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Abstract

In the search for renewable, alternative propulsion technologies for use in aviation, hybrid SOFC-
jet-engine architectures are seen as very promising. The critical performance characteristics for
a fuel cell in such an application differ greatly from those currently in use, however: Volumetric
power density, fuel utilisation, and operating temperature are key criteria. One way to increase
these characteristics is to use novel stack architectures, such as monolithic or tubular arrays. There
is a large variation in exact implementations of such architectures, primarily geometrically– the size
of fluid channels, skewedness, etc. As a first venture into this design- and optimisation space, a
numerical model is developed that enables analysis for arbitrary three-dimensional geometries of
SOFC stacks at steady-state conditions, implemented with ease of integration in mind. It is released
as open source software for anyone to use. This model was extensively validated and verified, after
which it was applied by performing sensitivity analyses on geometry parametrisations for three
characteristic geometry classes: planar, tubular and corrugated monolithic. It was found that the
stack geometry has only minor effects on the thermal performance, but strong implications on
power density and fuel efficiency. Strong variations in the effects of similar changes exist between
the different geometries. The core design consideration is also more complicated than a mere
trade-off of power density and fuel efficiency, with certain parameters yielding improvements in
both factors due to strong coupling of disparate processes. Miniaturisation increases power density
for all geometries considered, but it is seen to come with diminishing returns. The results also give
insight into the process of stack design itself: as an indicator of volumetric power density, current
density alone has proven to be an unreliable indicator, despite being used analogously as such in
existing literature.
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Preface

To whomever it may concern...

This thesis hatched from a simple idea: that solid
oxide fuel cells, if properly designed, might one
day take to the skies. With the unique freedom
compared to polymer membrane fuel cells in
the ability to be freely geometrically shaped in
many more ways, a whole new sky of possibilities
opens up. Investigations into this fledgeling field
have hardly taken off yet however, so new tool-
ing would be a good first step: A tool to simulate
different geometries and evaluate their perfor-
mance — especially in terms of volumetric and
gravimetric power density. And thus, GOOSE
was born.

Geometric Oxide-cell Operating-point Simula-
tion Environment (GOOSE) began as a small
project, but quickly grew into something larger
(as geese tend to do).

This thesis is the product of long hours, many
failed attempts, fits of plucking my own feathers,
turned into small breakthroughs, and a persistent
belief that with the right tools (and perhaps a few
feathers), we can take a meaningful step toward
more efficient, flight-ready energy systems. All
in the name of the wild goose chase for a world
more in balance with mother earth. After all, our
blue sphere is but a small pond, and we must all
share the bread.

While this is a serious piece of academic work,
I’d be remiss not to acknowledge the odd joy
of naming scientific software after a large, oc-
casionally irritable bird. GOOSE has waddled
through debugging sessions, flapped through
convergence issues, ruffled a few feathers in the
mesh generation process, and yes —occasionally
laid an egg or two in the form of a NaN. But after
all that, it found its wings, passed the whole gag-
gle of tests, and could soar where others could
only float.

Every silly goose needs a partner in crime. This
work would not have been possible without the
support of Jonathan, who did not only make an

excellent rubber duck, but generally was always
there to help me stay afloat. Without his critical
honking, I would not have been able to discern
the fowl from the flock. Now that we’re giving
out thanks- Stella helped with the pretty mesh
diagrams seen in the parameter study chapter.
Also thanks to Alex and Conor for (not revoking
Tilda privilege and) occasionally giving refresh-
ing insights over a cup of tea. The help fromTilda
should not be understated either, for snoozing
onmy lap and keepingme sane over the past two
years. A final word of thanks goes out to Arvind
for supervising this endeavour.

I hope that the software as well as the results of
the little study that follows prove useful to others
in the field (or lake), or at the very least, mildly
amusing. Either way, thank you for indulging this
somewhat silly name –and the serious work that
follows. To those who work in simulation, energy
systems, or simply appreciate the elegance of
a well-designed wing (literal or figurative), I in-
vite you to take a gander, and offer this thesis,
together with the GOOSE software, with humility
and a touch of feathered humor.

Aida van de Wetering
Delft, October 2025
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of fluids A and B

V

ηact Activation overpotential V
ηconc Concentration overpotential V
ηohm Ohmic overpotential V
νi Stoichiometric coefficient of the reaction for species

i
φel Volume fraction of the electrically carrying phase in

a composite electrode (1 is fully metallic, 0 is fully
other material)

σi Lennard-Jones length of species i in a gas mixture Å
σA,B Average Lennard-Jones length of a binary fluid mix-

ture consisting of species A and B
Å

σel Electrical conductivity of the electrically carrying
phase of an electrode (i.e. Nickel in the case of YSZ)

S

σion Ionic conductivity of the electrolyte S
σx Electrical conductivity of an electrode x S
τx Thickness of the component x m
ε Porosity, how much of the porous material is void
ζ Tortuosity factor, the ratio between the shortest (di-

rect) pathway and real (material) distance that the
species actually takes.

a Activity coefficient, indicating difference from ideal
behaviour for a mixture of chemical compounds.

f Combined variable denoting an entire fluid, contain-
ing composition, temperature, and pressure informa-
tion. Most often subscripted as fa and ff for air and
fuel respectively

g Combined variable denoting the geometry of the
PEN or element.



List of Constants and Fixed Values ix

Symbol Description Unit
ha Parametrised length of the air channel for a ribbed

planar geometry
mm

hf Parametrised length of the fuel channel for a ribbed
planar geometry

mm

hi Intensive (on mass basis) enthalpy value of species i
relative to some reference value

Jmol−1

ht Parametrised total channel height for a corrugated
monolithic geometry

h Convective heat transfer coefficient Wm−2K−1

j0 Exchange current density of an electrode Am−2

j Current density Am−2

mi Combined variable denoting the material (proper-
ties) of material i (associated with the component).

pi Partial pressure of species i in a mixture. Pa
rt Parametrised mean radius of a tubular fuel cell
r Reaction rate, causing a change in species mol s−1

si Intensive (on mass basis) entropic value of species i
relative to some reference value

JK−1mol−1

sl Parametrised slant for corrugated monolithic geom-
etry

sr Parametrised rib spacing for a ribbed planar geome-
try

mm

st Parametrised spacing between two tubes in a tubular
SOFC array

uin Inflow speed of a fluid ms−1

vim Mean molecular speed of species i, which can be
either the root-mean-square molecular speed or the
average molecular speed

ms−1

wa Parametrised flat straight section of the air channel
for a corrugated monolithic geometry

wf Parametrised flat straight section of the fuel channel
for a corrugated monolithic geometry

yi Amount of particles of species i mol
z Number of electrons transferred in the (redox) reac-

tion (2 for HOR)

List of Constants and Fixed Values

Symbol Description Value Unit
F Faraday constant, the amount of charge carried by

one mole of electrons
96485 Cmol−1

R universal gas constant 8.3145 JK−1mol−1

kb Boltzmann constant 1.38065 JK−1



1
Introduction

Global warming is one of the greatest existential
threats not just humankind, but life on planet
earth as a whole has ever faced. Our society
must change, reducing consumption where
possible, or finding alternative means where
required [1]. The majority of this endeavour lies
in the realm of politics, but technological
challenges also remain. A paramount challenge
still obstructing the path towards a green energy
transition is the storage of energy for later use
[2]. Energy storage plays a role on a grid level to
buffer periods of low energy generation, but it
also enables devices to operate while
disconnected from the network; a direct tie into
the transition to alternative fuels for the mobility
sectors. Storage relies on using a medium, on
option of which is chemical, most often in the
form of hydrogen. This can be pure gaseous or
cryogenic hydrogen, but hydrogen-based or
hydrogen-derived compound such as ammonia
come up in the greater discourse. Such fuels can
be converted directly and relatively efficiently
into electricity with the use of a fuel cell [2]. This
makes fuel cells a key technology to the
transition to alternative, sustainable fuels.

1.1. Solid-Oxide Fuel Cells in Avia-

tion
The HYdrogen eLectrical Engine Novel
Architecture (HYLENA) project that this work is a
part of aims to integrate a Solid Oxide Fuel Cell
(SOFC) running on hydrogen within the context
of existing turbofan jet engines, constituting a
hybrid propulsion system: electric power
generated by the fuel cell carries the base load
for the turbomachinery, while a conventional

(combustion) cycle (also operating on hydrogen)
is responsible for transients and peak loads [3].

As a pioneering project, best practices for
hybrid engines of this class are largely unknown
[4]. A very large design space must first be
surveyed before concrete design choices can be
made with confidence. In addition to the many
questions confined to hydrogen combustion
and engine integration, one major variable of
this design space is the SOFC stack itself, as no
previous cases of such a system being
integrated into an aircraft engine are known.
The goal of the research presented in this work
attempts to aid in covering one large portion of
the design space related to the fuel cell stack,
ultimately aiming to gain insights that can help
with making engineering decisions to make the
engine envisioned by the HYLENA project a
reality.

For the application of fuel cells in aviation
specifically, it is important to design the fuel cell
in such a way that it minimises system mass and
space utilisation, all the while retaining a high
power output. Research has shown the potential
of using novel cell designs; changing the stack
architecture from the conventional planar
configuration to (micro-)tubular and monolithic
geometries is generally associated with an
increase in power density [5], [6], [7], [8]. While
historically limited by manufacturing capabilities,
these architectures have become especially
enticing with the advent of additive
manufacturing and other new techniques, allow
construction of shapes and dimensions
previously thought impossible while reducing
cost [9], [10]. Problems with sealing that plague

1
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planar SOFC assemblies [11], [12] can largely be
bypassed by laying out geometries in smarter
ways as well [6].

1.2. Challenges in Novel Stack De-

sign
Research into novel fuel cell stack designs has
mostly been limited to a very high level. Novel
concepts are covered qualitatively by stating
their potential, but the impact of the specific
design is hardly ever assessed quantitatively. It
is known that their overall performance can be
better than that of existing designs and
architectures, but but detailed analysis on the
most critical influence parameters are largely left
unexplored.

Factors limiting the volumetric- and gravimetric
power density of a fuel stack are mainly due to
problems in thermal management [13], [14], and
losses due to stacking inefficiency [15], [16].

Assessment of the thermal performance of
novel fuel cells is largely unexplored as well.
While the novel cell presented in these studies
generate more power per volume, this goes
hand in hand with an increase in generated
(waste) heat that needs to be managed [6].

Similarly, the ohmic performance of novel cell
designs has not been surveyed in great detail
either. It is commonly understood that the
physical electrical path length between
electrodes and current collectors must be
minimised to reduce ohmic losses [17], as this
loss term (and accompanying heat generation
mechanism) makes up a large part of the
performance loss in conventional fuel cells.
Therefore, it must be investigated how this
knowledge is transferable to novel cell designs
[18].

1.3. Simulation Tooling
All three of these matters tie into generalisation
and transferability of knowledge: The increased
complexity and larger amount of degrees of
freedom of the geometries of these novel cell
designs compared to conventional stacks means
that previously established design rules and

conventions are not guaranteed to always be
applicable to real-life assemblies [5]. New
tooling is required to perform initial analyses
and gain an intuition for the key design
considerations within this class of SOFC stacks
for a project like HYLENA to succeed. Research
focusing on the impact of the geometrical
shaping of these cell designs can shed light on
what are indicative of performance and limiting
factors in their designs. The knowledge gained
from such an exploratory research of the field
can be used to constrain the search space. In
the process, this can steer future, more detailed
research by giving an indication of where large
improvements can still be made, and what
factors are of lesser importance.

Essential features of good tooling to be used in
explorative design studies into novel SOFC
designs is simulation software with a focus on
execution speed and ease of use. The existence
of such software would allow for rapid
exploration of a broad design space, and even
for initial optimisation studies.



2
Methodology

In this chapter, the theoretical inner working of
the GOOSE model as well as its implementation
will be described in detail.

First the high-level operation is discussed,
introducing the division into sub-models, after
which each one of these sub-models will be
treated in more detail. For documentation on
how to use the software, please see the
documentation and Appendix A.

2.1. The Purpose of a Model
Fuel cell models aid in assessing performance of
fuel cell configurations without needing to
physically construct said device. A simulation is
much faster to set up, saves the high cost of
manufacturing prototypes, and allows for much
more intricate analysis than what would be
possible by physically placing potentially
intrusive sensors in a fuel cell. It should go
without saying that this approach is not a
substitute for experimental studies, but merely a
good first step while no concrete decisions have
been made yet.

The goal of the model built is to enable rapid
iteration and exploration of a broad design
space, as introduced in chapter 1. For this, the
model needs to be able to finish execution in a
short amount of time, be easy to use, and trivial
to integrate into existing pipelines.

2.1.1. Bottom-Up
To be able to give insight into the effects of
changing geometries, it should be able to
represent a great variety of configurations. This
puts an emphasis on broadness of applicability
while being as generic as possible to allow for

arbitrary material characterisations and
configurations to be considered. To be able to
do this, the model needs to be generalised; it
cannot depend on empirical estimations for
entire systems that only hold for specific
configurations. It needs to model everything
from the bottom up, instead of top-down. This is
different from the approach taken in the bulk of
existing literature on fuel cell modelling, which
work the other way around by trying to gain a
deeper understanding of the underlying
fundamentals or the details of a specific
configuration by closely tying the
implementation to a physical stack whose
’correct’ values have been determined
experimentally [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28].

2.1.2. Three-dimensionality
The focus on geometric configuration
underlines the inherent three-dimensionality
that must be resolved: stacking, thermal
gradients, concentration differences, among
others. Reducing a planar SOFC to a
two-dimensional or even one-dimensional
representation is possible as its gradients tend
to follow the primary axes only due to uniformity
and symmetry of the spatial distribution. Doing
the same for a monolithic fuel cell is much
harder, as the varying directions of interaction
do not neatly allow for simplification of the
domain. The model should be able to accurately
represent gradients and change in state along
all axes of interaction.

One way to do this is using a fully
three-dimensional simulation. This is the
approach followed with Computational Fluid

3
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Dynamics (CFD) multiphysics simulations. Albeit
practical and compatible with the aims of
constructing the model from the ground up,
such simulations are incredibly granular,
resulting in computation times in the order of
hours for rough models to days for fine models
[18].

Ideally, a hybrid with the general applicability of
a CFD approach, yet with the simplicity and
speed of execution of a reduced order model
would be devised. This can be realised by
making the model quasi-three-dimensional:
Processes that are able to be modelled
accurately with a lower-order representation are
modeled using said lower order approximations,
while the interactions between all systems are
still inherently three-dimensional by
representing elements having neighbouring
elements in any direction. This approach allows
for making different assumptions per process,
and not necessarily per domain. Generalisation
outside of this domain will be much harder to do
(unlike truly generic tooling that CFD aims to be),
but assumptions about the domain will make
some processes much simpler or less costly to
calculate with appropriate domain-specific
assumptions and simplifications.

2.1.3. Steady-State
With the amount of freedom still present in the
field, finding one’s footing is the most important
first step. For this, having the ability to assess
on-design conditions is the most important,
although having some indication of what the
performance on off-design conditions (e.g.
lower temperature, lower than ideal air flow rate)
gives more certainty and gravitas as to that the
designed stack will not just work in isolation, but
also in application. In reality, there is however
also a transient part to the equation– states of
imbalance, temporal gradients between such
conditions; mass accumulations, blockages, and
the period of start and shutdown are inherently
time-dependent. At this stage in the design
process, such conditions are much less critical,
and a broad analysis of the design space more
important. Therefore, a model for the purposes
set out for the scope of this project limits itself to

the assessment of steady-state conditions only.

2.2. FromMicro to Macro
Breaking down the process of modelling an
SOFC stack to its fundamentals, everything that
needs to be resolved is the balance between an
electrochemical potential, its losses in terms of
overpotentials, and the resulting current running
through the system. Everything else that might
affect the solution to this balance equation, such
as temperature, fluid concentrations, etc. only
serve to solve this underlying problem. They are
implicit– merely affecting the solution as state.
Directly solving this balance system-wide is is
the philosophy that zero-dimensional reduced
order models take to heart. However, state
varies quite significantly with the confines of a
stack [29]. For example, fluid concentrations are
much higher at the inlet, meaning higher local
reaction rates, and hence more heat production.
Discretising the state helps represent this,
allowing modelling of the interaction processes
between these discretised sections. In this work,
these discretised sections will be referred to as
elements. Elements are divided not only in the
flow-wise direction (of which the convention
used in this paper is the depth coordinate z), but
also in the plane orthogonal to it. One ”slice” of
the mesh may contain many elements, much like
a fully 3D mesh. Contrary to what is often seen in
CFD simulations, a mesh is not built up from
volumes following a simple grid-like pattern.
GOOSE categorises these elements into three
distinct groups, all indicating regions where
different processes are relevant:

1. Positive (electrode)-Electrolyte-Negative
(electrode) (PEN) elements are compound
sections named after its main constituents it
is assembled from: A negative electrode, an
electrolyte, and a positive electrode. It
represents the part of the cell that are able
to actively perform a reaction. It is by far the
most complicated element type.

2. Current Collector (CC) are non-reactive
parts of the assembly that function purely to
form a full electron path: From one PEN to
another for stacking, or to the edge of the
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system/ They also play a secondary role in
distributing heat within the assembly.

3. A Fluid is a volume filled with fluid with a
certain composition, temperature, and
pressure.

The relevant processes to be modeled inside on
such PEN element are illustrated in Figure 2.1

Processes are modelled on a per-element basis,
but some depend on not just their own state:
Processes like heat transfer also depend on
other elements in their direct vicinity. These
other elements will be referred to as an
element’s neighbours. This is used to refer to the
directly adjacent elements in all three
dimensions: as will be elaborated upon in the
next section, implying neighbours within the
same mesh slice, but also in the flow-wise depth
coordinate.

All elements have their own state: The PEN type
and CC type are solid (and for the former,
porous), represented by a volume-average state.
Calculations between them are on a finite
difference basis. The state of fluid volumes are
represented as a linear profile, due to their
inflow and outflow potentially being very
different due to species production and
consumption. All interaction with the solid
elements is assumed to take place at the
midpoint, at the average of their inflow and
outflow. Calculations for this type of section is
on a finite volume basis.

2.3. Computational Domain
It is already established that the model should
represent spatiality by subdivision into elements,
which each border other elements to represent
gradients in state. Now the question is exactly
how it can best be subdivided. This depends
highly on the types of geometries that we want
to be able to represent: Simpler geometries
allow for simpler parametrisations and reduction
to lower orders. Planar fuel cells, as their name
suggests, would be very simple to model as
purely two-dimensional. Very complicated
cross-flow, monolithic geometries would require
intricate meshing options. While keeping many
options open, such an approach closes doors in

simplifications that can be made on a tooling
level, increasing required computational and
development efforts.

To balance these two contradicting constraints,
GOOSE makes one fundamental restriction into
the types of mesh that can be represented: all
fluid flows need to be along one primary axis.
This means that cross-flow configurations
cannot be considered, but co-flow and
counter-flow configurations are possible to
model. This is a admissible simplification, as
such configurations are generally more
promising for high-performance cells [22], [30].
With this restriction on the mesh, the mesh can
easily be divided up into slices along the main
flow axis (This axis will be referred to as the z or
depth axis from here on out). Each of these
layers will have a collection of elements: PENs,
CCs, and fluids (allowing an arbitrary amount of
air channels, fuel channels, etc. that do not mix).

The second simplification is that it is assumed
that the geometry is constant along this depth
axis. All ducts are straight (no diverging ducts)
and have the same cross section, opening up
the ability to define only one cross section and
re-using that along the entire z-depth. It also
naturally follows from this restriction that every
element has two additional neighbours: its
geometrically identical counterparts in the slice
before it, and the slice after it. Two exceptions
from this are all the elements at the first and last
layer. These two layers are assumed to have a
Neumann boundary condition with the
environment.

SOFC geometries follow some rules, and these
rules can be exploited in the mesh creation
process. The anode always needs to be adjacent
to a fuel (hydrogen) channel, and the cathode
always needs to be adjacent to an oxidiser (air)
channel. The two electrode layers are always
separated by a layer of electrolyte, and the fluids
are (almost) always separated (either by the PEN
itself, or using some sort of sealant on top of a
current collector). In other words, the
components along the edges between the fluid
channels defines the mesh. This can be
leveraged into representing the mesh as a
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Figure 2.1: An illustrative depiction of all the relevant processes that need to be modelled locally for every PEN element.

graph: A series of vertices with edges between
them, where the edges are instances of some
type of element. The edges can be subdivided
to get a higher spatial resolution for the
elements. This is visualised in Figure 2.2.

Along an edge, elements can only have two
neighbours: One further along the line, and one
further back. This increases the amount of
neighbours for most elements to four. The
exception to this is for any elements that are the
first or the last of their kind on a line, directly
next to a vertex. For these elements, it can be
said that their neighbours are all the other
elements that neighbour this same vertex. The
interface between these elements is more
complicated however– they are not placed flat
against each other, but placed in some n-gon
around a point. To compensate for the reduction
in effective surface area, the surface area with
such neighbours is evenly divided. An example
of one such mesh constructed with this
framework is visualised in Figure 2.3.

Simulating a full mesh of a very large amount of
many repeating sections is still very expensive.
Instead, the inherent constant patterning of a
fuel cell stack can be used to simplify both the
definition of the mesh and alleviate some of this

computational pressure by only simulating one
repeating section, and representing patterning
by using boundary conditions. Such cyclic
boundaries can then be handled by defining
coincidence of vertices: every element that
neighbours one vertex, must also neighbour all
the elements bordering the other. Effectively,
this works as mixed Neumann-Dirichlet
boundary conditions depending on the model
being evaluated.

O2

H2O

H2O

N2

H2

Vertex "A"

Edge A→B
PEN, material,

thickness, etc

Elements (PEN)
Instantiated along edge

Vertex "B"

Vertex "C"

Figure 2.2: A graphical summary of how meshes are
represented in GOOSE as a collection of vertices
connected by edges, along which elements are

instantiated.

It immediately becomes apparent that there will
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always be sections that overlap. The theoretical
representation of the mesh as a collection of
lines has one severe discrepancy with reality:
components are not infinitely thin. This is a
problem at the current collector to PEN
interface, where the two components meet at an
orthogonal interface. In reality, this joint causes
part of the electrodes to be shadowed by the
current collector in some places; a dead zone ,
an area where the local current generation is
severely limited due to the absence of reactants.
The direct exposure of the electrode to the fluid
is interrupted, and diffusion processes now
need to take a much more indirect path to move
past this obstruction. A mechanism is
implemented to represent this in the mesh: it
will still consider such a shadowed element as a
PEN, but it will not be able to freely exchange
fluid with the bulk flow.

More details on how dead zones are handled is
given in subsection 2.8.6.

Figure 2.3: A render of a three-dimensional mesh of a
corrugated monolithic SOFC, as represented in GOOSE.

2.4. Solving Scheme
The dependency on the solution of one element
to that of another introduces a discrepancy in
calculability in the model: There is an implicit
relationship. As many of the relevant processes
are strictly non-linear, the model can therefore
only be solved iteratively.

