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Abstract

In order to reduce the greenhouse gas emissions from the petroleum sector, there is a
quest for providing renewable power offshore. Within this context, an Innovative Hy-
brid Energy System for Stable Power and Heat Supply in Offshore Oil & Gas Installation
(HES-OFF) has been proposed. The system combines the power supply from already
installed gas turbines at the offshore installations, with renewable power from offshore
wind. A vital part of the HES-OFF concept is a system of polymer electrolyte membrane
(PEM) fuel cells and electrolysers used to handle the intermittent wind power.

In this work, a model is developed of the PEM fuel cell and electrolyser system in the
HES-OFF concept. The fuel cell and electrolyser stacks are modelled down to single
cell level, as components of the big-size PEM system. Balance of plant components are
covered by simpler means, which includes modelling of a storage tank for compressed
gaseous hydrogen. In the reference case, it is assumed a system with total fuel cell and
electrolyser capacity of 2 MW, and the model is tuned to represent state-of-the-art fuel
cell and electrolyser stacks. The developed model considers both steady state and dy-
namic phenomena, and simulations to showcase the features and capabilities of the model
are performed. In addition to development of the model, possible weights and footprints
of the modelled system are discussed.

The main challenge in the development of the model was to obtain data for the given fuel
cell and electrolyser stacks in order to tune the model parameters, and finally validate the
results. Consequently, it was attempted to develop a model relying on the least amount
of empirical parameters which require data for tuning. The outcome of the work will
contribute to research activities which are already performing in the framework of the
HES-OFF research project. Moreover, the work was performed with a broad scope in
order to provide a basis for future modelling activities of PEM systems.
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Sammendrag

For a redusere klimagassutslippene fra petroleumssektoren, er det en etterspgrsel etter a
tilgjengeliggjgre fornybar kraft offshore. I denne konteksten, har et Hybrid energisys-
tem for stabil forsyning av kraft og varme til offshore olje- og gassinstallasjoner (HES-
OFF) blitt foreslatt. Systemet kombinerer kraften fra allerede installerte gassturbiner,
med fornybar kraft fra havvind. En viktig del av HES-OFF-konseptet er et system av
PEM (Polymer Elektrolytt Membran) brenselceller og elektrolysgrer for a handtere den
ustabile kraften fra havvindmgllene.

I dette arbeidet har det blitt utviklet en modell av brenselcellene og elektrolysgrene som
inngar i HES-OFF-konseptet. Cellestablene har blitt modellert ned til enkeltcelleniva,
som komponenter i det storskala PEM-systemet. De resterende stgtte-komponentene i
brenselcelle- og elektrolysgrsystemet er betraktet i enklere former. Dette inkluderer mod-
ellering av en lagringstank for komprimert hydrogengass. Det er antatt at bade brensel-
cellesystemet og elektrolysgrsystemet i HES-OFF-konseptet har samlede kapasiteter pa
2 MW. Modellparameterne er stilt inn for & modellere markedets beste produkter. Mod-
ellen betrakter bade stabile og dynamiske fenomener, og diverse simuleringer har blitt
gjennomfgrt med modellen for & vise modellens funksjoner og egenskaper. I tillegg til
utviklingen av modellen, har det blitt drgftet sannsynlige estimater pa vekt og dimen-
sjoner til HES-OFF-systemet.

Hovedutfordringen ved utviklingen av modellen, var a fa tilgang til ngdvendige opplysninger
om brenselcellene og elektrolysgrene for kunne stille inn modell-parameterne riktig og
videre validere resultatene. Derfor ble det forsgkt a utvikle en modell som avhenger minst
mulig av empiriske parametere som videre krever data for a stilles inn riktig. Resultatet av
arbeidet vil bidra til forskningsaktiviteter som allerede er pabegynt i forskningsprosjektet
HES-OFF. I tillegg ble arbeidet ble utfgrt med et bredt omfang, for a gi et grunnlag for
fremtidig modellering av PEM systemer.
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Chapter 1

Introduction

1.1 Background

The presented work has been conducted within the framework of the ongoing research
project at the Norwegian University of Science and Technology (NTNU) entitled In-
novative Hybrid Energy System for Stable Power and Heat Supply in Offshore Oil &
Gas Installation (HES-OFF). The project is done in collaboration with Lundin Energy
Norway AS and Prototech AS, and the aim is to move a step forward in the quest for
environmental-friendly and cost-effective solutions to supply energy offshore (NTNU,
2020).

Norwegian offshore oil and gas installations are today mainly powered by gas turbines,
which contribute significant greenhouse gas (GHG) emissions from the petroleum sector.
Indeed, this sector was in 2018 accounting for approximately 27% of the total GHG emis-
sions in Norway, where around 67% of these emissions could further be traced backed the
gas turbines (Norwegian Environment Agency, 2020). According to the Norwegian Cli-
mate Change Act, the goal of Norway is to reduce the total GHG emissions with 40%
within 2030 compared to the reference year 1990, and 80-95% within 2050 (Climate
Change Act, 2018). Reducing the emissions from the power supply to offshore installa-
tions can therefore be of crucial significance for Norway in order to reach these goals.

The HES-OFF concept is a hybrid energy system designed to reduce the emissions from
offshore installations and is presented in the simplified schematic in figure 1.1. In addition
to the original gas turbines used in the installations, wind turbines are installed to com-
plement the power supply. To handle the intermittent wind power and provide a stable
supply of renewable power, an energy storage system is also required. Energy storage in
gaseous hydrogen has been selected for this purpose.

Hydrogen is described in Burheim (2017) as the most flexible energy storage medium.
The book explains that energy storage systems using hydrogen can be designed with
power capacities ranging from less than a kW to several MWs. Moreover, hydrogen pos-
sesses an extremely high specific energy (energy stored per unit mass of medium). On the

1
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Energy storage system
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Figure 1.1: Simplified schematic of the HES-OFF system

contrary, the volumetric energy (energy stored per unit volume) at ambient temperature
and pressure is relatively low. However, by means of different processing, the volumetric
energy density of stored hydrogen can be increased to competitive values. These proper-
ties make hydrogen energy storage suitable for the HES-OFF concept, which requires a
high capacity, while weight and footprint are crucial parameters.

In a hydrogen energy storage system, three main functions must be integrated; generation
of hydrogen by use of energy, generation of energy by use of hydrogen and intermediate
storage of the hydrogen. In the HES-OFF system, this is obtained by use of polymer
electrolyte membrane (PEM) water electrolysers and fuel cells, as well as storage tanks
for gaseous hydrogen. In addition to these three main types of components, a set of Bal-
ance of Plant (BoP) components is needed in order to operate the system. The HES-OFF
concept also includes the idea of co-feeding the gas turbines with a certain amount of
the hydrogen produced by the electrolysers. This can further reduce the carbon-footprint
from the offshore installation.

Water electrolysers are devices which can produce hydrogen (H5) and oxygen (O,) from
water (H>0), by use of direct current (DC) electricity. The electric energy is therefore
stored as bond energy in the product molecules. This is obtained in a single step, with-
out any moving parts (Coutanceau et al., 2018). The opposite of electrolysers are fuel
cells, which generate DC electricity by converting hydrogen and oxygen to water (Barbir,
2013). In the HES-OFF system, water electrolysers are employed to generate hydrogen
when there is excess wind power available. On the contrary, fuel cells are used to generate
power from hydrogen and oxygen when the wind turbines are not producing the demanded
power to the offshore installation. In the mediate, hydrogen is stored as compressed gas
in tanks, while the oxygen is released to and supplied from the ambient air. Both electrol-

2



1.2 Work

ysers and fuel cells can be categorised into three main categories: alkaline, solide oxide
(SO) and polymer electrolyte membrane (PEM). Due to a combination of technology ma-
turity, capacity and dimensions, PEM fuel cells and electrolysers have been found as the
most suitable for the HES-OFF system. Therefore, in the remaining parts of this thesis,
the terms fuel cells and electrolysers are interpreted as PEM fuel cells and electrolysers.
Accordingly does hydrogen energy storage system refer to a system of PEM fuel cells and
electrolysers coupled with a hydrogen storage method.

1.2 Work

1.2.1 Purpose and Main Goal

The work on this Master’s thesis is a continuation of a specialisation project conducted
by the undersigned student. In this project, the main focus was on steady state modelling
of fuel cell stacks. The purpose of this Master’s project is to further pave the way in
mathematical modelling of big-size fuel cell and electrolyser systems. The work should
result in the main goal, which is a comprehensive model of the fuel cell and electrolyser
system in the HES-OFF concept. However, through the mentioned specialisation project,
it was identified that modelling of fuel cells and electrolysers is a complex cross of multi-
disciplinary modelling fields. Further, models can be developed in very detailed manners
according to the purpose they aim to fulfill. The developed model in this work is therefore
not intended to be a complete model for a certain purpose. Instead, the model should rep-
resent a basis for further modelling activities and the thesis should showcase the obstacles
one will encounter during modelling of big-size PEM fuel cell and electrolyser systems.

To develop the model, it must first be suggested a simplified design of the real system.
Further, the developed model should be implemented in the Matlab Simulink® program-
ming environment, because it is intended that further developments of the model can be
used for real-time simulations through an OPAL-RT platform. In addition to the math-
ematical modelling, it should be performed a brief weight and footprint analysis of the
modelled system.

1.2.2 Limitation of Scope

During the early stages of the work, it was identified that PEM fuel cells and electrolysers
can be modelled in a variety of approaches. Consequently, the following limitations of
the scope had to be applied for the modelling activity.

The main focus of the modelling activity is on the PEM fuel cell and electrolyser stacks
in the HES-OFF concept. The remaining Balance of Plant components and hydrogen
storage are considered by means of simpler equations. In the open literature, it can be
found several different approaches for modelling of fuel cell and electrolyser systems.
Gao et al. (2012) claim that the models generally can be characterised by means of five

3



Chapter 1. Introduction

sub-categories; spatial dimensions, temporal behavior, the types of equations applied,
modelled area and modelled phenomena. This is depicted in figure 1.2 and it is marked
in red and green which characteristics are considered in this work.

According to figure 1.2, this work will consider the fuel cells and electrolysers on stack
level and down to single cell level (this will be explained in chapter 2). Both steady state
and dynamic behaviours will be evaluated. For steady state, electrochemical phenomena
will be modelled by means of OD-parameters, for which it was identified in the special-
ization project that analytical and semi-empirical equations typically are available. For
dynamic states, both the electrochemical, fluidic and thermal domain will be analysed by
means of zero, one and pseudo two dimensions, where the usage of pseudo two dimen-
sions imply approximation of 2D phenomena by use of 1D equations. It is expected that
also empirical equations must be applied to obtain the dynamic modelling.

Spatial Temporal Type of Modelled
. . . . Model areas
dimensions behavior equations phenomena
Fm==2=22222222cooy R ———— :-::::::::::::::::::I-: e il [
ii P H i i ii Electrical i}
i 0D Static ! #  Analytical ! i ﬁ Stack ii tH! (electrochemical) il
i P o i il domain i
| LSTTTETToeeeeen | T I e "
] HEH o(h o i
1 1 b 1
! P I i |
1 1
fH 1D/Pseudo 2D Dynamic i :rlL Semi-empirical i H 1:1» Single cell " J:ﬁ Fluidic domain |!
: H H H : H i 1 1
Lt e i: --------------- g i ii::::::: _______________ _: i i i
1 1 H 1
i | : i
! 2D :F Empirical i — Individual layer i1 Thermal domain i
1 1 1
S SN |
L s3p | mmmmme—- Steady state model || Individual layer
phenomena
———————— Dynamic model

Figure 1.2: Model classification chart. Drawn on the basis of the classification in Gao et al.
(2012).

1.2.3 Objectives
To achieve the thesis goals, the following objectives for the work have been identified:

1. Perform a comprehensive literature review on gaseous hydrogen energy storage
systems comprising PEM fuel cells and electrolysers

2. Search for relevant developed models implemented in the Matlab Simulink® envi-
ronment and investigate the opportunity for adapting the models according to the
needs in this modelling activity

3. Suggest a simplified design of the HES-OFF hydrogen energy storage system
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4. Create a model of the suggested HES-OFF hydrogen energy storage system and
implement it in the Matlab Simulink® environment

5. Apply the model to perform simulations showcasing the features and capabilities of
the model

6. Perform a brief weight and footprint analysis of the suggested system

1.2.4 Research Approach

To approach the research field, the following activities have been conducted:

* Literature reviews to get insight in the industry

* Close collaboration with co-supervisor Postdoctoral Fellow Marcin Pilarczyk from
the beginning of the specialization project and to the deadline of the Master’s thesis.
Additionally, there have been frequent meetings with supervisor Associate Profes-
sor Lars O. Nord

* Participation in HES-OFF meetings, including:

— Internal meetings with the representatives from NTNU

— Meeting at the office of Lundin, where both NTNU and Prototech was repre-
sented. Here, this Master’s work was shortly presented

— Meeting at the office of Prototech, where Prototech supervised the work as an
expert on PEM fuel cells

* Participation in group meetings in the research group of supervisor Associate Pro-
fessor Lars O. Nord

* Participation in the Team Hydrogen NTNU annual workshop, where the work was
presented in a poster session

1.2.5 Contribution

Through the individual work with this thesis, and through discussions with the HES-OFF
team, it has been identified that it is difficult to model fuel cells and electrolysers as sys-
tem components by adapting developed models from other research. The research field
is characterised by extensive use of semi-empirical and empirical approaches, and sev-
eral of these may be more detailed than what is needed. By use of these correlations, it
is consequently required abundant access to experimental data for tuning of parameters.
Unfortunately, through the meetings with the industry partners of the HES-OFF system,
it has also been discussed that the manufacturers within the field are generally very cau-
tious with providing information about their products. Therefore, it is desirable to employ
correlations requiring the least amount of unconventional empirical parameters. Thus far,
it has not been found any books or previous research suggesting sufficient models of fuel
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cell and electrolyser systems which can easily be adapted to an arbitrary system.

This work attempts to contribute to the research field by paving the way in modelling of
fuel cell and electrolyser stacks as system components by means easy adaptable corre-
lations. This is obtained by gathering the most conventional correlations from previous
research and combining these to a model representing the hydrogen energy storage sys-
tem in the HES-OFF concept. The ambition is further that this will be fruitful information
to the participants in the HES-OFF project and contribute in their quest for providing re-
newable power offshore.

1.3 Organisation of Thesis

The thesis is organised in five chapters, including this introduction. The second chapter
presents the results of the literature review performed on hydrogen energy storage sys-
tems. This describes important principles of such systems and attempts to suggest how
the system components can be modelled. Further, Chapter 3 presents the developed model
of the HES-OFF energy storage system system. It is here presented a suggested design
of the system and the methods for modelling this. The results of this work is largely the
developed model. Therefore, this model is showcased by means of different simulation
outputs in chapter 4 which are discussed consecutively in the text. In addition, some other
results of the work are presented and discussed. In chapter 5, conclusions of the work are
presented before the thesis is ended with a set of suggestions for further work within the
modelling of the HES-OFF system.




Chapter 2

Introduction to Hydrogen Energy Storage

2.1 Fuel Cells

2.1.1 General Principles of Fuel Cells

The basic principles of a fuel cell is described in the first chapter of O’Hayre et al. (2016).
A fuel cell is a device that consumes a certain fuel and produces electricity. Several fuels
can be used to produce electricity in such devices, among these is gaseous hydrogen,
Hj(g). The electricity is produced in a hydrogen fuel cell by letting hydrogen react with
oxygen and form into water. This can be described by the following reaction:

1

There are several different techniques to make the fundamental reactions and mechanisms
to occur in a fuel cell. The different techniques used, also set the framework for the
classification of the fuel cells. In the HES-OFF project, fuel cells classified as polymer
electrolyte membrane (PEM) fuel cells are integrated. The remaining parts of this report
will therefore focus on PEM fuel cells.

2.1.2 Polymer Electrolyte Membrane Fuel Cells (PEMFC)

In PEM fuel cells, reaction 2.1 is divided into two separate half reactions. These are
termed the hydrogen oxidation reaction (HOR) and the oxygen reduction reaction (ORR),
and can respectively be expressed as follows:

Hy, =2H" 4 2¢~ (2.2)

1
502 +2 H* +2e” = H2O (2.3)

As equation (2.2) shows, the HOR produces electrons (e ™) and protons (H"). These same
electrons and protons are further consumed in the ORR (2.3). By spatially separating
these two half reactions, there must therefore be a flow of electrons and protons between
the locations where the half reactions occur. Furthermore, if the electrons and protons are
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forced to travel in two distinct routes (conductors), there will be a net flow of protons and
a net flow of electrons. This is achieved in PEM fuel cells by forcing the protons through
an electrolyte membrane only capable of carrying charged atoms, while the electrons
are forced through a wire. This net flow of electrons through the wire is what is seen
as the electrical current, I, produced by the fuel cell. Within the fuel cell subject, this
current is often normalized by the cell active area, A..;;, which is the surface area of the
electrode/electrolyte interface where the fuel cell reactions take place (O’Hayre et al.,
2016). This yields the current density:

I
Acell
Based on the descriptions in the first chapter of O’Hayre et al. (2016), figure 2.1 shows
the principles of a simplified PEM fuel cell. The HOR (2.2) and ORR (2.3) occur at the

surface of two different electrodes named the anode and cathode. The electrodes are spa-
tially separated by a polymer electrolyte membrane and coupled together with a wire.

(2.4)

1 =

et ve

< Air

+
HZ—> L» —H> 4&
Hzo -
Electrode Electrode
(anode) (cathode)

Electrolyte membrane

Figure 2.1: Simplified sketch of a PEM fuel cell
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The electrodes are further built up by two layers, named the catalyst layer and the gas
diffusion layer (GDL) (see figure 2.2). The HOR (2.2) and ORR (2.3) are actually tak-
ing place on the surfaces of the catalyst layers. In PEM fuel cells these are made of
nobel materials, commonly platinum. The gas diffusion layers are supporting structures
with the purpose of reinforcing the structure and allow easy gas access to the catalysts.
They also improve the electrical conductivity. The electrolyte membrane between the
electrodes is usually made of Nafion, which is the more popular name of Persulfonated
polytetrafluoroethylene (PTFE). This is a thin film, which possesses an extremely high
proton conductivity. The total sandwich structure consisting of the membrane electrolyte
film, catalyst layers and gas diffusion layers is often referred to as the membrane electrode
assembly (MEA).

To obtain the desired outputs from a fuel cell system, single cells are commonly con-
nected in series of several cells, referred to as fuel cell stacks. This is depicted in figure
2.3 (redrawn from a figure in Larminie and Dicks (2003)). In such systems, several MEAs
are interconnected by so-called bipolar plates. These plates serve as electron conductors
between the MEAs. They are therefore often made of a material with good electric con-
ductivity, such as graphite or a metal (Larminie and Dicks, 2003). In addition, they have
patterns on the surfaces, termed flow channels, guiding the gas flows to the electrode sur-
faces. Note that in the stacks, the electrons do not flow from the anode to the cathode
electrode in the same MEA, but rather to the cathode in the MEA on the opposite side of
the adjacent bipolar plate.

Electrode Electrode

l—l—l l—l—l

Where the Where the
HOR takes ORR takes
place place

/ /N

Gas diffusion  Catalyst Catalyst layer Gas diffusion
layer (GDL) layer layer (GDL)
(a) Anode electrode (b) Cathode electrode

Figure 2.2: Electrode structure. HOR and ORR refer to the hydrogen oxidation reaction and the
oxygen reduction reaction, respectively
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External load _

~ \ >H,0

Anode  Membrane Cathode  Bipolar Flow
electrode electrode plate channel

Figure 2.3: Simplified sketch of a 3 cell fuel cell stack

2.1.3 Ideal Energy Output of Fuel Cells

By analysing the thermodynamics of a fuel cell, the maximum energy that a fuel cell can
deliver as electricity can be determined. The following section will outline the thermody-
namics of a fuel cell, and is based on the second chapter of O’Hayre et al. (2016).

The energy that will be released when the overall chemical reaction (2.1) occurs in a fuel
cell, is the enthalpy difference between the products and the reactants, AH. The sec-
ond law of thermodynamics further states that some of this energy, even under reversible
operation, must be released as heat due to an entropy change between the products and
the reactants. This heat release, referred to as the reversible heat release, will have a
magnitude of:

Qrev =TAS (25)

where T is the system boundary temperature and A S is the entropy change between the
products and reactants. The remaining energy which can be converted into electrical
energy, is therefore:
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2.1 Fuel Cells

AG = AH — TAS (2.6)
~ ~ S~~~
max electrical energy energy released  heat released

where AG is often referred to as the Gibbs free energy. For standard conditions and on a
per mole basis, the Gibbs free energy, denoted Ag°, can be calculated by equation (2.6)
using tabulated values. The standard conditions are taken as a temperature of 298.15K
and a pressure of 1 bar. However, for different conditions, the Gibbs free energy will
change due to changes of the chemical activities of the products and reactants in the fuel
cell. For a general chemical reaction, the Gibbs free energy is given by:

v
H aproducts

v
H a’reactants

A§ = AG’ + RT In( ) (2.7)

where a;cqctants and progucts are the activities of the products and reactants at the surface

of the catalyts layers. v; is the corresponding stoichiometric coefficient of each species.
For a PEM fuel cell, the Gibbs free energy is therefore given by:

A§ = A§® + RT In( “HQf/Q) (2.8)
aH2a02

where ap,0, ay, and ap,y are the chemical activities of H,O, H, and O, where the re-
spective half reactions take place. This is the maximum electrical energy that a fuel cell
can produce when 1 mole of H is consumed.

2.1.4 Voltage and Losses at Steady State

O’Hayre et al. (2016) give the following correlation between the Gibbs free energy and
the ideal voltage of a fuel cell:

Aj=-nFE (2.9)

where n is the number of electrons transferred in the reacion, F is Faraday’s constant and
E is the ideal voltage of the fuel cell. Combining equation (2.8) and (2.9) therefore yields:

1/2
RT :
F—E+ Ly (aH %2) (2.10)
nkF aAH,0

Equation (2.10) is known as the Nernst’s equation for a PEM fuel cell, and gives the ideal
voltage that a fuel cell can deliver at the given conditions. E is often referred to as the
Nernst voltage (Fnernst), and is the voltage in the fuel cell if there are no losses present.
This voltage will also be obtained when the fuel cell is connected in an open circuit, and is
therefore frequently also termed the open circuit voltage, Focy. However, the activities
comprised in equation 2.10 can often be difficult to determine, as these are the activities
of the substances at the catalyst layers. Because the substances have to diffuse through
the electrodes to reach the catalyst layers, these activities are not the same as the activities
of the inlet and outlet streams of the fuel cell stack. Therefore, equation 2.10 often occurs
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in different modified configurations (Larminie and Dicks, 2003; Nehrir and Wang, 2009).
The following approach is presented in the book by Spiegel (2008):

Enernst = ——F — ——% 1/2 (2.11)

A!fo RT In ( Psat,HgO )
nkF nF P, - PO,

Psat, m,0 1s the saturation pressure of water at the operating temperature, and pg, and po,
are the partial pressures of hydrogen and oxygen at the catalyst layers. These parameters
are further approximated by the following correlations:

1og1g Psat.tr,0 = —2.179440.02953 - T — 9.1837-10° - T2 4+ 1.4454- 1077 - T2 (2.12)

Py
P, = 0.5 | — 2 — Poy 0 (2.13)
: <exp (L) e
Pair
P0s = — 1109y — Fsat,H,0 (2.14)
© o exp (Faa) b

Tc is here the temperature given in Celsius (°C'), while Py, and P,;, are the absolute
pressures of hydrogen and air at the stack inlet, given in atmospheres (atm).

