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Abstract

In the energy decarbonisation context that we are facing, hydrogen and electrolysers
seem to be solutions to many different problems. In this master thesis, we are looking
specifically to use electrolysers to help the stability of the electrical power grid. Indeed,
this stability depends on the instantaneous balance between the consumed and the
produced electrical power. It is therefore necessary to set up devices able to adapt
dynamically the electrical power.

More precisely, this work studies the possibility of utilizing electrolyser to provide
FCR (frequency containment reserve) services. It requires that the electrolyser adapts
its power consumption to contribute to the grid balance. It is putting high requirements
on the electrolyser dynamic behaviour, which is the capacity to react quickly.

The thesis starts by using the scientific literature to build a model representing the
electrolyser. To achieve this, a theoretical model for each subsystem is provided and
described in detail.

The model is then made available for computer simulation of real grid conditions. This
is achieved by adapting the recently released MatLab model to the research questions
studied. Modifications are made to the electrical supply integrating the electrical dynamic
behaviour of the electrolyser, the voltage model modifications, a scale up of the model to
reach IMW and other minor modifications. The resulting model is then validated using
several empirical data found in the literature. Time constants are provided for all key
aspects of the modeled electrolyser in order to demonstrate its reaction speed.

Finally, a simulation studies the dynamic behaviour of modeled electrolyser, if it had

been used to provide frequency reserve service to the grid on January 27th 2017. As a
conclusion, it is shown that electrolyser is capable of a sub-second stable reaction time.
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Chapter 1

Introduction

In response to the climate change they are facing, our societies have embraced energy
transitions that are disrupting the way we produce, transport and consume energy. Our
system is,; still today, largely based on fossil energies. It should evolve towards a system
based on various renewable energies and on carbon-free energy vectors, both in time and
in space. If electricity is a vector that shines particularly for its almost instantaneous
transport, it does not allow conservation over time. It is in an attempt to fill this need
that hydrogen has been identified as a clean and flexible energy storage vector.
Hydrogen can be used to provide both electricity and heat in a multitude of sectors. It
can also be used in tanks or in pipe networks, making it a transportable energy [29].
Hydrogen is a mediatic subject, it is considered as the key stone for the future energy
systems by policy. Hydrogen is for example an important part of the overall EU strategy
for energy system integration. With the publication of the REPowerEU plan in May 2022
[4], the European Commission completes the implementation of the European hydrogen
strategy while further increasing the European ambitions for renewable hydrogen as an
important energy carrier to move away from Russia fossil fuel imports. Hydrogen has a
bright future and the needs will increase in the coming years.

On the other hand, hydrogen is currently used almost exclusively by industry for refining
petroleum, treating metals, producing fertilizer, and processing foods. Since hydrogen
is not available in its natural state, it needs to be produced. The hydrogen production
is currently based on natural gas by steam reforming of methane and therefore releases
carbon dioxide. Hydrogen is no exception to the decarbonisation objectives, producing
“green” hydrogen is a therefore a necessity. Water electrolysis allows to produce hydrogen
from pure water and electricity. Since we produce carbon-free energy, it is a good way to
produce green hydrogen.

There are different electrolyser technologies. The Alkaline is the traditional and mature
electrolyser. The PEM technology developed as the reverse process of fuel cells allows
dynamic and flexible operation. This flexibility has for consequence that electrolysers
are often designed, in the literature, to operate with an electricity production unit from
a nearby renewable energy source (RES). It will not be the case here.

The power grid is at the heart of the energy transition. With the penetration of variable
renewable energies sources (VRES), associated with the phasing out of conventional



generating units, we observe a paradigm shift. From a grid based on the control of
generation according to demand, it is evolving towards a distributed system whose
balance management must be able to play on both production and demand. The power
grid faces instantaneous balancing challenges between energy production on one side and
energy consumption on the other side.

In the context of this thesis, the idea using electrolysers to provide power grid services
comes from the price of hydrogen production. The price of electricity in the production
of hydrogen by electrolysis is currently too expensive to make electrolysis competitive
with the steam reforming of methane. The ancillary services to the grid could be a source
of additional income to the value of the production [30].

These challenges are perfectly illustrated by the article by Arash E. Samani et al. [30]
which includes historical grid frequency data in Belgium for the year 2017. The frequency
gives us an overview of the balance between generation electricity and consumption. If
we are above 50Hz, the electricity production is in excess, conversely, if we are below,
the electricity production is in deficit. The liberal European electricity market, known as
‘Frequency containment reserve’, defines the criteria under which a system can contribute
to balancing and be remunerated by ‘Transmission System Operators’ (T'SOs)[31].
Electricity demand response programs can lower prices, improve system reliability, and
reduce electricity price volatility [32]. Electrolysers have been put forward as an option
to ensure the stability of the network by making its power consumption, and therefore
its hydrogen production, dependent on the state of the grid [33, 83]. It should therefore
consume more when the grid needs consumption and consume less when the grid needs
less consumption. The electrolyser can then be seen as a smart load that could consume
power when needed and stop consuming it if the grid requires a slowdown in consumption.
The electrolyser must therefore be able to adapt its power consumption very quickly
according to the state of health of the network.

Unfortunately, assumptions about the flexibility of electrolysers are still unreliable. And
there is a lack of literature investigating the ability of high power electrolysers to achieve
the operational recommendations of Transmission System Operators [24]. The work of
this thesis aims to provide some answers to this specific question. It has been written in
the hope of making a contribution to this literature. Concretely, we are going to study
how flexible and fast the electrolyser can be in its power changes. We will therefore study
the response time and the speed of power change which are the central points for using
electrolysers as a smart load. The study will focus on the impact of dynamic behaviour
on hydrogen production, its quality, its compression, cooling and fluid circulation systems,
its efficiency and the degradation of the installation, etc.

1.1 Scope and problem statement

This thesis addresses two types of audiences. First, the paper attempts to answer a
question that has an essentially electrical aspect. It is about studying the ability of high
capacity electrolysers to help the stability of the grid as smart loads. These could help
the remunerated process of frequency restoration and even bring virtual inertia to the



grid. On the other hand, this work is mainly focused on the electrolyser as such and thus
on its chemical, mechanical, pneumatic operations and the necessary infrastructure. It
will therefore interest people who want to know about high capacity electrolysers and
their dynamic behaviour.

Various researches already show the role that electrolysers could play in the grid. In
"Novel Electrolyser Applications: Providing More Than Just Hydrogen" [24], one of the
conclusions of the report can be formulated as follows: electrolysers can function as
demand-side response facilities with sufficient speed and duration to participate in the
regulation of energy on the grid or at final installations. In addition, electrolysers can
be operated to support a variety of applications by providing hydrogen: for industrial
processes, as an electrofuel in transportation or power generation, or as a fuel for
combustion.

In this study of J. Eichman et al. [24], a frequency restoration test was performed to test
the ability of an electrolyser to accelerate the rate at which the grid frequency can be
restored. An electrically isolated microgrid consisting of a 120kW diesel generator, a load
battery and a 40kW electrolyser was subjected to a change in load battery consumption
of 10, 20 and 25kW. It was shown that the electrolyser could, by producing according
to the state of the frequency, help the rapid recovery of the frequency. These powers,
although significant, are several orders of magnitude different from a system that would
significantly support the grid.

The ability of PEM electrolysis to provide grid services cannot be restricted to the study
of the electrical response of the electrolyser. In this thesis, we will study the balance of
plant, the fluidic circuits, the temperature regulation, the pneumatic constraints and
the control and reactivity of this whole infrastructure to understand the issues from the
point of view of the electrolyser.

1.2 Objectives and research questions

The main objectives of this work are to study and outline the dynamic behaviour of the
electrolysers from the point of view of the grid but also to see what limits and what
impact this would have on the installation.

The research topic can therefore be formulated as follows: Study of the dynamic behaviour
of large scale PEM electrolysers in a fast demand response perspective.

The following questions can be asked:

o Is it possible to build a suitable model from the literature to represent the electrical
response and the balance of plant of a large scale electrolyser in order to provide
ancillary services on the grid?

o What are the different time responses in the electrolysis system ?

o What are the control schemes needed to properly model the balance of plant that
allows the electrolyser providing ancillary service applications?



o What can we learn from electrolysers to implement the closest model to reality on
the grid?

o What is the impact of demand response from electrolyser on its efficiency?

o What are the dynamical limits in the flexibility of the electrolyser power supply?

1.3 Methodology

Mathematical modeling and real time simulation of electrolysers using Simscape on
Matlab Simulink is the selected research methodology. Digital real-time data of the
frequency of the grid in January 2017 is used in order to know the demand response to
the grid. The simulation of output as voltage/current waveform, hydrogen production,
temperature of the stack, circulating pumps flow with the desired accuracy, which are
representative of the behaviour of the real system being modeled. The methodology can
be summarized as following:

1. Perform a state of the art review of the electrolyser modeling.

2. Define model equations and constraints.

3. Implement a model from this by modifying the MATLAB implemented one.
4. Scale up the model to reach the requirements.

5. Drawing conclusions from the model.

6. Find a simplified model in order to study electrolysers from grid perspectives.

1.4 Contribution of master thesis

This thesis contributes to the research on the use of electrolysers in power system stability.
There is a lack of study on the dynamic behaviour of high power electrolysers. To be able
to simulate future power systems, it is necessary to properly understand the electrolysers
in the application use case.

The contributions of this work are:

o A Simulink model as complete as possible which includes the whole electrolyser.
o Impulse and transient responses of the electrolyser behaviour.

o The response time, limits and constraints of a high capacity electrolyser.



1.5 Outline of master thesis

« Chapter 2 exposes the context of hydrogen, the basis of the electrolysis theory, the
different electrolyser technologies and finally the applicability to the grid services.

o Chapter 3 reviews the mathematical equations used to model the electrolysis system.
o Chapter 4 explains how the Matlab model has been modified and scaled up.

o Chapter 5 demonstrates the coherence of the model simulations and operates a
validation based on the literature.

o Chapter 6 uses the model in a frequency containment reserve condition and makes
observation about its operation.

o Chapter 7 provides the final conclusion.






Chapter 2

Contexts of hydrogen, demand
response and electrolysis systems

This chapter provides the necessary information to understand the energy choices that
make the present work relevant. First, we will look at hydrogen as a resource, in terms of
demand, production and future developments. Afterwards we will look at the electrolysis
process and the different existing technologies in order to produce carbon-free hydrogen
assuming a carbon-free electricity mix. And finally, we will look at the grid stability and
how, in this context, water electrolysis can provide power grid services.

2.1 Context of hydrogen : production, needs and
perspectives

The first thing we can say is that hydrogen is an energetic fuel. One kilogram of hydrogen
represents 141.9 MJ (39.4KWh) of chemical potential energy. Here below we have two
combustion equations of hydrogen at 25°C for atmospheric temperature. Equation 2.1
represents the combustion of hydrogen producing liquid water and energy and Equation
2.2 represents combustion of hydrogen producing water vapour and therefore less energy
since water vapour is more energetic than liquid water.

Hs(g) + 50s(g) = Ha0(1) +285.58k.] (2.1)

Hs(g) + 50u(9) = Hx0(g) + 241 6k (2.2)

The Equation 2.1 gives an amount of energy that is called the Higher Heating Value
(HHV) of hydrogen, Gross Calorific Value (GCV), or Higher Calorific Value (HCV).
It indicates the upper limit of the available thermal energy produced by a complete
combustion of the hydrogen. It is measured as a unit of energy per unit mass, molar or
volume of substance. The HHV is determined by bringing all the products of combustion
back to the original pre-combustion temperature, and in particular condensing any vapor
produced by the combustion. The HHV of hydrogen for mole, kilogram and normal cube

7



meter! is represented in Table 2.1.

Unit value

kJ /mol 285.58
MJ/kg 141.9
KWh/kg 39.41
MJ/Nm? 11.8
KWh/Nm? | 3.28

Table 2.1: Higher Heating Values of hydrogen.

Equation 2.2 gives us another energy value for hydrogen combustion. It is the Lower
Heating Value (LHV), Net Calorific Value (NCV) or Lower Calorific Value (LCV). This is
another measure of available thermal energy produced by a combustion of fuel, measured
as a unit of energy per unit mass or volume of substance. In contrast to the HHV, the
LHYV considers energy losses. Here for hydrogen the losses are represented as the energy
used to vaporize water. Table 2.2 gives the LHV values.

Unit value
kJ/mol 241.60
MJ/kg 120.1

KWh/kg 33.33
MJ/Nm? 10
KWh/Nm? | 2.78

Table 2.2: Lower Heating Values of hydrogen.

2.1.1 Hydrogen production and needs

As we have seen, hydrogen contains chemical potential energy. On earth there is no
abundant source of hydrogen, so we say that hydrogen is an energy carrier because we
have to produce it with energy, before using it to recover energy.

Today, hydrogen is only very slightly a clean energy carrier. For the production, we can
not say that it is clean and for the consumption we can not say that it is an energy
carrier.

The production of hydrogen in Europe, represented in Figure 2.1, consists of 91% fossil
fuel production, mostly using steam reformation of methane releasing carbon into the
atmosphere. 7% by-product, coming from several electrochemical processes in industry,
such as the production of chlorine by electrolysis of sodium chloride solution. About 1% is
produced with low-carbon technologies using carbon capture and storage (CCS). Finally,
only 2% of the hydrogen comes from electrolysis powered by the grid with only 0.1% of
the hydrogen produced by renewable energies. In terms of use, 92% of its production

'Nm? is a m® of hydrogen gas at 25°C latm - 1Nm$; = 0.0899kg
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Electricity mix electrolysis
1,6%

Renewable hydrogen

0,1%
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7,1%

Figure 2.1: Total production for hydrogen in 2018 by technology. Taken from [1].

is reserved for the chemical industries. The refinery industry, for hydrocracking and
desulfurization of hydrocarbons, and the ammonia industry, used as a base for synthetic
fertilizers, together account for nearly 80% of hydrogen use. The figure 2.2 summarizes
hydrogen demand by sector.

Hydrogen is really an energy carrier in its consumption in the sense that it contains

Other  Transport

Energy 8% 0%
1%
Other
chemicals
7%
== Transport A .
——— Ammonia mmonia
) Methanol 34%
= Refinery 5
5%
m——— Methanol
= Other chemicals
— Energy
mm— Other

Refinery
45%

Figure 2.2: Total demand for hydrogen in 2018 by application. Taken from [1].

energy but it is not an energy carrier because it is used as a reagent in chemical reactions



(which uses its energy).

The total hydrogen consumption in Europe has been estimated at 8.3 Mt (327 TWhy gy )
for the year 2018 [34]. Hydrogen electrolysis produce therefore approximately 0.166Mt of
hydrogen in Europe.. Hydrogen accounts for less than 2% of European energy consump-
tion.

2.1.2 Perspectives

Europe sees hydrogen as having a great future and an important role in the decarbonisa-
tion of energy. Hydrogen can be an energy carrier seen as an electrofuel for the future.
That is to say, a fuel that could create electrical power via fuel cells. It is therefore a
source of power and controllable energy unlike some renewable energies such as solar
panels or wind turbines. Within the framework of the decarbonisation of energies, the
electrolysis of water thanks to renewable electricity seems to be an alternative that
promises a wide range of solutions. Indeed, hydrogen can be a source of electricity for
the grid, a source of electricity for transportation, a source of heat by combustion or used
for the production of methane for which transportation chains and plants are already
running.

The storage of energy in large quantities is a fairly important issue in the current energy
transition strategies. It is necessary to be able to store energy in various time frames,
both throughout the day and throughout the year. The term "Hydrogen Economy"
heralds an economy based on hydrogen combined with electricity for energy consumption,
transportation and storage. Hydrogen can then be produced by electrolysis and create
electricity in fuel cells. These solutions highlight that hydrogen is an important player in
the implementation of a decarbonised energy system.

Although power-to-hydrogen technologies have been available and used for decades thanks
to electrolysers, the power of the installations is often measured in kW. In the coming
years, we will be moving towards installations of tens of MW. There are 135MW of
electrolysers in Europe and about 300MW in the world in 2021. The installed capacity
of electrolysers has already grown enormously in the recent years, from 90MW in 2019
to 135MW in 2021.

In 2019, the largest capacity electrolyser in Europe was "MW, in 2021 it was 10MW.
Several 20MW electrolysers and even a 30MW one was under construction in 2021. The
industry’s ambitions already include several electrolysers in the order of magnitude of
100MW. These installations are intended to help the ammonia and refining industries
meet their decarbonisation goals. Often industries start with pilots and plan to increase
the installed capacity to meet their needs. Other late-stage projects focus on new mo-
bility such as buses, coaches and small boats. These generation sources are generally
distributed and produced on site for refueling stations. They are significantly smaller
than the hydrogen production planned for industrial applications.

The figure 2.3 shows the hydrogen demand for 2030 and 2050 for 3 different scenarios
divided by sector. The growth of hydrogen demand with respect to 2018 for central
forecast is about 50% for 2030 and 200% by 2050 (400% growth in high demand scenario
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by 2050). We can see that the scenarios for the future depend widely on the use of

Potential H, demand, 2030 Potential H, demand, 2050
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Figure 2.3: Hydrogen Demand Forecast in 2030 and 2050 for 3 different scenarios. Taken
from [2].

hydrogen for heating and transport purposes. The expectations about a large use of
hydrogen are already planned for 20 years with for example "The Hydrogen Economy"
[35] a report from the US department of Energy that predicted the commercialization
of hydrogen vehicles and did not happen. Instead, battery EV replaced the hydrogen
vehicles forecast for individual cars. But this time it is a bit different. It is not only a
study about alternative energy but political choices are already made about hydrogen.

In July 2020, the European commission was declaring about the hydrogen strategy for a
climate-neutral Europe:

... In order to implement the ambition of the Furopean Green Deal and building on the
Commission’s New Industrial Strategy for Furope and its recovery plan, this Communica-
tion sets out a vision of how the EU can turn clean hydrogen into a viable solution to
decarbonise different sectors over time, installing at least 6 GW of renewable hydrogen
electrolysers in the EU by 2024 and 40 GW of renewable hydrogen electrolysers by 2030
and the production of up to 10 million tonnes of renewable hydrogen in the EU. 10Mt is 60
times the current electrolysis sourced hydrogen and 1200 times the renewable hydrogen.
However, according to the Clean Hydrogen Monitor 2021 [3], the objective of 6GW
electrolysers by 2024 will be reached and industry ambitions based on announced projects
already stand at 119 GW for 2030 that is clearly bigger than European ambitions. Figure
2.4 shows the operational and planned projects based on industry ambitions by 2030.

Recently on the 18th May 2022, in the context of the Russian military aggression against
Ukraine, the European Commission published the REPowerEU Plan [36]. REPowerEU
is about rapidly reducing our dependence on Russian fossil fuels by fast forwarding the
clean transition and joining forces to achieve a more resilient energy system and a true
Energy Union. In the "communication from the European commission to the European
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Figure 2.4: Cumulative planned and operational PtH projects by year 2021-2040 in MW
and number of projects. Taken from [3].

parliament, European council, council, European economic and social committee and the
committee of the regions" [4] we find this:

e Renewable hydrogen will be key to replace natural gas, coal and oil in hard-to-decarbonise
industries and transport. REPowerEU sets a target of 10 million tonnes of domestic
renewable hydrogen production and 10 million tonnes of renewable hydrogen imports by
2030.

— 20Mt of renewable hydrogen is twice the 2020 target.

o Accelerated efforts are needed to deploy hydrogen infrastructure for producing, importing
and transporting 20 million tonnes of hydrogen by 2030. Cross-border hydrogen infras-
tructure is still in its infancy, but the basis for planning and development has already been
set by the inclusion of hydrogen infrastructure in the revised trans-European networks for
energy. Total investment needs for key hydrogen infrastructure categories are estimated
to be in the range of EFUR 28 — 38 billion for EU-internal pipelines and 6 - 11 billion for
storage.

— 28B to 38BE€ for pipelines and 6B to 11B€ for storage. 34B to 49B€ for hydrogen
infrastructure.

e To facilitate the import of up to 10 million tonnes of renewable hydrogen, the Com-
mission will support the development of three major hydrogen import corridors via the
Mediterranean, the North Sea area and, as soon as conditions allow, with Ukraine. Green
Hydrogen Partnerships will facilitate the imports of green hydrogen while supporting
the decarbonation in the partner countries. Other forms of fossil-free hydrogen, notably
nuclear-based, also play a role in substituting natural gas (see map).

