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Kurzfassung

Die elektrochemische Druckimpedanzspektroskopie (EPIS) ist ein neues Verfahren, das
aktuell zur Untersuchung von Stofftransportprozessen in Polymerelektrolytbrennstoff-
zellen (PEMFC) erforscht wird. Es basiert auf der spektralen Analyse der Zellspannungs-
antwort auf eine harmonische Anregung des Gasdrucks. Verschiedene Experimente mit
Einzelzell-Brennstoffzellen haben gezeigt, dass die Spektren grundsatzlich Informationen
in dem fiir Stofftransportprozesse typischen Frequenzbereich enthalten und sensitiv auf
gednderte Betriebsbedingungen und strukturelle Verdanderung der Brennstoffzelle rea-
gieren. Um weiter von diesen Merkmalen der Spektren zu profitieren, ist es notwendig,
ihre Ursache zu identifizieren, was bis jetzt noch nicht erreicht wurde. Das Ziel der vor-
liegenden Dissertation ist es, Kausalzusammenhédnge zwischen internen Prozessen und
ihren zugehorigen Merkmalen im EPIS-Spektrum herzustellen.

Hierzu wird ein modellgestiitzter Ansatz gewahlt, der den Vorteil hat, interne Zustiande
analysieren zu konnen, die experimentell schwer zuganglich sind. Das verwendete
PEMFC-Modell ist ein pseudo-2D-Modell, das den Transport entlang des Gaskanals und
den Transport durch die Membran-Elektroden-Einheit (MEA) abbildet und miteinander
verkniipft. Eine Neuheit gegeniiber anderen in der Literatur verwendeten Modellen ist die
Berticksichtigung des Gasvolumens in dem der Brennstoffzelle vorgeschalteten Gasbe-
feuchter, welche sich als essenziell fiir die Reproduktion der EPIS-Experimente erweist.
Das Brennstoffzellenmodell wird mithilfe der experimentellen Daten des franzésischen
Projektpartner parametrisiert, welcher EPIS-Experimente mit einer 100 cm? Einzelzell-
Brennstoffzelle durchgefiihrt hat. Die besagten Daten wurden als Interpretationsgrund-
lage in der vorliegenden Arbeit verwendet.

Die EPIS-Simulationen weisen eine gute Ubereinstimmung mit den Experimenten fiir
Stromstarken < 0.4 A cm2 auf, wo sie eine weitere Analyse der EPIS-Merkmale ermégli-
chen. Bei der niedrigsten Anregungsfrequenz von 1 mHz nahert sich die dynamische
Zellspannungsantwort dem statischen Verhalten an. In dem tbrigen Frequenzbereich
zwischen 1 mHz - 100 Hz korreliert die Oszillation der Zellspannung stark mit der des
Sauerstoffpartialdrucks, wahrend der Einfluss des Wasserdrucks nur im niederfrequen-
ten Bereich sichtbar ist.

Die zwei auffalligsten EPIS-Merkmale, die Verstarkung der Zellspannungsoszillationen
und die Zunahme der Phasenverschiebung mit der Frequenz, konnen tiber den Sauerstoft-
partialdruck auf die Oszillation des Eingangsmassenstroms zuriickgefiihrt werden. Das
Phanomen des oszillierenden Eingangsmassenstroms wird durch die Druckanderung der
Gasphase im Befeuchter erzeugt und verstarkt sich mit zunehmender Frequenz. Diese
wichtige Erkenntnis ermdglicht die Interpretation von experimentell beobachteten Ver-
anderungen des EPIS-Signals fiir gednderte Betriebsbedingungen und strukturelle Veran-

derungen der Brennstoffzelle.



Die separate Simulation der zeitabhdngigen Brennstoffzellenprozesse anhand von Mo-
dellreduktionen zeigt ihren individuellen Einfluss auf das EPIS-Signal. Der trage Prozess
der Wasseraufnahme der Membran ist nur in dem Frequenzbereich unterhalb von 0.1 Hz
sichtbar, wahrend die Ladung und Entladung der elektrischen Doppelladungsschicht erst
oberhalb von 1 Hz sichtbar wird. Der Gastransport durch die Gasdiffusionsschicht ist so-
gar erst oberhalb von 100 Hz sichtbar. Ohne die Beriicksichtigung des Befeuchters ist der
Gastransport durch den Gaskanal oberhalb von 1 Hz sichtbar. Mit Berticksichtigung des
Befeuchters hingegen ist der Prozess des Gastransportes durch den Gaskanal im gesam-
ten Frequenzbereich zu sehen. Die starke Ahnlichkeit des Spektrums unter Beriicksichti-
gung des Befeuchters mit dem Spektrum des vollstandigen Brennstoffzellenmodells zeigt
den dominanten Einfluss des Befeuchters auf das EPIS-Signal.

Eine vielversprechende Beobachtung ist die Anderung des Amplitudenverhiltnis zwi-
schen der Oszillation der Zellspannung und des Sauerstoffpartialdrucks in Abhdngigkeit
der Sauerstoffkonzentration in der Katalysatorschicht. In dem Frequenzbereich, in dem
der Einfluss des Sauerstoffpartialdrucks auf die Zellspannungsoszillation dominiert, z.B.
bei 1 Hz, konnte die Amplitude der Zellspannungsoszillation indirekt zur Messung der
Sauerstoffkonzentration in der Katalysatorschicht genutzt werden.



Abstract

Electrochemical pressure impedance spectroscopy (EPIS) has received the attention of
researchers as a method to study mass transport processes in polymer electrolyte mem-
brane fuel cells (PEMFC). It is based on analyzing the cell voltage response to a harmonic
excitation of the gas phase pressure in the frequency domain. Several experiments with a
single-cell fuel cell have shown that the spectra contain information in the frequency
range typical for mass transport processes and are sensitive to specific operating condi-
tions and structural fuel cell parameters. To further benefit from the observed features, it
is essential to identify why they occur, which to date has not yet been accomplished. The
aim of the present work, therefore, is to identify causal links between internal processes
and the corresponding EPIS features.

To this end, the study follows a model-based approach, which allows the analysis of inter-
nal states that are not experimentally accessible. The PEMFC model is a pseudo-2D model,
which connects the mass transport along the gas channel with the mass transport through
the membrane electrode assembly. A modeling novelty is the consideration of the gas vol-
ume inside the humidifier upstream the fuel cell inlet, which proves to be crucial for the
reproduction of EPIS. The PEMFC model is parametrized to a 100 cm? single cell of the
French project partner, who provided the experimental EPIS results reproduced and in-
terpreted in the present study.

The simulated EPIS results show a good agreement with the experiments at current den-
sities < 0.4 A cm~2, where they allow a further analysis of the observed features. At the
lowest excitation frequency of 1 mHz, the dynamic cell voltage response approaches the
static pressure-voltage response. In the simulated frequency range between
1 mHz - 100 Hz, the cell voltage oscillation is found to strongly correlate with the partial
pressure oscillation of oxygen, whereas the influence of the water pressure is limited to
the low frequency region.

The two prominent EPIS features, namely the strong increase of the cell voltage oscillation
and the increase of phase shift with frequency, can be traced back via the oxygen pressure
to the oscillation of the inlet flow rate. The phenomenon of the oscillating inlet flow rate
is a consequence of the pressure change of the gas phase inside the humidifier and in-
creases with frequency. This important finding enables the interpretation of experimen-
tally observed EPIS trends for a variation of operational and structural fuel cell parame-
ters by tracing them back to the influence of the oscillating inlet flow rate.

The separate simulation of the time-dependent processes of the PEMFC model through
model reduction shows their individual influence on EPIS. The sluggish process of the wa-
ter uptake by the membrane is visible below 0.1 Hz, while the charge and discharge of the
double layer becomes visible above 1 Hz. The gas transport through the gas diffusion layer

is only visible above 100 Hz. The simulation of the gas transport through the gas channel



without consideration of the humidifier becomes visible above 1 Hz. With consideration
of the humidifier the gas transport through the gas channel is visible throughout the fre-
quency range. The strong similarity of the spectra considering the humidifier with the
spectra of the full model setup shows the dominant influence of the humidifier on EPIS.

A promising observation is the change in the amplitude relationship between the cell volt-
age and the oxygen partial pressure oscillation as a function of the oxygen concentration
in the catalyst layer. At a frequency where the influence of oxygen pressure on the cell
voltage is dominant, for example at 1 Hz, the amplitude of the cell voltage oscillation could

be used to indirectly measure the oxygen concentration in the catalyst layer.
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1 Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) [1], human activities,
in particular the emission of greenhouse gases, are responsible for the global warming of
1.0 °C above pre-industrial levels, with an ongoing increase of 0.2 °C per decade. The in-
crease in global temperature is expected to have negative effects on the climate system
such as sea level rise, local hot extremes, drought, and heavy precipitation, among others.
To avert the loss of livelihood it is essential to prevent or at least limit the trend of global
warming. In 2015, at the international climate conference COP 21 in Paris, 195 countries
signed the Paris Agreement [2], a treaty with the goal of “Holding the increase in the global
average temperature to well below 2 °C above pre-industrial levels and pursuing efforts
to limit the temperature increase to 1.5 °C above pre-industrial levels”. On a five-year cy-
cle, the participating countries have to present plans on their reduction of greenhouse gas
emissions to fulfill the defined goal. Based on the modeling of possible scenarios, the IPCC
estimates that limiting warming to 1.5 °C requires global net zero carbon dioxide emis-
sions by 2050, accompanied by substantial reductions of other greenhouse gases, in par-
ticular methane [3].
As a possible pathway to fulfill these goals, the IPCC proposes a rapid decarbonization of
the energy supply, which implies a strong upscaling of renewable energy technologies [3].
The renewable energy sources comprise biomass, hydro, solar, wind, and geothermal
power. Although renewable energy sources are sufficiently available to fully substitute
the current use of fossil fuels, there are drawbacks which limit their realization. One prob-
lem is restricted temporal availability, due to the volatile nature of sun and wind in par-
ticular. The second problem is limited spatial accessibility, due to the immobility of energy
conversion units or their low power density. These drawbacks can be overcome, however,
by storing renewable energy chemically and converting it back into electricity in times of
low availability or with a mobile energy converter with a sufficiently high power density.
The chemical storage of renewable energy can be realized with the electrolysis of water
and storage of the hydrogen produced. Subsequently, the hydrogen can be converted into
electricity and heat by the use of fuel cells in times of low availability of sun and wind, or
in mobile applications. Even though one has to pay a price in terms of additional energy
conversion losses, the intermediate step of temporary storage of renewable energies in
hydrogen enables the complete substitution of fossil energies by renewable energies.
Depending on the application, different types of fuel cells may be suitable for the recon-
version of the chemically stored energy into electricity and heat. They differ mainly in the
type of fuel and the temperature level, among other things. One of the most established
type of fuel cells is the polymer electrolyte membrane fuel cell (PEMFC) [4]. Itis operated
on moderate temperatures between 30 °C and 100 °C [5] and requires relatively pure
1



hydrogen. It can be used in mobile applications, such as trains, ships, aircrafts and other
motorized vehicles, or in stationary applications, such as combined heat and power sys-
tems.

The PEMFC is a complex system due to the diversity of mass transport processes in com-
bination with electrochemical reactions. To optimize the fuel cell performance, whether
in terms of structural development or prevention of faulty operation [6], it is crucial to
make the subprocesses measurable to determine their contribution to the overall perfor-
mance. The overall performance of the fuel cell can be rated relatively simply by analyzing
the relationship between the cell current and voltage. However, quantifying the contrib-
uting subprocesses to the overall performance is more difficult. One way to tackle this
problem and further characterize the fuel cell is via frequency response analysis (FRA). In
FRA the system’s response to a harmonic excitation is measured and then analyzed in the
frequency domain, by means of the transfer function between cause and effect. Depending
on the characteristic time scales of relevant subprocesses, the spectrum of the transfer
function shows features in the respective frequency range. In the Bode representation the
features of the transfer function are visible as a change of the magnitude, which is the
amplitude ratio between the system’s response and its excitation and visible as a change
of the phase shift. If the time constants of the subprocesses do not overlap, subprocesses
can be measured separately. A widely-used technique of FRA is electrochemical imped-
ance spectroscopy (EIS) [7], which analyzes the relationship between cell current and
voltage in the frequency domain. Typically, the electrochemical impedance spectra reveal
two features, one at higher frequencies, related to the charge transfer processes [8-12],
and one at lower frequencies, whose origin remains debatable [13].

To obtain additional information in the low-frequency region, which may improve char-
acterization of mass transport processes, another FRA technique has started to gain in-
terest, called electrochemical pressure impedance spectroscopy (EPIS). It is based on an-
alyzing the relationship between the gas pressure and the cell voltage. Recent experi-
mental studies have been conducted on EPIS in a single-cell PEMFC by applying a sinus-
oidal pressure excitation of the gas phase at the cathode channel outlet and measuring the
resulting cell voltage response: Shirsath et al. [14-17] and Zhang et al. [18] both used a
pressure controller for the pressure excitation and recorded spectra in the frequency
range below 1 Hz; Engebretsen et al. [19] used a loudspeaker for the pressure excitation
and recorded spectra in the frequency range below 100 Hz. Another approach of pressure
excitation was applied by Sorrentino et al. [20-22], who excited the partial pressure of
species at the cathode gas inlet by periodically changing specific reactant feeds. The spec-
tra of the so-called concentration frequency response analysis (CFRA) were recorded for

frequencies below 1 Hz.



The EPIS and CFRA spectra contain features, visible as changes in magnitude and phase
of their respective transfer functions, in the analyzed frequency range. Principally, this
shows the ability of these methods to characterize specific processes of the fuel cell with
a corresponding time dependence. The authors relate the features of the measured spec-
tra to mass transport processes, such as diffusion [16,17,21,22], convective transport
along the channel [16,17,21,22] and sorption of water into the electrolyte [21,22]. How-
ever, in case of diffusion and convective transport, it is not explained how these processes
would directly affect the transfer function in terms of magnitude and phase shift. There-
fore, the origin of typically observed EPIS features is yet to be found. By changing numer-
ous operational as well as structural parameters of the fuel cell, the authors were able to
show the sensitivity of EPIS towards these parameters. To further understand and exploit
these dependencies, it is crucial to identify their origin.

To increase the understanding of the obtained spectra and evaluate the potential of EPIS to
characterize specific processes, further interpretation of the spectra is required. Therefore,
the goal of the present work is to find out the origin of experimentally observed EPIS fea-
tures and the reason for their sensitivity towards specific parameters. Modeling and sim-
ulation can be a powerful tool for this purpose. It makes it possible to change the fuel cell
setup without being restricted to experimental limitations and to observe internal states
which are difficult to access experimentally. So far, there has been no simulative study of
EPIS in a PEMFC using a physical model that can reproduce the experimentally observed
spectra. In the present dissertation, a physical model of a PEMFC is used which couples
the dimension in through-plane direction of the membrane electrode assembly (MEA) and
the dimension along the gas channel. The dimension along the gas channel is crucial to
reproduce the EPIS spectra, as the pressure response has been observed to change with
the excitation frequency along the gas channel [14,17,18].This results in a so-called
pseudo-2D model or 1+1D model, which has been used in the literature in other contexts
before [23-27]. A model novelty is the modeling of the gas volume in the humidifier up-
stream the fuel cell, which has a strong influence on the pressure dynamics and the inlet
flow rate during pressure excitation [14,17,28]. The present work was carried out within
the framework of a Franco-German partner project with the working group of Prof. Fran-
cois Lapicque at the Reactions and Chemical Engineering Laboratory, CNRS-University of
Lorraine. Therefore, the model is parametrized to their experimental setup, which is de-
scribed in Shirsath et al. [14-17].

The dissertation is structured as follows. After this introductive chapter, the state of the
art of the characterization method EPIS is presented in Chapter 2. In Chapter 3, the PEMFC
model and the simulative approach of EPIS is described. Additionally, the pressure deriv-
ative of the cell voltage is derived. Subsequently, in Chapter 4, the ability of the PEMFC
model to reproduce other experiments than EPIS is shown. The EPIS study itself is divided



into three parts. In Chapter 5 the yet unknown origin of typical experimentally observed
EPIS features is worked out by relating them to the dynamic pressure response of the fuel
cell. Subsequently, the influence of operational and structural parameters on the EPIS re-
sults are simulated and compared to experiments in Chapter 6. In the third part of the
EPIS study, in Chapter 7, the influence of the time-dependent fuel cell processes on the
EPIS results are simulated separately by appropriate model configurations. The disserta-
tion closes with a summary of the obtained insights and suggestions on further steps in
this research field in Chapter 8.



2 State of the art

The present chapter focuses on the description of the state of the art of the characteriza-
tion method EPIS. First, pioneering works of EPIS are presented, including the initial idea
and applications to devices other than the PEMFC. Subsequently, published results of
three different working groups are reviewed who applied EPIS to a PEMFC. Thereafter,
the EPIS-related approach CFRA, also applied to a PEMFC, is reviewed. In addition to the
state of the art of EPIS, a brief overview of different types of PEMFC models is presented.
The chapter closes with a summary of the identified research gaps.

2.1 Pioneering works of EPIS

The general idea of applying new measurement techniques similar to EIS, by using none-
lectrical quantities in addition to conventionally used electrical quantities, was already
described in 1994 by Gabrielli and Tribollet [29]. In 2010, Niroumand et al. [30] revived
this idea in the context of a PEMFC. They reported a communication paper on their exper-
iment with a PEMFC in which they measured an increase in the amplitude of observed cell
voltage oscillations by decreasing the cathode stoichiometry. They noticed that the cell
voltage and the cathode outlet pressure oscillated with an identical frequency. At a fre-
quency of 0.14 Hz the oscillation of both quantities was stated to be in antiphase. They
described this observation as a counterintuitive result, as they would have expected an
increase of cathode pressure to lead to a higher cell voltage, due to an improvement of the
reaction kinetics. Based on this finding, they encouraged other researchers to further in-
vestigate pressure-induced voltage oscillations at low frequencies to develop a diagnostic
tool with capabilities similar to EIS. The two described works gave rise to the idea of using
pressure as a dynamic state variable in FRA experiments in addition to current and volt-
age.

The approach can be applied to different type of electrochemical cells having a gas
phase [31]. It can be an open system in which gas is flowing in and out, such as fuel cells,
or a closed system with a closed gas reservoir, such as specific batteries. The first publi-
cations of further research of the described approach were made in the context of battery-
type cells. In 2014, Hartmann et al. [32] introduced the term EPIS for studying pressure
dynamics in relation to an electric state variable in the frequency domain. In their com-
bined experimental and simulative study of a metal-oxygen battery, they applied a sinus-
oidal current to the cell and measured the pressure response of the enclosed gas reservoir
above the oxygen electrode. The transfer function was calculated as the relationship be-
tween the Fourier transform of the transferred charge Q, due to current excitation, and

the Fourier transform of the pressure response p according to
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They conducted the experiments in the frequency range between 2-200 mHz. The spec-

Zpjo(w) =

trum of the transfer function shows a strictly monotonic decrease in magnitude and phase
shift over the whole frequency range. They supported their experimental results by sim-
ulations, which reveal sigmoidal curves for the magnitude and phase with an inflection
point of the magnitude around 20 mHz. By increasing the electrode thickness or by de-
creasing the oxygen diffusion coefficient, the simulated curves get shifted towards lower
frequencies. With this parameter variation, they could show the sensitivity of the transfer
function towards transport-related parameters.

In 2016, Gribl et al. [31] published a simulative study of EPIS in an electrochemical cell
with a closed gas reservoir. They discussed possible transfer functions in which they re-
lated the pressure to the cell current, to the transferred electric charge (see Eq. 1), and to
the cell voltage. In case of the first two transfer functions, they proposed to excite the cur-
rent and measure the resulting pressure response. For the latter transfer function, they
proposed to excite the pressure of the gas phase and measure the cell voltage response.
In their application of an electrochemical cell with a closed gas reservoir, the transfer
function Z,,,, was found to be most convenient, as used by Hartmann et al. [32].

Gribl et al. simulated different transport mechanisms and showed that the gas diffusion
layer (GDL) in combination with a closed gas reservoir creates distinct features in the
spectra. The magnitude shows a constant value at the lowest frequency and decreases in
the range from 0.01-1 Hz down to zero revealing a sigmoidal shape. The phase shift de-
creases continuously from zero at the lowest frequency to below -360° above 1 Hz. They
explained that the phase shift physically means that the dynamic pressure response of the
gas reservoir is increasingly delayed compared to the current excitation for increasing
frequencies.

Furthermore, the authors made a comparison between conventional EIS and EPIS by sim-
ulating a sodium-oxygen cell. It shows that the spectra of both methods reveal features in
different frequency ranges, thus characterizing different processes. Additionally, they
made a sensitivity analysis for both FRA techniques. EPIS revealed a higher sensitivity
towards transport related parameters, while EIS was more sensitive to electrochemical
parameters. This finding supported the previous hypothesis of both methods character-

izing different processes and thus made EPIS a potentially complemental tool to EIS.

2.2 EPIS in PEMFCs

After the introduction of pioneering works of EPIS, the state of the art of EPIS in context
of a PEMFC is presented in the following. To date, the existing literature comprises three

different experimental approaches of EPIS in a single-cell PEMFC, published by
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Engebretsen et al. [19], Shirsath et al. [14-17], and Zhang et al. [18]. All approaches per-
formed a harmonic pressure excitation at the cathode outlet and measured the cell voltage
response under galvanostatic control. The analyzed transfer function was then calculated
as the relationship between the Fourier transform of the cell voltage response and the

pressure excitation at the cathode channel outlet according to

o) =~ @
The major difference between the approaches is that Engebretsen et al. used a loud-
speaker for the pressure excitation, whereas Shirsath et al. and Zhang et al. used a pres-
sure controller. In the following, each approach and the published results are reviewed in

detail.

2.2.1 Excitation with loudspeaker by Engebretsen et al.

This section about the experiments of Engebretsen et al. is divided into a description of
the experimental setup and a review of the results of the measured cell voltage response

to the pressure excitation.

Experimental setup

Humidified Air —————— Speaker apd ;
Housing /
. g !
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> Excess Hydrogen

Figure 1: Experimental EPIS setup of Engebretsen et al. with pressure excitation of the
PEMFC at the cathode outlet by the use of a loudspeaker. The figure is extracted from
Engebretsen et al. [19].

In 2017, Engebretsen et al. [19] published the first article about EPIS applied to a PEMFC.
They excited the cathode outlet pressure with a loudspeaker by applying a pressure am-
plitude of 60 Pa in the frequency range between 0.01-100 Hz. The lower frequency limit
was determined by the limitations of the loudspeaker, whose amplitude starts to drop for
frequencies below 10 mHz. The experimental setup is shown in Figure 1. The analyzed
transfer function Z /p 1S defined in Eq. 2; note that the authors did not make a Fourier
transform of the measures, but rather used a manual sinusoidal fit to obtain the amplitude

and phase of the oscillating cell voltage and outlet pressure.



The analyzed PEFMC had an active area of 5 cm? and a double serpentine flow-field oper-
ated in co-flow mode. Neither the type of GDL nor the gas volume of the humidifier used
in the experiments were specified. The gas feed flow rates were fixed to 100 ml min-1 hy-
drogen at the anode and to 250 ml min-1 air at the cathode, both humidified with a relative
humidity of 70%.

Cell voltage response

The EPIS results revealed a considerable noise, which may have been caused by the small
excitation amplitude of 60 Pa or a superposition of other voltage or pressure fluctuations,
as observed by Niroumand et al. [30]. The Fourier transform of the measured pressure
and voltage signal could have led to a decrease in the scattering of the spectra, by consid-
ering only oscillations of the excitation frequency. Nevertheless, some trends of the mag-
nitude and phase shift of the spectra can be observed.

The first EPIS study in their paper was a variation of different current densities, which is
displayed in Figure 2. At open-circuit voltage (OCV) the magnitude |Zy /| was stated to be
insensitive to the excitation frequency. They mentioned the corresponding value of
0.15 puV Pa-1to be consistent with the theoretic change of equilibrium potential with cath-
ode pressure.

Under cell load, the spectra of the magnitude changed qualitatively. The magnitude shows
a constant value in the low-frequency range between 0.01-1 Hz followed by a decrease
down to zero above 70 Hz. The authors associated this characteristic decrease with pro-
cesses having a time constant below one second, without naming a specific process.
Quantitatively, the magnitude at low frequencies substantially increased with increasing
current density from 5 pV Pa-1at 0.4 A cm=2 up to 40 pV Pa-1at 1.2 A cm-2. This trend was
justified by the argument that pressure changes have an increased effect on cell perfor-
mance at higher cell polarization and lower stoichiometries. In this context, it is interest-
ing to mention the cell voltage change that the authors measured for a pressure increase
at the cathode outlet at steady state. For an increase of gauge pressure from 0 kPa to
62.1 kPa, the voltage change was measured at OCV with 0.16 pV Pa-1. A comparison of the
voltage change at steady state with the quasi-static magnitude of the EPIS measurements
at OCV reveals a similar value of 0.15 pV Pa-1. However, under load at 1.6 A cm~2, the same
pressure increase led to a steady-state cell voltage change of 2.4 uV Pa-1, which is substan-
tially lower than the quasi-static magnitude of 40 pV Pa-1 at 1.2 A cm-2. This observation
is surprising, because the quasi-static magnitude of EPIS is expected to approach the value
at steady state. It is hypothesized that the quasi-static state is not reached at the lowest
applied frequency of 10 mHz. This explanation is supported by the phase shift ¢(Zy ),
which is not 0° at the lowest recorded frequency.

The phase shift shows a monotonic decrease over the whole frequency range, exceeding
-360° at 100 Hz. The authors argued that, due to the decrease of the wave length of the
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pressure excitation with increasing frequency, more than one oscillation may be required
before a voltage response of the PEMFC is observed, hence, resulting in a phase shift be-
low -360°. Therefore, the phase shift is strongly dependent on the cell geometry and the
location of the pressure oscillation source relative to the cell. To prove this explanation,
the propagation of the pressure front needs to be further investigated. The spectra of the
phase shift show no significant dependence on the current density; note that the phase
shift at OCV is not presented.
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Figure 2: Bode plot of EPIS results obtained by Engebretsen et al. for different current
densities. The top panel shows the amplitude ratio between the cell voltage and the cath-
ode outlet pressure oscillation and the bottom panel the corresponding phase shift. The
figure is extracted from Engebretsen et al. [19].

The authors made another EPIS study by changing the humidification of the gas inlet
streams. It shows that the magnitude |Zy /| increased for dry inlet gas streams compared
to humidified gases, with a stronger increase in case of a dry anode. As a consequence, the

authors claimed that water imbalances can be indirectly measured with EPIS.

2.2.2 Excitation with pressure controller by Shirsath et al.

This section reviews the experiments of the project partner to which the present model
was parametrized and which are partially reproduced in Chapters 5 and 6. It starts with
a description of the experimental setup. Subsequently, the results of the fuel cell response
to the pressure excitation are reviewed. First, the pressure response of the fuel cell is de-
scribed, followed by the cell voltage response for the operation with air, for changing gas

compositions, and for pure oxygen.



Experimental setup

The second experimental approach of EPIS in a PEMFC was applied by Shirsath et al. [14-
17]. Although the general principle is the same as in Engebretsen et al., there are differ-
ences in the experimental setup, which is shown in Figure 3. One difference is that they
used an elastomer sealed pressure controller to perform the pressure excitation instead
of aloudspeaker. Due to the dynamic limitations of the experimental setup, the upper limit

of the frequency range was 1 Hz.
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Figure 3: Experimental EPIS setup of Shirsath et al. with pressure excitement of the
PEMFC at the cathode outlet by the use of a pressure controller. The figure is extracted
from Shirsath et al. [17].

Another difference is the variation of the pressure excitation amplitude with frequency.
They reported to use a pressure amplitude of 2500 Pa from 1-10 mHz with a reduction
down to 200 Pa above 0.2 Hz [17]. The variation of pressure amplitude was justified by
conflicting requirements for the pressure excitation. To limit the distortion of the meas-
ured cell voltage, it is an advantage to apply a higher excitation amplitude. On the con-
trary, to attain a linear response of the system and to prevent reactant starvation, the am-
plitude should be kept preferably small. Reactant starvation can occur as a consequence
of an oscillating inlet flow rate. As the amplitude of the oscillating inlet flow rate increases
with frequency, the authors had to decrease the pressure amplitude at higher frequen-
cies [17]. The origin of the oscillating inlet flow rate is discussed more detailed subse-
quently.

The authors analyzed a PEMFC with an active area of 100 cm? and multiple serpentine
flow fields with 23 channels operated in counterflow. They supplied dry gas at the anode

and humidified gas at the cathode with a gauge pressure of 15 kPa at both outlets. They
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kept the water level in the humidifier constant so that the gas volume in the humidifier
was 850 ml with a tolerance of 50 ml [17].