Further, for non-idealized real conditions, there will especially be three significant losses
present in a fuel cell. These three losses are described in chapter 3, 4 and 5 of O’Hayre
et al. (2016), and are entitled the activation losses (V,.;), ohmic losses (V,mic) and con-
centration losses (V.,,.). The real output voltage of an operating fuel cell is therefore:

VFC - ENernst - V;zct - ‘/ohmic - VrconC (215)

Activation losses

As the name explains, the activation losses are related to the activation of chemical reac-
tions, and a description can be found in O’Hayre et al. (2016) chapter 3. In a fuel cell,
the cell potentials at the anode and the cathode must be reduced in order for the overall
reaction (2.1) to occur. This reaction is an equilibrium reaction, which means it can be
separated into a forward and a reverse reaction. Because of the reduction in cell potentials
at the anode and cathode, the activation energies of these reactions will be changed. This
is affecting the net electric current density, which can be described by the Butler-Volmer

equation:
. . anFVgct —(1—)nFVqet
— ZO(@ RT — ¢ RT

) (2.16)

Here, o 1s a dimensionless charge transfer coefficient (often assumed to be 0.5 in the
literature), F' is Faraday’s constant, 12 is the universal gas constant and 7' is the cell
temperature. %, is the exchange current density, which is the current density obtained at
equilibrium. V., is the mentioned potential/voltage drop, which occurs as a loss for the
overall fuel cell voltage. The first term of (2.16) represents the forward reaction rate,
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while the second term represents the reverse reaction rate. In a system with high voltage
losses, the last term of equation (2.16) can be neglected, and the equation reduces to:

anF'Vg et

i = 1ge BT (2.17)
By solving this for V., we obtain an expression for the activation losses of the fuel cell:

BTy (2.18)

Vact = :
ank i

Larminie and Dicks (2003) further state that the activation losses depend on the speed of
the chemical reactions, and equation 2.18 may therefore occur in different configurations
to fit a specific fuel cell.

It must be emphasised that equation 2.18 is only valid for 7 > ¢, otherwise the activation
losses will occur as voltage gains and not losses. It can also be observed that these losses
will tend to be constant for high current densities, i.e. the variations in activation losses
will only be of importance for low current densities. This will be treated further in chapter
2.1.5, which is about interpretation of fuel cell voltage curves.

Ohmic losses

The principle of ohmic losses is outlined in O’Hayre et al. (2016) chapter 4, and sum-
marised in the following. As already mentioned in chapter 2.1.1, one of the general
principles of hydrogen fuel cells is that the electrons (¢~) and protons (H ™) are trans-
ported between two spatially separated locations in two different ways. However, in all
real conductors there will be an intrinsic resistance to charge flow. In the transportation of
the electrons and protons, the particles will therefore be affected by this resistance. This
will occur as a voltage loss over the length of the conductors. The total voltage losses
accounted for by the transportation of both electrons and protons are often referred to as
the ohmic losses, and are given by:

Vohmic = T ohmic (2.19)

where 7, [Ohm - cm?] is called the area specific ohmic resistance and is constant for a
given fuel cell. r,pm;. 1s often independent of the current density. The ohmic losses have
therefore a linear relationship with the current density, which will be further discussed in
chapter 2.1.5.

The ohmic resistance is however very dependent on the water content in the fuel cell, as
water 1s very central in the mechanism of proton transportation in the Nafion membrane.
The water content is commonly quantified by the relative humidity, often referred to as
the RH value. This is defined as:

Pw
Psat

RH =

(2.20)
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where p,, is the partial pressure of water vapor in the system, and p,,, is the saturation
pressure of water at the system temperature. The resistance to charge flow is also strongly
interrelated to the proton travelling distance (membrane thickness, [,,,) and cell tempera-
ture. A quite frequently used empirical correlation which expresses these dependencies is
also presented in O’Hayre et al. (2016):

-
Tohmic = (221)

(0.005139 - A, + 0.00326) - ¢'267(st5~7)
where )\, is a parameter representing the water content in the membrane. Note that [,,
must here have the unit [c¢m] to obtain 7. in [Q2-cm?]. )\, can further be approximated
by:

B {0.043 +17.18RH — 39.85RH* + 36.0RH?, for0 < RH < 1. (2.22)

14 + 4(RH — 1), forl < RH <3

The value of )\, is plotted for relative humidity between 0 and 100% in figure 2.4. The
figure shows that 100% relative humidity corresponds to A, around 13-14. At lower
RH-values, the hydration parameter will decrease significantly, and therefore increase the
ohmic resistance (equation 2.21) severely.

T
1

12

10 - .

RH

Figure 2.4: Relative humidity versus the hydration parameter \,,. Redrawn from O’Hayre et al.
(2016).
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Concentration/mass transport losses

It can be shown that changes in concentrations of the chemical species at the surface of
the catalyst layers will affect both the reversible fuel cell voltage (£ yens:) and the acti-
vation losses (V). The joint losses which are caused due to these concentration changes
are referred to as the concentration losses, V,,,... As the concentrations at the electrodes
in a fuel cell are related to mass transport mechanisms, these losses are also commonly
named mass transport losses. A description of the losses can be found in O’Hayre et al.
(2016) chapter 5, and is outlined below.

To determine the concentration losses, it is crucial to understand the parameter named
the limiting current density, 7. This is defined as the current density that will make the
reactants concentrations tend toward zero and is therefore the maximum current density
which can appear in a fuel cell. Theoretically, there would be two ways of calculating the
limiting current density, as there are two different reactant concentrations that can tend to
zero. However, since O, diffuses more slowly than H,, the limiting current density will
be determined based on the O, present in the fuel cell.

If both the changes in reversible fuel cell voltage and activation losses are accounted for,
the theoretical total concentration losses can be calculated by:

RT 1 L
‘/conc: — (1 —) In(- ; 2.23
nF( +a) n(zL—z) 2.23)

However, it is stated in O’Hayre et al. (2016) that the real concentration losses are often
larger than the theoretical losses calculated by equation 2.23. Adjustments to the equa-
tion may therefore be done to obtain the correct concentration losses, e.g. by reducing
the value of « from the conventional value of 0.5. Eventually could other semi-empirical
equations be used.

It can be observed from equation (2.23) that the concentration losses become increasingly
significant for larger current densities. In fact, the concentration losses tend towards in-
finity when ¢ tend towards the maximum obtainable current density, 7;,. This effect will
be subject to further discussion in chapter 2.1.5.

2.1.5 Graphical Presentation

The total cell voltage of a typical fuel cell is plotted against the current density in fig-
ure 2.5. This voltage is the Nernst voltage, minus the three significant losses outlined in
section 2.1.4, in accordance to equation 2.15. Such plots are commonly entitled polar-
ization curves, and are useful as they allow to compare performances of different stacks.
Additionally, the different losses described in chapter 2.1.4 are plotted in the same figure.
It can be observed how the different losses vary differently with the current density, .
While the activation losses only vary significantly for small current densities, do the con-
centration losses vary mostly for large current densities. However, the ohmic losses have
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a linear relationship to the current density. The three distinct regions (activation-, ohmic-
and concentration region) are therefore named after which type of losses contribute most
to the variation of total voltage in the region.

1.3

-0.1
1.25 -0.05
1.2 0
= 1.15 0.05
(o)
= 1.1 0.1 E
S 193
S 105 015 @
= 199}
8 3
— 1 |
o) 0.2
T
0.95
Total voltage 0-25
0.9 | |— — — Nernst voltage
o 0.3
Activation losses
= = = Ohmic|
0.85 Ohmic losses 0.35

Concentration/mass transfer losses

0.8
0 0.2 0.4 0.6 0.8 1

Current density [A/cm2]

Figure 2.5: Example of a polarization curve including losses for a fuel cell

2.1.6 Fuel Cell Dynamics

For certain applications, fuel cells have to be operated under dynamic conditions. The
equations outlined thus far in the thesis presuppose that the fuel cells are operated under
steady states. For stationary power production where the load is relatively stable, this
may be a valid assumption. On the contrary, for example in automotive applications
where the load have to be continuously adjusted according to the driving pattern, the fuel
cells are operated under dynamic states. Regarding the HES-OFF system, it is likely
that the fuel cells frequently have to be operated under dynamic states, because the load
have to be adjusted according to both the power demand from the offshore installation
and the intermittent wind power. When a fuel cell is exposed to dynamic conditions, the
voltage might deviate from what should be expected from the steady state polarization
curves. O’Hayre et al. (2016) explains that this is due to several subtle reasons, such as
the slowness of temperature changes or mass transport. The following section will outline
a few dynamic behaviours for fuel cells which are described in the literature.
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Mass Transport Delay

Fuel cells have to be fed with the right amount of hydrogen and air in order to maintain
the desired pressures of the gases. When fuel cells are exposed to abrupt changes, there
will due to the inertia of the gas flows take a certain time before the gas pressures are
reestablished. This delay in mass transport will therefore affect the fuel cell performance.
A description of this phenomenon can be found in Nehrir and Wang (2009) chapter 3, and
i1s summarised below.

On a per mole basis, mass balance of a given substance for a given control volume can be
written as:

dN ) ) )
- Z N Z Ne + Ngenerated - Nconsumed (224)

where Ny is the total amount of moles of the substance within the control volume, N
and N, are the mole flow rates of the substance in and out of the control volume, and
Ngenemted and Nconsumed are the amounts of the substance which are generated and con-
sumed in chemical reactions within the control volume. If the ideal gas law and Faraday’s
law is applied, the mass balances of hydrogen and oxygen can be written for the anode
and cathode volumes, V, and V., as follows:

‘/:1 de2 : . [

= Nyyin — Nityout — — 2.25
RT dt Ha, Haout = 5 (2:25)
‘/C dez : . [

Oa,in — NOQ,out - (226)

RT dt 4F
where py, and po, are the partial pressures of the hydrogen and oxygen respectively.
From this, it follows that under steady state, the net flow of reactant species will be similar
to the consumed amount, such that:

I

NHg,net = NHg,in - NHg,out = ﬁ (227)
NOg,net = NOQ,in - NOg,out = E (228)

However, under transient state where the current is changed rapidly, there will be a delay
between the net supply rate and consumption rate of species. Nehrir and Wang (2009)
propose that this phenomenon can be modelled as first order time delay, such that:

dNpymer 1
et . © N 2.2
Ta dt 2F Ho,net ( 9)
dNoynet I
G ¥Oanet _ °__ |, 2.
Te dt AF Og,net ( 30)

T, and 7, are referred to as the time constants for the gas flows into the anode and the cath-
ode. These determine the time it will take for the flow rates to adjust to the changes. For
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systems reacting slow to changes, the time constants will be large, while for fast systems
the time constants will be small.

Unfortunately, the time constants above can be difficult to procure. It may therefore be
more convenient to consider the joint effect of these time delays on the output voltage.
Nehrir and Wang (2009) suggest an empirical approach to this. The book models the
effect as a time dependant voltage drop per cell which is given by the following equation:

Vi=A (I —T®e ™) (2.31)

where A, [(2] is an empirical constant and 7, is the overall time constant of the gas flows.
e and 7, must therefore be found empirically by fitting the modelled voltage curves with
experimental data. The last term of equation 2.31 is the convolution of the current and a
first order time lag representing the delay. Therefore, by virtue of the definition of first
order time delays, 7. is approximately 25% of the overall response time of the gas flows.
Equation 2.31 can be easier to understand when it is converted into the Laplace domain:

1
Va= Al (1 . 1) (2.32)
In the Laplace domain, s— oo corresponds to t—0 in the time domain, and oppositely for
s— 0. It can therefore be interpreted from equation 2.32, that the voltage drop will be of
magnitude \./ immediately after current changes are applied and diminish towards zero
as time tends to infinity. Because the voltage drop, V;;, does not depend on the current, it
is added as a subtraction to the open circuit voltage, such that the open circuit voltage is:

1
EOCV = ENernst - V;l = ENernst - >\el (1 - ) (233)
7.5+ 1

Charge Double Layer Effect

The charge double layer effect plays an important role in the dynamic behaviour of fuel
cells. The phenomenon of electrical double layers is known to occur whenever two differ-
ent materials are in contact. Larminie and Dicks (2003) state that this is a very complex
phenomenon which several books have been written to explain. It is also difficult to find
good approaches in the open literature for how charge double layers affect fuel cells.
A suggested approach by Larminie and Dicks (2003) is reviewed in the following para-
graphs.

As described in section 2.1.1, electrons in a fuel cell will flow from the anode through
an external load, and collect at the surface of the cathode electrode. The protons will
flow through the electrolyte membrane towards the cathode electrode. At the interface
between the cathode electrode and the membrane, there will therefore be two charged
layers meeting with opposite polarity as showed in figure 2.6. Such layers can store
energy and behave much like electrical capacitors. The capacitance of such a capacitor is
given by:
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A
C=e— 2.34
o (2.34)
where € is the electrical permittivity, A is the surface area of the layer and d is the dis-
tance between the layers. As the separation between the layers is typically in the order of
nanometers, and the surface area of the layers is much bigger, the capacitance is normally
very large. Commonly, the magnitude of the capacitance can be up to few Farads, which

is considered to be a quite high capacitance value.

Protons, H*

"

Membrane

Electrons, e

Anode electrode

Figure 2.6: The charge double layer at the interface between the membrane and cathode electrode

Most literature describing the phenomenon, suggest that the double layer charge effect
can be modelled by use of equivalent electrical circuits, with the charge double layer rep-
resented by an electrical capacitor. However, the presented models vary slightly. Larminie
and Dicks (2003) propose that the double layer effect will affect the activation losses in
the fuel cell. As it is described in section 2.1.4, the activation losses are voltage changes
at the electrodes which must exist in order to drive the fuel cell reaction. The build-up of
charges at the double layer will generate an electrical voltage, and therefore change the
voltage at the electrodes. Indeed, Larminie and Dicks (2003) claim that the double layer
is the actual source of the activation losses, and that double layers are therefore neces-
sary in order for the fuel cell reaction to occur. It is suggested an equivalent electrical
circuit representing this effect, which is redrawn in figure 2.7a. In this model, R,pnic 18
the ohmic resistance [(2], while R, is the equivalent resistance associated with activation
losses, such that:
V:zct

1

The current drawn by the capacitor and the voltage over the parallel circuit in figure 2.7a
are given by the following equations:

Ract = (235)

dv
I=0— 2.
C I (2.36)
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AT
Vo = (1 — Od—f) Rou (2.37)

The overall dynamic voltage is therefore given by:

Vour = Eocv — Ve — Vohmic (2.38)

Note that the concentration losses are not included in this electrical circuit. This is prob-
ably because it is stated in the same book that concentration losses can be neglected in
many cases.

Another book that suggests a modelling approach for the charge double layer effect, is
Nehrir and Wang (2009). It is here claimed that the double layers also will affect the
concentration losses in the fuel cells. The argument for this is that the potential in the
double layers will affect the reaction rates, which will further affect the concentrations of
the species in the fuel cells. The expression for the activation losses are also modified in
the model. The activation losses are split into a sum of V1 and V. 2, where Vi 1 is
only dependent on temperature and V. » dependent on both temperature and current. It
is assumed that only V. » will be affected by the double layers. The equivalent electrical
circuit for this approach is shown in figure 2.7b. The activation losses are here given
semi-empirically by:

Vo =10+ (T —298) -a+ T bIn 1 (2.39)
Vact,l Vact,2

In this equation, 7, a and b are empirical constants which must be tuned to match each
specific fuel cell polarization curve. The voltage over the parallel circuit in figure 2.7b is
given by the following equation:

VC = (I - C%) (Ract,Q + Rconc) (240)

dt
where R, and R, 2 again are the resistances associated with the concentration losses
and the second activation losses (V. 2). The overall dynamic voltage of the fuel cell can
therefore be calculated by:

V;mt =F— Vact,l - VC - ‘/ohmic (241)

It can be understood from equation 2.40 and 2.41 that the capacitor will have a delay
effect on the fuel cell voltage when the fuel cell is exposed to current variations. If the
current, I, is increased, the subtracting term V- in 2.41 will also increase and decrease the
overall voltage. However, the derivative of the voltage in equation 2.40 will always be of
different sign than the current and therefore counteract and reduce the effect of current
changes. The same damping effect will occur when the current is decreased.
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Figure 2.7: Equivalent electrical circuits describing the charge double layer effect, presented by
(a) Larminie and Dicks (2003) and (b) Nehrir and Wang (2009)

Temperature Changes

Several of the equations listed so far in this text have show that fuel cell performance
depends on the temperature. As it will be further outlined in section 2.1.8, fuel cells will
under operation produce waste heat which varies with the loading. Further, the materials
in fuel cells and eventual cooling equipment will in reality also have a certain thermal
inertia, such that the temperature in fuel cells will in operation in dynamic environments
most probably not remain constant. Some works have attempted to make a thermal sub-
model accounting for these variations (Nehrir and Wang, 2009; del Real et al., 2007).
Typically, this is obtained by applying a heat balance for the entire fuel cell stack, which
calculates the temperature. However, depending on how the modelling is performed, this
generally requires considerably more information about the stacks (e.g. materials, cool-
ing medium, component dimensions etc.). A thermal model accounting for temperature
changes is therefore considered beyond the scope for this work, and all temperatures are
assumed to be constant.

2.1.7 Fuel Cell Efficiency

O’Hayre et al. (2016) suggest several ways of how to define the efficiency of a fuel cell.
However, an easy definition of the efficiency of a fuel cell is the ratio between the usable
energy produced and the total energy released when the fuel is consumed. Barbir (2013)
present in chapter 3 a derivation of such an efficiency. The total fuel cell efficiency is
divided into two different efficiencies, such that:
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Nrc = NFc,v * NFC,F (2.42)

where nrc v and npc  are referred to as the voltage and current efficiency, respectively.

Voltage Efficiency

The voltage efficiency is defined as the ratio between the usable electric energy produced
by the fuel cell and the total energy released in the fuel cell. The electric power output
from a fuel cell is given by:

Prpe = IVie (2.43)

Further, the molar consumption of hydrogen in a fuel cell is determined by Faraday’s law

of electrolysis:
1

T nF
Because the molar quantity of energy released in a fuel cell is the reaction enthalpy, Ah
[J/mol], the total energy release rate in a fuel cell is given by:

(2.44)

~ 1
Piotai,rc = Ah— (2.45)
nk

This yields the voltage efficiency of a fuel cell:

Pre _ IVpe _ Vic
Frotal,rc Aﬁ# Ah/nF

Nrc,y = (2.46)

However, which values of the reaction enthalpy should be used, is a subject of discussion.
If the product water is in a liquid state, the reaction enthalpy will have a higher value
than if the water is in vapor state. These two reaction ethalpies can be referred to as the
higher and lower heating value (HHV and LHV). Accordingly, two different efficiencies
are defined based on each of the reaction enthalpies.

Vre
- 2.47
NFC,V,HHV HHV/nF ( )
Vrc
= — 2.4
NrFCv,LHV LHV/nF (2.48)

Current Efficiency

In real fuel cells, some gaseous hydrogen and oxygen will diffuse through the Nafion
membrane and not take part in the fuel cell reaction. This cross-permeation of gases will
contribute to a decrease in the total fuel cell efficiency. In addition, there will be some
internal currents in a fuel cell contributing to losses. The joint effect of these two losses is
represented by the current efficiency, also known as the Faradaic efficiency. Barbir (2013)
suggests the following definition of the current efficiency:
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l

{ + Z‘loss

Nrc,r = (2.49)

where 7,55 1s the current loss associated with the cross-permeation of gases and internal
currents (Faradaic losses). This number has shown to be quite difficult to procure for
individual fuel cell stack. However, it is further stated in Barbir (2013) that the these
losses are typically very low (order of few mA/cm?) and are therefore only significant
for very low current densities. During modelling of stacks, one should therefore be aware
of the Faradaic losses, however one could in many applications neglect the contribution.

2.1.8 Waste Heat

In the previous sections, it has been presented how the reaction enthalphy of the fuel cell
reaction (2.1) is transformed to electric power. This process is graphically illustrated in
figure 2.8. Due to the reversible heat and different voltage losses, the waste heat release
from a fuel cell is:

Qwasteheat = Ptotal,FC - PFC’ (250)

where P, rc has previously been defined as the total energy release from the fuel cell,
and Ppc is the electric power output. By use of this, it is derived in Larminie and Dicks
(2003) a simple equation for calculating the waste heat as a function of the voltage effi-
ciency:

- 1
Qwasteheat = Prc ( - 1) (251)

nro,v

It was mentioned in section 2.1.7, that the voltage efficiency depends on the state of the
product water, because this affects the reaction enthalpy change. Equation 2.51 therefore
shows that the waste heat will also change according to the final state of the outlet water
from the fuel cell. It must further be emphasized that equation 2.51 is the waste heat
produced in the fuel cell reaction. As mentioned in section 2.1.6, there will be a certain
thermal inertia in fuel cell stacks, and the instantaneous heat release from a fuel cell stack
may therefore be different than the waste heat produced.
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Figure 2.8: Graphical representation of energy conversion in fuel cells

2.2 Water Electrolysers

2.2.1 Introduction paragraph

A water electrolyser is a device that can produce hydrogen from water, by the use of
electric energy. In an energy storage system where hydrogen is the energy carrier, the
hydrogen could be produced in a variety of methods depending on the form of energy
supplied by the energy source . For instance, if the energy source provides high tempera-
ture thermal energy, the hydrogen could be generated by thermolysis. Moreover, to store
the energy from sunlight, hydrogen could potentially be produced by photoelectrolysis
(Dincer and Acar, 2014). In the HES-OFF system, where the energy input is assumed
to be solely electric energy, electrolysis is therefore chosen as the method of producing
hydrogen.

