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A New Way to Calibrate and Evaluate a Fuel Cell Model
SIMON JOSEFSSON, PETRONELLA TAUBE
Department of Electrical Engineering

Chalmers University of Technology

Abstract

The increase of greenhouse gases is a constant threat to the environment. A large
contributor is the transport sector. Fuel cells are said to be a possible solution for
long distance heavy duty vehicles. In order to implement fuel cells into vehicles,
simulation models are needed.

This thesis aims to evaluate a fuel cell component in the Gamma Technologies sim-
ulation tool GT SUITE, which is a widely used tool in industries. Additionally, this
thesis aims to improve the calibration of the GT SUITE model by implementing
measurements from an equivalent circuit model. The circuit model was based on
electrochemical impedance spectroscopy experiments.

It was discovered that the GT SUITE model follows the behaviour of the equivalent
circuit model, where the different current regions transition at the same current
densities. However, it was found that the calculated ohmic resistance from the GT
SUITE model was higher than what the equivalent circuit model measures. It was
also found that the GT SUITE model coincides qualitatively with the literature
regarding prediction of polarisation curves of other temperature states. Further
work in calibrating the GT SUITE model using equivalent circuit resistances may
yield improved accuracy of the ohmic resistance.

Keywords: Modelling, PEM Fuel cell, PEMFC, GT SUITE, Equivalent circuit,
Impedance spectra, EIS.
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Nomenclature

In this section the nomenclature used is presented to aid the reader.

Variables
Ay Warburg coefficient [Q s71/2]
C Capacitance [F]
E° Thermodynamic potential between anode and cathode [V]
F Faraday’s constant [C/mol]
I Current [A]
Iy DC current [A]
J Current density [A/cm?|
Jo Exchange current density [A/cm?]
jL Limiting current density [A/cm?]
kocv Open circuit voltage overpotential constant [mV]
L Inductance [H]
n Constant phase element parameter
Ne Number of electrons transferred in a reaction
Pw Partial vapour pressure [Pa]
P Saturation pressure [Pa]
Q Constant phase element coefficient [S s"|
R Universal gas constant [J/K mol]
Rey Charge transfer resistance [Q]
Ronmic Resistance from GT model []
Rq Ohmic resistance from equivalent circuit model [€2]
Ry High frequency intercept [2]
Ry Low frequency intercept [(]
r Residual

ix



Topt Optimisation residual

T Temperature [K]
tm Electrolyte membrane thickness [cm]
V Voltage [V]
Vinodel Fuel cell model voltage [V]
Vbe Measured DC voltage [V]
Vo Applied DC voltage [V]
Z Impedance [Q]
Ze Capacitor impedance [€2]
A Inductor impedance [()]
Zrrs Impedance from EIS data [Q]
Zrc Impedance from equivalent circuit model [Q]
Zy Impedance amplitude [Q]
Greek
Q@ Charge transfer coefficient
AG Gibbs free energy [J/mol]
n Voltage loss [V]
Nact Activation voltage loss [V]
TNeone Concentration voltage loss [V]
Nohmic Ohmic voltage loss [V]
A Water content
o Ionic conductivity [S/cm]
o1 Ionic conductivity parameter for the membrane
012 Ionic conductivity parameter for the membrane
09 Ionic conductivity parameter for the membrane
O303K Tonic conductivity at 303 K [S/cm]
0 Phase shift [rad]
w AC wave frequency [1/s]



Abbreviations

CL Catalyst Layer. 6, 7
CPE Constant Phase Element. 14, 34-36, 38

EC Equivalent Circuit. IX, X, XIII, XIV, 12, 19, 21, 30-32, 35-39, 41
EDL Electrical Double Layer. 13-15, 32
EIS Electrochemical Impedance Spectroscopy. 11, 13, 15, 19, 21, 30, 38, 41, 42

fcaEC Flexible, constant anode EC. IX, 34-36
fcanEC Flexible, constant anode and n EC. IX, 34-36
fEC Flexible EC. 18, 30-35, 37, 38

GDL Gas Diffusion Layer. 6, 7, 23
HOR Hydrogen Oxidation Reaction. III, 5, 7, 13, 17

MEA Membrane Electrode Assembly. 5-7
MPL Microporous Layer. 6, 7

OCYV Open Circuit Voltage. 8, 18, 24-26
ORR Oxygen Reduction Reaction. III, 6, 7, 17

PEM fuel cell Polymer Electrolyte Membrane Fuel Cell. 5-8, 10, 33, 42
RH Relative Humidity. VII, VIII, XI, 10, 17, 23-29, 37

TPB Triple Phase Boundary. 7, 10, 11, 13, 14, 21
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Introduction

1.1 Background

As the world’s population increases and industrialisation continues to grow, the de-
mand for energy and the use of fossil fuels become a more prominent problem in
our society [1]. Our way of living today is not sustainable for future generations. In
many big cities throughout the world, there is an urgent need to decrease the emis-
sions from transport. These emissions affect local peoples’ physical health. It has
come to the point that governments are restricting the use of internal combustion
engine (ICE) vehicles in the largest cities [2]. Extensive research and improvement
of existing technology are being made to decrease the environmental footprint from
the transportation sector. In 2015, the transport sector was responsible for 24% of
the global CO; emissions [3].

There are two main types of technologies in transport vehicles that generate power:
combustion engines and electric engines. Unlike the combustion engine, electrical
engines have no tailpipe emissions [4]. Electric engines are driven either by a battery
or a fuel cell, where the emissions are shifted to the location where the electricity or
hydrogen are being produced. Most of the hydrogen today is produced from natural
gas [5]. This could be changed in the future as the world restricts the use of fossil
fuels and electrolysis becomes the more economically beneficial choice.

Batteries are limited by the driving range. They have been difficult to scale between
power and capacity since they are intertwined with each other. They also have the
limitation of needing to be charged [6, 7]. Unlike batteries, fuel cells allow for easy
independent scaling between power and capacity, since power is determined by the
size of the cell and capacity is determined by the storage size of the fuel, which is
independent of each other [7]. Thus, battery vehicles are more suitable for shorter
distances and low cargo weight, while fuel cell vehicles are more suitable for longer
distances and heavier cargo weight [4]. However, there are still many issues needed
to be solved for fuel cell trucks to be commercialised on a large market. The main
problem is the infrastructure of hydrogen: producing renewable hydrogen and stor-
ing it [4].
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1.2 Fuel Cell Model Developments

In order to incorporate fuel cells into heavy vehicles, fuel cell models are needed to
predict their behaviour. These models can be categorised as either process or mea-
surement models [8]. Process models means resolving some governing equations, for
instance the momentum and mass transport of each species and the energy transport.
One of the first process models was one-dimensional, isothermal and steady state
with the assumption that all water formed, was evenly dispersed [9]. Since then,
transient, non-isothermal, three dimensional models with two-phase flow have been
developed that require knowledge of microscopic characteristics of the porous elec-
trodes [10]. Still, 1D and 2D models are of great interest for their low computational
cost and requirements, such as fewer parameters. Measurement models also require
fewer physical parameters, and offer a general overview of the fuel cell behaviour [8].
They build on impedance measurements and generate an equivalent model with elec-
trical components that create the same impedance spectrum as a measured one [8].
Two different kinds of measurement models are usually implemented: a simplified
equivalent circuit model or a complex transmission line model. One of the earliest
simplified equivalent circuits was proposed by Randles et al. and has since then been
modified in various ways to incorporate different complex phenomena [8, 11]. The
second approach is the transmission line model. It is made up of a chain of smaller
circuits, similar to a discretisation, to describe the ion transport in greater detail [8].

To validate and calibrate fuel cell models, the ordinary approach for process models
is to compare polarisation curve data. This method is used for everything from
1D to 3D process models [12]. Measurement models are calibrated from EIS data
[11]. Bertei et al. validated a physical solid oxide fuel cell model by verifying micro-
scopic parameters using 3D tomography and the overall transient behaviour using
impedance spectroscopy [13]. The impedance spectroscopy was also used to cali-
brate the model by deriving an equivalent circuit and calibrating it. The equivalent
circuit parameters were fitted using an Arrhenius equation in order to make them
temperature dependent and more widely applicable.

A popular simulation tool in many industries is GT SUITE. This tool has been
developed by the company Gamma Technologies and has many built-in libraries of
components that solve for multi-physical tasks such as problems in thermal trans-
port, solid mechanics, flow mechanics, acoustics, electromechanics and control [14].
One of the libraries contain a fuel cell stack component, which acts as a black box.
It is built on a mix of fuel cell science articles, hence it is a process model that has
yet to be validated externally.

1.3 Purpose

The aim of this project is to evaluate the GT fuel cell component by comparing it
with an equivalent circuit model based on experimental data, as well as to compare
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polarisation curves. A second goal is to investigate if there are ways to improve the
calibration method using electrochemical impedance spectroscopy and equivalent
circuits.



1. Introduction




2

Theory and Fundamentals

To create a model of a polymer electrolyte membrane (PEM) fuel cell, it is important
to have a fundamental understanding about the underlying principles of the fuel cell.
In the following section, the theory and fundamentals necessary will be explained.

2.1 Fuel Cells

Fuel cells are electrochemical cells that generate electrical energy by converting
chemical energy of a fuel and an oxidising agent through redox reactions. This is
achieved at an efficiency of 40-60 % depending on design [15], with the by-products
of heat and water [16]. The main component of a fuel cell is the membrane electrode
assembly (MEA), which consists of an electrolyte sandwiched between an anode and
a cathode. There are different types of fuel cells and they are classified based on
which electrolyte material and fuel is used. The main types of fuel cells are PEM
fuel cells, solid oxide fuel cells, alkaline fuel cells, direct methanol fuel cells, phos-
phoric acid fuel cells and molten carbonate fuel cells. All kinds of fuel cells have
the same underlying electrochemical principles, but differ in operational tempera-
ture regime, materials, fuel flexibility and performance [7]. This project focuses on
PEM fuel cells; they are attractive in many applications due to their low operational
temperature and higher power density of 500-2500mW /cm? [7]. The low operational
temperature allows for relatively fast start and stop transitions of the fuel cell. This
is an important property for transport vehicles and other portable applications [7].
It also decreases the requirements of heat transport from the fuel cell stack, allowing
for water as a safe liquid coolant as well as lowering restrictions on heat tolerance
of any surrounding materials.