Pressure response
To analyze the propagation of the pressure excitation along the gas channel first, the au-
thors [14,17] calculated a transfer function between the measured inlet and outlet pres-
sure oscillation (in Figure 3 Py, and Pgygiair) according to
Flangtu®}
Zp/p(w) = Fapit (D) (3)

CCH
Figure 4 shows experimental and simulated spectra of the transfer function for different

gas volumes in the humidifier upstream the cathode inlet. The simulated results were ob-
tained by using an equivalent circuit model. The equivalent circuit comprises a source for
the constant flow rate into the humidifier, a capacitor representing the capacitive behav-
ior of the humidifier, a resistor for the pressure drop along the gas channel, and a refer-
ence pressure representing the harmonic pressure excitation at the outlet. The pressure
drop was measured, whereas the capacitance could be calculated with the actual gas vol-
ume in the humidifier. With the given circuit, the authors could accurately reproduce the

measured pressure dynamics at the inlet.
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Figure 4: Bode plot of simulated (solid lines) and experimental spectra (squares, triangle
and circles) of the transfer function Z, ,, between the gas channel inlet oscillation and the

outlet pressure excitation for different gas volumes in the cathode humidifier. The figure
is extracted from Shirsath et al. [17].

The spectra, shown in Figure 4, revealed that with increasing frequency the inlet pressure
oscillation is damped, visible as a decrease in magnitude, and delayed, visible as a de-
crease in phase shift, in relation to the pressure oscillation at the outlet. For a gas volume
of 850 ml, the inlet pressure oscillated at 1 Hz with a remaining amplitude of 20% com-
pared to the outlet pressure amplitude and with a phase shift of about -70°.

By varying the gas volume in the humidifier, the authors were able to show the strong

influence of the humidifier on the frequency dependence of this phenomenon. An increase
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in gas volume led to a shift of the damping and delay of the pressure oscillation towards
lower frequencies.

The authors discovered another important effect of the humidifier. The inlet flow rate at
the cathode, which corresponds to the outlet stream of the humidifier, was oscillating dur-
ing pressure excitation, although the gas feed into the humidifier was kept constant [17].
They explained this phenomenon with the gas volume inside the humidifier acting as a
reservoir for the gas. In other words, the combination of a constant gas feed into the hu-
midifier with an oscillating amount of gas inside the humidifier, due to oscillating pres-
sure, results in an oscillating flow rate out of the humidifier.

With their equivalent circuit model, the authors were able to quantify the oscillating inlet
flow rate and could show that this effect amplifies with increasing excitation frequency.
Furthermore, they reported that increasing the gas volume in the humidifier leads to in-
creased inlet flow rate oscillations, which can even result in reactant starvation at higher
frequencies. Favorable low gas volumes in the humidifier were stated to be limited by the
occurring entrainment of water droplets, for which reason they kept the gas phase volume

at 850 ml as a compromise.

Cell voltage response for operation with air

After summarizing the preparative works of Shirsath et al., in the following, the results of
the cell voltage response to pressure excitation by means of the transfer function Zy ,,, are
reviewed. First, typical common features of the spectra where the fuel cell was operated
with air as the cathode gas feed are discussed.

Figure 5 shows two examples of the characteristic spectra which Shirsath et al. observed

for the operation with air. The magnitude |Zy /, | is nearly constant below 10 mHz followed

by an increase with frequency up to a maximum slightly below 1 Hz. A comparison with
the results of Engebretsen et al. [19] shows that their progression of magnitude is quali-
tatively different, as they observed a constant magnitude in the overlapping frequency
range between 0.01-1 Hz.
The phase shift ¢(Zy ) that Shirsath et al. measured for the operation with air, typically
shows a continuous decrease from 0° at 1 mHz to about -200° at 1 Hz. The authors at-
tributed the negative phase shift to the phenomenon of diffusion [16]. In the common fre-
quency range between 0.01-1 Hz, the phase shift agrees qualitatively and quantitatively
with the experiments of Engebretsen et al. [19].
Shirsath et al. presented a comprehensive study of EPIS by changing numerous opera-
tional and a few structural fuel cell parameters. In the following, the variation of parame-
ters and the observed influence on the transfer function Zy /, for the operation with air is
reviewed.
A quantitative analysis of the measured magnitude at the lowest analyzed frequency re-
veals values between 0.5 pVPa-l and 2.4 pV Pa-! for all parameter variations. The
12



variation of the current density showed that the quasi-static magnitude distinctively in-
creased with current density [14,28]. This trend of increasing quasi-static magnitude with
current density was also observed by Engebretsen et al. [19], although to a stronger ex-
tent. An increase in relative humidity led to a small increase in quasi-static magnitude,
which was more pronounced at higher current densities [14]. The change of the GDL from
a product with microporous layer (MPL) to one without also led to a small increase of the
quasi-static magnitude [16] (cf. Figure 5). The oxygen stoichiometry revealed no signifi-
cant influence on the quasi-static magnitude [16].
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Figure 5: Typical spectra of the transfer function Zy ,,, between the cell voltage oscillation

and the outlet pressure excitation for operation with air as the cathode gas feed. The mag-
nitude is displayed on the left axis and the phase shift on the right axis. Comparison of two
different GDLs (34 BA: without MPL, 29 BC: with MPL) operated at 0.2 A cm-2 with
Ao, =2.5,T =55°Cand @¢ = 20%. The figure is extracted from Shirsath et al. [16].

A quantitative analysis of the characteristic maximum of the magnitude reveals different
dependencies on the parameters. The authors reported a strong influence of the oxygen
stoichiometry on the maximum magnitude [16]. The maximum increased from 3 pV Pa-1
for an oxygen stoichiometry of 4 to 27 uV Pa-1 for an oxygen stoichiometry of 1.5 at a cur-
rent density of 0.2 A cm-2. The authors related the increase of magnitude for reduced stoi-
chiometry to diffusion phenomena, which become more rate-controlling when oxygen is
higher depleted.

To further analyze the influence of diffusivity on EPIS, the authors made an experiment in
which they replaced the inert gas nitrogen by helium, in which oxygen is reported to have
a four times higher diffusivity [16]. The maximum magnitude revealed a decrease of 20%,
which supported their presumed correlation between diffusion phenomena and maxi-

mum magnitude.
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The change of the GDL from a product with MPL to one without resulted in a strong in-
crease of maximum magnitude from 6 pV Pa-1 to 14 pV Pa-1, at a low current density of
0.2 A cm~2 and a relative humidity of 20% (cf. Figure 5). Operation of the fuel cell using
the GDL without MPL at 1.0 A cm=2 and 100% relative humidity led to an even stronger
increase of maximum magnitude to more than 50 pV Pa-1. The authors related this obser-
vation to an increase of mass transport resistance due to the poor water management of
the GDL [15].

For the dependencies between the phase shift ¢(Zy/,) and the parameters, the authors
observed the following trends. They reported the phase shift to be relatively independent
of the current density and gas feed humidification [14]. Changing the GDL from a product
with MPL to one without also led to a similar phase shift at low current density and hu-
midification (cf. Figure 5). However, at high current density and humidification the phase
shift revealed a substantial change to 170° at 1 mHz, with a subsequent decrease to nearly
-250° at 1 Hz. The authors attributed the strong change in phase shift to flooding condi-
tions, as a consequence of poor water management of the MPL-free GDL. The phase shift
of about 180° at 1 mHz is surprising, as it means that the increase of pressure leads to a
decrease in cell voltage, whereas in all other experiments the opposite trend was ob-
served at quasi-static conditions.

Furthermore, a trend of the phase shift for a change in oxygen stoichiometry was ob-
served. A decrease in stoichiometry led to more negative values of the phase shift in the
complete frequency range. The authors related this trend to diffusion phenomena, similar

to the explanation for the change of magnitude with stoichiometry.

Cell voltage response for operation with varying gas compositions

Shirsath et al. [17] performed another set of experiments for different cathode gas feed
compositions, by stepwise increasing the oxygen molar fraction from air towards pure
oxygen. They kept the flow rate constant, so that the oxygen stoichiometry increased ac-
cordingly. The magnitude at the lowest frequency of 10 mHz varied in the range of 0.5-
1.0 uV Pa-1 with a decreasing trend towards pure oxygen. Qualitatively, the typical pro-
gression of magnitude for air, with an increase up to a maximum around 1 Hz, changed by
increasing the molar fraction of oxygen. For an oxygen molar fraction of 0.5 the maximum
was already reduced and vanished completely for molar fractions of 0.8 and higher. A
more detailed examination of the spectra for pure oxygen is given subsequently.
Furthermore, the characteristic progression of phase shift for air, with a continuous de-
crease down to -200° at 1 Hz, also changed. Towards pure oxygen the phase shift became
less. The authors argued that the changes in magnitude and phase shift with oxygen con-

centration can be linked to the diffusion of oxygen in nitrogen.
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Cell voltage response for operation with pure oxygen

In the following, spectra of the transfer function Zy ,, are discussed in which the authors
operated the fuel cell with pure oxygen as the cathode gas feed. Figure 6 shows spectra
for a variation of the oxygen stoichiometry. Qualitatively, all spectra show a similar pro-
gression of magnitude |Zy/,|. The magnitude is nearly constant below 10 mHz, which is
similar to what has been observed with air as the gas feed. But, in the frequency range of
0.01-1 Hz the magnitude decreases, which is the opposite trend compared to the spectra
obtained under operation with air.

The phase shift ¢ (Zy ;) revealed also a qualitatively different progression than under op-
eration with air. The spectra show a continuous decrease down to a minimum around

0.1 Hz with a subsequent increase.
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Figure 6: Bode plot of transfer function Zy ,, between the cell voltage oscillation and the

outlet pressure excitation for operation with pure oxygen as the cathode gas feed at dif-
ferent oxygen stoichiometries. The cell was operated at 1.0 A cm=2 and ¢¢ = 100%. The
figure is extracted from Shirsath et al. [17].

Similar to the experiments with air, the authors made numerous experiments for the op-
eration with pure oxygen by changing operational and structural parameters. Quantita-
tively, the quasi-static magnitude was measured in the range of 0.4-1.4 pV Pa-1 with a de-
crease down to 0.2-0.6 pV Pa-! at 1 Hz, depending on the parameter configuration [15-
17]. The phase shift at the lowest frequency of 1 mHz was measured always positive be-
tween 0°-10°. The minimum phase shift around 0.1 Hz was between -10° and -30° with
a subsequent increase towards 0°.

By changing the stoichiometry of the gas feed (cf. Figure 6), an increase of quasi-static
magnitude with a decrease of stoichiometry was observed, while the phase shift showed
no clear trend. A comparison of an aged and fresh MEA revealed an increase in quasi-static
magnitude for the aged MEA and a nearly unchanged phase shift [16].

The change of the GDL from a product with MPL to one without resulted in an increase of
the quasi-static magnitude by 20% and a lower minimum phase shift, operated at

0.2 A cm~2 and a relative humidity of 20% [16]. A similar trend between the magnitude of
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both type of GDLs was observed at an increased current density of 1.0 A cm-2 and a rela-
tive humidity of 100% [15]. The comparison of a third GDL, also without MPL but not
PTFE-treated as the other two GDLs, revealed an even stronger increase of magnitude at
the lowest frequency. The authors related this observation to the poorer water manage-
ment.

Although the quasi-static magnitude showed a clear trend for a change of specific param-
eters, one should keep in mind that this information could presumably be obtained with-
out EPIS by simply analyzing the static pressure-voltage response.

2.2.3 Excitation with pressure controller by Zhang et al.

This section about the EPIS experiments of Zhang et al. is divided into a description of the
experimental setup and a review of the results in terms of pressure response and cell volt-

age response to the pressure excitation.

Experimental setup

The recently published experimental approach of EPIS by Zhang et al. [18] is quite similar
to the approach of Shirsath et al. They excited the outlet pressure of the cathode with an
electro-pneumatic pressure controller, using an amplitude of 1 kPa within the frequency
range of 2-100 mHz. The scheme of their experimental setup is shown in Figure 7.
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Figure 7: Experimental setup of Zhang et al. for EPIS in a PEMFC with excitation of the
cathode outlet pressure by the use of a pressure controller. The system components are
shown for the cathode gas stream. The figure is extracted from Zhang et al. [18].

The authors analyzed two different fuel cells, one with an active are of 50 cm? with a ser-
pentine flow field and another one with an active area of 12 cm? with a parallel flow field.
Both cells had a GDL with MPL, treated with PTFE. Other than in the setup of Shirsath et
al,, the authors humidified both the anode and cathode gas feed with 90% relative humid-
ity. The gas phase volume in the humidifier was not specified, but referred to as “large

volume”. The gauge pressure was 100 kPa at both sides.

Pressure response

Similar to Shirsath et al.,, the authors made a preliminary study on the relationship be-

tween the pressure response at the inlet and the pressure excitation at the outlet with

both fuel cells. Instead of presenting the transfer function between inlet and outlet
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pressure, they reported fitted parameters of an RC-equivalent circuit model, used to re-
produce the measured pressure response. The model is similar to the one proposed by
Shirsath et al., but additionally considers the reduced amplitude of inlet pressure oscilla-
tions at the quasi-static frequency.

Qualitatively similar to Shirsath et al., Zhang et al. observed an increased damping and
delay of the outlet pressure excitation towards the channel inlet with increasing fre-
quency. However, their interpretation of the study is different. The authors claimed that
they excluded the influence of the gas volume of the humidifier in their experiments.
Therefore, they related the capacitive behavior to the gas channel flow field, which also
provides a certain storage volume for gas. This interpretation contradicts the observation
by Shirsath et al. [17], who clearly demonstrated the influence of the gas volume in the
humidifier on the inlet pressure response. Furthermore, it is questionable how Zhang et
al. were able to isolate the effect of the humidifier with their presented experimental
setup.

Comparing the characteristic frequency for both tested fuel cells at which the amplitude
of inlet pressure oscillation has dropped by 50%, revealed that the characteristic fre-
quency of the 50 cm? cell was lower than for the 12 cm? cell at the same flow rate. The
authors deduced that the change in the capacitive behavior can only be related to the
change of the channel flow field, as the humidifier is the same for both setups.

By varying the flow rate, Zhang et al. were able to show that the characteristic frequency
decreased with increasing flow rate. Another observation was the decrease of the inlet
pressure amplitude at quasi-static frequency with increasing flow rate. The authors at-
tributed this phenomenon to the interaction between the mass flow controller and the

pressure oscillation at the gas channel inlet.

Cell voltage response

In their EPIS analysis Zhang et al. made studies for both type of fuel cells and varied oper-
ational parameters such as current density, stoichiometry, flow rate and gas composition.
In the Bode representation, the EPIS results revealed an increase of magnitude |Zy,, | with
frequency for operation with air, at all current densities in case of the 12 cm? cell and at
high current densities in case of the 50 cm? cell. This is qualitatively the same what Shir-
sath et al. observed in their experiments. For the operation of the 50 cm? cell at current
densities < 0.66 A cm~2, the magnitude revealed a decrease with frequencies. The authors
stated that the small voltage amplitude measured at those current densities is not suitable
for diagnostics, due to interference with the background noise.

The authors measured quasi-static magnitudes < 2 uV Pa-1, which is in a similar range as
the measurements of Shirsath et al. Another similarity is the increase of the quasi-static
magnitude with current density. Zhang et al. related the quasi-static magnitude to the

change of the Nernst potential with pressure.
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The maximum magnitude was observed to increase with current density. At first glance,
this is different to what Shirsath et al. observed, who reported a similar or an even smaller
maximum magnitude at higher current densities [14]. The reason for this difference is
most probably the different operating conditions. Zhang et al. made their current density
study with a fixed flow rate, while Shirsath et al. maintained the oxygen stoichiometry
instead. As the stoichiometry was observed to have a strong influence on the maximum
magnitude, the decrease in stoichiometry is expected to be responsible for the increase in
maximum magnitude observed by Zhang et al.

A comparison of the maximum magnitude between the 50 cm? and the 12 cm? cell re-
vealed a striking difference at the highest current density. At 1.0 A cm2 the magnitude of
the bigger cell reached only a maximum of 2 uV Pa-1 for an oxygen stoichiometry of 2,
whereas the smaller cell reached a maximum of 40 uV Pa-1 for a stoichiometry of 3. The
authors related this observation to the structural differences between both cells which
were a different gas channel flow field and fuel cell area.

The phase shift ¢(Zy /) observed by Zhang et al. was stated to approach 0° towards the
lowest applied frequency and is therefore expected to approach the cell response at
steady state. With increasing frequency, the phase shift continuously decreased down to
-160° at 0.1 Hz. This progression of phase shift is similar to the observation of Shirsath et
al. For small current densities applied to the bigger cell the decrease in phase shift was

less pronounced.
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Figure 8: Nyquist plot of transfer function Zy ,, between the cell voltage oscillation and
the outlet pressure excitation with different cathode gas compositions. The 50 cm? cell
was operated at 0.2 A cm~2 with A, = 2 (left panel) and Ap, = 6 (right panel). The figure

is extracted from Zhang et al. [18].

The remaining studies were presented in the Nyquist representation, which makes com-
paring them to the previous studies more difficult. Nevertheless, some trends can be
worked out as follows. The previously described spectra in the Bode representation ap-
pear as semicircles in the Nyquist plot, as can be seen in Figure 8. For the 50 cm? cell,

Zhang et al. varied the flow rate and therefore the oxygen stoichiometry at constant
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current density of 0.2 A cm-2. The semicircles in the Nyquist plot showed a strong increase
with decreasing oxygen stoichiometry. This agrees with the observed increase in magni-
tude with decreasing stoichiometry by Shirsath et al [16].

Furthermore, Zhang et al. changed the gas composition by diluting the air further with
nitrogen. The reduction of the oxygen molar fraction led to an increase of the diameter of
the semicircle. This also agrees with the observation of Shirsath et al., who observed a
decrease of maximum magnitude with increasing oxygen molar fraction.

Another experiment made by Zhang et al. with the larger cell revealed an interesting
trend. Again, they changed the gas composition by further diluting the cathode gas feed
with nitrogen, but this time they kept the oxygen stoichiometry constant, by adjusting the
flow rate accordingly. Results of this experiment at a current density of 0.2 A cm=2 are
shown as a Nyquist plot in Figure 8. Surprisingly, the authors observed a decrease in dy-
namic voltage response with a more diluted gas mixture, resulting in a two times larger
semicircle of the 100% air mixture compared to the 20% air diluted gas mixture. The ex-
pectation would have led to the opposite trend, as an increased mass transport hindrance
by an increased amount of inert gas is expected to increase the magnitude. At the quasi-
static frequency, the expectation seems to persist, as the magnitude is larger here for the
diluted gas mixture, but with increasing frequency the proportion in magnitude changes.
The authors explanation for this surprising observation is that rather the change in flow

rate is the cause for the changing semicircle diameter than the dilution of the gas.

2.3 CFRA in PEMFCs by Sorrentino et al.

Another characterization method closely related to EPIS is called CFRA and has been ap-
plied to a PEMFC by the working group of Vidakovic-Koch. The corresponding publica-
tions comprise Sorrentino et al. [20-22], which are reviewed subsequently. This subchap-
ter is divided into a description of the experimental setup and a review of the results by

means of the cell voltage and the cell current response to the reactant excitation.

Experimental setup

The experimental setup of CFRA is different compared to EPIS in terms of the pressure
excitation and the analyzed transfer function. Other than in the experiments described
above, in which the total pressure at the cathode outlet was excited, in the CFRA experi-
ments, the partial pressure of reactants at the cathode inlet was excited. The procedure is
explained in more detail below.

The analyzed transfer function describes the relationship between the electric cell re-
sponse and the excited partial pressure at the inlet. This is different to the approaches
described above, in which the analyzed transfer function describes the electric cell re-

sponse to the excited total pressure at the cathode outlet. Under galvanostatic control the

19



transfer function is calculated as the Fourier-transformed voltage response to partial

pressure changes at the inlet according to

T{Avcell(t)}
—_— 4
F{Apiccu(®)} (4)

Other than the previously described approaches of EPIS in a PEMFC, in which the electric

Zyjpiy(w) =

cell response was measured only under galvanostatic control, the authors additionally ap-
plied CFRA under potentiostatic control. The transfer function is then calculated as the
Fourier-transformed cell current response to partial pressure changes at the inlet accord-
ing to

T{Apli-,réCH(t)} ' (5)

The experimental CFRA setup is shown in Figure 9. The excitation of the partial pressure

Zipi(w) =

was realized by adding a supplemental stream of a specific gas to the cathode gas feed,
controlled by an alternately opening valve with the required frequency. As a consequence
of the added gas stream, not only the partial pressure of the added gas was excited, but
rather the partial pressure of all species. Assuming that the inert gas nitrogen has no di-
rect effect on the cell voltage and current, the measured cell response can be attributed to

the partial pressure changes of water and oxygen.
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Figure 9: Experimental CFRA setup of Sorrentino et al. with species excitation by the ad-
dition of a supplemental gas stream to the cathode gas feed. The figure is extracted from
Sorrentino et al. [21].

The coupled electric cell response makes the calculation of separated transfer functions

for water and oxygen difficult. In their first experimental study, Sorrentino et al. [20]
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added oxygen to the gas feed and the analyzed transfer function contained coupled con-
tributions of oxygen and water pressure changes. In their second experimental study [21]
the authors decoupled the electric cell response for changes in water and oxygen pres-
sure. To this end, they extended the set of experiments by additionally using nitrogen as
a supplemental gas. Through algebraic rearrangement they were able to calculate decou-
pled transfer functions for both species.

Sorrentino et al. [21] measured the partial pressure of oxygen at the cathode inlet with a
fiber sensor and the partial pressure of water with a dew point meter. They reported a
maximum amplitude in oxygen pressure oscillation of 750 Pa and a maximum amplitude
of total pressure oscillation of 30 Pa. Due to the dynamic limitations of the experimental
setup, the upper limit of the analyzed frequency range was 1 Hz. It is worth mentioning
that at low frequencies the electric cell response had the shape of a square wave, while at
higher frequencies the shape was more sinusoidal.

The authors analyzed a fuel cell with an active area of 25 cm? and a flow field with parallel
channel configuration. The GDL of the fuel cell was stated as TGP-H-60, which was not
named explicitly to have an MPL.

Cell voltage and cell current response

Sorrentino et al. supported their experimental results by simulations using a 1D PEMFC
model [22]. The model had a high degree of freedom, as plenty of parameters were fitted
to match the results. The fitted parameters were the cathode charge transfer coefficient,
the porosity related to oxygen and water diffusion, the nominal diffusivity in Nafion® and
the electroosmotic drag. Furthermore, the parameters were fitted for each spectrum sep-
arately and showed a great variety between the simulations. Another drawback of the
simulations is that one of the studied dynamics was the oxygen transport in the gas chan-
nel. In their 1D model the authors treated the gas channel as a perfectly mixed volume,
which prevents the consideration of effects such as gas distributions along the channel.
Therefore, the simulated results should be interpreted with caution, although the authors
reported a good agreement between the simulations and the experiments.

In the following, the results of the decoupled transfer functions are reviewed, starting
with the transfer function that describes the voltage response to changes in the oxygen
pressure under galvanostatic control. The corresponding spectra are shown in the left
panels of Figure 10. The magnitude revealed a constant value up to 0.1 Hz with a subse-
quent decrease towards zero. The authors related the decrease in magnitude with fre-
quency to the duration of the gas transport through the channel and the GDL.

The variation of the current density revealed an increase of the magnitude at low fre-
quency with current density. With the derivative of the overpotential with respect to the
oxygen pressure, the authors demonstrated that the contribution of cathode reaction ki-

netics to the magnitude is inversely proportional to the oxygen pressure [21]. Therefore,
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at higher current densities at which the oxygen pressure is lower at the catalytic sites, due
to a decrease in stoichiometry for a constant flow rate and due to an increase in mass
transport resistance, the magnitude is expected to be higher. As a consequence of their
finding, the authors proposed to use the transfer function to evaluate the mass transport
resistance. It should be stated here that the quasi-static magnitude is most likely ap-
proaching the change of cell voltage with oxygen pressure at steady state. Therefore, the
evaluation of the mass transport resistance could be obtained by simply increasing the
partial pressure statically.
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Figure 10: CFRA spectra of the decoupled transfer function Zy /0, between the cell volt-

age oscillation and the partial pressure excitation of oxygen (left panels) and of the de-
coupled transfer function Z;,,,) between the cell current response and the partial pres-

sure excitation of oxygen (right panels) at different current densities. The upper rows
show the Bode representation, the bottom row the Nyquist representation. The figure is
extracted from Sorrentino et al. [21].

A comparison with EIS measurements revealed the following. The magnitude of EIS meas-

urements in the low-frequency region at the same current density showed not the
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monotonic dependence on the current density. The authors explain this observation with
the superposition of different processes. Therefore, EIS was stated to be less appropriate
for the evaluation of the mass transport resistance.

The phase shift of the analyzed CFRA transfer function revealed a continuous decrease
from 0° below 10 mHz to -100° around 0.7 Hz. The phase shift was nearly independent of
current density.

The spectra of the transfer function between the current density response of the cell re-
lated to a change of oxygen pressure under potentiostatic control are shown in the right
panels of Figure 10. They are qualitatively similar to the previously described transfer
function measured under galvanostatic control, in both magnitude and phase.

The decoupled transfer functions, describing the electric cell response to a change in wa-
ter pressure, revealed features in different frequency ranges compared to the transfer
functions related to the oxygen pressure change shown above. The magnitude of the
transfer function obtained under galvanostatic control showed a decrease with increasing
frequency in the range from 7-100 mHz. The authors related this change in magnitude to
the sorption of water into the electrolyte, which is accompanied by an increase in conduc-
tivity and hence an increase in cell voltage.

The magnitude of the transfer function under potentiostatic control revealed a decrease
with increasing frequency in the range of 7-30 mHz. The shift of the sorption process to-
wards lower frequencies is explained by the induced change of the electro-osmotic drag
as a consequence of the change in current. The electro osmotic drag transports water
against the direction of water diffusion. The authors proposed to further exploit this find-
ing to study the water transport driven by diffusion and electro-osmotic drag.

2.4 Continuum modeling of PEMFCs

The aim of this subchapter is to provide a brief overview of the different type of PEMFC
models, by referring to examples of the mentioned model type. The overview focuses on
continuum models and does not contain atomistic modeling approaches such as molecu-
lar dynamics or density functional theory. For a more detailed description of the state of
the art in PEMFC modeling the reader is referred to the review papers [33-36].
The complexity of a fuel cell model is dependent on the assumed simplifications of the fuel
cell processes and can vary strongly from simple empiric 0D models to detailed physics-
based 3D models. The requirement of a detailed fuel cell description competes with the
one of economical computational and modeling efforts. Hence, the selected model type
necessarily is a compromise between these two considerations. Depending on its applica-
tion and the focus of the investigation, a different model might be appropriate.
The simplest kind of models are empirical 0D models which describe the relationship be-
tween the cell voltage and current based on simple empirical correlations, without
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consideration of the spatial domain. This type of model is often used to determine kinetic
or ohmic resistance parameters from current-voltage measurements [33]. Examples of
this kind of models can be found in Refs. [37-44].

Fuel cell models that additionally consider the spatial domain describe the fuel cell behav-
ior through physics-based equations with the use of a continuum approach. The equations
of the subdomains or components of the fuel cell can comprise the conservation equations
of mass, momentum, energy, and charge. Figure 11 shows a schematic representation of
a PEMFC with indications of the different dimensions. The layer structure of the fuel cell
and its function is described more detailed in the context of the modeling domain in Chap-
ter 3.1.1.

2-D ‘
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G Fsandwich Gas Diffison Media (Cathode)

\ \
Cathode

Catalyst Layer

Figure 11: Schematic representation of a PEMFC showing the different dimensions and
the sandwich structure between the bipolar plates containing the flow channels. The fig-
ure is extracted from [33].

1D models typically describe the fuel cell processes occurring in through-plane direction
across the MEA (see Figure 11: 1D sandwich). Basically, they comprise the transport of
mass and charge through the porous electrodes and the membrane and the electrochem-
ical reactions at the catalytic sites. Additionally, some models consider the transport of
heat.

Two prominent models should be pointed out here which were one of the first 1D models
and have been reproduced and modified numerously: the model of Springer et al. [45] and
the model of Bernardi and Verbrugge [46]. The first model of Springer et al. was isother-
mal and treated the electrochemistry through a simple 0D polarization equation. How-
ever, they considered the sorption of water into the membrane and the transport of water
through the membrane. By modeling the variable water content in the membrane, they
were able to show the importance of the membrane hydration to maintain a sufficient
proton conductivity. Based on this model the authors made further studies in which they

added additional features such as a detailed cathode [47] and anode [48] model as well as
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an AC-impedance model [8]. The Bernardi and Verbrugge model, which was published
around the same time as the first model of Springer et al., provided a more detailed de-
scription of the gas transport in the porous media. Different to the first study of Springer
et al. they considered the presence of liquid water, but treated as a constant volume frac-
tion rather than in the form of a true two-phase flow. The Bernardi and Verbrugge model
formed the basis for further studies in which the model was extended through additional
effects [49-54]. A more recent example of a 1D model was published by Vetter and Schu-
macher [55] who included the transport of heat and the transport of liquid water through
the porous media of the cathode.