— Importation of hydrogen comes from the North, the Mediterranean sea and
Ukraine. These import corridors are available in Figure 2.5 in light gray arrows.
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Figure 2.5: European infrastructure map for electricity - with the hydrogen import
corridors in light gray. Taken from [4].

2.2 Water electrolysis

This section will focus on identifying how electrolysis works from the electrochemical
point of vue. Water electrolysis is a technique that involves separating water molecules
with a direct current in order to cause a non-spontaneous redox reaction?. The water
is decomposed into oxygen and hydrogen gas with an electric current. A DC electrical
power source is connected to two electrodes. Hydrogen will appear at the cathode (where
electrons enter the water), and oxygen will appear at the anode.

2.2.1 Chemical reaction

In pure water at the negatively charged cathode, a reduction reaction takes place, with
electrons (e~) from the cathode being given to hydrogen cations to form hydrogen gas.
The half reaction, balanced with acid, is:

Reduction at cathode: 2H " (aq) + 2¢~ — Hy(g) (2.3)

At the positively charged anode, an oxidation reaction occurs, generating oxygen gas
and giving electrons to the anode to complete the circuit:

Oxidation at anode: 2H,O(l) — Oq(g) + 4H* (aq) + 4e (2.4)

The same half-reactions can also be balanced with the base. Therefore we find two other
half reactions:

Reduction at cathode: 2H50(l) + 2e~ — Hy(g) + OH ™ (aq) (2.5)

2an electron transfer reduction-oxidation is a type of chemical reaction
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Oxidation at anode: 20H ™ (aq) — 1/2 Oy(g) + H2O(l) + 2e~ (2.6)

Combining either half reaction pair yields the same overall decomposition of water into
oxygen and hydrogen:

Overall reaction: 2H>0(l) — 2Hs(g) 4+ Oa(g) (2.7)

The number of hydrogen molecules produced is thus twice the number of oxygen molecules.
The number of electrons pushed through the water is twice the number of generated
hydrogen molecules and four times the number of generated oxygen molecules.

2.2.2 Thermodynamics

In their paper LeRoy et al. [37] propose a generic approach based on the thermodynamic
formalism. In this part, we will consider standard conditions that will simplify the
concepts. The decomposition of water into hydrogen and oxygen at standard temperature
and pressure is not favorable in thermodynamic terms. The electrolysis of water in
standard conditions requires a theoretical minimum of electrical energy input to dissociate
each mole of water, which is the standard Gibbs free energy of formation of water. In the
case of water electrolysis the reaction enthalpy is the amount of energy (both work and
heat) that has to be provided so the reaction products are at the same temperature as
the reactant. As per the second law of thermodynamics, the enthalpy of the reaction is:

AH = AG+TAS (2.8)
\672: heat

Where AG® the Gibbs free energy = 237.24 kJ /mol(water) for standard conditions, 7" is
the temperature of the reaction and AS the change of entropy = 163 J/K mol(water).
The overall cell reaction with thermodynamic energy inputs then becomes:

HyO(l) + AH — Hy(g) + 502(g) (2.9)

(with AH° = 285.83kJ/mol whose AS° = 48.6kJ/mol (for standard temperature)).
Since each mole of water requires two moles of electrons (n = 2), and given that the
Faraday constant represents the charge of a mole of electrons (F = 96485 C/mol), it
follows the thermodynamic standard cell potential using Gibbs free energy (representing
the LHV of hydrogen) can be obtained from this equation:
. AG°

E° = T (2.10)
(With the result that E° is the cell potential = 1.23V" at 298K, AG°® = 237.24 KJ/mol,
33.3 kWh/kg or 2.78 kWh/Nm?).
The alternative formulation is calculated assuming that all of the energy to drive the
electrolysis reaction is supplied by the electrical component of the required energy which
results in a higher reversible cell voltage (using the HHV of hydrogen). This voltage is
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referred to as the thermoneutral voltage. The thermoneutral voltage is a voltage drop
across an electrochemical cell which is sufficient not only to drive the cell reaction, but
to also provide the heat necessary to maintain a constant temperature. Just as the
combustion of hydrogen and oxygen generates heat from the water vapour, the reverse
reaction generating hydrogen and oxygen from liquid water will absorb more heat than
LHV. The standard enthalpy of liquid water is AHF;, , = —285.83 kJ/mol.
AH®

E;, = ey (2.11)
(where Ef, = 1.48V, AH° = 285.83 kJ/mol, 39.4 kWh/kg(H,) or 3.28 kWh/Nm?.) These
explanations are made for standard conditions. The temperature and the pressure in
the electrolyser have a big influence on the voltage. Moreover the explanation using the
thermoneutral voltage is very global. Still, this thermoneutral voltage gives an idea of
the minimum voltage to be applied to perform the reaction at standard conditions.
However, calculations regarding the potential requires taking into account the additional
losses. In practice when an electrochemical cell is "driven" toward completion by applying
reasonable potential, it is kinetically controlled. Therefore, activation energy, ion mobility
(diffusion) and concentration, membrane and conductor resistance, surface hindrance
including bubble formation (causes electrode area blockage), and entropy, require a
greater applied potential to overcome these factors. The amount of increase in potential
required is termed the overpotential.

2.2.3 Overpotentials

Real water electrolysers require higher voltages for the reaction to proceed. The part
that exceeds the open circuit voltage of equation 2.10 represents any kind of loss and
nonideality in the electrochemical process. The most common representation of the
electrolyser performance is the polarization curve that represents the relation between
the current density and the voltage [38]. The polarization curve is composed by the
thermoneutral voltage and additions of different overpotentials giving the equation 2.12
[18]. The main overpotentials of the cell voltage are the activation overpotential (to
initiate the proton transfer and the electrochemical kinetic behaviour in anode and
cathode), the ohmic losses (representing the losses for the conduction of the electron
and the proton through respectively the conductors and the membrane) and the mass
transport losses (overpotential due to the concentration of products).

V= E + Nact + Nohm + Naify (2.12)

A PEM electrolysis system performance in static conditions can be compared by plotting
the voltage versus cell current density. This essentially results in a curve that represents
the power per square centimeter of cell area required to produce hydrogen and oxygen.
Conversely to the PEM fuel cell, the better the PEM electrolyser the lower the cell
voltage at a given current density.

As a precision, thermal needs of the reaction can be supported by the overpotentials that
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are losses and end up as heat. The value of the floor voltage in Figure 2.6 can therefore
be lowered to E° = 1.23V (LHV) for sufficient losses.

T
Mass Transport Losses —_—
Activation Losses .
| Protonic Ohmic Losses —_—
Electrical Ohmic Losses
Cell Performance —_—
Thermoneutral Voltage  ~ --------

2.4

Cell Voltage - V

Current Density - Alcm?®

Figure 2.6: Polarization curve depicting the various losses attributed to PEM electrolysis
cell operation. Taken from [5].

2.3 Electrolysers

Water electrolysis can be classified in four types, based on their electrolyte, operating
conditions and ionic agents (OH™, HT | O?>7). However operating principles are the
same in all cases. The four kinds of electrolysis methods are: Alkaline water electrolysis
(AWE), Solid oxide electrolysis (SOE), Microbial electrolysis cells (MEC) and PEM water
electrolysis [6]. In the known industrial projects in development, we find mainly two
technologies: Alkaline and PEM. Firstly, the alkaline technology, widely used today, is a
mature technology. Secondly we have the PEM technology, which is in great expansion
and development. The third technology is different from the first two low temperature
electrolysis technologies. Its name is high temperature solid oxide electrolysis but is not
yet widespread on a commercial scale. The last, the microbial electrolysis will not be ad-
dressed in this thesis since it is under development and has a low hydrogen production rate.
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2.3.1 Alkaline electrolysis

The alkaline water electrolysis transforms at the cathode

side two molecules of alkaline solution (KOH/NaOH) Sl

into one molecule of hydrogen (Hs) and two hydroxyl Cathode - + Anode
ions (OH™). The produced Hj eliminated from the cath-

ode surface to recombine in a gaseous form and the

hydroxyl ions (OH) transfer under the influence of the H, o %0,
electrical circuit between anode and cathode through

the porous diaphragm to the anode, where it is dis- | H.0

charged to % molecule of oxygen (O2) and one molecule Cathode " e
of water (HoO). The Oy recombines at the surface of Diaghragm

the electrode and escapes as hydrogen. The mechanism

is shown in Fig. 2.7. Alkaline electrolysis operates at | A" ol sl Akl
low temperatures from 30 to 80°C with aqueous solution | €#hede: 2 H:0 ™ 2e7= Hy 201
(KOH/NaOH) as the electrolyte. The concentration |~V O TLr0,

of the electrolyte is 20% to 30%. In the alkaline wa-
ter electrolysis process, asbestos diaphragm and nickel
materials are used as the electrodes. This diaphragm
is not completely impermeable to gasses, and the gas
mixture can lead to potentially dangerous conditions of
flammability or explosiveness. Due to the ohmic drop across the diaphragm and liquid
electrolyte, the applicable current densities are limited, on the order of 0.2 — 0.4 Acm™2.
Moreover, because of the use of a liquid electrolyte, this technique can hardly be coupled
to an intermittent power source (problems related to thermal management and change
in electrolyte conductivity during start-up/shutdown and load variation periods). The
liquid electrolyte also limits the applicable operating pressures (typically between 30 and
50 bars).

Hydrogen production by alkaline water electrolysis is a well established technology up to
the megawatt range. Alkaline electrolysis is mainly developed in Canada and Norway by
Hydrogenics® and NEL Hydrogen®. It is coupled with nuclear power, recovered during
off-peak hours, for the production of ammonia [39].

Finally, a new approach in alkaline electrolysis is under development of anion exchange
membranes (AEM) made up of polymers with anionic conductivity instead of asbestos
diaphragm. This innovative technology appears to be interesting in the field of alkaline
water electrolysis.

Figure 2.7: Schematic illustra-
tion of alkaline water electroly-
sis. Taken from [6].
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2.3.2 High-temperature solid oxide electrolysis (SOE)

The solid oxide electrolysis (SOE) is a new technology
first introduced by Donitz and Erdle in the 1980s. Solid
oxide electrolysis has attracted an abundant deal of at-
tention due to the electrical energy converts into the
chemical energy along with producing the ultra-pure
hydrogen with greater efficiency. Contrary to low tem-
perature electrolysis technologies for which the cost of
hydrogen production is 80% constituted by the cost of
electricity supply, the High Temperature Steam Elec-
trolysis (HT'SE) or high temperature SOE technology
is based on the contribution of a part of the energy
necessary to the decomposition of the water molecule
in thermal form, heat being at least three times less
expensive than electricity, especially when it comes from
nuclear reactors. Solid oxide electrolysis operates at
high pressure and high temperatures 500-850°C. Solid
oxide electrolysis process conventionally uses anioniques
ceramic O?~ conductors. Operating principle of SOE
is shown in Fig. 2.8. Nowadays, some of the ceramic

proton conducting materials have been developed and studied in solid oxide fuel cells. The
ceramic proton conducting materials also demonstrate high efficiency and superior ionic
conductivity than O?~ conductors at an operating temperature of 500-700°C. However,
the SOE shows some issues related to lack of stability and degradation, which have to be
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w}
— /"‘ "> Anode
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Cathode: H,O +2e¢” — H, + 0>~

H,0 > H, + % 0,

Figure 2.8:

Schematic illustra-
tion of Solid Oxide electrolysis.

Taken from [6].

solved before going to commercialization on a large scale.

Work on EVHT, which began in the 1980s, resumed in early 2000 after a hiatus due to a
lack of market prospects, and has benefited from the research conducted on solid oxide
fuel cells. This work was mainly supported by the DoE (Department of Energy) in the

United States and by the European Commission (Relhy 21 project) [39].
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2.3.3 PEM electrolysis

The first PEM water electrolysis was idealized by Grubb
in the early fifties and was developed in 1966 by Gen-
eral Electric Co. to overcome the drawbacks to the

Cathode - + Anode
alkaline water electrolysis. PEM water electrolysis tech- e
nology is similar to the PEM fuel cell technology, where
solid polysulfonated membranes (Nafion, fumapem) was H, § e é %0,

used as an electrolyte (proton conductor). These proton

PEM Electrolysis

exchange membranes have many advantages such as H,0
lower gas permeability, high proton conductivity, lower 2 [ O
thickness and high-pressure operations. In terms of Cathode / noce

. . . . Membrane
sustainability and environmental impact, PEM water

electrolysis is one of the favorable methods for conver- | Anode: H,0 — 2H* + % O, + 2¢-
sion of renewable energy to highly pure hydrogen. It has | Cathode: 2H'+2e— H,

also other great advantages such as compact design, high | Overallcell: 2H,0 — H, +: 0,
current density (above 2 A/cm?), high efficiency, fast
response, small footprint, operates under lower temper- Figure 2.9: Schematic illustra-
atures (20-80°C) and produces oxygen as a byproduct. tion of PEM water electrolysis.
Additionally, balancing PEM electrolysis plants is very Taken from [6].

simple, which is more attractive for industrial applica-

tions. Furthermore, compared to alkaline technology, PEM is particularly suitable for
coupling to renewable energy sources, as it has a rapid response and a good dynamic
behaviour [40].

The state-of-the-art electrocatalysts for PEM electrolysis are high activity of noble metals
such as Pt/Pd as the hydrogen evolution reaction (HER) at the cathode and IrO5/RuO,
as the oxygen evolution reaction (OER) at the anode, which makes PEM more expensive
than alkaline water electrolysis. Therefore, one of the main challenges in PEM water
electrolysis is to reduce the production cost while maintaining the high efficiency.

2.3.4 Technology selection

First of all, it is interesting to compare the state of the art and the target performances
of the different technologies because they are not at the same stage of development. Data
are available in tables 2.3, 2.5 and 2.43.

3available online: https://www.fch.europa.eu/soa-and-targets
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Parameter Unit State of the art | FCH 2 JU target
year 2012 2017 2020 | 2024 | 2030

Generic system

Electrical energy kWh/kg 57 51 50 49 48

@nominal capacity

Capital cost €/(kg/d) | 8000 1600 1250 | 1000 | 800

O&M cost €/(kg/d)/yr | 160 32 26 20 16

Stack

Degradation %/1000hrs / 0.13 0.12 | 0.11 | 0.1

Current density A/cm2 0.3 0.5 0.7 | 0.7 | 0.8

Use of critical raw ma- mg/W 8.9 7.3 34 | 21 0.7

terials as catalysts

Table 2.3: State-of-the-art and future targets for hydrogen production from renewable
electricity for energy storage and grid balancing using alkaline electrolysers [25, 26].

Parameter Unit State of the art | FCH 2 JU target
year 2012 2017 2020 | 2024 | 2030

Generic system

Electrical energy kWh/kg na 41 40 39 37

@nominal capacity

Availability % na na 95% | 98% | 99%

Capital cost €/(kg/d) na 12000 | 4500 | 2400 | 1500

O&M cost €/(kg/d)/yr | na 600 225 | 120 | 75

Specific system

Reversible efficiency % na 50% 54% | 57% | 60%

Reversible capacity % na 20% 25% | 30% | 40%

Stack

Production loss rate %/1000hrs | na 2.8 1.9 | 1.2 | 05

Table 2.4: State-of-the-art and future targets for hydrogen production from renewable
electricity for energy storage and grid balancing using high temperature SOE [25, 26].

Efficiency of modern hydrogen generators is measured by energy consumed per standard
volume of hydrogen (kWh/Nm3), assuming standard temperature and pressure of the Hs.
The lower the energy used by a generator, the higher its efficiency would be. Efficiency
is crucial since the cost of hydrogen production of the two main technologies is based on
80% on electricity. If we neglect all losses and heat needs, a 100%-efficient electrolyser
would consume 33.3 kWh per kilogram of hydrogen or 2.78kWh/Nm? following (Eq. 2.10
or Table 2.2 about LHV). Practical electrolysis may consume 51 kWh/kg (4,58 kWh/Nm?)
for alkaline electrolysers, 41 kW /kg (3,69 kWh/Nm?) for high-temperature SOE and
finally 58 kWh/kg (5,21 kWh/Nm?) for PEM electrolysers at nominal capacities. The
electrical efficiency of Alkaline electrolysers systems is around 63%-73% (compared to
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Parameter Unit State of the art | FCH 2 JU target
year 2012 2017 2020 | 2024 | 2030

Generic system

Electrical energy kWh/kg 60 58 55 52 50

@nominal capacity

Capital cost €/(kg/d) 8000 2900 | 2000 | 1500 | 1000

O&M cost €/(kg/d)/yr | 160 58 41 30 21

Specific system

Hot idle ramp time sec 60 10 2 1 1

Cold start ramp time sec 300 120 30 10 10

Footprint m2/MW / 120 100 | 80 45

Stack

Degradation %/1000hrs | 0.375 | 0.25 | 0.19 | 0.125 | 0.12

Current density PEM A/cm2 1.7 2.0 22 | 24 | 25

Use of critical raw mg/W / 5.0 2.7 | 1.25 | 04

materials as catalysts

PGM

Use of critical raw ma- mg/W / 1.0 0.7 0.4 0.1

terials as catalysts Pt

Table 2.5: State-of-the-art and future targets for hydrogen production from renewable
electricity for energy storage and grid balancing using PEM electrolysers [25, 26].

LHV), while the ultimate goal is 70%-80%. A PEM electrolyser system has a lower
efficiency of around 60%-70%, which is expected to be improved to 82%-86% before
2030 according to "Fuel Cells and Hydrogen Joint Undertaking" the predecessor of Clean
Hydrogen [41]. The theoretical efficiency of PEM is very high. The loss of efficiency
comes also from the compression of hydrogen to high pressure for example for storage
purposes. This is the main reason electrolysers operate at high pressure,even if it is bad
for them efficiency, is to have a pressurized hydrogen production because pressurizing
afterwards would be even worse in terms of overall energy efficiency.

The positive aspects of the PEM electrolysers are the high current density (>2A/cm?),
the good partial load range (10%-100%), the rapid system response (<1s), the high gas
purity (99.99%) and the dynamic operation [27]. A comparison about the different water
electrolysis is available in Table 2.6.

There is no bad choice for hydrogen production by water electrolysis. Alkaline technology
still has a good future since there is an enormous quantity of renewable hydrogen in
Europe until 2030. SOE is still at a laboratory stage and not yet fit for large scale
operation. On the other hand PEMWE has good dynamic behaviour and large scale
opportunities which we need as the grid is changing its paradigm and needs new high
power demand response in order to support the stability. But before dwelling on the
PEM operation and its action on the power grid, we will present the different issues of
grid stability.
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Electrolysis process

Advantages

Disadvantages

Alkaline Electroly-
sis

Well established technol-
ogy. Non-noble electro cat-
alysts. Low cost technol-

ogy. The energy efficiency is
(70-80%). Commercialized.

Low current densities. For-
mation of carbonates on the
electrode decreases the per-
formance of the electrolyser.
Low purity of gasses. Low
operational pressure (3-30
bar). Low dynamic opera-
tion.

Solid Oxide
trolysis

Elec-

Higher efficiency (90-100%).
Efficiency>100% with hot

steam. Non-noble electro
catalysts.  High working
pressure.

Laboratory stage. Large sys-
tem design. Low durability.
No dependable cost informa-
tion.

PEM Electrolysis

High current densities. Com-
pact system design and
Quick Response. Greater
hydrogen production rate
with high purity of gasses

New and partially estab-
lished. High cost of compo-
nents. Acidic environment.
Low durability. Commercial-
ization is in near term.

(99.99%). Higher energy ef-
ficiency (80-90%). High dy-
namic operation.

Table 2.6: Advantages and Disadvantages of different water electrolysis technologies.
Taken from [6] and [27].

2.4 Grid stability, Demand response, frequency con-
tainment reserve

For a proper functioning, the grid needs stability. The stability of a power system is the
property that allows it to reach an acceptable steady-state following a disturbance (like
a connection or disconnection of a large load or a large generator). There are different
types of stability. The rotor angle stability, generally defined as the ability of a power
system to maintain machines synchronous operation when subjected to a disturbance
[9]. Voltage stability, based on fault or on the inability of the generation-network system
to provide the power required by the loads (due to real and reactive power that leads
to congestion, reliability problems). And the frequency stability, based on the balance
between the consumption and the production of electrical power.