PEM fuel cells run on hydrogen gas. The gas is oxidised at the anode by the following
reaction
Hy — 2HT + 2e”,

and it is called the hydrogen oxidation reaction (HOR), which is a dissociation
reaction. The produced protons are transported through the electrolyte to the
cathode. The electrolyte in a PEM fuel cell is, as the name suggests, a polymer. The
electrons released from the dissociation reaction are transported through an outer
circuit to the cathode, which generates a current. At the cathode, the protons and
electrons reacts with the oxidising agent (Os) according to the reaction

1
502 + 2H+ + 27 —» HQO,
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and is called the oxygen reduction reaction (ORR). The operation of a PEM fuel
cell is visualised in Figure 2.1 [17].

Current LOAD
Hy | air o o

o H'
@ H,
@ H,0

Excess air @ 0,

Excess H2
+—

Bipolar plate GDL MPL CL PEM CL MPL GDL Bipolar plate

Figure 2.1: A PEM fuel cell schematic with the following abbreviations: GDL - Gas
Diffusion Layer, MPL - Micro Porous Layer, CL - Catalyst Layer, PEM - Polymer
Electrolyte Membrane. Hydrogen is fed at the anode (to the left of the figure) and
is transported to the CL, where it split into electrons and protons. Protons travel
through the membrane while electrons generate a current in the external circuit.
The electrons and protons are then conducted to the CL at the cathode to react
with oxygen and form water vapour. (Figure reference, altered with permission: Hao Wu
(2009))

2.2 Fundamentals of the Components

In order to understand how a PEM fuel cell operates, it is important to understand
the task of the different components and their limitations. The electrolyte is used
to transport protons from the anode to cathode. It is required to have a high proton
conductivity, be electrically insulating, as well as be mechanically and thermally sta-
ble in order to perform as intended. The most commonly used polymer membrane
used is Nafion, which has been developed by DuPont [11]. Nafion has the desired
properties of an electrolyte, but it is temperature and moisture sensitive. If it dries
out in use, the life time is drastically shortened, and with increased humidity, the
proton conductivity is greatly increased. Since the conductivity in the membrane is
strongly dependent on the humidity, the operational temperature of PEM fuel cells
are often limited to below 100°C, hence the ideal operational temperature of the cell
is around 80 °C [11, 18].

Besides the electrolyte, the MEA also consists of an anode and a cathode. The
cathode and anode need to be able to perform multiple functions, such as gas trans-
port to the reaction sites. The electrodes consist of smaller components, namely the
catalyst layer (CL), the microporous layer (MPL) and the gas diffusion layer (GDL).

6
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The CL is required in order to lower the activation energy for the HOR and ORR,
especially at the low operational temperature of a PEM fuel cell. It is sometimes
only the CL and the membrane that are included in the MEA. The most commonly
used catalyst in PEM fuel cell is Pt (platinum) [11, 19]. The Pt load is an important
factor of PEM fuel cells as it is a scarce and expensive material. Therefore, a lot of
research is focused on reducing the Pt load in the PEM fuel cell [19]. The GDL and
MPL are together called the gas diffusion medium. Its function is to transport and
distribute the gaseous reactants to the reaction sites and transport the water prod-
uct away. The gas diffusion medium consists of a porous carbon material, where the
MPL has a lower porosity than the GDL [20].! Tt also has the important property of
being highly electrically conductive. In a fuel cell stack, the MEA is placed between
pairs of bipolar plates that has gas flow channels which supply the electrodes with
reactants. It also includes current collectors that connect to the external circuitry
[11]. If a single cell is used instead of a fuel cell stack, no bipolar plates are needed
as they electronically connect cells. A single fuel cell has flow field channels and
current collectors without any connection to other cells.

The interface where the electrolyte, catalyst and gas diffusion medium are in con-
tact is called the triple phase boundary (TPB) region. This is where the HOR and
ORR take place [7, 19, 20]. To be able to increase the current with small losses,
efficient transport to and from the TPB region is needed. This is achieved with the
properties of the components already mentioned. Note that these reaction sites can
be everywhere throughout the electrode as long as it has contact to the three phases
(electrolyte, catalyst and gas diffusion medium).

2.3 Polarisation Curves

The performance of a fuel cell can be summarised with a graph of its current-voltage
characteristic called a polarisation curve [7]. A typical polarisation curve is presented
in Figure 2.2. It shows the voltage output for any given current load and the voltage
would preferably be as high as possible for a specific current. Polarisation curves
are often measured using a galvanostat/potentiostat, which draws a fixed current
from the fuel cell and measures the output voltage or vice versa. Note that in
Figure 2.2, the current is normalised against geometric area? of a single fuel cell, as
the current produced is directly proportional to the area of the reaction interface [7].

The highest theoretical voltage created by a single Hy/Os fuel cell is given from the
Gibbs free energy AG, since it is a measurement of the maximum reversible work
[7, 11]. The highest potential between the electrodes, E is

AG

B =22
nF’

(2.1)

!Porosity is the percentage of void space and can also be given from 0 to 1.
2This is the cross sectional area that protons are transported through.
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Ohmic
region
— — — — — =
Activation Concentration

region region

Current Density [A/cm?]
Figure 2.2: A polarisation curve of the typical behaviour of a PEM fuel cell. Three
regions are indicated, activation, ohmic and mass transport. Each field indicates
which voltage loss is dominating. Note that each field is transitional in reality.

where n, is the number of electrons transferred per hydrogen gas molecule and F is
the Faraday constant (C/mol electrons). The maximum theoretical potential E° is
1.23 V if the water produced is in vapour phase.?

The highest voltage is measured at no current? and is called the open circuit voltage
(OCV). This voltage is the difference between the anode and cathode potential and
ideally would have been the theoretical potential E°, but as seen in in Figure 2.2,
the actual voltage (solid line) is always lower. The decrease is caused by hydrogen
gas crossing over the membrane to the cathode and then reacting with Pt and oxy-
gen. This lowers the cathodic potential and is referred to as the hydrogen crossover
loss. There are also other properties that influence the decrease in voltage such as
temperature, gas pressure and the purity of oxygen. Accounting for these losses
brings the OCV down to around 1 V [11]. If more than 1V is required, a stack is
necessary (fuel cells in series).

As seen in Figure 2.2, the voltage decreases with increased current load. This is due
to several irreversible losses that are connected to different regions of the polarisation
curve. At low currents, losses are mainly connected to activation losses. These losses
are related to the reaction kinetics, where reactions need a reaction overpotential in
order to overcome the activation energy [7, 11]. The catalyst decreases the activa-
tion energy, thus lowering the activation loss. At intermediate currents, the ohmic
losses dominate. These losses are related to charge transport of electrons and ions.

3n. = 2 electrons per hydrogen gas molecule, F' = 96 485.3 C/mol electrons and AG is -237

kJ/mol at standard conditions (25 °C, 1 atm) for water vapour.
4Note, no current does not mean that no reactions take place, just no net reactions (both half
cell reactions are in equilibrium).

8
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As the name suggests, they follow Ohm’s law. The main contribution is typically
from the ionic transport. In order to decrease the ohmic losses, thinner electrolytes
can be used, keeping in mind that the mechanical strength of the electrolyte is then
lowered [7]. At high currents, reactant mass transport become rate limiting due
to the overall increase in reaction rate as well as opposed transport of produced
water which may block the reactant gases. These losses are called concentration
or mass transport losses. Ohmic losses relate to charged particle mass transport,
while concentration losses are due to limiting transport of uncharged particles. In
order to decrease these losses, optimal design of the electrodes and flow channels are
therefore needed [7].

The losses affect all current regions, but dominate in different regions as indicated in
Figure 2.2. The voltage output is the theoretical potential subtracted by the losses

V = EO - ncross - nact - nohmic - nconm (22)

where 7 are the different losses related to the hydrogen crossover 1oss (1goss), acti-
vation losses (7)4¢), ohmic losses (Mopmic) and concentration losses (Neone) [11]. The
difference between E° and the measured voltage is called the overpotential and is
dependent on the current load.

2.4 Losses Modelling

The three main voltage losses, activation, ohmic and concentration loss, can be fur-
ther studied. The Butler-Volmer equation is one of the most fundamental equations
in electrochemical kinetics. It describes the relationship between the current density
and the activation overpotential. It is given as

i=jo ( ooneFact/(RT) _ e—(l—a)nanactﬂRT)) : (2.3)
where « is the charge transfer coefficient. « describes the symmetry of the activation
barrier in forward and backward direction [7, 9]. The forward activation barrier is
decreased with anF'n,q. The first term in the Butler-Volmer equation is the forward
current density, while the second is the reverse. jy is the exchange current density,
which is equal to the magnitude of the forward and reverse current density when no
net current flows. R is the universal gas constant and 7" is the temperature in Kelvin.

The Tafel equation is a numerical simplification of the Butler-Volmer equation [7].
At low net current density (j < jo) the current density in (2.3) can be simplified to

(2.4)

by Taylor series expansion to the first order (e* ~ 1+ x). At high current (j > jo),
the backward reaction rate is negligible in comparison to the forward reaction

j = joene et/ (RT) (2.5)
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Solving for 7, yields the Tafel equation

act . ‘ . ) 26
a (ln ‘ ln ‘ ) ] >> ) (2 A)
Ci 9 . .

77 t n F j jﬂ ] jﬂ

Note that the Tafel equation is required to be continuous, thus the gap between 2.6
and 2.7 has to be small.

