
Species equation Except TPBs TPBs
V- (pUYi) = =V -]+ Smj Smi=0 Smi = ipMi
Charge transport Except TPBs TPBs
V- (6V®) =S, Se=0 Se =]
Table 3
Major boundary conditions.
Variable Top wall Bottom wall Side walls
Inlet Outlet
v u_o u-0 o, = 161107 kg s~ F=0g=0
o, N, = 8.66-10° kgs™!
T a0 a0 Th,om, = 1073 K
To,, = 1073 K
Yi Yh,0, Y, M_o%-0
Yn, =1,Yo, =0
lons Insulation Insulation Insulation Insulation
Electrons 0[] Vv Insulation Insulation
Table 4 Despite that cross-flow configuration of the flow paths has been
able

Simulation cases investigated.

Case no. Vv ETPBs Ediffusion Yh,0 Yh, Flow configuration
1 1.1 0.5 0.5 1 0 Cross-flow

2 1.2867 0.5 0.5 1 0 Cross-flow

3 13 05 05 1 0 Cross-flow

4 1.5 0.5 0.5 1 0 Cross-flow

5 13 0.5 0.5 1 0 Parallel-flow

term of all equations except for pressure where the standard
scheme has been used. For the diffusive fluxes, the Green-Gauss
cell based method has been applied.

Furthermore, all the residuals have been set to an absolute con-
vergence criterion of 10~ except for the energy equation, which
has been set to 107", A stabilization method based on the F-cycle
with the bi-conjugate stabilized method (BCGSTAB) has been
chosen for the species and the potential equations to avoid conver-
gence problems. Pressure is stabilized by the V-cycle while the
other governing equations are specified with the flexible cycle [29].

3.5. Parameter study

A parameter study has been performed to investigate the effects
of different specifications on the cell performance. The effects of
the operating voltage and flow configuration have been studied
on the temperature distribution in the cell, on the current density
and on the hydrogen molar fraction.

Four different operating voltages have been considered to
investigate the behavior of the electrolysis in the endothermic,
exothermic and thermo-neutral operation modes. All the different
set-ups for the different cases have been summarized in Table 4.
The voltage 1.2867 V (case No. 2) is the thermo-neutral voltage
at 800 °C. The voltage 1.3V (case No. 3) has been chosen for the
base case and it is highlighted in bold in Table 4.

the conventional scheme for SOECs, and also for SOFCs, due to sim-
plicity of separating the product streams in a cell stack [24], a par-
allel-, co-flow configuration has also been considered to study the
effects of this flow configuration on the cell performance. The
results from the parallel-flow configuration, case No. 5 in Table 4,
are compared to those from the base case, case No. 3.

3.6. Validation analysis

The CFD model presented in the study was validated by com-
paring temperature values predicted as a function of the operating
voltage to the data available in the literature. Fig. 3 shows the
minimum and maximum cell temperature values for different
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Fig. 3. Comparison of the predicted maximum and minimum temperatures with
literature reported values for different operating voltages.
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operating voltages compared to the average cell values reported by
Yildiz et al. [24].

As it can be seen in Fig. 3, the results obtained from the current
CFD model show a very good agreement with the ones divulged by
Yildiz et al. for the temperature values despite the differences
between the models. The average temperature as a function of
the operating voltage verifies a good agreement, at least for this
parameter.

A hexahedral mesh type arrangement has been used in order to
perform the CFD calculations on the SOEC. A mesh independence
study was performed on three different mesh sizes. The results
from the mesh independence study show that although the current
density distribution is almost invariable with the mesh size, the
temperature distribution is not independent. Thus, the finest mesh,
which consists of 1,497,840 nodes and 1,731,190 elements, was
used for all the cases investigated in the study despite the higher
computational demand involved.

Experimental data is required for a further validation of the
SOEC model and for the physical and material properties which
are currently from the literature. In the future work, more mesh
independence tests will be performed on finer meshes to guaran-
tee a complete mesh independence.

4. Results and discussion

The results of the parameter study are presented below for the
different cases outlined in Table 4. First, the results from the effect
of the different operating voltages on the current density, on the
temperature and on the hydrogen molar fraction are discussed.
Afterwards, a comparison between the cross-flow configuration
and the parallel-flow one is given.

4.1. Variation of the operating voltage

Four different voltages have been tested to evaluate the effects
on the parameters previously mentioned. The results from the
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different operating voltages correspond to cases No. 1-4 in Table 4.
Note that the case No. 3 corresponds to the base case, a voltage
very close to the thermo-neutral value at the operating tempera-
ture of 800 °C (1.2867 V), but operating under exothermic mode.

4.1.1. Current density distribution

Fig. 4 shows the current density distributions at the anode
active layer surface for the four different operating voltages. The
images correspond to the surface between the active layer and
the diffusion layer. It is clear that a similar trend of the current
density distribution is observed for the four cases presented. With
increasing voltage, higher current densities (maximum values) are
achieved and larger areas of higher current density values are
observed as well. This is due to higher electron concentration at
the solid regions and the diffusion mechanism of electrons from
the solid interconnects to the porous layers and then to the reac-
tion sites.

The current density distribution at the cathode active layer sur-
face predicted for the different operating voltages are shown in
Fig. 5. For this side, the results follow a similar trend as in the
anode. This means, for higher operating voltages, higher current
densities are achieved, having the highest values in those areas
close to the interface with the channels’ walls. Moreover, the max-
imum values of the current density for the cathode side (such as
2.65-10° A/m?) are smaller than those obtained at the anodic site
in Fig. 4. It is due to the fact that the cathode diffusion layer is
much thicker than the anodic one making the electron transfer
pathway strongly dominated in this side. Yet, similar distribution
trends of the current density are observed for the four cases.

4.1.2. Temperature distribution

The temperature profile at the cathode active layer is presented
in Fig. 6. The temperature profile at the anode side is omitted due
to its similarity and thus, being of no relevance. In comparison with
the current density distribution at different voltages, the tempera-
ture profiles shown in Fig. 6 present noticeable differences at first
sight.
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Fig. 4. Current density in [A m~2] at the anode active layer for different operating voltages.
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Fig. 5. Current density in [A m'z] at the cathode active layer for different operating voltages.

Fig. 6a presents the temperature distribution for 1.1 V which
corresponds to a voltage below the thermo-neutral value and thus,
the SOEC operates under the endothermic condition. Operating at
the endothermic mode means that the electric energy is lower than
the enthalpy change of reaction and heat must be externally sup-
plied in order to maintain the electrochemical reaction as it is
endothermic and thus, consumes heat. The results obtained for

1.1V are consistent with the endothermic mode requirements.
From Fig. 6a, a decrease in the temperature value is observed
throughout the cell in the flow direction being highest at the region
closest to the water channel inlet. As the reaction proceeds in the
cell, a temperature drop is observed. However, if heat was sup-
plied, the temperature could be maintained constant. Moreover,
note that the temperature values are lower than the gas inlet
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Fig. 6. Temperature in [K] at the cathode active layer for different operating voltages.
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Fig. 7. Hydrogen molar fraction at the water channel for different operating voltages.

temperature, 1073 K. This temperature drop is due to the strong
effect of the electrochemical reaction when operating at the
endothermic mode.

The temperature distribution profile obtained from the exother-
mic operating mode corresponds to the SOEC operating at 1.5V,
Fig. 6d, as it is a higher voltage than the thermo-neutral one.
Contrarily to the endothermic mode, the electric ohmic resistances
are predominant against the enthalpy change of reaction in the
exothermic mode and in order to maintain the same temperature,
heat should be removed from the device. From Fig. 6d, an increase
in the temperature values can be observed when moving down-
stream from the two channels, in a similar distribution as for the
endothermic case in Fig. 6a, and the values presented are also
higher than the inlet temperature values for the gas flow due to
the predominance of electric resistances.

These two profiles in Fig. 6a and d are similar to those presented
by the Argonne National Laboratory [24] despite the different oper-
ating voltages.

However, the temperature profiles shown in Fig. 6b and in
Fig. 6¢, are considerably different to the ones discussed previously.
Fig. 6¢ corresponds to the 1.3 V which is the base case. Although
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the operating voltage 1.3 V is a bit higher than the thermo-neutral
value, it is really close to, which can explain why the temperature
distributions are very similar. The thermo-neutral voltage,
1.2867 V at 800 °C, is that point where the generated joule heat
due to ohmic resistances in the cell and the heat consumption
for the electrochemical reaction are the same. Thus, no heat must
be supplied or removed to maintain the temperature constant.
Fig. 6b, which corresponds to the thermo-neutral voltage, verifies
this condition as the temperature difference in the cell is very
small compared to the values obtained at 1.1 V and 1.5 V. The same
happens for the 1.3 V case, Fig. 6¢. Nevertheless, the temperature
values are higher at 1.3 V than at the termo-neutral voltage which
can indicate a slight effect from the joule heating due to operating
at a voltage a bit higher than the thermo-neutral one.

4.1.3. Hydrogen production

The hydrogen molar fraction profiles obtained for the different
operating voltages at different positions along the flow direction
are shown in Fig. 7. The positions for the different profiles are:
x=0.01 m (by the channel inlet), x=0.05m, x=0.1m, x=0.15m
and x = 0.19 m (close to the channel outlet).
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Fig. 8. Current density in [A m?] at the electrodes’ active layer for parallel-flow condition.
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Fig. 9. Temperature distribution in [K] at the cathode active layer for parallel-flow
condition.

As expected, the highest molar fraction, Yy, = 0.81, is obtained
at the highest operation voltage, 1.5 V, see Fig. 7d. Lower values are
obtained for the 1.3V, Yy, = 0.58, and for the 1.287 V, Yy, = 0.55.
The lowest one is obtained for the case corresponding to the 1.1V,
Yu, =0.51. This leads to emphasize the strong relationship
between the operating voltage and the hydrogen molar fraction
produced. However, other parameters affect this relation. When
operating in the exothermic mode, which means operating at high
voltages, high current densities can be obtained leading to larger
hydrogen molar fractions when compared to lower operating volt-
ages. Considerably higher current density values are obtained at
the higher voltage for the cathodic and anodic sides than for the
cases at or close to the thermo-neutral voltage or operating at
the endothermic mode, see Figs. 4 and 5. Thus, depending on the
operating mode, i.e., exothermic, thermo-neutral or endothermic,
the higher or lower values of the current density achieved affect
the hydrogen production in an SOEC device.

4.2. Effect of flow configuration

An SOEC operating in parallel-flow arrangement has been also
simulated to investigate the effects of the flow configuration on
the current density, temperature and hydrogen production of the
electrolysis cell. The results obtained from the parallel-flow config-
uration are compared with those from the base case, which oper-
ates in cross-flow mode. The parallel-flow configuration case
corresponds to case No. 5 in Table 4.

875

The parallel-flow case operates in co-flow mode, i.e., the catho-
dic and the anodic channel inlets are specified at the same side of
the cell located at z=0.2 m.

4.2.1. Current density distribution

The current density distributions at the anode and cathode
active layers are shown in Fig. 8. The anode current density distri-
bution is presented in Fig. 8a while the cathodic one appears in
Fig. 8b. Not like in the base case, Figs. 4c and 5c, the highest values
of the current density are identified at the continuous regions cor-
responding to the interface between the respective channel and
the side interconnects. Moreover, the anode side also presents
higher current density values than the cathode side. However, note
here that different scales for the current density have been used
due to the big differences in the order of magnitude between the
two electrodes. Yet, a similar distribution profile is obtained for
both sides. In general, the maximum current density values for
the parallel-flow configuration are slightly lower than those
obtained for the cross-flow configuration, but still the values
remain in the same order of magnitude.

4.2.2. Temperature distribution

Fig. 9 shows the predicted temperature profile when operating
in parallel-flow configuration. Only the temperature at the cathode
active layer surface is presented as a similar profile is obtained for
the respective surface at the anode side. A large temperature gra-
dient is observed in the parallel-flow case compared to the cross-
flow one in Fig. 6¢c. Moreover, the temperature decreases along
the flow direction and lower values than the inlet temperature
are observed. These results contradict the general definition of
the exothermic operating mode where the temperature should
increase in the cell along the flow direction due to joule heating
by the ohmic resistances. It could be possible that when operating
in parallel-flow configuration, the diffusion pathway for the reac-
tion species is shorter and thus, the electrochemical reactions
become much stronger and predominate at voltages near the
thermo-neutral value. Nevertheless, different operating voltages
should be applied in further studies on this phenomenon observed
for the parallel flow configuration.