Embracing the iterative nature of solving such a
problem also reveals a strength of this approach:
Evaluations can be done in parallel for each

element. In the computational representation of
the state of the model it must however be
guaranteed that the value of the state of a
neighbouring element must not be modified
while reading from it. This is a concurrency
problem often solved usingmutexes, but this
approach has a significant associated overhead,
meaning a lot of computational time is lost
acquiring and releasing locks. To be able to
execute as many calculations as possible in
parallel in the shortest amount of time, mutexes
are avoided, and newly calculated values are
written to a buffer that is only later used to
overwrite the old values. This means that on a
high level (between elements), the model works
with Jacobi iteration exclusively. Figure 2.4
graphically summarises this high-level main
iteration loop of the program covered up to
now.

Using just the previous solution as the next best
guess of state in iteration is a good start, but
because of the large amount of coupling
variables present, such an approach can lead to
a very stiff system, which takes a long time to
reach convergence. If the value is further out, it
would take a long time for the result to migrate
over to this new value incrementally. To make
the process of resolving faster, one can choose
to intentionally destabilise the system: Instead
of using the value that it has right now exactly, its
previous values can be looked at to determine a
trend, which can be extrapolated to obtain a
value that it might expect next. This is
implemented based on second order
polynomial reconstructions from the last three
iterations, with a tunable aggression factor for
the end-user. The application of such an
algorithmmakes calculations among boundaries
of the system as a whole slightly more unstable,
but significantly faster to reach convergence.

2.5. Subdivision into Sub-models
So far, the overall high-level structure of the
program has been covered. The division of the
model into three distinct element types has
been established: PEN, CC and fluid. The
computational domain is also explained,
assigning relations between the aforementioned
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elements. What remains now is the framework in
which they interoperate, and how new state is
ultimately calculated.

All three element types have some shared
patterns and functionality to calculate a new
state, but each also possess unique ones. For
example, both the current collector and the PEN
can conduct heat, but only the PEN experiences
a source term of heating due to chemical
reaction. Modelling all the processes as one
monolithic block is a sure-fire way to make a
model incredibly hard to digest for the human
mind, if not impossible due to interrelations of
all the processes. Therefore, to reduce
calculation duplication and break up the model
into understandable, individually testable and
interpretable chunks, the Determine new state
operation in Figure 2.4 is divided up into smaller
chunks, or sub-models.

1. The PEN and CC both represent solid
elements (although the PEN is porous,
meaning there is an inherent interrelation
with fluid). Both of these need to account
for heat transfer. The Thermal Model is
responsible for calculating a new
temperature based on a heat balance. The
main calculation is the same, but the
contributing terms differ for the PEN and
CC.

2. The Activation Model, as the name
suggests, determines the activation
overpotential, also yielding a current
density.

3. Ohmic losses are in reality the result of three
disparate loss mechanisms: Losses due to
the oxygen ion having to penetrate through
the electrolyte, losses due to the electron
path spanning part of the anode to reach a
current collector, and the same but now for
the cathode. Determining these losses is
the responsibility of theOhmic Model.

4. The Electrochemical Model uses the
overpotentials calculated in other
sub-models to determine an operating
voltage. It is closely linked to the Activation
Model, and together with it returns the
operating point of the fuel cell as a

voltage-current density pair.

5. Bulk fluid exchange with the fluid trapped
inside the porous electrodes is the domain
of the Concentration Model. It links the
PEN state to the species composition at the
TBP.

6. The fluids inherently work slightly differently
from the solid elements. Therefore, all of its
functionality is joined together into a Fluid
Model, which is responsible for solving
energy conservation and mass conservation
equations on a fluid level.

The PEN element represents a structure
consisting of different materials. The ohmic
model and thermal model must take this into
consideration. For the CC element, this is much
simpler as it is a single material only.

All of these models are run on each individual
instance of their respective elements. As there is
some interdependence of the models, it makes
sense to link them together to form
Gauss-Siedel iteration within an element where
possible: For example, the results of the ohmic
model directly feed into the electrochemical
model (overpotentials) and the thermal model
(ohmic heating). Similarly, the concentration
model is only used to determine a concentration
overpotential. It therefore makes sense to use
the newly calculated values from these
sub-models directly, instead of first writing them
to the state of the PEN element, and using it in
the next iteration. This calculation scheme is
visualised in Figure 2.5.

Almost exactly the same process holds for a CC,
but it uses its own specialisation of the thermal
model, while also not having to consider any
electrochemical or concentration effects. Its
ohmic model also does not need to resolve a
composite structure, and can simply use
material properties directly. In effect, it is merely
a simplified scheme of the same models already
implemented for the PEN elements. A figure
similar to Figure 2.5 is made for the CC in
Figure 2.6 to show this difference, and its
implication on solving order.

The flowcharts in Figure 2.5, Figure 2.6 and
Figure 2.4 are presented to aid in visualising the
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solving order and logical organisation of the
(sub-)models and solvers, but does not
demonstrate anything about their interactions,
or the flow of data. For that purpose, an
eXtended Design Structure Matrix (XDSM)
diagram is presented in Figure 2.7, with a detail
of the PEN element calculations in Figure 2.8
[31]. Though not necessarily conventional, this
was serves to improve overall legibility of the
diagrams, as embedding them all in a single
figure would make it challenging to digest.
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Convergence ID FID ID ID

T̄

j̄
PEN/Element

⃗IDw

¯⃗
IDp

FIDf

FIDa

MIDan

MIDcat

MIDelt

⃗IDw

R̄a

R̄c

r̄

T̄

j̄

g

Ucell

Fluid FIDu f̄

Mesh

R⃗aw

R⃗cw

I⃗Dw

j⃗q

fu

j⃗w

T⃗w

Material Database

man

man

melt

η⃗i
∗

j∗

Ucell
∗

T ∗

T

j

j

Ucell

T

⃗IDp

Rc

Ra

Rion

r

1

New Element State

f T f Fluid Solver

Figure 2.7: An XDSM of the high level of the program. Values with a supert are coupling variables, as in Lambe and
Martins [31]. An extension is made with the introduction of ¯bar for are values that are stored on the mesh/element at that

iteration. Vectors ~v are used to denote an array of (multiple) values, and calculations that are run per-element are
displayed as stacked. All the symbols used are consistent with the rest of the text, but some new concepts are introduced
for compactness: g is the Combined variable denoting the geometry of the PEN or element. mi is the Combined

variable denoting the material (properties) of material i (associated with the component). f is the Combined variable
denoting an entire fluid, containing composition, temperature, and pressure information. Most often subscripted as fa

and ff for air and fuel respectively.
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2.6. Electrochemical Model
Functioning as a central connecting piece,
linking all disparate sub-models together into
one large model, is the electrochemical model.
Its purpose can be boiled down to solving for a
cell voltage and a corresponding current density
in a potential balance, given in Equation 2.1.

Equation 2.1 describes the resulting cell voltage
to be some theoretical maximum cell potential,
corrected with some loss terms.

Ucell(j) = UNernst − ηohm,elt(j)

− (ηohm,an(j) + ηconc,an(j) + ηact,an(j))

− (ηohm,cat(j) + ηconc,cat(j) + ηact,cat(j)) (2.1)

j Current density
Ucell Effective voltage generated by a fuel cell,

obtained after all the overpotentials have
been applied

UNernst Nernst potential of an electrochemical cell
ηohm Ohmic overpotential
ηact Activation overpotential
ηconc Concentration overpotential

The electrochemical system of equations has
one free variable (as will become apparent in
Equation 2.7). Traditionally, simplified fuel cells
are represented as a current-voltage curve for
this reason. To be able to determine an
operating point on the current density - voltage
curve as this model requires, either a target cell
voltage or current density must be given. Either
option is chiefly used in literature [18]. Many
theoretical modelling papers restrict themselves
to prescribing a fixed voltage however, on
ground of this value being much more stable in
magnitude, with many operations assuming a
value of 0.7V across different fuel cell stacks
[18], [32], [33]. Were this condition to not be
met, cross-currents would occur [34]. For this
model, it was therefore also chosen to fix the
voltage as an input parameter. In an
experimental context, the voltage therefore also
easier to unidirectionally measure. Another
benefit of this approach is that the current
density j is a rather non-linear function, while
the voltage can always be explicitly stated. This

makes the current density j a logical place to
decouple the solving scheme, as will be covered
in more detail in subsection 2.6.3.

2.6.1. Nernst Potential
The theoretical maximum cell potential at a
specific fuel- and oxidiser combination is
represented by the Nernst potential, which is
given by Equation 2.2.

UNernst = E0 −
RT

2F
ln

(
aH2

√
aO2

aH2O

)
(2.2)

ai =
pi
pref

(2.3)

UNernst Nernst potential of an electrochemical cell
E0 Standard cell potential
T Temperature
a Activity coefficient, indicating difference

from ideal behaviour for a mixture of chemi-
cal compounds.

pi Partial pressure of species i in a mixture.
R universal gas constant
F Faraday constant, the amount of charge car-

ried by one mole of electrons

The working principle behind a fuel cell relies on
there being a potential difference between the
two electrodes where half-reactions take place,
allowing an electron to be captured [35]. The
potential difference between the two electrodes
in an electrochemical cell is expressed in
Equation 2.4. This relation assumes that the
reaction takes place at stoichiometric conditions.
Under these conditions, the highest possible
voltage can be obtained. This potential is
referred to as the standard cell potential.
Operation almost never takes place under exact
stoichiometric conditions however [36]. To
compensate for this non-ideal condition, an
alternative expression of Equation 2.4 can be
given as Equation 2.2, which is dependent on
the species activity. This quantity is indicative
of the degree of availability of reactant [34]. At a
higher molar fraction, reactant that is used up is
more readily replaced by a new molecule. The
same holds for a higher pressure. The species
activity for gaseous compounds can be related
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to its partial pressure relative to some reference
condition p0 with a value of 1 bar using
Equation 2.3 [37], [38]. The voltage obtained is
evidently directly dependent on the partial
pressure of the reactants. Note that this is
separate from the effects of species
unavailability due to diffusion effects, which is
covered in section 2.8.

UNernstideal = E0 = −∆G

zF
(2.4)

E0 Standard cell potential
∆G Gibbs free energy of a reaction
z Number of electrons transferred in the (re-

dox) reaction (2 for HOR)

The standard cell potential only differs per
reaction and temperature, as given in
Equation 2.4. The term ∆G is the difference in
the Gibbs free energy of the product and the
reactant, which can be calculated using
Equation 2.6. As the Gibbs free energy is
dependent on the temperature, the standard
cell potential is also a function of temperature.
For standard conditions at 20 ◦C, this yields a
result of 1.23V. While undesirable, fuel cells
generally do not operate at standard conditions.
Taking the operating temperature to be at 800 ◦C
(which would be a high operating temperature
for a SOFC), the standard cell potential drops to
0.977V. In this model, the Gibbs free energy
change is therefore modelled directly so that it
can be used at different temperatures.

2 H2 + O2 � 2 H2O (2.5)

∆G =
∑
p

νphp(T )− sp(T )

−
∑
r

νrhr(T )− sr(T ) (2.6)

νi Stoichiometric coefficient of the reaction for
species i

hi Intensive (on mass basis) enthalpy value of
species i relative to some reference value

si Intensive (on mass basis) entropic value of
species i relative to some reference value

Here ν is the stoichiometry of the species in the
reaction: in order of appearance, 2, 1, and 2
respectively. Subscripts p are the products, and
r the reactants respectively.

Based on the unique states of each individual
element, specific enthalpies and specific
entropies are calculated based on polynomial
fits Burcat and Ruscic [39]1 for the overall
reaction given in Equation 2.5.

2.6.2. Linked Overpotentials
Up to this point, none of the other loss terms (η)
have been described yet. This is because they
are not part of the electrochemical model
directly. The electrochemical model interacts
with virtually all other sub-models to offload and
modularise the calculation of intermediate
values that are required to determine the
overpotentials. As is shown in Figure 2.8, it takes
the outputs of the ohmic model, and
concentration model: A build-up of electrical
resistances, and the partial pressures at both
TBPs respectively. These directly lead to
overpotentials ηohm,an, ηohm,cat, ηconc,an and
ηconc,cat. As for why these intermediate values
returned, and not the overpotentials directly:
recall from Equation 2.1 that all of these
behaviours are functions of the local current
density. By returning the intermediate value, the
results of the other models can be reused to
solve implicitly for the current density as much
as possible, without requiring all the models to
be completely re-run for each evaluation of the
electrochemical model. This works for the ohmic
model: As described in section 2.9 the ohmic
overpotential is simple and linearly related to
the sum of all resistances and the current
density. As will be covered in section 2.8, for the
concentration model, this works less well.
Equations Equation 2.15 and Equation 2.17
could be decoupled, but Equation 2.16 cannot
easily be inverted. The same holds for the
activation overpotential. The linking of other
overpotentials is therefore tied tightly into the
solving scheme for the entire electrochemical
model.

1Data of which can be retrieved from https://respecth
.elte.hu/burcat.php

 https://respecth.elte.hu/burcat.php
 https://respecth.elte.hu/burcat.php
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2.6.3. Solving for Current Density
Equation 2.1 implies that two conditions must
be met for a solution to be valid:

1. The source voltage and overpotentials must
balance out to be the required voltage.

2. The current densities these voltages are
evaluated must all be the same.

To find a solution that satisfies both of these
conditions, the problem must be decoupled.
Hence, in this model the electrochemical model
needs to iteratively solve Equation 2.1 by varying
the current density j. With the voltage being set
explicitly, the current density is essentially left as
a coupling variable. Some current density j must
be chosen, after which it must be checked if it
meets the first condition. The most logical place
to put this decoupling is at the most non-linear
step, as it saves having to solve that specific step.
This is the Activation Overpotential Model (see
section 3.5). This specific overpotential can be
partially decoupled from the equation and used
to solve for the value of the current density that
results in the activation overpotential and ohmic
overpotential that solves the system, together
with a new best-guess for the current density.
Because of the decision to leave the voltage as a
design variable (and not the current density), the
activation overpotential model can also be
directly nested into the electrochemical model
instead of being coupled two-way, significantly
reducing numerical stiffness.

The problem is reduced to one of error
minimisation over a single variable, which can
be solved with a root-finding method. All of the
root-finding in GOOSE is done using Brent’s
method [40], and this model is no exception.
The bounds are set to be 0 as a minimum
(negative current densities are unphysical for
fuel cell systems) and a user parameter for the
maximum.

Some values used in this process do not rely on
the current density. This includes the values
used to calculate the overpotentials covered
earlier in subsection 2.6.2. These values can be
calculated once, outside of the root-finding loop.
Their results are reused in the calculation to
reduce unnecessary re-calculation of the same

values. This is done for the Nernst potential, the
electrical and ionic resistances.

Inside of the root-finding procedure are only the
terms that change depending on the current
density: The activation overpotential, and the
ohmic loss based on the constant resistance.

The high-level process this follows is expressed
in the form of a diagram in Figure 2.9.

2.6.4. Outputs available for analysis
To enable detailed analysis using GOOSE, aside
from the primary outputs (cell potential and
current density), all the other overpotentials are
also returned. They are not part of the model
solving state, which is transferred between
iterations, but rather they are intermediate
values. Instead of being simply discarded when
they have been used to determine a new state,
they can optionally be captured and output as
part of the final solution so that overpotential
build-ups can be reconstructed. All terms
returned this way are:

• Nernst potential

• electrolyte ionic ohmic overpotential

• overpotentials caused by the anode

• overpotentials caused by the cathode

And the last item, the overpotential associated
with individual electrodes, for both the anode
and the cathode:

• concentration overpotential

• ohmic overpotential due to the part of the
electron path that is inside of this element

• ohmic overpotential due to the part of the
electron path that is outside of this element
(crosses through other elements)

• overpotential associated with loss due to
contact resistance caused by an imperfect
interface between the electrode and the
current collector

• activation overpotential

• exchange current density (as an indicator of
local operating point, a checking variable)
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2.7. Activation Overpotential Model
As covered in detail in subsection 2.6.3, the
activation overpotential model is tightly coupled
into the solving scheme for the electrochemical
model. Unlike this complex integration, the
physical process it represents is relatively
straightforward.

As the name implies, the activation overpotential
returned is simply an overpotential. One of the
reasons why the real cell voltage is lower than
the Nernst potential is that the activation barrier
for the electrochemical reaction: The
electrochemical reaction happens
spontaneously, but only after a certain energy
threshold has been overcome. In addition, a
price must be paid: Something to offset the
energy lost due to the transfer of charges
between the electronic and ionic conductors.
This reduces the effective energy freed in overall
reaction, which can be expressed in the form of
a reduction in potential as the energy is
supplied by the electromotive force [13]. As this
process happens at both electrodes
simultaneously, this overpotential term must be
accounted for on both the electrodes separately.
The activation overpotential depends not only
on the material properties of the electrodes
where the reaction takes place, but also on its
microstructure, temperature, and the partial
pressures of the reactants [41].

What the electromotive force physically
prescribes is a reaction speed (reaction rate).
Since the reaction rate also determines the
amount of electrons being circulated, it can
therefore be said that for higher currents there
will be a higher activation loss term [41]. The
central relation between the current density and
the corresponding voltage (drop) per electrode
(half-reaction) is described in the Butler-Volmer
equation, given in Equation 2.7.

j = j0

(
exp

αfzFηact
RT

− exp
(1− αb)zFηact

RT

)
(2.7)

j Current density
hi Intensive (on mass basis) enthalpy value of

species i relative to some reference value
j0 Exchange current density of an electrode
z Number of electrons transferred in the (re-

dox) reaction (2 for HOR)

2.7.1. Determining the Charge Transfer Co-
efficient

In this representation of the Butler-Volmer
equation, α is the charge transfer coefficient.
This number gives an indication as to which
direction in the half-reaction is favoured: αf for
the forward reaction, and αb for the backwards
reaction [42]. A higher value means that the
activation energy required at the cathode is
higher than that at the anode, and vice versa
[43], [44]. It differs per material, but it can also
differ per operating condition [44]. If both
directions are similarly favoured, this value is
αf = αb = 0.5.

Different characteristic values and their
characteristic tafel curves are depicted in
Figure 2.10.

Figure 2.10: Quantitative depiction the transfer coefficient
as an indicator of the symmetry of the barrier to reaction,
showing the dependence of free energy on reaction

coordinate. Image adapted from Bard and Faulkner [43].

A commonly made assumption in fuel cell
modelling is that the charge transfer coefficient
is always equal to 0.5. This is however not always
the case, and as such a generic model must
leave the ability open to supply them
individually [42].

This is not the only assumption that is often used,
but not able to represent the operational
domain of an SOFC. In literature, an often-made
simplification is that of collapsing the individual
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half-reaction Butler-Volmer equations into a
surrogate equation that has embedded in it the
characteristics of both. Such a Butler-Volmer
represents a full reaction, instead of a
half-reaction. This, combined with the
unfortunately alternative name for the forward
and backward subscripts as anodic charge
coefficient and cathodic charge coefficient
(where the anodic and cathodic does not refer to
the electrode it takes place on, but to the
reaction itself– an anodic reaction being equal to
a forward reaction), might cause a
misunderstanding that there are only two charge
coefficients for the two electrodes, instead a
sum total of four [45]. In this model, all four are
individually representable, but simplified input
with the above assumptions is still possible.

2.7.2. Solving for Activation Overpotential
The purpose of the activation overpotential
model is to return an activation overpotential.
The keen eye might have already spotted that
the Butler-Volmer equation (Equation 2.7) is
implicit, and cannot be explicitly rewritten as a
function of current density. This means that the
equation must be solved iteratively, or
alternatively, an explicit approximative function
must be used. GOOSE uses an algorithm that
switches between the two methods depending
on the operating regime.

2.7.3. Tafel Approximation
One approximation that can be used if the
current density is high is the Tafel
approximation (alternatively also referred to as
the high-field approximation in literature). What
constitutes high, literature suggests that this
equation is adequately accurate for j

j0
> 4 [46],

[47]. As the activation overpotential of the
electrode approaches infinity, the forwards
reaction becomes dominant, as apparent in
Figure 2.11. Simplifying the equation by
assuming the non-dominant term is zero, one
can explicitly solve the Butler-Volmer equation.
This mimics the Tafel behaviour, lending to its
name. This can now be inverted, and explicitly
rewritten for an overpotential, as seen in
Equation 2.8.

ηact,el ≈
RT

αfF
ln

(
j

j0

)
(2.8)

Figure 2.11: Comparison of the activation overpotential
from three different calculation methods. This specific
curve shows the values for a symmetrical charge transfer
coefficient at a temperature of 800 ◦C. It can be seen that
the error for the low-field approximation becomes smaller
as the current density approaches 0, and that the error for
the high-field approximation becomes smaller as the
current density approaches∞. Figure originally from

Noren and Hoffman [46].

2.7.4. Low-Field Approximation
As the activation overpotential of the electrode
approaches zero, the backwards term of the
Butler-Volmer reaction equation becomes
dominant. Using a similar approach as used in
the tafel approximation, this can be solved
explicitly as the low-field approximation, given
in Equation 2.9. This equation is said to hold if
j
j0

< 1 [46].

ηact,el ≈
RT

F

(
j

j0

)
(2.9)

2.7.5. Implicit Solving
There exists a region between where neither of
these two approximations provide good results,
as seen in Figure 2.11. Here, the Butler-Volmer
equation must be solved implicitly using
iteration. This operation is computationally
significantly costlier, and hence will only be used
as a fallback if it has been determined that using
either of the approximative methods yields an
unacceptably erroneous result. This is an



2.8. SPECIES AVAILABILITY AT THE TBP 21

important computation performance
consideration, as the activation overpotential
model is the model that is run the most often,
given that it is placed inside of the
electrochemical model, which itself is solved
iteratively.

If it must be solved implicitly, the generalised
root-finding algorithm also used for the
electrochemical model can be reused here, but
with several small tweaks: The upper bound is
set to 1.5V. The activation overpotential can
only ever be as high as the theoretically
maximum voltage generated. This voltage
would then also be reduced further by still
requiring some voltage as headroom, given by
the desired cell operating potential. However,
the dynamic iterative stepping could mean that
these could be locally violated, and hence a
small buffer is provided in the upward direction.
The lower bound is still 0V, as there cannot be a
negative overpotential. The convergence
criterion should scale with the current density
itself; It should converge based on relative error,
i.e. for smaller current densities allow only a
smaller error. This is done by setting the
convergence criterion as j

j0
× 10−5 (which can

be overridden as part of the solver settings).

2.7.6. Switching Between SolvingMethods
In their respective sections, references to
literature have already been made for alleged
validity regions of the low-field and Tafel
approximations. Despite being used quite
broadly in existing research, these bounds do
not seem to take into consideration the effect
that changing the charge transfer coefficient has.

Indeed, the error is at its lowest for
αf = αb = 0.5, but it increases for asymmetry. As
the charge transfer coefficient αf = 0.7 and
αb = 0.3 is used, the error of the low-field
approximation increases to 4% at the point j

j0
.

Increasing it even more indicates that the rate of
increase is directly related to the asymmetry, as
αf = 0.8 and αb = 0.2 causes an error of 6%.

The effect of imbalance in the charge transfer
coefficients on the error is even larger: given a
αf = 0.2 and αb = 1.0, the error with the exact

solution increases to 10%.