Simplified, a water electrolyser can be considered as a reversed hydrogen fuel cell. Instead
of producing energy by consuming hydrogen, the electrolyser produces hydrogen from
water by consuming energy. The overall chemical reaction of a water electrolyser can
therefore be written as:

1

Coutanceau et al. (2018) give a brief description of water electrolysers. Water electroly-
sers consist of the same fundamental components as the hydrogen fuel cells, namely two
electrodes coupled together with an electrical conductor and separated by an electrolyte.
Similar to fuel cells, electrolysers are classified according to which electrolyte is applied.
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The three most common types are alkaline, polymer electrolyte membrane (PEM) and
solid oxide (SO) electrolysers. Buttler and Spliethoff conducted in 2018 a study to inves-
tigate the current status of these three technologies. The alkaline electrolyser technology
was found to be the most mature technology, reflected by the fact that these electrolysers
have been commercially available for more than a century. Alkaline electrolysers exhibit
the lowest specific investment and maintenance costs, and can offer the largest production
capacities ranging up to several MWs per stack. Yet, the PEM electrolyser technology is
under increasing development and several commercial stacks are now in the MW scale.
PEM electrolysers commonly possess a more compact design and higher flexibility than
alkaline electrolysers. However, this technology is generally more expensive than the
alkaline technology, much due to the need of noble catalysts in PEM electrolysers. SO
electrolysers are still not commercially realized, but are expected to feature higher effi-
ciencies than the other technologies. In the framework of the HES-OFF project, weight
and footprint of the electrolysers are of crucial importance, which is one of the reasons
why PEM electrolysers are expected to be the best alternative for this application. The
remaining parts of this thesis will therefore focus on PEM electrolysers.

2.2.2 PEM Water Electrolysers

Not surprisingly, the essential physical design of PEM electrolysers are very similar to
PEM fuel cells. Indeed, Gorgiin (2006) claims that PEM electrolysers can be converted to
fuel cells with only small alterations. Based on a drawing found in Grigoriev et al. (2006),
figure 2.9 shows the principle of an electrolyser cell. The sandwich structure constituted
by the electrodes and the membrane is again commonly known as the membrane electrode
assembly (MEA) and is illustrated in figure 2.10. Carmo et al. reported in their study of
current electrolyser technology in 2013, that similar membrane materials as for PEM fuel
cells (commonly Nafion) is normally applied in PEM electrolysers. However, different
materials are often used in the electrolyser electrodes. While platinum is the most used
material for the cathode catalyst layer, iridium is frequently used in the anode catalyst
layer, as this is found to have the best catalytic properties for the anode half-reaction. The
remaining part of the electrode, which is commonly named the gas diffusion layer when
speaking about fuel cells, are for electrolysers often referred to as current collectors. The
majority of these components are either built of carbon or titanium. Similar to fuel cells,
electrolysers can be scaled up by assembling several cells in electrolyser stacks.

2.2.3 Steady State Voltage

There are also similarities between PEM electrolysers and fuel cells when it comes to cal-
culation of steady state voltage. Unfortunately, there are generally less books describing
modelling of electrolysers. Yet the open literature agrees that the three main losses in
electrolysers are the same as for fuel cells, namely the activation, ohmic and concentra-
tion losses (Garcia-Valverde et al., 2012; Gorgiin, 2006; Awasthi et al., 2011; Lebbal and
Lecceuche, 2009; Buttler and Spliethoff, 2018). Opposite from fuel cells, electrolysers
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Figure 2.9: Simplified sketch of a PEM electrolyser cell

Membrane electrode assembly
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Figure 2.10: Simplified sketch the MEA used in electrolysers. Typical materials applied are
written in parentheses
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have to overcome the voltage losses by compensating for an increased voltage. The input
voltage for a PEM electrolyser is therefore given by:

Ver = Voc,er + Vact,EL + Vonmic,EL + Veone,EL (2.53)

where Ve g1, 1s the open circuite voltage obtained at zero current, and Vi, g1, Vormic, EL
and V... g1, are the activation, ohmic and concentration losses, respectively. Hence, the
only difference between the fuel cell voltage (equation 2.15) and electrolyser voltage, is
the signs of the losses. Indeed, Tribioli et al. (2016) suggest that for reversible fuel cells
(a fuel cell that could operate as both a fuel cell and an electrolyser), the losses and OC
voltage could be calculated by the exact same equations in both operational modes. The
literature differs slightly in how the open circuit voltage and the losses are calculated.
The differences are in terms of which degree empirical approaches are applied due to
simplicity reasons or lack of input parameters.

Electrolyser Open Circuit Voltage

The open circuit voltage, is the voltage in the electrolyser when the current is zero. As
there are no losses in the electrolyser when there is no current, this voltage is often referred
to as the reversible voltage. Gorgiin (2006) claims that this voltage can be calculated by
the Nernst equation, an approach which is used by several articles (Lebbal and Lecceuche,
2009; Awasthi et al., 2011; Dedigama et al., 2014). Hence, the open circuit voltage is
given by:

1/2
RT p,0
Voorsn = E° + ——1n (ﬁ) (2.54)
’ nk aH,0

where ap,, ao, and ap,o again are the chemical activities of hydrogen, oxygen and water,
R is the universal gas constant, T is the cell temperature, n is the stoichiometric coeffi-
cient, F is Faraday’s constant and E° is the standard potential given by:

_ A7

E° =
nk

(2.55)
Ag" is further the Gibbs free energy of reaction 2.52 given at standard conditions. Similar
as for fuel cells, the activities ap,, ap, and ay,o are difficult to determine, and empirical
configurations are typically applied to equation 2.54. For simplicity, the same approach
which was used for fuel cells in section 2.1.4 (equation 2.11) is later in this work applied
also for electrolysers.

Losses

Lebbal and Lecceuche (2009) suggest applying the following equations for calculations
of the activation, ohmic and concentration losses, respectively:

RT )
Vierr, = ——In | — (2.56)
’ ank’ 10
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V:)hmic,E'L = 1T ohmic (257)
RT 1 )
‘/conc,EL = (1 + _> In ( i ) (2.58)
nkF « i — 1

These are the same equations suggested in section 2.1.4 for the equivalent losses in fuel
cells, and the parameters also have the same physical interpretation. Lebbal and Lecoeuche
(2009) also suggest using equation 2.21 for calculation of the area specific ohmic resis-
tance, 7opmic. The approach of employing these equations for the losses was also used in
2006 by Gorgiin and later by Garcia-Valverde et al. in 2012. Similarly as for a fuel cell,
the voltage can be plotted towards current density in a polarization curve, which is shown
in figure 2.11.
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Figure 2.11: Example of polarization curve including losses for an electrolyser

2.2.4 Electrolyser Dynamics

Due to the fact that PEM electrolysers are essentially very equal to PEM fuel cells, it is
reasonable to believe that they will obey many of the same dynamic behaviours. How-
ever, far less research have unfortunately been conducted on electrolyser modelling than
on fuel cell modelling. There is therefore in this work not found any sufficient models
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for electrolyser dynamics. Instead, the dynamic behaviours of electrolyser systems are
to some degree accounted for by modelling of transients in balance of plant equipment
described in section 2.4.

2.2.5 Electrolyser efficiency

The electrolyser efficiency can in the same way as fuel cell efficiency be divided into
voltage and current efficiency:

Ner = NELV * MEL,F (2.59)

Voltage Efficiency

The electrolyser voltage efficiency can be defined as the ratio between the energy stored
in the products and the energy used by the electrolyser. The electric power input of an
electrolyser can be calculated in the same way as the electric power output of a fuel cell:

P =1V (2.60)

The energy stored in the products of an electrolyser is the amount of energy which is
released from the reactants in a fuel cell. Hence,

~ 1
Pstored,EL = Ptotal,FC =Ah— (261)
nkF
Thus, for a similar approach as for fuel cells, the electrolyser voltage efficiency can be
derived as: . R
Pstored,EL o AhnLF . Ah/nF

PEL B IVEL B VEL
Again, it can be discussed whether the higher or lower heating value should be used for

Ah. However, Selamet et al. (2011) assert that most scientific researches calculate the
electrolyser efficiency based on the higher heating value.

NeLyv = (2.62)

Current Efficiency

Also in electrolysers, there will in reality be a diffusion of hydrogen and oxygen through
the electrolyte membrane, in addition to internal currents. This will contribute to a lower
hydrogen production than what is theoretically possible to achieve given by the current
and voltage. The current (Faradaic) efficiency associated with this is suggested by Barbir
(2005) to be:

1 — Yoss

Nrc,Fp = (2.63)

Similar as for fuel cells, it is for electrolysers stated in Barbir (2005) that the cross over
of gases and internal currents will have a very small effect except at low current densities.
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2.2.6 Waste heat

Due to the irreversibilities, electrolysers will also generally release waste heat. With ref-
erence to the terms outlined in the previous section, the heat will be equal to the difference
between the electric power input to the electrolyser and the energy stored in the hydrogen
produced:

QL = Prr — Piored, 5L (2.64)

In terms of voltage efficiency, equation 2.64 can be rewritten as:

Qpr = Per (1 —neLy) (2.65)

2.3 Hydrogen Stored as Compressed Gas

A method for storing hydrogen is by compressing the gas and storing it in cylindrical
tanks. This is a rather simple method, where the hydrogen can be stored at an indefinite
time with no purity limits. There are also several other methods for storing hydrogen, with
different features. The general distinction between the methods is made upon whether the
hydrogen interacts with the storage medium or not (Zohuri, 2019; Sherif et al., 2016).
When stored as a compressed gas, the hydrogen will desirably not react with the mate-
rial in the storage tank. Other examples of such physical storage is hydrogen stored as a
cryogenic liquid, where the hydrogen exhibit a high volumetric density Dicks and Rand
(2018). Oppositely, hydrogen stored in metal hydrides is an example of a storage method
where the hydrogen reacts with the storage material. This particular storage method of-
fer the advantage of safety, as it does not require any high pressures (Boudellal, 2018).
However, for simplicity, only compressed gas storage will be considered further in this
work.

2.3.1 Practical Aspects

At atmospheric pressure and temperature, hydrogen possesses a high specific energy,
while a very low volumetric energy density. This means that when storing energy in
hydrogen, the gas would be very light weight, yet occupy a large volume. This is incon-
venient for applications where physical footprint is a critical parameter. By compressing
the gas, the volumetric energy density will increase. Typical storage pressures vary be-
tween 20 and 70 bars. Unfortunately, the compression process is quite energy consuming,
and often require energy between 5 and 15% of the higher heating value when using
conventional compressor technology (Dicks and Rand, 2018).

2.3.2 Equation of State for Gaseous Hydrogen

An equation of state for a gas, is a mathematical relationship between different properties
of the gas, for example pressure, temperature and specific volume. The equation of state
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for compressed gasous hydrogen is discussed in Klell (2010). The discussion is sum-
marised below.

A gas is termed ideal, if it follows the assumptions that the gas molecules are infinites-
imally small, round and hard spheres which occupy a negligible volume. Further, there
must not exist any forces between the molecules except the ones occurring during colli-
sions. The gas will then obey the ideal gas law given by:

PV = NRT (2.66)

where P is the gas pressure, V' is the volume, NV is the amount substance, I? is the univer-
sal gas constant and 7" is the gas temperature.

However, the assumptions for the ideal gas law are not valid for gases at all conditions. A
method of evaluating the assumptions is to calculate the compressibility factor:

PV
Z = NRT (2.67)
It can be noticed that a compressibility factor of 1 would turn equation 2.67 into the ideal
gas law (equation 2.66), and any deviations from 1 would imply that the gas does not
perfectly follow the assumptions. For a given pressure, volume and temperature, it can be
shown that the compressibility factor is the ratio between the mass calculated by the ideal
gas law and the real mass in the system:

7 = ideal (2.68)
Myeal

Conveniently, the compressibility factor has already been found experimentally for sev-
eral conditions and is plotted in charts. One such chart is redrawn in figure 2.12. By use
of equation 2.68, figure 2.12 can therefore be used to estimate the errors the ideal gas law
gives for calculations of the mass. According to the figure, the deviation is approximately
20% at 300 KW and 300 bar, while at 300 K and 600 bar the deviation is approximately
40 %. At low pressures, the error is much smaller. By applying the ideal gas law, it must
therefore first be determined which accuracy is demanded for the calculations.

If the ideal gas law is found insufficient, Klell (2010) suggests the following modified
correlation, termed the van der Waals equation. This accounts for intermolecular forces
and molecular volume:

<P + W) (% - b) — RT (2.69)

where a = 0.025m°Pa/mol* and b = 2.66 - 10~°m?/mol for hydrogen. Figure 2.13
shows the mass plotted against pressure for a volume of 1 m? at 300 K, using the ideal
gas law and van der Waals equation, respectively.
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Figure 2.12: Compressibility chart for gaseous hydrogen, redrawn from Klell (2010)
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Figure 2.13: Mass calculated by the ideal gas law and the van der Waals equation, for a volume
of 1 m® at 300 K
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2.4 Balance of Plant Components

In order to operate fuel cell and electrolyser stacks, a set of supporting systems are re-
quired. The components comprising these system are commonly referred to as Balance
of Plant (BoP) components. These systems also accomplish that the fuel cells and elec-
trolysers are run at the desired optimized conditions. This section will first shortly outline
the duties of the BoP components fuel cell and electrolyser systems. Further it will de-
scribe the most typical BoP components implemented in existing systems.

Figure 2.14 shows the requirements of a fuel cell stack, and is based on chapter 9 in Barbir
(2013). Hydrogen and air have to be fed to the fuel cell at certain temperatures, pressures
and humidity levels. The product water must further be removed. Moreover, the waste
heat produced in the process needs to be removed in adequate rates. The DC-electricity
produced must also be treated to be of the demanded quality. To increase the fuel uti-
lization, many systems integrates a re-circulation loop of hydrogen from the cathode to
the anode. Hydrogen may occur at the cathode due to diffusion of hydrogen through the
electrode membrane or unwanted flow of hydrogen through holes as result of inaccurate
machining. Similarly, figure 2.15 shows the required operating conditions for electroly-
sers, and is based on chapter 4 of Boudellal (2018). For simplicity, it is only considered
hydrogen storage as compressed gas in this work. Storing hydrogen in different forms
like liquefied gas or metal hydrides would require different BoP components.

Electric power at

Waste correct current
heat and voltage
‘{ ‘{ o Ailr at correct temperature,
Hydrogen at correct temperature, ~°g’ = pressure and humidity
pressure and humidity Z FC stack E
O]— > Water

Recirculation of hydrogen

Figure 2.14: Material and energy flows in and out of fuel cell stacks
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Figure 2.15: Material and energy flows in and out of electrolyser stacks

2.4.1 Air Compression Unit

Compressors can be used to elevate the pressures of gas streams. The role of compressors
in fuel cell systems is often very essential, and is described in chapter 9 of Barbir (2013).
The description is summarised below.

In fuel cell systems, the pressure of the inlet hydrogen and air streams will have an im-
portant significance on the fuel cell performance. It is therefore crucial that the inlet gases
are compressed to the desired pressure. In many applications, hydrogen is stored at a
higher pressure than the inlet pressure to the fuel cell, hence the pressure of the hydrogen
stream has to be lowered in an expander or similar device and not compressed to a higher
pressure. On the other side, the air stream is normally initially at atmospheric pressure,
and must in most applications be pressurised. This pressure rise is commonly obtained
by a compressor which increases the gas pressure by applying a mechanical work. The
compressor is run by an electric motor, which therefore represents a power loss or a par-
asitic load. If the fuel cell is operated at atmospheric inlet pressure on the air stream, the
compressor could be replaced by a fan or a blower to feed the fuel cell stack.

For an adiabatic compressor working with ideal gases, the power consumption and outlet
temperature can be calculated by:

K—1
ne, T | (P2~
Woomp = 2 (—2) ~1 (2.70)
ncomp Pl
T [P\
Tpur = Tin + (—2> —1 (2.71)
TNecomp Pl

In these equations 72 is the mass flow, ¢, is the specific heat capacity, 7;, is the inlet
temperature, 7).,m; 18 the compressor efficiency, P, is the inlet pressure, P, is the outlet
pressure and « is the heat capacity ratio. Barbir (2013) validates that the assumptions of
adiabatic compression and ideal gas are valid for the compression of air up to normal fuel
cell operating pressures.
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2.4.2 Hydrogen Compression Unit

The hydrogen compression unit is responsible of compressing the outlet hydrogen from
the electrolyser, to the storage pressure. Sdanghi et al. performed a review of state of
the art technology for hydrogen compression in 2019. The compressors were divided into
two categories; Mechanical compressors and non-mechanical compressors. In this work,
mechanical compressors will primarily be treated. Additionally, in the collaboration in
the HES-OFF project, electrochemical compression has been an interesting discussion
topic. Therefore, a section is also dedicated to the basic principles of this.

Mechanical Compression

Mechanical compressors are based on the principle of compressing gas by applying a me-
chanical work. For hydrogen compression, the most common category of compressors
is positive displacement compressors. Here, the compression is obtained by mechani-
cally reducing the volume of a chamber containing hydrogen. The compression can be
performed by only one compressor (single-stage), or by several compressors arranged in
series (multi-stage). (Sdanghi et al., 2019)

The specific mechanical work required to compress a gas at the instantaneous specific
volume v from pressure p; to ps is given by (Klell, 2010):

D2
w:/ vd P (2.72)
p1

In the modelling of the hydrogen compressor work, it must therefore be determined which
equation of state is to be used. This depends on the accuracy demanded. It was mentioned
in section 2.3.2 the ideal gas law gives relatively large errors when applied to high pressure
hydrogen. Nevertheless, some learning books (Klell, 2010; Larminie and Dicks, 2003)
suggest to use the ideal gas law in the calculation of compressor work (equation 2.72).
This approach yields the following integral:

P2 RT
M, P

w =

dP (2.73)

p1

Dicks and Rand (2018) state that the hydrogen compression process will probably be
implemented as multi-stage process. In that case, it is written in Burheim (2017) that the
compression process is close to isothermal. The specific compression work can then be

calculated as:
RT P
=—1In(| = 2.74
) L n < P1) ( )

To obtain the overall ideal compressor power, the compression work is multiplied with
the mass flow:

Wcompressor,ideal =m-w (275)
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All real compressors will further be affected by certain losses losses, represented by the
compressor efficiency 7comp. Sdanghi et al. (2019) state that this efficiency typically lies
in the range of 50-85% for mechanical compressors. By means of the efficiency and
equation 2.74 and 2.75, the real compressor power can be given by:

1 RT P,
Wcom ressor — n - 1 - 2.76
P ncompm Mm " (Pl) ( )

Electrochemical Compression

Electrochemical compressors are described in Sdanghi et al. (2019) as an innovative de-
vice with several advantages. The following paragraphs summarises the brief description.

Electrochemical compressors are very similar to PEM fuel cells and electrolyser, and
consist of an electrolyte membrane surrounded by electrodes (figure 2.16). Low pressure
hydrogen is fed to the compressor anode, and split into protons and electrons. The pro-
tons flow through the membrane, while the electrons are forced through an external circuit
due to an electric driving force. At the cathode, the protons and electrons will reform to
gaseous hydrogen, where the pressure depends solely on the voltage supplied to the com-
pressor.

In terms of modelling, the electrochemical compression follows the same principles as
fuel cells and electrolysers. The voltage is determined by the Nernst equation, and modi-
fied according to different losses. The current and mass flow are correlated by Faraday’s
law.

Sdanghi et al. (2019) refer to research showing that electrochemical compression can be
much more energy efficient than mechanical compression at moderate discharge pressures
(less than approximately 20 bar). At a discharge pressure up to 20 bar, an electrochemical
compressor showed to use approximately 70% less energy than a conventional mechani-
cal compressor. However, at higher pressures, the electrochemical compressors seem to
suffer from large diffusion rates of hydrogen through the electrolyte membrane, resulting
in severe losses. It was therefore concluded that the technology is not yet convenient for
very high discharge pressures.

Due to time limitations, electrochemical compressors will not be treated further in this
work. Neither will such devices be implemented in the developed model presented later.
However, a more comprehensive analysis is suggested as further work for the modelling
activity in framework of the HES-OFF project, as this has been discussed as a promising
technology.
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Low pressure H, H* H, High pressure
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Electrolyte membrane

Figure 2.16: Simplified sketch of an electrochemical compressor

2.4.3 Ejectors

Ejectors are devices which use a high pressure gas stream to provide suction and com-
pression of a low pressure stream. These are therefore well suitable to drive the hydrogen
re-circulation loop by use of high pressure hydrogen from the storage tank (Barbir, 2013).
The ejector technology is well known in the process industry. A description of the work-
ing principles can be found in chapter 8 in Coker (2007), and is summarised below.

A general ejector is illustrated in figure 2.17. This consists of a nozzle, suction zone,
supersonic diffuser, diffuser throat and subsonic diffuser. High pressure gas (primary
flow) enters the nozzle and is accelerated to supersonic speed because of the convergent-
divergent design. At the end of the nozzle, this flow will be of the same low pressure
as the secondary flow. In the suction chamber, the high velocity primary flow is mixed
with the slow secondary flow. In the mixing, the primary flow will be decelerated while
the secondary flow will be accelerated. This results in a suction of the secondary flow.
The mixed flow will be of supersonic speed, and will therefore undergo a deceleration and
pressure rise through the three remaining parts. Because the suction of the secondary flow
is dependent on the primary flow, the mass flow of the secondary flow can be controlled
by controlling the original pressure of the primary flow.

In a fuel cell, ejectors can therefore be placed prior to the stack inlets to drive the hydrogen
re-circulation. The primary flow is then the high pressure gas from the storage tanks,
while the secondary flow is the hydrogen from the re-circulation loop. The re-circulation
is therefore driven by the suction that the secondary flow experiences in the ejector. This
is shown in figure 2.18, which is redrawn from Barbir (2013). By use of ejectors, the
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hydrogen re-circulation is therefore driven for free, because the high pressure hydrogen
in the storage tanks normally has to be expanded before entering the stacks anyway.

Nozzle Suction Supersonic Diffuser Subsonic
chamber  diffuser throat diffuser

-, —

Secondary flow

Velocity Mach 1

A

Pressure

----------- Primary flow - Secondary flow  ——— Mixed flow

Figure 2.17: Sketch of an ejector with pressure and velocity diagrams. Redrawn from Coker
(2007)

Pressure Fuel cell stack
Storage tank regulator  Ejector I

—

Hydrogen re-circulation loop

Figure 2.18: Hydrogen supply system with ejector. Redrawn from Barbir (2013)
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2.4.4 Heat Exchangers

Heat exchangers are devices used to exchange heat from one medium to another. In fuel
cell and electrolyser systems there are several components which need heating or cooling
to maintain a somewhat constant temperature. As it has been shown in the previous sec-
tions, the temperature have several impacts on the fuel cell and electrolyser performance.
Heat exchangers can therefore play an important role in such systems. Stacks, compres-
sors, pumps and other units may need cooling, while the gas flow may need heating. To
save energy and increase the overall efficiency, Barbir (2013) chapter 9 states that it is
common to transfer heat between different components in systems. The gas streams can
for example be heated by the waste heat from the fuel cells, and vice versa. In this way,
the need for external heat sources is reduced.

Barbir (2013) further shows that thermal management systems can be designed in several
ways. Moreover, any textbook of basic heat and mass transfer can show that heat exchang-
ers can be designed in a variety of ways. All this is beyond the scope of this work. Heat
exchangers will rather be modelled by the following simple expression for heat transfer,
which can be derivated from the theory in any textbook of basic thermodynamics, for
example Moran et al. (2015):

Q =m- Cp’ (T‘m - Tout) ‘ (277)

where 1 is the mass flow of the heated/cooled medium, ¢, is the specific heat capacity of
the medium, 73, is the inlet temperature of the medium and 7, is the outlet temperature
of the medium. To obtain equation 2.77, it is assumed constant pressure through the heat
exchanger and negligible changes in kinetic and potential energy.