4.2.3. Hydrogen production

Last of all, the hydrogen molar fraction profile for the different
cross-sections along the flow direction for the water channel are
presented in Fig. 10. The different cross-sections showed corre-
spond to the same locations defined in the x direction in Fig. 7.
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Fig. 10. Hydrogen molar fraction at the water channel for parallel-flow condition.
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The main finding is that the average hydrogen molar fraction at
the water channel outlet is lower, namely Yy, =0.50, when
operating in parallel-flow and when operating in cross-flow config-
uration, Yy, = 0.58. An explanation of this drop in the hydrogen
molar fraction can be the lower current densities obtained for
the parallel-flow configuration.

5. Conclusions

The behavior of the current density, the temperature distribu-
tion and the hydrogen production in an SOEC have been numeri-
cally investigated under different operating and configuration
parameters.

First, four different operating voltages have been applied to
evaluate their effects on the aforementioned parameters. With
higher operating voltages, higher current densities are obtained.
Furthermore, the temperature distribution profiles present notice-
able differences. Depending on the operating voltage, the temper-
ature simulation reveals the three thermal operating modes of an
SOEC, i.e., endothermic, thermo-neutral and exothermic. A higher
hydrogen molar fraction is obtained with a higher operating volt-
age although the effects from the current density as well as the
thermal operation modes should be taken into account.

Second, a parallel-flow arrangement has been simulated to
investigate the effects of the flow configuration in the SOEC. Not
like in the base case, the highest values of the current density are
identified at the continuous regions corresponding to the interface
between the respective channel and the side interconnects. How-
ever, the anode side presents higher current density values than
the cathodic side as in the cross-flow base case. Yet, the parallel-
flow arrangement presents lower current density values than the
cross-flow case although they remain in the same order of magni-
tude. A large temperature difference is observed due to the paral-
lel-flow configuration. A lower hydrogen molar fraction is
obtained, Yy, =0.5, because of the lower current densities
obtained in the parallel-flow configuration.

To sum up, the parametric studies performed allow to obtain a
general idea of the behavior of the SOEC performance when some
cell parameters are modified. However, more studies are required,
especially for the parallel-flow configuration in order to obtain
detailed results for better understanding of the relations between
SOEC operating and cell design parameters.
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Abstract

Mitigating degradation is essential for extending the lifetime of solid oxide electrochem-
ical cells (SOC). Temperature, gas compositions and local overpotentials may all have
an effect on various degradation phenomena, and these all vary spatially in SOC stacks
and single cell tests. Furthermore, in-situ monitoring of the local conditions is extremely
challenging and impossible to perform on a regular basis. Modeling can however be
utilized for retrieving local quantities. In this work, a three dimensional multiphysics
model was developed to simulate the performance of solid oxide electrochemical cells,
operating either in fuel cell or electrolysis mode. The main transport phenomena are
included and coupled to the electrochemical reactions. This enables the calculation of
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the local partial gas pressures, potentials and temperature distributions through the elec-
trodes and across the cells as function of the operating voltage. The model is validated by
comparison to cell test experiments at different operating conditions, i.e. with H,/H,O

as feedstock at different temperatures, flows and gas compositions.

keywords: SOCs, SOECs, modeling, three dimensional, potential distribution, overpo-
tential, transport phenomena, electrochemical reactions, validation, temperature distri-
bution, current density, heat transfer.

1 Introduction

Solid oxide electrochemical cells (SOCs) are devices that can be operated reversibly as
electrolysis cells (SOECs) to produce hydrogen (H,), carbon monoxide (CO) or syngas
(CO and H, simultaneously) using electrical energy, or as fuel cells (SOFCs) to produce
electrical energy using the same fuels.

Optimizing performance by modeling of SOFCs resulted in substantial amounts of
research over the past twenty years [1-16]. However, limited amount of the modeling
work has been focused on the SOEC operation mode and even less on degradation
issues connected to SOEC operation. Despite the similarities between the two operation
modes, the different operating voltage ranges and the gradients involved influence the
long-term degradation and performance in different ways.

The performance and durability of SOCs is function of the cell geometry, the materials
selected, the cell manufacturing process, particle sizes, porosity, tortuosity and operating
parameters such as temperature, pressure, gas flow rates, cell voltage, gas composition,
etc. In order to become commercially interesting, the durability of SOCs or knowledge
about operation must be improved as degradation issues hinder the long-term operation
of the cells.

Until most recently, the majority of the SOEC models reported are based on one dimen-
sional (1D) mathematical models or 1D/2D multiphysics simulations on a unit cell or a
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stack of planar SOECs, where parametric studies are performed [17-31].

Ni [19] developed a 1D numerical model considering only mass transfer and the elec-
trochemical reactions at micro-scale level to study the effect of the gas transport on the
concentration polarizations. Other 1D mathematical models that can be found are, for
example, Udagawa et al. and Cai et al. [20-23], who extended Ni’s model by incorpo-
rating heat transfer for a cathode-supported planar SOEC stack for steady and unsteady
state.

The variations of various quantities across the cells and stacks are however significant
under realistic operating conditions, and this type of 1D models will not describe this
variation. For this, 2D or 3D models are needed depending on flow geometry and
possible assumptions regarding the flow and thermal field.

Regarding multiphysics simulations, 2D models are the most reported ones. Grondin et
al. [24] conducted a simulation of a circular SOEC taking into account charge, mass
and heat transfer. Jin and Xue [25] developed a more complete 2D planar SOEC model
considering the coupling between charge balance, electrochemical reaction kinetics,
mass, momentum and energy balances to evaluate the SOEC performance due to the
size and position of delaminations at the electrode/electrolyte interface. Ni [17, 18] also
developed multiphysics models for a 2D planar cell operating in co-flow configuration for
both H,O electrolysis and co-electrolysis of H,O and CO,. Laurencin et al. [26] further
introduced the Dusty gas model (DGM) for a more accurate description of the resistance
due to gas diffusion in the porous cathodes. They further enhanced the computational
efficiency of the in-house code by an analytical integration of the DGM. The effects of
the cell polarizations, geometry and operation parameters as well as the radiative heat
losses were studied for an SOEC stack. Back to cell level, Chatzichristodoulou et al.
[32] recently developed a 2D SOC model for single or bi-layer electrolyte, including
activation, concentration and conversion contributions to both electrodes, and mixed
ionic and electronic transport within the electrolyte layers. This model was used for a
sensitivity analysis showing detailed potential distributions in the electrolyte and at the
electrolye/electrode interfaces as a starting point for discussing degradation mechanisms.

The first three dimensional (3D) model was reported by Hawkes et al. [27] and O’Brien



et al. [28-30]. Hawkes et al. presented 3D multiphysics cell stack models, operating
in cross-flows configuration, including all the transport conservation equations as well
as the electrochemical reactions developed with the commercial computational fluid
dynamics (CFD) code Ansys Fluent with a modified SOFC add-on module to account
for the electrolysis mode. Ansys Fluent, as with other commercial codes, presents some
limitations, i.e. the geometry of the electrolyte is simplified by treating the electrolyte
as a 2D component, resulting in a zero thickness electrolyte or not considering Knudsen
diffusion in porous electrodes. The latest versions of Ansys Fluent considers electrolysis
in the fuel cell add-on module, but it is only valid for H,/H,O as feedstock. Moreover,
no spatial resolution of overpotentials, among other parameters, is possible because of
reactive zones being collapsed. Apart from Hawkes et al., not many similar models have
been reported so far. Boédec et al. [31] developed a new 3D cell stack design, also with
Ansys Fluent, based on metallic seals to evaluate the contact resistance under operation
as it appears to be a critical issue for the electrode performance.

In this work, a 3D multiphysics model of a planar solid oxide electrochemical cell has
been developed and validated with experimental data with H,/H,O as feedstock at differ-
ent temperatures, flows and gas compositions. The model considers the main physical
phenomena taking place in such devices. This is achieved by a full description of the spa-
tial variation of gas compositions (in channels and porous electrodes), electric potential,
ionic potential, overpotentials, temperature and couplings through local electrochemical
reaction. Hereby, the spatial variation of the overpotentials is modeled, which is a main
factor for many types of degradation of SOCs.

The developed model describes both SOEC and SOFC modes of operation, but it is
mainly verified towards electrolysis experiments. The model is built with the finite
element method (FEM) based commercial software Comsol Multiphysics 5.2 using the
Batteries and Fuel Cells module. Moreover, overall considerations such as a distributed
reaction zone trough the electrode (reactive zones are not collapsed), steady state condi-
tion or gases treated as ideal gases are accounted.



2 Model description

In this section the partial differential equations to describe the physical phenomena
occurring in the SOCs are provided, i.e. electrochemical reactions, transport of charged
species, momentum transfer, mass transfer and heat transfer. State-of-the-art models for
the different phenomena are used for all of these, except for the electrochemical model,

where the method to obtain the spatially varying overpotentials is presented.

2.1 Electrochemical reactions

The electrochemical reaction for water electrolysis in a solid oxide electrolysis cell takes
place at the active layers of the electrodes. Reduction of water to hydrogen, Eq. (1),
occurs at the cathodic triple phase boundaries (3PBs), while oxidation of oxide ions to
oxygen, Eq. (2), takes place at the reactive surfaces of the anodic mixed conductor.

-\ 2—
HyOp +2e” = H,,, +0 6]

0 =1 Oy + 26 )

The current generated by the above electrochemical reactions is often calculated with
the Butler-Volmer equation, which relates the current density with the activation over-
potential at each electrode-electrolyte interface. The general Butler-Volmer equation is
[33, 34]:

. neF neF 3)
=1 |€XP | Qq RT Nact €xp Qe RT Nact

where R is the ideal gas constant, n, is the number of electrons participating in the electro-
chemical reaction, T the temperature, F' the Faraday constant, 4, is the exchange current
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density, which strongly depends on the cell materials, construction and temperature and
i is the current density, both in [A m™2]. «, and a. are the charge transfer coefficients
for each electrochemical half-reaction governed by the electron transfer process at the

3PB and 7, is the activation overpotential.

Most of the researchers, both experimentalists and modelers, still assume that a Butler-
Volmer type of equation describes the full current-voltage (i-V) curve despite no direct
experimental values that support this hypothesis. Mogensen et al. point out different
arguments against the Butler-Volmer equation being descriptive of the full i-V curve,
citing [35];

e Composite electrodes do not follow a Butler-Volmer type expression.

o There is no experimental evidence that charge transfer, as described by the Butler-

Volmer equation, is a rate limiting SOC electrode reaction.

e There will not be any single simple potential barrier to charge transfer. Charge

transfer is limited by surface diffusion and transport through the surface layers.

* Electron transfer does not occur at a well-defined interface near the 3PB with a
single activation barrier. It takes place through a non-homogeneous chemical and
microstrucural layer which varies with temperature, time, gas compositions, etc.

and several varying activation barriers.

* Complicated structures with several particle types involved will probably have
a multi-step reaction mechanism with more than one process contributing to the

polarization resistance.

For all the reasons stated, linear Chang-Jaffe kinetics [36] are used in this work to
calculate the current density at the electrodes instead of the Butler-Volmer equation. At
the fuel side, Eq. (4) is used while at the air side, Eq. (5) is valid [37, 38].

. n
Lfuel = B ved 01 —033 (4)
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where 7 is the overpotential, a; is the activity of the component i in the correspondent
gas mixture, F, is the activation energy of the activation polarization resistance and R,

is the pre-exponential factor of this resistance.

The overpotential, 7, is related to the electromotive potential, 7, and the Galvani potential,
¢, at a state i and at equilibrium as follows:

n=(r"—¢") — (7° — ¢*) (©6)

The electromotive potential 7, also known as the Fermi potential, can be interpreted as
the electric potentials of the cell terminals. On the other hand, the Galvani potential ¢

can be understood as the electric potential in the interior of the solid [39].

The electromotive and Galvani potentials at equilibrium (71 — ¢*9) for SOC operation,
can be determined as follows. By considering the electrochemical reaction at the oxygen
electrode, Eq. (2), the equilibrium condition in terms of electrochemical potentials is:

1
= ~fi0,,, + 2 @)

Noz2- 5

2(g)

where /10, () i8 the chemical potential of O,,, and 702~ and 7. are the electrochemical

potentials of the oxide ions respectively electrons, which are defined as [39]:

No2- = Ho2—- — QFQZS (8)

Ne- = fe- — F'9 9)



where pio2- and p,.- are the chemical potentials of the oxide ions and electrons, respec-
tively, ¢ is the Galvani potential and F is the Faraday constant.

The electromotive potential is by definition related to the electrochemical potential as
[39]:

_ e~

TR

(10)

By inserting and combining Egs. (8) to (10) in Eq. (7) taken at equilibrium (7 = 79,
¢ = ¢°Y), and that the chemical potential of a component i in an ideal gas mixture (O,)
can be expressed as function of the chemical potential of this species at a reference state

plus the contribution from the temperature, pressure and composition, one obtains:

Hoz-
2F

1 /.
(= = s, ) -

(1D
where 1o, is the chemical potential of O, at a reference state and pio2- is the chemical
potential of the oxide ions. The chemical potential of oxide ions is assumed to be constant
as consequence of considering that the electrolyte has constant oxygen stoichiometry.