The limitation of the 1D model is the assumption that the transport of charge and mass
across the MEA is evenly distributed over the remainder dimensions in across-the-chan-
nel and along-the-channel direction. However, in reality this is not the case and, depend-
ent on the cell load, the transport situation across the MEA can vary substantially. 2D
models extend the previously described 1D models by considering another dimension, in
either across-the-channel or along-the-channel direction. The former combination is used
to study the effect of the gas channel rib [56-58], which allows the transport of charge
and heat but hinders the transport of mass in and out of the adjacent gas diffusion media.
The other form of a 2D model combines the direction across the MEA with the direction
along the channel [27,59-64]. This type of model considers the important effect of reac-
tant depletion and water accumulation along the channel on the current distribution by
approximating the flow channel as a straight channel [33]. Furthermore, by describing the
gas transport in the gas channels with the Navier-Stokes equations the dynamic pressure
propagation along the channel can be reproduced, which is essential for the simulation of
EPIS.

Closely related to these models but with a reduced computational effort are the so-called
pseudo-2D models or 1+1D models [23,24,26,65-67]. They describe phenomena in both
dimensions, across the MEA and along the channel dimension, without actually solving 2D
equations. This kind of approach is justified by the fact that the mass and charge transport
in the MEA is mainly occurring across the MEA due to the greater concentration and elec-
tric potential gradient compared to the along-the-channel direction.

The technological progress in the field of computing power has led to the development of
complex 3D models, which allow the analysis internal states in the 3D domain. The 3D
approach was used for example for detailed studies of the two-phase characteristics in
PEMFCs [68-71] and for studies of the flow field [72,73]. Similar to the pseudo-2D models,
there are pseudo-3D or 1+2D models [74-76].

In the present work the approach of a pseudo-2D model is chosen to be the best compro-
mise between the accurate description of the relevant fuel cell processes on the one hand

and the computational and modeling effort on the other hand.
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2.5 Research gaps

The pioneering works of EPIS showed its potential as a complementary tool to EIS, by
being more sensitive to transport-related parameters. The reviewed experiments demon-
strated the feasibility of applying EPIS to PEMFCs. The measured spectra contained fea-
tures and thus, in principle, information about time-dependent processes. However, to
further benefit from these features, it is essential to understand their unknown origin,
which will be described more detailed subsequently.
Shirsath et al. and Zhang et al. both measured an increase of magnitude with frequency
up to a maximum around 1 Hz, in case the fuel cell was operated with air as the cathode
gas feed. The increase in magnitude was accompanied by a continuous decrease in phase
shift with frequency. Zhang et al. did not provide an explanation for this observation at all.
Shirsath et al. argued that these two major characteristics are related to the process of
diffusion based on empiricism, but without explanation of a causal link. Therefore, the
origin of these features still needs to be explained on the base of a causal link.
Operated with pure oxygen, the spectra of Shirsath et al. revealed a different progression
compared to the operation with air. Instead of increasing with frequency, the magnitude
decreased between 0.01-1 Hz, accompanied by a minimum of the phase shift at about
0.1 Hz. The reason for these two features is unknown.
Engebretsen et al. were able to measure spectra up to 100 Hz, but with the disadvantage
of obtaining a strong scattering of the data. They observed a decrease in magnitude be-
tween 1-100 Hz and related it to processes with a time constant below one second, with-
out going into detail.
The variation of numerous structural and operational parameters revealed a few promis-
ing correlations between the parameters and the features of the spectra. In case the fuel
cell was operated with air, the experiments revealed a strong dependence of the maxi-
mum magnitude on the oxygen stoichiometry, the type of GDL, especially at high current
densities, and the cell area or rather the channel length. To further exploit these depend-
encies, the relationship between the parameters and the extent of magnitude increase
needs to be understood.
To comprehend the EPIS features it is necessary to understand the causal link between
the cell voltage and the outlet pressure. In this context, Zhang et al. mention the change in
equilibrium potential. Sorrentino et al. reason the cell voltage response with the change
of overpotential, due to changed reaction kinetics, and the change of conductivity losses
in the electrolyte due to a change of the electrolyte humidification. It would be useful to
study the three effects together and compare their individual contribution to the overall
change of cell voltage.
Shirsath et al. and Zhang et al. both demonstrated that the pressure excitation becomes
increasingly damped and delayed along the channel with increasing frequency. While
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Shirsath et al. relate this effect to the gas volume of the humidifier upstream the cell, Zhang
et al. claim that the effect is rather caused by the gas channel. Neither Shirsath et al. nor
Zhang et al. explain how the variation of pressure oscillation along the channel affects the
cell voltage response.

Another interesting observation made by Shirsath et al. is the oscillation of the inlet flow
rate during pressure excitation. The amplitude of this oscillation increased with fre-
quency. The effect on the cell voltage response needs to be further investigated.

To conclude, the numerous experimental works brought up a lot of questions which need
to be answered to further evaluate the potential of EPIS as a useful characterization
method of transport processes. As mentioned in the introduction, modeling and simula-
tion can be helpful tools to analyze internal states which are hardly accessible in the ex-
periments. To simulate EPIS, it is essential to extend the state of the art in PEMFC model-
ing by adding a model for the capacitive behavior of the humidifier. Using the advantage
of the simulations, the remainder of this work aims to answer the open questions and

deepen the interpretation of EPIS features.
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3 Methodology

In this chapter, the PEMFC model and the approach of the impedance spectroscopy simu-
lations EIS and EPIS are presented. Additionally, the pressure derivative of the cell voltage

on the base of the model equations is described.

3.1 PEMFC model

The description of the PEMFC model is structured as follows. First, the modeling domain
is going to be described, followed by the governing model equations. Subsequently, the
parameters which are needed for the previous equations are presented. At the end of this
subchapter the numerical implementation of the model is described.

The presented PEMFC model is used to reproduce and interpret the experiments of the
project partner and therefore parametrized to their experimental setup. The same PEMFC

model was used in our joint EPIS publication [28].

3.1.1 Modeling domain

The implemented model dimension is a trade-off between the reduction of modeling and
computational efforts on the one hand and the ability of the model to capture the major
processes which are relevant for EPIS on the other hand. Modeling of the gas channel di-
mension proved to be quite important for reproducing the EPIS results, as the pressure
oscillation can strongly differ along the gas channel depending on the excitation fre-
quency. Therefore, the PEMFC model used in this work is a pseudo-2D model, whose sche-
matic representation can be seen in Figure 12. A pseudo-2D model connects two 1D sub-
systems together without solving 2D equations, which is reducing the computational ef-
fort of the simulation. One subsystem is the 1D gas transport through the gas channels on
a macroscopic scale in x-direction. The second subsystem, sandwiched between the gas
channels, considers the 1D transport of mass and charge on a mesoscopic scale in y-direc-
tion through the MEA. As the connection of both subsystems is along the gas channel di-
rection, the subsystem of the MEA in y-direction has to be solved for each discretization
step of the gas channel in x-direction.

The actual flow field geometry of the bipolar plates used in the experiments consists of 23
parallel serpentine gas channels. The present model simulates only one of the 23 chan-
nels, simplified to a straight channel, assuming it to be representative for all gas channels.
Although effects such as uneven distribution of reactants in turns of the channels cannot
be reproduced by the model, the important change of gas composition along the channel
is captured. The 1D transport in the gas channels is assumed to be only gaseous and the

occurrence of liquid water is avoided by allowing the gas to be supersaturated. The gas
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channel of the anode and cathode are simulated as counterflow. As stated previously, the
humidifier of the cathode gas stream has a strong influence on the pressure dynamics
along the gas channel. A novelty of the present modeling approach is the consideration of
the gas reservoir in the humidifier upstream the cathode channel inlet [28]. This is real-
ized by a 0D model of the gas reservoir, which enables the reproduction of its capacitive
behavior to pressure changes.

The MEA consists of five spatially resolved layers, which can be seen in Figure 12. In the
middle, separating the anode and cathode is the polymer electrolyte membrane (PEM),
which consists of an electrolyte phase. It allows the conductance of protons but acts as an
insulator for electrons. The conductivity of the electrolyte is strongly related to its humid-
ification. Therefore, the electrolyte can uptake and transfer water, whereas it is assumed
to be impermeable for gases. Attached to each side of the PEM are the catalyst layers (CL),
where the electrochemical reactions occur. The CLs are composite electrodes with the co-
existence of a gaseous, an electron-conducting and an electrolyte phase. Outside the CLs
are the GDLs, in which gas is transported through the pores of an electron-conducting
structure. The geometry of the modeling domain is symmetric with respect to the middle
axis along the PEM layer. This means that the geometric parameters of the gas channel,
i.e. the channel length, width, height and land width; and the geometric parameters of the
GDL and CL, i.e. the thickness, tortuosity, porosity, particle and pore diameters and elec-

trode composition, are the same for anode and cathode.

CCH CGDL PEM AGDL ACH

e sy

CCL  ACL

Figure 12: Schematic representation of the pseudo-2D modeling domain (cutout). The
mass transport directions are indicated by the arrows. In x-direction, along the cathode
and anode gas channel layer (CCH/ACH). In y-direction, through the cathode and anode
gas diffusion layer (CGDL/ AGDL), through the cathode and anode catalyst layer (CCL/
ACL), and through the polymer electrolyte membrane (PEM). The figure is extracted from
Schiffer et al. [28]

Consistent with the assumption made for the gas channel, it is assumed that gas in the

electrodes can be supersaturated. Hence, the occurrence of liquid water is neglected. It
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should be stressed here that this assumption limits the validity of the model to only non-
condensing conditions, which are given under sufficiently low humidification of the gas
inlet streams and/ or sufficiently low current densities. Furthermore, the model is as-

sumed to be isothermal.

3.1.2 Governing equations

In the following subsections the governing equations of the PEMFC model are presented,
which describe the electrochemistry, the charge transport and the mass transport. The
mass transport is further divided into the gas phase transport through the gas channel in
x-direction, the gas transport through the pores of the electrodes in y-direction and the
water transport through the electrolyte in y-direction. An additional subsection describes
the 0D model of the gas reservoir in the humidifier, which is a boundary condition for the

gas transport in the cathode gas channel.

3.1.2.1 Electrochemistry

In this subsection, the thermodynamic and kinetic equations for the electrochemical re-
actions occurring in the CLs are described. The respective half-cell reactions are at the
cathode the oxygen reduction reaction (ORR) and at the anode the hydrogen oxidation
reaction (HOR). In the ORR, gaseous oxygen in the pores of the CLs reacts together with
hydrogen protons of the electrolyte and electrons of the electron-conducting phase to wa-
ter which is assumed to evolve dissolved in the electrolyte phase [55,70]. The ORR is de-

fined as
~0,(g) + 2 H* (elyt) + 2™ (elde) = H,0(elyt) . (6)
In the HOR, hydrogen in the pores of the CL gets oxidized into hydrogen protons in the
electrolyte and into electrons in the electron-conducting phase according to
H,(g) = 2 H (elyt) + 2e~ (elde) . (7
For the sake of simplicity, the half-cell reactions are treated as single-step reactions and

it is assumed that the kinetics of the half-cell reaction can be described sufficiently by the

use of the following Butler-Volmer (BV) equation [28]

iV = iy (exp [%25n| - exp|-n]) (8)
where iy is the volumetric faradaic current density, iy the volumetric exchange current
density, a ¢ the anodic and cathodic transfer coefficients, T the temperature, n the over-
potential, F = 96 485 C mol-1 the Faraday constant, and R = 8.314 | mol-1 K-1 the ideal gas
constant. The expression of the faradaic current is volumetric, because the CL is spatially

resolved and not treated as an interface. The sign convention for the faradaic current is

positive for anodic currents and negative for cathodic currents. The overpotential, being
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the driving force for the electrochemical reaction, is defined as the difference between the
actual local Galvani potential A¢ and its value at equilibrium A¢©9 [77]
n=Ap—ApI . 9)
The introduced sign convention for the faradaic current above leads to a positive overpo-
tential for anodic currents and to a negative overpotential for cathodic currents. The Gal-
vani potential is defined as the difference between the electrode and the electrolyte po-
tential dejges Petyr, [77]
AP = delde — Pelyt - (10)
At equilibrium the Galvani potential is calculated as a function of the local reactant com-

position by the use of the Nernst equation. The equilibrium Galvani potential of the ORR

in the CCL is [55]
Agpea-ORR = _ Zor—TZSorr | 2 (/pi) : (11)
2F 2F Dref

where AH is the reaction enthalpy, AS the reaction entropy, po, the partial pressure of
gaseous oxygen, and pyer = 101 325 Pa the reference pressure. The other reactants and
products of the ORR other than the gaseous oxygen are assumed to have an activity of one
and do therefore, not appear in the expression above.

The equilibrium potential of the HOR in the ACL is [55]

A¢eq,HOR — AHpor—TASHOR _ Ell’l (sz) (12)
2F 2F " \pree/ ’

where py, is the partial pressure of gaseous hydrogen and p..f = 101 325 Pa. Analogous
to the ORR, the products of the HOR are assumed to have an activity of one.

Next to the faradaic current, current can flow due to the charge and discharge of the elec-
tric double layer (DL), which evolves at the interface between the electrode and the elec-
trolyte. The charge and discharge are caused by a change in the Galvani potential. The

volumetric current density of the DL charge and discharge iy}, is calculated as [77]

. EIY
ip. = Cpy, YR (13)

where, Cy; is the volume specific capacitance of the DL, assumed to be independent of the

Galvani potential, and t the time.

3.1.2.2 Charge transport

Electric charge is transported in the fuel cell in the form of electrons and protons. The
electrons are exchanged between both electrodes by an external circuit, providing elec-
tricity as the useful energy. The resistance to the electron transport along the electrodes
is assumed to be negligible. This assumption results in a spatially constant potential of the
electrodes, expressed by

9%eide _ OPelde _ 0. (14)

ax ay
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The contact resistances at the electron-conducting interfaces, e.g. between the bipolar
plates and the GDL, are respected by the parameter R;ynact Used in Eq. 19.

The transport of protons between both electrodes through the electrolyte causes a signif-
icant voltage loss due to its limited proton conductivity. Therefore, the gradient of the
electric potential across the electrolyte is considered and modelled by the use of Ohm’s

law

ad’elyt — ielyt (15)

ay Oelyt ’
where iy is the ionic current and oy the conductivity of the electrolyte.
The charge continuity equation in the CLs equates the gradient of the ionic current with

the sum of the volumetric faradaic current and the volumetric DL current:

ailt_.v .V
ae—yy—l +ig - (16)

The boundary condition for the charge continuity equation is the ionic current at the in-

terface between the CL and the GDL being zero at both electrodes:

.CL|GDL
g 1=0. (17)
The electric observables on the cell level are the cell voltage V. and cell current density
icen- The cell current density is calculated by integrating the faradaic and DL current over

the cathode CL in both, x- and y-direction according to

. 1 L L . .
feenn = =7 o JyooGE + iq) dydx . (18)

The cell voltage is the difference between the electrode potentials of anode and cathode

with consideration of the voltage loss due to the contact resistance R qptact:

Vcell = ¢elde,C - ¢elde,A - icelchontact . (19)

3.1.2.3 Gas-phase transport in the channels

The transport in the subsystem of the gas channel is modelled as gaseous 1D flow in x-
direction. The predominant transport mechanism is convection. The exchange with the
adjacent subsystem of the MEA is realized via a source term. The transient bulk continuity

equation is

e DY (20)
where p is the gas density, v the velocity, and s; the mass specific source term of species
L.

The source term is equal to a conversion of the molar specific boundary flux]l.CHIGDL of the
MEA subsystem at the interface between the GDL and the gas channel. The boundary flux
is defined positive in the direction of the GDL. In the experiments, the transport through
the GDL in through plane direction is hindered under the rib of the bipolar plate. In the

model, the rib is assumed to not interfere with the transport in the GDL. The flux along
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the full width of the gas channel w¢y and rib wy,, gets transferred unhindered into the gas

channel, described by the source term

WcH+Wrip ;CH|GDL

Sp=— Ii M; , (21)

AcH
where Acy is the cross section of the gas channel and M; the molar mass of species i.

The momentum conservation equation for the bulk [78] can be simplified with the as-
sumptions of a 1D flow, neglecting the gravity forces, and assuming that the viscous forces

can be described by the wall shear stress, to

d a 5}
9oy _ _9pv" _ 92 _Fen, (22)

at  ox  dx Acy W
where Py is the perimeter of the gas channel and t,, the wall shear stress.
Next to the motion of bulk through convection, the species transport through free molec-
ular diffusion is considered. The species continuity equation is [77,78]

ap; apv it
i _ 9P )i ; 2
ot ox ox +Si, (23)

where jHfT |

is the diffusive mass flux of species i relative to the motion of the mass average
velocity. The diffusive flux is calculated by the use of an analytical solution of the Maxwell-

Stefan equation for multi-component diffusion [78] according to
% — Z (x]]ldlff X ]]dlff> ) (24)

M; M;
where x; and x; are the molar fraction of species i and j, ¢ the gas concentration of the gas

j= 1cD”

mixture and D;; the binary diffusion coefficients for diffusion of species i in j. Because the
Maxwell-Stefan equations describe a set of linear dependent equations, an additional con-
straint has to be formulated. As the diffusive fluxes describes the transport of species in
relation to the average mass velocity, the sum of the diffusive fluxes of all species has to
be zero [78]:

=0 (25)
To solve the previously described gas transport equations, a set of boundary conditions
needs to be defined. These are at the gas channel inlet, the velocity v} and the gas com-
position in terms of the molar fraction of the species xl cu» and at the gas channel outlet,
the pressure p&i.
Depending on the operation conditions, the boundary conditions of the inlet quantities
are not given directly but rather calculated as a function of extrapolated inlet quantities.

The gas composition at the gas channel inlet for example can be expressed indirectly by
the molar fraction of the dry gas x;’nc,gry together with a given relative humidity ¢l%;. The

actual gas composition becomes then a function of the inlet pressure. At the cathode with

the species oxygen, nitrogen and water the gas composition is then given by

sat

PH,0
in 2
tzo ccH = PccH o (26)
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i __ _indry i

xbnz,CCH = xoz,ccﬂ(1 - xll-lnzo,CCH ) ) (27)
i __ _indry i

xll\Inz,CCH = xNz,ccﬂ(l - xll-InzO,CCH ) . (28)

At the anode with the species hydrogen and water the gas composition is given by

sat

i i PH,0
1n —_ n 2
XH,0,ACH — PACH -in__ » (29)
DACH
in _ in
Xt,acH = 1 — XH,0,ACH - (30)

The boundary condition of the gas channel inlet velocity is calculated in different ways for
the anode and cathode. This is due to the fact that upstream the cathode gas channel, the
gas feed is passing through the humidifier, whose gas volume is affecting the gas flow rate
into the gas channel. The anode gas feed is not flowing through a humidifier before enter-
ing the gas channel. Therefore, the inlet velocity at the anode can be calculated relatively

simple according to

' Mfeed,A
Vath = St (31)
PacuAcH

where M¢eeq is the mass flow rate of the gas feed. Depending on the simulated operating
conditions, the gas feed can be set directly, or calculated based on a fixed stoichiometry of
reactant i according to

. Ai lcellAFC i7in
m = <M 32
feed x;,r(llH z;Fncy CH » ( )

where /; is the stoichiometry of the reactant i, Agc = 100 cm? the fuel cell area, z; the num-
ber of transferred electrons per mol of reactant i, ncy = 23 the number of channels, and
M, the average molar mass of the gas mixture at the gas channel inlet.

The calculation of the gas channel inlet velocity at the cathode vi%y;, by incorporating the
capacitive behavior of the gas volume inside the humidifier, is rather complex compared
to its counterpart at the anode. Therefore, its calculation is described more detailed in the
subsection 3.1.2.6.

3.1.2.4 Gas-phase transport in porous layers

The gas transport in the subsystem MEA occurs in the porous layers GDL and CL. The bulk
is moving through the pores according to the pressure gradient by convection, modeled
by the use of Darcy’s law. The other considered transport mechanism is diffusion, in which
the gas of each species moves due to its concentration gradient. The species continuity
equation is

Aec) _ _aJmx; oyt
at ay oy

+S;, (33)

the molar

where ¢ is the porosity, J°°" the molar flux of the bulk due to convection, ]l-diff

flux of species i due to diffusion, and S; a molar specific source term of species i. The

source term is needed in the CL to account for the consumption or production of species
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due to the electrochemical reactions, and in case of water, to account for the absorption
or desorption of water into or out of the electrolyte.

The convective transport of the gas bulk phase through the pores is calculated with the
use of Darcy’s law [78]. With neglecting the gravity forces, the flow velocity can be ex-

pressed as

K Op
= — —— 4
v uoy '’ (34)

where k is the permeability of the porous electrode and u the dynamic viscosity of the gas
mixture. The flow velocity is converted to the molar flux by multiplication with the gas
concentration:

Jeo =cv . (35)
The diffusive flux in the porous layers is calculated by the use of the Maxwell-Stefan equa-

tions [78], similar to the transport in the gas channels according to

ox; _ N 1 diff diff
ay = " Zl=1gpwm (™ = %) (36)

where ijff are effective binary diffusion coefficients, whose determination is explained
subsequently. The set of linear dependent equations obtained by the Maxwell-Stefan
equations, are extended by the constraint that the sum of molar diffusive fluxes is
zero [78]. In other words, the diffusive fluxes describe the net transport relative to the
molar average velocity which is defined by

T =0 (37)
The effective binary diffusion coefficients are used to account for free molecular and
Knudson diffusion, realized by the use of Bosanquet’s formula. The symmetry of the effec-
tive binary diffusive coefficients is ensured by calculating averaged diffusion coeffi-

cients [77] according to

D&ff = DEff = £l ( VI ) , (38)

122 \1/DF+1/D;j 1/D]’.<+1/Dji

where 7 is the tortuosity of the porous layer and DX the Knudsen diffusion coefficient of
species i. Knudsen diffusion is used in porous media with small pores, in which the colli-
sion of a molecule with the wall becomes more likely than the collision with another mol-

ecule. The coefficient is therefore a function of the pore size of the porous layer [78] given

by

1

DF = rpore (237)° - (39)
As stated before, in the CLs species can enter or leave the gas phase, which is considered
by the molar specific source term in the species continuity equation. The consumption of
gaseous reactants is calculated based on the reaction stoichiometry and the sign conven-
tion of the Faradaic current, which is negative for a cathodic and positive for an anodic

current. In the anode CL, hydrogen is consumed by the HOR according to
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\%

Su, = —;iF . (40)

The consumption of oxygen due to the ORR is
\'

=, (41)

SOZ T 4F

note that the production of water due to the ORR is not considered here, as water is as-
sumed to be produced in the dissolved form in the electrolyte. Gaseous water can leave or
enter the gas phase due to absorption or desorption into or out of the electrolyte. The
exchange rate of water between the gas phase and electrolyte phase is dependent on the

saturation of the electrolyte [79,80] and defined as
. ka,
SH,0 = —20_ (Aeq - /1) ’ (42)

" LoVm
where k, 4 is the absorption and desorption rate constant, Ly, the thickness of the CL, V,
the volume of the electrolyte per sulfonic acid sides, A the actual water content of the elec-

trolyte, and 4.4 the water content of the electrolyte at equilibrium. The volume of the elec-

trolyte per sulfonic acid sides is calculated as

EW
Vm = =&y (43)

pelyt

dry
elyt

where EW is the equivalent weight, defined as the weight per sulfonic acid sites, and p
the density of the dry electrolyte.

To solve the set of differential equations, describing the gas transport in the porous layers,
the following boundary conditions are defined. As the PEM is assumed to be impermeable
for gases, the convective flux of the bulk, as well as the diffusive flux of each species is set
to zero at the interface between the CL and the PEM:

]conV,CL|PEM =0, (44)
diff,CL|PEM __

J; 0. (45)
Furthermore, the total pressure at the interface between the GDL and the gas channel is
set equal to the total pressure of the adjacent gas channel compartment:

peHISPl = py (46)
Analogous to the total pressure, the gas concentration of species i as set equal at the same

locations:

CH|GDL
Ci | = Ci,CH . (47)

3.1.2.5 Water transport in electrolyte

Water transport in the electrolyte of the CL and the PEM is assumed to occur in the dis-
solved form. The flux of dissolved water is modelled based on the work of Springer et
al. [45]. It considers two transport mechanisms, which are diffusion and electro-osmotic

drag. The continuity equation for dissolved water in the electrolyte is

i d
Acaye _ _ORM_0HTE ¢ (48)
at Vi ay ay A
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diff

where €y is the volume fraction of electrolyte, /™ the molar flux of dissolved water due

drag the molar flux of dissolved water due to electro-osmotic drag, and S, the

to diffusion, J,
molar specific source term of dissolved water due to water production or ab- or desorp-
tion.

The water content of the electrolyte is defined as the molar amount of water per molar

amount of sulfonic acid sides of the electrolyte:
A= M0 (49)

Nsoz
The diffusive flux is proportional to the gradient of water content and formulated analo-

gous to Fick’s first law according to

diff _ _ Da 0A
Rt == (50)

where D, is the water diffusivity in the electrolyte.
The water flux due to electro-osmotic drag is proportional to the ionic current and ex-
pressed as

d
hE=2 Lelyt . (51)

where ¢ describes the number of water molecules dragged per proton.

In the CLs, water can leave or enter the electrolyte due to desorption or absorption de-
pending on the electrolyte water saturation. In the cathode CL water gets produced in the
dissolved form in the electrolyte due to the ORR. The source term of dissolved water in

the electrolyte is defined as

L ([BLge-n-£ ca

S, = { bevm . (52)
Kad (jeq _ 3y ACL
LcLVm ’

In the layer PEM the source term is zero, S.;\ =0.

To solve the differential equation for the water transport in the electrolyte, the following
boundary condition is defined. As the electrolyte is only present inside the CL and the
PEM, the water flux through the electrolyte has to be zero at the interface between the CL
and the GDL:

]GDL|CL 0. (53)

3.1.2.6 Humidifier

Gas humidifiers are used in PEMFCs to humidify the gas inlet stream and thus ensure suf-
ficient hydration of the electrolyte. In the present model, only the cathode gas feed is hu-
midified. The anode gas feed is assumed as dry, with a remaining relative humidity of
¢ = 0.05. Figure 13 shows the schematic representation of a gas humidifier. Dry gas is fed
from the bottom into the humidifier. It passes the water, regulated at the desired humid-

ifier temperature, through bubbles, and leaves at the top as saturated gas. Above the
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water, the humidifier contains a certain gas volume, which acts as a gas reservoir. In case
the pressure changes, the amount of gas inside the humidifier also changes due to the
change in the gas density. With a constant flow rate of gas feed at the bottom, this results
in a change of the flow rate of humidified gas out of the humidifier. To reproduce this
important effect in the simulations, a 0D model for the gas volume in the humidifier is

included in the present PEMFC model, which is explained in the following.

Thermocouple

Humidified Gas Out

it

T

f

Hot water circulation out

|| «Humidification water
level

Deionized Humidification Hot water circulation In

water In

T Dry gas In

Figure 13: Schematic representation of a gas humidifier. The figure is extracted from Shir-
sath [81].

As the PEMFC model simulates only one of the 23 parallel serpentine channels, the actual
gas volume inside the humidifier of the experimental setup V},,, = 850 ml has to be ad-
justed by the number of channels n¢y = 23, resulting in the following mass conservation
equation around the gas reservoir of the humidifier

Vhum 9Phum
NcH at

= Mifeed = MeH (54)
where ppum is the gas density inside the gas reservoir of the humidifier, .4 is the mass
flow of the humidified gas into the gas reservoir calculated according to Eq. 32, and mi%;
the gas stream out of the gas reservoir and into the gas channel. The volume of the gas
pipe between humidifier and gas channel inlet is assumed to be negligible compared to
the gas reservoir inside the humidifier. Therefore, it is assumed that the mass flow rate

out of the humidifier is equal the mass flow rate into the gas channel which is given as

miCnH = Uicrll{ACHPicrll{ . (55)
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Furthermore, by assuming a constant temperature and pressure from the humidifier out-
let to the gas channel inlet, also the density can be assumed as constant:

Phum = PCH - (56)
The combination of the equations above leads to the following expression for the cathode
inlet velocity, which is needed as the boundary condition for the gas transport in the gas
channel:

in
thmapCH>

<mfeed_ ney ot

(57)

in
v = -
CH AchPCh

3.1.3 Parametrization

This section describes the determination of the parameters used in the governing equa-
tions. It is subdivided into the parameters of electrochemistry, charge transport, mass
transport, fuel cell structure, and operating conditions. As described previously, the
PEMFC model was parametrized to the experimental setup of the project partner [14-
17,28,81].