Electrolysis is studied to play a role in supporting the grid in a demand response perspec-
tive. The voltage stability is inherently a distribution issue related to local infrastructures
and power flows. Electrolysers could play a role in the evolution of the distribution
topologies for example to avoid congestion by consuming local production. But voltage
stability will not be the subject here. More practically, hydrogen production could offer a
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demand side response to the grid in order to provide short term frequency control. Figure
2.10 resumes the different aspects of the power system stability. In this thesis we will
focus on how hydrogen production could contribute to stability as Frequency Contain-
ment Reserves (FCR) and Synthetic Virtual Inertia (as Fast Frequency Response - FFR).

Power System

Stability

Rotor Angle Frequency Voltage

Stability Stability Stability
Small-Disturbance Transient Large- _Small-

Angle Stability Stability Disturbance Disturbance
Voltage Stability Voltage Stability
I ] I ]
| [ |
Short Term Short Term Long Term
Short Term Long Term

Figure 2.10: Scheme of the different types of stability. Taken from [7].

2.4.1 Economical and quantization of frequency stability

Liberalization of the electric market has taken place since the 1990s. Utilities are no
longer vertically integrated companies. The coordination necessary for reliable system
operation, including frequency control, is provided by the transmission system operators
(TSOs). The frequency control framework had to be adapted to the market environment
in the sense that the frequency support from individual power plants is provided and paid
by the TSOs. The organization of the ancillary services market in Europe are dependent
on the specific rules of the different national TSOs [42]. To assist the electrical network, a
large consumption capacity is required. According to ENTSOE, the overall FCR capacity
is 3,000 MW in 2016 in the synchronous interconnected area of continental Europe.

Also, inertia used to be widely available when electricity is produced by rotating machines
but the loss of inertia could lead to a compensation mechanism to synthetic inertia
providers in the future. The prevision of reduction of inertia is given in the ENSTO-E
insight report : "The inertia challenge in Europe — Present and long-term perspective"
from January 2021. The total kinetic energy (inertia) in continental Europe will be at
minimum 1000 GWs and at maximum 1800 GWs according to ENTSOE [43] for the
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NT2030 scenario for 2030. By 2025 the minimum inertia constant in continental Europe
synchronous grid will be between 2 and 2.5 seconds, and by 2040 it will be between 1 to
1.5 seconds.

The synthetic inertia is called the FFR (Fast Frequency Response), with a delivery time
in less than 2 seconds and is a service that is not currently used according to the report
"Economic grid support services by wind and solar PV" of 2014 of REserviceS [44]. This
may become a service in the liberal electricity market in the coming years in order to
guarantee stability:.

2.4.2 Frequency stability

This frequency stability refers to the ability of a system to maintain a steady frequency
after a significant imbalance between generation and load. The link between frequency
stability and power balance can be understood as following. The generators are creating
electrical power while they are rotating. The rotating speed is named the working point
of the machine and the frequency of the grid. The working point is also associated
with a power or a couple for each machine. After a disturbance, if the balance shifts
to underproduction, the working point changes and the load will decrease because of
the energy balance, the generators will slow down, decreasing the frequency of the grid.
On the other hand, if the power equilibrium moves toward a power overproduction, the
mechanical power on the generator increases and the generator will speed up to find a
new working point where the mechanical power is equal to the electrical power. The
physics of generators explain why the power balance influences the frequency of the grid.
In the steady state the idealized power—speed characteristic of a single generating unit is
given by equation 2.13 [45]. The frequency difference is linear to the power difference
from the steady state.
Aw AP, AP, Aw

— = —K— 2.13
Wn, P P, o P, W, (2.13)

where p is referred to as the speed—droop coefficient or simply the droop. The reciprocal of
droop K = 1 is the effective gain of the governing system. Aw and AP,, are respectively
the difference of pulsation of the AC current and the difference of power on the system.
w, and P, are the nominal pulsation and the nominal power of the system. The pulsation
can be converted to the frequency of the AC current and we keep the same relation. The
nominal frequency of the European grid is 50Hz.

Figure 2.11 represents the frequency restoration process. There is a classification according
to the time a frequency control system can respond. The first response in case of
disturbance is inertia caused mainly by the mechanical inertia of the rotating machines.
This is not a compensated frequency control until today but it has an essential impact
on the dynamic behaviour of the grid in the first seconds of a disturbance. The primary
control called FCR (frequency containment reserves) are the operating reserves activated
for stabilizing System Frequency after an imbalance in the scale of a few seconds (within
30s) at a steady-state value. It is a joint action of FCR within the whole synchronous area.
Definition of fast frequency response: fast frequency response is the controlled contribution
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of electrical torque from a unit which responds quickly to changes in frequency in order
to counteract the effect of reduced inertial response.

The secondary control responses (frequency restoration reserves with automatic activation
and with semi-automatic or manual activation) in the scale of a few minutes (between
30s and 15min) are activated to control the frequency toward its set point value and
replace FCR. The replacement reserves or tertiary control provided by resources with a
slower response time that can be called upon to replace or supplement the primary and
secondary control in restoring system stability that is afterwards taken into charge by a
generation rescheduling.

FCR
- Automatic activation

mFRR RR
- Semi-automatic or - Semi-automatic or
manual activation manual activation

- Max 30 seconds
= Max 15 minutes = Min 15 minutes

Frequency || :‘
(50 Hz)

Total ba!anciﬁg energy (idealized)

Balancing
energy

1 T I T
t, t,+30s =1, +5min t,+ 15 min =1, + 45 min Time

I

Sync. area Unbalanced TSO

< L |

18 // ENTSO-E Annual Report // 2020 Edition

Figure 2.11: Frequency restoration process by ENTSO-E. Taken from [8].

2.4.3 Inertia in traditional power systems

The renewable sources of energy are driving power systems toward low-inertia conditions
and frequency stability challenges [46]. Inertia refers traditionally to the kinetic power of
the rotating machines. In general, inertia is defined as the resistance of a physical object
to a change in its state of motion, including changes in its speed and direction. Applying
this definition to a traditional electrical power system, the physical objects that are
in motion are the rotating machinery (synchronous generators and turbines, induction
generators, etc.) connected to the power system and the resistance to the change in
rotational speed is expressed by the moment of inertia of their rotating mass [9]. To
explain the inertia, let’s take the example of the power angle curve of a synchronous
machine in Figure 2.12.
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Figure 2.12: Power angle curve of a synchronous machine.

The synchronous machines are the electrical generators of the grid. The rotor angle of
the synchronous machine is the phase shift between the grid phase applied on the stator
windings and the rotor phase (divided by the number of poles). An intuitive way to
understand this type of machine is that if the rotor has a phase advance (called rotor
angle), the machine is in generating mode and will pull the voltage of the stator (of the
grid). The bigger the rotor angle is, the more power the machine produces, according
to the power angle curve, as shown in Figure 2.11. After a loss of frequency, the grid
frequency will slow down resulting in a slow down of the stator voltage frequency. This
will therefore increase the rotor angle (because the rotor is rotating faster) and the
produced couple (or power) of the generators will increase. Of course the mechanical
power of the generator has not changed and therefore the generator will not produce this
additional power in the long term. Virtual inertia means that when the grid frequency
drops, the plant uses the energy stored in the rotating mass, in chemical reactions. ..
to produce more electrical power to the grid. The objective is to limit the drop in the
frequency of the grid voltage. Definition of synthetic inertia: synthetic inertia is defined
as the controlled contribution of electrical torque from a unit that is proportional to
the rate of change of frequency (RoCoF) at the terminals of the unit [47]. RoCoF is
graphically represented in Figure 2.13. This response is temporary and the grid requires
counter balancing events, that is the frequency restoration process in Figure 2.11 and
2.13 in order to keep the frequency stable.

Inertia can be measured as the inertia constant. The inertia constant represents the
time period the inertia energy could provide nominal power only using the kinetic energy
stored in the rotating mass and is expressed in Eq. 2.14 [9].

Jsq-w?
E e,0
Hoy = 29 — 2 (2.14)
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Figure 2.13: Classification of frequency control mechanisms. Taken from [9].

where Hgg is the inertia constant, generally expressed in [s| but more exactly in [Ws/VA],
Esq the energy stored in the synchronous machine in [Ws] and Ssg the apparent power
of the generator in [VA]. Jsg the moment of inertia in [kgm?] of the rotating mass and
w? the nominal speed of rotation in [rad/s].

2.4.4 Low inertia impact on power system stability and control

In order to ensure a stable system operation and control, it is necessary to assess the
impact of this reduced synchronous inertia on the dynamics of the power system. Figure
2.14 is a general overview of different power system phenomena and controls are given
together with the time scales involved.

There is a close link between inertia and the dynamics of interest for frequency stability
and rotor angle stability.

Rotor angle stability

In general, lowering the inertia of synchronous generators results in larger rotor swings
and makes the system more vulnerable to disturbances in terms of transient stability.

Frequency stability

Reducing the amount of synchronous inertia mainly influences the frequency stability of a
power system. If the power/consumption balance is not restored, large frequency swings
occur which may result in tripping of generating units and/or load. The reduction in
inertia influences both the RoCoF and the minimum value of frequency reached during the
transient period (nadir frequency, represented graphically in Fig. 2.13), two parameters
which both play an important role in the activation of system protection devices. This
increased RoCoF can be considered as one of the main barriers to operate a system with
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Figure 2.14: Overview of time scales covered by power system phenomena and controls
and synchronous inertia. Taken from [9].

low inertia in a safe and secure way. Figure 2.14 will see the inertia response shortened.
It reduces the time period for the governor control to react before the frequency exceeds
thresholds at which load/generation shedding is initiated, but moreover it also has an
impact on current protection schemes and the operation of synchronous units.

Operating systems with low inertia

In "The relevance of inertia in power systems' [9], Pieter Tielens and Dirk Van Hertem
develop the two main approaches about operating systems with low inertia:

o A first approach mainly focuses on adapting the current power system equipment,
grid codes and protection to cope with higher RoCoF and larger frequency swings.

o The second approach tries to accommodate more converter connected generation by
providing different forms of inertia (such as virtual inertia) or incentives for more
flexible plants or plants with a higher synchronous inertia. This virtual inertia
is also identified as a future grid support service in the REserviceS project [{4]
which sets some technical and economic guidelines and recommendations for the
design of a European market for ancillary services. Some studies even propose to
implement an inertia constraint within the unit commitment problem to ensure that
a minimum amount of system inertia is always available.
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2.4.5 On the ability of pem water electrolysers to provide power
grid services

The research question of this thesis is oriented, at the end, about the support of the

power grid in a fast demand response perspective. As for short-term stability and for

synthetic inertial responses are overlapping in time range (in Fig 2.14), PEM electrolyser

is seen to help at this range of time response. To conclude the first chapter of this thesis,
let’s review the different research made on similar approaches.

On the ability of pem water electrolysers to provide power grid services [10]

In 2019 a research publication by L. Allidieres

et al. was studying the ability of pem water capacity

electrolysers to provide power grid services [10]. T operating
A set of key performance indicators (KPIs) has /,x’mﬂ - conditions
been designed in Figure 2.15 to measure the AN

level of development of PEM water electroly- 4 /% "™/ i R\

sers, to measure the impact of operation with R : \

¥ reactivity {

transient power sources (for grid services) on 3 \
the performances, and to facilitate the compar- ‘
ison of commercial products available on the
market. The conclusion is that there are two
main critical issues that are limiting the perfor-
mances of existing technology and will require
further developments: (i) the need for opera-
tion in isothermal conditions in order to reduce Figure 2.15: KPIs of PEM water elec-
efficiency losses and degraded power responses; trolysis technology. (- -) reference
(i) the need to reduce power fluctuations down case (stationary, 2015); (—) test results

to the appropriate level on power plateaus. from the paper (transient PEM, 2017).
Taken from [10].
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Secondary Frequency Control for the
IESO [11]

In 2018, Hydrogenics in partnership with Enbridge installed 2.5MW of PEMWE stacks
that are supporting the secondary frequency control for the IESO (Canadian TSO). Since
13th January 2022 this hydrogen is blended to the natural gas networks to reduce the
heating carbon footprint*. This electrolyser has a 2 second response time and a 2MW /s
ramp rate. The electrolyser is functioning at 1.3MW and is varying between 0.25MW and
2.35MW (+/-1.05MW). This project is therefore proving that this type of application is
already possible. The power profile of the PEM electrolyser is available in Figure 2.16.

4available on Enbridge site: https://www.enbridgegas.com/about-enbridge-
gas/newsroom/newsdetail ?releaseld=122757
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Figure 2.16: Markham energy storage response to IESO AGC signal, Taken from [11].
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Chapter 3

Mathematical modeling of an
electrolyser

Our objective is to develop a computer model able to represent the dynamic behaviour
of large scale PEM electrolysers. PEM electrolyser modeling has seen over years a strong
growth in the number of research works, as illustrated by the following figure Fig. 3.1,
showing the number of papers on electrochemical modeling classified by year.
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Figure 3.1: Evolution of the number of works about voltage to the year for the PEM
electrolyser taken from [12].

In this chapter, we will review the electrolyser modeling with a focus on the specifics of
PEM. This section borrows its structure from the state of the art done by Pierre Olivier
for his 2016 thesis [23] and in the paper [48]. We will enrich it with information crucial
to the needs of the analysis that we will do in the following sections of this work.

Model categories

In order to model an electrolyser as a whole, it is necessary to look at each of its
constituent aspects. Pierre Olivier classifies models according to 5 categories [23]:
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o Electrochemical models are used to describe the electrochemical response of elec-
trolysis cells and stacks.

o Electrical models describe the electrical phenomena taking place within the other
electrical components of the system (converters, pumps, cold group, etc.)

o Thermal models calculate the different temperatures within the system and their
evolution, in particular to include the impact of temperature on the electrical
response of the electrolysis stack and therefore on its performance.

o Mass transfer models are used to describe mass transport phenomena within an
electrolysis cell.

e Fluidic models are used to describe the circulation of the electrolyte within the
system and to calculate the different flow rates and pressures within the system.

In the real world, these different aspects of the electrolyser interact with each other and
are more or less coupled. However, the models we present are intended to be modular in
their designs. Some models only use either an electrochemical, thermal or mass transport
representation in the membrane.

The different models presentation looks at the following aspects of the model:

e The modeling approach
e The dynamic character

e The modeling scale

The modeling approach

There are several approaches.

The empirical approach aims to find mathematical equations which allow the most
accurate representation of the system observations. The empirical equations can therefore
have a number of parameters that do not all have a physical meaning.

The analytical approach is based on physical, electrochemical or thermal theory and
principles. This approach constitutes analytical equations that represent the different
phenomena involved and formalize the losses, non-idealities... Therefore the parameters
have a physical meaning.

The semi-empirical model takes the terms developed by the theoretical analysis of the
analytical approach and adds empirical variables to better fit the observations.

The dynamic character

Static models are built on algebraic equations on a set of variables that does not include
a time variable X = f(Y).

Dynamic models with localized parameters are built from ordinary differential equations,
with variables that only depend on time. These models are of the input/output (I/O) type
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and are adapted to the analysis and synthesis of control laws (control and monitoring).
Dynamic models with distributed parameters are made of partial differential equations,
integrating the spatial distribution of the different variables and parameters. These
complex models are mainly used for the dimensioning, analysis and design of processes
in process engineering.

Quasi-static models are derived from dynamic models. The equations used are no longer
differential equations, but time equations assuming the temporal evolution of the different
variables as quasi-static X (t + At) = X(t) + At - K

The modeling scale

Most electrolyser system models are based on the operation of a cell or a stack and PEM
cell. Tt is assumed that a stack is then composed of cells operating in the same way.
Other works integrate the modeling of a system. There is the modeling of the stack but
also the Balance of Plant and the auxiliary components.

3.1 Electrochemical model

This type of model is also called (stack or cell) voltage model because it describes the
voltage of a stack. Most electrochemical models are based on the scale of the electrolysis
cell and consider the stack as an electrical series of several cells. Static models are
mainly used in the development of electrochemical models. The very short response
time of PEM cells allows, in many applications, not to bother with the dynamic aspect.
Dynamic models are developed for the study of converters and the electrical response of
electrolysers [49]. In the framework of this work, as it is important to find an accurate
model both in relation to the operating points and internal states of the electrolyser
and in its dynamic response from the point of view of the power supply, both static and
dynamic analyses will be of interest.

3.1.1 Faraday’s law

According to Faraday’s law, the production rate of hydrogen in water electrolysis is di-
rectly proportional to the number of electrons traveling at the electrodes, so proportional
to the electrical current in the external circuit. Hence, the total hydrogen production rate
in an electrolyser, which consists of several cells connected in series, can be expressed as:

. ned
nH, =
Hy = 1IF nkF

(3.1)

where

Ny, hydrogen production rate, mol - s~

nr  Faraday efficiency

number of cells in series

number of moles of electrons per moles of water, n = 2
Faraday constant, F' = 96,485 C - mol ™!

SIENE
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Some models consider the Faraday efficiency equal or very close to 1 and this is mostly
true for high current densities as we can see in Fig. 3.2. For this reason, the Faraday
efficiency is very little addressed for PEM electrolysers and concerns more alkaline
electrolysis. Other models describe the Faraday efficiency by empiric equations which
depend on operating conditions such as temperature or current. Ulleberg gives an
empirical expression (Eq. 3.2) for Faraday efficiency in [50] for a given temperature.

(1/A)?
= 3.2
g ayapt &
Where f; and f, are empirically determined and are linear to temperature (pressure
neglected).
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Figure 3.2: Typical Faraday efficiency curves for an electrolyser cell. Taken from [13].

Since the Faraday efficiency is caused by parasitic current losses, it is often called the
current efficiency [13]. In order to characterize cell efficiency, it is necessary to link
electrical power input to hydrogen flow output. Thus, Faraday’s law is not sufficient
an electrical response of cell electrolysis has to be described by the voltage model. The
electrical response of the electrolysis cell can be either considered as static or dynamic.

3.1.2 Static modeling

The initial electrical response of an electrolyser stack is very fast (less than 15ms) and
the total response time is 0.2s according to J. Eichman et al. [24] which is extremely
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low compared to the global system and for normal use of electrolysers. It is therefore
common for the static approach to be used in most models. These models consider the
stack as a non-linear resistance. The description of the current-voltage characteristic is
therefore defined by the polarization curve, which takes into account other parameters
such as temperature and pressure.

Analytical models

The analytical models repeat the developments of section 2.3 and adopt the equation
2.12 repeated below.
V= ENernst + Nact + Tlohm + Ndif f (33)

Each term from the reversible potential to the different overvoltages can be described
theoretically as in F. Maranggio’s et al. theoretical model [18]. In the following, you will
find a development for each term from Eq. 3.3.

Reversible potential

The open circuit potential (also called Nernst potential because it uses the Nernst
equation) gives us the redox equilibrium potential that represents the reversible
conditions for the reaction and therefore the minimum voltage. In equation 3.4 we
have the minimum thermodynamic voltage as we saw in the theoretical part.

AG
ENernst = o (34)

—2F
The Nernst equation is a good way to find the open-circuit voltage. The Nernst
equation expresses the voltage with respect to the standard reversible potential
and a term describing the variation according to the operational conditions [51].
The potential is given by

RT Py, -/ Po,
E, = E° —1 _ 3.5
+ nkF 1 ( ) ( )

rev
a0

With E,, the reversible potential without the effect of pressures, R = 8.3144.J/mol K
the gas constant, T the temperature in Kelvin, n is the number of electrons involved
in the half-reaction (equal to 2), F' = 96487C/mol the Faraday constant, P; the
partial pressure of gas ¢ and a; the thermodynamic activity of species i.
The Gibbs free energy is temperature-dependent [52] and therefore, the reversible
potential can be changed in a temperature dependent reversible potential (for
standard conditions of pressure) and an empirical expression is used to model
this behaviour. There are different empiric models such as the one developed by
Harrison et al. [53] that find the expression 3.6 or the one by Roy at al. [54] in
expression 3.7.

E° (T)=1,229-0.9-10"% (T — 298K) (3.6)

Tev

E° (T)=1485—-149-10"*-T —9.84-107%. T2 (3.7)

rev
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Activation overvoltage

The activation voltage drop results from the proton transfer and chemical reaction
velocity, it represents the electrochemical kinetic behaviours. The activation voltage
drop Eqye ) can be deduced from the Butler—Volmer equation (3.8).

C E OszLF . Eact k ORE (1 — Oék) nF . Eact k
.[ — _[ ? — . — b .
0.k [Cpg P ( RT ) Crg P ( RT (3.8)

With Cpg, Crge, Cps and Cgg the different concentrations of products (P) and
reagents (R) respectively near the electrode (E) and in the solution (S), o and
Iy i, respectively the charge transfer coefficient and the current exchange density of
the half-reaction occurring at electrode k.