Next, the ohmic losses are given as

Nohm = jRohmica (28)

where Ropmic is the total resistance of the fuel cell (with unit Qem? here), which
is dependent on material properties of the electrodes, the membrane, as well as
its humidity. One empirical formula that can be used for Nafion membranes is to
integrate over the membrane thickness t,, [7, 9]

tm  dz tm
Rohmic :/0 @ ~ ;7 (29)
o(T, \) =0303K () (02(1 — 1)) ) (2.10)
303 T
o303k (A) =011A — 012, (2.11)

where ¢ is the conductivity with the units Q tem™! (o303 is at 303 Kelvin), and
011,012 and o9 are Nafion membrane parameters. X is the water content of the
membrane, and is found through empirical functions of relative humidity (also called
vapour activity) of the membrane [7, 9]. The water content is defined as the number
of water molecules per charged Nafion polymer site (R - SO3) and reaches 14 at
100% relative humidity. The relative humidity (RH) of the membrane is

Py

H =
R Psat’

(2.12)

where Py is the water vapour partial pressure and P, is the saturation pressure of
water in air 7, 9].

Lastly, the mass transport losses are modelled using the following empirical formula
RT JL
Neone =—F In - P
neF Jr —J

(2.13)

where 57, is the limiting current density, the necessary current density to deplete the
reactant concentration at the TPB [7, 9].

2.5 Starvation

A PEM fuel cell that is operated at high currents reaches a tipping point where
the voltage quickly drops, as shown in Figure 2.2 in the concentration region. At

10
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that point, the fuel cell is suffering from starvation of reactants. The reaction sites
are not supplied with enough reactants to generate the required current. Starvation
can occur when the cell is fed inlet gases with low reactant stoichiometric ratios
(normal operation: stoichiometric ratio of 1.3 and 1.5 for Hy and Os respectively at
2-3 bar [18]) or when excess water blocks routes to the reaction sites (i.e. flooding)
[21]. Water production at the cathode is proportional to the current density. For
a constant reactant flow rate over the polarisation curve, the risk of starvation is
greatest at high currents.

Operating a fuel cell at starvation conditions leads to material degradation of the
cell. As the preferred reactant becomes unavailable at the electrodes, the local po-
tential increases which allows for side reactions. The electrodes may then suffer
from local carbon corrosion, where the carbon is oxidised and the Pt catalyst loses
its carrying structure. The loose Pt may then lump together to other Pt particles,
dissolve into the ionomer, or exit the fuel cell [22, 23]. Furthermore, if the anode
side is starved, water may react at the anode TPB to form protons, electrons and
oxygen gas [24]. With high enough built up local potential, the Pt catalyst may
react with the oxygen to form oxides, thus removing it as a possible reaction site
permanently. If the cathode is starved, the protons and electrons at the cathode
TPB reforms into hydrogen. No matter which reactant is limited, it can lead to an
explosive hydrogen and oxygen gas mix [24].

2.6 Electrochemical Impedance Spectroscopy

While polarisation curves are great for representing the fuel cell performance at a
specific state (pressure, temperature, humidity, concentration), it is not apparent
what phenomena lowers or increases performance. The electrochemical impedance
spectroscopy (EIS) has the ability to differentiate loss contributions from different
processes in the fuel cell, because it is a time resolved technique and the different
processes occur at different rates. However, it is generally more difficult to analyse
and measure than a polarisation curve [7, 11, 25].

EIS is a method to measure the response of an electrical system by exposing it to
a weak sinusoidal AC current or voltage with varying frequencies. The fuel cell is
an electrochemical system that consists of many processes such as charge transfer,
mass transfer and adsorption of species. These processes have certain delays and
losses that can be interpreted as the impedance of electrical components in a circuit.
By imposing an AC voltage onto the circuit, the impedance Z is given as

_ Vv (t) Vbeiwt

A = ——
](t) Ioezwt—z¢

= Zoe'® = Zy(cos(¢) + isin(¢)), (2.14)

with the amplitude voltage V{, current Iy and frequency w. The produced current
may have a phase shift ¢ depending on the behaviour of the fuel cell components
[11].

11
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2.6.1 Electrical Component Impedance Responses

Electrical components have different impedance responses. A component that only
responds with a real valued impedance is a resistor (the phase shift is zero). A
capacitor and an inductor has the following impedances

Zo(w) = Mlc (2.15)
71 (w) = iwL, (2.16)

where C' and L are the capacitance and inductance. The responses of the corre-
sponding components are presented as Nyquist curves in Figure 2.3a. A Nyquist
curve is the imaginary and real part of the impedance plotted against each other as
the AC frequency is varied.

2.6.2 Equivalent Circuit for a Fuel Cell

One common way of modelling a fuel cell is to make an equivalent circuit (EC)
model, where the circuit produces the same response as the electrochemical cell.
The model should be as simple as possible to represent the processes in the fuel cell
[11]. Commonly, many processes are described by one component. These equivalent
circuit models are a way of extracting information about the reaction kinetics, ohmic
conduction, mass transport and other processes [7]. Note that the electrical circuits
used to describe a system is not unique and it can be difficult to pinpoint the exact
physical origin of the impedance [8, 26].

The most common equivalent circuit model is the Randles circuit. It includes a
resistor, Rq followed by a parallel resistor and capacitor (Re:/C) [11]. The total
impedance of the Randles circuit is

1
A =tet e
Ry

(2.17)

and the response of this equivalent circuit is shown in Figure 2.3b, together with
its circuit diagram. For high frequencies, the impedance tends towards Rq and for
low frequencies toward Ro + Rc:. The Randles circuit is both useful as a model
and can serve as a starting point in the equivalent circuit modelling, where more
electrical components can be added to represent different physical behaviours and
make a better fit to the EIS data.

The resistor Rq in the Randles circuit represent the ohmic losses, which come from
the various cell components and the contact resistance between them. The main
contributor to variations in Rg is the membrane electrolyte, due to shifts in mem-
brane hydration (which modifies the ionic resistivity) [11, 27, 28]. The reaction
process is overall more complex at the cathode than the anode, as well as being
slower, thus the impedance from EIS mainly resembles the behaviour of the cathode
[11, 28]. Therefore, the parallel circuit in the Randles circuit mainly correspond to
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Figure 2.3: Nyquist curve for (a) a capacitor, inductor and resistor and (b)
Randles circuit response with corresponding circuit. The resistance Rgq is the dis-
placement along the real impedance axis.

the cathodic processes. The resistance, R¢y, corresponds to the response from the
charge transfer and the capacitance, C', corresponds to the response of the electrical
double layer (EDL). The charge transfer is the transport of electrons between the
electrode and the TPB [7, 11]. The EDL is developed on the interface between
the electrode/electrolyte and is extremely thin [11]. The EDL is the distribution
of mobile charges close to a charged interface. As the name suggests, roughly two
layers form. The layer closest to the surface consist of adsorbed ions and the layer
further away consist of ions attracted by columbic forces [29].

The ideal EIS response of a fuel cell is visualised in Figure 2.4 for the different
current regions (activation, ohmic and mass transfer) [7]. R1 represents the high
frequency intercept and is modelled as Rg in the Randles circuit. R2 is the low
frequency intercept and is the total resistance of the fuel cell, which is the negative
slope of the polarisation curve [11]. In the activation region, two semicircles are
typically seen as indicated in Figure 2.4a. One is often smaller or indistinguishable
from the second larger semicircle. The small semicircle to the left is commonly
interpreted as being related to the anodic behaviour. This is since the HOR occurs
at a higher rate. It is therefore in the high frequency region. In order to model the
anodic response in an equivalent circuit, an additional parallel circuit can be added
to the Randles circuit. For higher current, the semicircles decrease in size [30] as
seen in Figure 2.4b.

13
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Figure 2.4: Characteristic Nyquist curve for (a) the activation region, (b) the
ohmic region and (c) the mass transfer region. The frequency, w, increases as
indicated in (a). Characteristically, there are two semicircles that decreases in size
with higher current load. These can sometimes be indistinguishable [7]. Ry and Ry
indicates the high and low frequency intercept respectively.
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2.6.3 Electrical Elements

The behaviour seen at low frequencies in Figure 2.4c originates from the mass trans-
port of oxygen to the TPB as it becomes limiting. This could not be modelled with
the components in section 2.6.1, instead a Warburg element is included. The War-
burg element impedance is defined as

Aw
Z=—(1-i 2.18
Ha-i, (218)
where Ay, is the cathode Warburg coefficient. This is called an infinite Warburg
and gives a line with a 45° incline in a Nyquist curve. It corresponds to an infinite
diffusion layer [20, 25]. In real cases, the low frequencies curve down to the real axis
again since the fuel cell diffusion layer is not infinite.

The EDL is not a perfect capacitor. Instead, the semicircle seen in Figure 2.3b
is often depressed for a real fuel cell. For a more realistic behaviour, the capacitor
can be replaced by a constant phase element (CPE) [11]

1

2(W) = oomemre

(2.19)
The parameter () depends on the choice of n, which has a range between -1 and 1.
The CPE does not correspond to one single electrical component; with a change of
n, the behaviour of the component changes. For n = 1, the CPE is a capacitor (with
a capacitance ), while for n = —1, it is an inductor (Q = 1/L). n = 0 results in the
impedance of a resistor (Q = 1/R), and n = 1/2 achieves the impedance of an infi-
nite Warburg component [11]. Other choices of n thus describe a mix of behaviours
and bring more freedom to modify the equivalent circuit to match impedance data.
The CPE can therefore not be connected to any specific physical transfer rate until
a choice of n is made. Choosing a value of n near 1 therefore describes a non-ideal
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capacitor, which could be interpreted as an EDL [11].