3.1.3.1 Electrochemistry

To calculate the Galvani potential of both half-cell reactions at equilibrium, its thermody-
namic properties are needed. The reaction enthalpy and entropy of the ORR and the HOR
are given in Table 1.

Table 1: Thermodynamic properties of the half-cell reactions ORR and HOR. The reaction
enthalpies are taken from Chase [82], the reaction entropies from Lampinen and Fom-
ino [83]

Reaction AH / k] mol-! AS /] mol-1K-1
ORR -285.83 -163.3
HOR 0.00 0.1

The required kinetic parameters for both half-cell reactions are the volumetric exchange
current density and the transfer coefficients. The exchange current density of the ORR is
calculated by using a pressure and temperature dependent expression based on [37],
while the exchange current density at reference conditions was fitted to the experiments
of the project partner. This results in the following expression

iV = 1.55- 105 Am™3 ("’ﬁ)os4 exp <M( ! —l)> , (58)

Pref R Tref T

where Tpof = 353.15 K is the reference temperature and p,.f = 101 325 Pa the reference

pressure. The reference values are also used in the following expressions, if not
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mentioned explicitly to be different. The pressure dependence of the exchange current
density ensures the change of reaction kinetics during the pressure excitation.

The cathodic transfer coefficient of the ORR was also fitted to the previously mentioned
experiments a¢ = 0.566. The anodic transfer coefficient a4 is calculated, based on the re-
lationship between anodic and cathodic transfer coefficient of the BV equation used in
reference [55] @y =2 - a¢ = 1.434.

The exchange current density of the HOR is calculated based on the kinetics measured by
Durst et al. [39], in combination with a platinum (Pt) loading of the anode CL used in [55]

which leads to:

iV =2.7-103 Amp2 - 107 m3, m~3 exp <%ﬁ“°l_1 (Tif - %)) . (59)
Other than the ORR the reaction kinetics of the HOR are independent of the gas composi-
tion in the CL. The transfer anodic and cathodic transfer coefficient of the HOR are defined
asap =ac=1[55].
To calculate the DL charge and discharge current in the anode and cathode CL the volume
specific capacitance CY;, is needed. The capacitance at the cathode was fitted to the sub-
sequently shown EIS results (see Chapter 4.2). The capacitance at the anode is assumed
to have the same value which is

Cy. =41-107Fm~3 .

3.1.3.2 Charge transport

The contact resistance, accounting for the resistances at the electron-conducting inter-
faces, such as between the GDL and the bipolar plate, was fitted by matching experimental
EIS results (see Chapter 4.2) according to
Reontact = 6.3 1072 Q cm? .

The proton conductivity is modelled as a function of the water content according to
Springer et al. [45], who fitted an expression for their experimentally measured conduc-
tivities at 30 °C. They derived the activation energy of the temperature correction from
another experiment conducted at 80 °C with a fully hydrated electrolyte, which they as-
sumed to be valid for all water contents. The Bruggemann correction of the conductivity
is used to account for the volume fraction of electrolyte in the CL [84]. This results in the

following definition of the proton conductivity

Geryt = €15:(0.51392 — 0.326) Sm™" exp (1268 (- %)) . (60)

According to the approach of Springer et al., the conductivity is assumed to not decrease

below a value of gy (4 = 1) for a water content 4 < 1.
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3.1.3.3 Mass transport

In the subsystem of the gas channels, the wall shear stress is used in the momentum con-
servation equation and needs to be parametrized. The wall shear stress is a function of

the velocity with a term of linear and quadratic dependence defined as
1Pcy

% Acn uvfi +-= pvf . (61)

where f; and f, are fitted friction factors. The linear term describes the pressure loss for

Tw =

a laminar flow due to viscous forces, whereas the quadratic term accounts for turbulent
pressure losses due to additional flow hindrance, such as turns of the serpentine flow
field. The friction factors are fitted to match experimental pressure loss measured at 20 °C
and 50 °C (see Chapter 4.3). The obtained values are:

fi =185,

f> =0.021 .

The binary diffusion coefficients D;;, needed for the calculation of the diffusive flux in the

ijr
gas channel and the MEA, is taken from Fuller et al. [85].

In the subsystem of the MEA, the permeability of the porous media is needed to calculate
the convective gas transport in the electrodes. The expression of the permeability is called
the Kozeny-Carman equation and is a function of the porosity, the tortuosity, and the par-

ticle diameter dp,rticle [86]

_€ dpartlcle
T 72t(1-€)? (62)

To describe the transport of dissolved water inside the electrolyte, the diffusivity of dis-
solved water inside the electrolyte and the electro-osmotic drag coefficient need to be
defined. The diffusivity is given by an expression derived from Motupally et al. [87], who
fitted the diffusivity expression to measured values of Zawodzinski et al. [88]. As the ex-
periments of Zawodzinski et al. were conducted at 30 °C, Motupally et al. extended the
equation by a temperature correction from Yeo and Eisenberg [89]. Again the Brug-
gemann correction is used to account for the volume fraction of electrolyte in the CL [84].
This results in the following definition of the water diffusivity

(63)

D. = 3.1-107" m? s~ élg,tl( 1+exp(0281))exp( M) for A<3
A [for A>3 '

_ _ 2436 K
4.17-10"8 m2 s~ 1. élgtl(1+161 exp(—1)) exp( —)

The number of dragged water molecules per proton is modelled by the approach of
Springer et al. [45]. They obtained a linear dependence of the electro-osmotic drag coeffi-

cient from the water content according to
2.51
§=—. (64)

22
To quantify the exchange rate of water between the dissolved form in the electrolyte and

the gas phase, the absorption and desorption coefficients are needed. Both coefficients
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are assumed to increase proportionally to the volume fraction of water in the electrolyte
f [79] according to

20kjmol™t / 1 1
oo = fesp [ (23], 8
where the kinetic absorption and desorption parameters are a, =3.53-10° ms-1 and

aq=142-104
The volume fraction of water in the electrolyte used to calculate the absorption and de-

sorption coefficients is calculated by
vy
f= AV +Vim

; (66)

where V,, = My,o / pu,0 is the molar volume of water, with My,o =18 gmol-! and
Pu,0 = 978 kg m=3.

Another parameter, needed to calculate the absorption or desorption rate of water into
or out of the electrolyte, is the saturated water content of the electrolyte, called the equi-
librium water content. The used polynomial is based on the expression of Springer et
al. [45], who fitted it to experiments obtained at 30 °C. Similar to Springer et al, who as-
sumed the expression to be valid up to 80 °C, the expression is used at an operating tem-
perature of 55 °C. In case of supersaturation, for a water activity a > 1, the water content
is modelled to increase linearly up to a value of 16.8 and remains constant for activities

above:

e 0.043+17.81a—39.85a% +36.0a® ,for as1
A¢4 (67)
14+1.4(a—1) Sfor1<as<3 *

The activity of water is calculated as

PH,0 (68)

T LM
The saturation water pressure is calculated with the Arden Buck equation [90] according

to

T+257.14°C

18.678————)T
pio(T) = 611.21 Pa- exp <( s ) , (69)
where the temperature T has to be inserted in °C, instead of K as done throughout the
remaining work.
3.1.3.4 Structural parameters

The structural parameters of the MEA are given in Table 2 and the structural parameters
of the gas channel in Table 3. The parameters are not differentiated for the anode and
cathode, because the model is assumed to be symmetric with respect to the middle axis

along the PEM layer.
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Table 2: Structural parameters of the MEA. The porosity of the CL and the volume fraction
of the electrolyte in the CL are taken from Vetter and Schumacher [55]. The remaining
parameters are taken from the experimental setup.

Parameter MEA Value Unit
Thickness L {GDL, CL, PEM} {212.15, 10, 50} pum
Porosity € {GDL, CL} {0.77, 0.4} -
Tortuosity T {GDL, CL} {1.26, 1.26} -
Volume fraction electrolyte €¢1y {CL, PEM} {0.3, 1.0} -
Particle diameter dparticle {GDL, CL} {0.54, 0.54} pum
Pore radius 7ore {GDL, CL} {0.27,0.27} pum

Table 3: Structural parameters of the gas channel. The parameters are taken from the ex-
perimental setup.

Parameter Gas channel Value Unit

Channel length Lqy 0.304 m
Channel cross-section area Acy 0.308 mm?
Channel width wcy 0.7 mm
Channel rib width wy;, 0.73 mm
Channel wetted perimeter Pcy 2.28 mm

3.1.3.5 Operating conditions

Unless stated otherwise, the default operating conditions listed in Table 4 are used. The
average outlet pressure at the anode and cathode is the same, whereas the dynamic pres-
sure excitation only applies to the cathode. The relative humidity at the cathode is con-
stant, because the gas leaves the humidifier with an adjusted relative humidity of 55%. At
the anode, the gas feed is not humidified, but a constant gas humidity of 5% is assumed to
remain.

In addition to the simulations using the default operating conditions, there are simula-
tions with a different outlet pressure, relative humidity, inlet mixture and stoichiometry.
Furthermore, there are simulations in which the condition of the gas inlet is defined by
other parameters than the one given in Table 4. Instead of fixing the inlet gas composition
of the dry gas for a constant relative humidity, the inlet gas composition of all species is
set constant, by allowing the relative humidity to change. Additionally, instead of keeping

the stoichiometry of the reactants constant, the mass flow rate at the inlet is set constant.
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Table 4: Default operating conditions of the PEMFC model.

Operation conditions Value Unit
Temperature T 328.15 K
Outlet pressure pait 116 325 Pa
Inlet relative humidity ¢¥ey, oty 0.05, 0.55 -
Inlet mixture (dry) anode xy, 1.00 -
Inlet mixture (dry) cathode xq_, xy, 0.21,0.79 -
Inlet stoichiometry Ay,, 4o, 1.2,2.5 -

3.1.4 Numerical implementation

The PEMFC model described above was implemented using the in-house software pack-
age DENIS (Detailed Electrochemistry and Numerical Impedance Simulation) [24,77],
written in the programming language C/C++. The set of equations is a combination of par-
tial differential equations (PDE) and algebraic equations. The PDEs were approximated
using the finite volume method. The discretization mesh is a tradeoff between the accu-
racy of the solution and computational efforts. In the subsystem of the gas channel in x-
direction, the compartment size is in the magnitude of a centimeter, identical for the an-
ode and cathode. The vector describing the compartment sizes in x-direction is
Axcy =[1%0.1,3x10.1,1x 0.1] cm .

where the vector has to be read as [“number of compartments

» « » o«

times” “compartment
size”, ...].
In the subsystem of the MEA the discretization mesh is in the magnitude of a micrometer,
resulting in the following vector for the cathode GDL
Aycepr = [3 X 70.6,1 X 0.7] um .
the cathode CL
Ayeer, = [1 % 1.0,3x10.0,1%x1.0,1 X% 0.5] um .
and the PEM
Aypem =[1%x09,1%2.6,5%X8.6,1%x2.6,1%x0.9]um .
The vectors of the anode GDL and CL are the flipped version of the corresponding cathode
layer vector as the MEA is assumed to be symmetric with respect to the PEM. The above
shown discretization is used throughout the present work, if not stated otherwise.
The resulting system of algebraic-differential equations was solved by using the solver
LIMEX (version 2.4), which is an adaptive, semi-implicit time-step solver [91,92]. The
simulations were carried out through MATLAB (version R2019a), which executes the
simulation package DENIS. Furthermore, MATLAB was used for post-processing and vis-

ualization of the results.
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The EPIS simulation of a full spectrum in the frequency range between 1 mHz - 100 Hz
with four frequencies per decade has a computational time of about 1.5 h on an Intel Core
i7-6700 processor with 3.4 GHz and 32 GB memory using the full model setup with an

absolute and relative error tolerance of 10-5.

3.2 Impedance spectroscopy simulations

In this subchapter, the methodologies for the two impedance spectroscopy simulations
EIS and EPIS are going to be presented. Both approaches analyze the cell response to a
specific cell excitation in the frequency domain, with the difference in the type of cell ex-
citation and cell response. First, the simulative approach of EIS is described, followed by

the description of the EPIS simulations.

3.2.1 EIS

In EIS, the dynamic relationship between the cell voltage and the cell current is analyzed.
It is possible to either excite the cell voltage harmonically and measure the cell current
response or vice versa [93]. The transfer function between both quantities, that is the
electrochemical impedance, is calculated as the relationship between the Fourier-trans-

formed voltage response and current excitation at each analyzed frequency according to

— TAVeen(®)}
Zyi(w) = Fllicen(®)} -

The EIS experiments of the project partner, to which the present model is parametrized,
were performed with the excitation of the current density and measurement of the cell
voltage response. The cell current was excited with an amplitude of 10% of the actual
current density. The simulative approach of EIS is different in terms of the excitation of
the current density. Due to its advantage of faster simulations, the approach of applying
one rapid step excitation [94] is used instead of applying multiple harmonic excitations.
The same approach was applied in [28]: The cell current was increased by 10% of the
actual current density within 0.1 ps and the resulting cell voltage response was measured.
Afterwards, the impedance was calculated according to Eq. 70.

The experimental EIS measurements were made for constant gas feed rates, which were
fixed according to the desired stoichiometry at the anode and cathode, respectively. To
reproduce the experiments, the following procedure is applied for the simulations. First,
a steady-state simulation with the desired cell current is conducted under stoichiometric
control. The obtained mass flow rate is then used as an input for the further simulations
under mass flow control. Before starting the actual step excitation, a combination of a
steady-state simulation followed by a transient simulation for a time period of 1000 s, is

performed. Only after these preparative steps, the actual step excitation is simulated.
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3.2.2 EPIS

In the present EPIS study, the dynamic relationship between the cathode outlet pressure
excitation and the cell voltage response is analyzed under galvanostatic control. The ana-
lyzed transfer function Zy /,, sometimes referred as pressure impedance, is calculated as
the relationship between the Fourier transform of both quantities according to Eq. 2 at
each analyzed frequency.
The experimental approach of EPIS by Shirsath et al. is described and reviewed in Chap-
ter 2.2.2 above. The authors varied the pressure excitation amplitude due to conflicting
requirements in the range between 200-2500 Pa, depending on the excitation frequency.
The requirement defining the lower limit is that the amplitude still induces a detectable
cell voltage response, which can be distinguished from the noisy fluctuations of the volt-
age signal. Among others, the requirement defining the upper limit is the linearity be-
tween the cell excitation and cell response. For the sake of simplicity, the EPIS simulations
are conducted with a constant excitation amplitude of Ap&f* = 100 Pa, as the signal distor-
tion of the simulations is far smaller compared to the experiments.
Similar to the EIS experiments, the EPIS experiments were conducted with a constant
mass flow rate according to its stoichiometric control at steady state. Therefore, the pre-
parative steps for the EIS simulations are also applied for the EPIS simulations. After these
preparative steps, the cathode outlet pressure is excited by modifying the boundary con-
dition of the cathode outlet pressure according to

petu(®) = pech + Apleh sin(wt) . (71)
where pRey; is the average outlet pressure equal to the default value given in Table 4 and
w = 2nf the angular frequency, with the excitation frequency f. The pressure excitation
at the cathode channel outlet is simulated repeatedly until the change in magnitude of
Zy p between the present and the previous sine wave is less than 1%. Hence, at least two
pressure excitation waves are simulated for each frequency. If the accuracy of 1% cannot
be reached, which occurs occasionally at the highest frequencies, a maximum number of
twenty sine waves is used. Furthermore, to ensure the accuracy of the simulations, a num-
ber of thousand timesteps per sine wave are simulated.
As pointed out before, the additional value of the simulations compared to the experi-
ments is the analysis of internal states, which are difficult to access in the experiments. To
analyze the internal states in the frequency domain, defining new transfer functions be-
tween the oscillation of the quantity of interest and the outlet pressure oscillation proved
most practical. To this end, the enumerator of the transfer function needs to be replaced
by the Fourier transform of the quantity of interest, as was done with the inlet pressure
response in Eq. 3.
The cell voltage, being spatially independent, is the integrated consequence of local states

of the fuel cell. Therefore, in the context of the total pressure response, the average value
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along the gas channel is analyzed in addition to the value at the inlet. The transfer function
between the average pressure oscillation along the channel and the pressure excitation is

then

_ F{Apccu(t)}
Zp(avg)/p (@) = FApEE (@) (72)
To analyze the average molar fraction oscillation of a species i along the channel, the fol-

lowing transfer function is defined:

_ F{Ax;ccu ()}
Zy(iavg)/p (W) = Tl () (73)

CCH

To analyze the average partial pressure oscillation of a species i along the channel, the

following transfer function is used:

_ F{Apiccu(®)}
Zp(iavg)p(W) = Faret (0 (74)

CCH

In the enumerator of the three transfer functions above, the average value along the chan-
nel is calculated by weighting each discrete value with its relative compartment size.
Additional to the average value along the gas channel, transfer functions can be calculated
by considering the average value of a different layer in the enumerator. In case of the CL,
the quantity is then averaged in both dimensions, through the CL thickness and along the
channel length.
Another quantity which is analyzed in the frequency domain (see Chapter 5.1.2.3), is the
oscillation of the inlet flow rate at the cathode gas channel Q1. The corresponding trans-
fer function is defined as

Zo/p(@) = % . (75)

The volumetric flow rate in the enumerator is calculated in Nl s-! and therefore rather a

measure of the actual mass flow than a measure of the actual volumetric flow rate.

3.3 Analytical pressure derivative of the cell voltage

Based on the previously-introduced model equations, the derivative of the cell voltage
with respect to the cathode outlet pressure is presented in this chapter. With the deriva-
tive we want to understand in detail how the cell voltage of the model changes with the
outlet pressure.

The cell voltage is the potential difference between both electrodes, reduced by the ohmic
losses due to the contact resistances (cf. Eq. 19). It is a measure of the overall system and
therefore spatially independent. However, the potential profile between both electrodes
is dependent on local quantities and changing in x direction. The derivative of the cell

voltage can be approximated by the sum of the derivatives of local potential differences

according to
OVeen __ aAd)éq(x) onc(x) + 0APeryt(x) (76)
ovetn  op&th  op&th  9p&th
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The change of the cell voltage with pressure is composed of the change of the equilibrium
potential difference and the overpotential at the cathode and the change of the potential
difference across the electrolyte. The change of the potential difference at the anode with
the cathode outlet pressure is assumed to be insignificant, because the simulated value
ranges in the order of nV Pa-l. Subsequently, the derivatives of the right-hand side of
Eq. 76 are presented separately.

Throughout the remainder of this work the interpretation of the simulated cell voltage
response for an excitation of the cathode outlet pressure is occasionally supported by the

use of the derivatives presented in this chapter.

3.3.1 Cathode equilibrium potential

The equilibrium potential difference at the cathode is described by the Nernst potential
in Eq. 11. Differentiation with respect to the cathode outlet pressure leads to

AP (x) RT 1 8po,ccL(®)

ek 4F po,ceL(®)  OpQeH

(77)

From this equation one can see that the equilibrium potential changes with the outlet
pressure because of a change of the oxygen pressure with the outlet pressure
(apoz,CCL(x)/apggg). The relationship between both derivatives is determined by the re-
ciprocal of the oxygen pressure.

Eq. 77 is used in the context of Chapter 4.5, 5.1, 5.2 and 7.

3.3.2 Cathode overpotential

To develop the derivative of the cathode overpotential, an explicit expression for the cath-
ode overpotential is needed at first. The BV equation (see. Eq. 8) is an implicit expression
of the overpotential. By assuming that the anodic current can be neglected compared to
the cathodic current of the ORR (exp[apFn/(RT)] < exp[-acFn/(RT)]), the BV equation
can be rearranged to the form of the Tafel law, leading to the following explicit expression
of the cathode overpotential:
A%

Ne(x) = — %ln (— ig,z%) . (78)
The volumetric faradaic current density at position x can be expressed by combining
Eq. 13 and Eq. 16:

.CL|PEM

i?:l,c(x):lelyt @ _ v 9@éc) (79)

LeL DL at
Because the faradaic and DL current are both contributing to the ionic current, the volu-
metric faradaic current density is equal to the ionic current through the electrolyte di-
vided by the CL thickness, minus the volumetric DL current. By using this expression and
additionally inserting the expression for the volumetric exchange current density of
Eqg. 58 in Eq. 78, the following equation for the cathode overpotential can be obtained:
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Ne(®) = _Ulc_Fl .VLCL P0,,ceL ()% (80)
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The derivation of Eq. 80 with respect to the cathode outlet pressure leads then to
anc(x) _ RT 0.54 9po,ccL(x) | RT 1 aigllgrleM( )
Pl acFpoyccL  oplh acF _ Cll;ltPEM(x)+LCLCI¥LW ety

RT coL 3 9(Apc(x)
.CLIPEM t
acF g™ o a(apc) 9PEH Ot

"~“DL ot

(81)

LeL
From the first summand of the derivative of the cathode overpotential one can see that
the overpotential changes with the outlet pressure, because of a change of the oxygen

pressure with the outlet pressure (0pOZJCCL(x)/6p8&t{). This expression is similar to the

change of the equilibrium potential with the outlet pressure (cf. Eq. 77), and therefore
also characterized by the reciprocal of the oxygen pressure. The change of the cathode
overpotential with the oxygen pressure can be interpreted as a change of the reaction ki-
netics due to a change of the exchange current density (see Eq. 58).

Different to the equilibrium potential, the overpotential changes additionally due to a

change of the local ionic current density (al;L'tPEM(x) /0p&eE) and due to the change rate

of the cathode potential per time (9(0A¢¢(x)/dt)/0pdes;). Although the cell current den-
sity is constant during galvanostatic operation, locally the current density can change dur-
ing the pressure excitation. This leads to a change of the local reaction rate and hence to
a change of the local overpotential. The influence of the change rate of the cathode poten-
tial per time on the overpotential is caused by the charge and discharge of the doubly
layer. The DL current, the ionic current, and the faradaic current are related according to
Eqg. 16. A change of the DL current therefore leads also to a change of reaction rate and
hence to a change of overpotential.

Eq. 81 is used in the context of Chapter 4.5, 5.1, 5.2 and 7.

3.3.3 Electrolyte potential

The potential difference across the electrolyte at the location x can be quantified by inte-
gration of the charge continuity equation (see Eq. 15) over y. The interval of integration
is along the electrolyte from the anode CL through the PEM to the cathode CL:

A(Pelyt (x)

The derivative of the electrolyte potential difference with respect to the cathode outlet

oAt L)

y=CCL oepyt(x.y) (82)

pressure is then

aA‘i’e]yt(x) y=ACL 1 1 aielyt(xrl/')>
out f CcCL ( elyt(x }’) apout (Uelyt(x'.')’)) + (Uelyt(xﬂy)> apout dy . (83)

PccH y= CCH CCH
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To obtain a handier equation for the derivative of the potential difference across the elec-
trolyte, Eq. 82 is further simplified. By assuming that the majority of the potential differ-
ence across the electrolyte occurs in the layer of the PEM and the potential difference in
the CLs can be neglected, the limits of integration change and the ionic current becomes
independent of the y-coordinate. Furthermore, the proton conductivity is replaced by its

average value across the PEM:

ielyt(x)

Aderye(x) = Fetye ) Lpgym - (84)

The proton conductivity of the membrane is increasing with its water content

(see Eq. 60), which again is increasing with the water pressure of the gas phase in the
adjacent CLs. The relationship between the average proton conductivity of the membrane
and the water pressure in the cathode is quite complex and is only approximated here
through a very basic approach. As the proton conductivity of the membrane is known to
increase with the water pressure in the cathode, the average proton conductivity is as-
sumed to increase proportionally with the water pressure in the cathode according to
Gelyt(x) = A + Bpu,o0,ccL(®) - (85)
The two coefficients A and B are unknown but positive.
Inserting Eq. 85 in Eq. 84 and differentiating with respect to the cathode outlet pressure

leads to
0Aperyt(x) . B 9PH,0,ccL(X) 1 Oleryt(x)
apout = _lelyt(x) — 2 50Ut A+E ) apout (86)
CCH (aelyt(x)) PccH PH,0,CCL PCCH

It should be stressed here that the derivative above can only be used for a qualitative in-
terpretation of the simulations but does not allow a quantitative analysis. Nevertheless, it
can be seen that potential loss across the electrolyte changes with the outlet pressure,
because of a change of the water pressure with the outlet pressure (dpy,0,ccL(x)/ Ip2eE).
The relation between both derivatives is determined by the ionic current density. The
change of potential losses across the electrolyte with a change of the water pressure is
caused by a change of the humidification and hence conductivity of the electrolyte.
Similar to the derivative of the overpotential (cf. Eq. 81) the change of the potential dif-
ference across the electrolyte is also caused by a change of the local ionic current density
(Dierye(x)/0p ).

Eqg. 83 is used in the context of Chapter 7 and Eq. 86 in the context of Chapter 4.5, 5.1 and
6.1.1.
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4 Model performance

Before actually using the PEMFC model for the simulation of EPIS, its performance is eval-
uated in this chapter by various other simulations. It comprises simulations which are
compared to the experimental data of the project partner, such as the simulation of the
[-V curve, EIS, the pressure loss along the gas channel and the water transfer through the
PEM. An additional subchapter contains a purely simulative study, in which the static cell
voltage response to an increase of the cathode outlet pressure is analyzed. The results in

this chapter were partially published in the Journal of the Electrochemical Society [28].

4.1 1I-V Curve

The I-V curve, also called polarization curve, shows the characteristic relationship be-
tween the cell voltage and cell current of the fuel cell under steady-state conditions. The
experimental results were used for the model parametrization to fit the kinetic parame-
ters of the ORR, such as the exchange current density il‘f_o and the cathodic transfer coeffi-
cient ac.

Figure 14 shows the experimental polarization curve in comparison with the fitted simu-
lation, noting that the experimental results stop at a maximum current density of
1.0 A cm—2 due to safety restrictions of the test bench. In the common current density
range, the simulated cell voltage shows a good agreement with the experiments, although

there are minor differences visible.

Cell voltage / V

0 0.4 0.8 1.2 1.6
Current density / A cm 2

Figure 14: Experimental and simulated steady-state I-V curve operated at 55 °C, 101 325
Pa outlet pressure, with humidified air at the cathode (¢ = 55%, Ao, = 2.5) and dry hy-

drogen at the anode (@4 = 5%, Ay, = 1.2). The figure is extracted from Schiffer et al. [28].
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The simulated OCV is close to the equilibrium potential of 1.19 V, which describes the
thermodynamic cell voltage at equilibrium. The small difference between the simulated
OCV and the equilibrium potential is caused by the fact that there are small overpotentials
even at OCV. Although the overall current is zero at OCV, the simulations show that there
are locally compensating currents flowing, due to an uneven reactant concentration along
the channel, as a consequence of the pressure gradient. However, with the local currents
of the simulation being in the magnitude of 10-¢ A cm~2, the resulting overpotentials are
rather insignificant.

The OCV predicted by the simulations is above the experimentally observed OCV, which
was observed before. The measured OCV is typically in the range of 0.95-1.05V, so that
compared to the equilibrium potential there is already a loss of up to 20% of efficiency at
OCV. In the literature, several possible reasons for the potential difference are
given [5,95,96]. A likely given explanation by Vilekar and Datta [96] is the gas transfer
between the electrodes, which is not included in the present model under the assumption
of gas impermeability of the PEM.

Another difference between the experimental and simulated polarization curve can be
seen at current densities above 0.4 A cm~2, The slope of the simulated curve is decreasing
continuously, while the slope of the experimental curve remains nearly constant. In this
current density range the gradient of the curve is dominated by the ohmic losses. This
leads to the hypothesis that the decreasing slope of the simulated polarization curve is
caused by a decrease of the electrolyte conductivity, due to a local dry-out. The hypothesis
that the simulated and experimental electrolyte conductivity is different is supported by
the observations made in the subsequent chapters of the EIS (cf. Chapter 4.2) and the wa-
ter transfer through the PEM (cf. Chapter 4.4).

To conclude, despite the mentioned differences between the experiment and the simula-
tion, the PEMFC model is able to reproduce the current-voltage behavior of the fuel cell at

steady state.