By following the same procedure, but for the electrochemical reaction taking place at
the fuel electrode, Eq. (1), one obtains:

e ec _ 1 * * aH,o HOo2-
(1 — ™) = BYal (NHQO — pg, + RT'In (@1;2)) Y (12)

The open circuit voltage of the cell (OCV) is the difference in the electromotive potentials
of the electrodes at equilibrium, also known as equilibrium potential difference, and it is
the minimum cell voltage required to decompose water, Eq. (13), (assuming negligible
leak current at OCV).
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For implementing the electromotive potentials at equilibrium in the model for each
electrode, the following expressions are used:

mo = 57 (13, ) (14)

Thyel = 2F ﬁ n (15)

«q _ AGran,o RT | <pH2 >
where AG,, 11,0 is the Gibbs energy change for the water splitting at standard conditions,
which is equal to %Nf}z + pi1, — pip,0- Note that the chemical potential of the oxide
ion, poz2-, is not taken into account for each electrochemical reaction as in the end, it
cancels out at cell level, see Eq. (13). The reason is that it is an unknown value, as the
electrochemical potential of an ion in solution cannot be measured independently and
thus, the ion activity cannot be determined.

The Gibbs energy change is implemented as a temperature dependent function with data

obtained from the FactSage 5.5 database. The Gibbs energy change used in the model,
Eq. (16), is only valid for temperatures between 600 and 900 °C.

AGrpn,0 = —0.003172 — 49.119T + 244778 (16)

where T is the temperature in [K] and AG, 11,0 in [Jmol™'].

To help make the potentials and overpotential distribution in an SOC more tangible, these
are exemplified in Figures 1 and 2. Figure 1 shows the distribution of the electromotive
potential (7), the electromotive potential at equilibrium (7°?), the Galvani potential (¢)



as well as the overpotential (1) when the cell operates in fuel cell mode. The potentials
and overpotentials shown follow Eq. (6) when ¢°? = 0. Moreover, the cell voltage (Vcp1)

as well as the equilibrium cell voltage (V'°?) are shown.

Oxygen electrode ‘ Electrolyte Fuel electrode‘
A‘Dﬁnglf
¢ Agg
A
oV 25902
e i 7
A A
Vcell
Ve
..................... Y e T
\ 2™

Figure 1: Potentials and overpotential distribution across the oxygen electrode,

electrolyte and fuel electrode thicknesses for fuel cell mode.

Figure 2 is the equivalent to Figure 1 but for electrolysis mode under the same conditions.
In fuel cell mode the operating cell voltage is lower than the equilibrium cell voltage
due to the contribution of the overpotential. In electrolysis mode it is the opposite: the
overpotential contributes to the cell voltage resulting in an operating cell voltage higher
than the equilibrium cell voltage.

Moreover, how the resistances of the electrodes and the electrolyte affect the Galvani

potential in both cell modes as well as the overpotential distribution across the electrodes
can be seen in both figures.
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Figure 2: Potentials and overpotential distribution across the oxygen electrode,

electrolyte and fuel electrode thicknesses for electrolysis mode.

In some commercial codes like Comsol Multiphysics, the Galvani potential is referred

to as ¢; while the electromotive potential is known as ¢s.

2.2 Transport of charged species

The transport of ions and electrons is described by the current conservation equation
and Ohm’s law, Eq. (17) [1, 19, 40, 41].
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v7/02/e> = S’r} (17)

where J is the current density flux, o is the ionic or electronic conductivity, 7oz~ /.- the
ionic or electronic electrochemical potential and .5, is the related source term which is
defined as follows:

s { 0  inelectrochemical inactive layers (18)
,',] =

7 in electrochemical active layers 19)

where j is the volumetric current density [A m~3]. The electrochemical active areas
correspond to the fuel electrode and the oxygen electrode in Figure 3, where the electro-
chemical reactions are defined.

When considering the ionic electrochemical potential, 72—, Eq. (17) can be expressed
in terms of the Galvani potential, ¢, by considering Eq. (8) as follows:

V-J=V-(cV¢) =S5, (20)

For the electronic electrochemical potential, 7.-, Eq. (17) can be rewritten in terms of
the electromotive potential, m, by implementing Eq. (10). The current conservation
equation becomes then:

V-J=V-(oVr) =5, Q1)

For porous media, an effective ionic or electronic conductivity is calculated as:

N
Xi
Oes =D _0i (22)
=1 !
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where x; is the volume fraction of the electron or ion conducting material 7 in the elec-
trode and 7; the corresponding tortuosity. The volume fractions and the tortuosity values
used are defined in Table 3 and are obtained from calculations on a 3D microstructure
reconstruction model from DTU Energy cells sectioning the microstructure with a fo-
cused ion beam and imaging with a scanning electron microscope (FIB-SEM). The data
is presented elsewhere [42] and the method explained in [43].

2.3 Momentum transfer

Momentum transfer of the gas flows takes place in the gas channels and in the porous
electrodes. The porous electrodes consist of the diffusion and the electrochemical active
layers in the air and fuel electrodes (contact layer and oxygen electrode for the air side
and porous support and fuel electrode for the fuel side in Figure 3). The momentum

conservation equation used in the model is given by [44]:

V. (pUU) = =Vp+ V- (uVU) + Sy (23)

where U is the velocity vector, p the pressure, ;v the dynamic viscosity of the gas
mixture, p the density and Sy is the momentum source term, which is described as
follows according to the different cell regions.

0 in gas channels 24)
Sa = { L § porous layers (25)
Ky

where K is the permeability of the porous medium and is defined in Table 3.

The dynamic viscosity of a gas mixture at relative low pressures, common operating
conditions for SOC applications, is calculated via the Wilke’s method, Egs. (26) to (28),
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based on the kinetic theory approach [45] and using Einstein’s summation convention in
Eq. (26).

Yip
Hm = (26)
YjAij
1 112
i V2 (M)
|:1 + (/T; (Mi) :|
b( )
wy M;
J 1L; AI] J ( )

where Y; and Y; are the molar fractions of components i and j in a gas mixture of n
components, y; is the pure dynamic viscosity of component i and A; and M; are the
molar masses of the aforementioned components. The pure dynamic viscosity for each
component is implemented as a temperature dependent polynomial function as suggested
in [46].

2.4 Mass transfer

Conservation of mass throughout the whole computational domain is fulfilled by enforc-
ing the continuity equation, Eq. (29).

V- (U) =S, (29)

where c¢ is the molar density, which can be calculated via the ideal gas law for a system
like SOCs, and S,,, is the mass source term due to the electrochemical reactions. The
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mass source stems from the reacting species, and is thus linked to electrochemical
reactions and the exchange current density as:

0 in non-electrochemical active layers 30)

Sy = Z ni 7 in electrochemical active layers 3D

where n. is the number of electrons transferred per molecule of hydrogen or carbon
monoxide produced and j is the volumetric current density. For a system where oxide
ions (O%) are transported through the electrolyte, n. = 2 [30].

As amixture of n species is modeled, a species balance equation for (n — 1) components
is also required, Eq. (32), apart from the continuity equation, Eq. (29). Four different
species are modeled for the SOEC in this work: hydrogen and water vapor for the fuel
electrode, and oxygen and nitrogen for the oxygen electrode. Nitrogen is an inert gas
acting as a carrier gas for the produced oxygen.

V- (UY;) =—-V-N; + S, (32)

where N; is the molar diffusion flux of species i and .5, ; is the source term due to the
electrochemical reaction for species ¢ Eq. (31).

Gas diffusion is influenced by the electrochemical reaction at the solid surfaces of the
3PBs. The mass diffusion is complex, especially within this porous region [2]. Apart
from molecular diffusion which is dominant for large pore sizes and high pressure
systems in the electrodes, Knudsen diffusion is also present and becomes significant
when the mean-free path of the species is larger than the pore size [3]. Due to the
combination of both molecular and Knudsen diffusion, an effective diffusion coefficient
must be determined considering the aforementioned diffusion phenomena.

The molar diffusion flux, N; in Eq. (32), can be calculated by Fick’s law. However,
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Fick’s law is the simplest diffusion model, and it is only valid for a binary mixture, for
a multicomponent mixture with invariable composition, for dilute mixtures or when the
mass diffusion coefficient is independent of composition. As an SOEC operates under
a mixture of at least four different gas species with variable composition, the Stefan-
Maxwell (SMM) equations should, at least, be used if an accurate model is desired
[3]. By the assumption that for ideal gases the Maxwell diffusion coefficients can be
approximated by the binary diffusion coefficients, the Stefan-Maxwell equations can be
written as [3, 47]:

YN YN, %

WN, P gy 33
2 hme RV REYP (33)
J=Lj#i j

where D,g’eﬂ is the effective binary diffusion coefficient. Nonetheless, SMM only takes
into account molecular diffusion. Yet, the Dusty gas model (DGM) appears to be a
more suitable model for porous electrodes as it includes both the SMM formulation and
Knudsen diffusion, Eq. (34).

"\ Y;N,—-VN, N, p Y ( Kop
> 7+ = ——_VY, - 1+
B eff K eff v K eff
e Dyt D; RT RT pD;

) Vp (34)

Keff . e .
where D;;*" is the effective Knudsen diffusion coefficient.

An accurate evaluation of the effective diffusion coefficients is noteworthy for under-
standing gas transport mechanisms and their limitations as well as for a proper evaluation
of the transport phenomena at a continuum level. Characterization parameters of the
porous electrodes, e.g., porosity, tortuosity, particle size distribution, etc., are valuable
input for calculation of these effective transport properties [48]. The effective diffusion
coeflicient, as well as for other transport properties, is usually calculated via Eq. (35).

Beff € B
Dj; *ﬁDij (35)
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where ¢ is the electrode porosity, T the tortuosity and Df;- the binary diffusion coefficient.

The porosity values for the electrodes are stated in Table 3 while the tortuosity is
implemented as [43, 48, 49]:

2-2Dg

T=(l—¢)%0s (36)

where Dy is the fractal dimension scale of pore-solid interface and set to 1.2 [43].

The binary diffusion coefficient, Dg , can be evaluated by the kinetic theory of gases
applying the Chapman-Enskog theory [10].

B _ nB _
DE =DE =

1087175 1/2
3.198 - 10~°T < 1 1 ) 37)

- _ + _
2 ) )
P (Uz'l/S +U}/3> M;  M;

where T is the temperature, p the pressure, M; and M are the molar masses of the gas
component i and j, respectively, and v; and v; the diffusion volumes of component i
and j, respectively. The diffusion volumes were obtained from [10] and are specified in
Table 3.

The Knudsen diffusion coeflicient, DZK , is defined as follows [50].

d, [S8RT
K_ %
b = 3V 7M; (38)

where d, is the mean pore diameter. The corresponding mean pore diameters of the

electrodes used are stated in Table 3.

Other gas transport models have been reported in literature for modeling solid oxide
electrochemical cells, mainly SOFCs, like the binary friction model (BFM) [51-53] and
the cylindrical pore interpolation model (CPIM) [53, 54]. Despite the different available
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methods, Fick’s model and the SMM are, by far, the most frequently used when modeling
solid oxide electrochemical cells [25, 55-59].

Due to the computational cost and simplicity, several authors in literature use the Bosan-
quet formula, Eq. (39), to account for both molecular and Knudsen diffusion in Fick’s
model or in SMM instead of the DGM [24, 57, 58, 60]. The main problem of this
simplification is, as Bertei and Nicolella [61] point out, the limitation of the Bosanquet
formula which is only valid under the following conditions [62]: binary mixture, iso-
baric conditions and no net change in the number of moles. These are conditions which
are not fulfilled in an SOC. Moreover, most of the commercial multiphysics softwares,
e.g. Comsol Multiphysics or Ansys Fluent, omit Knudsen diffusion for minimizing the
computational cost and thus, only consider Fick’s model or SMM for species diffusion

in porous media.

1 1 1
- (39)
Deff D Leff D Jeff
ij g f{

Despite the limitations of the Bosanquet formula discussed by Bertei and Nicolella [61],
this equation has been used in the work to take into account both molecular and Knudsen
diffusion.