2.4.5 Humidifiers

Humidification devices are normally installed various places in fuel cell systems to obtain
good hydration conditions in fuel cells. This is important, as a good hydration will lower
the ohmic losses in the fuel cell, while at the same time contribute to less degradation
(section 2.1.4 and 2.5.1). The humidity is increased by adding water vapor to the system
(see equation 2.20). This can be achieved by hydrating the inlet gas streams to the fuel
cell stacks. Hydration of the hydrogen stream will prevent electroosmotic drag from dry-
ing out the anode side of the membrane. Hydration of the air stream will prevent excess
of dry gas in the cathode, which can remove water at a higher rate than what is generated
by the fuel cell reaction and dry out the membrane Barbir (2013). The humidification of
the gas streams can be performed in a variety of methods. Among these are bubbling,
direct water injection and use of mass exchangers. Humidification can also be obtained
without any humidification device, but rather by special operating strategies which will
self-humidify the fuel cell. A description of these methods can be found in Barbir (2013)
chapter 3, and is summarised in the following paragraphs.
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Bubbling

In a bubble humidifier, gas is bubbled out of a pipe lowered in heated liquid water. The
gas fed into the water will rise to the liquid surface and in this process be humidified
controlled by the temperature of the water. The humidifier must be designed such that the
outlet gas stream does not carry water droplets. Due to its large sizes and difficulties of
designing an efficient device, this type of humidifier is rarely used in commercial fuel cell
systems, but rather in laboratory test rigs.

Direct Water Injection

Humidification by direct water injection, is a method where water is sprayed into the gas
streams as a fine mist. The large contact area constituted by the droplets will ease evap-
ortation of the water. The heat of evaporation has to supplied to the humidifier. This heat
is often of a small magnitude, and is normally taken from the heat loss caused by the fuel
cells or compressors. The water stream could eventually be injected as steam to eliminate
the need for additional heat supply, but this would further require a the availability of
steam.

Mass exchangers

A mass exchanger is a device that can transfer mass from one medium to another. In
fuel cell systems, such units can exchange water from the cathode exhaust to the inlet air
stream. This is obtained through a water-permeable medium which can be either a porous
plate or a membrane such as Nafion.

Self Humidification

By short-circuiting the stacks, the membranes in the fuel cells can be self-humidified
without humidifying the gas streams. The short-circuiting generates additional water in
the fuel cell reaction on the cathode side, which will diffuse through the membrane and
make it humid. By use of this method, there is therefore no need for external humidifiers.

2.4.6 Turbines

If air is supplied in excess to a fuel cell, Barbir (2013) explains that turbines may be used
to harvest energy from the exhaust air. The same book shows that the energy which can be
extracted by expansion in these turbines from fuel cell exhaust pressure, F,,;, to ambient
pressure, [, is given by:

P
Pout

1-— (2.78)

Wea:p = Myair,out * Cp * Tout

The energy from these turbines can for example be used to run the air compressors. This
was done in the EVERYWH2ERE project, where the aim was to develop a 100 kW single
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stack fuel cell system by use of the PowerCell S3 stack. Here, the turbine was directly
mounted to the air compressor and therefore worked as a turbocharger to the compressor.
It was asserted that this turbine could produce almost half of the energy consumed by the
air compressor (PowerCell Sweden AB, 2018). However, to model the energy produced
by these turbines in further detail, it is required to know the utilization of air fed to the
fuel cell and conditions of the exhaust. These are numbers which can be difficult to access
for different stacks without performing own test.

2.4.7 Hydrogen Purification System

The gaseous hydrogen produced by electrolysers has to be purified before it is being
stored and further reused as fuel in fuel cells. This is described in Boudellal (2018), and
summarised below.

In the electrolysers, a certain amount of oxygen will diffuse through the electrolyte mem-
brane and mix with the hydrogen produced at the cathode. Moreover, due to the humid
conditions in an electrolyser, the hydrogen gas produced will contain a certain amount of
water. Therefore, the hydrogen must be both deoxidised and dried. These processes can
be obtained in two separate units (deoxidiser and dryer) or as one combined purification
unit.

Regardless of how the purification is obtained, Garcia-Valverde et al. (2012) suggest that
the purification system can introduce a dynamic behaviour to the electrolyser system.
The purification will take a certain amount of time, and under variations in production,
this can be observed to induce a time lag to the mass flow. It is further proposed that this
time lag can be modelled as a first order delay, where the time constant has to be found
experimentally. The time lag can be represented by a Laplacian block diagram, and is
redrawn from Garcia-Valverde et al. (2012) in figure 2.19.

H, flow out of H, flow out of
electrolyser stack 1 purifier
s+ 1

Figure 2.19: Laplacian block diagram of the time delay due to the purification system

2.4.8 Power Electronics

Power electronics is a collective noun representing equipment which controls and con-
verts electricity to a desired condition. In fuel cell systems this is often employed to
transform intermittent direct current (DC) to stable alternating current (AC). Similarly,
power electronic devises are used to transform AC power to varying DC power in elec-
trolyser systems. It is important to emphasise that power electronics is a comprehensive
subject, and a detailed analysis would be far beyond the scope of this work. The following
section will therefore only touch slightly into the main components of power electronics
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used in fuel cell and electrolyser systems. In the end, it will give a suggestion for how
power electronics can be modelled very simple in terms of efficiency.

Buck and Boost Converters

Buck and boost converters are components which can convert DC to respectively lower
or higher voltage, and is described briefly in Barbir (2013) chapter 9. The same book
provides a graphical presentation of how these converters can be exploited in fuel cell
systems, and is redrawn in figure 2.20. Because the components converts DC to another
DC, these components are commonly marked DC/DC in system drawings.

Boost converter

Voltage increase and

decrease is required
Buck-boost converter

System voltage

Buck converter

Current

Figure 2.20: Usage of buck and boost converters in fuel cell systems. Buck converters are used
to lower the voltage from the fuel cell output voltage. Boost converters are used to increase the
voltage. Buck-boost converters can serve both duties. Redrawn from Barbir (2013).

Inverters and rectifiers

Inverters change direct current to alternating current. This is accomplished by electronic
switches turning on and off the DC electricity to create approximate a sine wave AC
output (Barbir, 2013). Rectifiers change alternating current to direct current, and have
therefore the opposite duty compared to inverters (Bessarabov and Millet, 2018).

Efficiency of Power Electronics

The losses associated with the power electronics can be represented by efficiency param-
eters. O’Hayre et al. (2016) claims that the overall efficiency of the power electronics is
in the range of 80-95% in fuel cell systems. This assumed an inverter efficiency of 85-
97%. Barbir (2013) asserts that this number should be lower (70-90%), which results in a
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correspondingly lower overall power electronics efficiency. It is in the same book argued
that the efficiency will vary slightly with the current input to the system.

2.4.9 Other BoP Components

In addition to the components mentioned in the previous sections, there are several other
components in fuel cell and electrolyser systems. The electrolysers and the humidifiers
might require demineralised water as inputs (Boudellal, 2018; Barbir, 2013). If this is not
available, demineralisation equipment is needed. Further, several pumps may be needed
to drive the water management systems and other fluid streams. Fans and blowers are
also components which are commonly installed in fuel cell and electrolyser systems to
provide cooling or to drive gas flows (Barbir, 2013). Different types of valves are also ex-
tensively employed in the systems, especially for flow control (Boudellal, 2018; Larminie
and Dicks, 2003).

2.5 Degradation

For long-term running fuel cell and electrolyser systems, degradation is an important phe-
nomenon. The systems are likely to be affected differently depending on which operating
conditions they are exposed to. The impacts of various conditions are therefore crucial
to be aware of when deciding both design and loading strategies for a system, in order
to maintain the best performance for a system over a prolonged time. This section will
outline important aspects about degradation which are considered to be important for the
fuel cell and electrolyser stacks in the HES-OFF system. It is important to emphasise that
the BoP components also will be degraded, but this will not be considered in this work as
a full analysis of all the components would be too comprehensive.

2.5.1 Degradation in Fuel Cells

The open literature describes several operating conditions which will contribute to re-
duced performance and shorter lifetimes of fuel cell stacks. This section gives a review
of four operating conditions which are considered to be the most important contributors
to fuel cell degradation in framework of the HES-OFF project. Afterwards, it will present
a selection of degradation rates which have been reported for fuel cells operated under
various conditions for a prolonged time.

Load Variations

The fuel cells in the HES-OFF system are demanded to continuously adjust the load ac-
cording to the demand of the offshore installation. This means that the fuel cells have to be
exposed to voltage variations which is stated by Borup et al. (2007) to have impacts on the
fuel cell performance. The article indicates that the effects of load variations will be par-
ticularly evident on the cathode electrode, and it claimed that this could be explained by
the kinetics of the hydrogen oxidation reaction and oxygen reduction reaction. During the
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variations, there will be an accumulation of oxide coverage over the platinum and carbon
in the cathode electrode, while at the same the dissolution of platinum will increase. This
will negatively affect the fuel cell performance, as it reduces the cell active area. Along
with these effects, it is also mentioned in the article that the load variations will negatively
affect the electrode’s ability to remain hydrated at the desired level. de Bruijn et al. (2007)
supports in their review of several experimental studies, that a faster degradation of the
cathode was observed under potential cycling rather than constant load conditions. Fur-
thermore, it was found that the degradation effect was amplified with higher maximum
voltages during the cycling.

Start/stop Cycling

Start/stop cycles will contribute to degradation of fuel cells, and a description of this can
also be found in Borup et al. (2007). When a fuel cell is shut down for a prolonged time,
air from the cathode will diffuse into the anode and fill the surrounding gas chambers.
When the fuel cell is started again and new hydrogen is supplied to the anode, the air
will immediately block the hydrogen from reaching the electrode areas the farthest away
from the anode inlet. There will therefore be some points with local fuel-starvation at the
anode until the unwanted oxygen has disappeared. Borup et al. (2007) refer to a paper by
Reiser et al. (2005) that propose that a phenomenon called the reverse-current mechanism
will occur in these points. This phenomenon is characterised by currents going from the
positive electrode to the negative electrode, thus opposite of the normal current in the
fuel cell. The only reactions which can sustain this current direction in the fuel-starved
regions on the negative electrode are either evolution of oxygen or corrosion of carbon.
The corrosion of carbon is associated with degradation of the fuel cell, as it will reduce
the active area of the cathode electrode.

To minimise the degradation effects related to start/stop cycles, Borup et al. (2007) assert
that startup of fuel cells must follow different procedures. The most effective strategy, is
to implement a voltage control during the startup, which means that the fuel cell voltage is
kept at a low level soon after hydrogen is introduced to the anode. Perry et al. investigated
this effect in 2006, and found that the performance decrease of a certain fuel cell was 4
p1V/cycle when the cell voltage was kept below 0.080 V during startup, rather than 100
1V /cycle when each cell was kept at approximately 0.905 V.

Humidity and Temperature

The humidity in the fuel cell will not only affect the fuel cell performance through the
membrane conductivity as described in section 2.4.5, but also through degradation of the
MEA. It is described in Barbir (2013) chapter 11, that the electrolyte membrane will swell
extensively when hydrated. This will cause significant stresses in the membrane-electrode
assembly. In the case of dry conditions, the degradation will be amplified as the ductility
of the materials will decrease. Varying relative humidity will be particularly dangerous
for the MEA, as it potentially can cause fatigue fractures of the structure. The humidity
in a fuel cell is very dependent on the operating temperature, as a high temperature will
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vaporise the water stored in the MEA and dry out the cell. To minimise the degradation,
it is therefore important to maintain the fuel cell at a fairly constant temperature where it
is not dried out.

Freeze-Thaw Cycles

Regarding that hydrogen fuel cells comprise a lot of water, subfreezing conditions can
potentially have large impacts on the fuel cells. Borup et al. (2007) reviewed several stud-
ies in order to investigate permanent changes due to subfreezing conditions. A number of
studies have focused on so-called freeze-thaw cycles, which are cycles where the fuel cells
are frozen and then thawed. Both Borup et al. (2007) and de Bruijn et al. (2007) found that
the earlier literature disagrees on the degradation effect caused by such cycles. Certain
articles report severe degradation rates for fuel cells subjected to such exposures. Other
studies confirm the opposite, where no compelling degradation rates are found during
these cycles. However, both Borup et al. and de Bruijn et al. suggest that the preparation
of the fuel cells before freezing is important for how significant consequences the freeze-
thaw cycles will cause.

During shutdown of fuel cells, Borup et al. (2007) explain that it is common to either dry
out the cells by purging with clean gas, or replacing the water current in the fuel cell with
a nonfreezing solvent such as ethylene glycol. This will possibly contribute to reducing
the degradation during freeze-thaw cycles. de Bruijn et al. (2007) refer to studies showing
that the electrodes will be particularly impacted, but with these preparations before freez-
ing, the degradation rates can be limited to 0.1-0.3 mV per freeze-thaw cycle. However,
this should be considered against the fact that other studies find almost negligible effects
of freeze-thaw cycles.

Due to the lack of consistency in the open literature, it is difficult conclude upon and
quantify the effects of freeze-thaw cycles. Nevertheless, the phenomena should probably
be taken into consideration when designing fuel cell systems operating in subfreezing
conditions, as it appears that there might be permanent effects related to this operational
condition.

Reported Degradation Rates During Typical Operation

During operation, fuel cells can be exposed to a variety of factors that will contribute
to degradation. There will also be a certain degradation under constant ideal operation.
Additionally, some components such as the bipolar plates have shown to experience sig-
nificant degradation, while this has not been well documented to have any correlation with
particular operating conditions (de Bruijn et al., 2007). The accumulated degradation ef-
fects may therefore be better described as average rates over a prolonged time frame. A
selection of reported degradation rates for different fuel cell projects are listed in table 2.1.
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Fuel cell name Application Reported degradation Source

Evo2 (PowerCell Automotive 22 V/h AUTO-STACK

S3) CORE (2018)

Ballard stacks in Most applications 2-10 uV/h Knights et al.

general (2004)

Nedstack XXL Stationary 3uV/h Coolegem et al.
(2013)

Table 2.1: Reported degradation rates on different fuel cell projects

2.5.2 Degradation in Electrolysers

Electrolysers will also experience a degradation over time, which will depend on the op-
erating conditions that the electrolysers are exposed to. Knowledge about this field is
critical to extend the lifetime of electrolyser systems, which has been addressed as one of
the biggest challenges for realising a wide marked implementation. Frensch et al. (2019)
report that there has unfortunately been conducted relatively little research on this field.
There is particularly a lack of knowledge of how dynamic conditions will affect the elec-
trolyser durability and lifetimes. Buttler and Spliethoff (2018) also conclude upon this,
and state that systematic studies are necessary to quantify the impact of different operating
conditions. Despite the insufficiency of conducted research on electrolyser degradation,
some studies are performed on this field indicating different correlations between certain
operating conditions and degradation. This section attempts to summarise these findings.

Temperature

High operating temperatures will likely cause severe degradation of the electrolyser mem-
brane. As the Nafion membrane contains Fluorine, degradation of this can be observed by
emission of this element. This can be measured by the Fluorine Release Rate (FRR). Feng
et al. (2017) found in a review of previous studies that FRR increases with approximately
two orders of magnitude when the operating temperature is increased from 55 °C to 150
°C. Frensch et al. presented later in 2019 a study backing up these results, where the FRR
was found to increase by one order of magnitude when the temperature was elevated from
60 °C to 90 °C. The dissolution of the membrane will actually increase the electrolyser
performance, due to a lower ohmic resistance when the membrane thickness decreases.
However, the negative effect is that the electrolyser will eventually malfunction as the thin
membrane will allow higher rates of gas cross over, and at the end pinholes will develop.
The two studies also suggest that increased temperatures will accelerate passivation of
Titanium used in the bipolar plates of the electrolysers. This will contribute to a decrease
in electrolyser performance and structural deterioration in the long term. The joint ef-
fects was measured as a degradation rate by Frensch et al. (2019). It was found that the
degradation rates were 1.2 and 3.0 pV//h at 60 °C and 80 °C, respectively. At 90 °C the
degradation rate was measured to 183 pV//h, hence a significant increase. In all cases, the
electrolyser was operated at a current density of 2 A/cm?, which was considered as high
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for that particular electrolyser.

High Current Density

Research show that it is reasonable to believe that the degradation will increase when an
electrolyser is operated at high current density. Feng et al. (2017) refer to studies sug-
gesting that high current density will accelerate dissolution of the catalysts. One of these
studies is Lettenmeier et al. (2016), which found a significant increase in dissolution of
Iridium from the anode at high current densities. The impact on the electrolyser per-
formance of this phenomenon seems however difficult to determine. Lettenmeier et al.
(2016) assert that high current densities do not lead to any particular performance de-
crease. On the other hand, Rakousky et al. (2017) showed a different causality. At high
current density (2 A/cm?) an average degradation rate of 194 1V /h was measured, while
at low current density (1 A/cm?) no significant voltage degradation was measured. In the
experiment, two equal electrolyser cells were operated at their respective currents, while
maintained at 80 °C. The voltages measured through the experiment are reprinted in fig-
ure 2.21. It can be observed that the voltage at the electrolyser anode is the dominating
contributor to the increase in overall electrolyser voltage. This is interesting, regarding
that the previous mentioned studies reported particularly high dissolution from the anode
electrodes.
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Figure 2.21: Constant operation at (a) 1 A/cm? and (b) 2 A/ecm?. Redrawn from the results of
Rakousky et al. (2017).
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Load Cycling

It has also been suggested that load cycling will accelerate electrolyser degradation. Yet,
a correlation has this far not been confirmed. According to the review of Buttler and Spli-
ethoff (2018), several manufacturers report that load cycling has no significant effect on
the lifetime of their PEM electrolysers. During the experiments of Rakousky et al. (2017)
mentioned in the previous paragraph, it was also tested to operate cells dynamically be-
tween high and low current densities. The results showed lower degradation rates for
dynamic loading compared to constant operation at high current density. However, this
was explained by the reason that the electrolyser was operated for a shorter time at high
current densities during dynamic loading, and as this was especially severe, the accumu-
lated degradation would therefore be less. At the same time, the degradation was larger
than operation on low current densities. It may therefore appear that dynamic load itself
is not a source of degradation, but it may cause increased degradation as it may imply
occasionally operation with high current density.

Reported Degradation Rates

Similar to fuel cells, some studies and manufacturers provide average degradation rates
for systems which have been tested for a long time. Such rates are presented in table
2.2. Unfortunately, as it was mentioned in above, the electrolyser technology suffers
from lack of research on behaviours during various loading strategies. This might be
explained by the fact that commercial electrolysers in operation today, have generally less
daunting operating profiles than fuel cells. The tests presented in table 2.2 have therefore
been performed in almost steady state, which can explain why the degradation rates are
extremely low. This applies especially by the number given by Proton Onsite, where there
were no detectable voltage decay during the 20 000 hour test period.

Electrolyser Application Reported degradation Source
Self-made Stationary 1.5 uV/h Selamet et al. (2011)

for research

Giner ELX  Stationary 1 uV/h Hamdan and Harrison (2019)
stack

Proton On-  Stationary ~0 uV/h Anderson (2016)

site

Table 2.2: Reported degradation rates for different electrolysers
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2.6 Weight and Footprint of Commercial Systems

In order to perform the weight and footprint assessment later in the thesis, there has been
conducted a brief state-of-the-art analysis of commercial fuel cell and electrolyser tech-
nology. Such data can typically be acquired through datasheets or white papers provided
by the manufacturers. However, throughout this work and from discussions with partners
in the HES-OFF project, it has been identified that manufacturers often are cautious with
providing data for their products. The analysis therefore frequently suffers from lack of
information to give representative data for the technologies. The results of the analysis
are presented in this section.

2.6.1 Fuel Cell Stacks

Fuel cells stacks are currently available for a large range of applications. Data for various
stacks is presented in table 2.3. In this table, there is presented calculated ratios between
stack powers and stack weights, as well as stack powers and stack volumes. It is also
attempted to categorise the stacks according to their intended application. However, this
categorisation is quite inaccurate as some stacks are suggested in a large scale of applica-
tions. The most typical applications are therefore listed. Figure 2.22 and 2.23 graphically
show the numbers listed in table 2.3.

It can be noticed that the stacks intended for the automotive industry exhibit the largest
power/weight and power/volume ratios. These are applications where weight and foot-
print typically are crucial parameters. It could also be reasonable to believe that Un-
manned Aerial Vehicles (UAVs) would require high power/weight ratio, as weight is crit-
ical for the flying time. However, the relatively low number for the Aerostak stack listed
in table 2.3 can be explained by the fact that the stack is very small and better mass
optimisation is difficult to obtain at this level.
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Stack Application Capacity Power/weight Power/volume
[KIV.] W/kgl  [kW/m?]

PowerCell S3! Automotive, 49-125 2.9 3359
maritime

Toyota (Mirai) stack? Automotive 114 2.0 3100

Ballard FCgen 1020 ACS* Backup 0.45-3 0.2 211
power,
automotive

Ballard FCgen LCS® Automotive 50 1.7 1776

Ballard FCvelocity 9SSL®  Automotive  3.8-21 1.2 1525

Nedstack FCS 13-XXL"®  Stationary,  13.6 0.3 399
maritime

Nedstack FCS 10-XXL%!10  Maritime 10.6 0.3 376
propulsion

Nedstack FCS 7-XXL!!!2 Backup 6.8 0.3 331
power

PowerCell S2!3 Backup 3-35.5 2.7 316
power

Aerostak'*13 UAVs 0.3-1.7 0.6 183

Table 2.3: Data for fuel cell stacks. Highest power/weight and power/volume ratios among stack
configurations are listed

IPowerCell Sweden AB (2020d)

2Toyota Motor Corporation (2020)

3Toyota Motor Corporation (2019)

“Ballard Power Systems Inc. (2020a)
SBallard Power Systems Inc. (2020b)
Ballard Power Systems Inc. (2020c)
"Nedstack fuel cell technology B.V. (2020d)
8Nedstack fuel cell technology B.V. (2020f)
9Nedstack fuel cell technology B.V. (2020c)
10Nedstack fuel cell technology B.V. (2020g)
Nedstack fuel cell technology B.V. (2020e)
12Nedstack fuel cell technology B.V. (2020b)
BPowerCell Sweden AB (2020c)

1YHES Energy Systems (2020b)

ISHES Energy Systems (2020a)
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Figure 2.22: Power/weight ratios for fuel cell stacks plotted towards capacity
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Figure 2.23: Power/volume ratios for fuel cell stacks plotted towards capacity
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2.6.2 Fuel Cell Systems

Various manufacturers provide full fuel cell systems including both cell stacks and BoP
components. Examples of such systems are listed in table 2.4. For stationary power
production, Nedstack Fuel Cell Technology B.V. and Hydrogenics Corporation provide
systems in the MW-range stored in 40ft containers (Nedstack fuel cell technology B.V.,
2020a; Hydrogenics Corporation, 2020a). For more motive applications, systems in the
kW-range are available (PowerCell Sweden AB, 2020b; Hydrogenics Corporation, 2020b;
Ballard Power Systems Inc., 2020d; Swiss Hydrogen SA, 2020). The systems are listed
with their associated capacities and calculated power/weight and power/volume ratios. It
should be noted that the systems do not have the same outputs, and therefore not neces-
sarily the same amount of system components. The numbers are consequently not fully
comparable.