2.6.4 Data Fitting

As described above, one effective approach to analyse the EIS response has been to
use equivalent circuit models. In order to evaluate a chosen equivalent circuit, the
circuit first needs to be fitted to the EIS data. Two major strategies used to fit the
data are:

« analytical approach (also called the graphical method)

e numerical curve fitting
The analytical approach is straightforward: tune the parameters manually to best
fit the data. The numerical curve fitting is more popular since it is fast and easy
to use. It is commonly implemented with a non-linear least square method, which
finds a local minimum, hence it is dependent on the starting guess [11].
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3

Case Setup

The supplied experimental data were based on single fuel cell experiments with a ge-
ometric area of 5 cm?. Two different fuel cells were experimented on: a fuel cell with
a Nafion 212 membrane (fuel cell A) and a Gore-Select membrane with unknown
parameters (fuel cell B). The Gore membrane has similar properties to Nafion, in
that they are made of the same kind of polymer (perfluorinated sulphonic acid based
polymers), but is also reinforced in order to increase the durability [31]. Overall,
it has a lower conductivity compared to Nafion membranes [32]. All other compo-
nents, (electrodes, flow field channels) had the same parameters. However, these
parameters may have slight differences due to small variations in the production.
See Appendix A for all physically relevant parameters of the fuel cell.

3.1 Lab Setup

The fuel cells were fed with an Argon-oxygen gas mix on the cathode side corre-
sponding to the nitrogen/oxygen ratio in air with a volumetric flow rate of 400
mL/min. On the anode side, pure hydrogen gas (99.995%) was fed at 140 mL/min.
The lowest stoichiometric ratio was calculated! to be ~1.7 for the HOR and ~2.2
for the ORR at the highest current density (approximately 1 A cm™2). Inlet flows
were at atmospheric pressure and were pre-heated as well as humidified to match the
chosen conditions. The fuel cell operation conditions are listed in Table 3.1, where
the humidity is specified by the RH. All experimental data was performed with no
back pressure.

Table 3.1: Inlet flows state description for each experiment. A denotes the PEM
fuel cell with a Nafion membrane, B denotes the fuel cell with a Gore membrane.

States | T [°C] | RH [%)]
A 80 100
B.1 80 100
B.2 40 100
B.3 40 41

IThe calculation is presented in Appendix B.
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3.2 Physical Model

The GT fuel cell model was set with the same parameters as each experiment,
which are also listed in Appendix A. It was further calibrated by matching relevant
polarisation curves in Table 3.1. To calibrate the GT model, the OCV was tuned by
setting a constant OCV voltage loss so that near zero current resulted in the same
output voltage as the corresponding experiment. Next, GT Suite’s optimizer was
implemented to minimise the following residual based on the polarisation curve

b V v Vmo el,1
ropt(vmodel) = Z | be, V A del, |, (31)
Z:1 DCJ

where p is the number of points over the polarisation curve to fit the model to. The
measurements ¢ were chosen to be evenly distributed in order to capture each region
of the polarisation curve. V,o4e1, is the voltage output from the GT model, while
Vbe,i was the direct current output from the experimental cell. While the lab was
performed using a potentiostat, the model was fed with a DC current instead (cor-
responding to a galvanostat). The chosen calibration parameters were the charge
transfer coefficient o in (2.7) to manipulate the activation region, the membrane
conductivity factor oq; in (2.11) for the ohmic region, and the porosity ¢ of the elec-
trodes for the mass transport region. The optimizer used a genetic algorithm with
10 individuals (sets of chosen «, o1 and ¢€) and was executed for 20-50 generations
for both fuel cells (i.e. 200-500 individuals). The individual with the lowest residual
was chosen and its parameter values were implemented. After the fuel cell mod-
els were calibrated from polarisation curves, their prediction for polarisation curves
at other temperatures and humidities were qualitatively compared to expected be-
haviour from literature.

The GT model consisted of a fuel cell component as well as a current source, as
previously mentioned. In order to achieve the correct operational states, two inlet
and outlet components were incorporated, one for the anode and one for the cath-
ode. These supplied the reactants and transported away the products and excess. In
the inlet and outlet components, many of the boundary conditions from the exper-
iments were set such as temperature and pressure. In order to get a stable model,
a humidifier was used to calculate the amount of water that should be supplied at
the given state instead of setting a value from the experiments. This lead to a more
robust model for variations from the initial state. Note also that the model needed
a nitrogen mixture in order to function, while the experiments were operated with
an argon-oxygen mix. This lead to that the cathodic inlet was modelled to have an
air mixture, which modified the diffusion coefficients of the gas mass transport.

3.3 Equivalent Circuit
Two equivalent circuit models were chosen, namely the Randles circuit and the

flexible EC (fEC) model, which are presented in Figures 3.1. These models were
selected as starting points for the equivalent circuit model. The components of the
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model were fitted to the EIS data using a complex non-linear least squares method.
In Python, the SciPy function least squares was used to minimise the residual
vector, which was defined as

| Re (ZE[S) — Re (ZEC') | + | IIII (ZEIS) — IIII (ZEC) |

7 —

(3.2)

where Zgrs and Zge is the impedance of the experimental data and the calculated
response from the EC model respectively. This fitting was performed on all the
negative imaginary impedance points only.

C C CPE

Rey R4 Re
Figure 3.1: The chosen equivalent circuit models: (left) the Randles circuit and
(right) the flexible equivalent circuit (fEC).
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4

Results and Discussion

In this section, the results are presented and discussed for the EC model and GT-
SUITE model. The GT model is evaluated for how well it performs compared to
the experimental data. Connections between the EC model and GT model are in-
vestigated.

4.1 Experimental Data

The overall experimental process in time is shown in Figure 4.1 for experiment A.
The cell was exposed to a steady voltage using a Gamry potentiostat. After 30
seconds at a certain voltage, a superimposed AC voltage was introduced with a 4
mV amplitude and frequency of 2 Hz - 100 kHz. The DC voltage step and AC
voltage sweep is referred to as a cycle. Some current density cycles are more stable
than others. More stable cycles are indicated with a red ring. Some of these rings
might be a little unstable, but the aim is to capture the behaviour over the whole
experiment and therefore a distribution of points that covers the whole current spec-
trum is needed. Note that higher currents are less stable. The experiments were
operated with a constant volumetric flow rate, which with increasing current also
decreases the stoichiometry reactant, which has been found to increase the time to
reach steady state [33]. In Appendix C, fuel cell B is presented and show similar
behaviour as in Figure 4.1.

At 0.7V, 0.63 V, 0.55 V and 0.45 V, sudden drops in current can be seen in Figure
4.1. A hypothesis as to why they occurred is that water droplets were formed at
these times in the gas diffusion layer or catalyst layer. These droplets block gas
reactants from the TPB. As the droplets are removed, the fuel cell recovers. An ar-
ticle by Hartnig et al. somewhat support this hypothesis, as they found that small
cyclic water eruptions occurred in the gas diffusion layer during their operation of
a PEM fuel cell [34].

Polarisation curves were generated by taking the last data point of the measured
current density for each fixed voltage (the last black point at each current density).
These curves are shown in Figure 4.2 for experiment A and B. The voltage ranged
between 1 to 0.4 V. It was not further decreased in order to avoid degradation caused
by starvation. Therefore, there is no clear indication of a mass transport region. In
total, 17 EIS were performed across the polarisation curve.
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Figure 4.1: The transient data of the current response from the potentiostat (shown
in black), including the impedance spectroscopy at the end of each voltage step
(shown in grey). Red circle markers show which voltage steps that where chosen to
calibrate the polarisation curve for the GT model based on experiment A, 80 °C,
100 % RH. The blue lines indicate the drawn voltage from the cell at each time.

For fuel cell B, something happened in between the experiments. Note that for a
relative humidity of 100% the lower temperature of 40 °C has a higher voltage at
any given current density compared to the higher temperature of 80 °C, as can be
seen in Figure 4.2. This is the opposite of what is expected from literature and it
is probably caused by degradation, which altered the physical fuel cell parameters.
Comparing these experiments is similar to comparing different fuel cells.! There-
fore, the experiments from fuel cell B should be usable on their own, but cannot be
compared with each other.

1.00+ --e-- Exp A
> \\N --+-- Exp B; T=40C, RH=100%
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0.00— . : . .

0.0 0.2 0.4 0.6 0.8 1.0
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Figure 4.2: Polarisation curves of the experimental data.

!The cause is outside the scope of this project, but a hypothesis is that the cell was operated
with an initially dry membrane during some of the experiments.
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4.2 GT - SUITE Model

The GT model was calibrated according to each set of operating conditions as de-
scribed in Table 3.1. The resulting values of all calibration parameters are listed
in Appendix A. The calibration for experiment A is shown in Figure 4.3. Values
circled in red are calibration points for the algorithm. When the genetic algorithm
was allowed to vary the porosity, it reached the unlikely value of 0.97 (porosities of
gas diffusion electrodes are generally in the range of 0.7-0.8 [35]). The result of that
calibration can be seen in Figure 4.3a. In Figure 4.3b, the same calibration proce-
dure, but with fixed porosity of 0.7, is shown with no visible difference. Therefore,
the GDL porosity has a negligible effect on the polarisation curve. This is due to
the voltage range not reaching the concentration region. A similar result was given
for fuel cell B as shown in Appendix D, thus the porosity is hereafter fixed to 0.7.
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Figure 4.3: Calibration of experiment A at 80 °C, 100% RH at both inlets (anode
and cathode). Black line indicates the experimental data and grey line show the
result from the GT model. Red circles mark the points that the model used to cali-
brate the model. In (a) the porosity set during calibration by the genetic algorithm
was 0.97 and in (b) the porosity was fixed to 0.7.

Similarly, the calibration process was repeated for fuel cell B with the resulting po-
larisation curves as shown in Figure 4.4a and 4.4b. These single state calibrations
show good alignment to the experimental data. Note that the calibration of the 40
°C, 41% RH state is not included. Lower humidity fuel cell calibrations were not
successful due to difficulties in simulating a Gore membrane using a Nafion based
model, but also because the membrane humidity is overall unknown. Letting the
membrane humidity approach the same humidity as the inlet gases result in incom-
patible polarisation curves to the experimental data, hence the approach used so far
would have to be drastically changed. Only two parameters were calibrated using a
genetic algorithm (o7 and «) and there are more parameters that can be adjusted
for a more suitable fit, e.g. water transport rate factors in the membrane. However,
these factors are unknown and outside the scope of this thesis.