2.5 Heat transfer

An SOEC is a complex device in terms of heat transfer. Different heat transfer mech-
anisms dominate at the different cell components. Furthermore, heat generation or
consumption is also present and is function of the operating voltage and temperature
itself. Heat transfer within an SOEC consists of conduction, convection and radiation.
Conduction takes place in the solids of the cell (electrolyte, interconnects and elec-
trodes), while convection occurs via the flowing gas. Radiation is also present within
the electrolyte-electrode structure and surface to surface radiation in the fuel and air
channels.
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A former study demonstrated that radiative heat transfer inside the cell could be neglected
ahead of conductive heat transfer in an SOFC [63]. Examples of other models where
radiation effects are neglected can be found in the literature [16, 17, 24]. Nevertheless,
radiation can be considered for future studies of cell stacks as according to Hartvigsen et
al. [64], its effect has been found to play a major role in determining the thermal condition
of the cell stack and must be considered for accurate determination of temperature
distributions. Yet, radiation has been neglected in the simulated model to avoid a high
degree of complexity in the system.

As energy must be conserved throughout the whole computational domain, the energy

conservation equation must be applied, Eq. (40).

V- (pe,UT) = V - (kVT) + Sy (40)

where ¢, is the specific heat at constant pressure and % is the thermal conductivity of
the medium. Sy is the thermal source term, which takes into account the heat from the
electrochemical reactions and the polarizations and is defined as follows [12, 60]

0 in gas channels 41)

2

v in electrochemical inactive areas 42)
Sr=1 ¢

2 TAS

v +7 (77 + QF) in electrochemical active areas 43)

o

where i is the current density, j the volumetric current density, o the electric conductivity
of the material, AS the entropy change for the reaction and 7 is the overpotential.

The entropy change term for each electrochemical half-reaction is implemented by
Eq. (44), for which data is available.

om®d 0AG
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At the high operating temperatures that solid oxide electrochemical cells work, all
gas mixtures can be treated accurately as mixtures of ideal gases [45]. This entails a
temperature dependency of the heat capacities but not of the pressure. Hence, the molar
heat capacity at constant pressure for an ideal gas mixture of n components is described
by Eq. (45) [45].

p(T) = Yicy(T) (45)
i=1

where ¢,; [kJ kmol™ K™!] is the heat capacity for the component i. c,; is implemented
as a temperature dependent polynomial function by Eq. (46). The coefficients b are
stated in [46]. The temperature 7T is in [K].

6

T k
Cri = b — 4
=3 (1000> (46)

For a mixture of gases at low pressure, typical operation conditions for SOCs, the
thermal conductivity of the mixture, k,,, can be calculated via the Wassileja equation
with Einstein’s summation convention, Eq. (47), together with the Mason and Saxena
modification, Eqgs. (48) and (49) [45].

- % 7)
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where ( is a constant set to unity and k; is the thermal conductivity of species i. (
is a factor that was proposed by Mason and Saxena and initially was equal to 1.065
for calculating the function B;;, Eq. (48), but subsequently was set to unity by the
same authors as it did not represent much loss in the overall accuracy [65]. The
thermal conductivity for each component 7 is implemented as a temperature dependent
polynomial function as stated in [46].

3 Experimental

To validate the model and calibrate the unknown parameter of the model, a number
of cell test experiments have been performed with different gas mixtures at different

temperatures.

The cell tests have all been done on planar supported SOCs produced by Haldor Topsoe
A/S, and current-voltage measurements were performed at DTU Energy. A schematic
drawing of the cell with all the components considered in the multiphysics model is
shown in Figure 3. The cell has a nickel-yttria-stabilized zirconia (Ni-YSZ) support
(porous support in Figure 3), a Ni-YSZ active layer (fuel electrode in Figure 3), a YSZ
electrolyte and a lanthanum strontium cobalt ferrite (LSCF)-based oxygen electrode, a
gadolinia doped ceria (CGO) barrier layer is present between the electrolyte and the
LSCF-based electrode plus a contact layer. The thicknesses of the different components
are stated in Table 1.

A cell of 53 mm x 53 mm with an active area of 40 mm x 40 mm is mounted into a
cell test rig. The contacting of the cell is with corrugated nickel and gold meshes for
the fuel and oxygen electrodes respectively, which provide a uniform contacting and gas

distribution. The flow configuration in the cell test rig is shown in Figure 4.

A number of current density-voltage (i-V) measurements were performed with different
H,/H,0 compositions with air as oxidant gas and at temperatures ranging from 650 to
850 °C. An overview of the different inlet temperatures, flows and compositions (partial
pressure of H,) for these measurements are specified in Table 2.
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Fuel channel
Porous support
Fuel electrode
Electrolyte

Oxygen electrode
Contact layer
Air channel

Figure 3: Schematic drawing of the Haldor Topsoe A/S cell with its components.

Table 1: Cell layer thicknesses used in the
multiphysics model.

Parameter Value [um)]
Gas channel height 800
Porous support layer thickness 300
Fuel electrode layer thickness 10
Electrolyte thickness ~ 15
Oxygen electrode layer thickness 30
Contact layer thickness 30

4 Validation

In this section, two different validation studies are presented by using the model presented
in Section 2 to model the experimental setup presented in Section 3. First, an extensive
current-voltage (i-V) curves comparison between the simulated and the experimental
data is shown. Then, focus is set on evaluating the impact of considering the thermal

effects on different cell operating parameters.

To model the setup in Section 3 different considerations have been made.

* Due to the flows configuration (see Figure 4) a symmetry plane can be drawn for
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Figure 4: Experimental setup arrangement with flow configuration and indication of

the simulation domain.

Table 2: Inlet conditions for H,/H,0 tests.

Test Temperature [°C] Air flow [Lh~']q;, Fuelflow [Lh~']¢;,  pu, [atm]

AN N AW N =

700 140 24 0.5
750 140 24 0.5
800 140 24 0.5
700 140 25 0.96
750 140 25 0.96
850 140 25 0.96

the air inlet, reducing the simulation domain to a half. The flow geometry can

thus be considered to be cross-flow over a 20 mm x 40 mm area.

The current is collected by meshes on either side, as described in Section 3, and a
reasonable assumption in the model is therefore that the current collection occurs
evenly across both electrode surfaces.

To account for the CGO barrier layer, which has not been modeled, the electrolyte
thickness modeled is the sum of both the electrolyte and the CGO barrier layer
thicknesses, see Table 1. Moreover, the conductivity is adjusted to match the
ohmic resistance obtained via impedance measurements.

The density of the gases is kept constant throughout the domain.
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Table 3: Cell parameters used in the multiphysics model.

Parameter Value Units
Operating pressure (p) 1 atm
Fuel electrode porosity (¢) 0.3 -
Oxygen electrode porosity (&) 0.20 —
Fuel or oxygen electrode permeability (/) 1-10713 m?
YSZ ionic conductivity (oysz) 104_911(%*3_30[66] Sm~!
Ni electronic conductivity (ox;) 2.2-10° Sem™
LSCF electronic conductivity (opscr o) 2-103 Scm™!
LSCEF ionic conductivity (opscr o) 0.2 Scm™!
CGO electronic conductivity (ccqo) 0.07 Scm™!
LSCF volume fraction (xrscF) 0.5 —

Ni volume fraction (i) 0.26 -
YSZ volume fraction (xvysz) 1—e—xn —

Ni tortuosity (7x;) 2.8 -
YSZ tortuosity (Tysz) 1.5 -

H,, diffusion volume (’UHQ) 6-1079710] m>mol™?
H,0 diffusion volume (v,0) 1.27-107°[10] m®mol™"
0, diffusion volume (vo,) 1.66-107°[10] m?mol~!
N, diffusion volume (uvy, ) 1.79-107° [10] m®mol™*
H, O reduction reaction activation energy (E; ;eq) 105.04 [67,68] kJmol™!
Oxidation reaction activation energy (£, oz) 123 [69] kJ mol ™!
Polarization resistance factor reduction reaction (R req) 5.10712 Qcm?
Polarization resistance factor oxidation reaction (R o) 1.25-107*2 Qcm?
Alumina block thickness (t A1203) 4 cm
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Main boundary conditions

The main boundary conditions considered in the multiphysics model to model the
experimental setup are shown in Figure 5. Unless specified, all other boundaries are
electric insulated.

Fuel inlet

(Mass flow, composition , T) Air outlet (P)

Symmetry plane

Air inlet

B Fuel outlet (P)
(Mass flow, composition , T)

Figure 5: Main boundary conditions.

Moreover, a heat flux boundary condition is specified to these boundaries to take into
the account the effect from the furnace at 750 °C where the cell is mounted surrounded
by alumina (Al,O;) blocks, Eq. (50).

ka0,

(ﬂurnaee - T) (50)

(furnace =
tAlz O3

where (fumace 1S the heat from the furnace to the cell in [W mfz], kAlzos the thermal
conductivity of alumina, ¢ the thickness of the alumina blocks surrounding the cell (4
c¢m), Trumace 1S the furnace temperature and 7, the cell temperature (at the boundary of
the simulation domain).

The conductivity of alumina can be expressed as function of temperature, Eq. (51)
[70, 71].

ka0, = 5.5 + 34.5 exp (—0.0033 (T — 273)) (51)
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where k)0, is in [Wm™" K~'] and T'is in [K]. Equation (51) is valid for temperatures
between 25 and 1300 °C.

4.1 Validation against i-V curves

A way to validate a computational model is by comparing i-V curves, simulated data
versus experimental data. A wide range of tests have been performed in order to be
able to validate the model under different flow rates, compositions and temperatures.
In order to fit the computational model to the experimental data, where the only fitting
parameter is the pre-exponential factor of the activation polarization resistance of the
fuel electrode, R ed, a sufficient number of experiments are required. To do so, i-V
measurements are carried out when fixing one boundary condition, i.e. fuel composition

while varying others, i.e. the inlet gas temperature.

The inlet conditions are those specified previously in Table 2 while all the parameters
required for performing the simulations are defined in Table 3.

Figure 6 presents the different i-V curves, from experiments and simulations, for the
H,/H,0 system when operating under electrolysis and fuel cell mode at temperatures
ranging from 700 to 800 °C at 50 % H,. Inlet flow rates and compositions are kept
constant for all temperatures as noted in Table 2, tests 1-3. Results show a very good
agreement between the experimental and the simulated data at all the different tempera-
tures tested as the maximum deviation with respect to the cell voltage is found to be 1.3
Yo.

Despite the good results regarding temperature variation, other tests are required to
check the validity of the multiphysics model under different compositions and flow
rates. Figure 7 shows the i-V curves comparison for the cell operating only in fuel cell
mode for a 96 % H,/4 % H,O feedstock at three different temperatures. As pointed
out in Table 2 tests 4-6, different flow rates and compositions for the fuel side are used
compared to the ones used in Figure 6. Results show again a reasonable agreement
between simulated and experimental data with the highest deviation with respect to the
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Figure 6: i-V curves comparison for 24 [Lh™)q1p Hy/H,O at 50 % H, under
electrolysis and fuel cell mode at different gas inlet temperatures. Negative
and positive current densities correspond to electrolysis mode and fuel cell

mode operation, respectively.

cell voltage being 6 % at 700 °C. Moreover, Figure 7 reveals that the multiphysics
model captures the thermodynamics well. It should be pointed out that despite the good
agreement between the experimental and simulated data, the activation energies for the
different physical phenomena providing the dependency with temperature in the cell are
not completely accurate, and this deserved more research.

Due to the good match of the i-V curves under different operation modes, compositions,
fuel flow-rates and temperatures for the H,/H,O feedstock, the developed 3D multi-
physics model is trustworthy and a valuable tool for understanding and improving the
solid oxide electrochemical cell technology. Besides, due to the physical phenomena
included, the detailed potential and overpotential distribution through the cell, the use of
microstructure data from FIB-SEM reconstruction as well as the use of impedance data,
the model presented is the state-of-the-art for studying degradation phenomena. Navasa
et al. have further used the described model for studying carbon deposition in SOEC
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Figure 7: i-V curves comparison for 24 [Lh™Y)q1p H,/H,O at 96 % H, under fuel cell

mode at different gas inlet temperatures.

running with CO/CO, as feedstock [72].

4.2 Impact of including thermal effects

A sensitivity test is performed to validate the quality of the previously described model
and the impact of including heat transfer. First, the distribution of certain operating
parameters, i.e. partial pressure, temperature, current density and potentials, is analyzed
at one specific cell voltage. Afterwards, the variation of these parameters as a function of
the cell operating voltage is investigated. Moreover, the impact of considering thermal
effects or not is evaluated by its effects on the i-V curve.

Figure 8 shows the distribution of the conditions in the cell at a cell operating voltage
of 1.1 V at 750 °C and inlet PH,0 = 0.5 atm, corresponding to test 2 in Table 2, when

thermal effects are included in the model. The operating cell voltage of 1.1 V, is onwards
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referred to as the base case cell voltage. This corresponds to electrolysis operation mode
(main focus of this study) in relatively mild conditions. Operating at high voltages,
higher than the thermo-neutral cell voltage, can cause damage in the cell due to the high

temperatures achieved.