System Application Capacity Power/weight Power/volume
kW] [kW/kg] [kW/m?]

Nedstack CHP-FCP-1000' Stationary >1000 0.034 13

PowerCell MS-100? Automotive, 100 0.59 357

maritime

Hydrogenics HYPM-HD 180°  Bus, rail 198 0,28 167
Hydrogenics MW platform* Stationary  >1000 0,031 13

Ballard FCveloCity HD 3 Automotive 100 0,36 197

Swiss Hydrogen HY-REX 100°  Automotive 100 1,0 371

Table 2.4: Data for fuel cell systems. Highest power/weight and power/volume ratios among
stack configurations are listed

Nedstack fuel cell technology B.V. (2020a)
ZPowerCell Sweden AB (2020b)
3Hydrogenics Corporation (2020b)
*Hydrogenics Corporation (2020a)

SBallard Power Systems Inc. (2020d)
6Swiss Hydrogen SA (2020)

For some systems it is also provided information of which and how many stacks are
employed. This makes it possible to calculate how much stacks contribute to the overall
system weight and volume. Such information is presented in table 2.5. For the Nedstack
containerised system intended for stationary power production, the stacks contribute to
only 17% of the system weight and 5.3% of the system volume. The automotive industry
has shown that it is possible to make much more compact systems, where the stacks in
the HY-REX 100 system contribute to 44% of the system weight and 14% of the system
volume. It should be emphasised that the systems have different purposes and accordingly
different system components. Yet, it may be reasonable to think that there is a potential
for mass and weight optimisation for the stationary system, if this is desired.
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System Application System Stack Weight%  Volume %
Capacity  used stacks stacks
[EWe]
CHP-FCP-1000"?  Stationary ~ >1000 13-XXL 17 5.3
MS-100%4 Automotive, 100 S3 25 13
maritime
HY-REX 100*>-®  Automotive 100 S3 44 14

Table 2.5: Data for fuel cell systems where information about the installed stacks is also provided.
Highest power/weight and power/volume ratios among stack configurations are listed.

'Source regarding system information: Nedstack fuel cell technology B.V. (2020a)
2Source regarding the installed stack: Nedstack fuel cell technology B.V. (2020d)
3Source regarding system information: PowerCell Sweden AB (2020b)

“Source regarding the installed stack: PowerCell Sweden AB (2020d)

3Source regarding system information: PowerCell Sweden AB (2020a)

5Source regarding system information: Swiss Hydrogen SA (2020)

2.6.3 Electrolyser Stacks

It may seem like the electrolyser market is more focused on providing full electrolyser
systems rather than single stacks. Therefore, it is difficult to procure data of electrolyser
stacks, in the same way as what was obtained for fuel cell stacks in table 2.3. Nevertheless,
to get a sense of the dimensions of electrolyser stacks, data can be found for the Proton
OnSite M-Series 250 kW stack in the book by Bessarabov and Millet (2018). This stack
weights 295 kg and its dimensions are 49x61x89 cm. By use of these numbers, it can be
calculated that the stack exhibits a power/weight ratio of 0.85 kW /kg and a power/volume
ratio of 940 kW /m?.

2.6.4 Containerised Electrolyser Systems

Through this work, it has been found that electrolyser systems are currently commer-
cially available frequently as containerised systems intended for stationary hydrogen pro-
duction. This is a statement which has been confirmed by the industry partners in the
HES-OFF project. Such systems are listed in table 2.6. Unfortunately, it has proved to
be difficult to procure the weights of the systems. However, the 1.4 MW H-TEC ME
450/1400 system is listed to have a weight of 25 tonnes. Further, averagely approxi-
mately one 40 ft container is demanded to house a system with production capacity of
200 Nm3/h. Additionally, smaller cooling equipment must often be included.

53



Chapter 2. Introduction to Hydrogen Energy Storage

Electrolyser System  Capacity Capacity Housing Weight
[MW] [Nm3/h] [Tonnes]

NEL MC200! 1 207 2 x 40ft containers -

NEL MC400! 2 413 2 x 40ft containers -

ITM HGas2SP? 1.34 250% 2 x 30ft containers -

ITM HGas3SP? 2 375% 2 x 40ft containers -

Giner ELX* 1 200 1 x 40ft container -

Areva H2Gen E200° 1.6 200 1 x 40ft container -

H-TEC ME 450/1400° 1.4 210 1 x 40ft container 25

Table 2.6: Data for commercial containerised electrolyser systems. *Ideal gas law is used to
calculate volumetric flow rate.

INel ASA (2020)

2ITM Power (2020a)

3ITM Power (2020b)

4Giner ELX (2020)

3 Areva H2Gen (2020)

SH-TEC SYSTEMS GmbH (2020)

2.7 Developed Matlab Simulink® implementations

According to to objective 2 presented in section 1.2.3, it should be performed a search
for already developed models integrated in the Matlab Simulink® environment. In that
context, two fuel cell stack models have been found and are presented in the following
section.

2.7.1 Nehrir and Wang Simulink Model (NW Model)

As an attachment to the Nehrir and Wang (2009) book, there is provided a Matlab Simulink®
file where it is suggested a model implementation of a 500 W PEM fuel cell stack. As an
alternative to developing an own model, this model can possibly be tuned to fit different
stacks. However, as it will be presented, the model relies on several empirical approaches
which can make it difficult to use this model generically to fit arbitrary stacks. This sec-
tion will therefore present the model in detail, and discuss the difficulties with adapting
the model.

Modelling Approach

The model models a fuel cell stack, and the presented model is tuned to the 500 W SR-12
PEM stack manufactured by Avista Labs. In terms of the model classification chart in
figure 1.2, the model is a dynamic model which comprise one spatial dimension. The
model focuses on single cells which are scaled up to represent the entire stack. These are
modelled within the electrical, fluidic and thermal domain, with use of both analytical,
semi-empirical and empirical equations. The thermal model is implemented as a separate
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unit, which continuously calculates the overall stack temperature and heat loss. Since
this is beyond the scope of this work, the thermal model is not presented and the stack
temperature is rather represented as a constant input parameter. The model outputs are
stack voltage and power. The input to the model is a varying current which represents the
loading of the stacks. In addition, a set of constant input parameters which are listed in
table 2.7 are needed.

Assumptions

To perform the modelling, the following set of assumptions is applied and listed in the
book:

1. One-dimensional treatment of flow and distribution of gas species inside the fuel
cells

2. Ideal and uniformly distributed gases
3. Constant pressures in the fuel cell gas flow channels

4. The fuel is humidified hydrogen, and the oxidant is humidified air. Further aspects
of the humidity are not considered.

5. The effective water vapor pressure is 50% of the saturation pressure at the anode,
and 100% of the saturation pressure at the cathode.

6. The fuel cell operates below 100°C and the reaction product is in liquid phase

7. Thermodynamic properties are evaluated at average stack temperature, temperature
variations across the stack are neglected and the overall specific heat capacity of the
stack is assumed to be constant.

8. Parameters for individual cells are lumped together to represent a fuel cell stack

Governing equations

The NW model applies mostly common equations, and some of these equations have al-
ready been presented in section 2.1. However, for certain calculations the model uses
more special approaches which are not found in very many other models. This section
will outline the entire approach.

Equations already outlined in section 2.1:

The overall dynamic fuel cell voltage is modelled by the reversible voltage and subtraction
of different losses. The losses considered are the activation losses, ohmic losses and
concentration losses, as well as the dynamic voltage drops caused by the mass transfer
delay and the double layer charge effect. The implementation of the two last losses have
already been discussed in section 2.1.6 and 2.1.6. The overall dynamic voltage is therefore
given by:
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Vour = Eocv — Vaetn — Vo — Vormie (2.41)

In section 2.1.6 and 2.1.6, it was presented the following equations, which are also used
in the NW model:

1
EOCV = ENernst - ‘/d = ENernst - )\e] <1 - > (233)
Tes + 1
dV;
VC’ == (I - Cd_tc) (Ract,Q + Rconc) (240)
Vier =0+ (T —298) \a+ T bln] (2.39)
Vact 1 Vact,2

Additional equations special for the NW model
In addition to the equations listed above, the NW model applies several other semi-
empirical correlations. The Nernst voltage is calculated by:

RT
— k(T —298) + 5F (am, - ay) (2.79)

kg is here an empirical constant. The activities of the gases, ay, and aop,, are strictly the
activities where the half reactions occur, and Nehrir and Wang (2009) argue that this is
on the interfaces between the electrodes and the membrane. The activities here will be
different than the activities at the inlets of the fuel cells, as the gases has to diffuse through
the electrodes. Therefore, the NW model employ the following correlations to calculate
the gas activities at the electrode-membrane interface:

__ 1o
ENernst - EO,cell

1
_ sat
am, = 05Pjfo | — e — 1 (2.80)
ch,a 2FPaDy, 0 H
Ty 0€ 20,Hg
= psd ! —1 (2.81)
ao, = 7,0 N RTlci .
ch,c 3FP.Dy, 0.0
T o€ 20,02

Here, Pﬁ‘;’fo is the saturation pressure of water at the given average stack temperature. [,

and /. are the widths of the anode and cathode electrodes, while P, and P. are the inlet
pressures to the anode and cathode chambers. Dy,0 m, and Dy,0.0, are the effective

binary diffusivities of water molecules in pair with gaseous hydrogen and oxygen. xf%?)
and xg,;co are the mole fractions of water at the anode and cathode inlets, and is calculated
by:
o _ Pitlo
ch,a 2
Tn = 2.82
H>0O P, ( )
Psat
ch,e _ + H20O
HoO = P2 (2.83)
C
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The saturation pressure of water is further calculated by:

Py = (—40529.45+401.9403 - T — 1.334303 - (T?) +0.001483784 - (T?)) /760 (2.84)

To calculate the concentration losses (represented as the concentration resistance), the
NW model apply the following equation:

RT '
Vione = 2.6——In <1 Y 10100> (2.85)
nkF ir
The ohmic losses are as normally calculated as the product of current and ohmic resis-
tance. However, the ohmic resistance is calculated by:

Rowm = Rohmo + kril + kgrT (2.86)

Here, R,nmo, krr and kg are empirical constants. The ohmic resistance has therefore
a linear relationship to the current, which means that the ohmic losses are proportional
to the square of the current. This contradicts the more traditional understanding that the

ohmic losses have a linear dependency on the current, which was described in section
2.1.4.

Summary of Input Parameters Needed

From the equations listed in the previous section, it can be seen that adaption of the
NW model requires procurement of several parameters. All the parameters are listed in
table 2.7, and with a comment on how these typically can be acquired. The values for
diffusivities and electrode thicknesses are not provided explicitly in the model.

Conclusion

The NW shows to employ several semi-empirical and empirical equations which intro-
duces numerous input parameters. The summary in table 2.7 further displays that nine of
these input parameters most probably have to be obtained empirically. Additionally, many
of these do not have an intuitive physical meaning, but are empirical constants which
therefore need to be tuned according to experimental data. It is therefore concluded that
the NW model is quite difficult to adapt as a generic model which can represent arbitrary
stacks. However, the model implements some interesting approaches and it can be used
as inspiration when developing own models.

2.7.2 Simulink® Simscape™ Library Fuel Cell Stack Block

In the Simscape™ Library in the Simulink® environment, it can be accessed a block
named Fuel Cell Stack. This block is described to implement a generic model for the
most popular types of fuel cell stacks (The MathWorks Inc). In the following, this block
is referred to as the Simscape FC block.
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Symbol Pyisical meaning How to obtain  Value in NW
E§ cen Rev. cell voltage at standard cond. Tabulated 1.229V

Ae Empirical constant Empirically 3.33-1073 Q
Te Time const. for mass transport delay ~ Empirically 80 s

C Capacitance of charge double layer Empirically 4 F

Mo Empirical constant Empirically 1.272V

a Empirical constant Empirically 9.597 -107°
b Empirical constant Empirically 9.274-107°
T Operating temperature Datasheets 273 - 3713 K
I Limiting current Datasheets 25 A

l, Thickness of anode electrode Manufacturer -

l, Thickness of cathode electrode Manufacturer —

P, Anode inlet pressure Datasheets 1.5 atm

P. Cathode inlet pressure Datasheets 1.0 atm
Dw,0.m, Binary diffusivity Tabulated —
Dm,0.0, Binary diffusivity Tabulated —

Ronmo Empirical constant Empirically 0.02054 €2
krr Empirical constant Empirically 3.9-107°Q/A
krr Empirical constant Empirically  4.94-107° Q/K

Table 2.7: Input parameters used in the NW model

The Simscape FC block is tuned in the dialog box of the block. Here, the user has to
select the model detail level and one can choose between applying a detailed or simplified
model. By selecting the simplified model, the model is tuned by providing the following

information about the fuel cell stack:
* Voltage at 0 A and 1 A

* Current and voltage at nominal

* Current and voltage at maximum operating point

By selecting the detailed model, the model will be further tuned according to the following

data which have to be provided:
* Number of cells
» Nominal stack efficiency (based on LHV)

* Operating temperature

Nominal Air flow rate

Nominal supply pressure

* Nominal composition of hydrogen in fuel stream and oxygen and water in air stream
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Figure 2.24: Screenshot of the Fuel Cell Stack Block accessed in the Simscape™ library in the
Simulink® environment. (Referred to as the Simscape FC block in the text)

As an option in the detailed model, a polarization curve is plotted for the fuel cell stack
by means of the provided data.

Figure 2.24 depicts the Simscape FC block as it appears in the Simulink block diagram.
The output of the block is a signal bus denoted “m”, which contains several values, among
these is the stack voltage. The block has a positive and negative pole representing the
poles of the fuel cell stack. To make the block function, a implementation representing
power electronics has to be coupled to these poles. Further, the detailed version of the
model allows for controlling the following parameters:

* Fuel composition (x_H2 [%])

Oxidant composition (y_O2 [%])

Fuel flow rate (FuelFr [Ipm])

Air flow rate (AirFr [Ipm])

System Temperature (T [K])

Fuel supply pressure (Pfuel [bar])

Air supply pressure (PAir [bar])

By selecting to control the fuel and air flow rate, the block allows for specification of
dynamic parameters through the dialog box by means of three inputs:

* Fuel Cell response time [seconds]
e Peak O, utilization [%]

* Voltage undershoot [V] at peak O2 utilization
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If these fields are not specified, the block will use default parameters which are a response
time of 1 second, peak O2 utilization of 80% and a voltage undershoot value of 10 V (The
MathWorks Inc).

For illustration of how the model can be tuned, the block contains options for presetting
the values to model different example stacks. The most well-documented preset is de-
scribed in the documentation of the block, and is tuned to the 6 kW NedStack PS6 stack
(The MathWorks Inc). This preset is accessed in the dialog box of the block under the
name PEMFC - 6 kW - 45Vdc.
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Chapter

Modelling of the HES-OFF system

This chapter presents the modelling of the HES-OFF hydrogen energy storage system.
Firstly, the assumed design of the system is presented. This comprise an outline of which
system components are embedded and a description of the fuel cell and electrolyser char-
acteristics and organisation. Secondly, the developed model of the system is described.
Finally, it is outlined a method to evaluate the fuel cell part of the developed model by
benchmarking with the Simscape FC block.

3.1 Assumed System

To perform the modelling of the HES-OFF system, it is first of all necessary to assume a
design of the system. However, it must be emphasised that within the framework of the
HES-OFF research project, the design is still under investigation. Therefore, the design
presented in this work is only an assumed design for the purpose of this work, and is not
an official design stated on behalf of the HES-OFF research project.

It is assumed in this work that the system should have both total fuel cell and total elec-
trolyser capacity on 2 MW. The value of 2 MW has been selected for the purpose of this
work, but can easily be adjusted within the model by changing the capacity of each stack
or changing the number of stacks in the system. The following section presents the overall
design of the assumed system.

3.1.1 System layout

In section 2.4 it was described which BoP components PEM fuel cell and electrolyser
systems running on pure gaseous hydrogen typically need. This has been taken into ac-
count for the HES-OFF hydrogen energy storage system, and an assumed system layout
is presented in figure 3.1.
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Figure 3.1: Simplified system drawing of the suggested and modelled HES-OFF hydrogen energy
storage system

The system will comprise several fuel cell and electrolyser stacks to obtain the required
capacity, and all these stacks are represented with respective blocks in figure 3.1. It is
assumed that both the air stream and the hydrogen stream entering the fuel cell must
be processed using humidifiers and heat exchangers. In addition must the air stream be
pressurised, which is obtained by a mechanical compressor. The re-circulation of unused
hydrogen in the fuel cells is solely run by an ejector system which uses high pressure
gas from the storage tank as the primary flow. The electricity produced by the fuel cells
is processed to the desired conditions by use of power electronics. Similarly, the electric
input power to the electrolysers is processed from given conditions, to the type of electric-
ity consumed by the electrolysers. The outlet hydrogen from the electrolysers is purified
and further compressed with a mechanical compressor and stored in storage tanks. As
it was discussed in section 2.4.2, electrochemical compression has been discussed as an
interesting alternative to fulfill the duty of hydrogen compression. Yet, due to time limita-
tions in this work and the relative simple nature of mechanical compressors, the hydrogen
compression is therefore modelled to be performed by mechanical compressors.

It must be emphasised that this is a simplified design to show the integration of important
components in the system. Even though different components are only represented by one
icon, a real system would probably require a larger quantity of certain components (e.g.
many ejectors and not only the one which is depicted). Moreover, it is outlined in chapter
2.4 other components which are typically installed in fuel cell and electrolyser systems
than the ones included in figure 3.1. However, these are not included, because it is as-
sumed that they are not strictly needed or can be neglected in the modelling of the system.
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3.1.2 Fuel Cell Stacks
Stack Characteristics

The fuel cell stacks in the assumed system are considered to be the PowerCell S3 stack,
manufactured by the Sweedish manufacturer PowerCell Sweeden AB. This is a 125 kW
PEM stack (PowerCell Sweden AB, 2020d), and 16 stacks are therefore required to fulfill
the requirement of 2 MW output electric power from the entire system. A polarization
curve for the fuel cell can be found in a datasheet provided by the manufacturer (Pow-
erCell Sweden AB, 2020d), and is replotted in figure 3.2. In the datasheet, it is stated
that this polarization curve was obtained using a fuel stream with a pressure of 2.2 bars
and with 70% H; in N,. In this work, the fuel cells are considered to run on pure hydro-
gen, but therefore at a correspondingly lower pressure (see table 3.2) to obtain the similar
polarization curve.
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Figure 3.2: Reprinted polarization curve (including cell power) for PowerCell S3 provided by the
manufacturer (PowerCell Sweden AB, 2020d)
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Modular Organisation

The fuel cell stacks are considered to be organised into 4 modules each containing 4
stacks as illustrated in figure 3.3. This is a common design for big-size fuel cell systems
(Ekdunge, 2017) and was also applied by Campanari et al. (2019) in their modelling of a
2 MW PEM fuel cell system. With this modular design, all the stacks within one module
are loaded simultaneously, while each of the modules can be loaded differently relative
to each other. The advantage with this design, is that the stacks within each module can
share many of the same BoP components. The design therefore provides a compromise
between flexibility and system cost. The alternatives to the modular design would require
to load all stacks either simultaneously or individually. Because of the increased degrada-
tion which occurs when stacks undergo dynamic loading (section 2.5), it is inconvenient
to load all stacks simultaneously as all stacks then would undergo the dynamic loading.
This therefore limits the flexibility of the system. On the contrary, by loading all the
stacks individually, some stacks can undergo steady operation while other can be adjusted
to fulfill the demand of the total system. However, this would require more BoP com-
ponents, for example own controllers for each stack. Further, the final operation of the
stacks depends on the control system embedded in the fuel cell system. However, because
the stack system in reality is a complex system and due to the fact that manufacturers gen-
erally are cautious with sharing details about this, detailed control systems and strategies
are not included in the modelling activity. Nevertheless, considering the required fidelity
of the model, it is reasonable to consider operational procedures and schemes as they are
presented in Campanari et al. (2019), where the modules are loaded separately as depicted
in figure 3.3.

Organisation of fuel cell stacks

odule 1
DC
I FC stack II FC stack II FC stack II FC stack I EC,I
odule 2
DCFC2
I FC stack II FC stack II FC stack II FC stack I -
L
?I/I:Vtvesrlal odule 3
P DC,.
FC stack FC stack FC stack FC stack =3
odule 4
DCFC4
I FC stack II FC stack II FC stack II FC stack I :

Figure 3.3: Organisation of fuel cell stacks in modules
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3.1.3 Electrolyser Stacks
Stack Characteristics

The electrolyser stacks in the assumed system are considered as the Proton OnSite M-
series stack, manufactured by the US manufacturer Proton OnSite (owned by the Nor-
wegian Nel ASA) (Bessarabov and Millet, 2018). Data for this stack is presented by the
manufacturer through Anderson (2016). This is a 250 kW PEM stack, and eight stacks are
therefore required to fulfill the requirement of 2 MW electrolyser capacity for the entire
system. A polarization curve for the stacks operating at 13 bar is replotted in figure 3.4.
The electrolyser stacks in the HES-OFF system have been tuned with the aim to fit this
polarization curve.
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Figure 3.4: Replotted polarization curve for Proton OnSite M-series provided by the manufacturer

Modular organisation

Because of the same argumentation as for the fuel cell stacks, the electrolyser stacks are
organised into modules. The configuration comprises two modules including four stacks
each, and is shown in figure 3.5.
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Organisation of electrolyser stacks
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Figure 3.5: Organisation of electrolyser stacks in modules

3.1.4 Balance of Plant Components

Because there is less focus on BoP components in this work, these components are not
considered as any specific commercial products. Moreover, the market of BoP compo-
nents is very wide because components from other industries can be adapted. Therefore,
finding designated BoP componentes to model in this work would be too specific as the
purpose of the work is to pave the way for further modelling. Instead, the BoP compo-
nents are in this work considered by means of typical values which are represented in the
literature. The characterisation for the considered BoP components are further described
in section 3.2.4.

3.2 Developed Model

3.2.1 Inputload

Regarding that the model is intended to be further developed to be implemented in an
OPAL-RT platform, it has been decided from the other team-members of the HES-OFF
project that the model should have electrical current as the input load. This means that
the fuel cells and electrolysers will be loaded by adjusting the electric current, /.

3.2.2 Modelling Approach

To model the assumed system, an own model based on the equations listed through chap-
ter 2 has been developed. This model is later referred to as the developed model. The fuel
cell stacks could possibly be modelled by adapting either the NW model or Simscape FC
block outlined in section 2.7. However, the NW model was found insufficient due to its
extensive use of unconventional parameters and the Simscape FC block will be used for
benchmarking later.