To find a simplified expression to get the activation overpotential in function of
current density we first assume that the diffusion is not limiting the process during
the reaction and that the concentration can be considered equal and therefore equal
to 1. This assumption is made because we consider a diffusion overpotential in case
of high current density. When the current density is high, the second exponential
(that is a negative exponential) can be neglected. After the development done by
Guillaume Fontes for his thesis on page 48 [55], Eqet ) can be rewritten, in function
of the current I as the equation 3.9 named the Tafel law:

RT I
B = In|— )
act TLOé*F n <IS> (3 9)

where o and [ are respectively the transfer coefficient and the exchange current
defined by equation 3.10 and 3.11.

o = Jae (3.10)

Qg + O

where ¢ is the transfer coefficient of the anode and «, is the one of the cathode.
Ij = IQ”(’C Ia”ac (3.11)

Ohmic overvoltage

The resistance R, of the membrane is the main cause of the ohmic voltage drop.
The conductivity value opgy (in Q tem™1) is often given by empirical relation such
as equation 3.12 proposed by [56].

= (0.005139.\ — 0.0326) {1268 < ! ! )] (3.12)
OPEM — . . . exXp 303.15 T .

A is the water content of the membrane.
The conductivity of the rest of the stack is considered negligible. To compute the
overpotential, we can use the equation 3.13.

J -1 I-1

Epm = = 3.13
" OPEM A- OPEM ( )

Where J is the current density, I the current, [ is the length and A the area of the
membrane.
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Diffusion overvoltage

For high current densities, the reaction is no longer just controlled by electronic
transfer but by matter transfer. This phenomenon named diffusion overvoltage
(or concentration overpotential) has an impact on the polarization curve. First
we have to come back to the Butler-Volmer equation 3.8. The hypothesis of same
concentration between the electrode and the solution in order to neglect the diffusion
is not possible anymore. Therefore we can find the equation 3.14 for activation and
diffusion overpotential.

RT (CPS I> (3.14)

Eac E 3 =—1 -~
t7k+ diffk nkF . CPE IS
By identification we can find the diffusion overpotential (3.15). We have an
overpotential for each electrode [18].

RT Cps) RT, Cps 0> RT, Cps Hy
E i = 71 — 1 : 1 :
dif f.k n (CPE nE <(1PE102 + ko Cre.m,

— (3.15)

Some model have a different approach of the diffusion overpotential by integrating it
to the activation overvoltage with a "diffusion limiting current density" in equation
3.16.

na*F 1-—

I

Eoct + Eaigr = JZEN ( 4 ) (3.16)
Liim

We can find the diffusion overpotential by deducing it from equation 3.16 and we

find the results of [55] with equation 3.17.

(Note that there is a sign ambiguity, the diffusion overpotential is always positive

from the In. From general perspective, all the overvoltages are considered positive

and added to the thermoneutral voltage)

RT i
Bags = =z (1 - ) (3.17)

With S empiric coefficient taking in account the charge transfer coefficient o* and
1};, the first limit current that can be fixed or empiric.

Impact of bubbles on the polarization curve

The electrolysis of water produces gas bubbles into the electrolysis cell. These
bubbles have different impacts. The bubbles are covering a part of the surface of
the electrodes. This phenomenon is simply modeled by a reduction of the area in
equation 3.18.

Aaviable - Atotal - Aobstructed (318)

The problem is that the ion H' are in solution in water and must go through
the membrane and this can increase the protonic ohmic overpotential. An other
impact of this phenomenon is to increase the electrical ohmic overpotential and
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that the bubbles do not conduct the electrons. In PEM electrolysis, the electrical
ohmic losses can be neglected compared to the protonic one. A last impact is the
limitation impact on water diffusion in the anode. The bubbles in PEM electrolysers
are formed at the anode. The anode overpotential has been modeled in 3.19 [57].

RT
no,SF

Eyubbies = In(1—6) (3.19)

Where 0, is the fraction of the anode surface blocked by the bubbles (3.20).

Aobstructed = Atotal : eb (320)

Semi-empirical models

In static models, there are also empirical or semi-empirical models. This approach is
a simple way to model the polarization curve (current-voltage curve). The principle
of the empirical model is to find a form of the equation V' = f(I) that is closest to
the experimental states. The best known semi-empirical model is the Ulleberg model
developed in 1998 for alkaline electrolysers but applicable to PEM electrolysers. It is
defined in the equation 3.21. It is based on theoretical thermodynamics and empirical
electrochemical data.

Veel = Viey + 17 Leen + 5+ 10g [k “deen + 1] (321)

where Ve, , 7, s, and k are parameters defined to approximate the experimental results.
They can be defined as constant or they can depend on temperature, pressure, Gibbs
energy change. V.., is the reversible potential defined by the Gibbs free energy, r - .o

represents the potential due to ohmic losses and s - log [k - Iy + 1] are the activation
and diffusion overpotentials. Temperature plays an important role in the performance of
an electrolyser. The Ulleberg model can be extended to the final Ulleberg model 3.22.
Dividing by the membrane area, we find the voltage versus the current density as shown
on the polarization curve.

ri+re T kv -T?+ky- T+ k
V;:ell :‘/;ev + (12> '[cell —|—S'10g [( : = ’

1 S ) A 1] (3.22)

To go further with the Ulleberg model, the article [58] takes into account, in addition to
the temperature, the pressure on the gasses. The model is presented in equation 3.23.

ky K
Viel = Viey +[(r1+dy)+7y-T+dy- P]- Iy +5-log Kkl + % + Ti) Moen + 1] (3.23)

3.1.3 Dynamic approach

Although the response of the stack is very fast, the behaviour of the stack can still be
studied dynamically. For this purpose, the stack is not only a non-linear resistive element
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but it is possible to use an equivalent electrical circuit with imaginary impedance. The
charge double layer phenomenon which takes place at the electrode-electrolyte interface, is
modeled by a capacitance in parallel with the activation and mass transport resistances.
The major point with the dynamic approach is that the model developed is often
intended to be used for grid studies [14, 59, 60| or for power electronics testing application
[12, 28, 61, 49, 62], it does not model the electrochemical reactions and thermal phenomena
in detail but the simplified models are expected to be sufficiently accurate for the electrical
study.

Double layer capacitance

A double layer (DL) is a structure that appears on the surface of an object when it
is exposed to a fluid. Double-layer capacitance is the important characteristic of the
electrical double layer which appears, for example, at the interface between a conductive
electrode and an adjacent liquid electrolyte. At this boundary two layers of charge with
opposing polarity form, one at the surface of the electrode, and one in the electrolyte.
These two layers, electrons on the electrode and ions in the electrolyte, are typically
separated by a single layer of solvent molecules that adhere to the surface of the electrode
and act like a dielectric in a conventional capacitor. As activation overpotential, there
are two double layer capacitance, one at each electrode. These capacitances are evaluated
empirically in the literature and are considered to be equal at each electrode [15].

Equivalent electrical circuit

a) || b) Ri R>
l ' Vine Ri —\\\—
Haan—anny c gl 1l e
2 l"’ I_ aE i [
ocv Ract Rmass Rohm B
CATHODE MEMBRANE ANODE

Figure 3.3: a) Electrolyser system components. Taken from [14]. b) Electrolyser electric
scheme of the PEM electrolyser (EL). Taken from [15].

In figure 3.3 there are two equivalent electrical models used in two different articles.
The first by Bart W. Tuinema et al. and the second by Damien Guilbert et al. [14, 15].
Globally the two circuits are simplifications of the same idea.

» The reversible voltage is represented by a fixed DC voltage modeling the power
converted into hydrogen. This DC voltage is "OCV" and "Vint" in the schemes a)
and b).
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« Ract (R1&R2), Rmass (neglected) and Rohm (Rint) represent the activation, mass
transport and ohmic losses, respectively in circuit a) (b)).

o The capacitor in the two circuits is the effect of the double layers capacitance.

Simplification of the PEM stack model is mainly dependent on the decision which losses
are included and based on several assumptions:

o The mass transfer losses are not significant for low and moderate current densities if
the flow field is appropriate for gas removal. Thus, the mass transfer overpotentials
can be neglected for up to 3 A/cm2. This is the case for a).

o Activation losses are dominant at low-current densities, while the ohmic overpoten-
tial becomes dominant at medium-current densities according to the logarithmic
resistive effect over current of the activation overpotential.

e Pressure and temperature are assumed constant.

Transient

The study of the transient of PEM stacks is that it is studied on low current density
(63, 15]. Low current densities induce slower response. The time constant 7 is dependent
(decreasing) on the current because the resistance of the activation overpotential decreases
with higher current.

T = Ract : C’DL (324)

RT I
R _ Eact _ na*F In (ﬁ) . Khl([)
act — Ji - Fi - Ji

where K can be assumed constant at operation point.
Table 3.1 shows different time constants for low current densities. Therefore, we have
that for high current densities, we find the time constant below 1s.

(3.25)

Input current T
0to 0.02 A/em? | 5
0.1 t00.12 A/em? | 4.5 s

0to 0.2 A/em? | 1.05s

0.2to 0 A/em? | 2.3s

Table 3.1: Time constant for different transients, from [28].

40



3.2 Electrical model of the power supply and the
balance of plant consumption

The electrical model is focusing on the power supply of the electrolyser plant and on
the consumption of the pumps, chillers, etc known as the balance of plant (BoP). The
stacks are already studied in the electrochemical model and will not be addressed in this
part. This part will study the modeling of the electrical consumption and the dynamic
behaviour of the converters feeding the electrolyser and the electrical consumption of the
balance of plant.

3.2.1 Converters

Power electronics converters are used to supply large electrolysers with DC electrical
power. Modern power converters have been widely developed since the 1960’s with the
appearance of semiconductors in the 1950’s and for example the commercialization of
thyristors by General Electric in 1960 and 1961 [64]. There are now a large number
of converter topologies for electrolysers. The topologies use different configurations of
rectifier diodes or thyristors and choppers (i.e. buck converters). Several analysis of these
topologies have been done in the literature [61] [65] [66].

Each electrolysis system is equipped with converters in order to adapt input current
to the U-I characteristics of the stack(s) and other electric equipment. The dynamical
aspect of the converter is crucial in the study of electrolysers dynamics. Dynamic models
can be found in the literature. The study of the converters dynamic is not the main goal
of this thesis.

The losses are about 1.5kWh/kg from Figure 3.4, these losses represent therefore
0.135kWh/Nm? on a HHV of 3.28kWh/Nm?. This represents a loss of about 4%. This
is coherent with the efficiency of ancillaries such as AC-DC converters mainly based on
thyristors, which feature high energy efficiency (around 97%)[61].

3.2.2 Other components

When the power consumption of the balance of plant components are considered, they
are aggregated in a unique electrical consumption which can be constant or linearly
described with stack power (3.26).

PBOP — P() + k’ . Pstack (326)

where Py is the constant part of the power consumed by the BoP as soon as the system
is powered on and P the proportionality coefficient. In figure 3.4 we can see that the
impact of balance of plant on the production is decreasing with the system load. This
means that the BoP needs a relatively high constant part and that the proportionality is
rather low. In the reviewed literature, no model with a detailed representation of BoP
components to describe separately their comportment and power consumption was found.
[67] develops the design, implementation, and practical experimentation of an optimized
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BoP for a medium-size PEM electrolyser.

22

Example Traditional System

(kWhr/kg)
L~
& O ® O

System Inefficiencies
[
o N & O 0 O N

Figure 3.4: Share of energy in hydrogen production losses for different system loads.
Taken from [16].
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3.3 Thermal model

As we have seen in the thermodynamic development and electrochemical models of
the stack, the cell potential decreases with temperature. The thermoneutral voltage is
decreasing for higher temperature but the influence of the temperature on the I-U curves
is mainly due to the temperature dependence of the overvoltages (Fig. 3.5).

2.2

20 F T =20°C
-
3" T
o T =80°C ’
2186
% ovelwultage
s 14
2
1.2 l Y
1 ‘0 1 ] ¥ |

0 50 100 150 200 250 300 350
Current densisty, mA cm®

Figure 3.5: Typical I-U curves for an electrolyser cell at high and low temperatures.
Taken from [13].

In electrochemical models, the stack temperature is almost always used as a modeling
parameter. However, the temperature regulation is not always modeled. The temperature
regulation can be considered as perfect and the temperature as an adjustment variable.
However, maintaining the temperature at a desired value can be complicated, especially
when the electrolyser is used dynamically. Therefore, we have thermal models designed
to complement the electrochemical model of the stacks. These models focus on the
thermal equilibrium and the quantities of thermal energy accumulation, thermal energy
production, exchange and transport within the electrolyser system. Two types of models
are distinguished in the literature: models based on ordinary differential and partial
differential equations.
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3.3.1 Lumped parameters model

The stack is considered as a unique thermal capacitance C, (lumped thermal capacitance)
and its temperature is assumed to be homogeneous. The overall thermal energy balance
can be expressed as a linear, first order, non-homogeneous differential equation. The
standard component library TRNSYS17 [68] provides 3 different ways to calculate the
temperature in Type 160 "Advanced Alkaline Electrolyser" :

e Mode 1: T is known and therefore given as input
e Mode 2: T is calculated from a simple quasi-static thermal model
o Mode 3: T is calculated from a complex lumped thermal capacitance model

These models are based on the analytical characterization of thermal accumulation,
production, exchange and transport terms and the resolution of thermal balances.

The overall energy model described in Ulleberg model [13] and [50], by Rafael et al. [69]
or by Lebbal and Lecoeuche [70]:

Qgen = Qstore + Qloss + Qcool (327)
With o
Qstore = Cp%; (328)

The thermal capacitance modeling the stack of value C,,.
The decomposition of electrical power allows isolating thermo-neutral voltage Uy, (Eq.
3.29 and 3.30).

I
We=U-1=g=ArH + Nea (Ve = Un) I (3.29)

The first term is the work needed for the reaction where ArH is the enthalpy of water
dissociation reaction (J mol-1) and the second term is the part of the work that is
transformed into heat Qgen:

Qgen = 1Vcell (‘/CEII - Uth) I (330)
The energy loss can be modeled linearly with the ambient in Eq. 3.31

1

ol Ts ac _Tam 3.31
Rth< tack b) (3.31)

Qloss -
With Ry, the thermal resistance of the stack

- _ sin n - out out - out out - out out
QCOOI - nHQO ' HHQO - nHQO : HHQO - nHQ ' HH2 - nOQ ' HOQ (332)

With 7" and n¢* respectively the input and output molar flow of species i, H!" and H{“t
respectively the input and output molar enthalpy of species i. That can be simplified:

C?cool = hin,HzO : Cp,HQO (Tin,HzO - Tstack) (333)
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Assuming the output temperatures are equal to the stack temperature and the input
temperatures are equal both at anode and cathode compartments. The different output
energy flows are simplified by considering a water circuit without electrolysis and perfect
heat transfer with the stack.

We obtain a generic expression for the stack thermal balance (Eq. 3.34).

dT 1 .
Neet (Veen — Usn) I + —— (Tstack — Tamb ) + Tin, 11,0 * Cp, 1,0 (Tin 10 — Tstack)

Cogr = Ry,
(3.34)

The equation (3.34) has 4 different terms:

(Cp‘%) the accumulation term

o ((Eeeyy — Vi) - I) the heat production term

(R%h (Tutack — Tamb )) the losses term

. (hin, 10 * Cpyyo (Tin, 1,0 — Tstack)) the exchange term with circulating water

In mode 2 the electrolyser temperature is simply calculated by assuming constant heat
generation and heat transfer rates for a given time interval. Thus, Equation 3.27 can be

rewritten as
At

Tstack = Tistack,ini + @(Qgen + Quoss + Qeoot) (3.35)
where
At time interval, s
Titack,ini temperature of stack at initial conditions, °C

Mode 3 will not be implemented since Simscape already implements thermal capacitances.
The final model can be understood as Equation 3.36.

dt

,I'stack - Tstack,im' + 5(Qgen + Qloss + Qcool) (336)
p
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3.4 Mass transfer model

The electrolysis is a continuous reactor. The reagents and products are continuously
flowing into and out of the reactor. The phenomenon of mass transfer has a big impact on
the dynamic behaviour of the stack and its electrochemical conversion efficiency. There
is also a transfer of the reagents through the membrane. The mass transfer models have
been developed in order to be coupled with the electrochemicals models. The main
goals are to determine the impact of the mass transfer on the dynamic behaviour, to
compute reversible potential and diffusion overvoltage calculations by determining species
concentration and pressure and to evaluate the impacts of gas cross-permeation on cell
efficiency, cell degradation, gas purity and security constraints. Fig. 3.6 represents a
PEM cell with the different parts used to describe the mass transfer.

Power e

source |

(Hz0) H,0
HZ 02
<H:+|
(H,0) H,0
End-Plate  Flow GDL L. MembEaks L LGDL Flow End-Plate
Channel Channel

Figure 3.6: A single-cell PEMWE with end-plates, flow channel, liquid-gas diffusion layer
(LGDL), gas diffusion layer (GDL), and catalyst coated membrane (CCM). Schematic of
components and mass flows in a PEMWE. Taken from [17].

In this part, we will use an existing model related to mass transport and its charac-
terization for PEM electrolysers. To go further on this specific and crucial topic for
the improvement of PEM cells, the review of Maier et al. [17] addresses the current
knowledge of mass transport, considering the flow channels, liquid-gas diffusion layer,
and polymer electrolyte membrane in particular.
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3.4.1 Mass transfer in the PEM

Figure 3.7 shows the mass flows inside the electrolysis cell (expressed in mol/s). Here
below the explanation of the different fluxes.

NHZO,out,fm NOZ,prod NHZO,out,cat NHZ,prod

A

' > N0,

. A
NH20,cons | >

[ / > NHZO,eo
{} < I NH20,pe
Anode Cathode

NH?,O,in

Figure 3.7: Mass flows inside the cell. Taken from [18].

N H,0.in 18 the molar water inlet flow at the anode.

N Hy0.0ut,an 15 the molar water outlet flow from the anode.

N Hy0,0ut,cat 15 the molar water outlet flow from the cathode.
No%prod is the molar oxygen flow produced at the anode.

N Hy.prod 15 the molar hydrogen flow produced at the cathode.

N 1,0.dd 1S the molar water flow due to the concentration gradient.

N H,0,drag 15 the molar water flow from the anode to the cathode, due to the
electro-osmotic drag.

N H,0,pe 15 the molar water flow from the cathode to the anode, due to the pressure
effect.

N H,0.cons 15 the molar water flow consumed by the electrochemical reaction and
split into hydrogen and oxygen.

47



Anode

First we can consider that the total water flux entering the cell is known. The pumps
circulate the water at specific flux in order to help the regulation of the water.
According to Faraday’s law, the consumption of water in an electrolyser cell is directly
proportional to the electrical current density. Assuming a Faraday’s efficiency of 1 (as
explained in section 3.1.1). The total mass flux of consumed water G H,0.cons |Kg 7] can
be described by [71] as:

: 1
GHQO,cons = Ncellﬁ : MHQO (337)
where N the number of cells [-], I is the current! [A], My,o is the molar weight of

water [kg mol™!] and F is the Faraday constant [s A mol™!].
The produced mass flux of oxygen gas is therefore [71]:

I

GOg,prod = Ncell@

- Mo, (3.38)

where My, is the molar weight of oxygen.
The global mass flux of water out of the anode is equal to the inlet flux of water at the
anode minus the consumed water and the water across the membrane:

GHgO,out,an - GHgO,in - GHgO,cons - C:HQO,mem (339)

Cathode

The produced molar and mass flux of hydrogen gas are:

. 1
NHg,prod = Ncellﬁ (340)
. 1
GHg,prod = Ncell27F : MHQ (341)

where My, is the molar weight of hydrogen.
The global mass flux of water out of the cathode is equal to the flux of water across the
membrane: ' ' .

G H,0,0ut,cat = NH20,0ut,cat * M0 = NHy0,mem - M0 (3.42)

Membrane

Water crosses the membrane from anode to cathode. This is composed of three phenomena
exposed in Fig 3.7 above: water diffusion, electro-osmotic drag and hydraulic pressure.