To combat this discrepancy in the applied use
case and region of validity in this more general
context, a penalty system is introduced to create
an algorithm that discourages picking
approximative methods if the charge transfer
coefficients are not symmetrical. If the
normalised current density does not meet the
threshold ( jj0 > xtafel for the tafel approximation

and j
j0

< xlow−field for the low-field
approximation), then the fallback method of
using root-finding will be used instead. The
numerical parameters in the penalty as given in
Equation 2.10 and Equation 2.11 were
determined based on minimising error to at
most 1% for a temperature of 800 ◦C, and
various combinations of asymmetric and
imbalanced charge transfer coefficients up to a
deviation of 0.4. They have no physical basis,
but have admissible results. At a temperature of
1000 ◦C, the error increases to 1.5%, which is still
considered acceptable.

cas = 8 · |αf − αb| (2.10)

cimb = 18 · |1− |αf + αb||3 (2.11)

xtafel = 10 · (1 + cas + cimb) (2.12)

xlow−field = 0.15/(1 + cas + cimb) (2.13)

2.8. Species availability at the TBP
The operation of a fuel cell usually happens with
a known species composition in the bulk flow.
Here, perfect mixing and hence uniform species
availability is a valid assumption. The reaction
does not take place here, however: This model,
like many others, assumes that the reaction only
takes place on a very small region where
electrode, electrolyte, and cavity (where fluid
can penetrate into) come together: the Triple
Boundary Point (TBP). Establishing what is the
fluid state and species availability is the
responsibility of the Concentration Model.

Ionic conductivity of the electrodes is
significantly lower compared to its electrical
conductivity. Reactions that occur further away



2.8. SPECIES AVAILABILITY AT THE TBP 22

would incur a very high ohmic loss to be able to
move an ion through the electrode lattice,
directly proportional to the distance away from
the electrode-electrolyte interface. In practice,
the activity further away from the TBP is so low
that it is safe to assume that effectively no
reaction takes place here, and all reactions take
place at the TBP instead, as the activity dies off
after several hundred nanometres [48], [49], [50].

On top of the non-stoichiometry at which the
electrochemical reaction takes place, which is
what Equation 2.2 represents, there is an
additional loss due to the fact that the species
availability in the bulk fluid flow is not the same
as the species availability at the location where
the reaction actually takes place. This holds for
any type of fuel cell, but is especially relevant in
the case of a SOFC, where the electrodes
function as a porous medium where
instantaneous perfect mixing and equal
distribution cannot be assumed. The porous
nature of the electrodes causes an imbalance as
fluid flows are limited by physical obstruction
and other diffusive processes. While the
chemical reaction proceeds, reactants are used
up and products are created. With
non-instantaneous replenishment, this means
that the local reactant availability is lower, and
the local product presence is heightened. Both
of these changes in concentration inhibit further
reaction, as with less reactants available, there is
nothing to react. There exists an inherent inertia
to the equalisation of the species concentration.
This can cause local concentrations and
gradients in both the spatial and temporal
domains if some process changes the
composition of the mixture [51]. As a result,
local concentrations and depletions occur. In
the case of the anode, there is less hydrogen
available for the reaction at the TBP, and for the
cathode there is less oxygen available at the TBP.
This deviation from ideal species availability can
be expressed as an additional overpotential.

In addition to species consumption, the anode
also suffers from production: a local increase in
water content. A higher product presence
means a move even further away from the
reaction equilibrium, physically obstructing

locations where the reaction can take place and
lowering the reaction probability.

The concentration model accommodates the
process of diffusion into the porous medium to
balance out these consumption and production
terms. It models the effect of the difference in
local concentrations with respect to the bulk
flow and expresses it in a way that can be related
to an overpotential. This is done by determining
the partial pressures at the TBPs.

2.8.1. Partial Pressures at the triple bound-
ary point

In literature, diffusion in porous media of binary
mixtures is often modeled using Fick’s diffusion
model, as given in Equation 2.14, while also
considering an extra Knudsen diffusion term to
compensate for surface effects [20], [52], [53],
[54], [55], [56]. Other literature advocates for
modelling the diffusion process using a dusty
gas model, which models the solid part of the
porous medium as immovable ’dust’ particles
[51]. The former is used in this model, as it is
easier to implement, and deemed sufficiently
accurate for the purposes of this model.

ṁi = −
Di

eff

RT

∂(yiP )

∂x
(2.14)

ṁi Mass flow rate of species i
yi Amount of particles of species i

Modelling diffusion as Fick’s diffusion allows for
the derivation of an explicit formula for the
partial pressures at any depth into the porous
medium as a function of the local consumption
rate, which is directly related to the current
density. Following conservation of mass in
steady state, water creation should happen at
exactly the same rate as the dispersion of water
moving out of the porous medium, and vice
versa for hydrogen- and oxygen consumption.
Then, with a Dirichlet boundary condition at the
electrode surface (at the bulk fluid), the
following relations can be derived for the partial
pressures of water, oxygen, and hydrogen in
equations 2.15 2.16, and 2.17



2.8. SPECIES AVAILABILITY AT THE TBP 23

pH2 ,TBP = pH2 ,bulk − j
RT τan

2F Di
eff,an

(2.15)

pO2 ,TBP = Pbulk−

(Pbulk − pO2 ,bulk)e
j

RT τcat
4F Di

eff,cat (2.16)

pH2O ,TBP = pH2O ,bulk − j
RT τan

2F Di
eff,an

(2.17)

pi Partial pressure of species i in a mixture.
τx Thickness of the component x
P Static pressure of a fluid (mixture)

2.8.2. Effective Diffusion Coefficients
One ubiquitous term in equations 2.15 2.16, and
2.17 is the effective diffusion coefficient Deff .
The effective diffusion coefficient is obtained by
combining the natural diffusion coefficient of the
gas together with some correction for it
happening inside of a porous medium. The
Chapman-Enskogmodel is used to determine a
binary mixture diffusion coefficient, after which it
is combined with a Knudsen term in the
Bosanquet equation (Equation 2.18) to obtain
this value [20]. The Bosanquet equation is
adequately applicable for the domain and
operating ranges considered for most SOFC
operations [57]. In this equation, ζ is the
tortuosity of the material, which is the degree of
indirectness of that path that a particle takes,
with ζ = 1 being a straight path, and higher
values being longer paths. ε is the porosity of
the material, which is the fraction of the material
volume that is empty, and therefore permeable
by the fluid.

Deff =
ε

ζ

(
1

DA,B
+

1

DA,Bkn

)
(2.18)

ε Porosity, how much of the porous material
is void

ζ Tortuosity factor, the ratio between the short-
est (direct) pathway and real (material) dis-
tance that the species actually takes.

2.8.3. Binary Mixture Diffusion Coeffi-
cients

The Chapman-Enskog method of determining
the binary mixture diffusion coefficient is widely
used in fuel cell modelling [56], [58], [59]. It
relies on relating the materials’ Lennard-Jones
characteristics to a collision integral,
representing the likelihoods of particles
exchanging energy and momentum [60], [61].
σAB is the average Lennard-Jones length for
materials A and B, simply given by
Equation 2.20.

DA,B = 0.001858
T 32

Pσ2
A,BΩ

√
1

MA
+

1

MB
(2.19)

σA,B =
σA + σB

2
(2.20)

DA,B Bulk (binary) diffusion coefficient for a two-
component mixture consisting of fluids A
and B

P Static pressure of a fluid (mixture)
Ω Collision integral used in the Chapman-

Enskog relation. Indicates a collision proba-
bility to fluid parameters

Mi Molecular weight of species i
σA,B Average Lennard-Jones length of a binary

fluid mixture consisting of species A and B

σi Lennard-Jones length of species i in a gas
mixture

This equation does not use standard SI units;
being an empirical relation, it requires values to
be input using the following units:

1. P is the static pressure in atmosphere (In
the literature there is no consensus on the
units to be used. Some sources prefer bar,
but the oldest sources the author could find
were in atmosphere).

2. σAB is the average Lennard-Jones length in
Angstrom (1Å = 1× 10−10m). The average
Lennard-Jones length can be calculated
from the fluid property Lennard-Jones
length as σAB = (σA + σB)/2.

3. MA andMB are the molecular weights of
species A and B (order does not matter) in
gmol−1 (i.e. Oxygen ≈ 32 gmol−1).
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2.8.4. Collision Integral
The term Ω is the collision integral, which relates
the collision probability to some more material
properties and the temperature, indexed as
Ω = f( kT

εA,B
). The actual shape of this function is

almost universally based on experimental
findings– specifically, a series of studies carried
out by J. O. Hirschfelder and Bird [62], who
tabulated a large range of values. A polynomial
fit as given in Equation 2.21 by Poling et al. [61]
was verified to have an error of less than 0.5% in
the relevant regions.

Ω =
A

xB
+

C

exp (Dx)
+

E

exp (Fx)
+

G

exp (Hx)
(2.21)

x =
kbT

εAB
=

T√
εB/k · εB/k

(2.22)

kb Boltzmann constant
εA,B Average Lennard-Jones potential of a binary

mixture of fluids A and B

In Equation 2.21, the substitution of the
argument with x as done in Equation 2.22 is
made for the sake of brevity. The following
constants are used:

• A = 1.06036

• B = 0.15610

• C = 0.19300

• D = 0.47635

• E = 1.03587

• F = 1.52996

• G = 1.76474

• H = 3.89411

As for how to index this function: All the material
differences are represented by the
(non-dimensionalised) argument of the function.
The set of the collision integral is the same for
any material. εi is the Lennard-Jones potential,
which is a fluid property, most often
experimentally determined from viscosities, for
which large tabulated datasets exist [60], [61]
scaled relative to the Boltzmann constant kb.

These fluid properties must be combined to get
a combined Lennard-Jones energy, which can
be done as given in Equation 2.22

2.8.5. Knudsen Diffusion
Knudsen diffusion is modelled using a method
similar to Yakabe et al. [58] and Asaeda et al.
[63]. The Knudsen diffusion coefficient is given
in Equation 2.23, which is an empirical relation
depending on a molecular speed vm and the
mean pore radius r. As the molecular speed is
not the same for individual every particle, a
value representing all speeds must be used. The
molecular speed follows a Maxwell-Boltzmann
distribution, so different options are available
[64]. How this is resolved is left as a solver
parameter, giving the option to choose between
the mean square molecular speed, given in
Equation 2.24 [65], and the average molecular
speed, given in Equation 2.25 [64]. Here,M is
the molar mass of the specie in question.

Di
kn =

1

3
Dporev

i
m (2.23)

vimrms =

√
3RT

Mi
(2.24)

vimavg =

√
8RT

πMi
(2.25)

Di
kn Knudsen diffusivity due to interactions with

a porous medium for species i in a mixture
Dp Average pore diameter of a porous medium
vim Mean molecular speed of species i, which

can be either the root-mean-square molec-
ular speed or the average molecular speed

Mi Molecular weight of species i

2.8.6. Non-Orthogonal Diffusion for Re-
gions Not Exposed to Fluid

The astute reader might have noticed that the
assumption that diffusion occurs exclusively
orthogonal to the bulk fluid flow cannot hold for
every part of the PEN.Dead zones, areas of the
PEN that might still be active, but are not directly
exposed to the bulk fluids, exist at the interface
of the current collector and the PEN. In reality,
there is a small amount of fluid that penetrates
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not just into the electrode, but also sideways.
This sideways diffusion however comes at the
price of a drastically increased diffusion path,
leading to a significant increase in concentration
overpotential. As a result, the activity of this area
is significantly reduced [48], [66].

It can be shown using Equation 2.15 and
Equation 2.16 and the data used in the
validation case based on Su et al. [32] that the
effect of increasing the diffusion path length on
the concentration overpotential is severe. At
distances larger than d > 4τ , the partial pressure
drops to less than 20%. This compounds
threefold, as this effect compounds for all the
active species on both the anode and the
cathode side. Even in the case of asymmetric
current collector placement the effect is
significant. Concentration overpotential now
locally forms the majority of the voltage,
reducing the generated current density to less
than 8% of the value in PENs directly exposed to
fluids.

As such, the activity in dead zones is assumed to
be negligible in this model. In reality, there will
still be some reaction at these locations, with the
made assumption being a simplification. In
GOOSE, these dead zones are represented by a
different element type. They have many of the
same properties as a PEN element, but lack the
electrochemical activity. As the diffusion into
these elements is not actually modelled.
Fluid-derived properties such as the thermal
conductivity are assumed to still work with the
values of its TBP as if it were connected to a bulk
flow directly. In essence, they are just passive,
notcontributing to the overall reaction, while still
functioning like a PEN for current density
carrying and thermal conduction.

2.9. Ohmic overpotentials
The ohmic model yields an ohmic overpotential,
which itself is actually comprised of three
different overpotentials: A loss due to the
oxygen ion having to conduct through the
electrolyte, and a loss for each of the electrodes
due to closing of an electron path between the
TBP and the current collector. First the ionic loss

will be covered. The ohmic loss for electrodes
will be covered for a generic electrode, because
the method is identical for both electrodes. It
must be stressed that they are independent
however: the shortest path and resistances are
stored per electrode, not per PEN.

Using Ohm’s law (Equation 2.26), both losses
can relate a resistance to an overpotential The
overall goal for each term is hence to obtain a
representative resistance.

R =
U

I
(2.26)

The practical approach to determining the
electrical resistance of an electrode is very
similar to that of the ionic resistance, with two
caveats: The primary one is that the path length
is much more complicated, as it needs to span
form the current collector to the TBP. A
secondary difference arises in how the electrical
conductivity is determined for the material, as
the porous structure of the component needs to
be taken into account. subsection 2.9.2 covers
the determination of this path, while
subsection 2.9.3 focuses on how exactly the
conductivity for an element is determined.

2.9.1. Ionic Loss
As detailed in section 2.8, all reactions are
assumed to take place at the TBP, an infinitely
thin plane where the electrode interfaces the
electrolyte. Ionic transfer through the electrode
need not be considered, yet there is still the
ionic transfer through the electrolyte. To model
the ionic loss, it is assumed that the ion moves in
a straight line through the electrolyte, from one
TBP to the other. In reality, it needs to move from
vacancy to vacancy through the electrolyte, but
in a brick-layer polycrystalline material, which is
what most electrolyte materials can be
represented as, this is a valid assumption [17],
[67], [68], [69]. The ionic resistivity can then be
approximated using a electrical conductivity
term, σion. The total distance the ion needs to
move is simply the thickness of the electrolyte,
τelt.

The ionic resistance can then be expressed as
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Equation 2.27.

Rion =
τelt

σionAactive
(2.27)

Rion Ionic resistance experienced by an oxygen
ion passing through the electrolyte

τx Thickness of the component x
σion Ionic conductivity of the electrolyte
Aactive Active cell area- the surface area of an SOFC

(element) orthogonal to the flow that per-
forms a reaction. For an individual element,
this is its length along the Z-axis multiplied
with its width

The cross-sectional area that the ion flux moves
through is equal to the contact area of the
electrode and electrolyte, which will be defined
as the active surface area Aactive. This follows
from the dimensions of the element: The width
of the element along the edge it is instantiated
on, and the depth into the z-coordinate.

2.9.2. Electrical Path
In section 2.2 the neighbour system is
described, where every element holds an
identifier that can be used to get a reference to
the elements in its direct vicinity. This makes the
collection of elements behave like a linked-list
adjacency representation of a graph. The
problem of finding the shortest path (with the
lowest electrical resistance) can be reduced to
pathfinding on this graph, from the current node
to the closest current collector. Because the
cross-section of the mesh is constant in the
Z-axis, the shortest path will always be along the
same depth coordinate, except if the in-plane
temperature gradient changes so drastically that
the change in conductivity is significant. It is
assumed that this will never be the case, and
hence all paths are in-plane. Therefore, the
search space reduces to only two physical
dimensions, which speeds up the pathfinding
algorithm. The electrical path should be closed
to whatever current collector might have the
path of least resistance, even in the case where
multiple current collectors are available. The
problem, now reduced to finding a
representative electrical resistance for all of the
elements that this path passes through, is
graphically abstracted using Figure 2.12.

Without a good heuristic function, because of
the unstructured graph, this problem can best
be solved using a (greedy) breadth-first search
[70] sorted based on a cost function equal to the
resistance.

The path should go directly from the TBP to the
edge of the current collector. This means that
the path through every element, a straight line,
has both a vertical (into the diffusion direction)
and a horizontal (along mesh edge) component.
The definition of the horizontal component is
the same for every element– it is equal its width–
but the vertical component depends on the
horizontal separation. This component stems
from the angle that the path needs to make to
cross the thickness of the electrode. Solving
such a problem is possible, but would require a
lot of extra trigonometry, distributed over
several elements, meaning many more steps in
the pathfinding process. As the pathfinding is
already very resource-intensive (compared to
the rest of the program), two simplifications are
made:

• All reactions take place at the center of the
element

• The vertical part of the electron path is fully
within the first element itself, and any
neighbouring elements that the current
needs to pass through only have a
horizontal component.

Applying these assumptions simplify the
problem: the path described would be like as if
the current first moves out diagonally from the
TBP to the edge of the electrode, and then
moves horizontally along the outer shell. Since
the horizontal distance through an element is
only directly related to its dimension, this
component of the resistance is constant. The
horizontal orientation of this path implies that
the cross-sectional area the current can pass
through is comprised of the thickness of the
electrode and the z-length of the element. As
such, the horizontal resistance can be expressed
as Equation 2.30. It will always slightly
overestimate the total path length, but
depending on the local state of the starting
element it can either have the effect of
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Figure 2.12: A graphical representation of the problem that the electric part of the ohmic model tries to solve, including
the inverse path problem.

overestimating the resistance (if the temperature
of the starting element is higher than that of the
other elements its pat passes through), or
underestimating the resistance (vice versa).

This allows the calculation of the horizontal
resistance to be isolated from the rest of the
path calculations. This component can be
calculated once, and reused for all other
elements whose electric path passes through it,
significantly reducing the amount of arbitrary
function evaluations required.

The final piece of the puzzle is the resistance of
this diagonal partial path in the sourcing
electrode. The resistance due to the path inside
the source electrode can be determined
geometrically as Equation 2.29. Since the path is
diagonal, the average cross section of the active
surface area (vertical direction) and the value
used for the horizontal direction is used. Here
Lw is the length of the element along the edge it
is defined. τx is the thickness of the electrode.
σx is the effective electrical conductivity of the
electrode (which will be covered in
subsection 2.9.3). z is the length of the element
in the z-direction.

Rx = Rx,self +
∑
i

Rx,hori (2.28)

Rx,self =

√
L2
w + τ2x

σx
1
2(Aactive + τxLz)

(2.29)

Rx,hor =
Lw

σxτxz
(2.30)

Rx,self Electrical resistance experienced due to
the short path that an electron has to take
through an electrode x from the center at
its TBP to the edge of its outer surface

Rx,hor Electrical resistance orthogonal to the diffu-
sion direction, along the plane of the active
cell area for an electrode x of the PEN as-
sembly

Rx Electrical resistance experienced inside of
an elecrtrode x

Lw Length of an element in the edge direction
(x-coordinate), orthogonal to the diffusion
direction and the flow direction

τx Thickness of the component x
σx Electrical conductivity of an electrode x

Lz Length of an element in the z (flow-wise co-
ordinate) direction

Splitting up the resistances in this way also
simplifies the process of storing the path
resistances. Instead of storing the full path
resistance, it the resistance can be reconstructed
at runtime. To be able to get the resistances
from any element, each PEN now only needs to
retain a list of identifiers of all the elements that
are between it and the closest current collector.
When the ohmic model is evaluated, these
elements can be resolved as described in
subsection 2.13.5, and the horizontal resistances
retrieved from them directly. New values for the
horizontal component of the resistance are
calculated as part of the iteration scheme for
each individual element. The electrical
conductivity must be evaluated either way to
determine the vertical part, after which this value
can be reused to determine the new horizontal
resistance. For the ohmic model at iteration i,
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this means that the values used for the electrical
resistance for any neighbouring elements will
always be that of iteration i− 1, but as
convergence approaches the error this
introduces should approach zero.

Because calculating the shortest path between
an electrode and the closest current collector is
a relatively expensive operation, it is not done
every operation. It is done every n iterations,
where n is a setting that is exposed to the user
(defaulting to 100).

It is once again emphasised that the path for the
anode- and cathode side are independent, and
might have unique solutions.

2.9.3. Electrode Conductivity
Determining the electrical conductivity of an
electrode is not as straightforward as simply
evaluating some material property. This model
focuses on the use of multicomponent
electrodes that have a distinct (metallic)
current-carrying phase (Mixed Ion-Electron
Conductor (MIEC)-type electrodes are not
currently implemented). It is a fair assumption to
say that all of the current is carried exclusively by
this phase, as the electrical conductivity of the
other phase is very low [71]. This means that all
clusters of the metallic phase must be
connected to be able to form a closed circuit.

The probability of this occurring is defined as
the (electrical) percolation probability. Below a
certain percolation threshold, such
uninterrupted clusters do not occur [72]. When
this threshold is met, it can be shown that most
clusters that form do in fact form continuous
clusters, meaning that all current can run
through the electric phase from any point in the
TBP [73]. The percolation probability is given in
Equation 2.31. [55], [72], [74]. Here Zel,el is the
average coordinate number for a particle of
electrically conductive material to be in contact
with another particle of the same phase. For
random packing of equally sized spherical
binary particles, this is directly proportional to
the volume fraction of the electrical phase, as
given in Equation 2.32 [74].

Pel =

(
1−

(
4.236− Zel,el

2.472

)2.5
)0.4

(2.31)

Zel,el ≈ 6φel (2.32)

Pel Percolation probability
Zel,el Coordinate number for percolation theory
φel Volume fraction of the electrically carrying

phase in a composite electrode (1 is fully
metallic, 0 is fully other material)

The relation given in Equation 2.31 must be
used with care however. At values higher than
φ = 0.706, the evaluated function yields a value
of more than 1. Similarly, if the function is
evaluated at a value of lower than φ = 0.162, it
also returns values higher than 1. Because this
equation represents a probability, the output is
clamped to the unit range 0-1.

This percolation probability and volume fraction
can now be used to express an effective
conductivity for the composite material that
takes into consideration the indirectness of the
path taken, as well as the unlikely event that
there is no direct connection from one point to
another, per Equation 2.33 [32], [33].

σeleff = σel ((1− ε)φelPel)
3.5 (2.33)

σel Electrical conductivity of the electrically car-
rying phase of an electrode (i.e. Nickel in
the case of YSZ)

ε Porosity, how much of the porous material
is void

φel Volume fraction of the electrically carrying
phase in a composite electrode (1 is fully
metallic, 0 is fully other material)

2.9.4. Contact Resistance
The interface between the electrode and the
current collector is never perfect. This
introduces an additional resistance, which is
expressed as a contact surface resistivity. This
value is added at the end of every path, and is
handled as a material parameter.
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2.10. The Thermal Model
Because the model is only concerned with
finding a steady-state temperature, a heat
balance can be set up for every element,
knowing that each local balance must sum to 0.
What follows now is an outline of the terms that
make up said balance, shown in Equation 2.34.
In this equation, the subscript w is used to
denote other neighbouring elements. The
subscript v is used to denote other PEN
elements whose shortest path to a current
collector passes through this element (see
subsection 2.9.2). f is used to describe the
fluids that this element touches- for the PEN the
fuel and oxidiser, but for a current collector this
can be any.

As a reminder: The elements work on a finite
difference basis. The temperature is assumed to
be the same everywhere in the element. There
are no local gradients inside the element, only
between elements.