It is possible that the membrane humidity for each experiment did not reach steady
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state. For a fuel cell with initially low humidity, the membrane is able to absorb
any produced water at the cathode, thus the membrane humidity increases for each
voltage step. Assuming that the membrane could not measurably exceed 100% RH,
the membrane humidity would then barely vary if the membrane humidity started
at 100% and therefore reach steady state quicker. The membrane humidity response
would then be slowest for experiment B.3 (40°C, 41% RH). Andrea Ramirez-Cruzado
et. al (2020) found hysteresis effects in forward and backward current density step-
ping using similar time steps; they believe it was caused by differing membrane water
content [36]. Therefore, the DC time duration for each voltage step in experiment
B.3 could be too short to stabilise the humidity. Jay Benziger et. al (2005) also
found that the relative humidity was not steady until 10 000 seconds had passed and
they suggested it was caused by a mechanical swelling processes of the membrane,
which was restricted by the surrounding components [37]. The membrane restric-
tion is in this case unknown, but could also have affected the humidity response time.
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Figure 4.4: Calibration of fuel cell B at the two different temperatures (a) 80 °C
and (b) 40 °C. Both at 100% RH. Black line indicates the experimental data and
the grey lines show the result from the GT model. Red circles mark the points that
the model used to calibrate the model.

4.2.1 GT Extrapolations

A small investigation was performed to see if the GT model behaved as the liter-
ature predicts. This was done by changing the operational temperature from each
single state calibration model, while keeping the other parameters fixed. The 40
°C calibrated model was simulated at 80 °C and its resulting polarisation curves
are shown in Figure 4.5a. An increased performance is seen at higher currents as
expected, and the activation is lower than the 40°C case. The literature predicts
that the OCV decreases with higher temperature due to higher membrane perme-
ability, thus increasing the hydrogen crossover rate [38]. The OCV was affected as
predicted despite being set as constant in GT (which is further described in Sec-
tion 4.2.3). That is because the GT model does not account for hydrogen crossover
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losses explicitly in the OCV voltage loss, but is instead included in the activation
loss from its reactant concentration dependency. The behaviour of the polarisation
curves in Figure 4.5b is similar: when the 80 °C model is operated at 40 °C, the
same behaviour is seen but with a steeper ohmic region for both curves, which was
possibly caused by degradation.
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Figure 4.5: Polarisation curve prediction at a different temperature. In (a) the
calibrated GT model for experiment B.2 at 40 °C and 100% RH presented in Figure
4.4b is used to predict a temperature of 80 °C. In (b) the calibrated GT model
for experiment B.1 at 80 °C and 100% RH presented in Figure 4.4a, is used to
predict a temperature of 80 °C. The only parameter changed in the prediction is the

temperature.

4.2.2 Combining Calibrations

To investigate the possibility to include multiple operating conditions in the GT
fuel cell model, polarisation curves for both 40 °C and 80 °C at 100% RH were cal-
ibrated against simultaneously, keeping in mind that they are not compatible due
to degradation. The resulting polarisation curve at each temperature is compared
with experimental data in Figures 4.6a and 4.6b for temperature 40 °C and 80 °C
respectively. Four points from each experiment (polarisation curve) were used as
calibration points marked with red circles. As shown in both figures, the simulated
polarisation curves have decreased in accuracy as both states were included. It is to
be expected considering the degradation between the cases.
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Figure 4.6: Calculated polarisation curves using calibrated GT models from two
states of fuel cell B (80 °C and 40 °C at 100 % RH in black). Red rings marks the
points used in the calibration. In (a) the experiment B.2 at 40 °C and 100% RH is
shown, together with the calculated polarisation curve at 40 °C (grey). (b) is the
same, but for 80 °C.

4.2.3 Voltage Losses

The GT model allows for an estimated breakdown of each voltage loss contribution,
categorised as activation, ohmic and concentration losses. By comparing the voltage
losses, a discussion can be made regarding if the polarisation curve calibration has
accurately captured the behaviour of each voltage loss. Note that the voltage losses
in GT are calculated on the assumption that the OCV is

OCV = E° — kocy (4.1)

where the constant kocy is fitted such that the lowest current datapoint aligns with
the output at the same current. They are listed for each calibration in Appendix A.

In Figures 4.7 a-c, the voltage losses are shown for experiment A, with porosity 0.97.
As expected, the activation loss increased the most at low current, the ohmic loss
increased linearly from zero and the concentration loss barely impacted the fuel cell
but does increase for higher current. Similar behaviour can be seen in all voltage
loss curves for fuel cell B as well, which are presented later. Note, the ohmic losses
are quite high and are further discussed later in comparison to the ohmic resistance
from the equivalent circuits, which are then shown to be much lower.

The voltage losses for the same operational conditions but with the fixed porosity of
0.7 are shown in Figures 4.8 a-c. By comparing the concentration loss in Figures 4.7c
and 4.8c, the low porosity resulted in a slightly higher concentration loss. Since they
both are calibrated to fit the polarisation curve (which is essentially the combined
contribution of all voltage losses) they are both well calibrated to the experimental
polarisation curve. This results in that the ohmic and activation loss compensate
for the decrease in concentration loss. As seen in Figure 4.8b the ohmic loss has
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Figure 4.7: Modelled voltage losses of experiment A in GT at 80 °C, 100% RH
with porosity 0.97.

decreased compared to in Figure 4.7b, where the porosity was 0.97. The activation
loss stayed roughly the same as seen in Figures 4.7a and 4.8a. The porosity of 0.7
can then be assumed with little consequence, as both cases result in a negligible
difference in distribution of voltage losses.
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Figure 4.8: Modelled voltage losses for experiment A in GT at 80 °C, 100% RH
with fixed porosity 0.7.

Next, in Figures 4.9 a-c the voltage losses for experiment B.1 at 80 °C and 100% RH
is shown. Similarly to experiment A, the porosity had the same lack of effect on the
polarisation curve and was therefore set to 0.7 for all experiment B states (the com-
parison is shown in Appendix D). In comparison to the activation loss of experiment
A in Figure 4.8a, it is overall lower but close. The ohmic loss in Figure 4.9b is much
higher, which may experimentally be due to the change from a Nafion membrane to
a Gore membrane, but also partly the aforementioned degradation of the cell. The
concentration loss in Figure 4.9c reached a lower value due to the low current density.

The voltage losses for experiment B.2 at 40 °C and 100% RH are shown in Figures
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Figure 4.9: Modelled voltage losses for experiment B.1 in GT at 80 °C, 100 RH
with fixed porosity 0.7.

4.10 a-c. In comparison to experiment B.1 at 80 °C and 100% RH, the activation
losses are overall slightly higher. This corresponds well to literature, in that the
activation loss is higher for lower temperatures. The ohmic loss is lower, but not by
much. The concentration loss decreased for the lower temperature when comparing

Figure 4.10c with Figure 4.9c.
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Figure 4.10: Modelled voltage losses for experiment B.2 in GT at 40 °C, 100%
RH.

The extrapolation of the models to other temperatures show changes in the volt-
age losses as well. In Figures 4.11 a-c, the voltage losses for fuel cell B, calibrated
according to data-set 40 °C, 100% RH, and then changed to a temperature of 80
°C are shown. Figure 4.11a shows an initial activation loss that is lower for 40 °C,
100% RH in Figure 4.10a. This is what is expected from literature; an increase in
temperature leads to a increase in exchange current density (jo in (2.3)) resulting
in a decrease in activation overpotential [39]. The decrease of activation loss may
be understated due to the inclusion of hydrogen crossover (as described earlier).
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Figure 4.11: Modelled voltage losses of fuel cell B in GT using a model calibrated
for 40 °C, 100 RH, and then extrapolated to 80 °C, 100 RH.

Additionally, it can be seen that the ohmic voltage loss is halved when comparing the
40°C calibration in Figure 4.10b with its extrapolation to 80°C in Figure 4.11b. The
conductivity of the membrane is both temperature and water content dependent,
and in both temperature cases, the humidity was set as the same. However, a 100%
RH corresponds to different amounts of water at different temperatures. 100% RH
in 40 °C and 80 °C at the inlet correspond to different amounts of incoming vapour,
0.07 and 0.44 gas molar fraction on the cathode side respectively. In reality, the
two inlet gases might hydrate the membrane to different extents. Therefore, the
membrane would not necessarily behave the same way for both inlet gases and the
membrane humidity may differ from the humidity of the surrounding gases in the
electrodes during the experiment. Note that the membrane conductivity model is
also built on the assumption of a Nafion type membrane. In total, since the mem-
brane humidity is unknown and the model assumes a Nafion type membrane, the
GT fuel cell B model’s ohmic loss could be less accurate. As the original experiment
B.2 model at 40 °C is calibrated with a possibly less-suited membrane conductivity
model against a polarisation curve, the sum of all other voltage losses are impacted
with a corresponding error to match the polarisation curve.

When the 80 °C, 100% RH model is extrapolated to 40 °C, 100% RH, the resulting
voltage losses are as shown in Figures 4.12 a-c. The activation losses barely increased
at the lowest current density but is otherwise the same as for the higher temperature
of 80°C in Figure 4.9a. The ohmic losses in Figure 4.12b have increased as expected
from literature, with an endpoint of almost 600 mV in comparison to 350 mV in
Figure 4.9b. Figure 4.12c shows a decline in concentration losses at the lower 40
°C temperature in comparison to Figure 4.9c. The modified concentration loss at
40°C could be caused by the lower vapour molar fraction since the molar reactant
fraction is then higher. The activation loss was also expected to be overall higher
for a 40 °C, 100% RH case, but may be underestimated and partly attributed to the
ohmic loss instead.