At 750 °C, the thermo-neutral voltage (Vm = %) for the H,/H,O feedstock is 1.285
V. This is the cell voltage where the net heat flux of the cell is zero. In other words,
the thermal needs of the endothermic electrochemical reaction are balanced by Joule
heating from conduction. At voltage values lower than the thermo-neutral voltage,
the heat requirement from the electrochemical reaction is dominant resulting in an
endothermic cell behavior. On the contrary, at voltages above the thermo-neutral point,
Joule heating dominates resulting in a positive net heat flux and an exothermic behavior
of the electrolytic cell.

Figure 8a shows the temperature profiles at the fuel inlet (top figure) and outlet (bottom
figure) for 1.1 V. As the base case voltage corresponds to a cell voltage below the
thermo-neutral voltage, an endothermic behavior is expected. As it can be observed,
the thermodynamics are obeyed as an endothermic profile is obtained by maximum
of 8 °C decrease in temperature along the flow direction, difference between the inlet
and outlet figures. The lowest temperature value achieved is at the lower right corner,
corresponding to the fuel and air outlet, as this is the air outlet, where the air has been
cooled over the entire cell (air flows from z = 0 cm to z = 2 cm). If the cell was
thermally insulated, i.e., adiabatic conditions, a larger temperature gradient would be
observed due to that the heat consumption by the electrochemical reactions would not
be reduced by an external heat supply. This gradient is quantified and found to be about
22 °C in comparison to the 8 °C difference when the furnace supplies heat to the cell.

Figure 8b shows the current density distribution at the interface between the active and
the diffusion layers of the fuel electrode in absolute values. The highest current density
values are achieved at the right top corner, which corresponds to the fuel inlet (y = 4
cm) and air outlet (x = 2 cm). Current density values follow the same tendency as
temperature as they decrease along the flow directions being lowest at the fuel and air
outlet due to endothermic thermal conditions.
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and 750 °C.
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The partial pressure distribution of H,O at the fuel inlet (top figure) and at the fuel outlet
(bottom figure) is shown in Figure 8c. At 1.1 V the fuel utilization achieved under the
previously defined conditions is 24 %. Moreover, a homogeneous species distribution
is observed in the x direction, while the effects of diffusion in porous media through the
fuel electrode (z direction) can be slightly observed at the fuel outlet.

The different potentials distribution through the cell electrodes and electrolyte are shown
in Figure 8d. Showing the same trend as the generic Figure 2 but for 1.1 V. The
difference of the electromotive potentials gives the cell voltage and this can be read from
the figure as the m,;,; = 0 V while 7g,) = —1.1 V. Following the same procedure, and as
specified by Eq. (13), the cell open circuit voltage is a around 1 V. Moreover, the Galvani
potential (¢) is also shown. The Galvani potential decreases along the cell thickness
from left to right due to the contributions from the different ohmic resistances from the
different cell components. Last, the overpotential (1) at both electrodes is presented.
The overpotential presents higher values close to the electrolyte for both electrodes, at
the electrode active layers, as it is the region where the electrochemical reactions take
place.

4.2.1 Effect of the operating cell voltage

The effect of varying the operating cell voltage on the partial pressure of H,O, the
overpotential distribution as well as for the temperature has been studied for four different
cell voltages when operating at 750 °C and p,0 = 0.5 atm. One cell voltage corresponds
to the cell operating in fuel cell mode (0.9 V) while the other three voltages correspond
to the electrolysis operation mode. 1.1 V is below the thermo-neutral voltage, 1.3 V is
close to the thermo-neutral voltage and 1.5 V, above the thermo-neutral voltage. This
covers the different thermal behaviors under electrolysis operation mode.

Figure 9a shows the H,O partial pressure distribution along the fuel flow direction for
the four aforementioned cell voltages. Only the distribution along the flow direction is
shown as the variation is more significant here as seen in Figure 8c. The fuel inlet is
located at y = 4 cm, where the inlet partial pressure is set to pg,0 = 0.5 atm and the
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fuel outlet at y = 0 cm. In fuel cell mode (0.9 V), the partial pressure of H,O increases
as steam is produced apart from electricity. Yet, the fuel utilization at this voltage is
very low, as it is very close to the equilibrium cell voltage, cell voltage where the current
density is zero and thus, no electrochemical reaction takes place. In electrolysis mode,
one can observe that lower H,O partial pressures are achieved at the fuel outlet with
increasing voltage. The higher the operating voltage, the higher the current density and
consequently, the fuel utilization. Fuel starvation can be observed at 1.5 V as H,O is
totally consumed before the cell outlet is reached. A 86 % fuel utilization is attained at
1.5V in comparison to 60 % at 1.3 V and 24 % at 1.1 V.

Figure 9b presents the overpotential distribution through the air electrode (left), elec-
trolyte and fuel electrode (right) at the four different cell voltages at the fuel and air outlet.
In general, higher cell voltages result in higher overpotentials as observed. Moreover,
higher overpotential voltages are observed close to the electrolyte, at the active electrode
regions, as it is where the electrochemical reactions take place due to higher current
densities achieved. For 1.5 V, the overpotential does not follow the general trend as it
tends to 0 V at the air side and is close to 0 V at the electrolyte/fuel electrode interface
and increases through the electrode. This behavior is due to fuel starvation taking place
at such high voltage. When fuel starvation occurs, no electrochemical reaction will
occur in electrolysis mode, as there is no fuel left to react. As a result, the overpotential
will be zero and no increase in current density will be observed. The behavior of the
fuel electrode overpotential under starvation seen in Figure 9b is due to gas diffusion
limitations as a result of fuel scarcity. Hence, most of the reaction will occur where there
is a bit of reactant left, i.e., at the gas channels, and therefore, the increasing overpotential
at the fuel electrode/diffusion layer interface.

Effect of temperature

As above-mentioned, an electrolysis cell shows different thermal behaviors as function
of the operating cell voltage, as the cell can be run below, above or at the thermo-
neutral voltage. Figure 9c shows the temperature profiles at the fuel outlet for the four
specified voltages. From top to bottom, the different temperature profiles are shown
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voltages at pu,o0 = 0.5 atm and 750 °C.

33



for increasing cell voltage. At 0.9 V the cell operates in fuel cell mode, which should
present an exothermic behavior as the general electrochemical reaction for hydrogen
is exothermic plus the contribution from Joule heating always results in a positive net
heat flux. This is confirmed by a temperature increase of about 8 °C along the flow
direction. At 1.1 V, a cell voltage below the thermo-neutral point, the cell behaves as
endothermic under electrolysis mode and a temperature decrease of 8 °C was observed
as described previously in detail in Figure 8a despite the heat supplied from the furnace.
The temperature profile at a cell voltage very close to the thermo-neutral voltage, 1.3
V, voltage where the net heat transfer should be zero if no extra heat is supplied to the
cell, shows a 2 °C temperature increase along the flow direction. Last, the temperature
profile at 1.5 V, an operating voltage above the thermo-neutral point at 750 °C. Here,
a temperature increase along the flow direction demonstrates the positive net heat flux.
Although at higher cell voltages, and consequently higher current densities, higher fuel
utilization is achieved and thus, more hydrogen is produced, the temperature gradient
should not be too large for not damaging the cell. Yet, due to fuel starvation close to the
cell outlets at this voltage, the temperature gradient at the outlet of the cell channel is
only 5 °C as there is no contribution from the electrochemical reactions.

From all the evaluated temperature profiles, it can be stated that the basic thermodynamics
are not violated and the thermal behavior is as expected for a solid oxide electrochemical
cell operating in both fuel cell and electrolysis mode for a H,/H,O feedstock.

Moreover, the effect of heat transfer on the i-V curve has been evaluated by comparing
when thermal effects are included with when heat transport and generation are neglected,
i.e., uniform temperature distribution. The i-V curves are displayed for the 50 %H,/50%
H,O feedstock with an inlet temperature of 750 °C in Figure 10. Including thermal effects
has its effects at high cell voltages before reaching the starvation regime. At high cell
voltages, higher current densities are achieved when heat transfer is considered than with
uniform temperature distribution, and this influences all other transport phenomena that
take place in the cell, as an SOC is a complex device where all the transport phenomena
are coupled.
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Figure 10: Comparison of i-V curves with and without heat transfer at py,0 = 0.5
atm and 750 °C.

5 Discussion

The 3D SOC multiphysics model developed presents very good agreement with the
experimental data. Thus, one can expect reliable results when operating under the range
of temperatures, compositions and flow rates tested. Although it should also be reliable
at other operating conditions, further research is needed to investigate other experimental
behaviors, especially conditions with starvation.

Yet, the purpose for developing this multiphysics model is for using it as a tool for studying
degradation mechanisms in SOECs, main focus for the ongoing research. Having a
computational model that can help understand and locate where certain degradation
mechanisms take place in an SOC can be a great tool for improving cell performance
and design and decreasing the experimental time and cost.
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Despite having developed a useful multiphysics model, which has been extensively
validated with success, there are still topics to be further investigated. Mass diffusion
is one of the areas which deserve some attention. Especially the effect of Knudsen
diffusion, which has been accounted by the Bosanquet formula in the SMM which
provides some uncertainty. The influence of the DGM instead in this framework will be
interesting as it would probably give better results in terms of species distribution and
thus, overpotential distribution, etc.

6 Conclusions

In this work the mathematical equations needed for a three dimensional solid oxide
electrochemical cell model including heat, mass, species and momentum transfer and
transport of charged species together with a detailed model of the electrochemical
reactions have been presented. The latter allows for a detailed description of the gas dis-
tributions, temperature and overpotential through the entire cell and in particular within
the electrodes. This is highly relevant for studying various degradation phenomena.

The model has been thoroughly validated against cell tests experiments with cross-flows

with H,/H,O mixtures as fuel for both fuel cell and electrolysis modes.

The experiment comprised variations in different temperature, flows and compositions
was validated by comparison of i-V curves. The model presented very good agreement
with the experimental data with a unifying set of model parameters, showing a correct
interaction between physical phenomena in-spite of the complexity of the model.

Basic thermodynamics are also shown to be obeyed for the feedstock tested permitting
the study of the different thermal modes solid oxide electrochemical cells undergo as a
function of the operating cell voltage and the temperature distribution inside the cell.
Moreover, the effect of the operating cell voltage on the different cell polarizations
through the cell and the fuel partial pressure distribution have been studied.

The effect of considering heat transfer in the model in electrolysis mode is particularly
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observed at high voltages, where the impact on the current density is noticeable, resulting
in a higher hydrogen production due to higher current densities achieved.

With the current additions to the literature presented in this work, adds models which

can onward be a strong tool for understanding and degradation and failure mechanisms
of SOCs.
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List of symbols

a; Chemical activity of species i, dimensionless

c Molar density, [mol m~3]

Cp Specific heat at constant pressure, [J kg=! K™
D Mass diffusion coefficient, [m? s~?]

D, Fractal dimension scale of pore-solid interface, dimensionless
d, Mean pore diameter, [m]

E, Activation energy, [kJ mol ']

F Faraday constant, [C mol™]

G Gibbs free energy, [J mol ™!

H Enthalpy, [J mol™!]

i Current density, [A m~2]

io Exchange current density, [A m~2]

J Current density flux, [A m~2

J Volumetric current density, [A m 3]

K, Permeability of the porous medium, [m?]
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k Thermal conductivity, [W m~! K]

M; Molar mass of species i, [kg mol~!]

N Molar flux of gas species, [molm=2s7!]

n Number of species i in the gas mixture, dimensionless

Ne Number of electrons transferred per reaction, dimensionless

P Pressure, [Pa] or [atm]

Di Partial pressure of species i, [atm]

q Heat source, [W m~?]

R Ideal gas constant, [J mol =} K~

Ry Pre-exponential factor of the activation polarization resistance, [ cm?]
N Entropy, [J mol™' K]

Sa Source term for the momentum conservation equation, [J m =3 s™!]
S Source term for the mass conservation equation, [mol m=2s™!]
St Source term for the energy conservation equation, [J m™3s7?]
Sy Source term for the charge transfer equation, [A m ™3]

T Temperature, [K]

t Thickness, [um] or [cm)]

U Velocity vector, [ms™!]

1% Voltage, [V]

v Diffusion volume, [m® mol™|

Y, Molar fraction of species i, dimensionless

Greek letters

« Reduction/oxidation transfer coefficient, dimensionless

15 Porosity of the electrodes, dimensionless

n Electrochemical potential, [J mol~!]/ Overpotential, [V]

w Chemical potential, [J mol 1]/ Dynamic viscosity, [Pas™!]