Nt,0mem = Ni,0,4ift + NH,0,drag + NH20,pe = NH,0,0ut,cat (3.43)

Water diffusion

1

assumed to be uniformly distributed [72]
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Diffusion of water refers to the transport of water from high to low concentration regions
prevalently from anode to cathode as water is formed at anode side. Fick’s law is used
to calculate the water transport by integrating water concentration across the membrane
between the two electrodes [20]. Assuming a linear water concentration gradient, we can
simply calculate the concentration gradients across the membrane as a difference instead
of using integral function:

AD,,

5mem

NHQO,diH = (CHQO,mem,cat - CHQO,mem,an) (344)

where A is the air of the membrane, D,, is the membrane water diffusion coefficient,
Omem 1s the thickness of the membrane and Cr,0 mem,cat a0d CHy0,mem,an are the water
concentration at the electrolyte/electrode interfaces at cathode and anode.

Electro-osmotic drag
When the proton moves through the PEM, water molecules also accompany the proton
through the membrane by the electric field. This phenomenon is well known as the
electro-osmosis drag. To model this phenomenon, we use a coefficient, named 7grag,
representing the number of water molecules dragged per hydrogen core H* through the
membrane [moly,o/molg+]|. This linear dependence can be expressed as [18]:
) . I

Ndrag = ndragNH+,through = ndrachellF (345)
where Ndrag represents the water molar transfer, N i+ through the molar transfer of proton
through the membrane and therefore the mass flux is expressed as [71]:

Gdrag = ndrag(2 : GHgO,cons) (346)

For temperatures around 353 K, nqrag is approximately 5.0. We obtain Ggag is about 10
times G'g,0.cons [71]. Therefore the dehumidification at the cathode will be necessary.
The coefficient n4rag has been measured experimentally by different authors and resulting
values have shown large variance. The electro-osmosis drag depends linearly on the
temperature according to Onda et al. [73]:

Ndrag = 0.0134 - T 4 0.03 (3.47)
The relationship 3.48 below is function of temperature and pressure [74]:

Ndrag = 0.0252F, — 1.90731 + 0.01897" — 2.7892 (3.48)

Hydraulic Pressure

Water transport due to pressure asymmetry, Ap, between anode and cathode depends on
permeability of the membrane and can be calculated using Darcy’s Law. The relationship
is function of Kgarey the membrane permeability to water, pp,0 the viscosity, and Mp,o
the molar mass of water:

. A ,
NHQO,pe - Kdarcy(s ,UZHO(])WH OAp (349)
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Partial pressure

The partial pressures of the species i at the electrode k is given by:
pi = Xiby (3.50)

where p; is the partial pressure of the species, X, ; is the molar fraction of the species at
electrode k and P is the pressure at the electrode k. The molar fractions at the anode
can be expressed as

No, pr
XOz,cm i OQ?p‘ od (3.51)
NOg,prod + NHQO,out,an

Nu,0

20,out,an

XHgO,an - : (352)
NOg,prod + NHzO,out,an

The partial pressures of the hydrogen and water at the cathode are calculated according
to Eq. 3.50. The molar fractions at the cathode can be expressed as:

Xty cat = Nt prod (3.53)
NHg,prod + NHQO,out,cat
N out,ca
XH2O,C(Zt - H20,0ut cat (354)

NHQ,prod + NHQO,out,cat
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3.5 Fluidic model

The fluidic model will be implemented with the Simscape library of Simulink which
allows to take into account the flow rates, the pressures on the fluids at different places.

3.6 Efficiency

The efficiency calculation is computed from the produced hydrogen to the global power
consumed. The total energy demand is the theoretical energy required for HyO electrolysis
without any losses. In real systems, losses are inevitable and the performance of the
system concerned can be evaluated in terms of energy efficiency. This efficiency can be
defined [75] as: .
LHVHQ ' NHQ,out

B Qelectric + Qheat,PEM + Qheat,HQO

where LHVy, is the lower heating value of Hs, Nszout is the outlet flow rate of H,
Qelectric and Qneat pEM are the rate of electric energy input and the rate of thermal energy
input for the PEM electrolyser respectively, Qpeat 1,0 is the rate of thermal energy input
to the heat exchanger with the HyO.

As soon as there is no thermal energy input in the PEM, Qpeat,pem = 0. The thermal
input of water can be considered to be zero at standard conditions or even negative when
the water is cooled with heat revaluing e.g. by cogeneration.

Ten (3.55)
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Chapter 4

Modeling with MATLAB®

This chapter explains the new electrolyser model provided by Matlab and the modifications
that we made to better support the dynamic aspects of the large PEM electrolysers.
MATLAB, version R2022a released on 15 March 2022, provides a first electrolyser model®.
This model cites 2 articles [20, 78] and presents a lot of similarities with the modeling
of Adbin et al. [72]. It is a Simulink® model using Simscap™ to create models of
physical systems. Simscape has physical components and connections that directly
integrate with block diagrams and other modeling paradigms. It is possible to create
custom component models using the MATLAB® based Simscape language, which enables
text-based authoring of physical modeling components, domains and libraries. The model
parameters and design control systems for the physical system can be driven using Matlab
variables and expressions.

Fig. 4.1 is a view of the model. It can be split into five parts. The Electrolyser part in
purple represents the stack and therefore the central part of the electrolyser system. The
Electrical supply in green has to provide a DC current to the electrolyser. The three
last parts are commonly called balance of plant and manage the thermal and pressure
regulation, provide water to the electrolyser and manage the gas produced. The hydrogen
chain is the blue area, the water circuit, thermal control and oxygen release is in yellow
and the thermal output in orange is used to model the exchange heat of the stack.

On Fig. 4.2, we see that the scheme of PEM electrolyser done for the off-the-shelf M series
electrolyser by NEL ASA company is very close to the model. The biggest difference is
the water circulation at the cathode with the hydrogen/water separator.

Lavailable on https://www.mathworks.com /help/physmod /simscape/ug/pem-electrolysis-system.html

23



Electrical supply

Electrical Supply

Circulating water circuit, temperature control and O2 release Electrolyser
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Figure 4.1: Matlab electrolyser model overview.
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Figure 4.2: Nel electrolyser scheme available in their brochure [19].

Nel ASA is a global Norwegian company founded in 1998. Nel provides solutions for the
production, storage and distribution of hydrogen from renewable energy sources. The
company is already producing 1.25 MW PEM electrolyser modules. These modules are
combined to install modular plants up to hundreds of MW (under the product name M

series).
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4.1 Stack model

The electrolyser stack can be represented as a black box
interacting with the balance of plant and the electrical [Eectoiyser
supply. The stack in itself can be decomposed in 3 blocks, | AgedeFluid  Membrane Electrode - Cathode Gas
the Membrane Electrode Assemblies, the anode and the _ A
cathode fluid channels. The fluid channels are the pipes ’
and the interface where the water and the gas (oxygen,

vapor and hydrogen) are consumed or produced inflows Mo
and outflows. The Membrane Electrode Assemblies

is a custom block from Simscape. The code of this

block implements the different equations to model PEM Figure 4.3: Stack model from
electrolysis. matlab model.

[

20 H2 ut

l\l

FC

4.1.1 Membrane Electrode Assemblies
(MEA)

This block is defined within a Simulink code. The code is available in Annex A. It
models a stack of membrane electrode assemblies (MEA) for a PEM electrolyser. The
power supply is given through the + (positive) and - (negative) electrodes. Water is
consumed from the connected anode flow channels on port "H20". Oxygen and hydrogen
are produced at the connected anode and cathode fluid channels, respectively on port
'"O2" and "H2'". Waste heat is modeled through the port "H" to the equivalent MEA
thermal mass.

Voltage model

The stack voltage can be modeled in many different ways. As we have seen in Chapter 3,
in the dynamic approach, some models use the static approach to model the voltage as a
non-linear varying resistance. Other models use different approaches such as non real
impedance (resistive and capacitive behaviour).

The voltage model is the number of cells times the cell voltage. The cell voltage is the
sum as in equation 4.1 of the Nernst voltage and the different over-potentials. We can
see that activation and diffusion over-potentials are included in the same over-potential
as in 3.16.

343 % Stack voltage
344 v == N cell * (v_nernst + v_ohm + v_act diff);
‘/cell - Vnernst + V;)hm + ‘/act,dif (41)

The Nernst potential is given by the equation 3.5. In the original code, the logarithm

in the expression is In aHQCaO?A) This is using the activities of the gas and not the

GHy0,A
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partial pressures. We can change the expression of V¢ and get Eq. 4.2, the same as
in Chapter 3.

250 % Nernst voltage

251 E cell = G_H20/(-2*F) - {0.0009, 'V/K'}*(T_stack-{298,'K'})

252 % ORIGIMAL VERSION

253 %v_nernst = E_cell + R_u*T_stack/(2*F) * log((a_H2 C * a_02 _A™B.5) / a_H20_A);

254 % MODIFIED VERSION

255 v_nernst = E_cell + R_u*T_stack/(2*F) * log((p_ws_ratio C * p_ws_ratio A0.5)/ a_H20 A);

0
Vnernst - Ecell +

R- Ts e P . P0.5
tack ) ll’l( H>,C Og,A) (42)

2-F CLHQ()’A

In the original version of the MEA code, the standard potential was given by E°, =

Gu,0

% = 1.2289V but it has been modified according to equation 3.6, the thermoneutral
voltage depends on the temperature and is plotted in Figure 4.4.

Gu,0
EIO — 2
cell 9. F

—0.0009 - (Tyaer, — 298) (4.3)

For the ohmic losses, the original Matlab model uses the same empirical model for the
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Figure 4.4: Reversible voltage in function of stack temperature at atmospheric pressure.

conductivity from Harrison et al. [53] used in many PEM electrolysis models. We find
therefore the equivalent resistance in Eq. 4.4.

— lmembr(zne
Homm = (0.005139.\ — 0.0326) exp |1268 (35315 — + )| (4.4)

30315 T

The voltage in Eq. 4.5 is given by Ohm’s law.

‘/ohm - Rohm : icell (45)
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273 % Resistive voltage loss
274 v_ohm = R_ohm * 1_cell;

Now comes the activation overpotential. The original equation implemented in Matlab
was the same as the activation overpotential we found at Eq. 3.9. Now we see that the
diffusion overpotential is not modeled so we can transform the activation potential and
use the Eq. 3.16. The limiting current density is defined around 9.4A /cm? in [55] (for
PEM fuel cell) but [69] explains that however, in commercial PEMWE the mass-transport
limitation effect is hardly seen because the working current densities are never high
enough to raise the limiting current.

257 % ORIGIMAL VERSION
258 %v_act = if ge(i_cell, io), b*log(i_cell/io) else @ end;
259 % MODIFIED VERSION
260 v_act = if ge(i_cell, ic), b*log({i cell/io)/(1-(1/1i_1lim))) else @ end;
R - Toyack tecll
Vet + Vigirr = ——== . 1n o 4.6
act dif f 2. 0-F 1_”1 ( )

The activation potential is subject to several simplifications. For example, there is no
question of activation at the anode and at the cathode and these two activations are
combined in the same over-potential. The exchange current density of the model is
I,x = 8cdot107> A/cm? and the charge transfer coefficient are ax = 0.5. With the data
of the electrolyser of Z. Abdin [72], we get values of 3.7 -107® A/cm? and 0.19. By
implementing these parameters in the simulations, the activation over-voltage decreases
a bit for high current densities. The original values were kept by default to preserve the
initial characteristics of the modeled cells.

The bubbles are not modeled in this case. It is an important study field to increase the
efficiency of electrolysers but it is never included in PEMWE models. It needs more
empiric data and is not known enough to take it into account in the model.

Thermal model

In the thermal model, we have a simple thermal capacitance representing the stack
temperature (see subsection 3.3.1 Lumped parameters model). The capacitance represents
the energy stored in the stack. Its name is "MEA thermal mass" in the Simulink model.
From the MEA custom block, the only thermal flux is the heat generated by the different
losses. All the over-potentials end up in heat generation. Therefore the heat is the
entire electrical power minus the effective power needed for the chemical reaction. In the
original code, we find this idea in Eq. 4.7:

Pdissipated = Pelec - Pnet (47)
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The electrical power is easy to get because we have already defined the voltage and the
current is controlled. Now we have to define the net power. In chapter 3 we defined the
net power as the thermoneutral voltage compared to the cell voltage in equation 3.30.

Qgen = Neet Veell — Fxernst) I (4.8)
In the original code of Matlab it is defined by the following expression:

Pret = Pran — Paeita,sta — Pirans (4.9)
P,., is the energy consumed by reaction at standard temperature

Pron = HHV3y, - Gy proa/ M, (4.10)

where H HVy, is the higher heating value of hydrogen expressed as kJ/mol.
Phiettasta is the energy gain in membrane due to bringing reactants and products to
standard temperature

Pdelm,std = GHQO,cons : ((AHHQO,A - AHU@szO,A) - (AHHQO,std - AHUaszo,std))
+ GOg,prod : (AHOQ,A - A1T—[Oz7std) + G(HQ,prod : (AHHQ,A - AHHg,std)) (411)

where 0H, j, is the heat stored in the species i at the electrode k or std and d Hvap; j, is
the same for vaporization heat.
Pirans is the energy gain in membrane due to water transport

Ptrans - GHgO,mem : (AHHQO,A + AHHQO,C - AHUCL]DHQO, A) (412)

and we have therefore the generated heat through the loss of electrical power. This heat
generation is sent to the thermal mass.

Qgen = Pdissipated (413)

Mass model

The mass model ensures that the material flows are respected. In the MEA, we will
model the flows of consumed water and produced gas.
The following equation is removing water from the "H20" port:

MHgO,delete = MHgO,cons + MHQO,trans (414)

where M H,0.cons 15 the mass flow of consumed water by the chemical reaction and
M H,0.trans 15 the total flow crossing the membrane.

As we are consuming water at the anode, a part of the circulating water is caught. The
thermal liquid port must also define the heat flows. Equation 4.15 ensures that the heat
flow of the water consumed is brought to the MAE:

®H20 = MHzO,delete : hH2O (415)
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where hy,0 = u + Pv with u is the specific internal energy of the system, P is the
pressure of the system and v is the specific volume. The mass flows are represented
below in the same way as in section 3.4.1.

Jcell : Acell

MHQO,COHS - Ncell : (2 ] F) . MHQO (416)
: Jce 'Ace
MOQ,prod = Ncell : (ZF,)” : M02 (417)
y Jce 'Ace
MH27prod = Ncell : (gF,)” : MHQ (418)

Water crosses the membrane by three phenomena: electroosmosis, diffusion and perme-
ation. Water flows from the anode to the cathode by electroosmosis, proportional to
the current, and by diffusion due to the chemical equilibrium. From the cathode to the
anode by permeation due to the pressure difference between the electrodes.

MH,0 trans = (NH,0.diff + T H,0.drag + T H>0 hydraulic) * M0 + Neeul (4.19)

The equations implemented for each phenomena are the same as in section 3.4.1 but at
the cell scale. This is multiplied by the number of cells in Equation 4.19.

- AD,
NHgO,diff = S (CHQO,mem,cat - OHgO,mem,om) (420)
. I
Ndrag = ndragf (421)
. A .
NHZO,hydraulic = Kdarcy(s /Lf[HO?WH OAp (422)

4.1.2 Anode Fluid Channels

The anode fluid channels subsystem is the interface where the water flows in the stack,
flows out and where oxygen is produced. In Figure 4.5 we see the different elements
representing these channels. We have 2 pipes from the Thermal Liquid library in yellow.
The pipe "Water Channels Inflow" brings the water to the stack and the pipe "Water
Channels Outflow" allows the water to circulate in order to have a thermal regulation
and avoid too much heating. We also have a pipe from Moist Air library for the Oxygen
production. This pipe is connected at side "A" to a "CAP" which is a terminus of the
moist air network. The source 'S" is connected to the MEA for oxygen production. All
pipes are connected to the thermal mass and represent the thermal transfer of these
channels.

On the right hand side we find the 3 nodes of the MEA block. The input "A" allows to
transmit the anode fluid properties, the port "H20" is the water flowing in the membrane
and the port "O2" is the oxygen production. On the left, we have 3 ports. The port "in"
is the water flowing in and the port "out" is the 2 separated channels outflows for water
and oxygen. This is a simplification made for modeling purposes. Simscape has no easy
way to mix oxygen into the thermal liquid.

29



Moist air and O2 release
connection to share anode fluid properties only
&
A
Thermal liquid
A
<o
in B
H T
Water Channels
Inflow @
A H20
H20 B
| I « I
out %25
Water Channels
Outflow
L B/ " A
(e V)
<w \;W
<F S (5>
Oxygen Channels 02
Outflow
Thermal

Figure 4.5: Anode Fluid Channels.

4.1.3 Cathode Gas Channels

At the cathode side, there are no in-flowing fluids. The out-flowing ones are only gasses.
Therefore the subsystem is named Cathode Gas Channels and it is only designed with
moist air elements in Figure 4.6. We have the same structure as the oxygen production
with a CAP as terminus, a pipe with the source "S" producing moist hydrogen and all
this is flowing out the Cathode gas channels by the port "out'.

The ports on the left are "C" for the cathode fluid properties, "H2" for the production of
hydrogen and water vapor and "FC" for the internal states of the cathode gas channels.
We have below the thermal output for the pipe and at the right port, we have moist air
going to the dehumidifier.
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Figure 4.6: Cathode Gas Channels.

4.2 Balance of Plant

The operation of the stack requires subsystems to provide and manage the needs of
the electrolyser. These components are collectively known as balance of plant (BoP).
The balance of plant will mainly be constituted by the water (and oxygen) circuit, the
hydrogen circuit and the thermal circuit. Each circuit can be composed of circulating

pumps, heat exchanger, pipes, reservoirs, dehumidifiers, compressors...

4.2.1 Water circuit

The water circuit feeds the electrolyser stack with reagents, does the thermal regulation
of the stack by circulating the water and rejects the oxygen produced in the atmosphere.
The rejection is not required and oxygen can also be valued, however many electrolyser

designs simply reject the oxygen produced.

61



Water supply

The water supply subsystem (Fig. 4.7) is composed of a reservoir and a pump. The
water properties are given by the block with the same name. The mass of circulating
water by the supply pump is controlled by a control chain and a max flow gain that
converts a control input between 0 and 1 to the command in kg/s. The control chain for
the supply pump is based on a PI controller with the parameters in Table 4.1 and a delay
block. The only input of this subsystem is the port "L_tank" that gives the water level
in the separator tank. The supply pump is therefore ensuring there is always enough
water in the water circuit.

Controller | Proportional gain (P) | Integral gain (I)
Water supply -100 0.001

Table 4.1: Water supply controller gains.
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Figure 4.7: Water supply.

Recirculation

The recirculation subsystem (Fig. 4.8) includes as input, the ports "A" which is the
water from the water supply subsystem, the port "R" which is the water coming from the
electrolyser and the oxygen produced not mixed, and the temperature of the stack as an
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information for the thermal regulation.

The circulation pump is controlled by a control chain in order to regulate the stack
temperature. The control chain is provided by a PI controller with the parameters in
Table 4.2 and a delay. The "Max Flow" gain allows it to go from a 0 to 1 command to a
[kg/s|] command with the max flow equal to the gain.

Controller | Proportional gain (P) | Integral gain (I)
Recirculation 1 0.1

Table 4.2: Recirculation controller gains.

Moist air and O2 release

E— A 20
Oxygen Properties
dry air --> N2
water vapor --> H20
trace gas --> 02

Environment

o™
]
Thermal liquid Separator Tank
8
T
<o e
; A @

Circulation

[}

8 8 Pump

R

Control chain and physical signal

Max Flow

—

) PI(sy |—

o
+
—_

80 | Setpoint [degC]

Figure 4.8: Recirculation.

The separator tank would probably be the physical manner to separate the excess
dissolved oxygen in the water coming from the electrolyser. The principle is to release the
pressure in order to separate, operating on the principle of density, the two components:
gas on top, and water at the bottom.

In this model, the separator tank is more a sort of measurement tool to control the
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supply pump as we will discuss below.

For the oxygen, we have the block properties to set the physical properties of Oy, HyO
and Ny. We have a link with the separator that works like a measurement and we find a
flow resistance before rejecting the gas into the environment. A flow resistance represents
a generic pressure loss in a moist air network.

Separator tank

The separator tank is a mask for a subsystem. The separator is available in Figure 4.9.
This consists of two Translational Mechanical Converters (one for thermal liquid causing
positive force and the other for moist air causing negative force) and a Ideal Translational
Motion Sensor. The idea is to compute the difference of pressure of the fluids to be sure
that there is enough water in the circulating water circuit. If the mechanical force is low,
it means that there is a need for more water in the circulation circuit.

o>

WD
C.