Q̇gen + Q̇ohm +
∑
w

Q̇ohmv +
∑
w

Q̇cond(T, Tw)

+
∑
f

Ḣ(T, Tf ) +
∑
f

Q̇conv(T, Tf ) = 0 (2.34)

Q̇ Heating power
Q̇gen Heat generation due to (exothermic) irre-

versibility of the chemical reaction
Q̇ohm Heat generation due to ohmic losses inside

of the element
Q̇cond Heat conduction with a neighbouring ele-

ment
Ḣ Energy transfer associated with a mass flow

leaving or entering the element with a cer-
tain temperature, causing a net convective
term

Q̇conv Convective heat transfer between a solid
element and a fluid

Both the PEN and CC elements have the same
terms. They will only be elaborated upon for the
PEN, but the implementation for the CC is
effectively identical, notwithstanding some
material property calculations. Both have
conduction and convection terms. Also present
is an ohmic heating term; Qohmv→w represents
heating due to the total current running through

this element. For a CC, this is the total current
collected. For a PEN this is the generated
current, including the current that runs through
here passively from other elements to reach a
CC.

In addition to this commonality, the PEN
elements have some additional terms:

• A source term due to the electrochemical
reaction, as fuel cells operate
exothermically.

• Fluid exchange with the bulk fluids for the
fluid entrapped in the porous structure of
the electrodes. This fluid leaves at the PEN
temperature, and enters at the bulk fluid
temperature, causing a net enthalpy flux.

2.10.1. Radiative Heat Transfer
The majority of models in literature do not
consider radiative heat transfer. Stam et al. [75]
concludes that the effects of radiative heat
transfer are generally negligible. Ota et al. [76]
presses that an exception to this general rule of
thumb is loosely packed tubular fuel cells. No
such research could be found into monolithic
fuel cells concerning this assumption, but it can
be shown that for more tightly packed and
minified cell assemblies, the relative impact of
radiative heat transfer decreases [26]. The
added complexity and computational cost of
implementing such functionality are prohibitive,
and for the seemingly minimal gains in terms of
accuracy achieved, it was therefore decided not
to model this behaviour at this time.

2.10.2. Solver
For all solid and fluid elements, the local state
implicitly depends on the element temperature.
The heat and mass flux entering from other
elements is determined using the temperature
of the previous iteration. Almost all terms in
Equation 2.34 are implicitly dependent on the
temperature of the element. These must
therefore be placed inside of the iteration loop.
At this point the root finding procedure should
be self-evident- The same root-finder as used in
other parts of the code can be used to solve this
balance, and the bounds and solver settings are
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exposed through the API.

2.10.3. Source due to Reaction
Part of the electrochemical reaction that takes
place is irreversible, causing a heating term. An
entropic loss therefore directly causes a heating
term, Equation 2.35, proportional to the local
reaction rate (posed in Equation 2.37) [14], [77].

−Q̇gen = rT∆s (2.35)

∆s =
∑
p

νpsp(T )−
∑
r

νrsr(T ) (2.36)

r =
jAactive

zF
(2.37)

r Reaction rate, causing a change in species
∆s Molar (intensive) change in entropy due to

a reaction
νi Stoichiometric coefficient of the reaction for

species i
si Intensive (on mass basis) entropic value of

species i relative to some reference value

In Equation 2.35,∆s is the change in (specific)
entropy per mole over the reaction. This is the
entropy balance (Equation 2.36), for which the
individual species’ entropies are parametrised
as a function of temperature using the same
polynomials as used in subsection 2.6.1 [39].
Since this reaction (Equation 2.5) goes from
more molecules to fewer molecules, this results
in a negative number [78]. In Equation 2.37,
z = 2 represents the amount of electrons
transferred during the reaction.

2.10.4. Ohmic Heating
As described in subsection 2.9.2, both
electrodes host an (independent) current.
Electrical currents always incur a loss due to
electrical resistance, which causes heating.
Consequently,Rohm has two components: one
for the anode, and one for the cathode. The
procedure following is described for a generic
electrode, and applied twice respectively.

Determining the electrical resistance in the
electrodes is already covered in detail in
section 2.9. The electrical resistance for this

element calculated in the ohmic model is reused.
This can then be related to an ohmic heating
term per Equation 2.38. The cached resistances
already contains two values: One for the path
along the entire element along the mesh edge
(as seen by current that passes through this
element), and one for the average path that the
current generated in this element takes. The
former is multiplied with the currents in the
other elements whose current runs through this
element (their currents are resolved using the
method described in subsection 2.13.5), and the
latter with the currents generated in this
element. The two are them simply summed to
get an all-encompassing heating term.

Q̇ohm = jAactiveR+
∑
v

jvAactive,vRhor,v (2.38)

2.10.5. Conduction to Neighbouring Ele-
ments

The neighbours are resolved with the same
method as described in subsection 2.13.5.
However, since the resulting element can be
either a PEN or a CC, this functionality is set up
using a trait so that dynamic dispatch can be
used to generalise behaviour for both element
types. This sets up a shared interface for
functionality such as determining the thermal
conductivity.

This part of the thermal model works using the
method of thermal resistances, expressing every
interaction with other elements or fluids in
analogy to a circuit [79]. For conduction, the
thermal resistance is depicted in Equation 2.39.
Here L is the length along which conduction
takes place, which is the length of the element,
and An is the area through which conduction
takes place– A normal surface area along the
edge. For the side of element, this is (the sum
of) the thickness(es of each layer) multiplied with
the length in the z-direction,An = Lzτ .

Since the thermal conduction takes place
between the two elements, the average thermal
resistance of both this element and the other
element is used.
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Rt,cond =
Lw

κeffAn
(2.39)

Rt,cond Thermal resistance of conductivity between
two elements

Lw Length of an element in the edge direction
(x-coordinate), orthogonal to the diffusion
direction and the flow direction

An Area between two neighbouring elements.
For the PEN, its thickness times its depth in
the Z-axis

For the current collector, determining the
thermal conductivity κ is relatively
straightforward as it is simply a material property.
For the PEN elements, this is not so simple as it
is a compound of three different materials. All
three components need to be represented by a
single mean value, introducing the need for an
averaging procedure. In reality this would best
be done on a mass basis, but densities for the
individual components are generally unavailable
in literature. Instead, the thickness of the
components is used as a weighing parameter,
shown in Equation 2.40.

κPEN =
κeff,catτcat + κeff,anτan + κeltτelt

τan + τelt + τcat
(2.40)

The thermal conductivities of the electrodes are
not only dependent on a material property, but
also on the fluid entrapped in them. An effective
thermal conductivity is defined in Equation 2.41.
Here κf is the thermal conductivity of the fluid
inside of the porous electrode.

κeff,x = εκx + (1− ε)κf (2.41)

It is assumed earlier in section 2.8 that the fluid
only convects orthogonally to the bulk flow-
directly into the electrode, towards the
electrolyte. This is a simplification that has
ramifications for the thermal model too. In
reality, the thermal gradient between two
elements would cause a convection term,
causing the effective heat transfer between two
neighbouring electrode sections to be even
higher. The actual temperature gradients
between elements directly next to each other is

however generally not very high, so the net
convective term is negligible [51]. Therefore,
this is currently not modeled, and the
assumption sustained.

This procedure is repeated for every
neighbouring element, in case an element has
multiple neighbours.

2.10.6. Enthalpy Flux with fluids
Oxygen and hydrogen are used up and water is
created at a rate proportional to the current
generated. The mole consumption rate for
oxygen is given in Equation 2.45, and the mole
consumption rate for hydrogen in Equation 2.46.
As the system is in steady state, the mass balance
states that the same amount of fluid needs to
leave and enter the control volume. These flows
have their own associated temperatures, driving
an enthalpy flux term. It is assumed that only the
species partaking in the reaction are exchanged;
there is no forced enthalpy transfer due to the
funnelling of species that don’t partake in the
reaction, such as nitrogen.

Hydrogen and oxygen enter at the temperature
of the bulk fluid (which is almost always lower
than the PEN temperature). It is assumed that
the water is in equilibrium with the rest of the
PEN, having reached the same temperature by
the time it leaves. Water therefore leaves at the
temperature of the PEN element.

Compounding all the previous statements into a
mathematical equation, the heat contribution as
enthalpy flux due to the entering and leaving
species can be expressed as Equation 2.42 for
oxygen and hydrogen, and as Equation 2.43 for
water (both are specialised forms of
Equation 2.44).

ḢO2 ,H2 = ẏiM (h(Tf )− h(Tref )) (2.42)

ḢH2O = −ẏH2O MH2O (h(T )− h(Tref )) (2.43)
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Ḣ Energy transfer associated with a mass flow
leaving or entering the element with a cer-
tain temperature, causing a net convective
term

ẏi Mole flow rate of species i
Mi Molecular weight of species i
hi Intensive (on mass basis) enthalpy value of

species i relative to some reference value

As seen in Equation 2.42, the oxygen and
hydrogen flows enter at the bulk fluid
temperature. To the solver, it is only dependent
on the reaction rate (which is itself only a
function of current density, as given in
Equation 2.37). These can therefore be
calculated once, outside of the root-finding
procedure, and reused. Note that the last flux
term, enthalpy flux due to created water leaving,
cannot be isolated, because it leaves with the
temperature T .

The fluid enthalpies as a function of their
temperature are evaluated using the same
polynomials used everywhere else in this work
[39].

2.10.7. Convection with Fluids
The convection with the fluids will be covered in
subsection 2.12.3, but performed with variable
solid element temperature and a fixed fluid
temperature. Its sign is also flipped, as the
equations in that section consider heat going
from the fluid to the PEN as positive, instead of
the other way around.

2.11. Fluid Mixture
Albeit not necessarily a model itself, certain
functionality pertaining to fluids is reused
throughout all the models that interact with the
fluids in some way. This section covers how
these common operations are performed. All
fluids in this model are represented as mixtures
of the three main components: Hydrogen,
oxygen, water and nitrogen. Air is assumed to
consist of nitrogen and oxygen only (no trace
gases).

The core principle of how fluids are modeled is
the translation of properties from an individual
specie to that in a mixture. Tables showing all
the properties used for each of the four main

components can be found in Appendix B.
Enthalpies, entropies (and compound quantities
like Gibbs free energy) are modeled using
polynomial fits from Burcat and Ruscic [39],
which is a modern compilation often referred to
as NASA7 polynomials or NIST polynomials.

A FluidMixture object is simply a collection of
the total composition of the fluid on a rate basis:
a mole rate of water, oxygen, hydrogen and
nitrogen. As additional state, it holds a
temperature and static pressure. It does not
need definite information on its shape or
alignment, but cross-sectional area is also
contained, used for calculating velocities.

All ’fluid’ properties are related to species
properties of the components in the mixture.
These single-specie properties are contained in
a FluidSpecieProperties object, one of which
exists for every specie. Individual enthalpy rates
can be accessed this way, and mixture
properties can be based on composition
weighted by species presence. The mixture
model is relatively simple, only taking
summative or average values, and not
attempting to model internal fluid interactions.

An example of a fluid mixture property that is
determined by taking the sum of its
components’ values is the enthalpy rate (as used
in the calculations for the secondary flows in the
fluid model), as depicted in Equation 2.44. The
same functionality exists for moles rates, and
mass rates,

For average properties, generally averaging is
done on a basis of mass: Thermal conductivity,
enthalpy, dynamic viscosity, Prandtl number, etc.

Two particular average properties are averaged
on a mole basis: specific gas constant, and
average molar mass. Density is determined
using the average specific gas constant, so this
is indirectly also on a mole basis.

∑
i

ẏiM (hi(Tf )− hi(Tref )) (2.44)
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2.12. The Fluid Model
The fluid model works a little differently from the
other sub-models, mostly in that it works almost
exclusively on the fluid elements. Because these
elements are on a finite volume basis instead of
on a finite difference basis, implementation also
differs. Conceptually, the fluid model works
similarly to the thermal model, in that the central
problem it solves a balance equation. Here the
actual balance being solved is however twofold:
conservation of energy as well as conservation
of mass.

2.12.1. Conservation of Mass
The conservation of mass makes use of the fact
that the directions of the mass flow are already
known: There will always be an upstream mass
flow entering from the z-coordinate prior to the
one that this fluid is in. For the very first layer, the
upstream is considered the provided inflow
conditions.

Additional mass flows enter from the PENs,
depending on their reaction rate and species
production rate. These will be referred to
secondary incoming flows. In the case of the
fluid being used as a fuel, this entering mass
flow is exclusively water, with each term being
given as Equation 2.47. For the oxidiser fluid,
only oxygen is extracted and no other fuel is
returned back into this flow, so this term is zero.

There are also secondary leaving flows, which, as
one might have come to expect, are flows that
go into the PENs. These mole rates are
quantified in Equation 2.46 and Equation 2.45
for the fuel and oxidiser respectively.

One term remains, which is the flow going
downstream. This mass balance for each species
i, constructed in Equation 2.48, can therefore be
closed explicitly.

ẏO2 =
I

4F
(2.45)

ẏH2 =
I

2F
(2.46)

ẏH2O =
I

4F
(2.47)

ẏm,z = ẏm,z−1 +
∑
w

ẏm,w,in −
∑
w

ẏm,w,out (2.48)

2.12.2. Energy Balance
Each of the flows described in subsection 2.12.1
has a certain enthalpy, meaning that they have
an accompanying enthalpy flux. This was
detailed in subsection 2.10.6. The largest term in
the balance comes from upstream: A high mass
flow rate with a certain enthalpy, as calculated
according to the procedure in section 2.11.

The bookkeeping details required for the
secondary flows is already covered in
subsection 2.12.1; Flows of water coming from
the PEN enters at the (elevated) temperature of
the PEN, whereas flows diffusing into the PEN
leave at the fluid bulk element temperature.
Depending on the fluid, this term can be zero.
For example, the oxidiser has no flow entering,
so no net enthalpy flux.

An additional method of heat transfer from the
solid elements exists as convection. The
implementation of this is outlined in
subsection 2.12.3.

This leaves one unknown term: the downstream
leaving enthalpy flux, at a temperature of the
fluid bulk.

This means there are 1 + nw unknown terms
where nw is the amount of PENs that have a flow
of hydrogen going into them from this element.
Since the mass flow going downstream and into
each of these elements is known, the mixture
enthalpy can be implicitly solved for the
temperature. This is again a job for a root-finder.

Ḣupstr − Ḣdownstr +
∑
w

Q̇convw

+
∑

Ḣwin −
∑

Ḣwout (2.49)

2.12.3. Convection with Solid Elements
In addition to heat transfer due to enthalpy
fluxes, there is an additional heat transfer
mechanism between the solid elements and the
fluid. There always exists a boundary layer near
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Figure 2.13: A visualisation of the balances set up in the fluid solver.

the edges of the fluid channels, meaning there is
some form of convection.

This process is modeled using Newton’s law of
cooling, given in Equation 2.50. Here Aactive is
the active cell surface area of the element w (or
equivalent for a CC). The convective heat
transfer coefficient h is calculated from a Nusselt
relation as given in Equation 2.51. Here Dhy is
the characteristic length, which is equal to the
hydraulic diameter of the fluid channel.

Q̇conv = hAactive (Tf − Tw) (2.50)

h =
Nuκf
Dhy

(2.51)

h Convective heat transfer coefficient
ε Porosity, how much of the porous material

is void
φel Volume fraction of the electrically carrying

phase in a composite electrode (1 is fully
metallic, 0 is fully other material)

Dhy Hydraulic diameter

The flow regime in SOFCs can vary significantly
[29]. Nusselt number correlations are typically
only applicable in certain ranges of Reynolds
number and usually only apply to laminar or
turbulent flow and for very specific geometries.
Instead of trying to find a single relation that can
represent all cases, three different schemes were

implemented. To be able to provide a good
estimate for a variety of conditions, a system was
set up that automatically switches between
calculation schemes based on local Reynolds
number.

First is a method from Mills and Coimbra [79],
which gives a constant Nusselt number of
Nu = 3.66 for a laminar internal flow of a
Reynolds number less than 3000, as long as the
length of the channel is much larger than the
hydraulic diameter.

If the Reynolds number is lower than 106 but
higher than 3000, the model switches to using
the Gnielinski correlation (Equation 2.52),
utilising Petukhov’s formula (Equation 2.53) for
the friction factor Φ. Mills and Coimbra [79]
notes that the friction factor states that the
Gnielinski correlation is valid for any low
Reynolds value up to 5× 106, which also holds as
long as the boundary layer is fully developed,
which is the case if the length of the channel is
much larger than the hydraulic diameter.

Nu =
Φ
8 (Re−1000)Pr(

1 + 12.7
√

Φ
8

)(
Pr

2
3 −1

) (2.52)

Φ = (0.790 ln(Re)− 1.64)−2 (2.53)

If the Reynolds number is larger than 106, the
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model switches to the well-known Dittus-Boelter
relation (Equation 2.54). It holds that solid
elements are always higher in temperature than
the fluids, as the solid elements could have
source terms, whereas the fluids do not. Hence,
the convection is always cooling (relative to the
solid element), for which a value n = 0.4 is to be
used [79].

Nu = 0.023Re
4
5 Prn (2.54)

Equation 2.53 and Equation 2.54 rely on the
Reynolds number, which is calculated relative to
the hydraulic diameter of the fluid channel. It is
planned to implement functionality to calculate
this automatically from the geometry, but to
reduce scope this value is to be input manually
on an edge during mesh creation (and as such
propagated to the elements). In addition, for
Equation 2.54 the Prandtl number is calculated
as given in section 2.11.

2.13. Architecture of the Program
A common problem with research- and
engineering software is that they perform poorly,
are unintuitive to use, ill-documented, not tested
thoroughly, obfuscated or obtuse, not
extendible, hard to read, or hard to integrate. A
lot of thought was put into the architecture and
implementation to ensure this is not the case for
GOOSE.

The simulation software central to this work is
implemented using Rust, a compiled systems
programming language without garbage
collection, and am emphasis on memory safety.
Rust has quickly risen in popularity in the
software engineering scene in recent years, and
is slowly gaining popularity and adoption in
STEM fields as well [80].

It lends itself very well to writing
high-performance, fully parallelisable code
(which is heavily used as covered in section 2.2),
perfect for a high-speed library where
calculation times are important. At present, the
model is able to finish calculations for
medium-resolution meshes (6000 elements) in
the order of 30 s, and for very high-resolution

meshes (50000 nodes) in the order of 8min.

2.13.1. Extendability
Being a simulation software specifically built to
be able to aid in exploration of a relatively
unknown, quickly-evolving field, over a design
space as wide as possible, it is unequivocal that
some parts of the implementation as it exists
now will be considered archaic in a short time
frame. For research software like this, it is
especially important to stay flexible, maintaining
the option to extend to be able to keep up with
recent development. This is why a very modular
architecture is used, where swapping out parts
should be possible even without knowing the
ins and outs of every part of the entire program
beforehand. Further enabling this is the diligent
use of unit testing to ensure the boundaries and
expected behaviours of individual sub-systems
are respected even after heavy modification or
refactoring, which is covered in more detail in
section 3.2.

The implementation of the software in Rust also
again aids in this process. The Rust toolchain is
available on almost every platform, and building
the program is done with a single command- no
complex setup necessary.

The author of this work strongly believes that in
the scientific spirit of collaborative advancement,
open-sourcing software is of the utmost
importance. Any party interested in aiding the
further development of GOOSE is strongly
encouraged to reach out and join in the
continued development process.

2.13.2. Integration
Interoperability and integration into existing
pipelines is very important for research and
engineering software to ensure that it can be
used efficiently and easily in a broad context[81],
[82]. Although Rust is arguably a fantastic
language for implementing simulation software
in, many analyses and existing pipelines are
centred around other tools and programming
languages such as Python or MATLAB. To enable
the software to be used with these tools, the
program is implemented with an Application
Programming Interface (API), which allows users
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to access its functionality without having to
understand how the program is implemented.
The main functionalities of the API can be split
up in the following categories:

• Defining operating conditions, solver
settings, and other static parameters to be
used to run a simulation case

• Parametrically constructing a mesh to be
simulated, using the mesher detailed in
section A.2.

• Expose functionality for returning
simulation data, be it by saving it to disk or
returning it directly for further analysis
integrated into the host pipeline process.

The simulation software is then packaged and
distributed with several different bindings:

1. A Rust library, for integration with other Rust
programs

2. A Python library, accessible through pip and
PyPI.

3. A C Foreign Function Interface (FFI)
interface, which can also be used in
MATLAB or Simulink

4. An executable, allowing the program to be
run on any computer directly. Instead of
using an API, the executable is interacted
with using text files, similar to other legacy
tooling. It must be stressed that this exists
as a fallback, and if possible, any of the
other bindings should be preferred for
streamlining interoperability and ease of
use.

2.13.3. Compile-time Dimensional Analy-
sis

Common mishaps in programming scientific
software lie not in the misunderstanding of the
fundamental physical phenomena that are being
modelled (fortunately), but rather in small
uncaught implementation errors that manage to
slip through. The trivial- the obvious- forgetting
a minus, making a mistake in unit conversion,
and improperly balancing brackets. Some of
these problems can only be caught by
meticulous testing and review, which is why
GOOSE uses extensive unit testing. Others can

be brought to light with a more elegant, modern
solution. Rust, being a statically typed language
(all values have a ’type’ which is known at
compile time, akin to C, unlike Python), lends
itself very well to compile-time dimensional
analysis. Instead of representing a length, a
speed, and time simply as a number (e.g. f64),
they are assigned a unique type representing
their dimensionality. Length and speed are
treated inherently different at compile time. This
ensures that operations like subtracting a length
from time are caught by the compiler, instead of
deferring this responsibility to the programmer.
These types can be inferential: an operation like
division can represent the division of length by
time, yielding a value of type speed. Under the
hood, all the values are stored in their SI base
units. The notion of units only comes up when
transforming the values out of their typed
domain back into generic floating point
containers by explicitly requiring a unit to be
used. This is especially helpful as material
parameters and electrochemical eqations rarely
use base SI units. This also helps the user avoid
such mistakes when inputting new material data.

The implementation of such a system in GOOSE
ensures that a whole class of implementation
errors could be avoided. This incurs a bit of cost
in development time, but this greatly pays off at
the time of testing, verifying, and even
documenting the code.

2.13.4. Root-finding
As many of the equations this simulation
paradigm are balance equations that need to be
solved implicitly, the amount of function
evaluations required to find the solution where a
variable is zero can be reduced tremendously by
using good general-use root-finding algorithms.
Simple root-finding implementations exist in the
Rust ecosystem, but there were technical
challenges in returning additional state (other
than the solution of the value itself, such as for
the electrochemical system the build-up of all
overpotentials). Additionally, error information is
also typically not conserved, which is important
in this simulation package to be able to find the
root cause of problems faster. A root-finding
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procedure based on Brent’s method [40] was
developed and implemented, which did meet
the above criteria. In the spirit of modularisation,
this functionality has been released separately
from the GOOSE package to be used in other
applications as well.

2.13.5. Referencing Other Elements
Many operations inside the models rely on
referencing other entities in the mesh. One
example is the referencing of neighbours, solid
elements that are adjacent to some solid
element as described in section 2.2, to create
gradients.

In most programming languages, this would
most likely best be tackled by using pointers.
Rust however, does not have the concept of
pointers. Instead, it uses references, which are
not nullable. An object can have any large
amount of non-mutable references. Reading
from memory is always safe if the address is not
being written to. As soon as one wants to edit
the value at that location in memory, this can not
be guaranteed. In Rust, this concept is referred
to asmutability. You can only write to a part of
memory from one place at a time, which results
in only a single mutable reference being
allowed. As such, a mutable call also voids any
non-mutable reference. Creating a reference to
an object is called ’borrowing’. Rust’s borrowing
system is very powerful, as it removes an entire
family of memory management related bugs.
However, for data structures where many
instances keep interdependent relations, this
becomes much trickier to handle:

Firstly, you need to be able to prove to the
compiler that any references are valid for as long
as an object can be interacted with. This is done
by marking object and functions using lifetimes,
which is widely considered as a notoriously hard
and laborious process [83].