T Electromotive or Fermi potential, [V]

p Density, [kg m~3]

o Electric conductivity, [Sm™!]

T Tortuosity, dimensionless
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o) Galvani potential, [V]
Xi Volume fraction of phase i in the electrode, dimensionless

Chemical species & compounds

Al,O4 Alumina or oxide (III)

CO Carbon monoxide

Co, Carbon dioxide

e Electron

H, Hydrogen

H,0 Water

Ni Nickel

N, Nitrogen

0, Oxygen

(o Oxide ion

Abbreviations

1D/2D/3D One, two or three dimensional
3PB Triple-phase boundary

BFM Binary friction model

CFD Computational fluid dynamics
CGO Gadolinium doped cerium oxide
CPIM Cylindrical pore interpolation model
DGM Dusty gas model

DTU Technical University of Denmark
FEM Finite element method

FIB Focused ion beam

LSCF Lanthanum strontium cobalt ferrite
SEM Scanning electron microscope
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SMM Stefan-Maxwell model

SOC Solid oxide electrochemical cell
SOEC Solid oxide electrolysis cell

SOFC Solid oxide fuel cell

STP Standard temperature and pressure
YSZ Yttria-stabilized zirconia
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Abstract

Solid oxide electrochemical cells (SOCs) are devices which can convert chemical fuels
directly into electrical power, and vice versa, with high efficiency. However, the com-
mercial viability of SOCs is hindered by cell degradation which limits the operating
lifetime. One degradation mechanism with severe consequences is carbon deposition,
where in extreme conditions, the cell can become broken and inoperable. In electrolysis
mode, carbon deposition is electrochemically driven and the conditions at which occurs
can be estimated by the thermodynamic carbon deposition threshold. In this work, the
local crossing of the thermodynamic carbon deposition threshold is observed both ex-
perimentally and via multiphysics simulations. A three dimensional multiphysics model
was used to simulate the performance of solid oxide electrochemical cells and determine
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when carbon deposition occurs in electrolysis operation mode. The main transport phe-
nomena are included in the model and coupled to the electrochemical reactions. This
enables the calculation of the local thermodynamic carbon deposition threshold and
carbon activity distributions through the electrodes and across the cell as well as the
temperature distribution as a function of the operating voltage. The model is validated
by comparison to cell test experiments at different operating conditions with CO/CO, as
feedstock. Itis found that CO/CO, gas diffusion gradients and local cooling from the en-
dothermic nature of the electrolysis reaction are the main reasons that carbon deposition
occurs locally when it is not expected based on the inlet conditions. The effect of two
different heat boundary conditions as well as the impact of the fuel electrode porosity,

thickness and ionic conductivity on the carbon deposition phenomenon are studied.

Keywords: carbon deposition, SOEC, multiphysics modeling, Boudouard reaction,
thermodynamic threshold, experimental data, fuel electrode, porosity, thickness, ionic
conductivity, heat transfer.

1 Introduction

Today, the energy demand is mainly met by fossil fuels and nuclear power as they can
supply electricity on demand. A major drawback to the success of renewable energies
is that they are nature dependent supplying electricity only when the wind blows, the
sun shines, depending on the sea tides or the availability of biomass to just give a few
examples. For renewable energy sources to be successful and meet a significant fraction
of energy demand there is a need for large-scale economical energy storage devices
to meet the supply-demand imbalance. Different energy storage alternatives are under
development as current energy storage technologies are extremely expensive to scale up

as a result of their dependency on limited resources or locations [1].

One of the promising devices that are under development is the solid oxide electro-
chemical cell (SOC). The interest in the development for this technology has increased
considerably in the last ten years but most of the development has been focused on
employing SOCs as fuel cells, known as solid oxide fuel cells (SOFCs), for power
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generation. However, SOCs can be operated reversibly so that electrical energy is sup-
plied into the cell to drive electrochemical reactions obtaining chemical energy stored
as fuels. This is the electrolytic operation mode and SOCs are then known as solid
oxide electrolysis cells (SOECs). In SOECs, hydrogen (H,), carbon monoxide (CO) or
syngas (H, and CO) can be obtained via high temperature electrolysis of steam (H,O),
carbon dioxide (CO,) or co-electrolysis of H,O and CO,, respectively. An advantage
of SOCs as energy storage devices is the easiness of scaling up systems by assembling
individual cells into stacks to meet the desired output power. Although conventional
batteries are more popular as energy storage devices, they store the electrical energy
in expensive metals (Li, Pb, etc.) whereas SOECs store the electricity in the form of
relatively economic fuels [1]. Withal, for SOECs to become commercially interesting, a
long-term stability for a period of 5-10 years must be guaranteed which is currently not
possible due to degradation mechanisms.

When performing co-electrolysis of CO, and H,O at high current densities, which
provides the highest syngas production rate, degradation at the interface between the
nickel-yttria-stabilized zirconia (Ni-YSZ) electrode and the YSZ electrolyte has been
reported due to the formation of small amounts of carbon. Duboviks et al. [2, 3] used
Raman spectroscopy to show that carbon formation in electrolysis mode takes place at
the mentioned interface, where CO is generated, whereas the more commonly known
carbon formation is when supplying hydrocarbons in fuel cell mode, which occurs at
the outside of the electrode first, by methane cracking, CO disproportion (Boudouard
deposition) or other thermochemical reactions depending on the fuel gas composition.
The formation of carbon at the active sites of the Ni-YSZ electrode may reduce the amount
of active sites and, in the worst case, cause a delamination of the electrode/electrolyte
interface. The Boudouard reaction, Eq. (2), describes how carbon is formed. Carbon
deposition could also occur by electrolysis of carbon dioxide to solid carbon, Eq. (3),
which is thermodynamically equivalent to the two-step reaction of electrolysis of CO, to
CO, Eq. (1), followed by the Boudouard reaction. Another equivalent possibility to the
two-step process described is the electrolysis of CO, to CO followed by the electrolysis
of CO to C, Eq. (4). Although carbon deposition is thermodynamically favored only at
higher reactant conversion than typically used in the operation of an SOEC, it has been
observed at “safe” conversion conditions based on inlet conditions. Thus, understanding
why the thermodynamic threshold is violated and where this happens locally in the cell



would be of great interest when choosing operating conditions and to avoid possible
degradation of the cell [4].

2C0,, +4e” =2C0, +20* (1
2C0O, — C, +COy,, )
CO,, +4e” == C +20™ 3)
CO, +¢” == C + 0™ 4)

Computational simulations are valuable tools for studying the performance of SOCs and
optimizing their operation conditions. Despite the fact that numerical modeling can
decrease the time cost and resources for cell testing, a small number of studies have been
reported in comparison to experimental studies. SOFCs have attracted the major number
of simulation investigations as the development of SOECs slowed down around the 1990s
due to the low fossil fuel prices, but have increased in the last years due to the growing
interest in green energy technologies [5]. In addition, steam electrolysis has been the
main application for SOECs and consequently, it is reflected in the amount of research
compared to CO, electrolysis or co-electrolysis of CO, and H,O. Regarding modeling,
very little work has been reported in literature about electrolysis of CO,. Ni [6] developed
aone dimensional (1D) electrochemical model where the overpotentials were considered
and a two dimensional (2D) model where the electrochemical reactions were coupled
with heat and mass transfer. Shi et al. [7] studied the current density distributions and
the species concentration distributions within the anode using an elementary reaction
based 1D model for a button cell. Narasimhaiah et al. [8] presented a modified Butler-
Volmer equation by considering multi-step single-electron transfer reactions to model
CO, electrolysis in a button cell. The model was evaluated when considering that the
electrochemical reaction takes place at the electrode/electrolyte interface and through
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the porous electrode. Other authors [9-11] have also developed 1D or 2D models for
co-electrolysis, studying the effects of some geometry or operating parameters.

The aim of this study is to show where and under which operating conditions carbon
deposition is locally induced by performing multiphysics simulations on a three di-
mensional (3D) model of an SOEC that considers the main physical phenomena that
characterize these devices, i.e. electrochemical reactions, transport of charged species,
momentum transfer, mass transfer and heat transfer. The model is validated with exper-
imental data. Moreover, possible solutions to the problem will be studied by varying the
thickness and porosity of the fuel electrode as well as its ionic conductivity. All three
will influence the effective transport properties of the layer and carbon deposition may

be avoided or minimized.

2 Experimental

A number of cell test experiments have been performed under different operating condi-
tions to validate the multiphysics model and to study the carbon deposition phenomenon
in SOECs.

Single-cell measurements have been performed on planar supported SOCs produced by
Haldor Topsoe A/S. A cell sketch with the components considered in the multiphysics
model is shown in Figure 1. The cell is comprised of a nickel-yttria-stabilized zirconia
(Ni-YSZ) support (porous support in Figure 1), a Ni-YSZ active layer (fuel electrode
in Figure 1), a YSZ electrolyte, and a lanthanum strontium cobalt ferrite (LSCF)-based
oxygen electrode plus a contact layer. A gadolinia doped ceria (CGO) layer is present
between the electrolyte and the LSCF-based electrode.

All cells were tested at DTU Energy (Technical University of Denmark, DTU Risg
campus). A cell of 5.3 cm x 5.3 cm with an active area of 16 cm? is mounted into a cell
test rig. The contacting of the cell is realized with corrugated Ni and Au meshes for the
fuel and oxygen electrodes, respectively, which provide a uniform contacting and gas
distribution. The flow configuration in the cell test rig is shown in Figure 2.

5



Fuel channel

Porous support
Fuel electrode
Electrolyte
Oxygen electrode
Contact layer
Air channel

Figure 1: Schematic drawing of the Haldor Topsoe A/S cell with its components.

_Air inlet ..
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. domain

Symmetry plane

Fuel outlet

Figure 2: Experimental setup arrangement with flow configuration and indication of

the simulation domain.

A number of current density-voltage (i-V) measurements were carried out with a 50 %
CO/50 % CO, feedstock with air as oxidant gas at three different gas inlet temperatures
ranging from 750 to 850 °C for validation of the model. This model has also been
extensively validated for H,/H,O as feedstock in [12]. The inlet temperature, flows and
compositions (CO partial pressure) used in the tests are specified in Table 1.

Table 1: Inlet conditions for i-V curves comparison.

Test Temperature [°C] Air flow rate [L h‘l] Fuel flow rate [L h’l] stp Pco [atm]

STP
750 140 24 0.5
800 140 24 0.5
3 850 140 24 0.5

Furthermore, other i-V measurements were performed on the same type of cells for the
detection of carbon formation. The inlet conditions for these measurements, where the



inlet temperature of the gases was set to 750 °C for all the tests, are specified in Table 2.
The current of the cell when in electrolysis mode was gradually increased in steps until
the voltage became unstable and started increasing due to coking in the cell. For more

details about the measurements, refer to [4, 13].

Table 2: Inlet conditions for carbon deposition validation.

Test CO flow rate [Lh™'|;, CO, flow rate [Lh™' |, Air flow rate [Lh™']
1 10 10 140
2 12 8 140
3 2 13 140
4 5.15 12 140
5 3.2 3 140
6 9 18 140
7 2 3 140
8 2 17 140
9 9.5 5.3 140
10 5.3 9.5 140
11 5 4.8 140

3 Model description

A 3D multiphysics model of an SOC operating in electrolysis mode has been developed
using the commercial software Comsol Multiphysics 5.2 using the Batteries and Fuel
Cell module to study the degradation phenomenon of carbon deposition in SOECs.

The model developed for simulation of CO, electrolysis considers the following phys-
ical phenomena: electrochemical reactions, transport of charged species, momentum
transfer, mass transfer and heat transfer. The main equations are summarized in Table 3.
Besides, overall considerations such as steady state condition, gases treated as ideal gases
and distributed reaction zone across the electrode are accounted for. For more details
about all the physics, equations considered in the multiphysics model, parameters used
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and other details, refer to [12].

Table 3: Summary of the physical phenomena and the corresponding governing and supplementary
equations as well as the cell components where they apply.

Physical phenomenon Governing equation Suppl. equation Component

Electrochemical Linear Chang-Jaffe kinetics Fuel active layer +

reactions air electrode

Transport of charged Current conservation/Ohm’s law Electrodes +

species electrolyte

Momentum transfer =~ Momentum conservation Everywhere except
electrolyte

Mass transfer Continuity and species balance =~ SMM + Bosanquet eq. Everywhere except
electrolyte

Heat transfer Energy conservation Joule heating + Everywhere

electrochemistry sources

The electrochemical reactions considered in the model are CO, reduction to CO at the
fuel side, Eq. (1), and the oxidation of the oxide ion (02’) to O,, Eq. (5), at the air side.