A A
14 =
H20 Volume —— | 771 02 Volume
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T 0 < < O T
N, AN AN =)

H20 @ @ 02

Figure 4.9: Separator tank.
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Figure 4.10: Separator tank analysis from 5.2. From model.

The heat exchanger subsystem (Fig. 4.11) represents the loss of thermal power in order
to regulate the temperature of the thermal circuit. A pipe named "Heat Exchanger" is
cooling the thermal liquid with the environment through the Convective Heat Transfer
block. This Convective Heat Transfer block implements the heat transfer coefficient of
the interface area of the Heat Exchanger with the ambient. The subsystem does not
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have any control or variable because it is the circulating pump that adapts its flow in
function of the temperature of the stack in order to maintain 80°C.

Thermal liquid

o A
A ) - B {2

Heat Exchanger

Thermal

a2

Al

Qg Environment
[\ Temperature
=

Figure 4.11: Heat exchanger.

The maximum heat flow of the heat exchanger in Equation 4.23 is based on the parameters
of Table 4.3 at 80°C.

Qexch =U-A- (T353.15K - Tamb) =2MW (423)
Parameter Value
Heat transfer coefficient (U) 300 [W/Km?|
Overall radiator length 1 [m]
Overall radiator width 0.3 [m]
Overall radiator height 0.5 [m]
Number of coolant tubes 25
Height of each coolant tube 0.0015 [m]
Fin spacing 0.002
Fin efficiency 0.7
Equivalent heat transfer area (A) | 111.8 [m?]

Table 4.3: Heat exchanger parameters.
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4.2.2 Hydrogen circuit

The hydrogen circuit begins after the hydrogen production and the outflow of moist
hydrogen from the cathode. The hydrogen circuit serves to remove the water from the
hydrogen, maintain constant pressure at the cathode and depressurize at output.

Dehumidifier

The first subsystem of the hydrogen circuit is the dehumidifier in Figure 4.12. The two
ports of the subsystem are the input port "A" of moist hydrogen and the output port "B"
of dry hydrogen.

The "Dehumidifier Pressure Loss" flow resistance implies a loss of pressure in order to
isolate the dry gas from the cathode gas channels and set up a one-way system. The
dehumidifier volume represents a drying column. The dehumidification is done at 99.9%
("Fraction Removed") thanks to the moisture remover that is a controlled moisture source
consuming the negative gain times the measure of moisture. It is more a modeling trick
than the real manner to model the dehumidification.

Moist air, hydrogen circuit

1> A B A —— B 3 (2>
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»0.| Dehumidifier
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L}A
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Figure 4.12: Dehumidifier.



Hydrogen output

The hydrogen output subsystem (Fig. 4.13) is composed of a pressure regulator, a pipe
and the hydrogen reservoir as a way out. The hydrogen properties are given by the block
with the same name. The pressure of hydrogen at the electrolyser side (port "H2") is
regulated by the pressure regulator controlled by a control chain and a gain. The control
chain for the supply pump is based on a PI controller with the parameters in Table 4.4
and a delay block.

Controller Proportional gain (P) | Integral gain (I)
Hydrogen circuit 0.1 0.1

Table 4.4: Hydrogen circuit controller gains.
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Figure 4.13: Hydrogen output.

4.2.3 Thermal circuit

The thermal circuit makes the thermal modeling for the system. In the MEA code, we
have the heat generated by the electrical losses Qgen. The thermal circuit is composed
of the heat generation connected to the MEA thermal mass that is a capacitance as
explained in 3.3.1. The circuit is also connected to the pipes from the electrode fluid
channels that represent the heat exchange with the circulating fluids. In 3.35, we have
the different aspects of thermal modeling. For the loss with the ambient, the model could

take the following form.

. 1
Q oss —
: Ry,

In the original model there is no thermal resistance between the stack and the ambient
(can be understood as Ry, = 00 — Qloss = 0). A loss could be easily implemented if it

(Tstack - Tamb) (424)
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becomes necessary but requires data on the equivalent thermal resistance of the stack.
The thermal model becomes therefore:

dt , . .
Tstack = T'stack,im' + H(Qgen + Qcool) (425)
t

Where the initial temperature of the stack is the ambient temperature and is always
considered as constant at 20°C. The only negative thermal flows are the heat flowing
through the heat exchanger and the heat flowing out in the gas produced. The heat
flow in the exchanger depends on the control chain that directs the water flow. The
recirculation is controlled in order to maintain the stack temperature at 80°C. At steady
state Opera’tion Qgen = Qcool where Qcool - Qexch + ans-

Measurements

The subsystem in thermal output zone in Fig. 4.1 is represented below and allows the

measurements of the electrical power transformed in heat and the temperature of the
stack.

2

Figure 4.14: Thermal measurements subsystem.

4.2.4 Electrical supply of the balance of plant

The balance of plant does not require modeling of electrical supply. The different blocks
of the libraries do not require power but just a command. With Simscape, the mechanical
power consumption of the pump or compressor is given. This will be taken into account
later for the efficiency calculations.

69



4.3 Electrical supply

The best electrical supply for an electrolyser is a DC current source. In this model, we
use simply a controlled current source that generates the wanted current to supply power
to the electrolysis system. Different types of scenarios will be applied to the power supply
in the next chapter.

During the running of the model, applying square currents could cause problems to the
solver. Moreover, the stack model used to be static and not dynamic. For these purposes,
the current profile comes from a model of electrolyser based on the dynamic electrical
equivalent model in Figure 4.15. This allows the current in Figure 4.16 to be closer to
reality?. Table 4.5 gives the parameter of the equivalent circuit.

Cdl
na | 4
7o
Cact,a Cactc
VL
— e 71
Vrev Rohm Rdiff
[ s e ATAVAVASS o | ———o NN\ +HB——8 - 7
Ract,a Ract,c
A e L AN

Figure 4.15: Equivalent circuit of the electrolyser.

Vrev 14V
Ract.a | 0.12 Q
Cact,a 4.1F

Rohm | 0.3818
Ract,c | 0.0132 ©
Cact,c 41F
Cdl | 0.5455 F
Rdiff | 0.3318 2

Table 4.5: Value of the equivalent electrolyser cell parameters.

2The time constant and the different resistance are not varying according to the current or other
parameters, further analysis could be required but will not be done in the scope of this work.
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Step response of the stack current
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Figure 4.16: Stack current response to step power command.

4.4 Modifications

4.4.1 Modification of the MEA code

Dynamics of electrochemical model

The first idea for the modification of the MEA code was to add the capacitive behaviour
of the electrochemical model. The idea is to use one of the model developed in the
dynamic approach in section 3.1.3. The problem is that it is not possible to have this
kind of non-linear resistance varying according to the temperature, the pressure, the
current density... Therefore it was not implemented in the MEA to model. The electric
dynamics are implemented in the electrical supply part in order to be able to model the
rest of the electrolyser as close as possible to reality.

Electrochemical model

The electrochemical model is very close to the analysis made independently in chapter
3. Some modifications were necessary in order to reach the model described. These
modifications are minor and are described directly in the stack model in 4.1.1.

4.4.2 Upscaling of the electrolyser system

The original electrolyser model is able to reach up to 140kW. Many manufacturers are
able to build a basic unit of 1MW which is scalable in order to reach bigger power.
This can be seen as the current state of the industry [81]. The objective of the study is
therefore to develop a 1MW electrolyser by scaling up the model. There are different
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ways to scale up the model. From the stack point of view, it is constituted of different
cells electrically in series. The number of cells is therefore linearly correlated to the
nominal power (for DC power in static mode, we assume only the resistivity of the cell).
The size of a cell has also a big influence. The bigger the cell, the higher the production
of hydrogen and power consumed.

The power of the stack is a function of the current. We generally express it in current
density. To increase the nominal power we can increase the nominal current. PEM can
reach high current densities and have improved the nominal current densities over the
years. For this design, the current density of 2.3A /cm? is chosen as it is about the state
of the art in Table 2.5.

The area of a cell is 1000 cm?. It represents a square with sides of about 31 cm. This is
quite a big cell compared to electrolysers in the literature since no large scale studies
were found.

The number of cells in series allows to scale up the voltage. With 250 cells we can reach
1MW at nominal power.

The biggest difficulties during the scale up was not to find the adequate parameters but
to scale up the pipes, the pumps and the compressor dimensions.

4.4.3 Minor modifications
Thermal Mass

The thermal mass is the heat capacitance consisting of the MEA storing heat. The mass
and the specific heat of the MEA was given by the membrane and the diffusion layers.
It did not include the bipolar plates, the microporous layers and the catalyst layers.
From the study of Yang et al. [79] working on a fuel cell, we can find a table with the
cell properties that allows us to compute a new mass and specific heat to represent the
Thermal Mass in Table 4.6. As a reminder, the thermal capacitance can be computed as

Thermal mass Overall density pypa | Overall specific heat ¢
Membrane Electrode Assembly 1051 kg/m? 1552 [J/(kg K)]

Table 4.6: Thermal mass properties of the cell.

follows:
Cp = C-MMEA (426)

where c is the specific heat and mj;g4 is the mass which is obtained with:

myea = pueA - A (tmem + tgaa + tgac +tor) - Neeu (4.27)

Pressure

The output pressure is set at 3MPa in the original project. The pressure for large scale
electrolysers is generally higher in order to have high pressure hydrogen that is easier to
store.
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We can adapt the set point to have a higher pressure (for example on 13MPa, which is
still quite low). It leads to a higher delay at hydrogen output because the pressure must
increase longer before starting to let the hydrogen out. Some tests were performed at
13MPa, but the pressure rating remained at 3MPa for the operating point.

4.4.4 Degradation

The manufacturer usually limits the control system to avoid an excessive power supply
dynamic which would imply accelerated cell degradation. This limit may be binding
[80]. In the dynamic study we cannot restrict ourselves to this type of limits and we
will therefore have to study the effect of the dynamic behaviour on the cell and the
degradation of it. From [25, 26] and Table 2.5 we have that the global degradation of
the cell is about 0.2%/1000hrs. Unfortunately, No in-depth studies have been conducted
on the link between the degradation of the electrolyser MEA and its dynamic behaviour.
One thing we can say is that the fact that the pressure and the temperature are kept
constant is a good thing. We will not go further for degradation analysis since we can
not make any link with the dynamic behaviour.

4.5 Final electrolyser and model

In Table 4.7 we can find a summary of the main information about the electrolyser that
we will use.

Technology PEM
Nominal power 1MW
Number of stacks 1
Number of cells per stack 250
Area of one cell 1000cm?
Nominal production of hydrogen | 200Nm?/h
Nominal current density 2.3A /cm?
Nominal temperature 80°C
Nominal hydrogen pressure 3MPa
Operating range 10%-100%

Table 4.7: Technical specifications of the Matlab model.

Annex B shows the parameters of the Matlab Simulink Model.

73



74



Chapter 5

Validation

This part will help to defend and convince the reader of the merits of the model.
Unfortunately, the lack of access to real world equipment forces us to remain at the
level of mathematical modeling without being able to compare the model to an actual
electrolyser. The validation will therefore be done by comparing our simulation results
with experimental results found in the scientific literature.

5.1 Static analysis

A good static run is essential to verify that the model works before moving on to dynamic
analyses. This section therefore focus on the validation of the static point of view.
Four points are discussed: voltage modeling, thermal model, mass transfer across the
membrane and electrolyser efficiency. In this analysis bellow, the nominal operating point
is 80°C and 3MPa. However, it can sometimes move, so if it differs, it will be mentioned.

5.1.1 UI characteristic

This static result implies that the measure is done for a stable state of the system. The
voltage of the cell must be evaluated for the same parameters of temperature and pressure.
In order to compute the voltage in function of the current, one applies a ramp current
density from 0A/cm? up to the nominal current around 2.3A/cm?. This test is done for
80°C and for 13MPa in Figure 5.1.

The voltage of the model is given by the electrochemical model in Equation 5.1. This
model is a good representation of the operation of an electrolyser and depends on its
parameters.

RT . [ Pu,-\/Po, I-1 RT =
Bt =E, +—I|—— — 1 -
' ot nf ( a1,0 ) " A - opEM - na'F (1 ~
————

Ijim

Ohmic overpotential

Nernst potential Activation and diffusion overpotential

(5.1)
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Figure 5.1: Ramp current test in order to evaluate the voltage as function of the current
density for 80°C and 13MPa. From model.

Where the parameters in Table 5.1 can be empirically identified in order to fit to any
electrolyser. These parameters are quite simplified since a*, I are defined as constant
but could be dependent on the temperature in order to be even more precise. Such
precision is not relevant since we have no empiric electrolyser results to compare to.

Parameter Value
E° . see Eq. 3.6
l 125 pm
A 1000cm?
OPEM see Eq 3.12
a* 0.5
I; 8-107° A/cm?
Liim 9.4 A/cm?

Table 5.1: Electrochemical model parameters.

The UI curves represent the cell voltage in function of the current density in Figure 5.2
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at 13MPa for different temperature.
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Figure 5.2: U-I characteristic for different temperatures at 3MPa. From model.

When comparing the curves from Figure 5.2 to the curves from the literature in Figure
5.3, the results obtained by the model are globally similar. The temperature of the stack
(80°C) is within the highest temperature values for low temperature electrolysers. A
high temperature reduces the Nernst potential but mainly decreases the slope of the
ohmic overpotential and increases the efficiency of the process. In Figure 5.3, we see
static analysis found in 4 different papers. We can see that we are in the right range to
simulate the PEM stack characteristics.
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Figure 5.3: 4 polarization curves analysis from [20, 21, 22, 23].

We see that the low current density voltage can be considered as undervalued compared
to some electrolysers. In this case, the activation overpotential is undervalued and it can
be modified according to the parameters a* and I in Table 5.1.

Composition of the cell voltage at 80°C

2
I Nernst potential
1.g || I Activation overpotential
[ 0Ohmic overpotential

Cell veltage (V)

0 0.5 1 1.5 2 25
Current density (Afcm?)

Figure 5.4: U-I characteristic composition at operating point. From model.

The Figure 5.5 shows the cell voltage according to the different voltage components.
When we compare the voltage composition at 80°C to the composition at 50°C we see
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that the Nernst potential is somewhat lower for higher temperature and that the ohmic
overpotential decreases significantly.

Composition of the cell voltage at 80°C Composition of the cell voltage at 50°C
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Figure 5.5: U-I characteristic composition at 3MPa for 80°C and 50°C. From model.

The pressure of the stack increases the Nernst voltage.
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Figure 5.6: U-I characteristic composition at 80°C for 3MPa and 13MPa. From model.
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5.1.2 Thermal analysis

The thermal model shows that heat is produced from electrochemical losses and that it is
dissipated in the circulating water. The heat escapes the system from the heat exchanger
in the circulation circuit. In order to compute all the different static analysis, we have
placed a temperature source block to maintain 80°C whatever the heat production. The
temperature source is an ideal energy source in a thermal network that can maintain a
constant absolute temperature at the port regardless of the heat flow rate.

The thermal analysis can compare the power dissipated in the PEM stack by the losses
in function of the current density. Figure 5.7 and 5.8 show the cell heat dissipation per
mole from the model and literature.
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Figure 5.7: Heat dissipation per produced mole along different current densities. From
model.

The two heat dissipation profiles are similar. At low current density, heat dissipation is
negative, meaning that the cell absorbs heat from the surroundings. This is due to the
high temperature of the stack!. When hydrogen production is low, the enthalpy change
of the electrochemical reaction is higher than the electrical work. At high current density,
a high increase in heat dissipation is to be expected.

IThis cannot happen without the temperature source in our model because there is no heat provided
to the stack.
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Figure 5.8: Heat dissipation by produced mole along different current densities. Taken
from [20].

5.1.3 Mass transfer

The mass balance is represented in Figure 5.9. We observe that the sum of the mass of
the products is equal to the consumed mass. We also see that the transported water
mass across the membrane is due to the 3 phenomena described in 3.4.1.

a0 Mass balance and mass transport
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Figure 5.9: Mass balance and mass transport across the membrane. From model.
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5.1.4 Efficiency

The efficiency can be computed from the HHV or the LHV according to the theoretical
development in 2.2.2. Figure 5.10 represents the efficiency along different current densities.
We can observe that high efficiency can reach values higher than 100% at low current
density due to cell heat absorption and strongly reduces with the increase of current
density by around 30% over the current density range of operation. Our results are close
to the efficiency curves that we can find in the literature (Fig. 5.11).
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Figure 5.10: Cell efficiency curve along different current densities. From model.
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Figure 5.11: Cell efficiency curve along different current densities. Taken from [20].
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5.2 Dynamic analysis

The dynamic behaviour of the electrolyser can be analysed with step responses. Three
scenarios will be studied. A cold start from 0% to 100% of power, a ramp down from
100% to 50% and a ramp up from 50% to 100%. Figure 5.12 and 5.13 represent the
applied current to the electrolyser and can be compared to the Figure 5.14 from the

literature. Annex C shows the global behaviour of the electrolyser.
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Figure 5.14: Ramp tests for PEM electrolyser. Taken from [24].
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5.2.1 Cold start

Cold start occurs on the first execution of an inactive system. The electrolyser is powered
from 0% to 100%. The stack temperature and pressure is considered equal to the ambient.
Figure 5.15 is giving an overview of the cold start. We see the dynamic aspects. The
higher power and voltage in the first seconds is due to the low temperature of the
stack. The cell voltage stabilizes at 1.8V, the global power at 1060kW and the hydrogen
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Figure 5.15: Cold start overview.

production around 6.3g/s. The temperature of the stack is regulated to prevent going
above 80°C. The production energy for nominal power is 46,67kWh /kg or 4.2/Nm? so
therefore it is about 71% for LHV efficiency.

We can see that there is a delay in the hydrogen production. This is due to the
pressurization at the cathode side. Figure 5.16a shows the evolution of the pressure at
the cathode. The increase is linear since the current and therefore the production is
constant. When the cathode is at the wanted pressure, the pressure regulator starts to
let pass the hydrogen gas to the output reservoir. We see a delay of 18 seconds before
seeing hydrogen at the output. This delay is proportional to the volume of the pipes and
may change in function of the design. The output gas is controlled by the PI controller
that gives the particular response.

84



Pressure at the cathode
3F I I I I Heat flows in the model

300 Heat produced
2k 1 Heat dissipated by the exchanger

T
L 5 200

k!

|

|

\
|
|
\
|

100

- I I I I I L L
1800 1805 1810 1815 1820 1825 1830 1835 1840
Time (s)
H2
T

D Il —r I 1 I I I I

1800 2000 2200 2400 2600 2800 3000 3200 3400 3600
Time (s)

Temperature in the model

80 —

|
|
|

@
T

60*|

g/s
~
degC

Anode input water temperature
Stack temperature
Recirculation temperature

|

‘ ‘

] I I I I I I | | 20 | | | . - -

1800 1805 1810 1815 1820 1825 1830 1835 1840 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600
Time (s) Time (s)

H2 output

H2 produced | dor

[S]
T

(a) Pneumatic analysis. (b) Thermal analysis.

Figure 5.16: Cold start analysis.

Figure 5.16b shows the heat flows and temperature in the electrolysis system. The water
temperature in the recirculation circuit takes 30 minutes to reach its nominal value of 70°C.
We see that the heat dissipation occurs proportionally to the recirculation temperature.
The difference between the nominal produced heat and the nominal dissipated heat
(at 3600s) is coming from the thermal flow of oxygen and hydrogen. The temperature
difference between the anode input water temperature is the recirculation temperature is
due to the heat exchanger and can be understood as the heat dissipated by the exchanger.

5.2.2 Ramp down

The ramp down goes from 100% of nominal power to 50%. We will see that the reactivity
of the electrolysis design is really fast. Figure 5.17 presents an overview of the ramp
down. We see that the temperature and the hydrogen output have a very fast reaction.

Figure 5.18 shows the cathode pressure, the hydrogen output and the different temperature.
The response time of the pressure and the temperature of the recirculation water is
lower than the output hydrogen and the stack temperature. But the pressure and
recirculation water temperature deviations are low and do not represent a problem for
the operating point. We can see the controllers dynamics in the hydrogen output and in
the recirculation temperature.
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Figure 5.17: Ramp down overview.
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Figure 5.18: Ramp down analysis.
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5.2.3 Ramp up

The ramp up represents a rise in the power supplied to the electrolyser. Figure 5.19 is
the overview of this increase of power. The situation is very similar to the ramp down.

Hydrogen Production (g/s)
T

T 1 T 1 1 177
I S -

Voltage (V)
T

s00— -

as0— i

00 T I T -

Pouer (kW)
T

Stack Temperature (degC)
T

g
11 1

2
2
o S

5405
Time (seconds)

Figure 5.19: Ramp up overview.