A second issue arises in writing to an object:
Doing so mutably would void all the references,
which is not allowed. The solution to this is
wrapping these references in some sort of object
that allows for temporary mutability. In threaded
programming, this is usually done withmutexes.

However, using mutexes introduces additional
complexity, as well as significant overhead in
locking and unlocking access to a shared object
It would also not solve the first problem.

Given the amount of calls that reference other
elements, a different, simpler alternative was
used: Other elements and materials are stored
with an identifier, which are resolved using the
mesh and a centralised material database once
at the start of every iteration as a non-mutable
reference.

A MaterialDatabase is established which stores
all the materials indexable with a material name.
The Mesh struct contains all the elements and
fluids already, so it gains the responsibility for
the functionality to resolve elements and fluids.

The elements store constant identifiers that are
used to resolve to the references at runtime. To
retain the spirit of designing the program in the
Rust way, it is best to try to catch errors at
compile-time. Mixing up identifiers is avoided
by ensuring that identifiers to the fluids, PENs
and CCs should not be interchangeable. As a
result, one cannot accidentally index a fluid with
a PEN identifier and receive an unexpected fluid,
which would be very hard to debug. Solid
elements still have some shared functionality,
such as in the thermal model. Therefore, the
following two representations are defined for
storing identifiers to other elements:

A FluidId is used uniquely only for fluids. A
SolidElementId is used for both the current
collector and PEN elements. It contains an extra
field which defines the type of element it
indexes: it can be either Pen or CC.

2.13.6. Material System
A similar problem in referencing other data at
runtime as it does between elements exists for
the material system. GOOSE allows for
assigning materials to solid elements. All
instances could have exactly the same material,
or you could have multiple materials for more
advanced (or experimental) fuel cell set-ups.
However, in practice the amount of materials
one will work with will most likely be relatively
small. For this reason, as well as cache
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optimality, it makes more sense to store only
one copy of the material data, and reference this
when evaluating material properties. In the
software implementation this is handled by a
MaterialDatabase, of which only one can exist.
It holds data separated by material type,
separated for electrodes, electrolytes, and
current collectors. Materials are registered
against this database, and resolved by a string
identifier from the mesh as described in
subsection 2.13.5. For a list of material
parameters to be input, see subsection A.3.5
and the sections following it.

There are various ways of actually encoding
material parameters. Using a
EmpiricalFunction object, the value can be
given in several formats, with the software
automatically resolving the type used in runtime.
The following input formats are available:

• Constant value

• A linearly interpolated series of values for
given temperatures

• A linear function of temperature in the form
of q = a+ bT

• An Arrhenius type function
f(T ) = A exp(−B

T )

• An Arrhenius-like function that is extra
divided by the temperature
f(T ) = A

T exp(−B
T )

• An Arrhenius-like function with dependence
on the partial pressures of oxygen, which is
chiefly used in cathode to parametrise
exchange current density, as given in
Equation 2.56 [32], [33], [54], [76], [84]

• An Arrhenius-like function with dependence
on the partial pressures of hydrogen and
water, which is chiefly used in anode to
parametrise exchange current density, as
given in Equation 2.55 [32], [33], [54], [76],
[84].

• An arbitrary function of temperature,
implemented using a closure (anonymous
function, or lambda)

j0an = jan0ref

(
pTBP
H2

prefH2

)A(
pTBP
H2 O

prefH2O

)B

· exp
(
−Eactan

R

(
1

T
− 1

Tref

))
(2.55)

j0cat = jcat0ref

(
pTBP
O2

prefO2

)C

· exp
(
−Eactan

R

(
1

T
− 1

Tref

))
(2.56)

Charge transfer coefficients used in electrodes
always come in pairs, with a forward and a
backward term. Simplified forms are also often
used, and in the case of symmetry some
calculations can be simplified. Such variations
are made explicit by making a charge transfer
coefficient its own data type, with convenience
functions for symmetrical- and standard 0.5/0.5
pairs.



3
Verification and Validation

To prove that the model actually gives realistic
results, a validation must be carried out. This
chapter covers the validation of the model
presented in this work. First, there is a foreword
on the process of validating a holistic model,
and the difficulties encountered, and why the
verification and validation strategy that has been
used is chosen. This is followed by several
sub-sections detailing sub-system-level
verification and validation. Closing this chapter,
a larger full validation case is covered in
section 3.11.

As a reminder– The entirety of GOOSE is written
in such a way that compile-time dimensional
analysis is performed, details of which can be
found in subsection 2.13.3. While not
verification in the traditional sense of the word,
such a procedure also functions to reduce the
amount of implementation errors, for which it is
also briefly mentioned here.

3.1. On the Process of Finding Vali-

dation Data
To understand the choices taken in the process
of validation and verification, some context must
be provided. Validating a holistic model like the
one presented in this work however is a tough
endeavour.

Experimental data that can be used for this
purpose is scarce. The majority of literature
seems to focus on performance evaluation of
button cells, with mostly uniform, controlled
operating conditions [48], [85]. Unfortunately
the results of these analyses do not always
transfer over to performance in an actual stack,

where variations in operational conditions along
the geometry and depth play a large role. The
reason for this bias in research is likely due to
resource- and technological limitations. Full
stack testing is much more expensive to carry
out, and non-intrusive measurement in fuel cells
stacks is much more complicated than on button
cells [85].

Additionally, most papers reporting on
experiments results only provide a very limited
set of performance characteristics . The one
thing that consistently is provided is a plot
showing the current density over operating
voltage: a so-called J-V curve (also called I-V in
other literature). However, no information is
given generally for the outflow: Resulting
composition, temperature [19], [30], [86]. An
operating temperature is frequently given, but
only as a single value at the inflow condition.
Rarer are the cases where an actual value
measured in the stack is given. This means what
it is measured is still only representative of one
point in the stack (often the measuring point is
also not given), making comparisons of
gradients inside the stack impossible, nor is it
impossible to quantify if the rest of the stack
operates in the same ballpark.

Experimental data –albeit rare– does exist.
However, another reason why validating based
on said data proved to be very difficult is
because of reproducibility of the data given in
existing literature. This does not just pertain to
the seemingly contradicting results, but is also a
remark on the general incompleteness of
parameters provided to set up a repetition in the
first place. Almost every paper considered for

39
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validation leaves out crucial information on
geometry, materials properties (or material
names entirely), inflow composition, and even
operating temperatures [19], [22], [30], [33], [58],
[66], [76], [87], [88], [89], [90]. For every missing
bit of information, the uncertainty of the
validation grows, as these values now have to be
assumed. Special attention must be given to the
most commonly missing information: material
data. This is especially unfortunate, as the
majority of input data for GOOSE relates to
material information. In the best case, actual
values are provided, but in practice this is hardly
ever the case. Sometimes material names are
provided, but sometimes the names themselves
are too non-specific. Simply stating the material
is Ni-YSZ does not tell you anything about its
percolation, doping or porosity- all of which
strongly affect its material properties [91]. With
the wide variety in SOFC materials used and
their often times minor variations, it becomes a
near-Sisyphean task to close the input
parameters, as it now requires
reverse-engineering the material based on very
few known data points.

Many research endeavours sidestep the
problem of having to represent material
properties or complicated processes by instead
simplifying many processes to a single
emperical relationship, such as modelling the
combined ohmic- activation- and concentration
overpotentials using an equivalent electrical
resistance, or fitting behaviour to a fuel
utilisation factor [19], [21], [22], [23], [24], [25],
[26], [27], [28], [92]. While such an approach
allows for matching experimentally observed
behaviour well, the insights from such a
simulation are limited, as it cannot be used for
inference in novel situations (different
geometries, operating points, scales): it
inherently has the same assumptions, limitations
and processes directly embedded, allow only for
analysis and comparison with other models and
experiments of the exact same stack.

All this is to say that, out of many possible
validation cases considered, only a single one
provided sufficient information to adequately
reproduce its results. Ideally, the validation of

such a complex model is performed against
multiple cases that test the model holistically. It
must be emphasised: After immense effort has
been put into finding suitable validation cases,
validation could be performed against one
complete model. Even this validation case
properly covers the full extent of the model, so a
more thorough procedure had to be devised. To
compensate for this, the validation strategy was
adapted: In addition to a fully wholistic
validation, several smaller validation and
verification procedures were carried out for the
individual sub-models and modules.

There is always the possibility that more data
might exist (e.g. in not openly accessible
databases), but after the large volume of
sources evaluated, emphasis here should be put
on this being a hypothetical.

3.2. Validation in Parts
A grand total of 89 papers were considered for
use as validation case for the model.
Unfortunately not a single experimental source
gives sufficient data to fully validate the model
while also containing enough information on the
experimental setup to be able to reproduce it.
En lieu of alternatives, the search was expanded
to also include other simulation-based works of
literature. Mainly CFD papers were considered
to this end, as they were the most likely to
provide more detailed outputs and inputs.
Unfortunately here too, reproducibility proved
to be a large problem.

For this reason, it was decided to validate the
model as best as possible, and to perform
extensive verification in addition. Albeit not
holistic, it can be shown that at least the
subsystems of the model behave realistically. At
time of writing total of 112 unit tests are
implemented. As some are nested, the actual
amount of cases tested is closer to 300, with
actual validity checks (assertions) going over
1000+. This means the code base is
approximately 90% test-covered. The remaining
portion is mostly solver-specific code, and
would hence be covered by validation.

Finally, one validation case is set up for system



3.3. DIFFUSION MODEL 41

integration, based on the results found in Su
et al. [32]. This paper gave the largest amount of
output while still being mostly reproducible.

All of the tests mentioned in this section passed.
This indicates internal consistency in the model,
and shows that the results are as is physically
expected.

3.3. Diffusion Model
The diffusion model was validated using data
from Zhao et al. [59] and Poling et al. [61]. As
described in section 3.3, the most important
factor of the diffusion model is the
determination of a diffusion coefficient. Zhao
et al. [59] gives materials with different doping
fractions as well as their measured Knudsen
diffusion coefficients. The tortuosity given is
matched, with open porosity interpreted as a
percentage. A comparison of the resulting
values for the Knudsen diffusion coefficients can
be seen in Table 3.1 and Table 3.2.

Table 3.1: Knudsen diffusion coefficients for oxygen as
determined by this model compared to experimentally

obtained values from Zhao et al. [59].

Doping Model Reference Difference
(%) (cm2s−1) (cm2s−1) %

20 0.21986 0.22 -0.063
22.5 0.37497 0.375 -0.008
25 0.62507 0.624 +0.172
27.5 0.9593 0.959 +0.031

Table 3.2: Knudsen diffusion coefficients for nitrogen as
determined by this model compared to experimentally

obtained values from Zhao et al. [59].

Doping Model Reference Difference
(%) (cm2s−1) (cm2s−1) %

20 0.23498 0.235 +0.009
22.5 0.401 0.401 +0.007
25 0.6699 0.667 -0.015
27.5 1.0253 1.025 +0.029

The calculation of the binary diffusion coefficient
is verified for known literature values of
oxygen-nitrogen in [93]. These values are at
lower temperatures, as high-temperature data
could not be found. A comparison can be found

in in Table 3.3.

Table 3.3: Binary gas mixture diffusion coefficient for
nitrogen and oxygen, from this model compared to Astrath

et al. [93].

Doping Model Reference Difference
(%) (cm2s−1) (cm2s−1) %

30 0.210 0.21 +0.180
80 0.274 0.26 +5.385

The same procedure to verify the binary
diffusion coefficient was also performed for a
nitrogen- and carbon dioxide mixture,
presented in Table 3.4. Although not directly
representative as this gas mixture is not
commonly found in SOFCs, the high
temperature makes it worthwhile anyway-
high-temperature behaviour of the diffusion
model is very important to verify, and this is the
only compound where such high-temperature
data was found for. As such a verification case in
a representative temperature range was
prioritised.

Table 3.4: Binary gas mixture diffusion coefficient for
oxygen and carbon dioxide, from this model compared to

Poling et al. [61].

Doping Model Reference Difference
(%) (cm2s−1) (cm2s−1) %

590 0.5098 0.52 -1.96

3.4. Electrochemical Model
The electrochemical model is the beating heart
at the center of the entire model. It requires
several input parameters from several other
models, but it itself is not very complex. It needs
to determine the Nernst potential, which it then
combines with values from other models to get
a current density.

One part of the Nernst potential is the standard
potential, as given by Equation 2.4. This itself is
backed by the Gibbs enthalpy change, which is
also parametrised in the code.

To verify that this value is determined correctly, it
is evaluated for several well-known
temperatures and compared to known values in
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literature, as presented in Table 3.5. As can be
seen, there is very good agreement between the
implementation in this code and the reference
data, especially at higher temperatures, which is
the operating domain for SOFCs.

Table 3.5: Verification of the determined open standard
potential with data from Mulder [77].

Temp. Model Reference E0 Difference
(◦C) (V) (V) %

25 -1.184 -1.23 -3.740
100 -1.167 -1.16 +0.603
400 -1.089 -1.09 -0.092
600 -1.034 -1.04 -0.577
800 -0.977 -0.977 -0.041

3.5. Activation overpotential
In Chan et al. [56], the activation overpotential is
given separately and individually per electrode.
This allows for verification using this data. In
addition to the verification done with Chan et al.
[56], it is ensured that the switching to
approximative models instead of solving the full
Butler-Volmer equation produces acceptable
errors.

As the procedure is the same for both
electrodes, this procedure is only done once for
the cathode. Given is that the exchange current
density j0 = 2000Am−2. This model uses a
symmetrical exchange coefficient: both
forwards and backwards terms are α = 0.5, as
used in Equation 2.7.

As it can be seen, there is good agreement
between the values predicted by this model and
the values from the reference model. This covers
one specific case for the activation overpotential
of the electrode, but as a general tool it is
important that this part of the model holds for a
larger span of the design space as well.

This can be done by checking whether the
values calculated by this model are inherently
consistent with the values calculated by the
Butler-Volmer equation. Considering that all the
activation overpotential model aims to solve the
implicit Butler-Volmer equation j = f(η) by
using a surrogate function g(j) ≈ f−1(j), then it

Table 3.6: Activation overpotentials for the cathode for
given current densities in this model compared to the

values in Chan et al. [56].

Current
Density

This model Reference Difference

(Acm−2) (V) (V) %

1022 0.0467 0.0435 +7.356
1988 0.0885 0.0854 +3.618
2983 0.1276 0.1246 +2.327
4005 0.1632 0.1592 +2.513
5027 0.1944 0.1911 +1.727
6022 0.2215 0.2175 +1.839
7016 0.2455 0.2430 +1.029
7955 0.2660 0.2649 +0.415
9033 0.2873 0.2858 +0.525
10000 0.3046 0.3022 +0.794

must hold that j = f(g(j)). With the previous
verification on the data of Chan et al. [56], it is
proven that at least for some part of the domain
the output of the function aligns with the
expected data g(j) = h(j), so such a procedure
gives more confidence that g(j) is a good
function for the activation overpotential for the
larger part of the domain as well.

To cover the greater domain, the error between
the approximation used in this model versus the
full Butler-Volmer equation is quantified for the
following degrees of freedom:

1. Current density: samples are taken starting
at very low current density (j/j0 = 0.05) all
the way up to very high current density
(j/j0 = 20).

2. Bias in charge transfer coefficient forwards
(i.e. αf > αb or the inverse).

3. imbalance in the charge transfer coefficient
(i.e. αf + αb).

The entire span of these three variables was
covered by considering all of their
combinations: Symmetrical charge transfer
coefficient (α = (0.5, 0.5)), α = (0.2, 0.8),
α = (0.7, 0.3), α = (0.5, 1.2), and α = (0.9, 0.5),
for 20 current densities: j/j0 = 0.005, 0.08, 0.15,
0.2, 0.3, 0.5, 0.8, 1, 2, 3, 4, 5 6, 8, 10, 15, and 20.
These cases were implemented as unit test in
the codebase, and as such it was found that all
of these cases are within an error margin of 1%.
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3.6. Ohmic model
The part of the ohmic model responsible for
calculating electric paths was verified by
constructing several meshes where the shortest
path could easily be determined analytically,
and comparing the outcomes of this calculation
with the results of the model.

1. If the entire mesh is only a straight line, the
path to the closest current collector must
simply follow said line.

2. When given two connections, which share
the same path up to a vertex and then fork,
it should correctly take the path to the
closest one.

3. Over a cyclic boundary condition, it should
still resolve to the closest one.

4. The resistance of the entire path should be
equal to sum of all electrode parts in this
path.

5. The inverted path (all the electrodes that
need to have their electron path pass
through this element) should be consistent
for all nodes: If the path of A to the current
collector passes through B, then the
inverted path for B should contain all
elements like A.

3.7. Electrical Conductivity
Geisler [94] presents an Arrhenius fit correlation
for the experimentally determined electrical
conductivity of Ni-8YSZ in Kornely [95]. This is
given in Equation 3.1.

σeff
Ni-8YSZ = 82643 exp

(
5.349× 103

RT

)
(3.1)

This data can be used to compare the method
used to estimate the electrical conductivity from
purely the metallic phase to an effective
electrical conductivity as experimentally
determined. The electrical conductivity of pure
nickel to be as given in Table 3.8. The porosity of
the material is estimated based on the
manufacturing process described in Kornely
[95], and cross-referenced with literature for
typical porosities being 0.1 < ε < 0.18 [9], [47].
Evaluations between 800K to 1200K agreed

within 15%, as shown in Table 3.7 for a porosity
of 0.12.

Table 3.7: Electrical conductivity of Ni-8YSZ as a function
of temperature as expected from the Arrhenius fit by

Geisler [94] of experimental data of Kornely [95] versus the
values reported by this model

Temp. This model Reference Difference
(K) (S cm−1) (S cm−1) %

800 1610 1847 -12.83
1000 1468 1573 -6.675
1200 1326 1413 -6.157

3.8. Fluid properties
For each individual mixture species, it is ensured
that the conversion of moles to kilogram and
vice versa is done correctly. Then, for the fluid
mixtures consisting of multiple species, it is
ensured that:

1. Setting the mass flow rate or mole rate for
the combined fluid must also correctly
balance out the mole rates, keeping the
mole fractions consistent.

2. Several properties must be the mass-rate
averaged enthalpy of its constituents:
enthalpy, average molar mass, and thermal
conductivity.

3. Partial quantities: partial pressure, activity,
mole fraction, properly represent their
individual states. This is done by creating
unary- and binary fluids for which these
states are known, and comparing the
resulting resulting states.

4. Summed quantities (mass rate, mole rate)
are actually summed properly. This is done
by comparing the values to those for air as
given in [96].

5. The fluid mixtures for pure hydrogen, pure
water, a 10% hydrogen and water mixture,
and air (21% oxygen, 79% nitrogen) are
compared to the values calculated by
Coolprop for temperatures of 800 ◦C

The fluid solver itself is also verified in detail. To
ensure it works as intended, it is tested for the
following:
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1. If there is zero production of mass, the
incoming fluid should be exactly equal to
the leaving fluid.

2. If an additional flow of water at a higher
temperature than the main flow enters, the
temperature of the resulting fluid must be
higher, and the mass should be equal to the
sum of the two inflows.

3. If an additional flow of water at a higher
temperature than the main flow enters, the,
and there is a secondary outflow, the
temperature must still increase to the same
value as in the previous case, but the
resulting mass flow for the primary outflow
should be reduced.

A case representative for the air channel at inlet
conditions is considered as well: One upstream
air flow, with many oxygen secondary flows
leaving. The outgoing flow does not heat up if
the temperature of the incoming flow is the
same as that of the PENs. It does heat up if the
PENs are higher in temperature. If there is a
reaction, the mass should have decreased, as
oxygen is extracted from the flow.

The same is done, but now for a case
representative of fuel at the inlet condition, but
with one difference: Hydrogen leaves, but water
enters. Since water is heaver, the mass flow
should increase. In addition, this means that
there is a second flux term that affects the
temperature.

3.9. Thermal
For the convection at the wall of the PEN, it is
validated that the model correctly switches
between equations based on the Reynolds
number of the flow. First is the heat transfer for a
flow of air, hydrogen and water in at 20m s−1.
The values obtained from the model are
compared to the values obtained to those in
Greitzer [96], Reynolds and Colonna [78] and
Poling et al. [61].

Then it is also tested that the sign of the heat
transfer is in the right direction for a PEN
element in a colder flow (towards the fluid).

The interaction between PEN and CC elements

themselves is also verified. Since they share the
same fundamental code, this is only tested once,
but holds for both the element types.

1. An isolated element should solve to exactly
the same temperature that it was at first, and
there should be no heat flows going out.

2. If the fluids on both sides are colder and
there is no source term, then the element
should cool down. Conversely, if they are
hotter, then the element should heat up.

3. If there is no source term and the
neighbours are warmer, then the resulting
temperature should be somewhere
between its starting temperature and the
neighbouring elements’ temperatures.

For a PEN, there is additional functionality that
must be ensured works as expected:

1. The thermal conductivity must be a
weighted average of its components. It
cannot be higher or lower.

2. The heating terms due to oxygen and
hydrogen entering into the PEN from the
bulk fluid should be positive.

3. The heating term due to water leaving the
PEN back int the bulk fluid should be
negative.

4. If a reaction takes place, the extra heating
source term must be proportional to the
current density.

3.10. Convection
The convection implementation was verified
with known cases for air with channel flows of
10mm for speeds of 0.1, 2, 20, 60, and 40 ms−1

at a pressure of 5 bar 40m s−1 at 1 bar based on
Greitzer [96] and Mills and Coimbra [79]. The
same was done for hydrogen. It was also
verified that the sign was as expected.

3.11. System-level Validation
The validation for the system level, including
thermal and fluid model is based on the results
reported in Su et al. [32].

This paper compares the performance of an
anode-supported structure to that of a
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cathode-supported counterpart of otherwise
identical geometry. The fuel cell considered has
a rib-supported corrugated geometry. This
analysis is carried out by performing a
multiphysics CFD-like simulation implemented
in COMSOL.

Figure 3.1: The mesh used in Su et al. [32].

3.11.1. Material and Operation Point Match-
ing

To be able to compare the results of the model
to the validation case, the configuration of the
two cases must be matched as closely as
possible.

The following properties are given for the anode
material (Ni-YSZ):

As becomes apparent, the provided data is not
directly enough to perfectly reproduce the case.
For one, the paper does not explicitly state the
name of the material of the anode and cathode.
Based on the thermal conductivities, and the
paper that is sourced for this value, the rough
denominations of the materials could be
determined as Ni-YSZ for the anode, LSM for the
cathode, and YSZ for the electrolyte. This was
considered acceptable identification, as with the
provided data, exact doping degrees are hard
to determine with this method.