Overall, these GT simulations require a careful choice of membrane humidity model
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Figure 4.12: Modelled voltage losses of fuel cell B in GT using a model calibrated
for 80 °C, 100% RH, and then extrapolated to 40 °C, 100 RH.

to match the membrane type, as well as more experimental data to further increase
the accuracy of extrapolations of operating conditions.

4.3 Equivalent Circuits

The EIS response from experiment A is presented in Figure 4.13 for the lowest and
highest current as well as an intermediate current. Recall that only the negative
imaginary impedance is of interest, since the high frequency inductance as of yet
is thought to be mainly related to things outside the fuel cell. The red dots in the
figure is the fitted EC model, in this case the Randles circuit. Each point correspond
to the same frequency point as the experimental data as indicated in the figure. The
negative imaginary impedance for experiment A spans from 969 Hz to 2 Hz. The
Randles circuit follows the pattern of the experimental data. It is a fitting model
when the experimental data is close to a displaced perfect semicircle, which is seen
at intermediate currents. It follows the overall pattern of the experimental data for
all currents, but is unable to capture deviations from a semicircle.

The response from the fitted fEC model as was introduced in Figure 3.1 is presented
in Figure 4.14. Similar to Figure 4.13, where the response from the Randles circuit
was presented, the fEC model is fitted against experiment A and used the same
frequency region and current densities. For low currents, the fitted curve follows
the high frequency behaviour as expected. As suggested before, the anodic part is
negligible, but as seen here it helps the fitting. Therefore, the fEC model achieved a
closer fit of the high frequency intercept without sacrificing the fitting of the larger
semicircle. At intermediate currents, the curve is more depressed than a perfect
semicircle, which the non ideal capacitor (the constant phase element) helps with.

The fEC model is an overall better fit. This can also be seen for the residuals shown

in Figure 4.15, where the fEC model has an overall lower residual. As expected,
more flexibility lead to a better fit. A less flexible model cannot follow every devi-
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Figure 4.13: Nyquist curves for the Randles circuit and the experimental (EIS)
data A. The EC model is fitted with non-linear least squares and the frequency
spans between 2Hz to ~1kHz as indicated.
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Figure 4.14: Nyquist curves for the experimental (EIS) data A as black crosses
and the fEC model as red dots. The EC model is fitted with non-linear least squares
and the frequency spans between 2Hz to ~1kHz.

ation, while a more flexible model has the risk to fit the noise of the data, called
overfitting. The electrical components of the fEC model used here has a physical
connection from the literature, which decreased the risk of fitting the noise.

As previously noted, the Randles circuit performs best at the intermediate current.
This can also be seen in Figure 4.15a. This is where the experimental data is most
similar to a displaced semicircle, which is what the Randles circuit assumes. This is
expected in the ohmic region. Recall that the higher current was still in the ohmic
region or transitioning to the concentration region as discussed in section 4.2, but
is more noisy as seen in Figure 4.13c. For the fEC model, the residual is overall
lower as seen in Figure 4.15b. This is expected from the comparison between the
Nyquist curves fitting seen in Figures 4.13 and 4.14. As previously described, the
improvement is due to the incorporation of the second parallel circuit and the con-
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Figure 4.15: Residual from EC models, where a is for the Randles circuit and b
is for the fEC model, fitted against experiment A. The red rings indicate the stable
current points chosen in Figure 4.1.

stant phase element. At low currents, the fEC model lowers the residual to the
residual of the intermediate part. The model performs well in both the low and
intermediate current regions.

The residual indicates that the fEC model performs worse for higher currents as
seen Figure 4.15b. A fit can be poor due to several reasons. One possibility is that
a chosen EC model is a poor representation of the general electrochemical processes
occurring in the fuel cell. Another reason could be that the model is chosen to
represent a specific current region and neglect components related to other current
regions. This would lead to higher residual for those regions. This could be the case,
but the most probable explanation for this ill fit is the data noise that can be seen
in Figures 4.13c and 4.14c.

4.3.1 Electrical Components

The electrical components for the Randles circuit model is presented in Figure 4.16.
As expected, the ohmic resistance shown in Figure 4.16a is close to constant. The
variations is as previously mentioned probably caused by variations in the membrane
humidity throughout the experiment and of course by noise.

The capacitance decreased with increased current to then return to the same value,
as can be seen in Figure 4.16b. The capacitance of the Randles circuit model rep-
resent the EDL of the fuel cell, which absorbs charges to surfaces. The decrease
with higher current could be a result of the higher water production, which leads to
higher membrane conductivity. This leads to faster ion transfer though the fuel cell
and therefore lower static charge build up to form the EDL. At around 0.7 A/cm?,
the capacitance returns to the original value and stays constant for higher currents.
This may be caused by excessive water production hindering the gaseous transport
that can increase the EDL effect again.

The charge transfer resistance R¢; defines the size of the semicircle, which can be
seen to decrease in size to then increase again in Figure 4.16c. The decrease is ex-
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Figure 4.16: The electrical components in the fitted Randles circuit model for
experiment A. (a) is the ohmic resistance, (b) the capacitance and (c) the charge
transfer resistance.

pected as mentioned in section 2.6.2. The increase at high currents could be caused
by the noise in the data. It could also be that the experimental data tends to an
infinite Warburg element, resulting in a larger semicircle, indicating mass transport
resistance. The cell is likely affected by the high water production and resulting
mass transport limitations after this current point. This indicates that the cell is
transitioning into the concentration region.

The electrical components of the fitted fEC model is shown in Figure 4.17. The
ohmic resistance resembles the same result as from the Randles circuit, although
small differences exist. The differences are mainly at low currents, where the Randles
circuit tries to compensate for not having a second parallel circuit. As a consequence,
it underestimates the difference between the high and low frequency intercept as can
be seen in the Nyquist curve in Figure 4.13. The cathodic resistance shown in Figure
4.17d correspond to the charge transfer resistance in the Randles circuit model and
shows the difference between the high and low frequency more accurately.

The proposed anodic parallel circuit components in the fEC model are fairly con-
stant at low current and then increase or decrease for the capacitance, C' and anodic
charge transfer resistance, R4 respectively. As the anodic part has such a small con-
tribution to the overall impedance response, it is difficult to differentiate between
it and the larger semicircle. Therefore, conclusions from the anodic part should
be drawn carefully. In PEM fuel cell simulations, the main concern is the limiting
cathodic behaviour. As the anodic contribution is small, there is a risk that the
anodic components influences other processes when the anodic part is negligible.
This could be the case for higher currents, where the previously small semicircle
has disappeared. As seen in Figures 4.17b and 4.17c the components increase and
decrease respectively. This could be an indication that the fitting of anodic parame-
ters are not independent from those on the cathode side, but several elements affect
the same frequency regions of the impedance curve. When R4 shrinks, it creates
a small semicircle and with increased capacitance, the frequency points cluster at
the high frequency intercept, creating an almost straight line, which can be seen in
Figure 4.14c. To avoid the risk of anodic influence, a new model is introduced with
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Figure 4.17: The electrical components in the fitted fEC model presented in Figure
3.1 for experiment A. (a) is the ohmic resistance, (b) and (c) is the capacitance
and resistance respectively of the parallel circuit representing the anodic response.
(d) is the resistance of the parallel circuit representing the cathodic response. (e)
and (f) are the CPE components of the same parallel circuit.

a constant anode. The parameters were set to C' = 0.7 F and R4 = 0.1€2 based on
the fairly constant values at low currents. The anodic component is known to be
negligible for all other currents and therefore set to constant values. This model is
referred to as the flexible EC with constant anode (fcaEC) model.

As for the CPE’s components in Figure 4.17, ) is around 2 Q~!s~" until the current
density reaches 0.4A/cm?, where it varies between 2-4 Q~'s™™. n impacts @ by
changing how the semicircle behaves; it can become a more or less depressed semi-
circle. If the stable red rings are studied, n is roughly constant at low currents and
then decreases after 0.4 A /cm?. This is at the same point as ) increases. Note that
the decrease of n at higher currents could be a possible indication that the fuel cell
is approaching the concentration region, by approaching a Warburg element (recall
that n = 1 is a capacitor and n = 0.5 is an infinite Warburg). It is similar to what
was seen for the Randles circuit model.

To study what happens if a fixed nonideal CPE is used, a new model is introduced
with a constant value of n. mn roughly varies around 0.9 at low currents, if more
uncertain high currents points are excluded. This model also includes a constant
anode with the same values of C and R4 as the fcaEC model. This model will be
referred to as flexible EC with constant anode and n (fcanEC) model. Both of the
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new models decrease the flexibility, which makes for easier fitting as the impact of
the start guess is lowered.

4.3.2 New EC Models

The new EC models are expected to have a worse or equally good fit as the previous
model, since a more flexible model can always recreate the best result from a stricter
model with constant components. The residuals for the new models are presented
in Figure 4.18 and have no noticeable difference from the residual presented for the
fEC model in Figure 4.15b. The constant models perform slightly worse for higher
currents. Recall that this corresponds to where the components of the fEC model
(C,R4 and n) deviated from constant values as seen in Figures 4.17b, 4.17c and

4.17f.
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Figure 4.18: Residual from the flexible EC models, where (a) is with constant
anodic components and (b) is for constant anodic components and n, fitted against
experiment A. The red rings indicate the stable current points chosen in Figure 4.1.

At first glance, the Nyquist curves look identical to the fEC model and are shown in
Appendix E. The electrical components show what has changed more clearly, and
are presented in Figure 4.19 and Figure 4.20. The ohmic resistances are as expected
unchanged, since the model modifications should not affect that part. There seems
to be small changes at higher currents for the cathodic resistance, Ro. This may be
caused by differences in the value of n. For the fcaEC model, n does not decrease
as much as for the fEC model. This could mean that the anode affected the CPE
in the fEC model to behave more like a Warburg element for high currents. This
has also lead to changes in the ()-value. For the fcanEC model, the Q-value was
smoother. Note that keeping n constant affects ) by forcing it to have a constant
unit over all currents.