Figure 5.20a shows the pressure and the hydrogen in the system and Figure 5.20b the
temperature and the heat flows.
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Figure 5.20: Ramp up analysis.
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5.2.4 Time constants

Time constants are a fundamental issue in dynamic behaviour. To obtain them, we can
for example analyze the step responses of the model. Table 5.2 shows the evaluated time
constants.

Thermal

From the thermal perspective, we can evaluate the time constants of the stack and the
heat exchanger. The stack time constant is evaluated with the thermal regulation. The
heat exchanger time response is the response of the water circuit heating after a change
in operating point.

Pneumatic

The pneumatics regulation is provided only by the pressure regulator and the parameters
of the design. The response of the pressure regulator (hydrogen output) is quite fast and
the pressure change at the cathode is slower. The time constant evaluated on the steps
is 15 seconds.

Hydraulic

The biggest simplification is the purification of the cathode gas. The dehumidifier is
constant? and instantaneous. This allows a continuous hydrogen flow at the output. On
the anode side, there is no water recovery and since the anode gas is separated from the
liquid water, there is no constraint on the gas release and therefore no time constants.
For the water in the circulating circuit it is different. We can deduce two different time
constants: the recirculation system and the water supply. Since the recirculation pump
has to keep the temperature constant at the stack, it responds within the same time at
the stack temperature. The recirculation time constant takes into account the heating of
the water and the pump dynamics.

Electrical

The electrical and electrochemical time constants, i.e., and, are the very fast time
constants. From the dynamic electric model, we find an electrochemical response lower
than 0.5 second. The electrical converters making up the power supply are also fast with
an electrochemical response lower than 0.1 second.

2implemented by an "Ideal Moisture Source", no dynamics
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Definitions

Heat exchanger: the thermal dynamic behaviour of the water in the recirculation
circuit.

Water supply: the water supply pump behaviour, commanded by its control chain.

Recirculation water: the dynamic behaviour of the recirculation circuit water flow,
including the thermal dynamic behaviour.

Pressure at the cathode: the cathode pressure behaviour.

Recirculation pump: the recirculation pump behaviour, commanded by its control
chain.

Thermal stack: the temperature of the stack, regulated with the recirculation
circuit.

Hydrogen output: the pressure regulator, commanded by its control chain.

Dehumidifier: no dynamic behaviour for the purification and the dehumidification
of the hydrogen. A static instantaneous module is used.

Electric: the electric dynamic behaviour of the current source.

Electrochemical: the electric stack behaviour.

Dynamic Evaluated time constant
Heat exchanger 200s
Water supply 49s
Recirculation water 30s
Pressure at the cathode 15s
Recirculation pump 6s
Thermal stack 3s
Hydrogen output 1.2s
Dehumidifier -
Electric <0.1s
Electrochemical <0.5s

Table 5.2: Time constants.

The biggest differences between Table 5.2 and Figure 5.21 is the method used. Pierre
Olivier in [23] isolates the thermal time constant from the regulation system that implies
longer timer constants. The operation of his electrolyser is very different since it needs
compression "batches".
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Dynamiques considérées Constante de temps calculées ou évaluées (s)
Stack 3000
Séparateurs 3000
T Circuits recirculation 600
Echangeur 75
Circuit de froid 5
Enceintes 400
e Séparateurs 3.55
Colonne purification 25.82
Hydraulique Séparateurs 12.5
Electrique Inférieur a 0.1 seconde
Electrochimique Inférieur a 0.1 seconde

Figure 5.21: Time constant calculated or evaluated from the dynamics of the system.
Taken from [23].
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Chapter 6

Applying model to demand response

In the chapter below, we apply the electrolyser model to a real world problem. As
mentioned in the title, the goal is to study the dynamic behaviour of large scale PEM
electrolysers in a fast demand response perspective. So far we have a validated dynamic
model. We will now test the model in a demand response perspective, for frequency
services.

As we discussed in the introduction, this work is inspired by the techno-economic
assessment work done by Arash E. Samani et al. in "Grid balancing with a large-scale
electrolyser providing primary reserve'. In the paper, 2017 data from the Belgian grid
are used to provide FCR products. In this chapter we will apply these data to the model
we have built.

6.1 One day in January 2017

Figure 6.1 represents the historical frequency data of the Belgian grid on 27/01/2017.
The frequency tells us we have a mean under production of power but nothing surprising
for the season.

| '| N H\ -
M MMJ* u WW M ‘J WWW Wﬂm | WWM W‘M "Wﬂb IM"Nl f A’W |

499 | |
0 2 3 5 6 T 8 9

Time (s) %10*

50.15 |

o

S o

= o

& =
T

a
o

Frequency (Hz)

49. 95

Figure 6.1: Belgian grid frequency during one day in January 2017.
Our electrolyser can help the grid by providing FCR. There are different FCR products
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in Belgium. The 100 mHz product is the most profitable according to Arash E. Samani
et al. [30]. Figure 6.2 shows the power—frequency chart of a symmetric 100 mHz product.
The power input follows the frequency variation with the optimum baseload of 550kW
with a reserve of 450kW. However, the primary reserve does not react within the first
10 mHz deviations from 50 Hz.

Symmetric 100 mHz product

FPy= 0.55MW

Piyin= 0.AMW

49.8 49.9 50 50.1 50.2

Grid frequency (Hz)

Figure 6.2: FCR symmetric 100 mHz product. Droop function.

If we apply the droop function to the frequency profile of the 27th of January we obtain
Figure 6.3. We can see that the power command is limited to 1MW even if the frequency
is above 50.1Hz and that there are stable frequency regions when the frequency is between
49.99Hz and 50.01Hz

3 :1 | ‘ | ‘ ' H
EZWJWW MN“V LT M/WW MMMWM rﬁ :

Figure 6.3: Power command providing FCR during one day in January 2017.
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Figure 6.4 and 6.5 represent the histograms of the grid frequency and the electrolyser
power. We can see that the median is below the 50Hz (or 550kW), about 49.99Hz
(500kW). The mean consumption of the electrolyser is 503kW. We see that 20% of the
time the electrolyser operates in the stability region at 550kW.
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Figure 6.4: Histograms of the frequency.
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Figure 6.5: Histograms of the power associated to frequency.

93



6.2 Electrical power supply and control

In order to model the electrical supply of the system, we use another dynamic model.
The chosen model is the one used by Arash E. Samani et al. and is represented on Figure
6.6 where the electrolyser subsystem is basically the equivalent circuit from Figure 4.15.

@ i

look-up table P safuration i l saturation

Electrolyser

Figure 6.6: Control diagram of PEM electrolyser. Taken from [30].

This model has been implemented in Matlab Simulink by Cyril Cousein in Figure 6.7
and it provided inputs for the work. This model is used to produce the waveform of the
current of the electrolyser according to section 4.3.
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I L
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Figure 6.7: Cyril Cousein’s simulink model from Samani control diagram.

The waveform of the current has been used as input for the current source of our model.
There is no delay between the grid frequency change and the power change as there is no
valid reason, after the dynamic analysis of the BoP, to delay the power command. The
system will regulate itself in order to reach the closest possible point to the operating
point.

The proportional and integral gains of the cascaded controller are a design choice explained
by Arash E. Samani and resumed in Table 6.1.

Controller Proportional gain (P) | Integral gain (I)
Power (outer loop) 20 10
Current (inner loop) 10 10

Table 6.1: Proportional and integral gains of the cascaded controller. From [30].
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The droop function that transforms the fre- [y own version Arash ¥ [4droop function
quency to the power command is represented

in Figure 6.8. This function is completed ; 5 function y = fen(u)
by the saturation block in Figure 6.7 that re- 3

stricts the power command to minimum 100kW ‘; Ez:ii‘;é}

and maximum 1MW. The power command to 6 deltaf-0.1:

the electrolyser is set at 550kW when the 7 K=PwrR/deltaf;
grid is balanced i.e when the frequency is g if abs(u-50)>0.01
50Hz. 10 P=Pb+K*(u-50);
The output of the model provides the cur- 11 else

rent to apply to our electrolyser model. The ﬁ z;zb"

power waveform of the commanded and response 14

power of the electrical equivalent model are 15 = y=P;

shown in Figure 6.9. We see that there is
no delay and a rapid response of the electrol-
yser.

Figure 6.8: Droop function used
in the model.
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Figure 6.9: Power in the electrical dynamic model.

6.3 Providing FCR during 24h

We now apply the data above to our electrolyser to provide FCR. Figure 6.10 shows the
overview of the simulation results of the electrolyser. Also we will focus on 3 time ranges

95



as shown in Figure 6.11. There is a peak, a rather stable period and a period of low
power.
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Figure 6.10: 24h providing FRC.
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Figure 6.11: The time period used for observations.
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We will first look at the voltage and the pressure before looking at the 3 time periods.
Figure 6.12 shows the composition of the cell voltage. The Nernst potential represents
the minimum voltage when the activation and ohmic overpotential represent losses. We
see that the Nernst potential is stable and varies a little bit with the temperature. The
activation overpotential is almost a constant loss but decreases for low power and the
ohmic overpotential is the linear loss from the power. For high power we will have more
losses due to the ohmic effect and this will decrease the efficiency.

Cell voltage composition
T

o

[ Nernst potential
[ Activation overpotential
I:l Ohmic overpotential

0 1 2 3 4 5 6
Simulation step «10°

Figure 6.12: Cell voltage composition.

The pressure will not be part of this analysis since it remains rather stable with low
variance. The pressure is available on Figure 6.13.
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(a) Overview. (b) Zoom.

Figure 6.13: Pressure at the cathode.

The analysis of the 3 time periods will be done in section 6.4. Annex D shows an overview
of the day and three other time periods.
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The first time range is around 6:00 am, available in Figure 6.14.
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Figure 6.14: First time period - Peak load.
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The second time range is from

Power (W)

mass flow (g/s)

kW

12:00 am to 1:00pm, available in Figure 6.15.
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Figure 6.15: Second time period - Stable period.
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The third time range is from 7:30 pm

Power (W)

mass flow (g/s)

KW

to 8:30pm, available in Figure 6.16.
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Figure 6.16: Third time period - Low load.

100



6.4 Observations and discussions

This section makes the observations about the dynamic behaviour of the model. We can
see several things on the overview of the simulation in Figure 6.10. First, the model is
able to provide FCR even when making a cold start'. Second, there is a frequency stable
region between 3:30pm and 4:30pm that leads to constant production at 550kW. We also
can see that the temperature is not always maintained at 80°C but goes below for low
power. On the Figure 6.14, 6.15 and 6.16 we can make other observations.

Efficiency

The efficiency is obviously inversely proportional to the power since the ohmic losses
are directly resulting from the current. The efficiency is rather high but do not take
into account the losses from the AC-DC converters or the electrical consumption of the
balance of plant. The efficiency during the simulated day is between 72% in Figure 6.14
and 86% in Figure 6.16.

Pressure at cathode

We see that the hydrogen circuit of the model does not represent high limitations. This
can be due to the low pressure of the system and the simplifications made. On the other
hand, there are very few papers addressing modelisation of purification and compression.
The difference between the output and the production is due to the control chain ruling
the pressure regulator.

Water in the MEA

We can see that for high density current (i.e. high power) we have more water transported
across the membrane than consumed water from the reaction due to the electro-osmotic
drag. This trend is reversed for low power as the pressure effect takes over.

Thermal regulation

On the thermal side, we can see that when the power decreases, the stack temperature
decreases also despite the regulation of the recirculation circuit. This is due to the high
efficiency of the heat exchanger and the floor flow of the recirculation pump. Therefore
different solutions allow us to have better thermal regulation. First we have seen that
the maximal thermal flow of the heat exchanger is about 2MW heat. This is never
reached (Fig. 6.14e shows a maximum 150kW heat generation) so we can decrease the
efficiency of the heat exchanger. If it is not sufficient, the control chain of the thermal
regulation can be changed for example by lowering the floor water flow. It generates
problems if the recirculation flow becomes lower than the consumed and transported

IThe control chain does not take into account the additional power due to the low temperature at
the beginning.
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water. The minimal recirculation flow is 100g/s and can be decreased to approximately
70g/s without affecting the water flow across the membrane.

Running the model

For the final scenario the model ran in 26 minutes with 111000 input steps (current)
and gave 650000 output steps without warnings. The challenge was to keep all steps in
memory in order to provide the graphs. When running the model, Matlab was taking
about 10GB RAM. Adding several Simulink scope blocks and modifying the MEA block
to have access to certain states prevent keeping in memory all the state values for each
step. Another solution is also to simulate shorter durations.

Global production

The mean power of the electrolyser is 500kW. On that day the system consumed 12MWh.
This power consumption does not include the other losses. The losses from the electric
supply rectifiers are not negligible (about 14%). On that day the system produced 259
kg of hydrogen thus 2882Nm? with an average energy of 46.3kWh /kg (4.16kWh/Nm?).

Providing FCR

The observations of the electrolysis system operation confirm a good response to the
dynamic needs. The results of this work support the conclusion of J. Eichman et al.
resumed in Figure 6.17: electrolysers are able to respond within a second for high duration
and with a rapid shutdown time.

Electrolyzer Duration

\ Y **Electrolyzer data
for small (~40kW)
PEM and Alkaline
units
I
10

Electrolyzer Shutdown Time ™ Response Time
" Requirement

8

[

m Duration
— Requirement

Electrolyzer*Response Time

Response Time and Duration (min)

0.1
Regulation Load-following Spinning  Non-Spinning Replacement /
or FastEnergy  Reserve Reserve  Supplemental
Markets Reserve

Figure 6.17: Summary of electrolyser flexibility compared to electricity market require-
ments. Taken from [24].
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Some reflexions

e The minimum and maximum FCR demand on 27th of January 2017 was -41.85MW
and 36.89MW. Therefore, in order to maintain the stability with only electrolysers,
about 100 electrolysers like the one in this work should be installed. A pool of
electrolysers for a total of 100MW represents a 100 x +450kW = +45MW reserve.

o A realistic pool of electrolysers to reach 100MW could be 5 electrolysers of 20MW.
The footprint of such installation, according to the HyLTZER®-5000-30 [82], is
2500m? (500m? each). It is a rather small footprint, equivalent to half of a soccer
field.
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Chapter 7

Conclusion

The focus of this master thesis was to develop a large scale electrolyser model able to
study the dynamic behaviour in a demand response perspective to help the stability of
the electrical power grid.

Firstly, we reviewed in the context leading to study the dynamic behaviour of large
scale PEM electrolysers. Electrolysers are little explored today. Their number will most
probably increase in the coming years due to the European strategy for decarbonisation.
The electrolysers will therefore represent large loads for the electrical grid and there is
an opportunity that they will contribute to the stability of the grid in an environment
where this stability is decreasing.

The research on electrolyser and in particular on the PEM technology is in expan-
sion. An analysis of the literature led to use several models. These models are from
different physical approaches: electrochemical, thermal and mass models.

The Matlab model version 2022a from March 15th 2022 was found to be a good model
to use for the study. It contains different physical components of the electrolyser. We
improved the model with the results of the work. In particular, we brought the following
modifications in order to get the conditions needed to answer the questions of the study:

o An electrical supply that integrates the electrical dynamic behaviour of the elec-
trolyser.

o The voltage model modifications used by the electrolyser.
o A scale up of the model to reach IMW.

o The modifications of the thermal and pneumatic behaviour of the Membrane
Electrode Assembly.

For the simulation of the electrolyser, four control schemes were needed; one for the
electrical supply and power to apply and three for the electrolyser regulation: one for
the regulation of the pressure and the hydrogen outlet, another for the circulation of
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water and thermal regulation and the last one to adjust the water level in the water circuit.

The model confirms the available results in the literature. In order to ensure the
good application of the model, the theoretical validation confirmed identical behaviour
to other models validated experimentally. The time constants are available in Table
5.2. The electrolyser responds in a stable manner within a few seconds. There is no
issue in terms of electrical dynamic. Some dynamic behaviours can take longer but are
compensated by controllers. The lack of real data and experimental installation did not
allow us to fully validate the model.

We applied the improved model to the electrical grid situation of January 2017 as
provided for the study. The dynamic response of a large scale electrolyser when it pro-
vides frequency reserve to the electrical grid was confirmed. Find here below the highlights:

e The electrical response time is <1s. The dynamic behaviour on electrical side
depends on the current density.

o The balance of plant has to be well designed for dynamic behaviour, but does
not represent intrinsic limitations for the electrolyser operation. The temperature
remains under 80°C.

e The dynamic behaviour has an effect on efficiency since the temperature is not
constant. Also the efficiency is driven by the current density so for low current the
efficiency will be better.

o The pressure is the weak point of the model due to the ideal simplified purification
part.

Technically electrolysers can resolve the lack of stability of the electrical grid. The study
answers to the different questions of the research.

7.1 Further analysis

Find here below some reflection questions and proposals for further research.

o The use of electrolyser at Belgium level brings additional considerations. The
hydrogen production as an electrical energy storage solution brings other questions
in particular around the primary energy source in a high populated country which
consumes a lot of energy and is not autonomous in terms of energy resources.

o The impact of electrolysers on the environment is an important topic. Hydrogen is
a light gas that diffuses across pipeline walls and has a greenhouse effect.
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« The impact of dynamic behaviour on degradation of the stack (mainly on the cell
voltage) should be further studied. There is not much research on electrolyser. As
PEM fuel cells are more developed, their degradation is already studied and could
be a starting point for further research on the PEM electrolyser.

e The dynamic limits in the flexibility of the electrolyser power supply are depen-
dent on the electrolyser design and should therefore be studied on a real installation.

o The electrochemical response is even faster for large currents. The current density
will further increase over the years which will reduce the time response.
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Annex A - Code custom block MEA:

Electrolyzer.ssc

10
11
12
13
14
15
16

17
18
19
20
21
22

23

24
25
26
27
28
29

C

S
°
o)

°

o o oo o

o° o

oe

o° o

n

omponent (Propagation = blocks) electrolyzer_stack

Electrolyzer

This block models a stack of membrane electrode assemblies (MEA)
for a

proton exchange membrane (PEM) electrolyzer. Water is consumed
from the

connected anode flow channels. Oxygen and hydrogen are produced
at the

connected anode and cathode flow channels, respectively. Waste
heat 1is

dissipated to the connected thermal mass.