The exchange current density is given as an
equation in the form of 2.55. Here the activation
energy is 120× 103 Jmol−1, and the exponents
for water and hydrogen is 1. The reference

condition for the hydrogen partial pressure /
activity is that of the bulk inflow. The equation
also features a reference temperature, but this
value is never elaborated upon. Considering
that the reference condition for the other terms
is that of the bulk inflow, it was originally
assumed that this is the value intended to be
referenced. In taking this value however, the
exchange current densities generated at design
conditions were very far off from what is to be
expected from this kind of material [97], [98]. As
a solution, this reference temperature was tuned
to match the current densities found in Ueguchi
et al. [98] and Fukumoto et al. [97] more closely.
A value of 1280K was set.

The electrical conductivity for the electrode is
modeled in the form of 2.33, which relies on the
probability of the particle to belong to a
percolated cluster of current-carrying particles
(pel). This value is not provided in Su et al. [32].
This number varies significantly based on the
material used. Based on the material being
Ni-YSZ, a value of 0.52 was used [74].

The properties for the cathode material (LSM)
are summarised in Table 3.9.

The cathode suffers from the same issues
described above as the anode. The exchange
current density is now in the form of 2.56 with an
activation energy of 130× 103 Jmol−1, and an
exponent of 0.25. The same reference
temperature is assumed as for the anode. A pel
of 0.48 is assumed [74]

Almost no information is given on the current
collector/interconnect: The only value given is
the thermal conductivity of 2Wm−1K−1.
Cross-referencing this value with Ong et al. [99],
this is assumed to be a LaCrO3-like material. For
such a material, an electric conductivity of
26 S cm−1 can be expected [99].

The dimensions of the individual volumes of
components used in Su et al. [32] are given in
Table 3.11. GOOSE works on a basis of lines
however, so these volumes had to be
represented as lines. The lines were instantiated
in such a way that they would coincide with the
centre lines of the volumes in the same way as
done in Figure 4.2.
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Table 3.8: The material parameters used in Su et al. [32] for the anode.

Variable Symbol Value

Pore diameter 1 dp 1× 10−6m

Tortuosity 1 τp 3.5
porosity 1 εp 0.3
Anodic charge transfer coefficient αa 1
Cathodic charge transfer coefficient αc 0.5
Electrical conductivity 2 σe 3.27× 106 − 1065.3T

Thermal conductivity 3 κ 2Wm−1K−1

Contact resistivity with current collector 4 5 rASR 0.03Ω cm2

1 A single value is given, and hence assumed to hold for both anode and
cathode.

2 The electrical conductivity given is for Nickel, implying that they assume all
current is carried exclusively by the metallic phase.

3 The dimension given in the source is incorrect, but verifying with the source
Petruzzi et al. [89] shows that the value is correct.

4 This is erroneously referred to as the Area specific contact resistance, but
from their use in equation 23 it becomes clear they do in fact use it as a
contact resistivity. To add to the confusion, at some points in the text the
unit is mistyped as Ωcm−2.

5 It is not clear from their methodology and documentation whether this
value is only taken once, accounting for both electrodes, or if this works
per electrode. Here it is assumed this amount is per electrode.

The fuel inflow is given with an inflow speed of
0.3m s−1 at 1 bar and 973.14K. The composition
is given in terms of molar volume fractions
(molality): Water with 0.375molm−3 and
hydrogen with 12.147molm−3. This is converted
to mole fractions by taking ratios, as done in
Equation 3.2. The total mole rate is determined
from the total molar density as given in
Equation 3.3 where C is the molar volume
fraction. The cross sectional area of the fluid
channel Achannel is constrained by the PEN and
rib, amounts to 1.5mm2.

Y =
C∑
Ci

(3.2)

Ṅ = uinAchannel

∑
Ci (3.3)

Ci Molar volume fraction of species i in a mix-
ture

uin Inflow speed of a fluid
Achannel Cross-sectional area of a fluid channel

The air is treated the same way, but now with a
composition of 9.893molm−3 nitrogen and
2.63molm−3 oxygen.

The last value that must be known is the
operating voltage of 0.7V.

For the diffusion coefficient model, the
Chapman-Enskogmodel was used. For the
Knudsen model, the Asaedamodel was used.
The convergence criteria of all sub-solvers
(electrochemical, thermal, fluid- and activation
overpotential distribution, and the slice-level
solver) were set to relative error of 10−7.

3.11.2. Results
Su et al. [32] gives most of their data as
three-dimensional colour plots, which
introduces an error in interpretation. They have
been digitised to the author’s best ability. The
uncertainty of the external data presented in
Figure 3.2, and Figure 3.3 is added using error
bars to indicate uncertainty in reading them off.



3.11. SYSTEM-LEVEL VALIDATION 47

Table 3.9: The material parameters used in Su et al. [32] for the cathode.

Variable Symbol Value

Avg. pore diameter 1 dpore 1× 10−6m

Tortuosity 1 τp 3.5
porosity 1 εp 0.3
Anodic charge transfer coefficient αa 0.75
Cathodic charge transfer coefficient αc 0.5
Electrical conductivity σe

4.2×107

T exp
(−1150

T

)
Thermal conductivity 3 κ 4Wm−1K−1

Contact resistivity with current collector 4 5 rASR 0.03Ω cm2

1 A single value is given, and hence assumed to hold for both anode and
cathode.

3 The dimension given in the source is incorrect, but verifying with the
source Petruzzi et al. [89] shows that the value is correct.

4 This is erroneously referred to as the Area specific contact resistance, but
from their use in equation 23 it becomes clear they do in fact use it as a
contact resistivity. To add to the confusion, at some points in the text the
unit is mistyped as Ωcm−2.

5 It is not clear from their methodology and documentation whether this
value is only taken once, accounting for both electrodes, or if this works
per electrode. Here it is assumed this amount is per electrode.

Table 3.10: Electrolyte material properties used in the validation case against Su et al. [32]

Variable Symbol Value

Ionic conductivity σi 6.25× 104 exp
(
−10300

T

)
Thermal conductivity 3 κ 6Wm−1K−1

3 The dimension given in the source is incorrect, but ver-
ifying with the source Petruzzi et al. [89] shows that the
value is correct.

Table 3.11: Repeating stack dimensions in Su et al. [32]

Dimension Size

Channel length 20mm
Channel width 1.5mm
Interconnect height 2mm
Rib width 1.5mm
Rib height 1mm

Figure 3.2 shows a comparison of the
temperature trend along the flow path. It is split
up into two graphs for legibility. Figure 3.2a
focuses on the temperatures of the air and fuel,
and Figure 3.2b focuses on the solid elements

(the PEN and current collectors).

Figure 3.3 shows the hydrogen fraction of the
bulk flow along the flow path.

The main point of research in Su et al. [32] is a
comparison of anode-supported cells and
cathode-supported cells, as well as the effect of
rib spacing. This can be replicated using this
model as well.

Figure 3.4 shows that there is clear agreement
between both models. There is a roughly
constant offset, but the slopes of both curves is
similar, indicating that the effect of the change in
rib spacing is accurately represented in the
model.



3.11. SYSTEM-LEVEL VALIDATION 48

0 5 10 15 20
Depth coordinate in flow direction (mm)

980

990

1000

1010

1020

T
em

p
er

a
tu

re
 (

K
)

air

fuel

air (Su2015)

fuel (Su2015)

(a) Fluid temperatures (air and fuel) as determined by this model,
compared to those obtained from Su et al. [32]. Displayed error

bars are standard deviation in reading off colour plots.

0 5 10 15 20
Depth coordinate in flow direction (mm)

985

990

995

1000

1005

1010

1015

1020

T
em

p
er

at
u
re

 (
K

)

PEN

CC

PEN (Su2015)

CC (Su2015)

(b) Temperatures of solids (PEN and CC)

Figure 3.2: Comparison of the temperature trend along
the flow path calculated by the model in this work as

compared to that in Su et al. [32]. Displayed error bars are
standard deviation in reading off colour plots.

Because all the physical phenomena modeled
are very strongly coupled, any difference in
result compounds quickly. A small difference in
result in one domain directly affects the result in
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Figure 3.3: Comparison of the hydrogen fraction of the
bulk flow along the flow path as calculated by this model,
and as reported in Su et al. [32]. Displayed error bars are

standard deviation in reading off colour plots.
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Figure 3.4: Comparison of the average current density as
a function of changing rib spacing, as determined by this
model and as reported in Su et al. [32]. Displayed error
bars are standard deviation in reading off colour plots.

another, which then again affects the first. With
this in mind, overall agreement with the
validation data is good, with overall relative
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errors being within 6%. With this, it is safe to
conclude that the model is validated.

Looking into the origins of the difference in the
results can still lead to insight however- Overall,
the cause for difference in the obtained results
can most likely be attributed to a difference in
modelling strategy.

The energy balance solved in Su et al. [32] does
not consider the extra mass flow leaving- and
entering the anode and cathode. As such, it
misses an enthalpy flux. The temperature of
these flows are that of the bulk flows and closer
to the PEN respectively, causing a net enthalpy
flux. The net effect of this flow is cooling in the
simulated case. As a result, GOOSE considers
one extra method of dissipating heat into the
bulk flow, which will cause the bulk fluids to heat
up faster, and PENs to have a more flat
temperature profile.

Another difference in how heat transfer between
the solid elements and the bulk flow exists in the
convection. The method described in Su et al.
[32] uses Newton’s law of cooling, but does not
state any relations for the heat transfer
coefficient h. Reverse-engineering the approach
taken in this paper in the software suite that was
used, Comsol [100], it was found that a relatively
general method for determination of the heat
transfer coefficient was used. This model is
intended for use in relatively high Reynolds
numbers, and might not be valid in the flow
regime considered 1.

The yielded values are in the range of h = 10,
which is very different from the values obtained
with the dynamic approach taken in this model.

The difference in modelling methodology can
be another cause for the difference in outcomes.
The model presented in this work operates in a
fundamentally different way, taking a hybrid
approach somewhere between what a CFD
model would, and a reduced order model. The
reference paper is however fully a CFD
multiphysics model, where all processes are
resolved on a per-volume basis. If the mesh is

1More details can be found in the COMSOL documenta-
tion at https://doc.comsol.com/5.5/doc/com.comsol.he
lp.heat/heat_ug_theory.07.76.html

fine enough, this means that some processes
that are simplified in this model, such as
diffusion, should be better resolved than they
are in the validation CFD case. Conversely, if the
mesh is not fine enough, this could also mean
that some processes are not resolved with the
same accuracy in the validation case, as
gradients and profiles can only be represented
to a scale as small as the element size (and no
sub-grid scale modelling is done).

The mesh used in Su et al. [32] is comprised of
only 6540 elements. With how their simulation is
set-up, these cells are shared between fluids,
anode, cathode, electrolyte, and current
collector. Unlike in this model, where the entire
PEN can be accounted for with a single element,
in a CFD-based approach many elements are
needed orthogonal to the flow path to
accurately resolve species diffusion into the
porous media. The only way this can be done is
by severely limiting the resolution in the flow
wise direction.

In setting up this validation case, the meshing
was set up in such a way that it would resemble
the mesh used in the validation case, to
eliminate one set of variables. However, at
meshes as coarse as the one proposed in Su
et al. [32], the total amount of iterations needed
to reach convergence were much higher
(≈12000) compared to those with a higher
resolution (≈6000). For this reason, the
validation was done on a mesh that was already
a much higher resolution than the one used in
this paper.

To quantify this error, a mesh convergence study
was carried out. Following the results of
subsection 3.11.3, the mesh could have beer
made even finer to get more accurate results.

This analysis is carried out and can be found in
in the appendix. The comparison at a mesh with
N times more elements is shown in Appendix C.
The results of this study show that on an even
finer mesh the gradients in temperature become
even less pronounced than in Figure 3.2. This
implies that the mesh used in Su et al. [32] was
most likely not fully resolved, and the more
pronounced temperature gradients can be a

https://doc.comsol.com/5.5/doc/com.comsol.help.heat/heat_ug_theory.07.76.html
https://doc.comsol.com/5.5/doc/com.comsol.help.heat/heat_ug_theory.07.76.html
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direct result of this.

3.11.3. Mesh Convergence Study
To demonstrate the internal consistency of the
model, as well as its convergence behaviour, a
mesh convergence study was performed. The
method used is based on Slater [101]. The
model is first run at a high resolution with a grid
spacing href , as a reference case. href was set so
that the resolution in the depth axis of the flow
direction (z) was 600, the PEN resolution was
300, and CC resolution as 40. The model is then
run at increasingly lower resolutions, with a new
normalised grid spacing N ,as given by
Equation 3.4. This was done for
N = 2, N = 4, N = 8. The relative error is then
determined using Equation 3.5. Since the model
aims to resolve multiple physical phenomena,
the relative error is determined for two separate
representative values: the average PEN
temperature, and the average generated current
density. The trend of these relative errors are
plotted against normalised grid spacing on a
log-log scale in Figure 3.5. This is done for both
the current density in Figure 3.5a and for
temperature in Figure 3.5b.

As it can be seen, the error decreases more than
linearly for an increase in resolution. This is
desirable for a solver, as it shows internal
consistency as well as telling something about
the expected computational time required for
higher resolution meshes. It also shows the
convergence of the discretisation error towards
0 on a hypothetical, infinitely fine, mesh.

N =
h

href
(3.4)

ε =
f − fref
fref

(3.5)

(a) Current density

(b) Temperature

Figure 3.5: Mesh convergence for normalised grip
spacing N. The relative errors to a very high-resolution

mesh are given for two characteristic variables:
temperature and current density.



4
Parametric Study

Research into optimisation of fuel cell stacks as a
whole is scarce, and the body of literature
focusing on geometrical studies is even smaller
[102]. The model described in this work was
built to focus on this gap, with exploration of the
greater design space in mind. A parameter
study is carried out for several geometries,
comparing objective values for key performance
characteristics. For application in aviation, there
are three such performance criteria that are of
special interest:

1. Volumetric power density, as engines are
very constrained in size.

2. Stack temperature and its gradients, as this
is an indicator for life expectancy and
degradation.

3. Fuel utilisation, as it gives an indication of
how efficiently the fuel cell operates in
extracting energy out of the fuel.

SOFCs come in many shapes and sizes. In
finding what is the ’optimal’ design for this
application, the depth one can go into is
enormous. However, the focus of this parameter
study is not to give full coverage, but mainly to
give a first taste, and show what is possible with
modelling using this framework. Thusly, three
archetypical geometries are chosen
representative of their entire family of
geometries to be compared:

A baseline will be set with a ribbed planar
geometry. This is very similar to the case
described in section 3.11. Representative for a
monolithic geometry, a corrugated design is
chosen. Finally, a tubular geometry will be
considered. A variation on the tubular geometry

with non-standard stacking will also be
considered.

In these geometries, defining dimensions are
parametrised. All cases will be simulated for a
reference geometry, and then altered to identify
the effect of change in cross-section geometry.
This is done at points of 80%, 90%, 110% and
120% of their reference condition (e.g. if the
reference length of a parameter a is 1mm, then
it will be evaluated at 0.8mm, 0.9mm, 1.1mm,
and 1.2mm respectively). To isolate the effects of
geometry alone, the materials will be shared
among all three and not varied.

The depth of all meshes is the same at 2 cm,
comprising the area of the fuel cell stack where
performance varies the most. All meshes are
simulated at a similar resolution. A contact
resistance between electrodes and current
collector of 0.01Ω cm2 is assumed.

4.0.1. Humidity of Fuel
In addition to the geometries, one operating
condition will be altered as well: the humidity of
the fuel mixture. As the operating temperature
of a fuel cell is very high, the hydrogen fuel
needs to be pre-heated before entering the fuel
cell to avoid thermal shock [103]. To be able to
heat up the hydrogen in-situ in application of an
aero-engine, the fuel is often mixed with hot
water as this allows it to take up more heat in a
heat exchanger, or alternatively the hydrogen
itself is mixed in with partially combusted
hydrogen with a much higher temperature. The
presence of water in the fuel mixture is one that
is not yet widely studied, but might have a great
impact on local and overall performance of the
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fuel cell stack.

4.0.2. Ribbed Planar
The ribbed planar geometry is a de-facto
standard in SOFC stack geometries, as it is easy
to manufacture and easy to modularise [104]. A
schematic overview of its geometry is depicted
in Figure 4.1, with the parametrisation as given
in Table 4.1.

ha

current collector electrolyte cathode anode

Figure 4.1: A schematic diagram of a planar
cross-sectional geometry outfitted with ribs to connect to
the current collectors. Also Indicated are the characteristic

lengths used in its parametrisation.

Table 4.1: Parametrisation of the ribbed planar geometry,
with reference values.

Parameter reference value

ha 1.5mm
hf 1.5mm
sr 2.5mm
τr 1.0mm
χ 0.9

ha Parametrised length of the air channel for a
ribbed planar geometry

hf Parametrised length of the fuel channel for
a ribbed planar geometry

sr Parametrised rib spacing for a ribbed planar
geometry

τx Thickness of the component x
χ Parametrised humidity (vapour fraction) of

fuel mixture. A value of 0.0 represents a fluid
consisting purely of water, whereas a value
of 1.0 represents a fluid consisting purely of
hydrogen

This geometry can be altered in several ways: as
air and fuel are not consumed one-to-one and
their fluid mixture properties differ, their
respective channel heights ha and hf can be
altered to influence fluid mixing, heat transfer,
and change overall size of the stack. The rib
spacing sr was already briefly touched upon in
section 3.11, but its effect on temperature as
well as its effect in overall power generation has
not yet been explored. Placing the ribs further
apart means that the dead PEN area is reduced,
but the electron path now spans both the
cathode and anode for longer.

It might be wise to use a different rib spacing on
both the anode and cathode side, as the lower
electrical conductivity of the cathode means that
the impact on ohmic losses will be higher on this
side. Staggering the ribs might also have an
effect on this behaviour. However, both of these
alterations would mean that the dead spots on
the cathode and anode side are in different
locations, meaning that the mesh would have to
be more complicated. For the sake of brevity,
this possible parametrisation is therefore not
considered in this study, and only a
non-staggered distribution is considered.

The mesh shown in Figure 4.1 is constructed in
GOOSE as shown in Figure 4.2. The connections
between nodes 1-2, 1-4, and 4-7 are current
collectors. For simplicity, it is assumed that they
are all the same thickness. The edges between
3-5 describe the dead zone where the rib covers
both the anode and the cathode. The horizontal
distance between 3 and 5 is then equal to the
thickness of the rib. This leaves the edge
between nodes 5 and 6 as the active PEN.
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PEN + an. CC 

+ cat. CC

PEN

CC

1 2→1

3 4 5 6→3

7→1

Figure 4.2: The mesh for the ribbed planar mesh as
interpreted as a set of nodes to represent the geometry in

GOOSE.

4.0.3. Corrugated Monolithic
Representative for a monolithic geometry, a
corrugated design is used. It is one of the
monolithic fuel cell stack designs that is
relatively well-researched [5], [105]. Because of
its similarity with planar fuel cells, it is easier to
manufacture, and can be manufactured with
many existing manufacturing processes [6], [16].

Figure 4.3: A schematic diagram of a corrugated-style
monolithic cell cross-sectional geometry. Indicated are the

characteristic lengths used in its parametrisation.

current collector electrolyte cathode

anode

Figure 4.4: A schematic diagram of a corrugated-style
monolithic cell cross-sectional geometry where the slant is

larger than in Figure 4.3.

Table 4.2: Parametrisation of the corrugated monolithic
geometry, with reference values

Parameter reference value

wf 0.8mm
wa 0.8mm
ht 2.1mm
sl 2.1mm
χ 0.9

wf Parametrised flat straight section of the fuel
channel for a corrugated monolithic geom-
etry

wa Parametrised flat straight section of the air
channel for a corrugated monolithic geom-
etry

ht Parametrised total channel height for a cor-
rugated monolithic geometry

sl Parametrised slant for corrugated mono-
lithic geometry

Its cross-sectional geometry can be
parametrised to four parameters:

1. The straight overlapping length between
the cathode and the current collector,
denoted by wa.

2. The straight overlapping length between
the anode and the current collector,
denoted by wf .

3. The slant, determining the difference in
slopes for the two angled PEN sections.
This is parametrised as a horizontal offset,
denoted with sl. The effect of changing this
parameter becomes clear when comparing
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Figure 4.3 to Figure 4.4.

4. The overall height of the two combined
channels. This is set as h.

The reference conditions for a corrugated
monolithic cell chosen are given in Table 4.2. As
this is an exploratory study, the mesh is kept
relatively simple:

The stacking is modelled by repeating the units
as-is in the vertical and horizontal direction. This
way, the parameters can all be modified
individually and no coupling occurs. The total
width w of the repeating section is kept constant,
so only the distribution inside this limited
volume is changed. Scaling the entire assembly
in the vertical axis is already accounted for by
altering ht.

This mesh is constructed in GOOSE as shown in
Figure 4.5. The edges between nodes 2-5 are
set as current collectors. The edge between
nodes 1-2 is set as a PEN+CC without air to
represent the inability for air to into the PEN. The
edge between nodes 6-7 is set as a PEN+CC
without fuel to represent the inability for fuel to
enter the anode. The edges 2-6 and 5-7 are PEN
sections. Nodes 3 and 4 are separated so that
stacking as described earlier in this section can
be performed. They are set to coincide with
nodes 3 and 4 respectively. The cyclic boundary
condition in the horizontal direction by setting
nodes 5 and 1 to coincide as well.

4.0.4. Tubular
Tubular SOFCs are an interesting alternative to
corrugated and planar stacks, as they forego the
need to use sealing materials needed to stop
fuel and air mixing. There is no free lunch, as
they incur larger ohmic losses as the electron
path covers a large section of both the anode
and the cathode [106].

Table 4.3: Parametrisation of the tubular geometry, with
reference values

Parameter reference value

τr 0.6mm
rt 1.8mm
st 2.6mm

1 2 3 4 5→1

6→3 7→4

PEN + an. CC

PEN + cat. CC

PEN

CC

Figure 4.5: The corrugated mesh as seen in Figure 4.3 as
interpreted as a set of nodes to represent the geometry in

GOOSE.

current collector electrolyte cathode anode

Figure 4.6: A schematic diagram of tubular cross-sectional
geometry. Indicated are the characteristic lengths used in

its parametrisation.

τx Thickness of the component x
rt Parametrised mean radius of a tubular fuel

cell
st Parametrised spacing between two tubes in

a tubular SOFC array

Its cross-sectional geometry can be
parametrised with three parameters:

1. The overall radius of the tube. For clarity,
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the outer diameter is chosen as rt. On a
line-based mesh, this would have to
describe the center line:
rt − 1

2(τan + τcat + τelt).

2. The distance between two tubes can be
correlated to the length of the current
collector, st. This works analogous for the
tube stacking density.

3. With the circular shape, the effect of
shadowing is much larger. The rib thickness
τr on the dead zones is therefore varied,
just like in the ribbed planar case.

The fuel channel of a tubular fuel cell is simply
circular, but the air channel has a much more
complex profile. Using a single value for a
hydraulic diameter for such a channel is
reductionary, so instead the hydraulic diameter
is varied between the regions where it is very
close to another cathode wall, and where it has a
larger void above it. For a hexagonal patterning,
the channel height is lowest at radial coordinates
π

3
rad,

2π

3
rad,

4π

3
rad, and

5π

3
rad. Here the

hydraulic diameter was taken to be one third of
the nominal hydraulic diameter of a nested tube.
At the points with the largest volume of air
available, two thirds is used instead. In between,
the values are linearly varied

This mesh is constructed in GOOSE as shown in
Figure 4.7. The edge between nodes 1-2 is are
set as current collectors to the anode and the
cathode respectively. The edges between nodes
2-3 and 7-2 represent the inactive area without
cathode covering. It is modeled as a PEN section
that does not have an air target set. This means
that it does not allow any reaction to occur. The
edges between nodes 4 and 6 are the same, but
now for the anode instead. A point of
improvement for these two zones would be to
actually allow a different mesh type without the
cathode: right now, the cathode is merely set as
inactive, but it still functions as a vessel for heat
transport, and still has an effective conductive
area. The connections between nodes 3 and 4,
and 6 and 7 are subdivided into many more
sections so that a circle is approximated as a
regular n-gon, each segment set as PEN sections.
There is no tooling in place yet to describe

curved surfaces, so this is approximated by
sectioning it as a regular n-gon.