4.2 EIS

In this subchapter, the model performance in terms of the dynamic current-voltage rela-
tionship is evaluated by means of a comparison between simulated and experimental EIS.
This comparison was used for further model parametrization by fitting the parameters of
the contact resistance R yntact and the cathode DL capacity Cpy,. The methodology of EIS
is briefly described in Chapter 3.2.1 above.
The comparison between the experimental and simulated EIS is shown in Figure 15 in the
Nyquist representation for a variation of current densities. The experimental spectra
were recorded for a minimum frequency of 0.1 Hz, whereas the frequency range of the
simulations was extended to a minimum frequency of 1 mHz.
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First, the experimental spectra are described. The intercept of the spectra with the real
axis at high frequencies is relatively independent of the current density. The intercept can
be interpreted as the total ohmic resistance of the cell [97], as the cell response at such
high frequencies is expected to be purely ohmic. The ohmic resistance of the cell consists
of the resistance of the electron-conducting phase, which is dominated by the contact re-
sistances, and the resistance of the ion-conducting phase, the electrolyte. Therefore, the
total ohmic resistance of the tested fuel cell is ca. 0.18 Q cm?. The inductive behavior of
the impedance observed in the experiments above 1 kHz is expected to originate from the

magnetic field created by the wires [7].
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Figure 15: Nyquist plot of experimental (circles) and simulated (solid lines) EIS results of
the transfer function Zy, ,; between the cell voltage response and the cell current excitation
for different current densities. The experimental DC resistance (crosses), which is the gra-
dient of the polarization curve in Figure 14, is plotted on the real axis. The figure is
adapted from Schiffer et al. [28].

The experimental spectra reveal two overlapping arcs, which are more distinct at lower
current density. With increasing current density, the low-frequency arc (LFA) seems to
increase, while the high-frequency arc (HFA) decreases, which leads to a progressively
masking of the HFA by the LFA. This observation is similar to the EIS results of Xie and
Holdcroft [98], who also report an increase of the LFA and a decrease of the HFA with
increasing polarization. In the literature, it is generally accepted that the HFA is caused by
the charge transfer resistance of the ORR in the cathode CL together with the DL capac-
ity [8,10,12,99]. The origin of the LFA is a rather debated topic in the literature [13]. The
LFA has often been interpreted as a mass transport resistance caused by limited gas dif-
fusion in the GDL [8-11,100]. However, Schneider et al. [101,102] report a reasonable
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doubt about this interpretation by showing appropriate experiments. They argue that the
LFA is rather a phenomenon of the gas channel.

Subsequently, the simulated spectra are discussed. The parameter of the contact re-
sistance was fitted to R.ontact = 6.3 - 10-2 Q cm? so that the simulated intercept with the
real axis at high frequency matches with the experiments at a current density of
0.2 A cm-2. From this value it can be deduced that the ohmic resistance of the electrolyte
is ca. Relye = 0.12 O cm? at the same cell load. Different to the experiments, the total ohmic
resistance increases with current density, which has to be caused by an increase of the
electrolyte resistance, as the contact resistance is constant. This agrees with the previous
observation in the context of the I-V curve, in which the slope of the simulated curve is
decreasing in the ohmic region, while the experimental curve has a constant slope. It has
been hypothesized that this observation is caused by a dry-out of the electrolyte, which is
discussed more detailed in the subchapter of the water transfer through the PEM.
Different to the experiments, the simulated spectra reveal three different capacitive arcs,
with an additional inductive loop towards the lowest frequencies. The small arc in the
highest frequency region above 1 kHz is not observed in the experiments and without ex-
planation of occurrence. The two bigger overlapping arcs in the frequency range below
are expected to correspond to the HFA and LFA of the experiments and are hereafter also
referred as HFA and LFA. The low-frequency inductive loop was observed in other EIS
experiments before [103,104].

The HFA of the simulation is likewise pronounced at 0.2 A cm-2 as in the experiments.
With increasing current density, the HFA of the simulations decreases strongly. Therefore,
the HFA of the simulation at 0.2 A cm~2 was used for the parametrization of the capaci-
tance of the DL: The negative imaginary part and the real part of the impedance are plot-
ted against the frequency, as shown in Figure 16. The characteristic time of the arcs of the
Nyquist plot correspond to the frequency of the local maximum of the negative imaginary
part of the impedance, shown in the top panel of Figure 16. The cathode DL capacity was
fitted to Cy, =4.1-107 Fm-3, so that the frequency of the high frequency maximum
matches between the experiments and the simulation.

The LFA of the simulation is already less pronounced at 0.2 A cm-2 than in the experi-
ments. With increasing current density, the difference between the experimental and sim-
ulated spectra increases, as the simulations show a decreasing trend of the LFA, contrary
to the trend of the experiments.

The inductive loop of the simulated spectra of the Nyquist plot can be seen in Figure 16 in
the frequency range below 0.1 Hz. The process seems to be more pronounced at higher
current densities. As the experimental spectra are only recorded down to a minimum fre-
quency of 0.1 Hz, this observation cannot be confirmed by the experiments. Based on the

low-frequency range of this time-dependent process, this feature might be related to a
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change in the humidification of the electrolyte and consequently to a change in electrolyte

conductivity.

Frequency / Hz

Figure 16: Bode plot of experimental (circles) and simulated (solid lines) EIS results of the
transfer function Zy, ;; between the cell voltage response and the cell current excitation in

for different current densities. The imaginary part (top panel) and the real part (bottom
panel) of the impedance Zy, ; are plotted against the frequency. The figure is adapted from

Schiffer et al. [28].

This EIS study contains some remarks at the end about the low-frequency intercept with
the real axis of the simulated and experimental spectra in Figure 15. Theoretically, at
quasi-static conditions, the impedance corresponds to the negative slope of the I-V curve,
representing the relationship between cell voltage and current density at the current cell
load at steady state. To compare the slope of the polarization curve with the impedance
at low frequencies, the slope of the experimental polarization curve is added on the ab-
scissa of the Nyquist plot, for each analyzed current density. In case of the experimentally
obtained impedance, this value differs strongly from the slope of the polarization curve,
being up to nearly twice as much. This difference was already observed and analyzed in
previous studies [105,106]. The difference is related to the fact that the stoichiometry is
oscillating during EIS, due to a constant flow rate and changing current density, while the
polarization curve is obtained under constant stoichiometry. Although the EIS simula-
tions were made under the same flow rate conditions as the experiments (see Chap-
ter 3.2.1), the impedance of the simulation at the lowest frequency is way smaller and

corresponds more to the slope of the simulated polarization curve albeit not exactly.
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To conclude, at a current density of 0.2 A cm~2, the dynamic current-voltage relationship
can be approximated accurately with the PEMFC model, whereas with increasing current
density the dynamic behavior diverges between the experiments and the simulation.

4.3 Pressure loss along the gas channel

The pressure loss along the gas channel is described by the wall shear stress expressed in
Eq. 61. It considers two friction factors. The first one f; describes the pressure losses of
the laminar flow, which are proportional to the flow velocity and the second one f, de-
scribes the additional losses, caused by the turns or entrance/exit of the serpentine flow
field, which are proportional to the square of the flow velocity.

Figure 17 shows results of the parameter fit to measured pressure losses in the cathode
gas channels for varying flow rates at 20 °C and 50 °C. The fitted friction factors are valid
for both, anode and cathode, because the flow field is the same. It can be seen that, with
the fit of friction factors f; = 18.5 and f, = 0.021, the pressure change along the channel
can be described sufficiently accurate.
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Figure 17: Experimental (circles) and simulated (solid lines) pressure drop in the cathode
gas channels plotted against the air flow rate (total flow rate of all 23 channels) for differ-
ent temperatures. The cell was operated at OCV. The figure is extracted from Schiffer et
al. [28].

4.4 Water transfer through the PEM

In this subchapter, the ability of the PEMFC model to reproduce the measured water
transfer through the PEM is evaluated.
The transferred amount of water from the cathode to the anode is often given in relation
to the produced amount of water as a coefficient. With neglecting the small amount of
water in the anode gas feed, the transfer coefficient can be calculated as the flow rate of
water at the anode outlet in relation to the produced water according to
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Figure 18 shows results of the experimental and simulated water transfer coefficient a
for varying current densities. The experimental data is only available up to a maximum
current density of 1.0 A cm=2, whereas the simulated coefficient is shown up to the maxi-
mum current density at 0 V, analogue to the I-V curve in Figure 14. The experimental wa-
ter transfer coefficient shows a linear increase with current density. At 0.2 A cm~2 ca. 10%
of the produced water are transferred to the anode, increasing up to ca. 30% at 1.0 A cm-2.
Although the simulations show qualitatively the same trend in that current density range,
they are quantitatively a magnitude smaller with a maximum transfer of 3% of the pro-
duced water. Above 1.0 A cm~2 the simulated transfer coefficient even decreases. The
model is thus not able to reproduce the experimentally observed water balance accu-
rately, which becomes more prominent with increasing current density.
For the present operating conditions of a humidified gas feed at the cathode and a dry gas
feed at the anode, the water transfer through the PEM is important for the humidification
of the electrolyte at the anode. The humidification again ensures the sufficient conductiv-
ity of the electrolyte. The observed difference between the conductivity of the experi-
ments and the simulation in the Chapters 4.1 and 4.2 is therefore probably caused by the
demonstrated limited ability of the model to reproduce the water transfer through the
PEM.

0.3
. * exp.
sim.
0.2r
d [ ]
0.1r
_/_\
0 1 | 1
0.2 0.6 1 1.4 1.8

Current density / A cm 2

Figure 18: Experimental (circles) and simulated (solid lines) water transfer coefficient a.
The cell was operated at 55 °C, 101 325 Pa outlet pressure, with humidified air at the cath-
ode (¢ = 55%, Ap, = 2.5) and dry hydrogen at the anode (@5 = 5%, Ay, = 1.2).

To find an explanation for the difference between the experimental and simulated water
transfer, the different mechanisms of water transfer through the PEM are recalled. As-
suming that the PEM is impermeable for gases, water is transferred through the electro-

lyte by the following mechanisms. The electro-osmotic drag is the drag of water by the
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hydrogen ions, which move from anode to cathode. Due to a gradient of humidification
across the electrolyte, water diffuses in the direction opposed by the gradient. These two
mechanisms are incorporated by the model as described in Chapter 3.1.2.5. Additionally,
at high current densities where a lot of water is produced, water is expected to move by
convection, due to a hydraulic pressure gradient across the electrolyte [26]. This mecha-
nism is not included in the present model, which may be a reason for the observed differ-
ence between the simulations and the experiments. However, the water transfer through

the electrolyte is not expected to be critical for the reproduction of EPIS.

4.5 Static pressure-voltage response

Before analyzing the dynamic relationship between the cell voltage and the cathode outlet
pressure in the context of EPIS in Chapter 5, 6 and 7, their static relationship is analyzed.
To achieve this, galvanostatic steady-state simulations at different current densities be-
tween 0-1.0 A cm~2 were conducted with the reference cathode outlet pressure and with
an increase of the outlet pressure by 100 Pa. The static cell voltage response is then ana-
lyzed in relation to the cathode outlet pressure increase as the following quotient and is
hereafter referred to as the static pressure-voltage response:

AVeen _ Vcell(p88ﬁ=116 425 Pa)_Vcell(pggIt-I=116 325 Pa)

ApQet 100 Pa

(88)

First, the static pressure-voltage response as a function of the current density is discussed.
Subsequently, for selected current densities, the static pressure-voltage response is split
into the response of its constituent potential differences across the MEA.
Figure 19 shows the simulated static pressure-voltage response as function of the cell cur-
rent density. For all current densities, the increase of the cathode outlet pressure leads to
an increase of the cell voltage with values between 0.06-1.2 uV Pa-1. The change of the
cell voltage increases with current density, with an abrupt increase from OCV to the first
simulated cell load, followed by a moderate growth which further increases with current
density.
A similar increase of the cell voltage response towards higher current densities was ob-
served by Zhang et al. [107], who made a combined theoretical and semi-empirical study
on the effect of the outlet pressure increase on the cell voltage. They concluded that the
outlet pressure affects the equilibrium potential, the exchange current densities of the
electrochemical reactions, the membrane conductivity as well as mass transfer proper-
ties. Their results are partially supported by a previously published experimental study
on the effect of the outlet pressure on the fuel cell performance [108].
To understand how the outlet pressure affects the cell voltage of the present model in
detail, the cell voltage response can be subdivided into the response of its constituent po-
tential differences across the MEA. According to the analytical pressure derivative of the
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cell voltage in Chapter 3.3, the change of the cell voltage is composed of the change of the
equilibrium potential and the overpotential at the cathode and the change of the potential
difference across the electrolyte. The change of the anode potential with the cathode out-

let pressure is stated to be insignificant.
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Figure 19: Simulated static pressure-voltage response plotted against the cell current
density. Beside the increase of the cathode outlet pressure by 100 Pa from the default
value, the cell was operated at the default operating conditions.

The decomposition of the simulated static pressure-voltage response into its constituents
is shown in Figure 20 for four selected current densities. The constituents are stacked so
that they can be cumulated to the total pressure-voltage response. Furthermore, the
stacked elements are plotted as function of the x-direction, as the composition depends
on local states (see Chapter 3.3).

In the top left panel at OCV it can be seen that the cell voltage changes according to the
change of the cathode equilibrium potential with 0.06 pV Pa-1. This value is nearly inde-
pendent of the x-direction and can be approximated by the use of the derivative of the
equilibrium potential with respect to the cathode outlet pressure (cf. Eq. 77):

I a
e ) _RT__ 1 O9popca@ RT 1 _ g6 uvPat, (89)
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with the average pressure in the CL of p¢cr, = 1.17 bar. The product of the reciprocal par-

tial pressure of oxygen and its derivative are approximated through the following rela-

tion:
1 0po,ccL(®) 1 dpceL(x) 1 0x0,,ccL(®)
PoyccL(®)  Opdlh pceL(x) 9Py x0,ccL(®)  OpQ¢h
1 dpccL(x) 1 1
out (90)
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First, the partial pressure of oxygen is replaced by the product of its molar fraction and

the total pressure and subsequently differentiated. For a pressure increase at steady state,

the change of molar fraction is expected to be insignificant (see Chapter 5.1.2), hence its
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derivative is assumed to be zero. Furthermore, the change of total pressure is assumed to
be uniform throughout the channel. Finally, the local pressure along the channel is re-
placed by its average value. As a comparison, Engebretsen et al. [19] reported a measured
voltage increase of 0.15 pV Pa-1 at OCV, which they stated to be consistent with the theo-

retic change of equilibrium potential with pressure.
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Figure 20: Composition of the simulated static cell voltage response for a cathode outlet
pressure increase by 100 Pa plotted against the distance along the cathode gas channel (0
m corresponds to the cathode inlet) at four different current densities. The response of
the cell voltage is subdivided into the response of the cathode equilibrium potential and
overpotential and the potential difference across the electrolyte. The voltage response is
given in relation to the pressure increase.

In the remaining panels, the fuel cell is operated under load. The comparison of the re-
sponse of the equilibrium potential in the panels under load with the panel at OCV shows
that the response of the equilibrium potential remains the same and can be stated as in-
dependent of the current density.

Under load, the change of the cathode overpotential and the change of the potential dif-

ference across the electrolyte contribute additionally to the change of the cell voltage. At
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0.2 A cm~2 the highest share belongs to the change of the overpotential. The previously
observed abrupt increase of the static pressure-voltage response from OCV to operation
under load (see Figure 19) can therefore be mainly attributed to the increased reaction
kinetics with pressure.

The cathode overpotential changes with the cathode outlet pressure according to its de-
rivative in Eq. 81. Without considering the time-dependent terms in the present static

analysis, the derivative simplifies to

a.CL|PEM( )
anc(x) _ RT 0.54 Opo,ccL(x) | RT 1 lelyt (X (91)
oty acFpoyccL(®)  9pley acF —iglL}‘,'tPEM(x) oty

The first term in the equation above describes the change of the cathode overpotential
caused by a change of the oxygen pressure and has a similar form compared to the deriv-
ative of the cathode equilibrium potential (cf. Eq. 89). Therefore, this term has to be also
relatively independent of the x-coordinate and can be approximated by the use of Eq. 90

to
RT 0.54 dpoyccL(X)  RT 0.54
acF po,cc(®) vy acF PceL

=0.23uVPal. (92)

Furthermore, similar to the derivative of the equilibrium potential this term is independ-
ent of the current density. Therefore, the average value of the overpotential response is
constant, except towards OCV where the reaction kinetics become irrelevant.

The potential difference across the electrolyte changes with the outlet pressure according
to the derivative of Eq. 86. The first term describes the influence of the water pressure.
The increase of the water pressure leads to an increased humidification and hence con-
ductivity of the electrolyte. This effect is proportional to the current density, which is the
reason why the highest portion of the static pressure-voltage response at 1.0 A cm-2 be-
longs to the change of the potential difference across the electrolyte.

Different to the response of the equilibrium potential, the response of the overpotential
and the potential difference across the electrolyte are significantly dependent on the x-
direction. However, the sum of both measures is independent of the x-direction, which
shows that their relationship is interdependent. This has to be the case, because the sum
of all potential changes has to correspond to the change of the cell voltage, which is inde-
pendent of the x-direction. The second term of Eq. 91 describes the change of the cathode
overpotential caused by a change of the local current density. Although the cell current
density is constant for a galvanostatic operation, the current density can change locally.
Looking at the second term of the derivative of the potential difference across the electro-
lyte in Eq. 86 reveals that it is also dependent on the change of the local current density.
The aforementioned interdependence between the response of the cathode overpotential
and the potential difference across the electrolyte is therefore caused by the change of the

local current density. Furthermore, the interdependence changes with the cell load.
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5 EPIS (1): Analysis of pressure dynamics

After the preliminary study of the model performance, we now want to turn to the analy-
sis of EPIS, which is divided into three parts. The aim of the first part is to work out the
origin of typical EPIS features which were observed in the experiments for the operation
with air as the cathode gas feed. Zhang et al. [18] and Shirsath et al. [14-17] both meas-
ured an increase of the magnitude with frequency up to a maximum around 1 Hz, accom-
panied by a continuous decrease in phase shift. In the following, an explanation for these
features is demonstrated.

As stated appropriately by Zhang et al. [18], “the cell voltage is the cumulative response
of all the pressure signals along the channel”. To understand the cell voltage response, it
is hence crucial to analyze the pressure response along the channel at first, which is done
in the first subchapter. In the second subchapter the cell voltage response with its char-
acteristic features is explained by tracing them back to the previous observations of the
pressure response analysis. The chapter closes with a conclusion.

The results of this chapter were partially published in Schiffer et al. [28], which is indi-
cated in the description of the relevant figures. The experimental data used in this chapter

was provided by the project partner.

5.1 Pressure response

In the presented PEMFC model, the cell voltage is affected by a change of the partial pres-
sures of oxygen and water. The oxygen pressure has a direct influence on the equilibrium
potential (cf. Eq. 77) and the overpotential (cf. Eq. 81) of the cathode. The water pressure
has an indirect influence on the conductivity of the electrolyte and hence on the potential
difference across the electrolyte (cf. Eq. 86). Therefore, it is important to analyze the par-
tial pressure oscillation of both species.

To understand how the partial pressure of oxygen and water change during the pressure
excitation, the derivative of the partial pressure with respect to the outlet pressure is
shown subsequently. The partial pressure of a species i can be expressed as the product

of the total pressure and its molar fraction:

pi(x) = p(x)x;(x) . (93)
The derivative of the partial pressure with respect to the cathode outlet pressure is then

T = () s + () S (94)

apout 6 out 6 out -

From the equation above it can be seen that the change in partial pressure depends on the

change in total pressure, represented by the first summand and the change of the molar
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fraction, represented by the second summand. In the following it is shown that the ratio
between these two summands changes with the excitation frequency.

The total and partial pressure oscillations in the cathode during one excitation period are
shown in Figure 21 and Figure 22 for two different excitation frequencies respectively.
The subplots of the figures correspond to the location at the height of the channel inlet,
center and outlet. For the quasi-static frequency of 1 mHz in Figure 21, the total pressure
oscillation is quite uniform along the channel. The species partial pressure oscillations
follow the total pressure oscillation with a reduced amplitude corresponding to the spe-
cies molar fraction. An exception is the water pressure at the channel inlet, which is con-
stant due to the boundary condition of constant relative humidity. Taking a look at Eq. 94
reveals that the change of partial pressure is dominated by the first summand. This means

the change of the molar fraction is insignificant at the quasi-static frequency.
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Figure 21: Total and partial pressures oscillation (averaged over the CCL thickness) at
1 mHz during one excitation period T at the gas channel inlet, center, and outlet. The am-
plitude of the outlet pressure excitation is 100 Pa. The cell was operated at 0.2 A cm=2. The
figure is adapted from Schiffer et al. [28].

At an increased frequency of 0.56 Hz, shown in Figure 22, the pressure dynamics change
and become more complex. The total pressure at the inlet oscillates only with a small re-
maining amplitude, while the oscillation at the outlet is forced externally with the given

amplitude and phase. The partial pressure oscillations at the inlet show only small
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amplitudes, whereas towards the channel outlet the oscillations become strongly ampli-
fied and do not follow the total pressure oscillation anymore. At the channel center and
outlet, the amplitudes of the partial pressure oscillations exceed the amplitude of the total
pressure oscillation, in case of oxygen at the outlet about three times. Furthermore, at the
same positions, the oxygen pressure oscillation is in antiphase with the total pressure os-
cillation. An explanation for the different behavior of the partial pressure oscillation at an
increased frequency can be found by looking at Eq. 94. While for the quasi-static fre-
quency the change of partial pressure is dominated by the first summand, for the in-
creased frequency the change of partial pressure has to be significantly influenced by the
second summand. This means that at 0.56 Hz, the molar fraction of species oscillates with

a considerable amount along the channel.
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Figure 22: Total and partial pressures oscillation (averaged over the CCL thickness) at
0.56 Hz during one excitation period T at the gas channel inlet, center, and outlet. The
amplitude of the outlet pressure excitation is 100 Pa. The cell was operated at 0.2 A cm-2.
The figure is adapted from Schiffer et al. [28].

Based on this finding, the frequency dependence of the pressure response is further stud-
ied as follows. First, the total pressure response is analyzed, followed by a study of the
oscillation of the species molar fraction. In the last section, the partial pressure response

is discussed.
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5.1.1 Total pressure

In the experiments, the total pressure response in the cathode gas channel was studied by
means of the inlet pressure oscillation. The same approach is followed in the first part of
this section. In the later part, additionally, the average total pressure oscillation along the
channel is presented.

5.1.1.1 Inlet pressure

The inlet pressure response is analyzed in relation to the outlet pressure excitation in the
frequency domain by the use of the transfer function Z,, /p between both quantities, calcu-
lated according to Eq. 3. First, the ability of the present model to reproduce the experi-
mentally observed pressure dynamics is shown. Subsequently, simulated results showing
the influence of the gas volume in the humidifier and the influence of the gas channel
length on the transfer function are demonstrated.
Figure 23 shows a comparison of simulated and experimental spectra of the transfer func-
tion Z,, between the inlet pressure oscillation and the outlet pressure excitation at dif-
ferent current densities. The experiments are only available up to a maximum frequency
of 1 Hz, while the simulations were extended up to a frequency of 100 Hz.
Taking a look at the experimental spectra first reveals that the magnitude at the lowest
frequency is close to one and the phase shift zero. This means that the pressure oscillation
is nearly uniform throughout the channel.
With increasing excitation frequency, a characteristic decrease in magnitude and phase
shift can be observed. The decrease in magnitude with frequency can be interpreted as an
increased damping of the pressure oscillation at the channel inlet, which was also ob-
served by Zhang et al. [18]. At 1 Hz, the inlet pressure oscillates with a remaining ampli-
tude of 10% of the outlet pressure oscillation. The decrease in phase shift with frequency
can be interpreted as an increased delay of the inlet pressure oscillation compared to the
outlet pressure excitation. At 1 Hz, the phase shift between both quantities is between -70
and -80°.
The variation of current density does not reveal a clear trend for the experimental spectra.
It can be hypothesized that the small difference between the different currents is caused
by the scattering of the data.
The comparison of the simulated spectra with the experiments shows that both, magni-
tude and phase shift, reveal a good qualitative and quantitative agreement. This proves
that the model is able to reproduce the experimentally observed damping and delay of the
pressure excitation along the channel.
For frequencies below 10 mHz, the simulated magnitude is slightly below 1 which is more
pronounced with increasing current density. This phenomenon was also observed by
Zhang et al. [18]. The authors attribute this observation to the mass flow controller, which
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is affected by the pressure change during excitation. We give a different explanation for
this phenomenon [28]. Because the mass flow rate at the inlet is constant during pressure
excitation, the flow velocity decreases with increasing pressure. The pressure loss along
the channel is proportional to the velocity and, therefore, decreases with decreasing ve-
locity. This results in a smaller pressure increase at the inlet compared to the outlet. This
effect fortifies with increasing current density, as the mass flow increases with current
density for a constant oxygen stoichiometry.

Another observation of the simulated spectra is that the decrease in magnitude and phase
shift with frequency is shifted towards lower frequencies for increasing current densities
and hence, increasing flow rates. This observation agrees with the observation of Zhang
et al. [18], who reported a decrease of the characteristic frequency with increasing flow
rate.

The simulations beyond the frequency range of the experiments confirm the experimental
trend of the magnitude to approach zero. The phase shift above 1 Hz shows a minimum at
ca. 80° with a following increase towards 100 Hz. The increase of phase shift was not fur-

ther investigated, because the magnitude in this frequency range tends to zero.
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Figure 23: Bode plot of experimental (circles) and simulated (solid lines) spectra of the

transfer function Z,, ;,, between the inlet pressure oscillation and the outlet pressure exci-

tation at different current densities. The figure is adapted from Schiffer et al. [28].

Although Shirsath et al. and Zhang et al. both observed a damping and delay of the pres-
sure excitation along the channel, they give different explanations for this phenomenon.
Shirsath et al. [14,17] relate the observed pressure dynamics to the gas reservoir in the
humidifier upstream the fuel cell, which is supported by their experiments with varying

gas volumes inside the humidifier. However, Zhang et al. [18] argue that the observed
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pressure dynamics are not related to the humidifier, but rather to the gas volume of the
gas channel. Their statement is based on their observation that different flow fields oper-
ated with the same humidifier configuration lead to different pressure dynamics. To work
out the influence of both parameters on the transfer function Zp /p» Simulations for a vari-
ation of the gas volume inside the humidifier and simulations for a variation of the gas
channel length are shown in the following consecutively.

In the study presented in Figure 24, the gas volume in the humidifier is varied between
0-1000 ml; note that the default volume corresponding to the experimental setup is
850 ml. The simulated spectra of Z,, ,;, for a cell load of 0.2 A cm~2 reveal a strong depend-
ence on the gas volume. By decreasing the volume, the damping and delay of the pressure
excitation along the channel gets shifted towards higher frequencies. This trend agrees
with the observation of the experiments of Shirsath et al. [17].
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Figure 24: Bode plot of simulated spectra of the transfer function Z, ,, between the inlet

pressure oscillation and the outlet pressure excitation for different gas volumes in the
cathode humidifier (default value: V},,;, =850 ml) at 0.2 A cm-2. The figure is adapted
from Schiffer et al. [28].

Without consideration of the gas volume in the humidifier, the amplitude of the pressure
oscillation at the inlet nearly remains the same over the whole frequency range, and the
phase shift becomes significant first above 1 Hz. Therefore, it can be concluded that the
experimentally observed damping and delay of the pressure oscillation along the channel
in the frequency range below 1 Hz is caused by the humidifier gas volume upstream the
fuel cell.

After showing that the experimentally observed pressure dynamics below 1 Hz are

caused by the humidifier, the additional influence of the channel length is analyzed. Figure
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25 shows simulated spectra of the transfer function Z,,, for three different channel
lengths with consideration of the humidifier. The flow rates were adjusted so that the
stoichiometries remained constant. The default channel length, corresponding to the ex-
periments, is 0.304 m. By doubling the default channel length, the magnitude at the lowest
frequency decreases. Possible reasons for the quasi-static magnitude below one were dis-
cussed previously in the context of the current density study of Z,,,. Considering the ar-
gument of a changing pressure loss along the channel during pressure excitation, the ef-
fect becomes more pronounced for a longer channel and hence, greater pressure loss.
The damping and delay of the inlet pressure oscillation with frequency, caused by the hu-
midifier, is also influenced by the channel length. With increasing channel length, the char-
acteristic feature gets shifted towards lower frequencies. This trend agrees with the ob-
servation of Zhang et al. [18].
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Figure 25: Bode plot of simulated spectra of the transfer function Z,,, between the inlet

pressure oscillation and the outlet pressure excitation for different gas channel length
(default value: Loy = 0.304 m) at 0.2 A cm-2.

To conclude, the sluggish pressure response of the fuel cell is caused by the big gas reser-
voir of the humidifier upstream the fuel cell. Additionally, the pressure dynamics are in-
fluenced by the channel length, which determines the distance between the gas reservoir

and the location of pressure excitation.