4.4 Model Comparison

Resistances cause voltage losses, and are therefore intrinsically connected. The GT
model is unable to calculate the corresponding resistances in the EC model or the
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Figure 4.19: The electrical components in the fitted fcaEC model for experiment
A. (a) is the ohmic resistance and (b) is the resistance of the parallel circuit rep-
resenting the cathodic response. (c) and (d) are the CPE components of the same
parallel circuit.
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Figure 4.20: The electrical components in the fitted fcanEC model for experiment
A. (a) is the ohmic resistance and (b) is the resistance of the parallel circuit rep-
resenting the cathodic response. (c) represents the value of the non ideal capacitor
in the CPE, where n is 0.9.

resistances of the components in the fuel cell (besides the membrane, which is later
discussed). In order to connect the two models, a comparison between the resis-
tances in the EC models presented in Figures 4.16, 4.17, 4.19 and 4.20, and the
losses from the GT model presented in Figures 4.8 - 4.12 are made.

To start with, there is a strong connection between the ohmic losses calculated by
the GT model and the EC model. The ohmic losses are linear. With Ohm’s law,
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this is what is expected for a constant resistance as can be seen for the ohmic re-
sistance, R from the EC models. GT also calculated the ohmic resistance, Ronmic,
which is presented in Figure 4.21a. It is calculated by the correlations shown in (2.9)
-(2.11). Ropmic is relatively constant and the variation comes from variations in the
membrane humidity which is presented in Figure 4.21b. The membrane humidity is
modelled based on the inlet conditions and can deviate from the set 100% humidity.
This is due to water transport phenomena in the membrane, as well as liquid water
formation away from the membrane. It is therefore not simple to set the membrane
humidity to a certain value such as 100%, as the water transport then needs to be
balanced solely on achieving that value. Note that the membrane humidity in the
GT fuel cell component is the average over the cathodic and the anodic sides of the
membrane. All models resulted in 100% RH on the cathodic side of the membrane.
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Figure 4.21: The GT model results of (a) Ropmic and (b) the membrane RH for
experiment A using a constant porosity of 0.7. Red rings indicate the points used
in the calibration.

The other models follow the same pattern as shown in Figure 4.21, where the mem-
brane humidities increase to 100% RH to then slightly decrease at higher currents
and are presented Appendix F. All models’ maximum and minimum R,j,,;. values
are presented in Table 4.1 for the experiments presented in Table 3.1 excluding ex-
periment B.3, due to problems related to the low humidity as previously described.
As can be seen in Table 4.1, R,pmic was overall measured to be higher than Rg from
the fEC model (more than 50%), which can be seen from table 4.2. This indicates
that the GT model overestimated the ohmic losses. This does not affect the polar-
isation curve for the calibrated state as it is fitted against the experimental data.
However, it can become troublesome if different fuel cell configurations are com-
pared. The results reveal that the distribution of losses cannot be trusted, which
could result in that the wrong phenomena is optimised with lower impact on the
performance than expected.

As described in section 2.6.2, Rq is the total ohmic resistance of the fuel cell. This
resistance is mainly from the membrane, but also from the rest of the components
and their contact resistances between each of them. If the components are not
tightly packed, the contact worsens and the ohmic resistance increases. Ropmic 1S
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Table 4.1: The maximum and minimum values of R, for the different GT
models calibrated for each experiment.

R Experiment A | Experiment B.1 | Experiment B.2
ohmic 80°C, 100% RH | 80°C, 100% RH | 40°C, 100% RH

Max [m2] 76 130 99

Min [m{] 66 106 90

Table 4.2: The constant value Rq from the fEC model for each experiment.

Experiment A
80°C, 100% RH

Experiment B.1
80°C, 100% RH

Experiment B.2
40°C, 100% RH

40

70

20

defined from (2.9) - (2.11), i.e. only defined by the membrane resistance, but still
results in a higher ohmic resistance than Rg. This indicates that the parameters
can be wrongly tuned if based only on polarisation curve data.

As already mentioned, the total resistance (the low frequency intercept) of the fuel
cell is the negative slope of the polarisation curve. For that reason, whether there
is a connection between the slope of each voltage loss and the EC model resistances
were investigated. The activation losses presented in section 4.2.3 increase for higher
currents, with a high initial slope which then decreases for higher currents. In all EC
models, the large semicircle is represented either by the charge transfer resistance,
Rey or the cathodic resistance, Re. The large semicircle is first large to then shrink
with current. This is what is expected based on the literature for the activation re-
gion. The activation loss has a steep increase until a current density of ~0.2 A/cm?
as seen in Figure 4.8a for experiment A at a fixed porosity of 0.7. The resistances
connected to the large semicircle (R¢y; and R¢) are seen to have a steep decline
until the same current density is reached, as can be seen in Figures 4.16¢ and 4.17d
respectively. The same pattern exists for the other experimental states, which is
shown in Appendix G.

A similar connection can be made between concentration voltage losses and the re-
sistances R¢o; and Re. In Figures 4.16¢ and 4.17d, the resistances increase at higher
currents. This could be an indication that the concentration losses affects the cell,
but as seen in Figures 4.8 - 4.12, the concentration losses are negligible at the cur-
rent voltage span and flow stoichiometry. From all EC models, it is unclear whether
the concentration losses affected the cell. As seen from Figure 4.17f, n decreases
in the fEC model at higher currents. This indicates that the CPE shifts toward an
infinite Warburg response and would imply that the fuel cell is transitioning into
the concentration region from the ohmic region. However, when the anode was set
as constant, n stayed high at ~0.9, and behaved like a non-ideal capacitor. Recall
that the EIS data was unstable and noisy for higher currents, which complicates the
interpretation further.
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To conclude, there exists a relation between the ohmic resistance and the ohmic loss.
The ohmic loss in the GT model could therefore be connected to the EC models’
ohmic resistance. The calibration method in GT as of now overestimates the ohmic
resistance. It is however unclear how to connect the activation and concentration
losses to the EC models resistances, but there is a connection between them. This
can be seen by that Rs and R are large at low currents concurrently with an
increase in the activation loss from the GT model. Rc and R also increase at
higher currents, which indicates an increase in concentration losses and a transition
into the concentration region, but the loss is negligible.

39



4. Results and Discussion

40



O

Conclusions

The GT SUITE fuel cell tool has been illustrated using experimental data from a
combined voltage stepping and EIS process of two different fuel cells. The calibra-
tion process of the GT model has been repeated for each operating condition and
evaluated on its qualitative performance in comparison to expected behaviour from
literature. The GT model reproduces polarisation curves well with only two cali-
bration parameters for one state, one in the activation voltage loss and one in the
membrane conductivity model, given that the experimental data never measures the
concentration region. The GT model also predicts another temperature state that
coincides with the literature.

The comparison of the voltage losses of the GT and equivalent circuit models show
that the voltage losses and resistances are connected. Mainly, the ohmic resistance
is shown to be connected by Ohm’s law in the GT model, but that it is overes-
timated. Since an error in one voltage loss impacts the other voltage losses, it is
shown that the voltage losses are not accurate as is. When the distribution of losses
are important, e.g. when comparing or choosing between fuel cells, it could result
in incorrect conclusions.

From this thesis result, GT SUITE is shown to be good at simulating the perfor-
mance of the fuel cell with different states such as temperature and relative humidity.
Caution is needed when using it for the fuel cell components contribution to the per-
formance.

5.1 Future Work

Further investigations on implementing EIS data into the calibration process of the
GT model of a fuel cell is needed. A suggested approach could be to include a
residual that forces the ohmic loss parameters to follow the ohmic resistance from
the EC model. With a larger data set, predictions might also be made of other
states in GT. Models could also be based on combined states, similar to what was
done in Section 4.2.2, but without degradation and the predictions could be made
of interpolated states.

In the future, each physical phenomena in GT could be investigated further as well.
The heat transfer modelling could be studied by introducing their built-in water
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coolant channels in the fuel cell, depending on if that experimental data is supplied.
The back pressure can be experimentally varied to see its effect on each voltage loss
and equivalent circuit model parameter. The fuel cell’s membrane humidity model
could be further studied as well, specifically how it changes in validity when oper-
ating fuel cells with a different brand of membrane than Nafion.

Besides what is presented in the results, an investigation of the possibility to simulate
an EIS experiment in GT SUITE was performed. The idea was to see the response
from the GT fuel cell component, then use Fourier transform to find the phase
difference between current and voltage similar to (2.14). This plan failed. Christian
Altenhofen at GT informed us that at the current state, the GT model is not able
to handle the fast frequencies of EIS. A hypothesis is that the measured phase
shift in GT was strongly dependent on the time step size instead of the modelled
electrochemical processes. As this approach did not work, it would be interesting
to investigate how the GT model handles current and voltage step responses in the
future, to see if it can handle the dynamics of the cell as well as the steady state
results.

5.2 Sustainability Aspects

The project itself has little direct environmental impact, since it only entailed nu-
merical simulations. However, the simulations were calibrated from experimental
data. The experiments themselves required smaller amounts of hydrogen gas since
they were performed on a single cell. The lab setup was built prior to the master
thesis project for other applications, thus the environmental impact of the build
itself is not connected to this thesis. The fuel cell itself was small (5 cm? geometric
area) and the platinum loading was lower than typical values (4 - 10~*mg/cm? com-
pared to 0.1 mg/cm? [40]), which lowers the environmental impact further.

This thesis aims at contributing to the development of fuel cells. As previously
described in Section 1.1, fuel cells have the potential to complement batteries as a
green alternative to fossil fuel based engines for long distance heavy duty vehicles.
However, fuel cells” environmental impact are dependent on the production method
of the hydrogen gas. It is either produced from natural gas or electrolysis, but
electrolysis comes with a significant decrease in efficiency [41]. Implementation of
PEM fuel cells would also require a large investment and expansion of a hydrogen
infrastructure which comes with its own consequences. Fuel cells still require rare
metals at this point in time, as well. Overall, researching PEM fuel cell modelling
further has the possibility of lowering CO, emissions, dependent on factors that are
difficult to predict.