0" = 70, +2¢ Q)

Linear Chang-Jaffe kinetics [14] are used in this work to calculate the current density at
the electrodes as specified in Table 3. At the fuel side, Eq. (6) is used while at the air
side, Eq. (7) is valid [15, 16].
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where 7 is the overpotential, R is the ideal gas constant, T is the temperature, a; is
the activity of the component 7 in the correspondent gas mixture, E, is the activation
energy of the activation polarization resistance and Ry is the pre-exponential factor of

this resistance.

The Stefan-Maxwell model (SMM) is used to model gas diffusion as stated in Table 3
and in detail in [12]. To account for both molecular and Knudsen diffusion in the SMM,
the Bosanquet formula, Eq. (8), has been used in the work despite its limitations as
discussed by Bertei and Nicolella [17].

1 B 1 N 1
eff — A Beff Keff
by D~ D

®)

where Dfl.ff is the effective diffusion coefficient, Dilj’eg is the effective binary diffusion

coeflicient and DiK’eﬁ is the effective Knudsen diffusion coeflicient.

The calculation of the effective properties as well as the diffusion coefficients imple-
mented are defined in [12].

Boundary conditions

The main boundary conditions considered in the multiphysics model are shown in
Figure 3. Unless specified, all other boundaries are electrically insulated. Moreover, a
heat flux boundary condition is specified to these boundaries to take into the account
the effect from the furnace at 750 °C where the cell is mounted surrounded by alumina
(Al,0O5) blocks, Eq. (9).

ka0,

(Tfurnace - T) (9)

{furnace =
205

where gfumace 1S the heat from the furnace to the cell in [W m‘z], kA1,03 the thermal
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Figure 3: Main boundary conditions.

conductivity of alumina, ¢ the thickness of the alumina blocks surrounding the cell,
Tturnace 8 the furnace temperature and 7, the cell temperature (at the boundary of the

simulation domain).

The conductivity of alumina can be expressed as function of temperature, Eq. (10)
[18, 19].

ka0, = 5.5 + 34.5exp (=0.0033 (T - 273)) (10)

where ka0, is in [W m! K’l] and T is in [K]. Eq. (10) is valid for temperatures
between 25 and 1300 °C.

Apart from having a strong tool available for simulation of CO, electrolysis, the model
is used for detection of areas which are prone to carbon deposition due to local crossing
of the thermodynamic threshold. This is a very important feature as carbon deposition
is a degradation issue that in larger amounts can destroy the cell.

3.1 Carbon deposition

One way to evaluate if carbon deposition will occur is by calculating the thermodynamic
carbon deposition threshold, pcop. If the partial pressure of CO (pco) in the cell
exceeds the carbon deposition threshold, carbon will form and this will occur first at

10



the electrolyte/fuel electrode interface. This thermodynamic threshold, Eq. (13), can
be calculated from the Boudouard reaction equilibrium constant, Eq. (11), and Dalton’s

law of partial pressures, Eq. (12), when pioa1 = 1 atm:

Pco

Keq,B =3 - (1)
Pco

Ptotal = PCo, + PCo (12)

|
peos = 3 — (—1 +4/1 +4Keq,3) (13)
eq,

where K, p is the equilibrium constant for the Boudouard reaction and p; is the partial
pressure of species i in the fuel gas mixture. The Boudouard equilibrium constant is
implemented as a temperature dependent function with data obtained from the FactSage
5.5 database, Eq. (14). The thermodynamic threshold calculated via the Boudouard
reaction, pco,p, is equivalent to the thermodynamic threshold obtained via the direct
electrolysis of CO, to C, Eq. (3), so the model cannot differentiate between the different
carbon formation paths.

Keqs = exp (—1 107873 +5- 107572 - 0.0907T + 50.216) (14)

where T is the temperature in [K] and Kqp in [atm™"]|. Equation (14) is only valid for
temperatures between 500 and 1400 °C.

Another way of evaluating carbon formation is by calculating the carbon activity, ac,
in the cell, Eq. (15). The carbon activity takes into account the temperature-dependent
thermodynamic threshold as well as the species concentrations. For a¢ values larger
than 1, there is a thermodynamic driving force for carbon deposition to occur, while for

values below 1, no carbon deposition will be observed. This method gives the same

11



results as the pco threshold method described above; it just condenses the propensity
for carbon deposition into a single parameter.

2

p
ac = Kegp—=2 (15)
pco,

The complexity of the multiphysics model developed allows the calculation of the local
thermodynamic carbon deposition threshold throughout the cell allowing the identifica-
tion and location of areas prone to carbon deposition. To do so, the cell voltage was
gradually increased in steps until the local partial pressure of CO exceeded the local
carbon deposition threshold, mimicking the experimental procedure used for detection
of carbon deposition [4, 13].

4 Validation

In this section, two different validation studies are presented by using the model defined
above to model the experimental setup described and the carbon formation phenomenon.

First, a current density-voltage (i-V) curves comparison between the simulated data and
the experimental data at three different temperatures is shown. Then, a comparison of the
carbon formation conditions at different fuel flow rates and fuel compositions between
the experimental and simulated data is presented.

Furthermore, a detailed description of the partial pressure of CO and temperature for
one specific set of inlet conditions, defined as base case, is shown, as reference for the
following parameter study.

To model the setup in Section 2 the following considerations have been made:

* Due to the flows configuration, see Figure 2, a symmetry plane can be drawn for
the air inlet, reducing the simulation domain to a half of the real cell. The flow

12



geometry can thus be considered to be cross-flow over a 20 mm x 40 mm area, see
Figure 3.

e The current is collected by corrugated meshes on either side, as described in
Section 2, and a reasonable assumption is therefore that the current collection
occurs evenly across both electrode surfaces.

* To account for the CGO barrier layer, which has not been modeled, the electrolyte
thickness modeled is the sum of both the electrolyte and the CGO barrier thick-
nesses. Furthermore, the conductivity is adjusted to match the ohmic resistance
obtained from impedance measurements.

4.1 Validation against i-V curves

As this model was extensively validated for H,/H,O as feedstock, where a wide range
of tests were performed to validate the model under different temperatures, fuel flows
and compositions with success [12], only temperature variation was considered for
comparing i-V curves in this work. To fit the computational model to the experimental
data, only one fitting parameter is required but must be tested under different operation
conditions to ensure its reliability. This single fitting parameter is the pre-exponential
factor of the activation polarization resistance, Ry, for the fuel electrode contributing to
the current density, defined via the linear Chang-Jaffe kinetics [14].

The inlet conditions are those specified in Table 1 while all the parameters required for
the simulations are defined in Table 4 and in [12].

Figure 4 presents the different i-V curves, from experiments and simulations, for a 24
Lh~! at standard conditions (STP) CO/CO, feedstock when operating under electrolysis
and fuel cell mode at three different temperatures ranging from 750 to 850 °C at 50 %
CO. Inlet flow rates and compositions are kept constant for all temperatures as specified
in Table 1. Results show a maximum deviation of 1.2 % between the experimental and
simulated cell voltage for all temperatures considered.

13



Table 4: Cell parameters used in the multiphysics model.

Parameter Value Units
Operating pressure (p) 1 atm
YSZ ionic conductivity (oysz) ﬁ[zm Sm™!
Ni volume fraction (yni) 0.26 -
YSZ volume fraction (yysz) 1 —&— xni -
Fuel electrode porosity (&) 0.3 -
Oxygen electrode porosity (&) 0.20 -
CO diffusion volume (vco) 1.8-1075[21] m? mol™!
CO, diffusion volume (ucoz) 2.67-1072[21] m3mol!
Fuel electrode mean pore diameter (dp,fuel) 641[22] pum
Air electrode mean pore diameter (d), air) 306 [22] um
CO, reduction reaction activation energy (Eq,req) 118.64 [15] kJ mol~!
Oxidation reaction activation energy (Eqox) 123 [23] kJ mol~!
Polarization resistance factor reduction reaction (RO,red) 2-.10712 Qcm?
Polarization resistance factor oxidation reaction (RO,ox) 5.10713 Qcm?
Alumina block thickness (tA1203) 4 cm
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Figure 4: i-V curves comparison for 24 Lh™ stp CO/ CO, at 50 % CO under
electrolysis and fuel cell mode at different gas inlet temperatures. Negative
and positive current densities correspond to electrolysis mode and fuel cell

mode operation, respectively.

4.2 Validation against carbon deposition

The extensive validation realized with H,/H,O [12] and the i-V comparison for CO/CO,
(Figure 4) show that the multiphysics model developed agrees well in terms of cell
performance with the experimental data for the two feedstocks. Nonetheless, the model

should also be able to predict degradation phenomena such as carbon formation.

To validate against carbon deposition, the current density and the CO partial pressure
achieved at the cell outlet where carbon formation is first detected both experimentally
and via simulations in the cell under the different flow rates and compositions listed in
Table 2 are compared in Figure 5 at 750 °C. Simulation results provide an acceptable
agreement with the experimental values obtained presenting similar trends. Deviations
between experimental and simulated data can be due to among other factors, the mag-
nitude of the step used for increasing the cell voltage (simulations) or current density
(experiments). Moreover, results clearly indicate a violation of the thermodynamic
threshold at the specified gas inlet temperature as almost all the cases considered showed
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carbon formation at lower pco values than the indicated threshold.
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Figure 5: Current density and pco at the cell outlet comparison when carbon

SJormation is first detected in the cell for different inlet fuel flow rates and

compositions at 750 °C.

4.3 Base case

A base case is defined in order to study the effect of the fuel electrode’s support layer
thickness, fuel electrode porosity and ionic conductivity on the carbon deposition phe-
nomenon. The inlet conditions for the base case are 750 °C ,2 Lh~! of CO and 13 Lh™!
of CO, at standard conditions. The operating cell voltage is 1.31 V and corresponds to
the operating cell voltage where carbon formation is first detected under the specified
inlet conditions. The effect of two different heat boundary conditions is studied. The first
condition is the heat flux specified previously reflecting the experimental setup, Eq. (9),
while the other corresponds to thermal insulation (adiabatic, gfmace = 0). To further be
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able to analyze the effect of such structural parameters, it is necessary to understand the
partial pressure distribution of CO throughout the cell as well as the temperature distri-
bution, as they are two factors that can impact on carbon formation, see Figures 7 and 8.
Figures 7a, 7c, 8a and 8c show the CO partial pressure and temperature distribution,
respectively, when considering the heat flux boundary condition while Figures 7b, 7d,
8b and 8d show the distribution of such parameters for the thermally insulated case. The
distributions in Figures 7a, 7b, 8a and 8b correspond to the fuel active/fuel support layer
interface while Figures 7c, 7d, 8c and 8d correspond to three different planes across the
fuel channel. For more details about such planes locations, see Figure 6.

(a) Active layer-diffusion interface plane (b) Vertical planes in the fuel flow direction

Figure 6: Horizontal and vertical planes for data analysis

It should be pointed out that the representation of the y-axis in Figures 7c and 7d is
the whole cell thickness while in Figures 8c, 8d, 9c and 9d it is only from the fuel
electrode/electrolyte interface (now y=0) and upwards.