5.1.1.2 Average pressure

In this subsection, the average pressure oscillation along the channel is analyzed in rela-
tion to the cathode outlet pressure excitation. The average total pressure response is of

interest, because the cell voltage response is the sum of all pressure signals along the
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channel. The approach of analyzing the average response of a quantity is repeated in the
context of the molar fraction and partial pressure response in the subsequent chapters.
The analyzed transfer function between the average total pressure response and the out-
let pressure excitation Z,,yg)/p is calculated according to Eq. 72. The simulated spectra
of the transfer function are shown in Figure 26 for different current densities. The pro-
gression of the magnitude is qualitatively similar compared to the magnitude of Z,,,
(cf. Figure 23), because the same phenomena cause the characteristics, which are not re-
peated here. Quantitatively, the magnitude is different, because the average pressure os-
cillation is the mean value of the inlet pressure oscillation and the outlet pressure excita-
tion. Because the amplitude of the inlet pressure oscillation approaches zero above 1 Hz,
the magnitude in the figure below approaches 0.5 above 1 Hz.
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Figure 26: Bode plot of simulated spectra of the transfer function Z,,yg),», between the

average pressure oscillation along the gas channel and the outlet pressure excitation at
different current densities.

The phase shift of the transfer function Zjyg)/p, shows a distinct minimum around

0.2 Hz, with a subsequent increase. The minimum can be explained as follows. First the
phase shift of the average pressure oscillation decreases with frequency due to the delay
of the pressure oscillation towards the inlet. The increased damping of the inlet pressure
oscillation with frequency diminishes this effect. Because the amplitude of the outlet pres-
sure oscillation remains constant, the average pressure oscillation approaches the oscil-
lation of the outlet pressure. This leads to an increase of the phase shift above 0.2 Hz.

Similar to the transfer function of Z, ,, the characteristic progression of magnitude and

phase get shifted towards lower frequencies with increasing current density.
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5.1.2 Molar fraction

In this section, the frequency dependence of the species molar fraction oscillation along
the channel is analyzed, by means of its average value along the gas channel. The transfer
function Zy; avg)/p is introduced for this purpose, which describes the relationship be-
tween the average molar fraction oscillation of a species and the outlet pressure excitation
according to Eq. 73.

First, the simulated molar fraction oscillations of the species oxygen and water are pre-
sented consecutively. Because the oscillation of molar fraction is surprising at first, the
reason for this phenomenon is given afterwards by relating it to the oscillation of the inlet
flow rate.

5.1.2.1 Oxygen

Figure 27 shows the spectra of the transfer function Zy o, avg),» between the average mo-
lar fraction oscillation of oxygen along the gas channel and the outlet pressure excitation
for different current densities. At the lowest frequency, the magnitude tends to zero,
which means that the average molar fraction of oxygen is constant during the pressure
excitation. This agrees with the previous observation of the partial pressure oscillation
following the total pressure oscillation at 1 mHz (cf. Figure 21).

With increasing frequency, the molar fraction of oxygen starts to oscillate with an increase
of the amplitude until a frequency of ca. 0.5 Hz. This observation agrees with the interpre-
tation of Figure 22, in which the partial pressure oscillation at 0.56 Hz is attributed to the
oscillation of molar fraction. For frequencies above 0.5 Hz, the amplitude decreases and
approaches again a magnitude of zero at 100 Hz. The increase of magnitude with fre-
quency is more pronounced for lower current densities.

The phase shift shows a continuous decrease over the whole frequency range with a value
of -200° at 1 Hz.

Qualitatively, the increase in magnitude below 1 Hz resembles the increase in magnitude
observed for the transfer function Zy ,, in the EPIS experiments of Zhang et al. [18] and
Shirsath et al. [14-17] (cf. Figure 5). Furthermore, in the same frequency range, the con-

tinuous decrease in phase shift of Zy (g, avg)/p resembles the phase shift which was ob-
served experimentally for the transfer function Zy /,,. Based on this similarity, the two EPIS

features, of increasing magnitude and decreasing phase shift, can be perhaps traced back
to the frequency dependence of the oxygen molar fraction oscillation.

Another similarity can be observed by comparing the spectra of the transfer function Zy /,
of Engebretsen et al. [19] (cf. Figure 2) with the simulated spectra of Z, g, avg)/p in the

frequency range above 1 Hz. The magnitude of both transfer function shows qualitatively
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the same behavior, which is a decrease towards zero. Furthermore, the phase shift seems
to be also similar.

To further investigate this supposed connection between the cell voltage oscillation and
the molar fraction oscillation of oxygen, the same characteristics of spectra have to be

found in the partial pressure oscillation of oxygen, which are shown in Chapter 5.1.3.1.
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Figure 27: Bode plot of the simulated spectra of the transfer function Zy ¢, avg)/» between
the average molar fraction oscillation of oxygen along the gas channel and the outlet pres-
sure excitation for different current densities.

5.1.2.2 Water

Figure 28 shows the spectra of the transfer function Zy,0avg)» between the average
molar fraction oscillation of water along the gas channel and the outlet pressure excitation
for different current densities.

At the lowest frequency, the magnitude is small but not zero, which is the case for oxygen
(cf. Figure 27). The molar fraction of water oscillates already at low frequencies, because
of the boundary condition of constant water pressure at the channel inlet determined by
the constant relative humidity. For an increase of total pressure, the molar fraction of wa-
ter thus decreases. This argument is supported by the phase shift of 180° at 1 mHz, which
means that the molar fraction of water oscillates in antiphase to the pressure oscillation.
With increasing frequency, the magnitude increases similarly to the magnitude of oxygen,
followed by a decrease towards zero.

The phase shift decreases with frequency in a similar manner as the phase shift of oxygen,

with an offset of 180°.
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Figure 28: Bode plot of the simulated spectra of the transfer function Zy,0avg)/p be-
tween the average molar fraction oscillation of water along the gas channel and the outlet
pressure excitation for different current densities

5.1.2.3 Influence of oscillating inlet flow rate

In this subsection, the reason for the counterintuitive molar fraction oscillation is given
by relating it to the oscillating inlet flow rate. As the overall consumption and production
of species per time under galvanostatic control is constant, the change in molar fraction
is expected to originate from a change in the supply. Shirsath et al. [17] have observed
that the air flow rate at the fuel cell inlet is varying during pressure excitation, even
though the humidifier upstream the fuel cell is fed with a constant air flow rate. This is
due to the gas volume in the humidifier, which acts as a gas reservoir with changing con-
tent for a change in pressure. First, the frequency dependence of the oscillating inlet flow
rate is compared between the simulations and the approximation made by Shirsath et
al. [17]. Afterwards, a simplified model is derived which allows the calculation of the mo-
lar fraction as a function of the inlet flow rate.

Shirsath et al. derived an expression for the oscillating inlet flow rate [17]. It is a harmonic

function based on the transfer function Z, ,, between inlet and outlet pressure:

AQEL (1) = —Ca|Zy PO cos (wt + B(Zyp)) (95)

where Q is the flow rate and C a capacitive parameter proportional to the gas volume. It

should be stressed here that Q describes the volumetric flow rate at standard conditions
and thus has the unit of normal liter per seconds. The magnitude and phase shift of the

transfer function Zy Jp are
(96)
72
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¢(Z,/p) = —atan(rCw) , (97)
where r is the pressure drop along the channel per flow rate.
In the PEMFC model used in the present work, the difference between the constant gas
feed into the humidifier and the changing inlet flow rate is described by Eq. 54. To analyze
the flow rate oscillation in the frequency domain an additional transfer function Z, ;,, be-
tween the normal inlet flow rate and the outlet pressure is defined according to Eq. 75.
In Figure 29, the oscillating inlet flow rate, calculated with the approach of Shirsath et al.
(cf. Eg. 95), is compared to the oscillating inlet flow rate, simulated with the PEMFC model

used in this work, by means of the transfer function Zg/p- The flow rate in the enumerator

is given in normal liter per seconds.
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Figure 29: Bode plot of the spectra of the transfer function Z,,,, between the normal inlet

flow rate oscillation and the outlet pressure excitation calculated with Eq. 95 and simu-
lated with the present PEMFC model. The cell was operated at 0.2 A cm-2. The flow rate
corresponds to the total flow rate for all 23 channels.

The results of Eq. 95 and the simulated results show a good agreement, although there is
a clear deviation in the magnitude above 0.1 Hz and in the phase shift above 10 Hz visible.
The amplitude of the inlet flow rate oscillation is nearly zero at 1 mHz. Therefore, at the
quasi-static frequency the gas flow rate at the fuel cell inlet is constant and corresponds
to the defined stoichiometry. With increasing frequency, the inlet flow rate oscillates with
an increasing amplitude. The reason for this phenomenon can be seen by reviewing
Eq. 54. The change of the inlet mass flow rate is proportional to the change of density and
hence to the change of the pressure inside the humidifier per time. In this context it should
be stressed that the normal volumetric inlet flow rate is a measure of the actual molar

flow rate, rather than a measure of the actual volumetric flow rate. Although the
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amplitude of the inlet pressure oscillation decreases with frequency (cf. Figure 23), the
change rate of the pressure per time increases, which leads to an increase of the inlet flow
rate oscillation with frequency.

Above 1 Hz, the amplitude of inlet flow rate oscillations is constant for the calculation with
Eq. 95, while the simulations show a further increase. The reason for this difference be-
tween both approaches is not understood.

Qualitatively, the increase of magnitude below 1 Hz is similar to the increase of magnitude
of the transfer function Zy g, avg)/p (cf. Figure 27). This similarity supports the hypothesis
that the molar fraction oscillation of oxygen is caused by the oscillating inlet flow rate.
The phase shift of Z;, is close to -90° at the lowest frequency and decreases with fre-
quency down to a plateau of about -180° above 1 Hz. This progression of phase shift can
be explained by reviewing again Eq. 54. The change of the inlet flow rate is proportional
to the time derivative of the density inside the humidifier, which again is proportional to
the time derivative of the inlet pressure. Assuming that the inlet pressure oscillation can
be described by a sine function, the inlet flow rate oscillation, being proportional to the
time derivative of the inlet pressure, would have the progression of a cosine function, due
to the derivative of the sine function. Compared to the harmonic oscillation of the inlet
pressure, the phase shift of the inlet flow rate is therefore shifted by -90°. Based on this
explanation, the phase shift of Z; ,, follows the phase shift of Z,, ;,, with an offset of -90°
(cf. Figure 23).

By comparing the phase shift in Figure 29 with the phase shift of the transfer function

Zy (cf. Figure 27), the similarity becomes visible mainly in the frequency range be-

(L.ave)/p
tween 0.03-0.5 Hz. Again, this similarity supports the hypothesis that the molar fraction
oscillation of oxygen is caused by the oscillating inlet flow rate.

To prove the hypothesis that the oscillating inlet flow rate causes the oscillation of molar
fraction, the relationship between both quantities needs to be determined. To this end, a
model is derived in the following which allows the simplified calculation of the molar frac-
tion as a function of the inlet flow rate.

The molar fraction of species i at position x can be expressed as the local ratio between
the molar flow rate of species i and the total molar flow rate according to

7 ccH (xt) (98)

xiceu(x, t) = Hocn (D)
To express both quantities as a function of the inlet flow rate, a molar balance of the gas
phase from the inlet to position x has to be made up.

For the sake of simplicity, the following assumptions are made. The molar balance con-
siders only the consumption and production of species along the channel due to the ORR,
in which water is assumed to be produced directly in the gas phase. The sorption of water
is neglected. The reaction rate of the ORR along the channel is assumed to be constant.

Furthermore, the duration which is needed for the gas to pass the channel is assumed to
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be negligible, compared to the time period of one excitation wave. Thus, the change of the

inlet flow is assumed to have an instant effect on the flow rate throughout the channel.

Additionally, the inlet gas composition is assumed to be constant.

With these simplifications, the total molar flow rate at position x can be calculated as
ficen (X, £) = e (t) — 15 cen (6) + 1fho,con(x) - (99)

where n8§‘éCH(x) is the molar rate of consumed oxygen and r'LI({)ZR&CCH(x) the molar rate of

produced water, due to the ORR from the channel inlet until position x.
With the species molar balance for oxygen, the molar flow rate of oxygen at position x is

calculated as

. . j i . ORR
Mo, con (% 1) = nlen(Ox0) cen — MonocH () - (100)
Analogue, the molar flow rate of water at position x is calculated as
. i i - ORR
nu,0,ccu (% £) = fgen (O, 0.ccn + Ml,0,ccu (%) (101)

The inlet flow rate is calculated as the sum of the constant molar flow rate into the humid-

ifier n¢eeq and the oscillating inlet flow rate out of the humidifier:

M (E) = Need + AQLEH(E) - - (102)
The oscillating inlet flow rate is calculated by the use of Eq. 95 and needs to be converted
from normal volume flow into molar flow, with the standard pressure py = 101 325 Pa

and standard temperature Ty = 273.15 K.

The consumption of oxygen due to the ORR from the inlet until position x is

. I
nGRR e (x) =2 . (103)

Analogue, the production of water from the inlet until position x is

: I
nngg,CCH(x) = é—? . (104)

With the assumption of constant current density along the channel, the produced current
until position x is
. X
I(x) = lcellAFC Lo ° (105)
CH
In case of oxygen as the species of interest, the molar fraction at position x can be approx-

imated as a function of the oscillating inlet flow rate through the use of Eq. 98-105 accord-

ing to
in ~ in PN \_lcellAFC x
(x,t) —xOZ'CCH<nfeed+AQCCH(t)RTN) 4F _ Lcy (106)
X0,,ccH\X, U) = ) Aoin PN, icellAFC_x :
Nfeedt QCCH(t)RTN+ 4F Lcy

With this relation, it is now possible to approximate the effect of the oscillating inlet flow
rate on the molar fraction of oxygen along the channel.

Figure 30 shows the spectra of the transfer function Z g, avg)/p between the average mo-
lar fraction oscillation of oxygen along the gas channel and the outlet pressure oscillation

at a current density of 0.2 A cm-2, The spectra of the dashed line represent the transfer
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function in which the oxygen molar fraction is calculated by the use of Eq. 106. The solid
lines represent the simulated results which are also shown in Figure 27 above.
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Figure 30: Bode plot of the spectra of the transfer function Z, o, avg)/» between the aver-

age molar fraction oscillation of oxygen along the gas channel and the outlet pressure ex-
citation for a current density of 0.2 A cm-2. The molar fraction of oxygen was calculated
with the simplified approximation of Eq. 106 (dashed line). The required oscillating inlet
flow rate was calculated by the use of Eq. 95. The results of the simulated transfer function
(solid line) are also shown in Figure 27.

The magnitude of the dashed line shows an increase from zero at the lowest frequency up
to 1 Hz. Above 1 Hz, the magnitude remains constant. Comparing this progression of mag-
nitude with simulated magnitude of the same transfer function shows their striking simi-
larity below 1 Hz. This proves that the increase of oxygen molar fraction oscillation with
frequency can be traced back to the inlet flow rate oscillation. Above 1 Hz, the simulation
shows a decrease of the magnitude towards zero at 100 Hz, which cannot be seen in the
approximation through Eq. 106.

Taking a look at the phase shift of the dashed line reveals a decrease from -90° at 1 mHz
to -180° around 1 Hz. Above 1 Hz, the phase shift remains -180°. The comparison with
the simulated phase shift of the same transfer function, again, reveals a good agreement
below 1 Hz, but diverges for frequencies above.

To conclude, the surprising increase of molar fraction oscillation along the gas channel
observed in the simulations can be traced back to the oscillating inlet flow rate. Further-
more, the phase shift of the molar fraction oscillation of -180° around 1 Hz can also be
traced back to the inlet flow rate oscillations. The observed phenomena of the simulations

of Zy(0,,avg)/p above 1 Hz cannot be explained with the simplified relationship between

the molar fraction and the inlet flow rate. One possible reason may be that towards higher
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frequencies, the duration of the gas transport through the gas channel is having an effect
on the local molar fraction, which is neglected in the described approach of the simple
model.

5.1.3 Partial pressure

In this section, the partial pressure oscillation of oxygen and water is analyzed in the fre-
quency domain, by means of the transfer function Z,; .vg),» between the average partial
pressure oscillation of species i along the channel and the outlet pressure excitation
(see. Eq. 74). To work out the contribution of the previously analyzed total pressure os-
cillation and molar fraction oscillation to the partial pressure oscillation, the following
relationship will be used. According to the derivative of the partial pressure in Eq. 94, the
transfer function Z,; ,vg)/p Can be expressed as the sum of the previously analyzed trans-
fer functions of the total pressure Z,,yq)/p and the molar fraction Zy; avg)/p» according to

Zp(iavg)/p = XiZp(ave)/p t PLx(iave)/p - (107)
For the two species oxygen and water, a comparison of the sum on the left side together
with the summands on the right side of the equation above is shown in Chapters 5.1.3.1
and 5.1.3.2, respectively. Furthermore, for both species the partial pressure oscillation is

analyzed at different current densities.

5.1.3.1 Oxygen

Figure 31 shows the composition of the transfer function of the average partial pressure
oscillation of oxygen along the channel according to Eq. 107. At the lowest frequency, the
transfer function Zj, o, avg)/p €quals the transfer function Z,, 4/, multiplied by the aver-
age oxygen molar fraction, in both magnitude and phase. This means that the partial pres-
sure oscillation is equal to the total pressure oscillation reduced by the molar fraction,
which has already been observed in the analysis of the partial pressure oscillations in the
time domain (cf. Figure 21).
With increasing frequency, the molar fraction of oxygen starts to oscillate due to the os-
cillation of the inlet flow rate and contributes to the partial pressure oscillation of oxygen.
Above 10 mHz, the partial pressure oscillation of oxygen gets increasingly dominated by
the oscillation of the molar fraction, which leads to the characteristic increase up to the
maximum around 0.5 Hz.
The transition of the partial pressure oscillation from being dominated by the total pres-
sure oscillation to being dominated by the molar fraction oscillation can also be seen by
the phase shift. At the lowest frequency, the phase shift of the partial pressure oscillation
corresponds to the phase shift of the total pressure oscillation. With increasing frequency,
the phase shift of the partial pressure oscillation decreases and approaches the phase shift
of the molar fraction oscillation.
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Around 0.5 Hz, the oscillation of the molar fraction and the total pressure are nearly in
antiphase, which agrees with the observation in the analysis of the partial pressure oscil-
lations in the time domain (cf. Figure 22). The antiphase is the reason why the maximum
magnitude of the partial pressure oscillation is slightly below the maximum of the molar

fraction oscillation multiplied by the average total pressure.
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Figure 31: Bode plot of the simulated spectra of the transfer function Z, o, avg)/p between

the average partial pressure oscillation of oxygen along the channel and the outlet pres-
sure excitation at 0.2 A cm~2 (blue line). Additionally, the two summands of Eq. 107 are
shown for the species oxygen. The first summand (green line) contains the transfer func-
tion Zpavg)/p between the average total pressure oscillation along the channel and the

outlet pressure excitation (cf. Figure 26). The second summand (red line) contains the
transfer function Zy g, avg)/p between the average molar fraction oscillation of oxygen

along the channel and the outlet pressure excitation (cf. Figure 27).

Above 0.5 Hz, the magnitude of the partial pressure oscillation is decreasing due to the
decrease of the magnitude of the molar fraction oscillation. As the amplitude of the molar
fraction oscillation tends to zero at 100 Hz, the influence of the total pressure oscillation
on the partial pressure oscillation becomes visible again.

Comparing the transfer function for the simulated average oxygen pressure response with
the transfer function of the experimental cell voltage response (cf. Figure 5) in the com-
mon frequency range between 1 mHz - 1 Hz reveals a qualitative agreement in case of the
magnitude and a quantitative agreement in case of the phase shift. From this observation,
one can deduce that the cell voltage response is dominated by the oxygen pressure re-
sponse. To further prove this assumption, the simulated cell voltage response is analyzed

afterwards in Chapter 5.2.
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Figure 32 shows the transfer function Z, o, avg)/p at different current densities. The pro-
gressions of magnitude and phase shift have already been discussed in detail for a current
density of 0.2 A cm~2 in the context of Figure 31 above.

With increasing current density, the increase of magnitude gets less pronounced. The rea-

son for this observation is the decrease of the molar fraction oscillation with current den-

sity (cf. Figure 27).
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Figure 32: Bode plot of the simulated spectra of the transfer function Z, o, avg)/p between
the average partial pressure oscillation of oxygen along the channel and the outlet pres-
sure excitation at different current densities.

In case of the phase shift, this means that the transition of the partial pressure oscillation
from being dominated by the total pressure oscillation to being dominated by the molar
fraction oscillation is shifted towards higher frequencies. Therefore, the decrease in phase
shift below 0.1 Hz is less for higher current densities.

The spectra shown in Figure 32 are similar to the published spectra of a similar transfer
function in Schiffer et al. [28]. The difference is that in the publication, the average of the
partial pressure oscillation was calculated along the CL compared to the average along
the gas channel here. The similarity reveals that the pressure response is rather domi-

nated by the gas channel than by the GDL or CL.

5.1.3.2 Water

Figure 33 shows the composition of the transfer function of the average partial pressure
oscillation of water along the channel according to Eq. 107. At the lowest frequency, the
partial pressure oscillation of water mainly follows the oscillation of the total pressure,
which can be seen by the common phase shift of 0°.
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The oscillation of the molar fraction of water is in antiphase with the total pressure oscil-
lation and other than the oscillation of the molar fraction of oxygen already present at
1 mHz (cf. Figure 31). The reason is explained in Chapter 5.1.2.2.

With increasing frequency, the increase of the oscillating inlet flow rate causes an increase
of the molar fraction oscillation of water, similar to oxygen. The phase shift of the molar

fraction oscillation of water is different to oxygen, which seems to be shifted by 180°

(cf. Figure 31).
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Figure 33: Bode plot of the simulated spectra of the transfer function Z,,0,avg)/p be-
tween the average partial pressure oscillation of water along the channel and the outlet
pressure excitation at 0.2 A cm~2 (blue line). Additionally, the two summands of Eq. 107
are shown for the species water. The first summand (green line) contains the transfer
function Zj,,vg)/p between the average total pressure oscillation along the channel and

the outlet pressure excitation (cf. Figure 26). The second summand (red line) contains the
transfer function Zy,0,avg)/p between the average molar fraction oscillation of water

along the channel and the outlet pressure excitation (cf. Figure 28).

Similar to oxygen, above 10 mHz, the partial pressure oscillation is dominated by the mo-
lar fraction oscillation. The transition of the partial pressure oscillation from being domi-
nated by the total pressure oscillation at low frequency to being dominated by the molar
fraction oscillation above 10 mHz can be seen by the phase shift.
The magnitude of Z,,0,avg)/p reaches a maximum slightly before 0.5 Hz and shows a
subsequent decrease. The decrease of magnitude seems to be qualitatively different to the
decrease of magnitude of Z, o, avg)/p- The reason is not understood.
Comparing the transfer function for the simulated average water pressure response with
the transfer function of the experimental cell voltage response in the common frequency
range between 1 mHz - 1 Hz reveals a qualitative agreement in case of the magnitude but
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a discrepancy in case of the phase shift. From this observation, it can be deduced that the
dynamic cell voltage response above 10 mHz is rather dominated by the oxygen pressure
response than by the water pressure response. This assumption is supported by the ar-
gument that the change of electrolyte conductivity with water pressure is relatively slow
due to the finite velocity of the water uptake by the PEM (see Chapter 7.2). Therefore, the
influence of water pressure on the cell voltage becomes less visible towards higher fre-
quencies.

Figure 34 shows the transfer function Z,,0avg)/p for different current densities. The
progressions of magnitude and phase for a current density of 0.2 A cm~2 have already
been discussed in detail in the context of Figure 33 above. With increasing current density,
the increase of magnitude is less pronounced. The reason for this observation is due to a

decrease of the molar fraction oscillation with current density.
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Figure 34: Bode plot of the simulated spectra of the transfer function Z,,0,avg)/p be-

tween the average partial pressure oscillation of water along the channel and the outlet
pressure excitation at different current densities.

5.2 Voltage response

After the extensive analysis of the pressure response of the fuel cell to the pressure exci-
tation in the preceding chapter, the actual EPIS signal, which is the cell voltage response,
is analyzed in the following. The appropriate transfer function describing the relationship
between the cell voltage oscillation and the pressure excitation is Zy, (see Eq. 2).

Figure 35 shows a comparison of simulated and experimental EPIS spectra operated with

air as the cathode gas feed at 0.2 A cm-2. The dedicated current density study is presented
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in Chapter 6.1.1. The experiment was conducted up to a frequency of 1 Hz, while the sim-
ulation was extended up to 100 Hz.

The magnitude of Zy /, for the experiment shows a nearly constant value below 10 mHz,
followed by an increase with frequency up to a maximum around 0.5 Hz. The phase shift
of the experiment shows a continuous decrease from 0° at 1 mHz down to -200° at 1 Hz.
These two features are typically observed if the fuel cell is operated with air as the cathode

gas feed (see Chapter 2.2).
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Figure 35: Bode plot of typical spectra of the transfer function Z, ,, between the cell volt-

age response and the outlet pressure excitation for operation with air. Comparison of sim-
ulated (solid lines) and experimental (circles) spectra at 0.2 A cm-2. The figure is adapted
from Schiffer et al. [28].

The comparison of the simulated spectra with the experimental spectra reveals that the
quasi-static magnitude and the two features are well captured by the simulation, which
shows the ability of the model to reproduce the experimentally observed EPIS results at
the analyzed current density.

The simulated quasi-static magnitude approaches the value of the static cell voltage re-
sponse for a change of the outlet pressure (cf. Figure 20). Based on the similarity of the
magnitude and phase shift at 1 mHz, the experiments are expected to approach the static
response as well. Furthermore, the static analysis in Chapter 4.5 has shown that the cell
voltage is affected by a change of the partial pressure of oxygen, through the equilibrium
potential and through the reaction kinetics at the cathode and by a change of the partial
pressure of water through the membrane conductivity.

To see how the dynamic cell voltage response is related to the partial pressure of oxygen

and water, subsequently the quantities are compared in the frequency domain. The
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comparison of the spectra of the cell voltage response in Figure 35 with the spectra of the
partial pressure response of oxygen in Figure 31 reveals the strong similarity of the mag-
nitude and the phase shift. This observation shows that the dynamic cell voltage response
is closely related to the average oxygen pressure response.

Comparing the spectra of the cell voltage response with the spectra of the partial pressure
response of water in Figure 33 reveals a similarity for the magnitude but a discrepancy
for the phase shift. Because the change of the electrolyte conductivity with water pressure
is relatively slow (see Chapter 7.2), the water pressure is expected to influence the cell
voltage therefore only at low frequencies.

Based on the finding that the dynamic cell voltage response is dominated by the partial
pressure response of oxygen, the relationship between both quantities is discussed quan-
titatively in the following. The relationship between the change of the cell voltage and the
change of oxygen pressure is described by means of the cathode equilibrium potential in
Eq. 77 and by means of the cathode overpotential in Eq. 81. These two equations can be
converted to the sum of the derivative of both quantities with respect to the partial pres-
sure of oxygen according to

dAp (x) ancx) _RT 1 (l 0.54)
Opo,,cecL(x)  9poyccLx) F po,ccx) \4  ac

(108)

From this equation one can see that the change of the equilibrium potential and the over-
potential at the cathode with the oxygen pressure are proportional to the reciprocal of the
oxygen pressure. The average value of both quantities can be calculated with the simu-
lated average oxygen pressure in the CL of pg, ccr, = 17 311 Pa at 0.2 A cm~2 according to

=+

4 ac

eq _
085" | _omc _E;(l 0-5‘*)=1_97 uvPa~l . (109)

0Po,ccL  9Poy,cCL F Po,ccL

As a comparison to this value the ratio between the maximum magnitude of Zy ,, (cf. Fig-

ure 35) and the maximum magnitude of Zj,o, avg)/p (cf. Figure 31) at 0.56 Hz is

|Zy /p(0.56 Hz)| _ 4.28uVPa!
|Zp(02,avg)/p(0-56 Hz)| 1.83

The similarity of the values in Eq. 109 and Eq. 110 proves that the dynamic cell voltage

=234pVPal . (110)

response is mainly influenced by the oxygen pressure response.

With the dominant influence of the oxygen pressure on the dynamic cell voltage response,
the typical feature of the transfer function Zy /, can be explained with the same reasons
given for the feature of the transfer function Z, g, avg)/p- Therefore, the increase of mag-

nitude and the continuous decrease of phase shift with the excitation frequency can be
stated to be caused by the oscillating inlet flow rate.

Above 1 Hz, the simulations reveal a further decrease of magnitude towards 0 uV Pa-1 at
100 Hz, which is only indicated by the present experiments. In the same frequency range,
the simulated phase shift decreases further below -400° at 100 Hz. The same trend in

magnitude and phase shift above 1Hz was observed by Engebretsen et al[19].
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Unfortunately, the similar decrease in magnitude and phase shift of Z,, o, avg)/p Cannot be

explained with the oscillating inlet flow rate. The reason for this phenomenon is not un-

derstood and remains unknown.