5.3 Ethical Aspects

The simulations themselves have no potential to cause harm. However, there are al-
ways safety risks when running fuel cell experiments, specifically regarding hydrogen
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gas (as briefly mentioned in Section 2.5). Since they were performed by experienced
personnel at Chalmers in a sealed enclosure with safety precautions (such as hydro-
gen detectors and emergency exhausts), risks were minimised.

The fuel cell’s environmental impact and ethical aspects are intertwined. Rare metal
mining increase the risk of exploitative work under poor working conditions as they
are operated today (such as development of lung diseases due to quartz particles
exposure [42]). Unless efficient recycling of rare metals is on its way, it is also
arguably unethical to develop green technologies that are dependent on a known
depleting resource. Fuel cell development also replaces old occupations that could
lead to layoffs. It could destabilise workers’ economies unless re-education is readily
available.
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A

Appendix: Physical Properties
and Simulation Parameters

Physical properties of the fuel cells and simulation parameters for the GT models
are listen below.

Table A.1: Fuel cell properties.

Geometry
Geometric area 5 cm?
Flow pattern | single serpentine
total weight 132 g
Table A.2: Electrode properties.
Electrodes
Catalyst loading | 4 - 10~* mg/cm?
GDL thickness 280 pm
GDL tortuosity 1.6

Table A.3: Fuel cell membrane properties for both fuel cells.

Membrane
Membrane thickness 50.8 pm
dry density 2000 kg/m?

dry equivalent weight | 1100 g/mol



A. Appendix: Physical Properties and Simulation Parameters

Table A.4: Simulation parameters. Values presented by themselves are constant
for both flexible and fixed porosity. Values presented with "/" between are dependent
of porosity (fixed /flexible porosity). Experiment B.2 was not calibrated with genetic
algorithm for the porosity.

Fuel cell A: Fuel cell B:
80 °C, 100% RH | 80 °C, 100% RH | 40 °C, 100% RH
kocy [mV] 36 54 50
o1 [(Qem) '] 9.33E-4/ 8.39E-4 | 7.64E-4/ 7.83E-4 9.37E-4/ -

a 0.754/ 0.806 0.853/ 0.826 0.774/ -
fixed/ flexible porosity 0.7/ 0.97 0.7/ 0.55 0.7/ -
Reference ECD per 6.342E-9 6.342E-9 6.342E-9
geom. surface area
[A/cm?]

Table A.5: Simulation parameters for the combined model.

Fuel cell B: combined
80 & 40 C, 100% RH

kOCV [mV] 50
o11 [(Qem) ™! 9.37E-4
a 0.774
porosity 0.7
Reference ECD per geom. 6.342 E-9
surface area [A/cm?]
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Appendix: Stoichiometry
Calculation

The lowest reactant stoichiometry was calculated based on the highest measured
DC current over fuel cell A at 100% RH at atmospheric pressure (P = 101325 Pa).
Antoine equation parameter values can be found at the online Dortmund Data bank
[43].

Psat[Pa] . A - B
log1o (133.32[Pa/mmHg]> TC+TPC) (B-1)

A =8.07131, B = 1730.63, C' = 233.426 (B.2)

. 7358.4 [Pa] for 40°C
_ L 10A-B/(CH+T) _
Py =133.32-10 { 17967 [Pal for 80°C

RH P {0.0719 for 40°C

(B.3)

Yo (B.4)

P 0.4618 for 80°C
The total molar flow rate at the anode (n¢ 4) was calculated with the assumption of
an ideal gas mix, based on the given volumetric flow rate of 0.14 L /min (or 2.33E-6
m?/s) on the anode inlet (V4) and 0.4 L/min (or 6.67E-6 m3/s) on the cathode inlet

(Vo).

Vam3/s] - P[Pa]  2.33E-6 - 101325 9.1E-5 mol/s for 40°C
Niot, A = = = o (B-5)
R[J/molK] - T[K] 8.3144-T 8.0E-5 mol/s for 80°C
The molar flow rate at the cathode (n4c) is solved the same way.
~ VeP  [2.6E-4 mol/s for 40°C (B.6)
Mot,0 = "o T ) 2,364 mol/s for 80°C '

The lowest stoichiometric factor S is at the highest current of 5 A for fuel cell A.

o _ Ano,F_ 4-0.233(1— yo)nserc - 964853 _ f4.3 for 40°C (B.7)
0 =7 = 5 ~ ) 2.2 for 80°C ’
g _ 2nmE 2-0.233(1 — yo)iuora - 96485.3 _ [3.2 for 40°C (B3)
=7 = 5 ~ | 1.7 for 80°C ’

where Sy, is the hydrogen stoichiometric factor for HOR and Sp, is the oxygen
stoichiometric factor for ORR. These factors are within limits of a functioning fuel
cell.
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C

Appendix: Transient Behaviour

The transient behaviour of fuel cell B is presented for experiments B.1, B.2 and
B.3 in Figures C.1, C.2 and C.3 respectively. As mentioned, these show similar
behaviours as experiment A in Figure 4.1. They have droplets and become more
unstable for higher currents. The red rings are incorporated for experiment B in
the same way as in experiment A to visualise the chosen points for the calibration
of the GT model. They also work as an indication of the most stable points, where
a distribution of points over the whole current span is represented. As mentioned
before, a GT model based on experiment B.3 was not successfully implemented,
therefore no red rings are visualised in Figure C.3.
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Figure C.1: Transient data for fuel cell B.1 at 80 °C, 100% RH.
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Figure C.2: Transient data for fuel cell B.2 at 40 °C, 100% RH.

—0.8 —l 0.8
o -
g = —
2Q —_— A
< 0.6 B 0.6—
- — >,
et -_— — (D)
w2 — —_ 1))
5 0.4 — — 048
A — o
= - >
q_) —
=02 — 0.2
5 g—
O —

0050 25 50 75 100 15 0

Time [min]

Figure C.3: Transient data for fuel cell B.3 at 40 °C, 41% RH.
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Appendix: Impact of Porosity

Figure D.1 shows no deviation in calibration (polarisation curve) from setting the
porosity fixed to 0.7 as in D.1b or using the genetic algorithm as in Figure D.1a for

experiment B.1.
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Current Density [A/cm?] Current Density [A/cm?]
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Figure D.1: Calibration of experiment B.1 at 80 °C, 100% RH at both inlets
(anode and cathode). Black line indicates the experimental data and grey line show
the result from the GT model. Red circles mark the points that the model used
to calibrate the model. In (a) the porosity set during calibration by the genetic
algorithm was 0.55 and in (b) the porosity was fixed to 0.7.

However, as seen in Figures D.2 and D.3 there are differences in how the losses are
distributed, but as mentioned before the concentration loss is negligible. Similarly
to experiment A, the conclusion can be drawn that the porosity can be fixed, hence
both fuel cell A and B used fixed porosity of 0.7 in the report.
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Figure D.2: Modelled voltage losses for experiment B.1 in GT at 80 °C, 100 RH
with porosity 0.55.

400 101
375_ ';‘600' ;‘ 8-
57350+ = 5001 =
£ 325 =) 2 400 s
P IEY0 Cacad z : z O
23001 @Y S 3001 o8 S 5
— 2751 ({5 Q 200 e Q J
- .- (] :
S 2501 g S 9| O
< 0511 5 1001 o S
] o -~
0080 0‘@ I N oL
0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 06 0.8 1.0
Current Density [A/cm?] Current Density [A/cm?] Current Density [A/cm?]
(a) (b) (c)

Figure D.3: Modelled voltage losses for experiment B.1 in GT at 80 °C, 100 RH
with fixed porosity 0.7.
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Appendix: Fitting of New EC
Models

Here, additional Nyquist curves show the fitting of the fcaEC model and the fcanEC
model in Figures E.1 and E.2 respectively.
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Figure E.1: Nyquist curves for the experimental (EIS) data A as black crosses and
the flexible EC model with constant anode as red dots. The EC model with constant
anode is fitted with non-linear least squares and the frequency spans between 2Hz

to ~1kHz.
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Figure E.2: Nyquist curves for the experimental (EIS) data A as black crosses and
the flexible EC model with constant anode and n as red dots. The EC model with
constant anode and n is fitted with non-linear least squares and the frequency spans

between 2Hz to ~1kHz.
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Appendix: Ohmic Resistance and
Membrane Humidity

Rohmic from the GT models based on experiments B.1 and B.2 are presented in
Figures F.1 and F.2 respectively. RH show the same pattern as for experiment A in
the report thereby also Ropmic-
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Figure F.1: In (a) Ropmic calculated with the GT model for experiment B at a
temperature of 80°C and relative humidity of 100%. In (b) the membrane humidity
in the same model. Red rings indicate the points used in the calibration.
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Figure F.2: In (a) Ropmic calculated with the GT model for experiment B at a
temperature of 40°C and relative humidity of 100%. In (b) the membrane humidity
in the same model. Red rings indicate the points used in the calibration.
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Appendix: Connection Between
Losses and Cathodic Resistance

Visualisation of the connection between activation loss and concentration loss, and
the EC model in Figures G.1 and G.2. The EC model shown in Figures G.1b and
G.2b is the flexible EC model. Similar to what is said in the report for experiment
A, there is also a connection for experiment B as can be seen for the activation
loss slope. It is large for low currents as seen in Figures G.la and G.2a to then
decrease at ~ 0.2 A /cm? and then stagnant. It is the same that happens with R,
but instead of the slope the value of Ro. There is also an increase for Ro towards
higher currents, which could be caused by transitioning into concentration region
and the increase of concentration losses.
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Figure G.1: The GT model losses and the EC model cathodic resistance for ex-

periment B.1. In (a) and (c) the activation and concentration losses respectively.
In (b) the flexible EC model.
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Figure G.2: The GT model losses and the EC model cathodic resistance for ex-

periment B.2. In (a) and (c) the activation and concentration losses respectively.
In (b) the flexible EC model.
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