As mentioned, the developed model is based on the equations outlined chapter 2, which
were found in the open literature. However, the only phenomenon which it is considered
that the open literature do not provide an adequate approach for, is the double layer charge
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effect described in section 2.1.6. Here, two approaches are found. The approach by Nehrir
and Wang (2009) have an unconventional way to model the activation losses, while the
approach by Larminie and Dicks (2003) does not account for concentration losses. It has
therefore been developed an own approach as a combination of these two, accounting for
both concentration losses and activation losses by means of the equations listed in section
2.1.4. The approach is represented as an equivalent electrical circuit in figure 3.6 and the
double layer charge effect is given by the following equation:

dV,
VC - (I - Cd_tc> (Ract + Rconc) (31)

It follows that the overall fuel cell voltage is given by:

VFC = ENernst - ‘/d - VC - V;)hmic (32)
Rohmic
WV >0
I +
Ract
ac 1 C
T v
RCOHS FC
— E
O

Figure 3.6: Equivalent electrical circuit of the modelled effect by the charge double layer
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3.2.3 Further Simplifications

Certain assumptions have already been outlined in this chapter and through the outlining
of the equations in chapter 2. Yet, further following simplifications have been applied in
the modelling:

Perfectly controlled humidifiers and heat exchangers are assumed to be applied.
This assumption further imply that temperature and humidity conditions are ide-
alized, and the humidifiers and heat exchangers are not considered in the model.
This has been found necessary, as the literature review in section 2.4 showed that
humidification and heat exchange can be performed in a variety of methods in fuel
cell and electrolyser systems, and a general model is difficult to develop. These are
assumptions also applied by Gou et al. (2016).

It is assumed that there are no losses of substances through the system boundaries.
The fuel cells and electrolysers are assumed to have no Faradaic losses and eventual
hydrogen present at the fuel cell cathode is re-cycled to the anode by the ejectors.

The fuel cells, electrolysers and all other system components are assumed to not
experience any degradation. It was explained in section 2.5 that degradation phe-
nomena in fuel cell and electrolyser systems are quite difficult to model. Moreover,
the average degradation rates in table 2.1 and 2.2 imply that simulations must be
performed with a very long time frames (years) to observe degradation effects. The
simulations in this work will not be performed with such long time frames.

Power electronics are not considered. It was suggested in section 2.4.8 how the
power electronics can be treated simply by means of efficiency losses. However,
because this work has a little focus on this field, the treatment of power electronics
is left for further work.

All input parameters except the current are assumed constant. Assumptions for the
applied parameters follows in section 3.2.4.

Parameters for individual fuel cell and electrolysers cells are lumped together to
represent stacks. This imply that stack voltages and powers are obtained by multi-
plying the cell voltages and cell powers with the number of cells.

The ideal gas assumption is applied in all cases, except for the hydrogen storage
tank. It was discussed in section 2.3.2 why the Van der Waals equation gives a
better representation of this.
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3.2.4 Tuning of Constant Input Parameters

The equations applied in the model require a set of input parameters which have been
considered constant. Certain of these parameters are simply physical constants and are
listed in table 3.1. Further, there are several parameters which are specific for each fuel
cell and electrolyser stack. For the PowerCell S3 and Proton OnSite M-series stack,
these have been listed in table 3.2 and 3.3. These parameters have been obtained in
three different ways. Certain parameters have been found in manufacturer datasheets or
reports from other research projects. Further, a few parameters have been assumed by
means of a combination of literature reviews and the best of the author’s knowledge after
communication with industrial representatives during seminars and meetings. The last set
of parameters have been tuned in order to fit given experimental data. The modelling of
the BoP components also require a few parameters specific for the equipment. Because
no specific commercial BoP components have been selected for the system yet, there
have been selected input parameters which can be assumed to be reasonable for this kind
of system. These are listed in table 3.4. For all parameters, it is provided a reference
footnote with an explanation for the assumed value.

3.2.5 Simulink Implementation

The model of the HES-OFF system was implemented in the Simulink® environment, and
the dynamic simulations presented in chapter 4 was performed. Steady state diagrams
were plotted by use of Matlab scripts. The implementations are further outlined in Ap-
pendix A and B.

Parameter Symbol Value Unit Ref.
Universal gas constant R 8.314 J/mol K !
Faraday’s constant F 96485 C'/mol !
Gibbs free energy of reaction 2.1 Agy 228170 J/mol 2
Higher heating value HHV 285800 J/mol !
Specific heat capacity of air Cp.air 1.0 kJ/(kg- K) 3
Specific heat ratio of air K 1.4 - 3
Van der Vaals constant a 0.025 mbPa/mol? 4
Van der Vaals constant b 2.66 - 1075 m3/mol 4

Table 3.1: Input parameters general for all fuel cell and electrolyser systems

!0’ Hayre et al. (2016)

2Spiegel (2008)

3Moran et al. (2015): Evaluated at 15°C, ideal gas behaviour assumed
4Klell (2010)
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Parameter Symbol  Value Unit Ref.
Found explicitly for the S3 125 kW stack

Cell active area Agenl 300 em? !
Number of cells Neen 455 - 2
Limiting current Iy, 570 A 3
Assumed to the best of author’s knowledge

Membrane hydration parameter at RH=100% )\, 14 - 4
Hydrogen inlet pressure Py, 1.54 bar 2
Air inlet pressure P 2.0 bar 2
Cell operating temperature T 68 °C 3
Membrane thickness L 5-1003 em 6
Capacitance of charge double layer C 6 F 7
Time constant for gas flows Te 0.25 S 8
Empirical constant in eq. 2.32 e 0.16 Q o
Tuned to fit experimental data

Charge transfer coefficient a 0.43 - 10
Exchange current density io 1-1075  A/em? 1

Table 3.2: Input parameters tuned for the PowerCell S3 stack, attempted to fit the experimental

data in figure 3.2.

AUTO-STACK CORE (2018)
ZPowerCell Sweden AB (2020d)
3Haberl (2017)

“Figure 2.4

3 Assumed to be the same as the coolant temperature used in figure 3.2 (PowerCell Sweden AB, 2020d)
®Kienitz (2020) indicates that membrane thicknesses are typically the range of 1072 - 10~2 cm
7Jaouen et al. (2003) reports a volume specific capacitance of 2-107 F'/m? for a Carbon/Nafion interface.
This was measured for a cathode thickness of 10 pm, and for the active area of 300 em? used in this work,

this yields a capacitance of 6 F'.

8Gou et al. (2016) state that fuel cells can have response times within seconds when perfectly controlled
humidifiers and heat exchangers are assumed applied. Li (2005) further supports this by stating that MW
fuel cell systems typically have response times within a second.

Data for fitting has not been obtained, and the value used in the NW model 2.7.1 has been applied

1OMust be between 0 and 1, and is typically around 0.5 (O’Hayre et al., 2016)

""Within the range of numbers used in examples in Barbir (2013)
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Parameter Symbol Value  Unit Ref.
Found explicitly for M-series 250 kW stack

Hydrogen outlet pressure Py, 13 bar !
Cell active area Acerr 680 cm? 2
Number of cells Nociis 100 - 2
Assumed to the best of autho’s knowledge

Membrane hydration parameter at RH=100% \,, 14 - ?
Oxygen outlet pressure Po, 1 bar 3
Limiting current density ir 2.5 Alem? 4
Cell operating temperature T 58 °C 3
Membrane thickness L 0.025 cm 6
Exchange current density io 1-1075 A/em? 8
Tuned to fit experimental data

Charge transfer coefficient o 0.4 - 7

Table 3.3: Input parameters tuned for the Proton OnSite M-series stack, attempted to fit the ex-
perimental data in figure 3.4.

IThe hydrogen pressure can be higher for the given stack, but the polarization curve provided by Ander-
son (2016) and replotted in figure 3.4 is obtained for 13 bar

ZBessarabov and Millet (2018)

3 Air is assumed to be released to the atmosphere at approximately 1 bar

“Bessarabov and Millet (2018) suggest i, for electrolysers to be between 1 - 2.5 A/cm?

3 Assumed the same as the stack operating temperature, which is 58°C' (Bessarabov and Millet, 2018)

®Membrane thickness is typically 170 - 250 um for electrolysers (Anderson et al., 2013)

"Must be between 0 and 1, and is typically around 0.5 (O’Hayre et al., 2016)

8 Assumed to be the same value as for fuel cells, presented in table 3.2

Figure 2.4

Parameter Symbol  Value Unit Ref.
Assumed to the best of author’s knowledge

Storage tank volume Viank 30 m3 !
Storage tank temperature Tiank 15 °C !
Air compressor inlet temperature T; 15 °C !
Storage tank initial mass Minit tank 300 kg !
Air compressor efficiency Neair 70 % 4
Hydrogen compressor efficiency e, Hy 70 % 5
Purifier time constant ™ 2.5 s 6

Table 3.4: Parameters tuned for typical BoP components

! Assumed for the purpose of this work with no further description

270% is mentioned as a typical air compression efficiency in Barbir (2013)

3Discussed in section 2.4.2

4Set to match purifier lag with ramping time (min to max load) of the NEL M-series system (Nel ASA,
2020)
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3.3 Evaluation of the Fuel Cell Model by Benchmarking
with the Simscape Library Fuel Cell Stack Block

To evaluate the fuel cell stack model implemented to model the HES-OFF system, the
model is benchmarked with the Simscape™ Library Fuel Cell Stack block described in
section 2.7.2. In this analysis, the Simscape FC block is operated with the preset values of
the 6 kW - 45 Vdc stack. The benchmarking is obtained by tuning the developed model
similarly and comparing the outputs. The reason why the model is evaluated by means of
a comparison with the Simscape FC block, is because this has been considered as the best
feasible alternative. Ideally, the developed fuel cell model should have been compared
with experimental data of the PowerCell S3 stack. However, this has been found difficult
to obtain, and the model is instead benchmarked with the well-established model - the
Simscape FC block.

The polarization curve obtained from the Simscape FC block is plotted in figure 3.7. To
approximate this polarization curve with the developed model, some of the similar input
parameters can be used. In addition, certain parameters have to be assumed. All the pa-
rameters used in the developed model are listed in table 3.5. Note that all the assumed
values in table are the same as assumed in table 3.2, except for A..;;, I, and «. The time
constant 7, corresponds 25% of the response time of 1 second which is the default value
used in the Simscape FC block.

The Simscape FC block was implemented with assistance from internal forces in the
HES-OFF team in order to have current as input load. A more detailed outlining of the
implementation can be found in Appendix C.

Parameter Symbol Value  Unit
Same as preset values in Simscape:

Hydrogen inlet pressure Py, 1.5 bar
Air inlet pressure P, 1 bar
Number of cells Neelis 65 -
Cell operating temperature T 65 °C
Assumed:

Exchange current density io 1-107° A/em?
Membrane thickness Lin 5-1073 cm
Membrane hydration parameter Am 14 -
Cell active area Acenr 100 cm?
Limiting current I, 270 A
Charge transfer coefficient o 0.415 -
Capacitance of charge double layer C 6 F
Time constant for gas flows Te 0.25 s

Table 3.5: Input parameters in the developed model in the benchmarking with the Simscape FC
block

72



3.3 Evaluation of the Fuel Cell Model by Benchmarking with the Simscape Library Fuel

Cell Stack Block
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Figure 3.7: Polarization and power curve obtained from the Simscape FC block
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Chapter I

Results and Discussion

In this chapter, the results from the work is presented and discussed. Section 4.1 to 4.4
demonstrate the features and capabilities of the developed model by means of differ-
ent simulations. Further, section 4.5 presents the results of a sensitivity analysis which
was performed for certain parameters, followed by section 4.6 which outlines about the
benchmarking of the fuel cell model with the Simscape FC block. Section 4.7 consid-
ers the weight and footprint of the modelled system, before the chapter is ended with a
discussion of the work in section 4.8.

4.1 Demonstration of Fuel Cell Stack Submodel

4.1.1 Steady State Diagrams

The modelled polarization curve of the fuel cell cells is plotted in figure 4.1 by means
of the input parameters listed in table 3.1 and 3.2. Additionally, the provided polariza-
tion curve from the manufacturer of PowerCell S3 is plotted in the same figure. From
the modelled curve, the three characteristic regions (activation, ohmic and concentration
region) are identified by visual inspection. The polarization curve is plotted towards cur-
rent, /, and not the area normalized current density, ¢. This is for ease of comparison to
the provided curve from the manufacturer, which is presented in this form. In the model,
the transformation between current and current density is obtained by equation 2.4.

The manufacturer polarization curve is not plotted for currents over 450 A, which cor-
responds to the concentration region. It is stated in Yang et al. (2018) that this region is
often excluded because operation here is not allowed in practical conditions. This may
be because the efficiency significantly decreases for this high current densities, which is
depicted in figure 4.2 where the voltage efficiency is plotted. Moreover, it was mentioned
in section 2.5 that electrolysers exhibit increased degradation rates during operation at
high currents. Due to the similarities between fuel cells and electrolysers, fuel cells can
possibly exhibit similar behaviors, which make operation in the concentration region even
less advantageous.
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Figure 4.1: Modelled fuel cell polarization curve for PowerCell S3 compared to the provided
curve by PowerCell Sweden AB (2020d)
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Figure 4.2: Modelled fuel cell voltage efficiency plotted towards current
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It can be observed from figure 4.1 that the modelled polarization curve follows the pro-
vided curve reasonably in the activation region and the ohmic region. Because data are
not provided for the last region, the model parameters are not tuned for this. The part of
the modelled curve in the concentration region is therefore solely predicted by the theory
behind model and the parameters fitted for the two other regions.

As mentioned, figure 4.2 plots the modelled voltage efficiency of the fuel cell stacks.
Further are the Faradaic losses and other substance lossed assumed to be negligible (sec-
tion 3.2.3), from which it follows that the current efficiency (equation 2.49) is 100%. By
means of equation 2.1.7, the voltage efficiency plotted in figure 4.2 therefore represents
the overall fuel cell stack efficiency in the model from inlet gaseous hydrogen to output
DC electricity from the stack. Furthermore, figure 4.2 outputs a fuel cell efficiency vary-
ing between approximately 30-70%. Moreover, the efficiency varies between roughly
45-55% in the ohmic region, which is is likely to be the most frequently used operating
region as it features a combination of relative high current and high efficiency. It has been
claimed the PowerCell S3 will exhibit an efficiency of 52% when installed in the MS-100
system (Ekdunge, 2017), which is in the range of what figure 4.2 outputs. It must be em-
phasised that this efficiency might comprise additional losses than what is accounted for
in the voltage efficiency, which consequently give lower efficiency values than the voltage
efficiency. On the contrary, the efficiency was determined by means of the LHV which
will output a slightly higher value than the HHV efficiency.

Figure 4.3 plots the cell power towards current, for which the modelled output curve and
the provided curve from the manufacturer is plotted. Additionally, is a projected stack
power displayed on the right axis, which which is assumed to be the cell power scaled up
according to the number of cells in one stack. It must therefore be emphasised that the
provided power curve from the manufacturer only comprise the cell power and the stack
power is modelled. Moreover are the characteristic regions identified in the polarization
curve (figure 4.1) reprinted in the plot.

Similar as for the polarization curve, the provided power curve stops at 450 A. Yet, for
lower currents, the modelled power curve appears to match the manufacturer data with
relatively small deviations (order of few Ws). In the concentration region, the power
drops radically according to voltage decrease observed in figure 4.1.
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Figure 4.3: Modelled fuel cell power of PowerCell S3 compared to the provided curve in Power-
Cell Sweden AB (2020d). The stack power, which is cell power scaled by the number of cells is
plotted on the right axis.

The modelled stack power peaks at approximately 140 kW, and the maximum stack power
in the ohmic region is around 130 kW. Both of these values are beyond the claimed ca-
pacity from the manufacturer of PowerCell S3, which is 125 kW (PowerCell Sweden AB,
2020d). The modelled stack power obtained by scaling the cell power with the number
of cells may therefore yield insufficiently high values. However, as it has been explained,
fuel cells are rarely operated in the concentration region. Assuming that the power at the
upper boundary of the ohmic region is what the manufacturers consider as the maximum
power, the modelled power therefore corresponds reasonably with the rated power of the
stack (125 kW).

A calculated performance parameter describing the electric energy production per mass
of fuel consumed by the fuel cell stacks is plotted in figure 4.4. This parameter can be
convenient for the understanding of the energy conversion in the hydrogen energy storage
system. The voltage efficiency is plotted in the same graph, and it can be observed that
the performance parameter curve follows the shape of the efficiency curve.
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Figure 4.4: Modelled performance parameter [MJ/kg] and voltage efficiency plotted towards stack
power

4.1.2 Dynamic Behaviour

Figure 4.5 plots the modelled dynamic fuel cell stack voltage, when the fuel cells are ex-
posed to a step increase in current (at t=15 s). The current is increased from 250 A to 300
A, which spans within the ohmic region (Figure 4.1). Before the current increase (t<15
s), the stack voltage is stable around 340 V, while after the current increase, the voltage
stabilizes to approximately 330 V. Both of these voltages correspond to the steady state
polarization curve in figure 4.1 (if the cell voltage is scaled by the number of cells). How-
ever, immediately after the current step is applied, the voltage undershoots significantly
compared to the later obtained steady state voltage.

The undershoot effect can be ascribed to the mass transport delay inside the fuel cells
caused by the inertia of reactant gas flows (equation 2.32). The voltage undershoot van-
ishes after approximately 1 second, which corresponds to 4 times the time constant 7,
in equation 2.32. According to the same equation, the voltage undershoot should have a
maximum amplitude of ). - I, obtained immediately after the current step. However, it
can be observed from figure 4.5, that the bottom of the undershoot does not follow this
abrupt behaviour predicted by equation 2.32, but is rather smoothed. This is explained by
the double layer charge effect outlined in section 2.1.6. In this modelling activity, the ef-
fect is modelled by equation 3.1 which can further be reorganized to show that the charge
double layer causes a damping effect to voltage changes:
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Vo
dt

TV
Damping effect

VC’ = Vact + ‘/conc -C

N

(Ract + Rconc) (41)

The first two parts of equation 4.1 are the activation and concentration losses (equation
2.18 and 2.23). These increase as the current increases (and opposite), which further
change Vi similarly. Because C, R, and R.,,. are always positive, the last part of
equation 4.1 will therefore always work against any change in V. In other words, the
charge double layer will damp voltage fluctuation caused by current changes, since the
charge double layer effect, V-, is included in the overall fuel cell voltage (equation 3.2).
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Figure 4.5: Response of modelled fuel cell stack voltage to a step increase in current.

Figure 4.6 plots the fuel cell stack voltage response when the current is step decreased.
Opposite to the case where the current was increased (figure 4.5), the mass transport delay
here contributes to a voltage overshoot. The peak of the overshoot is further smoothed
because of the double layer charge effect which is present due to the current change.

In both figure 4.5 and 4.6, it can be observed small voltage oscillations at steady state stack
voltage. These fluctuations can be ascribed to the charge double layer which appears to be
somewhat unstable for the given parameters. Further tuning of the capacitance parameter
C' can perhaps prevent these oscillations from occurring.
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Figure 4.6: Response of modelled fuel cell stack voltage to a step decrease in current

4.2 Demonstration of Electrolyser Stack Submodel

As mentioned in section 2.2.4 there have not been found any sufficient dynamic models
for electrolyser stacks. Electrolyser dynamics are generally less analysed in published re-
search compared to fuel cell dynamics. Therefore, to developed a model for electrolyser
stacks similar to what has been developed for fuel cells in this work, it therefore requires
experimental activities or extensive access to experimental data for state-of-the-art elec-
trolysers. This has been considered far beyond the scope of this work, and the dynamic
behaviours of electrolysers are therefore not modelled. By means of current step varia-
tions which were performed for fuel cells in figure 4.5 and 4.6, the electrolyser voltage
will therefore always be exactly the same as the steady state voltage (i.e. no charge double
layer effect or voltage drops due to mass transport delays like in fuel cells). The dynamic
behaviours are not illustrated for electrolysers in the similar way as what was performed
for fuel cells in section 4.1.2, but the steady state diagrams are presented in the following.

4.2.1 Steady State Diagrams

The modelled polarization curve for the Proton OnSite M-series electrolyser stack is plot-
ted in figure 4.7. Further are the three characteristic regions (activation, ohmic and con-
centration region) identified by visual inspection. The provided polarization curve from
the manufacturer of the stack is plotted in the same figure for comparison. Similar as for
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the fuel cell stacks, the electrolyser manufacturer polarization curve is not provided for the
concentration region. Again, this might be explained by the unfavourable conditions in
this region due to low efficiency (demonstrated in figure 4.8) and aggravated degradation
(section 2.5). The modelled polarization curve appears to follow the provided polariza-
tion curve with deviations in the order of 0.01 V. The deviations are smaller in the ohmic
region than in the activation region, which is favourable due to the expectation that the
stacks will be mostly operated in this region as it features high currents yet relatively high
efficiency.
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Figure 4.7: Modelled electrolyser polarization curve of Proton OnSite M-series 250 kW compared
to the curve provided by Anderson (2016)

Figure 4.8 illustrates the modelled voltage efficiency of the electrolyser stacks, where the
three characteristic regions are replotted from the visual inspection in figure 4.7. Again,
the Faradaic losses are assumed to be negligible and voltage efficiency therefore also
represents the overall stack efficiency. It can be observed that the voltage efficiency tends
to be more than 100% for the instant of extremely low current density. This is because the
electrolyser losses (activation, ohmic and concentration losses) which normally account
for the waste heat release are very low, such that the electrolyser will rather consume
heat due to the reversible heat in the chemical reaction of splitting water (equation 2.1).
The electric power input to the electrolyser is therefore less than the energy stored in
the product hydrogen and oxygen, and the efficiency exceeds 100%. However, for real
electrolysers where the Faradaic losses cannot be neglected, the voltage efficiency would
most likely not be representative for the overall stack efficiency at this low currents. The
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Faradaic losses, which were described in section 2.2.5 to be most present at low currents,
would contribute to a lower overall stack efficiency in region of extremely low currents.
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Figure 4.8: Modelled voltage efficiency of Proton OnSite M-series 250 kW electrolyser stack

The modelled electrolyser input power is plotted in figure 4.9. In section 3.1.3, it was
mentioned that the Proton Onsite M-series stack has ha rated power of 250 kW. The mod-
elled stack power exceeds this value significantly, particularly in the concentration region.
However, by reasons which have been mentioned, operation in the concentration region
is unfavourable for electrolysers. Indeed, the provided polarization curve (figure 4.7) ex-
cludes this region, and the curve is provided up to a current density of approximately
1.8 A/cm?. At this current density, the modelled stack power is slightly above 250 kW.
Hence, the rated power of 250 kW might therefore correspond to the maximum power
which the electrolyser is practically operated under, and not the maximum achievable
power.