5.3 Conclusion

The present PEMFC model can accurately reproduce the EPIS experiments at the analyzed
current density of 0.2 A cm2 for an operation with air. The origin of typically observed
EPIS features can be traced back to the partial pressure response of oxygen and water.
At the quasi-static frequency, the cell voltage is in phase with the pressure excitation and
the magnitude approaches the static pressure-voltage response. Thus, the information of
the quasi-static magnitude can also be obtained by simply analyzing the static pressure-
voltage response. The static analysis in Chapter 4.5 has demonstrated that the cathode
equilibrium potential and the reaction kinetics increase with oxygen pressure, while the
conductivity of the membrane increases with water pressure.

With increasing frequency, the amplitude of the cell voltage oscillation increases, while its
phase gets shifted in relation to the phase of the pressure excitation towards -200° at
1 Hz. The cell voltage oscillation strongly correlates with the oxygen pressure oscillation,
which reveals a similar increase of amplitude and decrease of phase shift with frequency.
The relationship between the cell voltage and oxygen pressure response can be approxi-
mated mathematically based on the model equations. The influence of the water pressure
on the cell voltage response disappears towards higher frequencies, due to the limited
speed of water uptake by the membrane. Thus, at the frequency of the maximum magni-
tude of about 1 Hz, the influence of the oxygen pressure on the cell voltage is separated
from the influence of the water pressure.

The increase of the amplitude and the decrease of phase shift of the partial pressure os-
cillation are caused by the oscillation of the inlet flow rate. The partial pressure and the
inlet flow rate are related to each other by the molar fraction. The molar fraction can be
approximated as a function of the inlet flow rate with a simple model that considers the
consumption and production of species along the gas channel. The oscillating inlet flow
rate is an effect of the pressure changes in the gas phase of the humidifier, which is ampli-
fied with increasing frequency.

Therefore, the reason for the increase of the cell voltage oscillation with frequency can be
traced back to the increase of the inlet flow rate oscillation. Furthermore, the phase shift
of the cell voltage oscillation approaches the phase shift of the inlet flow rate oscillation
with increasing frequency.

The decrease of the cell voltage oscillation visible in the extended frequency range of the

simulations above 1 Hz cannot be explained with the previous argument, because the inlet
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flow rate oscillation does not decrease above 1 Hz. The reason for this behavior remains

unknown.
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6 EPIS (2): Influence of parameters

In this chapter, the second part of the EPIS study is described, which is the analysis of the
influence of operational and structural fuel cell parameters on the transfer function Zy, Jp-
The goal is to deepen the understanding of the dependence of the EPIS results on the re-
spective parameters, using the findings obtained in the previous chapter.

The simulated results are compared to the experiments directly where available, or indi-
rectly by referring to experimentally observed trends of relevant publications. The exper-
imental data used for a direct comparison was provided by the project partner. The pa-
rameters are changed on the base of their default value, which corresponds to the spectra

shown and discussed in Chapter 5.2.

6.1 Operational parameters

The changed operational parameters comprise the cell current density, the oxygen stoi-

chiometry and the cathode gas feed composition.

6.1.1 Current density

Figure 36 shows simulated and experimental EPIS results at four different current densi-
ties between 0.2-1.0 A cm-2. The results at 0.2 A cm~2 correspond to the default value of
the current density. In the present experiments and simulations, the increase of current
density is accompanied by an increase of the inlet flow rate, so that the stoichiometry re-
mains constant. The experimental data is available up to a frequency of 1 Hz, while the
simulations were extended up to 100 Hz.

First, the dependence of the quasi-static magnitude on the current density is discussed.
The experiments reveal an increase of the quasi-static magnitude with current density,
from 0.5 pV Pa-1 at 0.2 Acm=2 up to 1.8 uV Pa-1 at 1.0 A cm-2. Qualitatively, this trend of
increasing quasi-static magnitude with current density was also observed in the experi-
ments of Zhang et al. [18] and Engebretsen et al. [19].

Comparing the quasi-static magnitude of the experiments with the simulation reveals a
good agreement at a current density of 0.2 A cm-2. The trend of increasing magnitude with
current density can be captured by the simulation, but the increase is less pronounced
with an increase from 0.4 pV Pa-1at 0.2 Acm=—2up to 1.0 pV Pa-1at 1.0 A cm-2.

Reviewing the results of the static pressure-voltage response (cf. Figure 19) shows the
similarity with the quasi-static cell voltage response at the same current densities. This
observation confirms the previous hypothesis that the quasi-static magnitude approaches

the static pressure-voltage response.
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Based on the analysis of the composition of the static pressure-voltage response (see Fig-
ure 20), itis hypothesized that the increase of quasi-static magnitude with current density
is related to the increased change of the potential difference across the electrolyte with
pressure. The increased change of the potential difference across the electrolyte is caused

by its proportionality to the current density (cf. Eq. 86).
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Figure 36: Bode plot of simulated (solid lines) and experimental (circles) spectra of the
transfer function Zy ,, between the cell voltage oscillation and the outlet pressure excita-

tion at different current densities. The figure is adopted from Schiffer et al. [28].

Furthermore, the static analysis showed that the simulated change of the cathode poten-
tial with pressure, which comprises the change of the equilibrium potential and the over-
potential, is relatively independent of the current density. A reason for the difference be-
tween the quasi-static magnitude of the simulation and the experiments towards higher
current densities may be that in the experiments, the change of the overpotential with
pressure is actually more sensitive to a change in current density.
Subsequently, the dependence of the progression of magnitude on the current density is
analyzed. In the experiments, the characteristic increase of magnitude with frequency is
visible for all current densities. The increase of magnitude with frequency is most distinct
for the lowest analyzed current density of 0.2 A cm-2 and less pronounced towards higher
current densities.
For the simulated spectra, the increase of magnitude with frequency is also most pro-
nounced at the lowest current density, where it shows a good agreement with the exper-
iments. However, with increasing current density, the increase of magnitude with fre-
quency shrinks and is already vanished for a current density of 0.8 A cm-2, where it shows
a qualitative different progression than the experiments.
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In Chapter 5, the characteristic increase of magnitude with frequency has been related to
the increase of the partial pressure oscillation of oxygen. The dependence of the oxygen
pressure oscillation on the current density (see Figure 32) has revealed that the increase
of amplitude is less pronounced for higher current densities and nearly vanishes at
1.0 A cm=2, This is the reason why the simulated maximum magnitude of Zy , decreases
dramatically with current density.

At 1.0 A cm~2, the simulated magnitude of Zy ,, even decreases in the frequency range be-
low 1 Hz. This is probably due to the fact that change of the potential difference across the
electrolyte with pressure, which dominates the change of the cell voltage at 1 mHz, is ex-
pected to decrease with frequency, because the change of the electrolyte conductivity
with water pressure is relatively slow (see Chapter 7.2).

Taking a look at the phase shift at the different current densities shows in case of the ex-
periments a slight trend of less decrease with increasing current density. This trend is
similar for the simulations, but more distinct.

In Chapter 5, the phase shift of Zy,, was related to the phase shift of Z, ¢, avg)/p, Which
shows quite the same progression and hence the same dependence on the current density
(see Figure 32). The explanation for this trend can be found in the corresponding inter-
pretation of Figure 32.

6.1.2 Stoichiometry

In the following section, the influence of the oxygen stoichiometry on the EPIS results is
analyzed. Figure 37 shows experimental EPIS results of Shirsath et al. [16] for three dif-
ferent stoichiometries obtained at 0.2 A cm~2.

The quasi-static magnitude can be stated as independent of the stoichiometry. The in-
crease of the magnitude with frequency is strongly amplified for a reduction of the oxygen
stoichiometry from the default value of 2.5 down to 1.5, which leads to a maximum mag-
nitude of 27 pV Pa-1. According to this trend, the increase of the stoichiometry leads to a
decrease of the maximum magnitude. The influence of the stoichiometry on the phase
shift is more distinct below 0.1 Hz. In this frequency range, the decrease of stoichiometry
has the effect that the phase shift is offset towards more negative values. Inversely, the
increase of the stoichiometry leads to a delay of the phase shift towards higher frequen-
cies.

The authors relate these trends of magnitude and phase shift to diffusion phenomena.

Subsequently, a different explanation for the observed trends is given.
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Figure 37: Bode plot of experimental spectra of the transfer function Zy ,,, between the cell

voltage response and the outlet pressure excitation at different oxygen stoichiometries.
The fuel cell was operated at 0.2 A cm~2 with humidified air at the cathode of ¢¢ = 20%.
The figure is extracted from Shirsath et al. [16].

Figure 38 shows simulated EPIS spectra, for the same variation of oxygen stoichiometry.
The simulations are extended to a maximum frequency of 100 Hz, compared to the maxi-

mum frequency of 1 Hz in the experiments.
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Figure 38: Bode plot of simulated spectra of the transfer function Z ,, between the cell

voltage response and the outlet pressure excitation at different oxygen stoichiometries
(default value: Ag, = 2.5). The fuel cell was operated at 0.2 A cm-2 with humidified air at

the cathode of ¢ = 20%. The spectra of the default value were published in [28].

The magnitude of Zy,,, shows a strong increase of the maximum magnitude from

4 pV Pa-1to 18 pV Pa-1 for a decrease in stoichiometry from 2.5 to 1.5. For an increase in
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stoichiometry up to 4, the maximum nearly vanishes with a remaining maximum of
1 uVPal

The change in maximum magnitude with stoichiometry of the simulations matches quite
well with the trend of the experiments (cf. Figure 37), although the magnitude of the sim-
ulations is slightly below the experiments for all analyzed stoichiometries.

Taking a look at the phase shift reveals a stronger decrease in phase shift for a decrease
in stoichiometry, especially in the frequency range below 0.1 Hz. Comparing this trend
again with the experimental results shows the similar dependence of the phase shift on
the oxygen stoichiometry.

As the cell voltage response was previously observed to be closely related to the oxygen
pressure oscillation, the corresponding results of the transfer function Z, o, avg)/p are
shown in Figure 39. The magnitude shows a qualitative similar progression to the magni-
tude of transfer function Zy /, (cf. Figure 38) and therefore, an alike dependence on the
oxygen stoichiometry. The same holds for the phase shift which is quantitatively similar

for both transfer functions.
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Figure 39: Bode plot of simulated spectra of the transfer function Zj,o, avg)/p between the

average oxygen pressure oscillation along the CCL and the outlet pressure excitation at
different oxygen stoichiometries (default value: A¢, = 2.5). The fuel cell was operated at

0.2 A cm~2 with humidified air at the cathode of ¢ = 20%. The spectra of the default value
were published in [28].

It was previously deduced that the oxygen pressure oscillation becomes increasingly
dominated by the oscillating inlet flow rate with increasing frequency through the linkage
of the molar fraction (see Chapter 5.1). To see how the stoichiometry affects this depend-

ence, Eq. 106 should be recalled, which describes a simplified relationship between the
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oxygen molar fraction and the oscillating inlet flow rate. The oscillating term in the enu-
merator is relatively independent of the oxygen stoichiometry, whereas the gas feed in
the denominator is proportional to the stoichiometry (cf. Eq. 32). A decrease in stoichi-
ometry thus leads to an increase in oxygen molar fraction oscillation, and hence, increase
in cell voltage oscillation.

The trend of the phase shift of Z,, ¢, avg)/p fOr a variation in stoichiometry can be explained
by looking again at the contribution of the total pressure oscillation and the molar fraction
oscillation to the partial pressure oscillation in Figure 31. As described above, a decrease
of stoichiometry leads to an increase of the molar fraction oscillation of oxygen. In this
case, the phase shift of Z,, g, avg)/p (blue line) more closely approaches the phase shift of
the molar fraction oscillation (red line). Reversely, for an increase of the oxygen stoichi-
ometry, the oxygen molar fraction oscillation decreases and hence the phase shift of
Zp(0,,avg)/p IS shifted more towards the phase shift of the total pressure oscillation (green
line).

To conclude, the experimentally observed trend for a variation of the oxygen stoichiome-
try can be explained with the changing influence of the inlet flow rate oscillation, without

referring to the phenomenon of diffusion.

6.1.3 Gas composition

In this section, the influence of the composition of the cathode gas feed on the EPIS results
is studied. Figure 40 shows experimental EPIS results of Shirsath et al. [17] for a variation
of the gas feed composition at a cell current density of 0.2 A cm-2. The molar fraction of
the gas feed was increased stepwise from the oxygen molar fraction of air of 0.21 up to
pure oxygen. The flow rate of the gas feed was kept constant so that the stoichiometry
changed accordingly. The spectra are only presented in the frequency range between
0.01-1 Hz.

At the lowest presented frequency of 10 mHz, the constant quasi-static magnitude seems
not to be reached, and hence cannot be examined. The magnitude reveals the following
trend for an increase of the oxygen molar fraction. The characteristic increase of magni-
tude with frequency for the operation with air as the gas feed is less pronounced for an
increase of the molar fraction of oxygen to 0.5. For a further increase of molar fraction,
the characteristic increase vanishes and turns into a decrease of magnitude with fre-
quency.

The phase shift reveals the following trend for an increase of the oxygen molar fraction.
For an increase of oxygen molar fraction to 0.5, the phase shift still resembles the phase
shift for the operation with air, which is a constant decrease with frequency to ca. -200°
at 1 Hz. For a further increase of oxygen fraction to 0.8 the decrease of phase shift is no

more constant. Below 0.1 Hz the phase shift is small, but drops rapidly above 0.1 Hz
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leading to a phase shift of nearly -300° at 1 Hz. For pure oxygen, the phase shift is com-
paratively small in absolute terms over the whole frequency range with a minimum of ca.
-20° around 0.2 Hz.

Again, the authors relate the observations to the phenomenon of diffusion, especially the

dependence of the phase shift on the oxygen molar fraction.
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Figure 40: Bode plot of experimental spectra of the transfer function Zy ,, between the cell

voltage oscillation and the outlet pressure excitation at different gas compositions of the
cathode gas feed. The flow rate of the cathode gas feed is constant and humidified with a
relative humidity of ¢ = 20%. The fuel cell was operated at 0.2 A cm-2. The figure is ex-
tracted from Shirsath et al. [17].

To find another possible explanation for the observed trends, it is revealing to look at the
spectra of the average partial pressure oscillation of oxygen in Figure 31. As has been
demonstrated in Chapter 5 for the operation with air, the cell voltage response towards
higher frequencies is closely connected to the response of the oxygen pressure. The in-
crease of oxygen pressure oscillation with frequency has been related to the increase of
molar fraction oscillation, which is caused by the increase of the inlet flow rate oscillation.
In case of pure oxygen, the spectra are not showing the increase of magnitude and contin-
uous decrease of phase shift. Moreover, they seem to resemble the spectra of the oxygen
pressure oscillation due to the total pressure oscillation, with the decrease in magnitude
and a similar minimum of phase shift (see Figure 31, green line). Based on this similarity,
it seems that for pure oxygen, the inlet flow rate oscillation does not cause the strong os-
cillation of the molar fraction of oxygen along the channel. The observed phase shift for
an oxygen molar fraction of 0.8 in the figure above, can be interpreted as a transition be-
tween the spectrum of air and pure oxygen. Below 0.1 Hz, the oxygen pressure oscillation
may be dominated by the total pressure oscillation, whereas above 0.1 Hz, the oscillation
of molar fraction is dominating the oxygen pressure oscillation.

The corresponding simulations of EPIS for the different gas compositions are shown in
Figure 41. For an increase of the molar fraction of oxygen, the characteristic increase of
the magnitude with frequency observed for air gets less pronounced. The maximum mag-

nitude for a molar fraction of 0.5 is already clearly reduced down to 1 pV Pa-1 compared
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to 4 uV Pa-1 for air. A further increase of the oxygen molar fraction leads to a further de-
crease of the still visible maximum magnitude.

Although the general trend is similar to the experiments, the extent is different. In the
experiments the magnitude qualitatively changes for a molar fraction of 0.8 and 1.0 to a
monotonous decrease of magnitude with frequency, which cannot be seen in the simula-
tions.

The phase shift of the simulated spectra shows the trend of less decrease for an increase
in oxygen molar fraction in the frequency range below 0.1 Hz. Compared to the experi-
ments, this trend is different, especially for the oxygen molar fraction of 0.8 and 1.0, for
which the experiment shows a qualitative change, which cannot be reproduced by the

simulation. The reason for this difference is not understood.
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Figure 41: Bode plot of simulated spectra of the transfer function Zy ,, between the cell

voltage response and the outlet pressure excitation at different gas compositions of the
cathode gas feed. The flow rate of the cathode gas feed is constant and humidified with a
relative humidity of ¢ = 20%. The fuel cell was operated at 0.2 A cm-2. The spectra of the
default value were published in [28].

As the oxygen pressure oscillation has been used for the interpretation of the trend of the
experimental spectra, the corresponding transfer function Z, g, avg)/p 0f the simulation is
analyzed subsequently. The spectra of Z,, (¢, avg)/p for the variation of the gas composition
are shown in Figure 42.

The quasi-static magnitude shows an increase with oxygen molar fraction and approaches
nearly one for pure oxygen. The reason is that the partial pressure oscillation is propor-

tional to its molar fraction at this frequency (see Figure 31).
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With increasing frequency, the magnitude for all gas compositions increases, and in case
of an oxygen molar fraction of 0.8 and 1.0 even to a comparable maximum as for air. At
first, this is surprising, as the magnitude of Zy,, (see Figure 41) shows a distinctively
smaller maximum for the oxygen contents of 0.8 and 1.0. A hypothesis explaining this ob-
servation is that the ratio between the change of the cell voltage and the change of the
average oxygen pressure is changing for the different gas compositions. In fact, the ap-
proximation in Eq. 108 and Eq. 109 shows that the ratio is determined by the reciprocal
of the oxygen pressure. With increasing the oxygen content of the gas feed, the average

oxygen pressure increases and the aforesaid relationship changes accordingly.
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Figure 42: Bode plot of simulated spectra of the transfer function Zj, g, avg)/p between the

average oxygen pressure oscillation along the CCL and the outlet pressure excitation at
different gas compositions of the cathode gas feed. The flow rate of the cathode gas feed
is constant and humidified with a relative humidity of ¢ = 20%. The fuel cell was oper-
ated at 0.2 A cm2. The spectra of the default value were published in [28].

Looking at the phase shift shows the strong similarity to the phase shift of the transfer
function Zy,, and hence, revealing again that the cell voltage response is following the
response of the average oxygen pressure.

Furthermore, the strong decrease in phase shift shows that the partial pressure is domi-
nated by the oscillation of the molar fraction (cf. Figure 31) at all gas compositions. This
seems to be different to what was observed in the experiments at an oxygen molar frac-
tion of 0.8 and 1.0. The reason for this difference is not understood.

At the end of this section, some remarks are made on the insightful observation of the
change of the relationship between the oxygen pressure oscillation and the cell voltage

oscillation based on the change of oxygen concentration in the CL. This correlation is
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insightful as it may allow the indirect measurement of the oxygen concentration in the CL
and could be used for the detection of reactant starvation due to limited diffusion.

A suitable point of comparison would be the frequency at which the maximum amplitude
occurs, for two reasons. First, at this frequency, the influence of the water uptake by the
PEM is expected to be negligible and therefore not interfering. Second, towards the quasi-
static frequency, the derivative of the equilibrium potential and the overpotential at the
cathode with respect to the excitation pressure become independent of the oxygen pres-
sure, and rather dependent on the total pressure (cf. Eq. 89 - 92).

In this context, it is worth mentioning the experiment of Shirsath et al. [16] in which they
measured a doubling of the maximum amplitude of the cell voltage oscillation for chang-
ing the GDL from a product with MPL to one without (cf. Figure 5). They supposed that
the increase of the amplitude is caused by the poor water management of the GDL without
MPL, which cannot be reproduced with the present model due to the model limitations.
Nevertheless, a hypothesis is that this strong increase of the maximum amplitude is
caused by a reduced oxygen concentration in the CL due to the hindrance of accumulated
liquid water.

Furthermore, providing the relationship between the maximum oxygen pressure ampli-
tude and the maximum cell voltage amplitude changes with oxygen concentration in the
CL (cf. Eq. 109), this has to also influence the results in the previous chapter. An interest-
ing further analysis could be hence the comparison of this relationship for the different
stoichiometries. In the context of the current density study, the deviation between the
experiments and the simulations towards higher current densities could be argued with
the mentioned relationship, to be caused by an inadequate concentration gradient of ox-
ygen through the GDL. Hence, the analysis of the simulated concentration gradient could

also be a next step.

6.2 Structural parameters

The changed structural parameters comprise the channel length and the gas humidifier

volume.

6.2.1 Gas channel length

In this section, the influence of the gas channel length on the EPIS results is analyzed. In
this study, the simulated results are compared to the experimental results of Zhang et
al. [18], who measured EPIS for two different fuel cells with different gas channel lengths.
As the PEMFC model is not parametrized to their experimental setup, the simulation can
only be used for a qualitative comparison with the experiments.

Zhang et al. analyzed two different fuel cells with the same structure of the MEA. One cell

had an active area of 50 cm? with a serpentine flow field and the other an active area of
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12 cm? with a parallel flow field. For the operation with air and a cell load of 1.0 A cm2,
they obtained the characteristic increase of the magnitude with frequency for both cells.
The maximum magnitude of the smaller cell was measured with 40 uV Pa-1 for an oxygen
stoichiometry of 3 and the magnitude for the bigger cell with 2 pV Pa-1 for an oxygen stoi-
chiometry of 2. Therefore, it can be stated that the fuel cell area and thus the channel
length has a strong influence on the EPIS results. Furthermore, the maximum is shifted
towards higher frequencies in case of the smaller cell. The difference of the phase shift
between the two cells is less distinct, but shows the trend of a stronger phase shift in the
frequency range below 10 mHz for the smaller cell.

After the description of the experimentally observed trend of EPIS for a variation in the
channel length, the simulative analysis is discussed subsequently. The simulated variation
of channel length comprises three different lengths. Next to the default channel length of
0.304 m twice and half the length are simulated. The cell current density was fixed at
0.2 A cm~2 with an oxygen stoichiometry of 2.5 and a relative humidity at the cathode inlet

of 55%. The results are shown in Figure 43.
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Figure 43: Bode plot of simulated spectra of the transfer function Zy ,, between the cell

voltage response and the outlet pressure excitation for different channel lengths. The fuel
cell was operated at 0.2 A cm~2 with humidified air at the cathode of ¢ = 55%. The spec-
tra of the default value were published in [28].

The maximum magnitude shows a strong increase from 4 pV Pa-1 to 18 pV Pa-1 for a re-
duction of the channel length from 0.304 m to halfits length of 0.152 m. On the other hand,
doubling the channel length leads to a decrease of the maximum magnitude down to
1 uV Pa-1. This trend agrees with the observation of Zhang et al. who measured a higher

maximum for the smaller cell with the shorter channel length. Similar to the experiments,
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the maximum magnitude is shifted towards higher frequencies for a decrease in channel
length.

The phase shift of Zy /, below 50 mHz is stronger for the fuel cell with the shorter channel.
Above 50 mHz the trend gets reversed. The trend of a stronger phase shift for the shorter

channel configuration in the lower frequency region is also indicated in the experiments.
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Figure 44: Bode plot of simulated spectra of the transfer function Zj,o, avg)/p between the

average oxygen pressure oscillation along the CCL and the outlet pressure excitation for
different channel lengths. The fuel cell was operated at 0.2 A cm~2 with humidified air at
the cathode of ¢ = 55%. The spectra of the default value were published in [28].

Taking alook at the simulated spectra of the transfer function Z, ¢, avg)/p in Figure 44 and
comparing them with the spectra of Zy , reveals a strong similarity. In case of the magni-
tude, the spectra show a qualitative similar progression, indicating that the cell voltage
response is dominated by the oxygen pressure response. The relationship between the
change of the cell voltage and the change of oxygen pressure can be approximated at the
channel center through Eq. 109. To work out a reason for the stronger increase of the
partial pressure oscillation for a reduction of the channel length, the simplified expression
of the molar fraction of oxygen in Eq. 106 is considered again. A decrease in the channel
length, and thus fuel cell area, leads to a decrease of the inlet flow rate, for a constant
stoichiometry. As a consequence, the denominator decreases and thus the oscillation of
the oxygen molar fraction increase. This again leads to a stronger increase of the oxygen
pressure oscillation and hence cell voltage oscillation.

In case of the phase shift, below 1 Hz, the spectra of the transfer function Z, ¢, avg)/p and
Zy jp are quantitatively similar. The stronger phase shift below 50 mHz for a reduction in

channel length can again be explained by the fact that the partial pressure oscillation of
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oxygen is more dominated by the oscillation of the molar fraction and hence is closer to
its phase shift (cf. red line, Figure 31). Above 50 mHz the trend may change for the follow-
ing reason. The phase shift of the oscillation of the molar fraction, which dominates the
partial pressure oscillation above 50 mHz, has been stated to follow the phase shift Z,, ,,
of the inlet pressure oscillation with an offset of -90° (see Chapter 5.1.2.3). From Figure
25 it can be seen that the decrease of phase shift of Z,, /, is shifted towards higher frequen-

cies in case of a reduced channel length.

6.2.2 Gas humidifier volume

In the following section, the influence of the gas volume of the cathode humidifier on the
EPIS results is analyzed. Although Shirsath et al. made studies about the influence of the
humidifier on the total pressure response of the fuel cell, there exist no results of the cor-
responding cell voltage response. Therefore, the analysis in this section remains purely
simulative; note that the experimentally-observed total pressure response has been re-
produced successfully by the simulations (see Figure 23).

The total pressure response of the fuel cell to the outlet pressure excitation is substan-
tially influenced by the gas volume of the humidifier (see Figure 24). The pressure excita-
tion gets damped and delayed towards the channel inlet by the capacitive effect of the gas
volume. With increasing the volume, this effect gets shifted towards lower frequencies.
As previously explained, the total pressure oscillation in the gas humidifier causes an os-
cillation of the inlet flow rate. This has a strong influence on the partial pressure oscilla-
tion and hence the cell voltage. The dependence of the two quantities on the gas volume
of the humidifier is shown subsequently.

In Figure 45 the simulated cell voltage response, described by the spectra of the transfer
function Zy /,,, is shown for a variation of the gas volume of the humidifier between 0-
1000 ml. The default value of the gas volume was 850 ml. The characteristic maximum
magnitude of Zy /, is decreasing with decreasing the gas volume inside the humidifier.
Furthermore, the decrease leads to a shift of the maximum towards higher frequencies.
For small volumes of 10 ml and less, the characteristic maximum disappears and the spec-
tra change qualitatively.

The frequency of the magnitude increase is dependent on the gas humidifier volume while
the decrease is not. This information can be helpful by finding the unknown cause for the
decrease in magnitude with frequency after reaching its maximum.

The phase shift of Z;, /,, shows the trend of a delay of the characteristic decrease towards
higher frequencies for decreasing the gas humidifier volume. Above 10 Hz the phase shift
for the different volumes merge, except for small volumes of 10 ml and less. For those

volumes the phase shift seems to qualitatively change and remains on a smaller level.
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Figure 45: Bode plot of simulated spectra of the transfer function Zy , between the cell

voltage response and the outlet pressure excitation for different gas volumes of the cath-
ode humidifier. The fuel cell was operated at 0.2 A cm~2 with humidified air at the cathode
of ¢c = 55%. The figure is extracted from Schiffer et al. [28].

Looking at the magnitude of the transfer function Z, o, avg)/p in Figure 46 reveals a qual-
itatively similar dependence on the gas volume of the humidifier as the magnitude of Z, ,,.
The decrease of the maximum magnitude for decreasing volumes can be explained as fol-
lows. The increase of the oxygen pressure oscillation is caused by the increase of the inlet
flow rate oscillations. From Eq. 54 it can be seen that the oscillating inlet flow rate is di-
rectly proportional to the gas volume inside the humidifier. Hence a decrease leads to a
decrease of the maximum oxygen pressure oscillation.

The phase shift of Zp(0,,avg)/p below 1 Hz is similar to the phase shift of Zy ,. The trend
that the decrease of phase shift is shifted towards higher frequencies for low volumes can
be explained as follows. For lower volumes, the molar fraction oscillation is less due to a
decrease of the inlet flow rate oscillation. Hence, the partial pressure oscillation of oxygen
is dominated by the total pressure oscillation until higher frequencies (cf. Figure 31). Fur-
thermore, the phase of the inlet flow rate oscillation corresponds to the phase of the inlet
pressure oscillation shifted by -90°. The phase shift of the inlet pressure is also shifted
towards higher frequencies for lower gas volumes of the humidifier (cf. Figure 24).