The temperature distributions along the fuel flow, Figures 7c and 7d, and at the fuel
active/diffusion layer interface, Figures 7a and 7b, indicate a temperature decrease along
the fuel flow, y = 40 mm to y = 0 mm, and the air flow, x = 0 mm to x = 20 mm,
for both heat boundary conditions. The temperature decrease along the fuel flow is due
to that the operating cell voltage, 1.31 V, is below the thermoneutral voltage for CO,
electrolysis (1.46 V) at 750 °C, and the corresponding endothermic electrochemical re-

17



40

745 35 745
740 30 740
- {7359, o5 1735 S,
() [0}
—_ — —_
- {7305 E 1730 5
;£
- 1725 g. > 1725 g.
15
() (o)
720 — 720 +—
10
715 715
5
710 710
0 10 20 10 20
X [mm] X [mm]
(a) T with heat flux bounday condition (b) T with thermal insulation
Fuel inlet Fuel inlet
750 750
{¥] Fuel channel 740 E I¥3 Fuel channel 7409
— e _ ®
] Fucioicctrode 7302 £ RN 730 2
g £ g
" 720 % N 720 ﬂé
Air channel = Air channel S
710 710
10
Middle Middle
750 750
7408 7409
_ ] _ <
£ 730 2 730 2
N g - g
720 € 720 €
= Air channel Q&
710 710
10 10 15
Fuel outlet Fuel outlet
750 750
[E Fuel channel 740 g 740 g
— ® ©
R Fucl clecirode 730 § 730 2
" 720 ué. g"
Air channel Qe 720§
710 710
0 5 10 15 20
x [mm] X [mm]
(¢) T with heat flux bounday condition (d) T with thermal insulation

Figure 7: Temperature distribution: (a) ar%g (b) at the fuel active/support layer
interface, (c) and (d) at three different positions along the fuel flow for the
base case. Heat flux boundary condition accounts for the furnace where the
cell is placed in the experimental setup whereas for thermal insulation,

adiabatic conditions apply.



actions dominate over Joule heating leading to an endothermic cell behavior. The coldest
region in the cell corresponds to the fuel and air outlets for the thermally insulated case.
For the non-zero heat case, the coldest region is shifted a bit upstream due to the heat
from the surrounding furnace. Temperature will also affect the formation of carbon as
the equilibrium constant for the Boudouard reaction is temperature dependent, Eq. (14),
and consequently, the thermodynamic carbon deposition threshold that indicates car-
bon deposition, Eq. (13). A temperature decrease lowers the thermodynamic carbon
deposition threshold, pco g, and as the temperature varies through the cell, so does the
local threshold. The lowest temperature attained in the cell, and thus, the lowest local
thermodynamic threshold is reached when thermal insulation is considered, Figures 7b
and 7d, due to the heat consumption from the electrochemical reactions. However, when
supplying external heat, i.e., when the heat flux boundary is accounted for, Figures 7a
and 7c, the temperature gradient across the cell is decreased, shifting the local thermo-
dynamic threshold. A temperature difference of 43.4 °C is registered for the thermal
insulation boundary while this gradient is reduced to 20 °C for the heat flux boundary
condition. Thus, by supplying heat to the system, the local thermodynamic threshold can
be shifted towards the theoretical value at 750 °C, as the temperature gradient across the
cell is decreased approaching isothermal conditions. At the same time, a higher overall
temperature results in higher current density at the same cell voltage, yielding a higher
overall CO, conversion to CO. This increase in generated pco may partly counter the
decreased propensity of carbon deposition resulting from the increased in the carbon
deposition thermodynamic threshold.

Figures 8b and 8d show not only how the partial pressure of CO increases along the fuel
flow direction, from y = 40 mm to y = 0 mm, reaching its highest value at the fuel
outlet, close to the air inlet (x = 0 mm) for the thermal insulation condition, but that
the CO partial pressure is highest at the electrolyte/fuel active layer interface. Similar
trend is observed when the heat flux condition is accounted for, only that a more even
distribution of the species throughout the cell is achieved, see Figures 8a and 8c. That
the pCO value is highest at this interface corroborates that carbon formation in SOEC
is electrochemically driven as Duboviks et al. [2, 3] pointed out, as it is where the
electrochemical conversion of CO, to CO (or C) occurs. Higher partial pressure of
CO will favor carbon formation as specified by the Boudouard reaction, Eq. (2) or the
CO product might be bypassed entirely if direct electrochemical carbon deposition is
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occurring, Eq. (3).

A parameter that takes into account both the effects of temperature and concentration of
CO and that gives a quantification of the probability that carbon will be formed is the
carbon activity, Eq. (15). The carbon activity for the base case is shown in Figure 9 for the
two heat boundary conditions and at the different interfaces/planes previously defined.
For the same operating cell voltage, a higher carbon activity is registered for the thermally
insulated case. A significantly larger temperature gradient across the cell for the non-heat
flux case, double of that for the heat flux case, can be explain the higher carbon activity as
the thermodynamic carbon deposition threshold is decreased substantially, and therefore,
larger amounts of carbon are formed when thermal insulation is considered as the pco

values registered for both cases do not differ as much as temperatures do.

Moreover, it can be clearly observed that the region most prone to carbon formation is
the at the fuel and air outlets, at the fuel electrode active layer close to the electrolyte
interface, Figures 9c and 9d.

5 Results and discussion

Carbon deposition can be caused due to a high enough local concentration of carbon
monoxide. This may be due to gas diffusion limitations away from the reaction sites
at the electrode/electrolyte interface, where the reactant (CO,) has to diffuse a longer
distance, increasing the concentration of CO at the interface. Since CO is produced
at the Ni-YSZ 3PBs, those should be the locations with the highest concentration of
CO and thus prone to carbon deposition. In fact, carbon might be formed right there
without any release of CO, Eq. (3). Another factor that may incite carbon formation is
temperature. Due to the temperature dependency of the thermodynamic threshold, when
operating under the thermo-neutral voltage, a temperature decrease through the cell is
expected, lowering the local threshold. So since temperature decreases along the flow
direction during endothermic electrolysis, at certain locations the concentration of CO
might not be high enough to deposit carbon but as the flow continues down the channel,
the temperature lowers and then carbon deposits. Therefore, there are multiple scenarios
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which can cause carbon deposition.

To study the effect of such factors on carbon formation, a parameter study is performed.
The structural parameters considered for the study are the porosity, the thickness and the
ionic conductivity of the the fuel electrode. All the results presented in this section are
performed with the heat flux boundary condition.
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Figure 10: Maximum pco values obtained before carbon deposition is detected in the
cell for different fuel electrode porosity values, thicknesses and ionic

conductivities and their corresponding current densities.

Figure 10 presents the highest carbon monoxide partial pressure one can obtain be-
fore carbon deposition is first detected in the cell in the primary y-axis as well as the
corresponding current density in the secondary y-axis when varying the fuel electrode
porosity, thickness and ionic conductivity.

At low porosity values, larger gas diffusion limitations exist which hinder the transport
of both CO, and CO, resulting in higher pco values at the reaction site favoring carbon
formation. Due to this, carbon is detected at lower current densities than for higher
porosity values. With increasing porosity, diffusion limitations are decreased reducing
the probabilities for carbon formation although after 30 % porosity, the maximum pco

tends to a plateau.

The fuel electrode thickness has been modified by changing the thickness of the diffusion
layer. The thickness of the active layer has remained fixed. The thickness values shown
in Figure 10 correspond to the thickness of the diffusion layer. By decreasing the
electrode thickness, diffusion limitations are decreased as the diffusion path is shortened,
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facilitating the transport of species so the amount of carbon monoxide at the reaction sites
is decreased and larger pco values can be obtained before carbon formation is detected.
In other words, higher current densities are required to detect carbon formation in thinner

electrodes.

The last parameter analyzed is the ionic conductivity of the fuel electrode. As the ionic
conductivity, conductivity of YSZ, is implemented as a temperature dependent function
as specified in Table 4, a factor is taken into account for variation of this parameter.
By increasing the ionic conductivity, higher current densities are achieved favoring the
electrochemical reactions and in theory, that should result in an improvement of the cell
performance. However, a constant current density is observed in Figure 10c. As the
inlet flow rates are kept constant, when increasing the ionic conductivity, higher current
densities are achieved and so the pco values, indicating coking for that cell voltage.

Moreover, the distribution of the local partial pressure of CO, the local thermodynamic
threshold (pco,p) and the temperature at the fuel outlet/air outlet, see Figure 11, through
the cell thickness are shown for different fuel electrode porosities, thicknesses and ionic
conductivities to better understand the effects of these parameter variations. The fuel/air
outlets corner is chosen as it is the region in the cell with highest carbon activity as
shown in Figure 9. Results are presented for one chosen operating cell voltage, which
corresponds to the voltage for the base case, which is the first voltage where carbon
deposition is first detected.

Figure 11: Indication of the fuel electrode region where the focus is set for the

parametric study corresponding to the fuel and air outlets.
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5.1 Effect of porosity

Three different porosity values have been chosen to study the local partial pressure of
CO, the thermodynamic threshold and temperature profiles at the most carbon active
region of the cell when operating in electrolysis mode below the thermo-neutral voltage.
These profiles are shown in Figure 12 where the chosen porosity values are 20 %, 30 %
and 50 %.
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Figure 12: Local pco, pco threshold and temperature at the fuel outlet/ air outlet at
1.31V for three different fuel electrode porosity values: 20 %, 30 % and 50
%.

Figure 12 indicates that gas diffusion affects carbon formation. A porosity increase
decreases gas diffusion limitations considerably as the pco gradient is reduced and the
maximum value at the electrolyte/electrode interface is lowered. A slight decrease in
temperature turns into a slight decrease in the thermodynamic threshold although being
almost insignificant. This trend has been confirmed experimentally [13].

5.2 Effect of electrode thickness

The distribution of the aforementioned variables are shown for three different fuel
electrode thicknesses in Figure 13. As the active layer is fixed to 10 pm as specfied in
[12], the thickness of the diffusion layer, indicated with DL in the figure, has been set to
300, 30 and 3 um giving the total fuel electrode thickness values specified in Figure 13.
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The local distribution of the variables show that gas diffusion limitations (gradient

of the pco) decrease when decreasing the fuel electrode thickness. Moreover, lower

temperatures are reached at lower thicknesses, which turn into a lower thermodynamic

threshold. As the effect from gas diffusion is higher than the temperature effect, by

decreasing the thickness, carbon deposition can be avoided.

5.3 Effect of ionic conductivity

As above, the distribution of the local pco, pco threshold and temperature are shown in

Figure 14 for three different fuel electrode ionic conductivity values. The values chosen

are oysz, 30ysz and Soygz, where oysz.

Almost no significant difference is observed regarding temperature distribution and the

pco gradient through the fuel electrode and channel. Distinction resides in the absolute

values of the pco. At higher ionic conductivity values, higher pco values are registered

at the electrolyte/electrode interface due to the electrochemical reaction being favored

by higher current densities at the same cell voltage and flow inlet conditions. Higher

concentration of CO favors carbon formation due to the Boudouard reaction. In this

case, neither gas diffusion limitations nor temperature have an impact on the carbon
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Figure 14: Local pco, pco threshold and temperature at the fuel outlet/ air outlet at
1.31'V for three different fuel electrode ionic conductivities: oysz, 30ysz

and SO'YSZ

formation.

6 Conclusions

In this work the mathematical equations needed for modeling carbon deposition in a
three dimensional solid oxide electrochemical cell model including heat, mass, species
and momentum transfer and transport of charged species together with a detailed model
of the electrochemical reactions have been briefly documented.

The model has been validated against cell test experiments with cross-flow geometry for
CO/CO, feedstocks when operating in electrolysis mode. The experiment comprised
variations in temperature and was validated by comparison of i-V curves. The model
presented very good agreement with the experimental data with a unifying set of model
parameters, showing a correct interaction between physical phenomena in-spite of the

complexity of the model.

A detailed analysis of this degradation phenomenon has been performed showing a
good agreement between the experimental data and the modeling approach of the local

27



crossing of the thermodynamic carbon deposition threshold.

The effects of considering the heat from the surrounding furnace where the cell is
mounted and from a thermally insulated boundary condition on the carbon activity were
evaluated showing that thermal insulation favors carbon deposition due to lowering the
thermodynamic carbon deposition threshold.

The influence of temperature and gas diffusion limitations on the local thermodynamic
carbon deposition threshold was demonstrated by variation of the fuel electrode porosity,
thickness and ionic conductivity. Finding an optimal configuration so that carbon
deposition is minimized or avoided is not straightforward due to the high degree of
complexity and coupling between all the physics involved in solid oxide electrolysis
cells.
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List of symbols

a; Chemical activity of species i, dimensionless

D Mass diffusion coefficient, [m2 S_l]

dp Mean pore diameter, [m]

E, Activation energy, [kJ mol‘l]

i Current density, [A m‘z]

Key.B Boudouard reaction equilibrium constant, [atm’l]
k Thermal conductivity, [Wm™' K|
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p Pressure, [Pa] or [atm]

Di Partial pressure of species i, [atm]

q Heat source, [W m’z]

R Ideal gas constant, [J mol™! K‘l]

Ro Pre-exponential factor of the activation polarization resistance, [Q cmz]

T Temperature, [K]

t Thickness, [cm]

Vv Voltage, [V]

v Diffusion volume, [m3 mol_l]

Greek letters
ac Carbon activity, dimensionless
Porosity of the electrodes, dimensionless
n Overpotential, [V]
o Electric conductivity, [Sm™ |
Xi Volume fraction of phase i in the electrode, dimensionless

Chemical species & compounds

Al,O4 Alumina or Aluminium Oxide (III)
Au Gold

C Carbon

CO Carbon monoxide

co, Carbon dioxide

e Electron

H, Hydrogen

H,0 Water

Li Lithium
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Ni Nickel

o, Oxygen

0> Oxide ion

Pb Lead

Abbreviations

1D/2D/3D One, two or three dimensional
3PB Triple-phase boundary

CGO Gadolinia doped ceria

DTU Technical University of Denmark
LSCF Lanthanum strontium cobalt ferrite
SMM Stefan-Maxwell model

SOC Solid oxide electrochemical cell
SOEC Solid oxide electrolysis cell

SOFC Solid oxide fuel cell

STP Standard temperature and pressure
YSZ Yttria-stabilized zirconia
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