A calculated performance parameter describing the amount of hydrogen produced per
unit electric energy in the electrolyser stacks is plotted in figure 4.10. The curve of this
parameter follows the shape of the efficiency curve which is plotted on the right axis in
the figure.
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Figure 4.9: Modelled power of Proton OnSite M-series 250 kW electrolyser stack
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M-series 250 kW electrolyser stack. Plotted towards stack power
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4.3 Demonstration of Fuel Cell and Electrolyser Modules

4.3.1 Total Power and Demonstration of Modular Loading Opportu-
nities

Figure 4.11 and 4.12 display the total power output from the hydrogen energy storage

system when the fuel cell modules are loaded by means of two different strategies. The

two cases have the same output power, but as it has been described in chapter 3, the mod-

ular design allows for non-simultaneous loading of the modules to obtain a specific power
output.

Figure 4.11 displays the total system power output when the all the modules are loaded
equally. The lower plot shows that the stacks are first loaded at 300 A at T = 30 s which
gives an approximate system output power of 1.5 MW (displayed in the uppermost plot).
At T =100 s, the fuel cells are gradually ramped up to a current of approximately 410 A
which makes the system reach its capacity of 2 MW electric power output.

Figure 4.12 shows how the similar power output as obtained by the previous loading strat-
egy can be obtained by a non-simultaneous loading of the modules. At T = 30 s, module
1, 2 and 3 are loaded with at a current of 410 A, providing a system power output of 1.5
MW. Further ramping at T = 100 s to obtain the system capacity of 2 MW is obtained by
ramping the last module from 0 — 410 A. With this loading strategy, the three first modules
are operated at a constant load throughout the cycle, while it is only one module which
undergoes the dynamic loading from T = 100 s. Less fuel cell stacks therefore undergo
the potentially harmful load variations which was discussed in section 2.5. The example
of the non-simultaneous loading is included in this work to showcase the opportunities
provided by the modular design, which has been subject for discussions through the work
with the HES-OFF project.

Similar as the fuel cells, the electrolyser modules can be loaded non-simultaneously. Fig-
ure 4.13 shows an example loading where all modules are loaded simultaneously giving
a certain power input to the hydrogen energy storage system. Figure 4.14 shows how
this same power input profile can be obtained by constant loading of three modules and
ramping only one module.

4.3.2 Total Fuel Cell and Electrolyser Waste Heat

Figure 4.15 plots the waste heat produced by the fuel cells and electrolysers, when the
fuel cell and electrolyser system are sequentially ramped up to their capacities of 2 MW.
It can be observed that the waste heat is significantly larger during fuel cell operation,
where the peak waste heat exceeds 2 MW.
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Figure 4.11: Total fuel cell power when all stacks are loaded simultaneously. The upper plot
shows the total power and the lower plot shows the loading of each stack
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Figure 4.12: Total fuel cell power non-simultaneous loading of the modules. The upper plot
shows the total power and the lower plot shows the loading of each stack in the given module
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Figure 4.13: Total electrolyser power when all stacks are loaded simultaneously. The upper plot
shows the total input power and the lower plot shows the loading of each stack
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Figure 4.14: Total electrolyser power non-simultaneous loading of the modules. The upper plot
shows the total power and the lower plot shows the loading of each module
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Figure 4.15: Waste heat when the system is ramped sequentially up to the maximum fuel cell and
electrolyser capacity. Simultaneous loading of stacks is applied in this simulation

4.4 Demonstration of BoP Components

4.4.1 Air compressor

The air compressor behaviour is demonstrated by means of the compressor power in the
lower plot of figure 4.16. The compressor power, given by equation 2.70, is dependent on
the air mass flow into the fuel cells, which is further through Faraday’s law dependent on
the fuel cell current. As there has not been implemented any time delay on the compressor,
the compressor power reacts instantly to the changes in fuel cell current (uppermost plot)
and has no time lag as illustrated by the fuel cell power displayed in the middle plot of
figure 4.16. The air compressor power at 2 MW fuel cell power is approximately 100
kW, which corresponds to roughly 5% of the fuel cell power. Time delays could possibly
be implemented relatively simple in the compressor model by modelling first order time
delays on different parameters. Yet, this is not performed in this work because it would
also require information about how these time lags would affect the fuel cell operation.

4.4.2 Purifier

The behaviour of the hydrogen purifier is demonstrated in figure 4.17 by means of a step
increase in electrolyser power. As it already has been discussed, there are no dynamics
included in the modelling of the electrolyser stacks. The outlet mass flow of the electroly-
sers will therefore directly follow the electrolyser power plotted in the upper plot in figure
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4.17. However, as discussed in section 2.4.7, the purification unit induce a time lag to this
mass flow by means of a first order time lag. In figure 4.17, the electrolysers are ramped
from 0 to 2 MW input power (corresponding to min to max loading) at T = 10 s, and it can
be observed in the lower plot that the mass flow after the purifier uses roughly 10 seconds
to respond to this change. The time constant for the purifier was set to match the response
time of the Nel 2 M-series 2 MW system (table 3.4), which is claimed to have a response
time of less than 10 seconds for min to max load change (Nel ASA, 2020).

4.4.3 Hydrogen Compressor and Storage Tank

The hydrogen compressor power is showcased in figure 2.4.2 by loading the electrolysers
at 2 MW for a prolonged time. By means of equation 2.76, it follows that the compressor
power increases logarithmically with the storage tank pressure. To see the effects of a
changing tank pressure, the simulation is run for 10 hours. Figure 2.4.2 shows how the
compressor power increases as the tank pressure increases. For the initial pressure of
approximately 150 bar, the compressor power is roughly 45 kW, but as the tank pressure
approaches 350 bar, the compressor is consuming about 62 kW electric power.
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Figure 4.16: Demonstration of air compressor power (lower plot) when all the fuel cell stacks are

loaded according to the upper plot

&9



Chapter 4. Results and Discussion

Total electrolyser power [MW]
T T T

T T
2 —

1.5 —
1k _
0.5+ -
0 | Total electrolyser power [MW]| i

| | | | |

0 10 20 30 40 50 60
%1072 Mass flow after purifier [kg/s]

T T T T T

10+ =

4 -
2 — _
‘ Mass flow after purifier [kg/s] |
D —
I I | I I
0 10 20 30 40 50 60

Time (seconds)

Figure 4.17: Demonstration of time lag induced induced on the hydrogen flow by the purifier
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4.5 Sensitivity Analysis

To achieve a broader understanding of how the developed model depends on the input
parameters, a sensitivity analysis of certain parameters has been conducted. The analysis
was performed by simple means of sequentially varying each parameter within reasonable
limits, while holding the remaining parameters fixed to what is listed in table 3.1 to 3.4.
By plotting the model outputs, the sensitivity of the parameters is highlighted. The anal-
ysis was only performed for operational parameters or parameters which it is considered
difficult to determine, which implies that the following parameters have been analysed:

* For the fuel cell stack model: I, A, Py, Poirs Ty Ly @ty i, C, ey Te

* For the electrolyser stack model: i1, Ay, P,y Pairs T’y Uiy v 19

The cell area and cell number for the fuel cell and electrolyser stacks are fixed and rela-
tively easy to acquire for given stacks, and have therefore not been analysed. The sensi-
tivity of the parameters regarding BoP components (table 3.4) are neither considered as it
has been less focus on these components through the work.

For steady state simulations, both the fuel cell and electrolyser stack submodels have
found to be particularly dependent on the limiting currents, ¢, and the charge transfer
coefficient o. This is demonstrated with the fuel cell polarization curves plotted in figure
4.19. i1, determines the span of the polarization curve with respect to the current. More-
over, by virtue of equation 2.23, it determines for which current the concentration losses
are becoming significant. By increasing the limiting current, the ohmic region is extended
as the concentration losses will be significant for higher currents. The sensitivity of « can
be explained by the fact that both the concentration and activation losses in the fuel cells
and electrolysers are inversely proportional to the parameter. Moreover, it was described
in section 2.1.4 that « is typically around 0.5, yet it can possibly be in the range of 0 to 1.
The results of the sensitivity analysis regarding the remaining parameters incorporated in
steady state simulations is included in Appendix D. The significance of these parameters
was less, which can either be explained by their presence in the equations outlined chapter
2, or as a combination with the fact that realistic variations in the value of the parameters
will not contribute to a large percentage variation of the parameter. As an example, this is
evident for the cell temperature which the Nernst voltage, activation losses and concen-
tration losses have a proportional dependency on. However, as the cell temperature in the
fuel cell model already is set to 341 K, the absolute change must be of a large magnitude
to make a significant difference in the fuel cell voltage.
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Figure 4.19: Fuel cell polarization curves demonstrating the sensitivity the limiting current den-
sity, i1, and the charge transfer coefficient «
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Regarding the fuel cell dynamics, the sensitivity of C, A\. and 7, is analysed in figure
4.20 by means of the voltage response of a current step increase from 250 to 300 A. It
can be observed how the response time of the voltage is approximatly 4-5 times the time
constant 7. Further will an increase in A, proportionally increase the magnitude of the
voltage undershoot, while an increase of C' will give an increased smoothing effect on the
undershoot.
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Figure 4.20: Sensitivity analysis for the fuel cell parameters 7., A\ and C. Note that the time
scales are different for the three plots.

93



Chapter 4. Results and Discussion

4.6 Benchmarking of the Fuel Cell Model

As described in section 3.3, the developed fuel cell model has been benchmarked with the
Simscape FC block. This comprehend tuning of both models to the 6 kW stack which is
available as a preset in the Simscape FC block. The polarization and power curves ob-
tained with both models are plotted in figure 4.21. It is stated in the documentation of the
Simscape FC block, that the model does not include the concentration region. Also here,
this is explained by the claim that most fuel cells do not operate in this region. However,
the developed model in this work does comprise modelling of the concentration region,
which is the reason why the curve for the developed model spans to higher currents.
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Figure 4.21: Polarization and power curve obtained from the developed model and the Simscape
FC block, both tuned to the 6 kW stack available as a preset in the Simscape FC block

The dynamic response of the models are compared in figure 4.22. The upper plot shows
the loading of the modelled stack, where the stack is exposed to a current step increase
at T =10 s from 133.3 A to 180 A, followed by an equivalent current decrease in T =
20 s. The lower plot of the figure shows the voltage response modelled by the two mod-
els. It can be observed that both models stabilize to the same steady state voltages and
these voltages corresponds to the polarization curves. Moreover, both of the models use
approximately 1 second to adjust to the steady state voltage after the currents steps are
applied.
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Figure 4.22: Comparison of the voltage response of the developed model and the Simscape FC
block when both are tuned to the 6 kW stack available as a preset in the Simscape FC block

However, the behaviour of the models are different immediately after the current step
changes are applied. After the current increase, the voltage of the developed model clearly
undershoots compared to the steady state voltage. As it was described in section 4.1.2,
this is explained by the mass transport delay and the slight tendency of smoothing of this
aburpt change is ascribed to the double layer charge effect. The Simscape FC block volt-
age does not undershoot after the current step increase. The voltage appears to decrease
abruptly immediately when the current increase is applied to a voltage slightly higher
than the steady state voltage. Afterwards it decreases slowly to the steady state voltage.
However, immediately after the current increase, the voltage seems to undershoot very
slightly. The undershoot is very little (approximately 1 V), but is yet existing. Also for
the current decrease, the two models behave immediately differently, where the voltage
of the developed model clearly overshoots while the Simscape FC block has an abrupt
voltage increase followed by a slower rise.

Even though the two models respond differently to current steps and decreases, this does
not provide the basis for determining which model is best. The superior model should be
designated based on the purpose it is aimed to fulfill. Therefore, the differences between
the models can be important to be aware of when adapting the models in future modelling
activities.
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4.7 Consideration of Weight and Footprint

One of the objectives of this work listed in chapter 1 was to perform a brief weight and
footprint analysis of the modelled HES-OFF system. This is because weight and footprint
are crucial parameters on board offshore installations. In chapter 3, the HES-OFF system
was assumed to have total fuel cell and electrolyser capacities each of 2 MW. Weight and
footprint of state-of-the-art commercial fuel cell and electrolyser systems was screened
in section 2.6 in chapter 2. However, again it was experienced that data acquisition for
fuel cell and electrolyser system is very difficult to perform. Therefore, it has not been
conducted an exact weight and footprint analysis of the HES-OFF system in this work.
Instead, the following paragraph rather discuss briefly possible values for weight and vol-
ume of 2 MW fuel cell and electrolyser systems.

Regarding fuel cells, it was found in section 2.6 that the automotive industry provide
the most compact stacks, both with regard to weight and volume. The fuel cell stack
with the highest power/weight and power/volume ratio is the PowerCell S3. This has a
power/weight ratio of 2.9 kW /kg and a power/volume ratio of 3359 k¥ /m3. By apply-
ing this stack in a system with total capacity of 2 MW, only the stacks would therefore
weight about 690 kg and measure a volume of 0.6 m?. However, it was further found
in the screening of fuel cell systems that BoP components contribute to a large fraction
of the total mass and volume of. The system with the highest power/weight ratio was
found to be the Swiss Hydrogen HY-REX installing the PowerCell S3 stack and is in-
tended for automotive applications. This system has a power/weight ratio of 1.0 kW /kg
and power/volume ratio of 371 kW /m3. If a 2 MW system can be made with the same
density values, the system would weight 2000 kg and measure 5.4 m?. It must be empha-
sised that such scaling by means of the density values to obtain the weight and volume
of a 2 MW system is not necessarily a valid assumption, because it does not account for
the extra (or less) amount of supporting systems which are required. Further, it is im-
portant to emphasise that it was only found available systems with capacities in the MW
range intended for stationary applications. These are containerised systems and possesses
typically substantially lower power/weight and power/volume ratios than the systems in-
tended for automotive applications.

For electrolyser stacks, the data acquisition was found to be even more difficult. How-
ever, it was found that the Proton Onsite M-series 250 kW stack weights 295 kg and has
a volume of approximately 0,27 m?. For an electrolyser system with total capacity of 2
MW, only the stacks would therefore contribute to a weight of 2360 kg and a volume of
approximately 2.16 m?®. For electrolyser systems, data was only found for stationary gas
production. Further most of these were containerised. By average, per 40ft container, it
can typically be stored electrolyser systems with capacities of 1 MW. Very few manufac-
turers provide weight of their electrolyser systems, which makes it difficult to give any
comments on the weights of the 2 MW system.
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4.8 Discussion of Work

4.8.1 Strengths and Weaknesses of the Developed Model
Strengths

For steady state modelling, the model includes only quite well-known parameters with
somewhat physical understandings. Moreover, table 3.1 to 3.4 show that these parameters
can be set within reasonable limits of what is suggested through acknowledged research
to match the polarization curves provided from manufacturers (figure 4.1 and 4.7). Com-
pared to the NW fuel cell model presented in section 2.7.1, the developed fuel cell model
has fewer empirical parameters. If experimental data is not abundantly available, the de-
veloped model can therefore be easier to adapt and more generic than the NW model.
Compared to the Simscape FC block, the developed fuel cell model requires less knowl-
edge about power electronics and can therefore be easier to adapt. As mentioned in section
2.7.2, the Simscape FC block have a positive and negative pole which require a certain
knowledge about power electronics, even if the power electronics are not intended to be
modelled.

Weaknesses

The developed model also feature some weaknesses which are important to be aware of.
First of all, the electrolyser stack model does not comprise any dynamics, as models for
this was not found in the open literature. Further, the dynamics accounted for in the fuel
cell stack and hydrogen purifier models suffer from lack of data. Ideally, the parameters
in these models should have been tuned according to experimental data, eventually the
parameters should have been well documented from other research. This is not the case
for this work and applies especially to the empirical constant, ., used to model voltage
undershoots and overshoots due to mass transport delays in fuel cells. The value of this
parameter is set equal to what was used in the NW model (section 2.7.1), because it was
not found any other data from which this parameter could be determined. The steady
state parameters in the model are as mentioned mostly conventional parameters having a
physical understanding. Yet, polarization curves for the fuel cell and electrolyser stacks
are required to tune the parameters accurately. Moreover, it can be a weakness of the
model that certain of these parameters can still be difficult to obtain as the manufacturers
are cautious with providing them. Through discussions with the industry partners of the
HES-OFF project, it has been identified that the manufacturers often choose to remain
certain parameters as trade secrets due to competition concerns.

4.8.2 Implications

Compared to other research within fuel cell and electrolyser modelling, this work is quite
broad as it covers fuel cells, electrolysers and BoP components. Commonly, other re-
search focuses on only one of the system components. For example, Nehrir and Wang
(2009), O’Hayre et al. (2016) and Larminie and Dicks (2003) are books books designated
only for fuel cell modelling. It can be discussed whether this work also should have been
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more specialised by means of limiting the scope further, in order to get more detailed
models of certain components. However, the goal of the thesis was to pave the way in
future modelling of hydrogen energy storage systems. By having the scope such broad,
this gives a basis for further work within the field.

4.8.3 Reliability and Validity of the Work

Ideally the developed model in this work should have been validated by means of experi-
mental data or other acknowledged models. However, as it has been repeated throughout
the thesis, lack of data has been a persistent obstacle in the work, such that it has not
been obtained any data sufficient to validate the work. Moreover, no already developed
models have been found adequate to validate the work. The validity of the fuel cell part
of the developed model was somewhat discussed by the benchmarking with the Simscape
FC block. Yet, the comparison is not sufficient for either validation nor as a disproof as
the Simscape FC block clearly does not model the voltage undershoots and overshoots
occurring because of mass transfer delays when the fuel cell is controlled by the current,
which is a well documented phenomenon in the literature.

Having the issue with validation discussed, the developed model is based mostly on ac-
knowledged research and should by means of this basis give reasonable outputs. However,
there are some approaches which are more unconventional and even self-developed. This
applies especially for the modelling of the charge double layer where an own approach
was developed as a combination of two previous researches (section 3.2.2). Moreover, the
specific combination of different research to obtain the developed model is new. There-
fore, further validation of the work should be performed, but this must be left for further
work because sufficient methods has currently not been identified.
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5.1 Conclusion

To revisit the statements in the introduction, the purpose of this thesis was to to pave the
way in modelling of big-size PEM fuel cell and electrolyser systems. The main goal was
to develop a comprehensive model of the hydrogen energy storage system in the HES-
OFF concept.

Chapter 2 outlined a technical background about hydrogen energy storage using PEM fuel
cells and electrolysers. The following conclusions can be drawn from this chapter:

* It was outlined how the literature suggests PEM fuel cells stacks can be modelled
in the steady and dynamic state.

* For PEM electrolysers, it was only outlined how the stacks can be modelled in the
steady state. It was not found any acknowledged research sufficient for modelling
in the dynamic state.

* Regarding BoP components, essential components in fuel cell and electrolyser sys-
tems running on gaseous hydrogen was discussed. Assumed that the hydrogen is
stored in high pressure tanks, the fuel cell stacks typically requires support from
an air compression unit, humidifiers, heat exchangers and a hydrogen re-circulation
unit. The latter can be achieved by ejectors driven by the high pressure hydrogen
from the storage tanks. In addition, certain fuel cell systems incorporate turbines
harvesting energy from potential excess air fed to the fuel cells. The outlet hydrogen
stream from electrolysers must typically be purified by a purification unit, before
it is compressed in a hydrogen compressor to the tank storage pressure. Moreover,
both fuel cells and electrolysers must in most applications be supported by power
electronics, which is is a comprehensive subject. This has therefore not been dis-
cussed in detail.

* Degradation phenomena where analysed for fuel cell and electrolysers stacks, with
regard to specific operating conditions which were considered typical for the HES-
OFF system which would intensify the degradation. For fuel cells it was found that
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load variations, start/stop/cycling, poor humidification, freeze/thaw cycles increase
degradation, and it is expected that these conditions will occur in the HES-OFF
system. Less research has been conducted on electrolyser degradation. However,
studies indicate that high temperature, high current density and load cycling in-
creases electrolyser degradation. The reported degradation rates for electrolysers
are commonly lower than for fuel cells, and it is concluded that this is because
electrolysers generally have less daunting operating profiles.

* Weight and footprint of state-of-the art fuel cell and electrolyser systems were
screened. The most compact fuel cell stacks and systems are provided in the auto-
motive industry. The most compact fuel cell stack exhibit a power/weight ratio of
2.9 kW /kg and a power/volume ratio of 3359 kW /kg. However, the BoP compo-
nents in fuel cell systems typically contribute to a large fraction of the total weight
and volume and the most compact fuel cell system has a power/weight ratio of 1
kW /kg and power/volume ratio of 371 kW /m3. For electrolysers, there is gener-
ally less focus on stack characteristics, but rather on full systems. Therefore, limited
data was acquired for weight and footprint for individual electrolyser stacks. Re-
garding electrolyser systems, these are currently mostly available for steady state
gas production. Commonly, the systems in the MW scare are available as container-
ised systems, where one 40 ft container can averagely store electrolyser equipment
with a total capacity of roughly 1 MW.

e It was searched for developed models implemented in the Matlab Simulink® envi-
ronment which could be adapted and used in the modelling of the HES-OFF system.
Two fuel cell stack models were found, referred to as the NW model and the Sim-
scape FC block in the text. The NW model was found insufficient, as it incorporates
several empirical constants which require a wide use of experimental data for tun-
ing. The Simscape FC block is more acknowledged, but requires understanding of
power electronics to function.

Based on the the technical background outlined in chapter 2, a design of the HES-OFF
system was assumed and modelled. The modelled system has both a total fuel cell and
electrolyser capacity of 2 MW. This is achieved by sixteen fuel cell stacks modelled as the
125 kW PowerCell S3 stack and eight electrolyser stacks modelled as the 250 kW Proton
OnSite M-series stack. The stacks are organised in modules containing four stacks each,
where all stacks within a module are loaded simultaneously. This gives a compromise
between flexibility and system cost. Additionally, the system incorporates compressors,
humidifiers, heat exchangers, ejectors, a hydrogen purification unit, power electronics and
a hydrogen storage tank.

The input load to the developed model is the fuel cell and electrolyser current. The fuel
cells and electrolysers were further modelled mostly by the equations outlined in chapter
2. However, for the modelling of the charge double layer effect, a combination of two
approaches was applied. Regarding the BoP components, the air compressor, hydrogen
compressor, hydrogen purification unit and the hydrogen storage tank was modelled by
means of simple equations. One of the largest obstacles in the modelling of fuel cell
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5.1 Conclusion

and electrolyser systems, has been to obtain data for the fuel cell and electrolyser stacks.
Therefore, it has been strived to develop a model applying mostly common correlations
widely used in the research community, to avoid dependency on special empirical con-
stants which require extensive access to experimental data for tuning. Yet, the develop
model requires access to certain data for tuning of the parameters. In this work, a few
input parameters were found for the particular stacks. Further, the remaining parameters
included in steady state equations were tuned to fit provided polarization curves from the
manufacturers. No experimental data was obtained for dynamic operation of the stacks,
which imply that the parameters included in dynamic equations are tuned with a more
narrow basis. The parametric tuning is simplified by provision of more data for the stack,
as it will decrease the number of parameters which have to be tuned.