For volumes below 4 ml the phase shift shows a qualitatively different progression com-
pared to the phase shift of the bigger volumes. This is probably due to the fact that for
these small volumes, the partial pressure oscillation is dominated by the total pressure

oscillation throughout the whole frequency range. This transition resembles, although in
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another frequency range due to the different gas volume, the transition which was ob-

served in the EPIS experiments for varying gas compositions (cf. Figure 40).
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Figure 46: Bode plot of simulated spectra of the transfer function Z, ¢, avg)/» between the

average oxygen pressure oscillation along the CCL and the outlet pressure excitation for
different gas volumes of the cathode humidifier. The fuel cell was operated at 0.2 A cm-2
with humidified air at the cathode of ¢ = 55%.

Above 1 Hz the phase shift of Z, ,, shows a stronger decrease than Z, o, avg)/p, Which is
also the case in the previous chapters but especially visible in the figure below at volumes
below 4 ml. It is hypothesized that this is due to the influence of the DL, which causes a
delay of the cell voltage oscillation compared to the partial pressure oscillation in this fre-

quency range (see Chapter 7.1).

6.3 Conclusion

The simulation of the influence of operational and structural parameters on EPIS has
shown that most experimental trends could be captured by the simulation. With the help
of the finding in the previous chapter, which is the strong correlation between the oxygen
pressure oscillation and the cell voltage oscillation, it has been possible to interpret the
influence of the parameters on EPIS.

For increasing current densities, the characteristic increase of magnitude with frequency
is less pronounced. The reason for this trend may be the reduced influence of the inlet
flow rate oscillation on the oxygen pressure oscillation towards high current densities.
The trend is much more distinct in the simulations than in the experiments, which leads

to a deviation of the EPIS results towards high current densities.

100



The experimentally observed trend for a variation of oxygen stoichiometry can be well
captured by the simulation. The amplified increase of magnitude with frequency for a de-
crease of the oxygen stoichiometry was related to the oscillating inlet flow rate, which
causes a stronger oscillation of the molar fraction of oxygen for a decrease of the oxygen
stoichiometry. The same effect leads to the observed trend of phase shift. This shows that
the experimentally observed trend can be explained without referring to the phenomenon
of diffusion.

With changing the gas composition of the cathode gas feed from air towards pure oxygen,
the experimental EPIS results reveal a qualitative change. For pure oxygen the spectra do
not show the increase of magnitude and continuous decrease of phase shift with fre-
quency observed for air. It is hypothesized that this qualitative change is due the dimin-
ishing influence of the inlet flow rate oscillation. The hypothesis is supported by the fact
that the cell voltage response seems to be dominated by the average total pressure re-
sponse along the gas channel. Although the simulations show a decrease in magnitude and
a less strong phase shift towards pure oxygen, the qualitative change of the experiments
cannot be reproduced by the simulations.

The experimentally-observed trend for a variation of the gas channel length can be repro-
duced with the simulations. The stronger increase of the magnitude with frequency for a
shorter gas channel is related to the stronger influence of the inlet flow rate oscillation.
The trend of the phase shift is also related to the same phenomenon.

The variation of the gas volume of the humidifier shows the dominant influence of this
parameter on EPIS. Without considering the humidifier, the signal changes drastically and
reveals qualitatively different spectra.

An interesting finding was made in the context of the study of the different gas composi-
tions. The relationship between the cell voltage oscillation and the oxygen pressure oscil-
lation was observed to change with the oxygen concentration in the CL. Based on this re-

lationship, the maximum magnitude of Zy ,, could be used to indirectly measure the oxy-

gen concentration and thus detect reactant starvation due to limited diffusion.
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7 EPIS (3): Influence of time-dependent pro-
cesses

In the following chapter, the third and last part of the EPIS study is presented. It contains
a pure simulative study about the influence of the time-dependent processes of the PEMFC
model on EPIS. The chapter comprises one subchapter for each time-dependent process,
in which the individual influence on the EPIS result is analyzed separately. The results
shown in this chapter were partially submitted to the Journal of the Electrochemical So-
ciety [109].

The time-dependent processes of the PEMFC model are the charge and discharge of the
electric DL, the water uptake by the PEM, the gas transport through the GDL and the gas
transport through the gas channel with and without consideration of the humidifier. The
separation of the individual processes was realized by simulating different model config-
urations, in which the time-dependent process of interest was switched on, while the
other processes were switched off. The respective parameter variation for each process
is shown in Table 5. The CL was not resolved in this study.

Table 5: Parameter variation to switch individual time-dependent processes on and off

Time-dependent process Parameter on off

DL charge/ discharge ChL 410 F m= 0Fm=
Water uptake PEM Oelyt fd 3.4 Sm-1
Gas transport GDL LgpL 212.5 ym 0 pm
Gas transport gas channel Lcy 0.304 m 0 m
Humidifier Vhum 850 ml 0 ml

The EPIS simulation of the respective model configuration is compared to a reference
model configuration, in which all time-dependent processes are switched off. Hereinafter,
this configuration is called the time-independent model. Additionally, the spectra are in-
terpreted by the use of the cell voltage derivative with respect to the excitation pressure
of Chapter 3.3, simplified for the respective model configuration.
The simulations were conducted for a cell current density of 0.2 A cm-2, at which the best
agreement between the simulations and the experiments was observed.
The simulated transfer function Zy , of the time-independent model is a scalar with the
value of 0.32 pV Pa-1. This value can also be derived analytically by inserting Eq. 77, 81, 83
in Eq. 76 with the following simplifications being valid for the time-independent model:

- f#f(xy)

- Ch =0
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- 00eyt/0p=0

With all processes switched off, the PEMFC model becomes a 0D model. Additionally, the

ionic current through the PEM is constant for a 0D model under galvanostatic operation.

With the simplifications above, the derivative of the cell voltage with respect to the exci-

tation pressure is

OVeenl _ RT (1 | 054\ 1 Opo, RT (1 054\ 1 1
el = B+ ) e = T (f+ B = 032V Pa T, (111)

with  po, =x0,(P-PH,0),  X0,=021, p=116325Pa and  py,o = PcPsac(T)
=0.55-15 760 Pa = 8668 Pa.

7.1 DL charge and discharge

In this subchapter the influence of the DL charge and discharge on the transfer function
Zy p is analyzed. By switching on the DL charge and discharge through the parameter of
the capacity, the model is still nondimensional. But next to the faradaic current, now the
DL current is flowing proportional to the change of the cathode Galvani potential per time
(see Eq. 13).

Figure 47 shows the comparison of the simulated EPIS results between the time-inde-
pendent model and the model considering the charge and discharge of the DL. The fre-

quency range was extended up to a maximum frequency of 10 kHz.
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Figure 47: Bode plot of the simulated spectra of the transfer function Zy ,, between the

cell voltage oscillation and the outlet pressure excitation for a comparison of the model
configuration considering the DL charge and discharge and the time-independent model
at 0.2 Acm-2.
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In the frequency region below 1 Hz, the magnitude of both model configurations is nearly
identical with a constant value of 0.32 uV Pa-1. The influence of the DL charge and dis-
charge becomes visible above 1 Hz. Here, the magnitude drops mainly between 1-100 Hz
and approaches zero for frequencies beyond. The DL charge and discharge leads to a de-
crease of the phase shift also mainly between 1-100 Hz and approaches a value of -90°
for frequencies above.

The comparison between the characteristic frequency (minimum of imaginary part) of
the transfer function Zy , (EPIS) and Zy,; (EIS) reveals similar values of 18 Hz and 16 Hz,
respectively. Therefore, it can be concluded that the DL charge and discharge causes fea-
tures for EPIS and EIS at the same frequency.

To interpret the observed features caused by the DL charge and discharge, the derivative
of the cell voltage with respect to the pressure excitation (Eq. 77, 81, 83 in Eq. 76) is con-

sidered again. For the given model configuration, the following simplifications can be

made:

- f#Efxy)

.CL|PEM _
- azelyt /op=0
aO-elyt/ap =0
The derivative of the cell voltage with respect to the pressure excitation is then
i(a(mf’c))
P _BT(1L 05 1R ch_m o (112)
ap T F \4 ac / P—PH,0 acF DL _igll;,leM'FCSL a(Aaq;C) )

From this equation, it can be seen that for slow changes of the cathode Galvani potential,
the equation is approaching the derivative of the time-independent model (cf. Eq. 111),
which is the case in the frequency range below 1 Hz. Here, the change of the cell voltage
with pressure is equal to the change of the equilibrium potential and the change of the
overpotential at the cathode, due to the change of oxygen pressure (cf. Eq. 77, 81).

With increasing frequency, the change of the Galvani potential per time increases, which
leads to an increase of the subtrahend in the equation above. Towards high frequencies
the subtrahend approaches the minuend and as a consequence the magnitude of Zy /,, ap-
proaches zero.

More practically spoken, the increase of the Galvani potential change per time leads to an
increase of the DL charge and discharge current. To keep the cell current constant at gal-
vanostatic control, the faradaic current has to change accordingly. This in turn leads to a
change of the overpotential and hence cell voltage with an opposite sign compared to the

cell voltage change caused by the oxygen pressure change.
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7.2 Water uptake of the PEM

In this subchapter, the influence of the PEM on the transfer function Zy,, is analyzed.
Therefore, the time-independent model is extended by the discretization of the PEM layer
and the water uptake through absorption plus the water transport through the electrolyte
via electro-osmotic drag and diffusion is enabled. The conductivity of the PEM is no more
constant, but depends on the water content of the electrolyte A. The water content of the
electrolyte in the CL depends on the water pressure of the adjacent gas phase. An increase
of the cathode water pressure, for example, leads to an increase of the water content in
the electrolyte of the cathode. The increase of the water content gets then distributed
through the PEM by the finite transport of water. This again leads to an increase of the
electrolyte conductivity and hence a decrease of the potential difference across the elec-
trolyte and thus increase in cell voltage.

In the previous simulations, the water pressure at the cathode inlet has been a boundary
condition. This boundary condition stems from the gas humidifier upstream the fuel cell,
which ensures that the gas entering the fuel cell contains a certain relative humidity. For
the present model configuration, without the gas channel or the GDL, the water pressure
is therefore not changing during the pressure excitation. To still work out the influence of
water pressure for the present model configuration, the boundary condition is changed

from constant water pressure to constant molar fraction of water.
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Figure 48: Bode plot of the simulated spectra of the transfer function Zy ,, between the

cell voltage oscillation and the outlet pressure excitation for a comparison of the model
configuration considering the PEM water uptake and the time-independent model at
0.2 A cm-2. The model configuration considering the PEM water uptake is shown for the
boundary condition of constant water pressure and constant molar fraction of water.
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Figure 48 shows the comparison of the simulated EPIS results between the time-inde-
pendent model and the model considering the water uptake by the PEM. For the boundary
condition of constant water pressure, the transfer function is the same compared to the
time-independent model. In case of the boundary condition of constant molar fraction of
water, the water pressure is oscillating and the influence of the water uptake of the PEM
on the EPIS results becomes visible.
At a frequency of 1 mHz, the magnitude of the transfer function is nearly twice the value
of the time-independent model. This means at the quasi-static frequency, the change of
the potential difference across the electrolyte, due to the change of water pressure, is
about the same as the change of the cathode Galvani potential, due to the change of oxygen
pressure.
A comparison of these values with the static pressure-voltage response of the full model
setup at 0.2 A cm~2 (cf. Figure 20) shows that the change of the potential difference across
the electrolyte with pressure for the present model is clearly larger. This observation is
supposed to originate from the dryer gas phase for the present model compared to the
gas phase of the full fuel cell model, which gets enriched with product water of the ORR
throughout the cell. The increase of water pressure may have a stronger influence on the
electrolyte conductivity in dryer conditions.
The influence of the time dependence of the water uptake by the PEM becomes mainly
visible in the frequency range between 10-100 mHz. In this range, the magnitude de-
creases and approaches a constant value slightly below the time-independent model. The
decrease of magnitude is accompanied by a minimum phase shift of -20° around 50 mHz.
To further interpret the observed feature caused by the water uptake of the PEM, the de-
rivative of the cell voltage with respect to the pressure excitation (Eq. 77, 81, 83 in Eq. 76)
is considered again. For the given model configuration, the following simplifications can
be made:

- f2f(x)

- Ch =0

.CL|IPEM
digee " /dp=0

With consideration of the boundary conditions of a constant molar fraction of water the

derivative can be simplified to

0V cell _ E l 0_54- l y=ACL . i 1
ap  F (4 + ac )p + fy:CCL fetye(¥) op <0e1yt(y)> dy . (113)

From this equation it can be seen that the change of the potential difference across the
electrolyte is caused by a change of the electrolyte conductivity. The time dependence of
the change of the electrolyte conductivity to change with the cathode gas phase pressure

is caused by the finite rate of water diffusion inside the electrolyte.
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The constant magnitude in the frequency range above 1 Hz corresponds to the change of
Galvani potential caused by the oxygen pressure. The magnitude is slightly below the
magnitude of the time-independent model because of the change of the boundary condi-
tion. The difference can be seen by comparing Eq. 111 with the first summand of Eq. 113.

7.3 Gas transport in the GDL

In this subchapter the influence of the gas transport through the GDL on the transfer func-
tion Zy,, is analyzed. Therefore, the time-independent model is extended by the GDL,
which means the gas composition in the CL is no more a boundary condition, but the gas
entering the GDL. The gas in the CL is now influenced by the time-dependent process of
transport trough the GDL with a finite velocity. The two considered transport mechanisms
are diffusion of species due to a concentration gradient, and convection of the gas mixture

due to a pressure gradient.
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Figure 49: Bode plot of the simulated spectra of the transfer function Zy , between the

cell voltage oscillation and the outlet pressure excitation for a comparison of the model
configuration considering the gas transport through the GDL and the time-independent
model at 0.2 A cm~2.

Figure 49 shows the comparison of the simulated EPIS results between the time-inde-
pendent model and the model considering the transport through the GDL. In the fre-
quency range below 100 Hz the cell voltage response is nearly the same for both model
configurations, visible as the conformity in magnitude and phase shift.

Only above 100 Hz the influence of the gas transport through the GDL becomes visible,
which is due to the short distance in transport direction of 212.5 pm. The magnitude

shows a continuous decrease towards zero and has a remaining magnitude of 20 % at
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10 kHz. The phase shift shows a qualitatively similar decrease above 100 Hz leading to a
phase shift of -100° at 10 kHz. It should be stressed here that these features are above the
frequency range of the experimental studies and above the maximum frequency of the
simulations in the previous chapters.

The derivative of the cell voltage with respect to the excitation pressure (Eq. 77, 81, 83 in
Eq. 76) can be simplified for the given model setup similarly to the time-independent

model with consideration of the discretization in y-direction. This results in the following

assumptions:
- f2f(x)
A _
- Cp, =0
.CL|PEM _
- azelyt /op=0
aO-elyt/ap =0
With these simplifications, the pressure derivative of the cell voltage can be written as
] 5 a
Pl () Fraprre -l (114)
pGDL ac / Poy,CL apGDL

where the pressure excitation is at the exterior of the GDL which is indicated by the su-
perscripty = 0.

From the equation above it can be seen that the cell voltage oscillation follows the oxygen
pressure oscillation. Therefore, the decrease in magnitude and phase shift above 100 Hz
has to be caused by a decrease and delay of the average oxygen pressure oscillation in the
CL. The reason for the decrease in magnitude and phase shift of the oxygen pressure os-
cillations is unclear.

The frequency range of the feature indicates that it is not related to the phenomenon of
diffusion but rather related to the convective transport. Ziegler et al. [110] report that
oxygen gradients through the GDL reach equilibrium within 0.05 s, which corresponds to
a characteristic frequency of 20 Hz. Furthermore, the process of diffusion is not expected
to be affected by a change of the total pressure, because the concentration gradients do
not change. Hence, the process of diffusion cannot be characterized directly with the given

approach.

7.4 Gas transport in the gas channel

In this subchapter the influence of the gas transport through the gas channel on the trans-
fer function Zy , is analyzed. The modeling of the gas channel transport leads to a dis-
cretization of the model in x-direction. The gas is transported through the gas channel via
convection and diffusion.

As previously observed, the gas humidifier has a strong influence on the pressure re-
sponse along the channel. To solely study the influence of the gas channel first, the present

subchapter is divided into an analysis with and without the humidifier.
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To interpret the features caused by the gas transport through the gas channel, the deriv-
ative of the cell voltage with respect to the pressure excitation (Eq. 77, 81, 83 in Eq. 76) is
again considered. For the given model configuration, the following simplifications can be
made:

- 1)

- Ch =0

0 O'elyt/ dp=0

Previously, without discretization of the model in x-direction, the ionic current trough the
electrolyte has been equal to the cell current and hence, constant due to the galvanostatic
operation. In case of the present model configuration, locally the ionic current can change
during pressure excitation, and rather the sum of all ionic currents along the channel are
constant. Therefore, the derivative of the ionic current with respect to the outlet pressure
excitation has to be included. With the other simplifications above, the derivative of the

cell voltage with respect to the cathode outlet pressure is

CLIPEM CLIPEM

Vcell — RT (1 0-54) 1 0po,,cL(x) RT 1 alelyt €9 Lpem alelyt (x)

s F \4  ac/poye®) 9pleh acF —ig;,'fEM(x) peh Telyt  OPCCH
(115)

7.4.1 Without humidifier

The present section analyses the influence of the gas transport through the gas channel
without considering the gas volume in the humidifier. Figure 50 shows the comparison of
the simulated EPIS results between the time-independent model and the model consider-
ing the gas transport in the gas channels.

In the frequency range below 1 Hz the magnitude and phase shift are quite similar for
both models. Based on this similarity the change of the cell voltage with the outlet pres-
sure is expected to correspond to the first summand on the right-hand side of Eq. 115
(cf. Eq. 111). The two remaining summands therefore have to cancel each other out. This
hypothesis agrees with the previous observation in Chapter 4.5.

The influence of the gas channel becomes visible in the frequency range above 1 Hz and
shows features in two different frequency ranges. In the frequency range between 1-
10 Hz the first feature can be observed. The magnitude decreases which is accompanied
by alocal minimum in the phase shift of -10°. The reason for this feature remains unclear.
It should be stated here that the decrease in magnitude is occurring in the same range as
the decrease in magnitude observed with consideration of the gas volume in the humidi-
fier, shown in the next section. This indicates that it might be caused by the same phe-
nomenon.

The magnitude of the gas channel model shows a constant value between 10-100 Hz, fol-

lowed by a second feature in the frequency range above. The magnitude shows a decrease

109



down to zero with a superimposed oscillation. In the same range, the phase shift shows a
decrease down towards -180°, also accompanied by a superimposed oscillation.

The second feature above 100 Hz is explained by the following hypothesis. Above 100 Hz,
the total pressure oscillation is supposed to oscillate with a similar amplitude but differ-
ent phase along the channel due to the finite velocity of pressure propagation. The oscil-
lations along the channel cancel each other out in their effect on the cell voltage. It should
be stressed here that this feature is above the frequency range studied experimentally and
also above the maximum frequency of the simulations in the previous chapters.
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Figure 50: Bode plot of the simulated spectra of the transfer function Zy ,, between the

cell voltage oscillation and the outlet pressure excitation for a comparison of the model
configuration considering the gas transport through the gas channel (without gas volume
of the humidifier) and the time-independent model at 0.2 A cm-2.

7.4.2 With humidifier

Figure 51 shows the comparison of the simulated EPIS results between the time-inde-
pendent model and the model considering the gas transport in the gas channels, now with
consideration of the gas volume of the humidifier upstream the cathode gas channel. At
the quasi-static frequency of 1 mHz, both model configurations show a similar magnitude
and phase shift.

With increasing frequency, the influence of the gas channel transport becomes directly
visible by showing an increase of the magnitude up to a maximum close to 1 Hz followed
by a decrease between 1-100 Hz. The phase shift shows a constant decrease from 0° at
1 mHz down to nearly -400° at 100 Hz.
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Comparing the spectra in the same frequency range with the spectra of the same model
without the humidifier (cf. Figure 50) shows again the dominating influence of the humid-
ifier on the EPIS results.

A comparison between the spectra of the reduced model configuration in this section with
the spectra of the full model and the experiments (cf. Figure 35) reveals a strong similar-
ity. The most prominent feature of EPIS, the increase of magnitude with frequency, can
therefore be reproduced by simply modeling the gas channel in combination with the gas
humidifier connected upstream the fuel cell. For the explanation of the observed increase
of magnitude with frequency and the corresponding phase shift the reader is referred to
Chapter 5.
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Figure 51: Bode plot of the simulated spectra of the transfer function Zy , between the

cell voltage oscillation and the outlet pressure excitation for a comparison of the model
configuration considering the gas transport through the gas channel (with gas volume of
the humidifier) and the time-independent model at 0.2 A cm-2.

It should be stressed here that the diffusion of reactants through the GDL to the reactive
sites was not included in the simple gas channel model. Therefore, the interpretation of
Shirsath et al. (see Chapter 2.2.2), who attributed the strong decrease in phase shift to the
phenomenon of diffusion can be at least questioned.

Based on the finding that the EPIS results seem to be mainly dominated by the combined
influence of the gas channel and the gas humidifier, the initial hypothesis of EPIS as a use-
ful tool to detect diffusion phenomena is weakened. However, in this context, a promising
finding is the relationship between the cell voltage oscillation and the oxygen pressure
oscillation, which was observed to be dependent on the oxygen concentration in the CL
(see 6.1.3).

111



7.5 Conclusion

The separate simulation of time-dependent processes has demonstrated their individual
influence on EPIS. The simulated influence of the DL appears for frequencies above 1 Hz,
which is above the maximum frequency of the EPIS setups using a pressure controller for
the pressure excitation. The water uptake of the PEM is visible in the spectra in the fre-
quency range between 10-100 mHz. However, in the experiments this feature is expected
to be masked by the influence of the humidifier. The gas transport through the GDL be-
comes visible at frequencies beyond 100 Hz, which is above the analyzed frequency range
of the experiments. The phenomenon of diffusion in the GDL cannot be characterized di-
rectly.

The analysis of the gas channel transport with consideration of the humidifier shows that
the EPIS signal of the full model setup is dominated by this process, which makes the di-
rect measurement of other processes difficult.

However, in the context of diffusion in the GDL, a promising finding may be the observed
relationship between the cell voltage oscillation and the oxygen pressure oscillation,
which is dependent on the oxygen concentration in the CL (see Chapter 5.2 and 6.1.3).
This may enable measuring the oxygen concentration in the CL and thus, indirectly, the

diffusion of oxygen.
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8 Summary and outlook

The present dissertation showed the first model-based analysis of the characterization
method EPIS applied to a PEMFC. In EPIS, the cell voltage response for a harmonic excita-
tion of the gas phase pressure is analyzed in the frequency domain by means of the trans-
fer function between both quantities. Recently, three different working groups have used
EPIS to experimentally investigate mass transport processes in single-cell PEMFCs. The
measured spectra in the frequency range between 1 mHz-100 Hz showed different fea-
tures, depending on the fuel cell structure and the operating conditions. To further benefit
from the observed features, it is essential to understand their origin that was heretofore
unknown. The main goal of the present study therefore was to increase the understanding
of EPIS by finding out causal links between specific processes and the resulting cell volt-
age response.
To this end, a simulative investigation was conducted by the use of a pseudo-2D model,
considering the major transport mechanisms in the gas channel direction and in through-
plane direction. Both dimensions are relevant for the reproduction of EPIS. A modeling
novelty was the implementation of the gas volume inside the humidifier upstream the
cathode gas channel. With this extension of the state-of-the-art PEMFC modeling the EPIS
experiments could be reproduced successfully at current densities < 0.4 A cm-2, where
the model allows a further simulative analysis of the observed EPIS features. For higher
current densities, the model is not able to fully reproduce the experiments, which may be
due to the limiting model simplification of not considering the formation and transport of
liquid water in the electrodes and in the gas channels.
The PEMFC model was parametrized and validated by reproducing experiments other
than EPIS, such as the steady-state and dynamic voltage-current relations and the pres-
sure drop along the gas channel. The simulations showed a good agreement with the ex-
periments at lower current densities, whereas towards higher current densities the ex-
periments and the simulations differed. The comparison of the transferred amount of wa-
ter through the PEM revealed that the model is not able to reproduce the experimental
behavior. However, this was not critical for the reproduction of EPIS.
The simulative investigation of EPIS was subdivided into three parts. The aim of the first
part was to determine the origin of typically observed EPIS features, by tracing back the
cell voltage response to the partial pressure response of oxygen and water. The cell volt-
age of the model is influenced by the oxygen pressure through the equilibrium potential
and the reaction kinetics at the cathode and influenced by the water pressure through the
electrolyte conductivity. The cell voltage oscillation was observed to strongly correlate
with the oscillation of the oxygen pressure throughout the whole frequency range,
whereas the influence of the water pressure oscillation on the cell voltage was only visible
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at low frequencies. The ratio between the cell voltage and the oxygen pressure oscillation
was approximated by the use of the model equations. Operated with air, the cell voltage
oscillation is increasingly amplified towards higher frequencies, which is accompanied by
a continuous increase of the phase shift between the pressure excitation and the voltage
response. Further analysis showed that the similar amplification of the partial pressure
oscillation of oxygen is caused by an amplification of the inlet flow rate oscillation towards
higher frequencies. The oscillation of the inlet flow rate was observed to arise from the
pressure changes in the gas reservoir of the humidifier, which is in accordance with pre-
vious studies [17]. Therefore, the observed frequency dependence of the cell voltage os-
cillation could be finally traced back to the oscillation of the inlet flow rate.

This finding enabled the possibility to interpret the experimentally observed influence of
operational and structural parameters on the EPIS results in the second part of the EPIS
study. The observed enlargement of the maximum amplitude of the cell voltage oscillation
by decreasing the oxygen stoichiometry could be attributed to the stronger influence of
the oscillating inlet flow rate on the cell voltage oscillation. The purely simulative study of
the variation of the gas volume of the humidifier showed the dominating influence of this
parameter on the EPIS results.

The variation of the gas feed composition led to a qualitative change of the spectra of the
transfer function between the cell voltage response and the pressure excitation, in case of
the experiments [17]. Towards higher oxygen contents, the influence of the oscillating in-
let flow rate on the cell voltage oscillation seems to be faded and the cell voltage response
is rather following the average total pressure oscillation along the channel. In the context
of the corresponding simulation, a notable finding was the change of the relationship be-
tween the cell voltage oscillation and the oxygen pressure oscillation with the oxygen con-
centration in the CL. This dependence might enable the indirect measurement of the oxy-
gen concentration in the CL, which would allow the detection of reactant starvation due
to limited diffusion. To achieve this, one needs to derive a model (cf. Chapter 5.1.2.3)
which allows the prediction of the oxygen pressure oscillation in the CL based on the
known outlet pressure excitation. Next, the cell voltage oscillation needs to be measured
in a frequency range in which it is dominated by the oxygen pressure oscillation. The anal-
ysis of the amplitude ratio between the cell voltage and oxygen pressure oscillation could
then allow the approximation of the oxygen pressure or concentration in the CL.

The aim of the third part of the EPIS study was to expose the direct influence of time-
dependent processes on the spectra separately. This was achieved by simulating different
model configurations in which only the process of interest was switched on. The DL
charge and discharge became visible in the frequency range above 1 Hz and led to a de-
crease of the amplitude of the cell voltage oscillation towards zero. The water uptake of

the PEM was visible below 0.1 Hz and led to an increase of the amplitude of the cell voltage
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oscillations, due to the change in proton conductivity. The gas transport through the GDL
was only visible above 100 Hz, which is beyond the experimentally analyzed frequency
range [14-22,28,81]. The frequency range indicates that the feature is not related to the
phenomenon of diffusion. Without consideration of the gas volume of the humidifier, the
gas transport through the gas channel led to a reduction of the amplitude of the cell volt-
age oscillation above 1 Hz. The gas channel transport with consideration of the humidifier
showed that the EPIS signal of the full model setup is dominated by this process, which
makes the direct measurement of other processes difficult.

A possible next step resulting from the present study would be the analysis of the rela-
tionship between the cell voltage oscillation and the oxygen pressure oscillation, with the
focus on their maximum amplitudes. To finally prove the dominating influence of the hu-
midifier on EPIS, an experiment with a gas mixture containing already humidified air
could be conducted with bypassing the humidifier. Another useful experiment could be
the recording of another polarization curve with an increased gauge pressure. The static
pressure-voltage response could help to further parametrize the PEMFC model. In terms
of the modeling approach, further steps could be the integration of liquid water, which
may enable the reproduction of EPIS at high current densities. Additionally, the simula-
tion of the related methodology CFRA could be performed to investigate the origin of its
features.

To conclude, a model-based analysis was used for the first time to study the characteriza-
tion method EPIS applied to a PEMFC. By extending the state-of-the-art in PEMFC model-
ing the EPIS experiments could be reproduced successfully. The interpretation of the re-
sults increased the understanding of EPIS significantly and revealed a promising correla-

tion which needs to be further investigated.
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