PEN

CC

PEN + an. CC

PEN + cat. CC

1→5

3
2

4

5
6

7

Figure 4.7: The mesh of the tubular cross-sectional
geometry as depicted in Figure 4.7 interpreted as a set of

nodes to represent the geometry in GOOSE.

4.1. Material Selection
It has already been established that there is a
wide variety in materials used in SOFCs.
However, the goal of this study is not to look for
materials, but to look for the effect of geometry.
Materials for this geometry study have therefore
been chosen because they are relatively simple,
and broadly established in literature. By
choosing more well-researched materials, the
introduced uncertainty due to materials is
reduced– Something that will become apparent
is a significant issue. A study like this can be
repeated with more specific materials when
material data and information becomes more
widespread, or when specific materials are of
interest.

Table 4.6 contains general information on the
chosen material parameters. The sections
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following elaborate on the reasoning behind
choosing these values in more detail. A
symmetrical charge transfer coefficient is used.
This means that all four forward/backward
anode/cathode values are 0.5. Similarly, porous
properties are assumed mostly the same, except
that the anode material’s porosity is changed to
34% so that an existing known source for
thermal conductivity can be used.

4.1.1. Cathode
For the cathode, pure LSM is chosen. This
material was chosen because it is one of the
most widely used and best understood cathode
materials, and therefore had the best coverage
in terms of material data. Cathode materials
suffer the greatest of the gaps in literature, with
very little material information being reported
on. It must be noted though, that pure LSM is
known to have comparatively poor
low-temperature performance. To improve its
ionic conductivity, thereby extending its
effective ETBP and raising exchange current
density, LSM is usually co-doped with other
materials [107]. Unfortunately, such co-doped
materials are not covered reliably in literature,
and therefore deliberately avoided to not give a
skewed perspective of performance that can be
expected. To compensate for this lower
conductivity, the operating temperature is
therefore set to a somewhat elevated value of
1000K. This has implications for the applicability
of this study to the operating regime of an
aircraft engine integrated SOFC. It should still
give a good indication of the trends to expect
however, as the results of different meshes all at
the same inflow temperatures and materials will
be compared with each other and normalised.

Its exchange current density can be
parametrised with regards to species presence
and temperature as given in Equation 4.1 [97].

j0LSM = 7.5× 107 exp

(
−187

RT

)(
pO2

pO2 ref

)0.33

(4.1)

The behaviour of electrical conductivity of LSM
is not quite so clear-cut, unfortunately. There is a

Table 4.4: Electrical conductivity over various
temperatures for LSM determined experimentally in Paydar

et al. [108].

Temperature Electrical conductivity
(K) σ (S cm−1)

572 177
672 200
772 218
874 223
972 231
1074 241
1174 240

very large variation in the value reported by
literature. The relation used in the validation
case leads to values in the order of 13 000 S cm−1

for a temperature of 1000K. Other literature
reports on measurements of an electrical
conductivity of 235 S cm−1 at this same
temperature [108]. One would be inclined to
attribute this difference to other unknown
material parameters: Tortuosity, interaction with
fluids, pore diameter– Even if these numbers are
kept near-constant, values of a significant order
of magnitude are still reported: 3.5 S cm−1 [109].
Confusingly, all of the above sources state that
their values agree with literature. Only Paydar
et al. [108], which proposes values of 235 S cm−1,
provides citations for this claim, referencing
another experimental study finding a value of
10 S cm−1 at 1000K [110]. After weighing these
factors, the experimental findings of Paydar et al.
[108] were chosen for representing the electrical
conductivity of LSM

For thermal characteristics, the thermal
conductivity κ is reported on at room
temperature, but no sources could be found
describing it at operating temperatures. At
300K, La0.83Sr0.17 is found to have a thermal
conductivity of 2.32Wm−1K−1[111]. It is
implied, but not explicitly stated that this is for a
non-porous sample. A porosity-dependent
study was also found, stating its value to be
between 1.45Wm−1K−1 and 0.8153Wm−1K−1

for porosities of εp = 0.23 and εp = 0.39
respectively [112]. With the desired porosity of
ε = 0.3, the two values were linearly interpolated
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to a constant κ at 1.172Wm−1K−1 for this
porosity.

4.1.2. Anode
a Ni-YSZ cermet was chosen for the anode
material. Its electrical conductivity is determined
purely by the metallic phase (nickel). An
experimentally determined relationship was
already validated in section 3.7 by using the
metallic phase of nickel. This relationship is
reused as-is.

Values found for its exchange current density
vary a bit in literature [98], [113], [114], [115].
Marina et al. [114] gives actual experimental
results, but these are for low pressures, low
temperatures, and very low hydrogen
composition- not exactly representative of the
conditions aimed for. The equations used in He
et al. [115] and Ueguchi et al. [98] yielded values
that are rather dissimilar to these experimental
findings. The empirical relation used in in
Costamagna et al. [84] has a similar order of
magnitude, and is therefore used. It is
accompanied with a symmetrical charge transfer
coefficient.

i0Ni-YSZ = 5.5× 108aH2 a
−0.5
H2O

exp

(
−100× 103

RT

)
(4.2)

Thermal conductivity of Ni-YSZ is obtained from
Radovic et al. [91].

Table 4.5: Thermal conductivity of Ni-YSZ with a porosity
of 34%. Data from Radovic et al. [91].

Temperature Thermal conductivity κ
K Wm−1K−1

687.3 4.72
739.6 4.73
778.9 4.74
812.1 4.75
859.7 4.78
889.4 4.76
925.1 4.75
969.0 4.75
995.2 4.67
1024.9 4.60

4.1.3. Electrolyte
The electrolyte material chosen is YSZ. Ionic
conductivities for this material are relatively
consistent [47], [116]. An Arrhenius-fit
parametrisation based on Shi et al. [116] was
used, given in Equation 4.3.

σion =
133117255.5

T
exp

(
−96611.97

RT

)
(4.3)

The thermal conductivity spans the range of
1.8Wm−1K−1 to 2.4Wm−1K−1 in the
operating range of SOFCs [86], [117]. It is given
here as a function of porosity, but this is only
relevant if it is co-doped and used as an
electrode. For use as an electrolyte, the base
material property can be used directly. It is also
very weakly a function of temperature at lower
temperatures, but at higher temperatures (>
600K) it remains very close to constant at a value
of 2.04Wm−1K for the bulk phase of YSZ with
eight mole-percent doping.

4.1.4. Current Collector
The same LaCrO3-adjacent material as used in
subsection 3.11.1 is used, with a thermal
conductivity of 2Wm−1K−1, and electric
conductivity of 26 S cm−1 [99]

4.1.5. Inflow
A 90 mol% flow of hydrogen is used for the
inflow, to emulate the humidification of
hydrogen to make it easier to heat up as
described in subsection 4.0.1. The oxidiser is
simply air. Both fluids are compressed to a
pressure of 8 bar, and elevated to a temperature
of 1000K.

4.2. Sensitivity of a Ribbed Planar

Stack
The results of the parameter study for the ribbed
planar stack design are shown in Figure 4.8. The
raw data for this analysis is supplied in
Table B.11.

All of the other plots show clearly defined
trends, most close to being linear, others
following stronger exponential or quadratic
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Table 4.6: The parameters used in the geometry.

Variable Symbol Value

Cathode LSM

Avg. pore diameter dpore 1× 10−6m
Tortuosity τp 3.5
Porosity εp 0.3
Charge transfer coefficient α 0.5
Contact resistivity RASR 0.01Ω cm2

Exchange current density j0 Equation 4.1
Electrical conductivity σ Table 4.4
Thermal conductivity κ 1.172Wm−1K−1

Anode Ni-YSZ

Avg. pore diameter dpore 1× 10−6m
Tortuosity τp 3.5
Porosity εp 0.34
Charge transfer coefficient α 0.5
Contact resistivity RASR 0.01Ω cm2

Exchange current density j0 Equation 4.2
Electrical conductivity σ Equation 3.1
Thermal conductivity κ Table 4.5

Electrolyte YSZ

Electrical conductivity σion Equation 4.3
Thermal conductivity κ 2.04Wm−1K [117], [118]
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curves. The only outlier here is the fuel utilisation
of the tubular geometry, which will be covered
in more detail in section 4.4.

4.2.1. Fuel Channel Height
Reducing fuel channel height while keeping the
fuel flux constant relatively decreases the total
amount of fuel supplied, while also increasing
the hydraulic diameter of the fuel channel.
Intuitively one would expect the temperature to
go down because of this. There appears to be
only minimal coupling with the reaction rate, as
the current density decreases slightly with an
increase in fuel channel height, as does the total
power generation. Most interestingly, the fuel
utilisation goes up significantly as the fuel
channel is decreased in height. With the
constant flux approach, the air-to-fuel mass rate
ratio is skewed further off-balance in doing so.

However, total power yield is dependent of the
total size of the unit mesh, which itself changes
as the fuel channel height is increased. To see
the true effect it has on volumetric power
density, it makes more sense to look at the
power yield per cross-sectional surface area.

One would expect the geometric design to
merely be a trade-off in (volumetric) power
density and fuel economy, but the fuel channel
height shows that this is not always so simple. At
this design point, increasing the fuel channel
height decreases the fuel utilisation, but it also
decreases the power normalised to the
cross-sectional area, and hence the power
density. Normalising the change supplied fuel
due to the constant flux relative to the actual fuel
utilisation, we see that this trend still holds: the
amount of fuel supplied is not what actually
affects the characteristic performance here. This
indicates that it is possible to optimise this
design, regardless of performing such a
trade-off. Through proper geometry
optimisation, it appears you can have your cake,
and eat it too.

4.2.2. Air Channel Height
In theory, changing the air channel height would
have the same effect on temperature, but the
opposite effect on the air-to-fuel ratio. The

results indicate however, that the effect on fuel
utilisation is actually relatively minor, while the
total power (directly coupled to the average
current density) goes down quite significantly
for an enlarged air channel. With the constant
mass flux condition, this causes a relatively
similar effect on air-to-fuel ratio as changing the
fuel channel height. The difference in
magnitude shows that other effects play a big
role here. The cooling effect on the temperature
of the PENs is the largest of all the parameter
changes. The mass flow of air is significantly
larger than that of hydrogen. This also means
that the convective heat transfer to air is much
larger. As such, the change in air channel height
has a large effect on PEN temperature

4.2.3. Rib Spacing
With larger rib spacing, the total power
generated increases, as the cell section is now
effectively increased in size. This is why this must
be non-dimensionalised with respect to the
cross-sectional area to give an accurate
depiction of the volumetric power density. In
increasing the rib spacing, you decrease the
amount of shadowed area, effectively increasing
the surface area. All of this added surface area is
however further away from the ribs, meaning
that the electron path is longer. As a result the
average reactivity actually decreases, affecting
the overall fuel utilisation. The extremes (the
maximum current density and minimum current
density) seem to be less affected, while the
minimum current density decreases the
strongest. Comparing the maximum and
minimum locally observed current density, the
extent of the range of valued in average current
densities is noteworthy. It is much larger than
half, which might be what one would intuit in a
decoupled system. The effect on temperature is
also notable, as the maximum temperature
seems to be mostly unaffected, while the
average temperature drops. This might be
because of the relatively sizeable dissipative
heating term due to increased convective heat
transfer to air, while more PEN area with a lower
reactivity is added. These conclusions align with
the findings in Su et al. [32].
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4.2.4. Rib Thickness
Similar to the rib spacing, the rib thickness plays
a role in balancing the size of dead zones and
reducing ohmic losses. A thinner rib purports
less area covered, which can be seen in this
parameter having the inverse effect of the rib
spacing. All the effects of changing the rib
thickness are exactly the opposite of increasing
the rib spacing, as is expected. Altering the rib
thickness is still changing the same exposed to
dead surface area ratio, but in a different
direction. Quite different from this intuition
though is the finding that the overall effect of
decreasing the thickness compared to
increasing the spacing is considerably smaller in
magnitude in all of the four performance criteria.
This indicates that changing the ratio of exposed
surface area to dead area does not work in
isolation. Such behaviour can be attributed to
the heat-carrying function of the current
collector, as well as the overall effect that scale
plays. Other scaling effects evidently play a
strong role as well, and just looking at the ratio
does not give the full picture. It might therefore
not be a good candidate for normalisation when
comparing planar cells with different geometries
and sizes.

The effect of rib thickness on the temperature
stands out compared to all the other results, as it
seems to be more of a sigmoid shape than a
linear or exponential function. This again
underlines the strong secondary effect that
current collectors have on the PEN assembly, in
additional to their primary purpose of providing
pathways for electrons.

As a final remark, it must be noted again that
due to the assumption of zero reactivity in the
shadowed regions, the absolute effect of rib
presence will be smaller. The trend in changing
the spacing will reflect this to some degree.
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4.3. Sensitivity of a Corrugated

Stack
The raw data for this analysis is supplied in
Table B.11, with normalised results seen in
Figure 4.10. Overall, the corrugated stack
performs relatively similar to the planar stack.

The effects of changing the parameters is
however not quite so large as they are on the
ribbed planar geometry. Temperature only
varies within a degree, indicating a strong
thermal stability- albeit at a higher point than in
the ribbed planar geometry. Other parameters
stay within a 10% relative change, with the
current density only varying marginally for all
but the humidity.

4.3.1. Fuel Channel Flat Section Length
Decreasing fuel channel flat section length a
correlates to a slight increase in both volumetric
power density and fuel utilisation factor. Hence,
a similar reasoning can be made as is done for
the fuel channel height of the ribbed planar cell
in subsection 4.2.1, and improvements in overall
performance can be made by decreasing it as
much as possible. This change is physically
intuitive, as the flat channel section is always a
dead zone for this stack type, and decreasing it
also increases the diagonal section, which is
much more exposed.

Using the current density as an indicator for
power density is again exposed as unreliable.
The results show that the trend of changing the
fuel channel width on current density and
normalised power are, although small in
magnitude, opposite in sign. The power density
follows a much more linear profile, decreasing
as wf is increased, whereas the average current
density increases in a more incrementally.

Height

The height of the overall assembly (denoted by
ht) is used to control the overall aspect ratio of
the mesh; increasing the height should have the
same effect as decreasing all the other
parameters, including the width. Such a change
is a key driver for the largest differences in the
parameter performance space for this mesh
type, leading to strong decreases in power

density and fuel utilisation. It can therefore be
posed that for corrugated stacks too,
miniaturisation is key, but in addition keeping
the proportions of the mesh closer to unity is
beneficial.

4.3.2. Slant
Slant determines the asymmetry in length of the
two diagonal PEN sections. This was theorised
to have a strong effect on the thermal behaviour
of the assembly, but this did not appear to affect
performance significantly. The effect of
changing the slant at this design point proves to
be nigh zero for all performance characteristics.
As using the differently angled channel edges
associated with slant might introduce additional
complexity for the manufacturing process, the
findings suggest it is better to focus on
symmetrically angled channels instead.

The small magnitude of change in performance
characteristics that does exist appears to be
closely symmetrical for the fuel utilisation, power
density, and current density. Such a change is an
expected, albeit interesting emerging behaviour,
as increasing the slant on one side inherently
means the decrease in slant for another. If
performed at an otherwise symmetrical
geometry, the sign of alteration of the slant is
effectively a mirroring operation. This makes the
result of temperature at -10% an outlier, perhaps
the result of numerical inaccuracy, considering
the relative change to the design condition.
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Figure 4.8: Effects of varying fuel channel height hf , air channel height ha, rib spacing sr, rib thickness τr, and inlet fuel
vapour fraction on PEN temperature (4.8a), average PEN current density (4.8b), fuel utilisation (4.8c), and power density
(4.8d), for a ribbed planar geometry relative to operational conditions described in subsection 4.0.2, as simulated using

GOOSE.
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4.4. Sensitivity of a Tubular Design
The raw data for this analysis is supplied in
Table B.11, with normalised results seen in
Figure 4.10.

Analysis shows that the tubular geometry proves
to be the most sensitive design to changes in
geometry for the chosen performance indicators.
The magnitude of change due to changing the
spacing and the diameter is consistently the
largest for all of the performance characteristics.

4.4.1. Rib Thickness
The rib thickness affects the size of the dead
zone on a tubular design, much like in a ribbed
planar stack design. However, the practical
effect of making the rib thinner is negligible,
suggesting that optimisation efforts are best
directed elsewhere.

4.4.2. Diameter
A significant body of literature focuses on
reducing the diameter of tubular SOFCs. The
effect that this alteration has is undeniable, even
at the scale where they would conventionally
already be considered ’micro’. Unlike for the two
other meshes, the radius has a much stronger
effect than the humidity of the fuel. The same as
with the ribbed stack assembly, exclusively
positive correlation is found between an
increase in current density and power density for
this cell type, said increase is significantly larger
for the power than it is for the current density.
This intuitively makes sense due to the ratio of
exposed surface area to cross-sectional area
following the cube-square-law, but it is
interesting just how much stronger this effect is
than on the other geometries.

As the diameter functions mostly analogous to
the height of the fuel channel (and implicitly as a
decrease in height of air channel) in the
corrugated and ribbed planar cases, it is
interesting to see that correlation between
power density and fuel utilisation is now
inverted. The fuel utilisation now decreases,
while the power increases. Even after
normalisation for the total fuel inflow increase
due to the constant flux assumption, this

behaviour holds.

This signifies a change in behaviour relative to
the previous two cases; there, the behaviour is
exactly opposite, even when normalising for the
mass flow due to the constant mass flux setting.
With the available data, it is unclear whether this
is because of the design point, or because of
how tubular fuel cells work at large. This itself
gives speaks of a higher-level insight: One
cannot represent design rules or trends for a
broad category. Such ’rules of thumb’, albeit
useful, have only very small validity regions,
making them unfit for top-down use in making
design considerations. The overall geometry has
such a strong effect on the change in
performance relative to small changes in
dimensions that comparison and generalisation
of trends is really only possible inside of ones
own class, not between stacks as a whole. This
further reinforces the need for dedicated
parameter studies near every type of design and
operation point one might be interested in, and
not taking the results of this very study as gospel
for general design guide rules.

The change in trend for power density as a
function of radius is also interesting. If changed
in isolation, exclusively focusing on changing the
radius of the tube itself might actually detriment
the performance of a fuel cell- locally, increasing
the radius increases the power density and
average current density. This likely has to do
with the added cooling effect that the relatively
larger air mass flow introduced has: the
temperatures depicted in Figure 4.10a vary
much more greatly than its analogies in the
other cases, indicating a significant change in
operating point. This might also explain the
change in fuel utilisation as a result of changing
this parameter.

4.4.3. Spacing
How widely two tubes are spaced apart
(denoted with s in this study) is not something
that is often mentioned in microtubular research.
Either they are stacked loosely, or very tightly,
often without much second thought, as the
air-to-fuel ratio is expected favour the air side of
the chemical balance anyway. The results of this
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Figure 4.9: Effects of varying fuel channel height hf , air channel height ha, rib spacing sr, rib thickness τr, and inlet fuel
vapour fraction on PEN temperature (4.9a), average PEN current density (4.9b), fuel utilisation (4.9c), and power density
(4.9d), for a corrugated monolithic geometry relative to operational conditions described in subsection 4.0.3, as

simulated using GOOSE.
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study however show that this parameter might
be the most important one yet. Its effect on
power density is very large- effectively, one
merely removes excess air space between the
tubes. This has the side-effect of lowering the
available air, and lowering the effective hydraulic
diameter, causing reduced cooling with the air.
All of these effects seem to follow a similar
exponential relation, indicating that they likely
reinforce each other, rather than working in
isolation or balancing each other out. It is hard
to generalise this observation into a trend or
design consideration, but it does emphasise that
considering geometrical tweaking cannot
always be done linearly due to the inherent
non-linearity of the processes being modelled.
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4.5. Overall Effect of Changing Ge-

ometries
The previous sections covered the effects of
changing parameters, and comparing the
results to some reference case of the same
mesh. Using a general tool like the one applied
in this simulation also opens up the ability to
compare between two different geometries.
From such an analysis, one thing immediately
becomes clear: The results of the parameter
studies for the different geometries described in
the previous section presented at the end of this
section all have one commonality: They have
barely anything in common.

Generally, humidity appears to be the strongest
parameter, affecting all of the major
performance characteristics the most. An
exception for this it the tubular cell, where
spacing became the most influential parameter–
And that is truly the only parameter that exhibits
any sign of universal correlation. No consistent
correlations between parameter variations and
perceived performance are found across
geometries. Because they are fundamentally
different meshes, the parametrisation is different,
meaning true direct analogies are hard to draw.
It truly is important to look at fuel cell geometries
on a case-by-case basis, and not take a trend in
one geometry as a promise for another.

However great the irregularity in parameter
space, inverting the question to be one on a
basis of performance characteristics, some
trends do emerge for the cases considered.
Temperature does not seem to change rapidly.
This holds ground in the fact that heat is merely
excess (waste) energy that must come from any
of the processes modelled. It will also be
distributed over fluid flow as well as solid
components. With the operating temperature of
an SOFC already being rather high, the effect of
this small change in temperature is not nearly as
critical as the deviations in other performance
indicators.

As a final performance characteristic, the relative
humidity of the inflowing hydrogen mix was
altered for all three meshes. As this parameter
change does not affect the geometry, the

relation between the change in current density
and the power generated is close to one-to-one.
Despite the benefits that accompany an
increased humidity brings outside of the stack,
its effect is unanimous on all stack geometries:
Decreased volumetric power density, directly as
a result of overall decreased current density.
Contrasting this, increasing the humidity
appears to be good for the fuel utilisation. On
the contrary, fuel utilisation increases, indicating
a better fuel economy (notwithstanding the
internalisation of the sources of such water,
which itself often comes from hydrogen in
pre-combustion). This confirms a global trend:
for humidity, the hypothesis that an power
density and fuel efficiency are inversely
proportional holds ground.

According to Figure 4.8b, humidity has the
strongest effect on the current density out of all
parameters for the ribbed planar geometry.
However, the influence it has on the volumetric
power density is one of the weakest. A key
finding of this is that the current density, which is
traditionally taken as the most important
performance characteristic, cannot be taken as
an indicative surrogate value for the volumetric
power density.

The other performance characteristics still
change as a function of the humidity of the
hydrogen mixture for the ribbed planar mesh,
but its impact is small compared to the other
parameters.

Similarly, but much more pronounced is the
same observation for the corrugated stack for a
change in humidity. Here it seems to be the only
parameter that strongly affects the current
density, but sinks in rank for the effect on
volumetric power density.
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Figure 4.10: Effects of varying fuel channel height hf , air channel height ha, rib spacing sr , rib thickness τr , and inlet fuel
vapour fraction on PEN temperature (4.10a), average PEN current density (4.10b), fuel utilisation (4.10c), and power
density (4.10d), for a tubular geometry relative to operational conditions described in subsection 4.0.4, as simulated

using GOOSE.