Through simulations performed with the model, the model showed to exhibit the follow-
ing features and capabilities:

» The steady state polarization curves of the fuel cell and electrolyser stacks fit well
with the provided curves form the manufacturers in the activation and ohmic region.
In the upper boundary of the ohmic region, the modelled stack powers are approx-
imately 125 kW and 250 kW, which are the respective rated powers of the Power-
Cell S3 fuel cell stack and the Proton Onsite M-series electrolyser stack. However,
it is concluded the the curves provided from the manufacturers do not comprise the
concentration region, because the stacks are rarely operated in this region. Yet, the
developed model includes these regions, and the modelled stack powers are here
larger than the rated stack powers.

* By applying a current step increase to the fuel cell stack model, the stack voltage
clearly undershoots before it stabilizes to the steady state voltage in accordance to
the polarization curve. When exposing the stacks to a current step decrease, the
similar response is observed, but the voltage instead overshoots. This phenomena
are ascribed to the delay of gas flows in the fuel cell. For both cases, the peak of the
undershoot/overshoot is smoothed, which is explained by the charge double layer
effect.

* By applying current step increases and decreases to the electrolyser stack model, no
dynamic behaviour is observed, and the voltage immediately adjusts to the steady
state voltage given by the polarization curve.

* By non-simultaneous loading of the fuel cell and electrolyser modules, less stacks
need to undergo dynamic operation to produce the given total power profile, com-
pared loading all modules simultaneously.

* Regarding the BoP components, the air compressor consumes approximately 100
kW at full load. The hydrogen compressor power is dependent on the pressure in
the storage tank. The hydrogen purifier induces a time delay on the mass flow from
the electrolysers to the storage tank.
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Chapter 5. Conclusion and Further Work

A sensitivity analysis of operational parameters and assumed parameters in the fuel cell
and electrolyser models was performed. From this, it can be concluded that both models
are strongly dependent on the limiting current (eventually the limiting current density)
and the charge transfer coefficient, . In addition, the fuel cell dynamics are sensitive for
variations in the parameters: 7., A, and C'.

The developed fuel cell stack model was benchmarked with the Simulink® block, here
referred to as the Simscape FC block. The two models adjusts to the same steady state
voltage, but by applying current step increases and decreases, the immediate voltage re-
sponses are different. It is not concluded that neither of the models are wrong, but it
is suggested that the models are developed with different purposes and are therefore not
comparable when the current is used as the load to the models. Nevertheless, it is con-
cluded that the comparison showed a satisfactory degree of agreement between the mod-
els.

By virtue of the screening of weight and footprint of state-of-the-art fuel cell and electrol-
yser systems, it was attempted to give an estimate for possible weight and footprint of the
modelled HES-OFF system. However, due to lack of data, an exact value was been cal-
culated. It is estimated that the fuel cell stacks will have a total weight of 690 kg and the
electrolyser stacks will have a total weight of 2360 kg. However, in commercial systems,
the stacks typically contribute to only a small fraction of the total weight and volume.
Therefore, the total weight of the HES-OFF system is likely to be substantially higher
than the total weight of the installed stacks, but a good estimate is difficult to provide due
to lack of information.

Overall, obtaining data has been a major obstacle in the work. This is also evident in
the difficulties around the validation of the developed model. Consequently, it has been
attempted to develop a model relying on the least amount of empirical parameters which
require data for tuning. However, for the HES-OFF project the developed model fulfill
the current research needs. The model will be used in analyses of the HES-OFF concept,
which will contribute to a deeper insight in the employed fuel cell and electrolyser tech-
nology. Moreover, the scope of this work has been quite broad compared to other research
within the same field, and therefore provides a basis for future modelling of fuel cell and
electrolyser systems.

5.2 Fulfillment of Objectives

Regarding the objectives of the work set in section 1.2.3, they are evaluated to have been
accomplished to the following extent:

1. A literature review was performed on gaseous hydrogen energy storage systems in
chapter 2, considering PEM fuel cells and electrolysers and necessary BoP compo-
nents.

2. Two fuel cell models implemented in the Matlab Simulink® developed by others
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were presented in chapter 2. None of these models were applied in the modelling
of the HES-OFF system.

3. A simplified design of the HES-OFF system was suggested in chapter 3

4. A model of the suggested system was created and presented in chapter 3, and further
implemented in the Matlab Simulink®. The model considers steady and dynamic
phenomena of fuel cell stacks, while only steady state phenomena of electrolyser
stacks. Certain BoP components are covered by means of simple equations.

5. Various simulations were performed showcasing the features and capabilities of the
model.

6. A brief weight and footprint analysis of the suggested system was attempted to
perform, but lack of data resulted in difficulties with providing tangible estimates.

5.3 Further Work

The following lines of further work is suggested for the modelling of the HES-OFF sys-
tem:

» Extensive data for fuel cell and electrolyser stacks should be acquired. This for both
validation of the current model and for further developing of the model

* For further developments of the model, the purpose of the model could be identi-
fied more specifically, in order to limit the scope further. The scope of the current
model is quite broad to fulfill the purpose of paving the way for future modelling.
However, developing a model can be time consuming, but by limiting the scope the
development process can be more streamlined.

* For testing of how generic the developed fuel cell model is, it could be interesting
to tune the model to several other fuel cell stacks.

* Further research should be conducted in order to model the dynamics of electrolyser
stacks. If no sufficient research is found on this field, opportunities for adapting the
fuel cell model could be investigated.

* As intended, the model can be implemented in an OPAL-RT platform for both test-
ing and validation of the model, and further as a research tool in future projects.
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Appendix A

Matlab Code for Steady State Diagrams

For ease of programming the steady state diagrams, the Matlab code was structured in
an object oriented fashion. The following five pages show a print of the class declaration
of the developed class modelling the fuel cell stack. The class also handles electrolyser
modelling by tuning of the input parameters.
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% Class declaration of the FuelcCellstack class
% See use manual below

classdef Fuelcellstack
properties

% Input parameters
conc_loss_valid = 1;% 1 if conc. losses are included, 0 if not

R = 8.314; % Ideal gas constant [J/moTK]

F = 96485; % Faraday's constant [C]

Tc = 68; % Temperature [C]

P_H2 = 1.54; % Hydrogen pressure [atm]

P_air = 2; % Air pressure [atm]

A_cell = 300; % Area of cell [cmA2]

N_cells = 455; % Number of cells

Alpha = 0.43; % Transfer coefficient

jo = 1*10A-5; % Exchange current density [A/cmA2]
il = 1.9; % Limiting current density [A/cmA2]
Gf_1iq = -228170; % Gibbs function in liquid form [J/mo1]
Tm = 5%10A-3; % Membrane thickness [cm]

Tambdam = 14; % Membrane hydration parameter

% Calculated values

Tk; % Temperature in Kelvin

V_Out_FC; % Cell output voltage for fuel cell mode

V_Oout_EL; % Cell INPUT voltage for electrolyser mode

i; % Vector of currents evenly distributed between
% 0 and i1, used for plotting

P_out_FC; % Stack output power for fuel cell mode

P_out_EL; % Stack INPUT power for electrolyser mode

E_nernst; % Nernst voltage

E_thermoneutral;

Efficiency_FcC; % Efficiency, based on O0'Hayre Fuel Cell

% Fundamentals definition, modified with Frano
% Barbir PEM Fuel Cells Chapter 2

o

o

Efficiency_EL; %"
V_act; % Activation losses
V_ohmic; % Ohmic Tlosses
v_conc; % Concentration/mass transfer Tlosses
r; % Area specific ohmic resistance [Ohm*cmA2]
perf_FC; % [3/kgH2]
perf_EL; % [kgH2/3]
mass_flow; % [kg/s]
end
methods
KK6%676%6%6 %6666, 6%6960606%6 6%69676% 69696766%6 6%6%6%

% Constructor (Sets all the member values called "calculated values"
% according to the default parameters at declaration of the object)
function obj = Fuelcellstack()

obj = updatecCalculatedvalues(obj);

% Calls the member function under, which calculates all the

% member values called "cCalculcated values"

end



0/0/0/0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0, 0/0/0/0/0/0, 0/0/0/0/0,
0/0/0/0/0/0/0/0.

% Function for calculating all the member variables (properties)
% To be used every time an input parameter is changed to
% calculate/update the calculated values
function obj = updatecCalculatedvalues(obj)
% Convert degrees C to K
obj.Tk = obj.Tc + 273.15;

% Creating vector for current density
0bj.i=0:0.001: (obj.i1-0.001);

% Saturation pressure of water

X = -2.1794 + 0.02953.%0bj.Tc-9.1837.*(10.A-5).*(0obj.Tc.A2)...
+ 1.4454.%(10.A-7).%(0obj.Tc.A3);

P_H20 = 10Ax;

% Partial pressures of hydrogen and oxygen

pp_H2 = 0.5.*(C(obj.P_H2)./(exp(1.653.% obj.i./...
(obj.Tk.A1.334)))-P_H20);

pp_02 = (obj.pP_air./exp(4.192.%0obj.i/(obj.Tk.A1.334)))-P_H20;

% Activation losses
b = obj.R .* obj.Tk./(2 .* obj.Alpha .* obj.F);
obj.v_act = -b .* log(obj.i./obj.i0);

% ohmic Tosses

obj.r = obj.Tm * 1 / (C 0.005139 * obj.Tambdam + 0.00326 )...
* exp(1267*(1/303-1/0bj.Tk))); % Triboli

obj.v_ohmic = -(obj.i.*obj.r);

% Mass transport losses
obj.v_conc = - obj.R.*0obj.Tk./(2%0bj.F).*(1+1/0bj.Alpha).*...
Tog(1l./(1-0bj.i./0bj.i1));

% Calculation of Nernst voltage

obj.E_nernst = - obj.Gf_1iq./(2.%0obj.F) - ((obj.R.*obj.Tk).*...
Tog(P_H20./(pp_H2.*(pp_02.A0.5))))./(2.%0bj.F); % =1.1964

obj.E_thermoneutral = 285800/(2.*obj.F)*ones(1l,length(obj.i));

% Calculation of output voltage
obj.V_out_FC = obj.E_nernst +...
(obj.v_ohmic + obj.v_act + obj.conc_loss_valid*obj.v_conc);
obj.V_out_EL = obj.E_nernst...
- (obj.v_ohmic + obj.v_act +...
obj.conc_loss_valid*obj.v_conc);

% Eliminating wrong numbers
for j=1:1ength(obj.v_out_FC)
if obj.v_out_FCc(j) < O
obj.Vv_out_FC(j) = 0;
elseif obj.v_out_EL(j) <=0
obj.V_out_EL(j) = NaN;
end
end

% Calculations of stack power
obj.P_out_FC = obj.V_out_FC.*obj.i .*obj.A_cell*obj.N_cells;



obj.P_out_EL = obj.V_out_EL.*obj.i .*obj.A_cell*obj.N_cells;

% Calculations of efficiencies
obj.Efficiency_FC = obj.v_out_FC./1.482;% 1.482 1is HHV/nF [V]
obj.Efficiency_EL = 1.482./0bj.V_out_EL;

% calculations of performance
obj.mass_flow = obj.A_cell * obj.N_cells .* obj.i ./...
(2*obj.F) * 0.002; % 0.002 as 1 mol H2 weights 0.002 kg
obj.perf_FC = obj.P_out_FC ./ obj.mass_flow;
obj.perf_EL = obj.mass_flow ./ obj.P_out_EL;
end

0/0/0/0/0/0. 0/0/0/0/0. 0/0/0/0/0/0.

% Get functions for finding values at given powers:

% A set of get functions has been developed to access variables for
% given operating powers.

% For finding the current density for a given power output from FC.
% The code only handles the region where the power-currency curve is
% even.
function i_return = find_i_at_given_P_out_FC(obj,P_in)
P = round(P_in);% Round as comparing float var is inconvenient
max_P = max(obj.P_out_FC);
if P > max_P
fprintf('ERROR: Inserted power is larger than max power');
i_return = NaN;
end
for j=1:(length(obj.i)-1)
if j == 1 & obj.P_out_FC(j+1) > P || j == 1 &&...
isnan(obj.P_out_FC(j))
i_return = obj.i(j);
elseif obj.P_out_FC(j+1)>P&&obj.P_out_FC(j)<P]|]...
obj.P_out_FC(j+1)<P&obj.P_out_FC(j)>P
% Linear interpolation
i_return = obj.i(j) + (P - obj.P_out_FC(3))/...
(obj.P_out_FC(j+1)-obj.P_out_FC(j)) *...
(obj.i(3+1)-obj.i(3));
break;
end
end
end

% For finding the current density for a given power input to EL
function i_return = find_i_at_given_P_out_EL(obj,P_in)
P = round(P_in);% Round as comparing float var 1is incovenient
P_max = max(obj.P_out_EL);

if P > P_max
fprintf('ERROR: Inserted power is larger than max power');
i_return = NaN;

end

for j=1:(length(obj.i)-1)
if j == 1 && obj.P_out_EL(j+1) > P || j == 1 &&...
isnan(obj.P_out_EL(j))



i_return = obj.i(j);
elseif obj.P_out_EL(j+1)>P&Robj.P_out_EL(j)<P]|]...
obj.P_out_EL(j+1)<P&&obj.P_out_EL(j)>P
% Linear interpolation
i_return = obj.i(j) + (P - obj.P_out_EL(j))/...
(obj.P_out_EL(j+1)-0obj.P_out_EL(]j)) *...
(obj.i(j+1)-0bj.i(3));
break;
end
end
end

% Finding mass flow for a given fuel cell power
function m = mass_flow_for_given_P_FC(obj,P_in)

i_FC = find_i_at_given_P_out_FC(obj,P_in);

m = obj.A_cell * obj.N_cells * i_FC / (2%obj.F) * 0.002;
end

% Finding mass flow for a given electrolyser power
function m = mass_flow_for_given_P_EL(obj,P_in)

i_EL = find_i_at_given_P_out_EL(obj,P_in);

m = obj.A_cell * obj.N_cells * i_EL / (2%obj.F) * 0.002;
end

% For finding the efficiency for a given power output from FC
function eff_return = find_eff_at_given_P_out_FC(obj,P_in)
P = round(P_in);
max_P = max(obj.P_out_FC);
if P > max_P
fprintf('ERROR: Inserted power is Tlarger than max power');
eff_return = NaN;
end
for j=1:(length(obj.i)-1)
if j == 1 & obj.P_out_FC(j+1) > P || j == 1 &&...
isnan(obj.P_out_FC(j))
eff_return = obj.Efficiency_FC(j);
elseif obj.P_out_FC(j+1)>P&&obj.P_out_FC(j)<P]|]...
obj.P_out_FC(j+1)<P&&obj.P_out_FC(j)>P
% Linear interpolation
eff_return = obj.Efficiency_FC(j) +...
(P - obj.P_out_FC(j))/...
(obj.P_out_FC(j+1)-obj.P_out_FC(j)) *...
(obj.Efficiency_FC(j+1)-obj.Efficiency_FC(j));
break;
end
end
end

% For finding the efficiency for a given power input to EL
function eff_return = find_eff_at_given_P_out_EL(obj,P_in)
P = round(P_in);
max_P = max(obj.P_out_EL);
if P > max_P
fprintf('ERROR: Inserted power is larger than max power');
eff_return = NaN;
end
for j=1:(length(obj.i)-1)



if j == 1 & obj.P_out_EL(j+1) > P || j == 1 &&...
isnan(obj.P_out_EL(j))
eff_return = obj.Efficiency_EL(]);
elseif obj.P_out_EL(j+1)>P&Robj.P_out_EL(j)<P||...
obj.P_out_EL(j+1)<P&&obj.P_out_EL(j)>P
% Linear interpolation
eff_return = obj.Efficiency_EL(F) +...
(P - obj.P_out_EL(3))/...
(obj.P_out_EL(j+1)-obj.P_out_EL(j))...

* (obj.Efficiency_EL(j+1)-obj.Efficiency_EL(3));

break;
end
end
end

% For finding the fuel cell performance [J/kgH2] at given power

function perf_fc = calculate_perf_fc(obj,P)
current_density = find_i_at_given_P_out_FC(obj,P);
mass_flow_at_given_P = obj.A_cell * obj.N_cells *
current_density / (2%obj.F) * 0.002;
perf_fc = P / mass_flow_at_given_P;
end

% For finding the electrolyser performance [kgH2/3] at given power

function perf_el = calculate_perf_el(obj,P)
current_density = find_i_at_given_P_out_EL(obj,P);
mass_flow_at_given_P = obj.A_cell * obj.N_cells *
current_density / (2%obj.F) * 0.002;
perf_el = mass_flow_at_given_P / P;
end
end

end

0/0/0/0/0/0,

0/0/0/0/0

%
%

%

%
%

0/0/0/0/0, 0/0/0/0/0/0. 0/0/0/0/0. 0/0/0/0/0/0.

USER MANUAL:

To declare (make) a variable of type FuelCellStack:
example_stack = FuelcCellstack;

Every time input parameters of a FuelcCellStack is changed, the code:

example_stack = updatecCalculatedvalues(example_stack);
must be run to update member variables

0/0/0/0/0,
0,

00%%%%00 OO‘%)‘%)‘%)GC '0/0/0/0/0/0, 0000000000000000000
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Appendix B

Screenshots from the Simulink®
Implementation

With reference to chapter 3, this appendix has the purpose of showcasing important parts
of the Simulink® implementation of the developed model. Because of the complexity of
the implementation, only the fuel cell model is showed. This has the most complex im-
plementation. Since the electrolyser model is very similar, yet simpler, than the fuel cell
model, the implementation of this is very similar to the fuel cell implementation show-
cased here. As outlined in the thesis, the BoP components are covered by simple means,
and their Simulink implementation is therefore also relatively simple.

In order to set the constant input parameters in the Simulink® implementation, the script
on the following page has to be run.
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% Parameters for the Simulink implementation

clear all
clc

% Fuel cell parameters

R = 8.314

Gf_1iq = 228170;

F = 96485
Tc = 68;
Tk = Tc +
P_H2 = 1.
P_air = 2
A_cell =
N_cells =
Alpha = 0
io = 1*10
il = 1.9;
Tm = 5*10
Tambdam =
C = 6;
tau_e = 0
Tambda_e

273;
54;
.0;
300;

455;
.43;
A-5;

A-3;
14;

.25;

= 0.16;

%

Ideal gas constant [J/moTK]

Gibbs function in liquid form [J/mo1]
Faraday's constant [C]

Temperature [C]

Temperature [K]

Hydrogen pressure [atm]

Air pressure [atm]

Area of cell [cmA2]

Number of cells

Transfer coefficient [-]

Exchange current density [A/cmA2]
Limiting current density [A/cmA2]
Membrane thickness [cm]

Membrane hydration parameter
Capacitance of charge double Tayer
Time constant for gas flows [s]
Empirical constant dependent on mass flow delay

% Additional electrolyser parameters

TCc_EL = 58;

Tk_EL = Tc_EL + 273;
P_H2_EL = 13;
P_air_EL = 1;
A_cell_EL = 680;
N_cells_EL = 100;
Alpha_EL = 0.4;
i0_EL = 1*10A-5;
il_EL = 2.5;

Tm_EL =

250 * 10A-4;

% Temperature [C]

% Temperature [K]

% Hydrogen pressure [atm]

% Air pressure [atm]

% Area of cell [cmA2]

% Number of cells

% Transfer coefficient [-]

% Exchange current density [A/cmA2]
% Limiting current density [A/cmA2]
% Membrane thickness [cm]

% Balance of Plant Components Paramters

V_tank =
T_tank_c
T_tank_k
m_init =
cp_air =
kappa_air

a = 0.025

b =2.66 * 10A-5;

T_amb_c =
T_amb_k =
tau_p = 2

30;
= 15;

300;
1;

=1.4;
comp_eff = 0.7;

15;

% Volume of storage tank [mA3]
% Storage tank temperature [Celsius]

T_tank_c + 273; % Storage tank temperature [Kelvin]

% Initial hydrogen level in tank[kg]

% Heat capacity of air [kJ/kgk]

% Specific heat ratiokappakapp

% Compressor efficiency

% coeff. in van der waals' equation [mA6Pa/molA2]
% coeff. in van der waals' equation [mA3/mol]

% Ambient temperature [Celsius]

T_amb_c + 273; % Ambient temperature [Kelvin]

.53

% Purifier time constant [s]

Published with MATLAB® R2019b
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Figure B.1: Overview of the fuel cell modules in the Simulink® implementation
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Figure B.3: The subsystem accessed under "Fuel Cell Stack” in figure B.2.
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Appendix C

Benchmarking with the Simscape FC
Block

This appendix shows the Simulink® implementation used when the developed fuel cell
stack model was benchmarked with the Simscape FC block (section 3.3).
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Figure C.1: Screenshot of the Simulink® implementation used when benchmarking the developed
fuel cell stack model with the Simscape FC block
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Appendix

Sensitivity Analysis

This appendix shows all the graphs plotted in the sensitivity analysis (section 4.5).

D.1 Fuel Cell Stack Model
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Figure D.1: Sensitivity analysis for operating temperature 7" [°C]. T = 68 °C is used in the
model
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Figure D.2: Sensitivity analysis for inlet Hy pressure Pg, [bar]. Pg, = 1.54 bar is used
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Figure D.4: Sensitivity analysis for limiting current I, [A]. I;, = 570 A is used in the model

128



500 ; ‘ ‘ ‘ ‘ 150 ‘ ‘ ‘ ‘ ‘
450
400
- =100 g
% 350 i
& ]
S 300 §
% %
©
& 250 & sl 1
200
150
100 L L L L L 0 / L L L L L
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Current [A] Current [A]
(a) Fuel cell stack voltage (b) Fuel cell stack power
Figure D.5: Sensitivity analysis for the hydration parameter A, [—]. A, = 14 is used in the
model
500 ; ‘ ‘ ‘ ‘ 160 ; ‘ ‘ ‘ ‘
450 140 F |-——— \m =0.001 cm 4
- \m =0.003 cm
400 120 - |—1,=0.005 cm
——— \m =0.007 cm
=350 Z 00| 1,-001cm g
> =
[} -
[
% 300 §_ 80 g
g 250 |- |-~ - I,,=0.001 cm T \\\\ % 60 | 1
————1,=0.003cm W\
200 - |[—1,,=0.005cm 40 + +
--——1,=0.007 cm
150 |1, =001cm 20 F y
100 ‘ ‘ ‘ ‘ ‘ o ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Current [A] Current [A]

(a) Fuel cell stack voltage

(b) Fuel cell stack power

Figure D.6: Sensitivity analysis for membrane thickness ,,, [em]. [,, =5 - 1073 ¢m is used
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Figure D.7: Sensitivity analysis for the charge transfer coefficient o [—]. & = 0.43 is used
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Figure D.9: Sensitivity analysis for the capacitance of charge double layer, C. C = 6 F'is used
in the model
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Figure D.10: Sensitivity analysis for the A, constant. A\, = 0.16 €2 is used in the model
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Figure D.11: Sensitivity analysis for the time constant, 7.. 7, = 0.25 s is used in the model
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