5
Conclusion

To fulfil the promise of an aviation sector based
on hydrogen, it is important to assess the
viability of the application of Solid Oxide Fuel
Cell (SOFC) in hybrid engine architectures. Little
is known on how SOFCs operate in this
environment, and designs have to be made
optimising for completely new performance
criteria: not just fuel efficiency and cost
efficiency, but now power density as a driving
factor. This ties into the geometric design of
complete stacks. Existing research on this topic
is nigh non-existent, and the design space is
huge. New tooling must be developed to start
the endeavour to be able to find what are truly
the driving design constraints, and how they can
best be optimised.

The Geometric Oxide-cell Operating-point
Simulation Environment (GOOSE) software was
built with the exploration of this new field in
mind, allowing rapid iteration, easy integration
into existing pipelines, all the while providing a
solid modular foundation to build on in the
future. Great effort was put into ensuring that
the model is validated, despite the general lack
of available literature in this field, the greater
field of fuel cell simulation, and the availability of
material data relevant to such a simulation. The
model was verified in parts using over 100
individual unit tests, covering over 1000 checks,
spanning the implementation of models
deployed (verification) up to running parts of
the model in isolation where (experimental)
validation data was available. The model was
also successfully validated against an existing
high-fidelity CFD simulation, and achieved great
similarity in results in only a fraction of the
runtime, with GOOSE completing a simulation in

a few minutes, rather than several hours

The software was put to the test in a case study
on performing a parameter sweep on three
archetypical SOFC geometries: Planar,
monolithic corrugated, and tubular. All three
were had their geometries parametrised, and
comparative studies were done by altering these
parameters around a certain point. Studied were
the general trends within these geometries, as
well as those amongst each other.

From this, several critical pieces for focusing the
design space were found for the geometric
design of a fuel cell where power density is
important;

Firstly, designing a fuel cell is not merely a
trade-off between volumetric power density and
fuel utilisation- there are changes which actually
improve both. For both ribbed planar and
corrugated architectures, this was the case for
the fuel channel size parameters. It is impossible
to generalise this finding for specific parameters
in specific geometries, but it does emphasise
the need for detailed multi-parameter
optimisation studies.

Second is that the geometry does not have a
strong effect on the operating temperature of
fuel cells. This is much more the domain of a
change in fluid inflow temperature and
potentially other operational conditions. Upon
altering the geometry, minor changes in overall
magnitude of the temperature arise, but
compared to other performance characteristics
such as the volumetric power density or the fuel
utilisation, the temperature remains relatively
constant. The intensity of temperature gradients
within the stack are also only weakly affected.

68



69

Overall, existing gradients remain, but they are
not significant.

Third is a finding on what to look out for when
trying to compare different geometries: current
density is not always a good metric for
volumetric power density, while the two are
often conflated and used interchangeably in
literature. For all the meshes considered, the
two are proportional, but never are they
identical. The current density is merely one
piece of the puzzle, one factor in the volumetric
power density. The integrand power density can
increase much more strongly or weakly than the
average current density itself, all as a function of
geometry. Changing the geometry of a fuel cell
affects local performance. Keeping in mind that
some changes in geometry are not
accompanied with differences in active surface
area, translating this into a reduced normalised
variable such as current density discards this
information.

Fourth is a confirmation of the general trend
seen in fuel cell production: overall,
miniaturisation still appears to be the way
forward to increase volumetric power density.
However, there appear to be diminishing returns
in many parameters on all three geometries, as
well as optima such as in the radius of a tubular
geometry, or the slant of a corrugated stack. It is
likely that these patterns would also emerge for
other parameters at different design points.
Adding to this: for all of the observed cases, it
appears that operating point shifts towards
higher temperatures for finer stacks as well.

Fifth and final is a word of warning for those
ready to dip their toes into the world of SOFC
geometric design: Even though a trend holds
for one geometry at a given design- and
operating point, one cannot with certainty say it
holds for another unequivocally. One such
example is that of the fuel utilisation and
cross-sectional power density, which both
change in opposite directions for an increase in
radius of the tubular cell, seem to be able to
both increase hand in hand for a decrease in
fuel channel size for both the planar and the
corrugated geometry classes.

This work aims to function as a guidepost, a
cornerstone in finding how SOFCs can be
designed in such a way that they can be applied
in the aviation sector, or other sectors where
volumetric power density and fuel efficiency are
important design factors. By opening up the use
of GOOSE for everyone to use, and providing a
first venture into the design space, concluding
on high-level design considerations and
exploration pointers, a bold step is set in this
young frontier.



6
Discussion

In the production of a large model like GOOSE,
as well as the analyses following, reductions in
scope have to be made. That does not imply that
the parts that have been cut off are insignificant
however. Listed below is a discussion on
features, considerations, and studies that would
make excellent follow-up projects to the work
that has been done in this report.

6.1. Metal-Supported cells
Right now, GOOSEs PEN representation
assumes a three-component mesh. This
prohibits the modelling of metal-supported
cells, which allow drastic reduction of ohmic
losses [119]. Adding support for this could be
done by generalising the code for the PEN
elements more, and implementing specific
implementation overrides for the diffusion
process, average material property calculations,
etcetera.

6.2. Dusty Gas Model
The model used for representing the diffusion
processes in the porous electrodes is sufficient,
but more accurate models exist that might be
more applicable to the modelling problem. One
such model is the Dusty Gas Model (DGM) [120].
With the modular nature of the presented
software, switching out this part of functionality
should be relatively straightforward.

6.3. Multi-layer PENs
In present research, anodes and cathodes made
out of multiple layers (or doping factors) are
sometimes used so that diffusivity can be
preferred in the upper layers, while ease of

activation can be prioritised at the layer
containing the TBP [74]. PENs in the presented
model have electrolytes that consist of a single
material only, and hence such structures cannot
be represented. Similarly,metal-supported
cells can also not be represented. Both of these
shortcomings can be fixed with a relatively
simple change in how PENs are represented:
Instead of having only a single electrode
component for each side, an array of (electrode)
components can be used, ordered in the way
they are physically aligned. Only the lowest
layer (the one in contact with the electrolyte),
contains the TBP, and should therefore need
electrochemical properties. The layers above
are only considered for thermal conduction,
electrical pathfinding , and convection with bulk
fluid. This means that the same implementation
could be used for the metallic support as could
be used for the non-active electrode layer. This
could be implemented using dynamic dispatch.
Electrical pathfinding should also need to be
altered to now prefer the layer with the lowest
resistivity, and take the diagonal paths split over
two.

6.4. Improved Shadowing
Shadowing due to overlap of two components is
currently modelled by artificially superimposing
a different edge type on the shadowed part of
the PEN element. This means that this element
must manually be made as wide as the thickness
of the current collector. This is prone to error.
There is a second shortcoming to this approach:
In reality, these elements will still have some
activity, not zero. The species availability is
reduced, but not zero.
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This can be solved by changing the way
shadowing is represented: Instead of having
different explicit edge types, the mesher can be
changed to set ’adjacent edges’, that act like as if
two lines of elements they are just touching. The
overlap can then actually be modelled using the
neighbour relationship. A check can be
implemented to ensure that they are exactly the
same length and resolution. Horizontal diffusion
can also be implemented if desired, as
described in subsection 2.8.6.

6.5. Radiative Heat Transfer
As it was alluded to in subsection 2.10.1, the
simulation software could be modified to also
consider radiative heat transfer. This would
require a line-of-sight code to be implemented.
Because all elements already have spatial
information available, including normals, this
should be possible to implement.

6.6. Detailed Parameter Studies

Based on a Single Geometry
In the work presented, three fundamentally
different geometries are investigated. This was
done to both show the capabilities of GOOSE,
as well as to give an indication of the degree of
variability between geometries, showing that the
performance cannot simply be summarised as a
trade-off between power density and fuel
efficiency for SOFCs as a whole. One of the
found limitations of this explorative study was
that such trends appear to be follow a clear
trend close to some reference point, but might
spiral out of control in terms of non-linearity
moving further away from it. In addition to that,
performance might very well be dependent on
operating point as well. It would be highly
insightful to explore this in more detail for a
single mesh, where now the operating point
(inflow temperature, pressure, air humidity) as
well as the stack geometry parametrisation are
varied to a much larger degree to verify these
presumptions, all the while yielding more insight
into the inner workings of this highly complex
design space.

6.7. Novel tubular geometry varia-

tions
In addition to the current parametrisation, a third
difference in tubular fuel cells can be described
as a shape factor s, which is a term often used in
geometry to denote how ’rounded’ something
is. A picture says more than a thousand words,
and Figure 6.1 is no different. This shape factor
describes the change in shape as a continuous
function, but to not keep the amount of cases
considered down, it was decided to only look at
the two extremes: Perfectly round,
corresponding to a shape factor of s = 1, and
perfectly straight, with the corners at the current
collectors and the sides respectively.

current collector electrolyte cathode anode

D

Figure 6.1: A schematic diagram of tubular cross-sectional
geometry with shape factor s = 0. Indicated are the
characteristic lengths used in its parametrisation.

6.8. Alternative tubular stacking
Albeit not really a difference in geometry, a
different stacking method for tubular fuel cells
could be considered. Traditionally, tubular
SOFCs are stacked linearly in series: One
cathode connecting to one anode, often along a
single principle axis [47]. The anode side of the
PEN is connected exclusively to the current
collector at the top, and the cathode side is
connected only to the bottom current collector.
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Figure 4.6 shows the deliberate gap between
the cathode and the current collector at the top.
In disconnecting these two components, the
electron path can only traverse towards the TBP
in the PEN, and not bypass to the next cell. This
type of stacking is also what is considered in the
geometries presented in this work.

The resulting electron path through the
electrodes to close the circuit is however, rather
long. This path can be made shorter by using a
different stacking paradigm. Instead of
connecting the tubes vertically, they can be
connected alternating as vertical-horizontal (in a
zig-zag). This will half the (average) length of the
electron path inside the cathode, leading to
lower ohmic losses at the cost of introducing
another dead zone. The average path length
through the anode is unaffected, as the path
needs to overshoot and backtrack through the
cathode to reach the parts of the PEN closer to
the opposing current collector. Note that the
cells appear oriented in 90◦ intervals: The anode
must be connected to another cathode, and vice
versa. There is one other caveat for this type of
stacking: Some sort of diode or other electron
flow direction control device needs to be placed
between two tubes to make sure that no cyclical
flows occur. Without it, a full circuit would not
have to leave the fuel cell, meaning that no
useful power can actually be extracted.

The mesh described is shown in Figure 6.2. No
parametrisation will be considered for it. It will
only be simulated at shape factor s = 1 (round)
and the same diameter as the base tubular cell,
so that it can be compared to a traditional
tubular geometry in isolation.

current collector electrolyte cathode anode

Figure 6.2: A schematic diagram of a tubular
cross-sectional geometry, stacked in a zig-zag pattern.
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A
Using GOOSE

The GOOSE software is published as open source software. It is accessible on the repository at
https://codeberg.org/aidavdw/goose-sofc [121].

A.1. Interaction and Integration
Geometric Oxide-cell Operating-point Simulation Environment (GOOSE) is designed to be easily
integrated into any workflow. Not everyone will use Rust, nor will they have the Rust toolchain
installed. To this end, the main way to use the software is through an Application Programming
Interface (API), which functions as an interface through various languages. At the time of writing,
three such bindings are made for the Python- Rust and C languages respectively.

The API exposes data types, as well as functions to communicate and transform into a data format
that GOOSE can use.

Examples of how to use GOOSE can be found in the source repository for the Rust and Python
bindings.

A.2. The Mesher
Meshes in GOOSE are a hybrid of conventional grid-based and graph-based. As such, tooling was
created to help construct such meshes. The general workflow revolves around defining vertices,
between which edges are created. The actual structure parameters exists on these edges, which
will be subdivided into elements.

The mesher is implemented using the factory pattern; you create a MeshMaker, which has functions
to add new vertices, elements, or set coincidence. When done, this MeshMaker can construct a fully
formed mesh.

Vertices are set as a coordinate with a label. These do not truly exist in the final mesh, but are still
stored for ease of identification. They only function to help instantiating edges.

Edges are where are the information is stored. An edge can be a PEN or a CC, which will then be
subdivided into n elements, whose neighbours are dynamically set. For the outermost two
elements, additional neighbours are set based on what other edges touch the vertex.

In addition to the main two types of edges, variants on the PEN to compensate for component
overlap are also available: a dead PEN variant for the anode side, cathode side, and both sides.
These components do not partake in any reaction, but they do transmit heat and current like a
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Figure A.1: The logo for the GOOSE software, depicting a member of a certain bird species on top of a part of a mesh of
a corrugated monolithic SOFC

normal PEN would.

Handling cyclic boundary conditions is done by setting vertices to be coinciding. If vertex A is
coincident to vertex B, Any element connected to vertex A will also be connected to all elements
connected to vertex B.

As a final remark: The mesh created by a MeshMaker is still not initialised, so it needs to be
transformed by an initialisation function before it can be solved.

A.3. Inputs
This section gives an overview of all the inputs that are required in addition to the mesh described
in section A.2 to set up a simulation case using GOOSE.
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A.3.1. Operational Conditions
First, you need to define your operational conditions. These are contained in
OperationalConditions, whose contents are the following:

1. Target cell voltage. As described in the introduction of section 2.6, this model requires a target
cell potential to be chosen, and not a current density.

2. for every fluid present in the mesh, an inflow condition needs to be given. These are in the
form of subsection A.3.4

A.3.2. Model Parameters
A lot of control is given to the invoker on how the solving is to be performed. Settings related to
this are retained in ModelParameters. All of the values here also have default values that can be
used, but to optimise runtime users are encouraged to tweak them.

1. Convergence criterion for overall convergence. If all the deltas are within this margin, the
simulation is considered finished, and the result is returned. Its default value is 1× 10−5.

2. the maximum amount of iterations that the high-level solver is allowed to take. Iterations are
disjoint and very fast, so this number can be very high. The default is 50 000 iterations.

3. Root finding settings for the electrochemical model.

4. Root finding settings for the thermal model.

5. Root finding settings for the fluid model.

The root finding settings for the sub-models are all instances described in subsection A.3.3.

At the time of writing, the settings for knudsen_model and diffusion_coefficient_model do not
do anything. In previous versions of the program, the user could also choose the methods used to
calculated the Knudsen and binary diffusion coefficients. This functionality has since been
integrated, but the option is still exposed so that different methods can again be implemented at a
later point and directly exposed.

A.3.3. Root Finder Solver
The general-use root-finder as described in subsection 2.13.4 requires four inputs (in addition to a
univariate single function to solve):

1. Convergence criterion: If the relative change with the previously found value is smaller than
this criterion, the root is considered found. This defaults to a value of 1× 10−6.

2. The maximum amount of iterations that the root-finder is allowed to take. This is equal to the
amount of function evaluations after the initial setup, which requires an additional two function
evaluations. The default value for this is 50.

3. A lower bound.

4. An upper bound.

A.3.4. Fluid Mixture
There are multiple ways to construct fluid mixtures, but the most important one is based on mole
fractions.

1. Static pressure.

2. Temperature.

3. oxygen mole fraction (0-1).

4. nitrogen mole fraction (0-1).



A.4. OUTPUTS 87

5. water mole fraction (0-1).

6. hydrogen mole fraction (0-1).

7. Cross-sectional area of the fluid section. It is planned to calculated this from the mesh, but right
now this still needs to be input manually.

A.3.5. Electrode Material
Both anode and cathode get their material data in the same format.

The material data relating to the porous structure are handled as constants.

1. Mean pore diameter, describing the size of the cavities in the porous medium.

2. Tortuosity, a value describing the indirectness of the path taken by particles diffusing into the
porous medium.

3. Porosity, which is the ratio of empty space to solid material.

4. Charge transfer coefficient, with its own datatype as written in subsection 2.13.6.

The following material characteristics can be parametrised using the EmpiricalFunction method
described in subsection 2.13.6.

1. Exchange current density.

2. Electric conductivity.

3. Thermal conductivity.

4. Contact resistivity at the current collector - electrode interface.

A.3.6. Electrolyte Material
Only two material parameters are required. Both are implemented as an EmpiricalFunction.

• The ionic conductivity.

• Thermal conductivity.

A.3.7. Current Collector Material
Again, a mere two material parameters are required. Both are implemented as an
EmpiricalFunction.

• The electrical conductivity.

• Thermal conductivity.

A.4. Outputs
This section details what exactly you can expect as an output from the GOOSE model. Firstly, there
are some system-level quantities. These are integral quantities, used for integrating the entire stack
with the environment.

1. Current delivered, which in combination with the voltage returns to total electrical power.

2. Total heat to the environment through conduction.

3. The outflow fluids, in the same format as subsection A.3.4.

Output of the state is available per element.

1. Breakdown of the cell voltage and all the individual overpotentials as given in. subsection 2.6.2

2. Current density.

3. Local TBP specie presence.
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4. All the terms in its heat balance.

The fluids in every z-slice are also individually inspectable, again as per subsection A.3.4.

In addition to the outputs mentioned so far, the model gives logs which can be inspected for more
intermediate model values, as well as a convergence history.

A.4.1. Polarisation Curves
Equation 2.7 has a degree of freedom: for any given current density j, a solution with an
overpotential ηact exists. The power extracted is the product of the cell voltage and the current
density. This means that in this solution space, a combination of the two with the highest power
point can be chosen. For this reason, a polarisation curve (alternatively found in literature as I-V
curve or I-U curve) is often generated to get an idea of the performance of a fuel cell. In a
polarisation curve, the cell voltage is given for any current density drawn. As these curves are most
often used to describe entire stacks, I is just the current density multiplied with the active surface
area to get an extensive property instead of a cell-size independent j.

It is important to realise that the actual performance of a fuel cell is dependent on many factors: the
temperature, the local species concentration, etc. A single polarisation curve contains information
for exactly one operating condition. By considering the performance of a fuel cell as a single
polarisation curve, all these operational parameters are implicitly assumed. Aside from operating
conditions, the polarisation curve also obfuscates sizing and geometrical information. The
operating conditions and species concentration are not uniform inside of a fuel cell. Finally, the cell
can contain spots of highly varying temperature, as well as gradients in concentration of the
reacting species along the flow path as fuel is used up. The polarisation curve holds for one cell,
but it describes a solution for the integrand reaction taking place over the active surface area. By
changing the size of the cell, the integrand operation conditions change, and hence the
performance may also change.

Caution is warranted when representing a fuel cell with polarisation curves. A fuel cell can only be
realistically represented by a polarisation curve if the polarisation curve is generated for the same
operating conditions and the same geometry as the conditions that is is being interpreted for.

In using GOOSE, one must pick the operating point specifically, which includes the desired cell
voltage. For this reason, GOOSE does not directly output a polarisation curve, but one can simply
create a script that evaluates a mesh at different desired voltages to construct one.
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Table B.1: Thermal conductivity of water as a function of temperature. Data obtained from https:
//www.engineeringtoolbox.com/water-liquid-gas-thermal-conductivity-temperature-pressure-d_2012.html,

extended using RefProp.

Temperature Thermal conductivity κ
K Wm−1K−1

373.15 0.02457
398.15 0.02666
423.15 0.02883
448.15 0.03109
473.15 0.03343
498.15 0.03585
523.15 0.03834
548.15 0.04091
573.15 0.04353
623.15 0.04898
673.15 0.05465
723.15 0.06052
773.15 0.06658
823.15 0.07281
873.15 0.07917
973.15 0.09228
1073.15 0.10581
1173.15 0.11967
1300.00 0.13800
1400.00 0.15200
1500.00 0.16700
1600.00 0.18100

Table B.2: Dynamic viscosity of water as a function of temperature. Data from Coolprop.

Temperature Dynamic viscosity µ
K Pa s

600 2.143× 10−5

1200 4.519× 10−5

https://www.engineeringtoolbox.com/water-liquid-gas-thermal-conductivity-temperature-pressure-d_2012.html
https://www.engineeringtoolbox.com/water-liquid-gas-thermal-conductivity-temperature-pressure-d_2012.html
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Table B.3: Thermal conductivity of hydrogen as a function of temperature. Data obtained from
https://www.engineeringtoolbox.com/hydrogen-H2-thermal-conductivity-temperature-pressure-d_2106.html,

extended using RefProp.

Temperature Thermal conductivity κ
K Wm−1K−1

100 0.0683
200 0.1324
300 0.1858
400 0.2331
500 0.2751
600 0.3176
700 0.3608
800 0.4047
900 0.4492
1000 0.4943
1100 0.5000
1200 0.5400
1300 0.5810
1400 0.6220
1500 0.6640

Table B.4: Dynamic viscosity of hydrogen as a function of temperature. Data from Coolprop.

Temperature Dynamic viscosity µ
K Pa s

600 1.447× 10−5

1200 2.358× 10−5

https://www.engineeringtoolbox.com/hydrogen-H2-thermal-conductivity-temperature-pressure-d_2106.html
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Table B.5: Thermal conductivity of oxygen as a function of temperature. Data obtained from
https://www.engineersedge.com/heat_transfer/thermal-conductivity-gases.htm and RefProp.

Temperature Thermal conductivity κ
K Wm−1K−1

100 0.0093
200 0.0184
300 0.0263
400 0.0337
500 0.0410
600 0.0481
700 0.0540
800 0.0600
900 0.0659
1000 0.0715
1100 0.0771
1200 0.0825
1300 0.0878
1400 0.0930
1500 0.0982
1600 0.1030

Table B.6: Dynamic viscosity of oxygen as a function of temperature. Data from Coolprop.

Temperature Dynamic viscosity µ
K Pa s

600 3.473× 10−5

1200 5.534× 10−5

https://www.engineersedge.com/heat_transfer/thermal-conductivity-gases.htm
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Table B.7: Thermal conductivity of nitrogen as a function of temperature. Data from
https://www.engineeringtoolbox.com/nitrogen-N2-thermal-conductivity-temperature-pressure-d_2084.html

and RefProp.

Temperature Thermal conductivity κ
K Wm−1K−1

373 0.03104
398 0.03269
423 0.03430
448 0.03587
473 0.03742
573 0.04332
623 0.04613
673 0.04886
773 0.05414
800 0.05551
900 0.06052
1000 0.06536
1100 0.07016
1200 0.07470
1300 0.07920
1400 0.08360
1500 0.08800
1600 0.09240

Table B.8: Dynamic viscosity of nitrogen as a function of temperature. Data from Coolprop.

Temperature Dynamic viscosity µ
K Pa s

600 2.958× 10−5

1200 4.677× 10−5

https://www.engineeringtoolbox.com/nitrogen-N2-thermal-conductivity-temperature-pressure-d_2084.html
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C
Validation at very high resolution mesh

Re-running the validation procedures at much higher resolution shows that the results achieved in
Su et al. [32] are most likely not fully resolved.
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(a) Fluid temperatures (air and fuel) presented in Su et al. [32] and this model, run at a high resolution mesh (40000 nodes)

(b) Temperatures of solids (PEN and CC)

Figure C.1: Comparison of the temperature trend along the flow path calculated by the model in this work run at a high
resolution mesh (40000 nodes), as compared to that in Su et al. [32].
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Figure C.2: Comparison of the hydrogen fraction of the bulk flow along the flow path as calculated by this model run at
a high resolution mesh (40000 nodes), and as reported in Su et al. [32].
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