Copyright 2021 The MathWorks, Inc.
Modified by Martin Pasture in July 2022

Simscape block creation
This section give a shape to the simscape block by specifying the
ports and the geometry

odes

o

% Electrodes

s foundation.electrical.electrical; % +

n = foundation.electrical.electrical; % -

% Moist air ports to obtain domain parameters and property
tables for

% the anode network and the cathode network only. There is no
flow through ports A and C

A foundation.moist_air.moist_air; % A

C = foundation.moist_air.moist_air; % C

% Anode side thermal liquid port to remove water from channels

H20 = foundation.thermal_liquid.thermal_liquid; % H20

% Anode side moist air source port to add oxygen to channels
02 = foundation.moist_air.moist_air_source; % 02
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30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

62

63
64
65
66

67
68

69
70
71

73
74
75
76

[

vapor to channels
H2 =

% Cathode side moist air source port to add hydrogen and

foundation.moist_air.moist_air_source; %

% Thermal port for heat generation

internal states of the
0.01;

o

°

foundation.electrical.electrical;

H

Side =

water

H2

cathode gas channels

0.01; 0.001; 0.001]; % FC

bottom;

H = foundation.thermal.thermal;
V_nernst_ =
V_ohm_ = foundation.electrical.electrical;
V_act_ = foundation.electrical.electrical;
end
inputs
% Input ports for the
FC = [101325; 293.15; 0.5; 0.01;
end
annotations
[p, nl Side = top;
[A, H20, 02] Side = left;
[C, H2, FC] Side = right;
[H, V_nernst_, V_ohm_, V_act_]
end

o
°
o
°

parameters
N_cell = {50,
area_cell {280,
t_membrane = {125,
t_gdl_A = {25,
(GDL) thickness
t_gdl_C = {250,
(GDL) thickness
io = {8e-05,
alpha = {0.5,
D_H20_gdl_A = {0.07,
D_H20_gdl_C = {0.07,
cathode GDL
rho_membrane = {2000,
M_membrane = {1.1,

membrane
end
% Parameter checks
equations
assert (N_cell > 0)
assert (area_cell > 0)
assert (t_membrane > 0)
assert (t_gdl_A > 0)

Vl'
VCm/\Zl
'um

'um

|um'

'A/cm”2!

lll

'em”2/s'!
'em™2/s!

vkg/mA3v
'kg/mol'

}i
}i
}i
}i

}i

bi
}i
}i
}i

bi
}i
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Parameters of the MEA and the electrolyzer

Number of cells in stack
Cell area

Membrane thickness

Anode gas diffusion layer

Cathode gas diffusion layer

Exchange current density
Charge transfer coefficient
Water diffusivity in anode GDL
Water diffusivity in

Density of dry membrane
Equivalent weight of dry




7
78
79
80
81
82
83
84
85
86
87
88
89

91
92
93
94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113

114

115

116

117

118

119

120
121

assert (t_gdl_C > 0)
assert (io > 0)

assert (alpha > 0)

assert (D_H20_gdl_A > 0)
assert (D_H20_gdl_C > 0)
assert (rho_membrane > 0)
assert (M_membrane > 0)

parameters (Access = protected)

Q

% Constants

R_u = {8.31446261815324, 'J/K/mol'}; % Universal gas constant

F = {96485.33212, 'C/mol'’ }; % Faraday constant

G_H20 = {-237.14, 'kJ/mol' }; % Gibbs free energy of
water

HHV_H2 = {285.8, 'kJ/mol' }; % Higher heating value

of hydrogen
LHV_H2 = HHV_H2 - MW_H20 * hfg_H20_std;
of hydrogen
T _std = {25, 'degC' };
p_std = {1, 'atm' };

o\°

Lower heating value

Standard temperature
Standard pressure

o° o

o

% Standard cell potential
$E_cell = G_H20/(-2*F); = 1.2289 has been redifined at line 252

% Membrane permeability to water

K_darcy = {1.58e-14, 'cm"2'};

% Compute molar masses from specific gas constants
MW_H20 = R_u/A.R_w;

MW_02 R_u/A.R_g;

MW_H2 = R_u/C.R_g;

% Species specific enthalpy at standard temperature
h_H20_std = tablelookup(A.T_TLU, A.h_w_TLU, T std,
interpolation = linear, extrapolation = linear);
hfg_H20_std = tablelookup(A.T_TLU, A.h_w_vap_TLU, T_std,
interpolation = linear, extrapolation = linear);
h_02_std = tablelookup(A.T_TLU, A.h_g_TLU, T std,
interpolation = linear, extrapolation = linear);
h_H2_std = tablelookup(C.T_TLU, C.h_g_ TLU, T_std,
interpolation = linear, extrapolation = linear);

i_1lim = 9.4 % from fontes2005modelisation

$RC for electrochemical equivalent circuit
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122
123
124
125
126
127
128
129
130
131
132
133
134

136
137
138

140
141
142
143
144
145
146
147
148
149
150

151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

R_a = {0.015%0.888/0.11, 'Ohm'};
C_a = {4400%0.36/0.11, 'EF'};

R_c = {0.015%0.097/0.11, 'Ohm'};
C_c = {4400%0.027/0.11, 'F'};
R_ohm2 = {0.042/0.11, 'Ohm'};
E_cell2 = {1.4%5000, 'V'};

Variables of the MEA and the electrolyzer

o
°
o
°

variables (ExternalAccess = observe)
i = {0, '"A' }; % Current (positive in)
Q = {0, 'kW'}; % Heat flow rate (positive in)
sv = {0, 'V' }; % Voltage
RH_acl = {0.5, '1l'}; % Relative humidity at anode catalyst
layer (ACL)
RH_ccl = {0.5, '1l'}; % Relative humidity at cathode catalyst
layer (CC)
end
variables (ExternalAccess = none)
% Through variables for thermal liquid port
mdot_H20 = {0, 'kg/s'}; % TL mass flow rate into port H20
Phi_H20 = {0, 'kW' }; % TL energy flow rate into port H20
end

% Branches establish relationship between component Through
variables and nodes

o\

branches
i p.i->n.i;
Q : H.Q —> *;
mdot_H20 H20.mdot -> =*
Phi_H20 H20.Phi ->
end

oo

Define intermediate terms for use in equations

o° o

o\

For logging

intermediates
v = p.v — n.v; % Voltage
vnernst = V_nernst_.v - p.v;
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171
172
173

174
175
176
177
178
179
180
181

182
183

184

186

187

189
190

191

192
193
194
195
196
197
198

200

201
202

204
205
206
207
208
209
210
211

end

%1

vohm = V_ohm_.v - p.v;

vact = V_act_.v - p.v;

i_cell = if ge(i, 0), i/area_cell else 0 end; % Cell current
density

v_cell = v_nernst + v_ohm + v_act_diff ; $ Cell voltage

R_ohm = t_membrane / sigma; % Membrane resistance

{

v_stack = v;

v_cell v_stack/N_cell

i_cell = i/area_cell;

%}

power_elec = N_cell » v_cell » i_cell x area_cell; % Electrical
power consumed

power_dissipated = power_elec - power_net; % Power dissipated

efficiency_HHV = simscape.function.limit (HHV_H2/ (2%F) / v_cell,
0, 1, false); % Thermal efficiency based on HHV

efficiency_LHV = simscape.function.limit (LHV_H2/ (2%F) / v_cell,
0, 1, false); % Thermal efficiency based on LHV

o

o\

H20_consumed = N_cell * MW_H20 * area_cell x i_cell/ (2xF);
Water consumed

02_produced = N_cell  MW_0O2 « area_cell * i_cell/ (4xF); %
Oxygen produced
H2_produced = N_cell % MW_H2 « area_cell » i_cell/(2+F); %

Hydrogen produced

H20_transport = (nflux_H20_diff + nflux_H20_drag +
nflux_H20_hydraulic) % MW_H20 % area_cell x N_cell; % Net
water transport from anode to cathode

$H20_transport = (nflux_H20_diff + nflux_H20_drag) = MW_H20 =*
area_cell x N_cell; % Net water transport from anode to cathode

components (ExternalAccess = none)

end

r_ohm = foundation.electrical.elements.resistor (R=N_cell*R_ohm2);
r_acta foundation.electrical.elements.resistor (R=N_cell*R_a);
r_actc foundation.electrical.elements.resistor (R=N_cell*R_c);
c_acta = foundation.electrical.elements.capacitor (c=N_cell*C_a);
c_actc foundation.electrical.elements.capacitor (c=N_cellxC_c)
v_rev = .

foundation.electrical.sources.dc_voltage (vO=N_cellxE_cell2);

14

connections

connect
connect

c_acta.n,r_ohm.p)
c_acta.n,r_acta.n
c_acta.p,r_acta.p
c_acta.p,p);
c_actc.n,r_actc.n);
c_actc.p,r_actc.p);
c_actc.p,v_rev.n);
c_actc.n,n);

— — ~
~.

connect
connect
connect
connect
connect
connect

A~~~ o~ o~~~ —~
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212
213
214
215
216

217

218

219

220

221

222
223
224
225
226

227
228
229
230
231
232

234
235
236
237

239
240
241
242
243
244

245

246
247
248
249
250
251
252

connect (v_rev.p, r_ohm.n);

end
%}
annotations
[v, v_cell]
LoggingUnit = 'V';
i_cell
LoggingUnit = 'A/cm”2';
R_ohm
LoggingUnit = 'Ohmxcm”™2';
[power_elec, power_dissipated]
LoggingUnit = 'kW';
[efficiency_HHV, efficiency_LHV]
LoggingUnit = '1';
[H20_consumed, O02_produced, H2_produced, H20_transport]
LoggingUnit = 'g/s';
end
intermediates (ExternalAccess = none)

Q

% Extract cathode gas states from input FC
% Note: Can also connect Measurement Select (MA) block to
choose values

p_C = {FC(l1), 'Pa'}; % Pressure
y_H20_C = FC(5); % Water vapor mole fraction
y_H2_C = FC(8); % Hydrogen mole fraction

% Anode pressure and temperature
p_A = H20.p;

T_A = H20.T;

% Mole fractions at anode

% Assume saturated water vapor at stack temperature

y_H20_A = if ge(p_ws_ratio_A, 1), 1/p_ws_ratio_A else 1 end;
y_02_A =1 - y_H20_A;

% Stack temperature
T_stack = H.T;

% Ratio of pressure to water vapor saturation pressure

p_ws_ratio_A = exp(log(value(p_A, 'Pa')) - tablelookup(A.T_TLU,
A.log_p_ws_TLU, T_stack, interpolation = linear,
extrapolation = linear));

p_ws_ratio_C = exp(log(value(p_C, 'Pa')) - tablelookup(C.T_TLU,
C.log_p_ws_TLU, T_stack, interpolation = linear,
extrapolation = linear));

Q

$ Activities

a_H20_A_ = y_H20_A % p_ws_ratio_A;
a_02_A_ =y _02_A x p_A / p_std;
a_H2_C_ = y_H2_C = p_C / p_std;
a_H20_A = if ge(a_H20_A_, le-9), a_H20_A_ else le-6 end;
a_02_A = if ge(a_02_A_, le-9), a_02_A  else le—-6 end;
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254
255
256
257
258

259
260

261
262
263
264
265
266
267

268
269
270
271
272
273
274
275

276
277
278
279
280
281
282

283

284
285
286
287
288

290

291
292
293
294
295
296

a_H2_C = if ge(a_H2_C_, le-9), a_H2_C_ else le-6 end;

% Nernst voltage
_cell = G_H20/(-2«F) - {0.0009, 'V/K'}*(T_stack—{298,"'K'})
ORIGINAL VERSION

v_nernst = E_cell + R_uxT_stack/ (2+F) % log((a_H2_C =*
a_02_A"0.5) / a_H20_A);

% MODIFIED VERSION

v_nernst = E_cell + R_uxT_stack/ (2+F) * log((p_ws_ratio_C *
p_ws_ratio_A”0.5)/ a_H20_A);

&3l

o° o

% Activation losses from Tafel equation + diffusion overvoltage

= R_u * T_stack / (2 * alpha x F);

ORIGINAL VERSION

v_act = if ge(i_cell, io), bxlog(i_cell/io) else 0 end;

MODIFIED VERSION

v_act_diff = if ge(i_cell, io), ..
bxlog((i_cell/io)/ (1-(1/i_1im))+sqgrt (1+((i_cell/io)/(1-(1/i_1im))
else 0 end;

o

o° o° oo

o

% Water content

lambda_acl = membrane_water (RH_acl);
lambda_ccl membrane_water (RH_ccl) ;
lambda_membrane = (lambda_acl + lambda_ccl)/2;

% Membrane conductivity

sigma_30 = {if ge (lambda_membrane, 1), 0.005139xlambda_membrane
- 0.00326 else 0.005139 - 0.00326 end, '1l/(Ohmxcm) '};
sigma = sigma_30 * exp(1268*(1/303.15 - 1/value(T_stack, 'K')));

% Resistive voltage loss
v_ohm = R_ohm * i_cell; % ORIGINAL VERSION

% Water diffusion coefficient across membrane
D_H20_membrane = {1.25e-10, 'm"2/s'} % exp(2416%(1/303.15 -

1/value (T_stack, 'K"')));
%$D_H20_membrane = {1.25e-6, 'm"2/s'} x exp(2416*(1/303.15 -
1/value (T_stack, 'K')));

Q

% Water concentrations at anode and cathode catalyst layers
Conc_H20_acl = rho_membrane / M _membrane * lambda_acl;
Conc_H20_ccl = rho_membrane / M_membrane *x lambda_ccl;

% Molar flux of water across membrane due to diffusion
nflux_ H20_diff = D_H20_ _membranex (Conc_H20_acl -
Conc_H20_ccl) /t_membrane;
% Water electro-osmotic drag coefficient
nd_H20_membrane = .
if ge(lambda_acl, 0),
0.0029xlambda_acl”2 + 0.05+«lambda_acl - 3.4e-19
else
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297
298
299
300
301
302
303
304
305
306
307
308

309

310
311

312

313
314
315

316
317

318
319
320
321
322

323

324
325
326
327
328

329

330

331

332

333

334

335

336

0.05+«1lambda_acl - 3.4e-19
end;
% Molar flux of water across membrane due to electro-osmotic drag
nflux_H20_drag = nd_H20_membrane x i_cell / F;
% Water vapor mole fraction at anode and cathode catalyst layers
y_H20_acl = RH_acl/p_ws_ratio_A;
y_H20_ccl = RH_ccl/p_ws_ratio_C

% Molar flux of water across anode and cathode diffusion layers
nflux_H20_A = p_AxD_H20_gdl_A/ (R_u*T_stack) * (y_H20_A -
y_H20_acl) /t_gdl_A;
nflux_H20_C = p_CxD_H20_gdl_C/ (R_u*T_stack) * (y_H20_ccl -
y_H20_C) /t_gdl_C;
% Molar flux of water across membrane due to hydraulic pressure
difference based on Darcy's law
mu_H20 = tablelookup(A.T_TLU, A.mu_w_TLU, T_stack,
interpolation = linear, extrapolation = nearest);
nflux_H20_hydraulic =
if gt(p_A, p_C),
(p_A - p_C) * K darcy * p_A % y_H20_acl / (R_u =
T_stack * mu_H20 * t_membrane)
else. ..
(p_A - p_C) * K_darcy = p_C * y_H20_ccl / (R_u =
T_stack * mu_H20 % t_membrane)
end

% Specific enthalpy of water at port H20
% based on fluid properties of thermal liquid network

u_H20 = tablelookup (H20.T_TLU, H20.p_TLU, H20.u_TLU, T_A,
p_A, interpolation = linear, extrapolation = linear);
rho_H20 = tablelookup (H20.T_TLU, H20.p_TLU, H20.rho_TLU, T_A,
p_A, interpolation = linear, extrapolation = linear);

h_H20 = u_H20 + p_A/rho_H20;

% Specific enthalpy of water at anode

% based on fluid properties of moist air network

h_H20_A = tablelookup(A.T_TLU, A.h_w_TLU, T A,
interpolation = linear, extrapolation = linear);

hfg H20_A = tablelookup(A.T_TLU, A.h_w_vap_TLU, T_A,
interpolation = linear, extrapolation = linear);

% Energy consumed by reaction at standard temperature

power_rxn = HHV_H2 % H2_produced / MW_H2;

% Energy gain in membrane due to bringing reactants and
products to standard temperature

power_a_std = H20_consumed* (h_H20_A - hfg H20_A) -
H20_consumeds (h_H20_std - hfg_H20_std)
+ (source_0O2_A.Phi_S - source_02_A.mdot_g_S+h_02_std)

116




337
338
339
340

341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359

360
361
362
363

364
365
366
367
368
369
370

371

372
373
374
375
376
377
378
379
380
381
382
383

end

+ (source_H2_C.Phi_S - source_H2_C.mdot_g_S~h_H2_std);

% Energy gain in membrane due to water transport
power_trans = H20_transport* (h_H20_A - hfg_H20_A) +

transport_H20_C.Phi_S;

% Net energy consumption in stack
power_net = power_rxn — power_a_std - power_trans;

equations

end

Q

% Stack voltage
v == N_cell % (v_nernst + v_ohm + v_act_diff);

o

% Heat generated

-Q == power_dissipated; % ORIGINAL VERSION

%$—Q == N_cellx (v_nernst + v_ohm + v_act_diff - E_cell)*i_cell =«
area_cell % MODIFIED VERSION

Equate water vapor mass flow rates at GDL and membrane
to solve for relative humidity at ACL and CCL

o
)
o
)

nflux_H20_A % MW_H20 % area_cell x N_cell == H20_transport +
H20_consumed;
nflux_H20_C % MW_H20 % area_cell x N_cell == H20_transport;

% Through variables for removal of water at port H20

mdot_H20 == H20_consumed + H20_transport;

Phi_H20 == mdot_H20+h_H20;

% Assign mass flow rate to internal trace gas source and
moisture source blocks

% to model mass consumption/generation due to reaction and
water transport

source_02_A.M == 02_produced;
source_H2 C.M == H2_produced;
transport_H20_C.M == H20_transport;
source_O2_A.T == T_stack;
source_H2_C.T == T_stack;
transport_H20_C.T == T_stack;
vnernst == v_nernst;

vohm == v_ohm;

vact == v_act_diff;
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384
385
386
387
388

389

390

391

392

393
394
395
396
397
398
399
400
401
402
403
404
405

407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423

)

% Internal components to add or remove mass at the anode and cathode
components (ExternalAccess = none)
% Anode trace gas source block for oxygen production
source_02_A =
foundation.moist_air.sources.moisture_trace_gas.controlled_trace_|
% Cathode trace gas source and moisture source blocks for
hydrogen production and water transport
source_H2_C =
foundation.moist_air.sources.moisture_trace_gas.controlled_trace_|
transport_H20_C =
foundation.moist_air.sources.moisture_trace_gas.controlled _moistuy

moisture_source_spec =
foundation.enum.moisture_source_spec.liquid);

end
connections
connect (02, source_02_A.S)
connect (H2, source_H2_C.S, transport_H20_C.S)
end
end

function lambda = membrane_water (a)

Compute the water content of the membrane as a function of the water

activity, assumed to be equal to the relative humidity. This
function is

based on fits to FEA simulations.

o° o

See: Dutta, et.al., Numerical prediction of mass—-exchange between
cathode and anode channels in a PEM fuel cell. (Equation 16)

o® o o oP

definitions
lambda =
if 1lt(a, 0),
0.043 + 17.81*a
elseif le(a, 1), .
0.043 + 17.81xa - 39.85%xa"2 + 36%a”"3
else
14.003 + 1.4x(a - 1)
end;
end

end
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Annex B - Parameters of the
MATLAB Simulink model

% Code to define parameters for ssc_electrolyzer

Open Model Workspace in the Model Explorer to view and modify
parameter

% values. Click 'Reinitialize from Source' to reset to the

parameter values

o° oo

w
oo

4 % in this script.

5

6 % Copyright 2021 The MathWorks, Inc.
7

8 % Environment conditions

9 env_p = 0.101325; % [MPa] Pressure
10 env_T = 20; % [degC] Temperature

11

[)

12 % Example solar power profile over 24 hr

13 solar_profile_time = (0:23)"' x 3600; % s
14 solar_profile_power = [0 0 0 0 O 0 0.572 13.1 44.9 74.5 96.4 100

97.5 89.5 65.8 34.0 7.61 0 0 0 0 O O O]'; % kW

15

)

16 % Fuel cell stack

17 stack_num_cells = 50%5; % [-] Number cells
18 stack_area = 1000; % [cm”2] Cell area
19 stack_t_membrane = 125; $ [um] Membrane thickness

20 stack_t_gdl_A = 25; % [um] Anode gas diffusion layer thickness
21 stack_t_gdl_C = 250; % [um] Cathode gas diffusion layer thickness

22 stack_t_CL = 2000; %[um] bipolar plate ——————————————- ADDITION
23 stack_w_channels = 2; % [cm] Gas channel width and height

24 stack_num_channels = 8x2; % [-] Number of gas channels per cell
25 stack_io = 1le-04; % [A/cm”2] Exchange current density

26 stack_alpha = 0.7; $ [-] Charge transfer coefficient

|
(@}
(@}
~

[cm"2/s] Water diffusivity in anode GDL
28 stack_D_gdl_C = 0.07; [cm”2/s] Water diffusivity in cathode GDL
20 stack_membrane_rho = 2000; % [kg/m"3] Density of dry membrane
30 stack_membrane MW = 1.1; % [kg/mol] Equivalent weight of dry membrane
31 stack_mea_rho = 1051; % [kg/s] MODIFIED Overall density of membrane
electrode assembly (1980%125+1000% (25+250+2000))/ (125+25+250+2000)
32 stack_mea_cp = 1552; % [J/(kgxK)] Overall specific heat of membrane
electrode assembly

27 stack_D_gdl_A = HES
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(833%125%1980+2000%275«1000+1580%2000%1000) / ((125+25+250+2000) x1051)
33
34 water_pipe_D =
35 gas_pipe_D = 0.
36

4
; % m
37 % Heat exchanger dimensions
38 exchanger_L = 1; % [m] Overall radiator length
39 exchanger_W = 0.3; [m] Overall radiator width
40 exchanger_H = 0.5; [m] Overal radiator height
41 exchanger N_tubes = 25; % [-] Number of coolant tubes
42 exchanger_tube_H = 0.0015; % [m] Height of each coolant tube
43 exchanger_fin_spacing 0.002; % [-] Fin spacing

0 [

<)
°
o)

<

14
-] Fin efficiency

44 exchanger_eta_fin =

45

46 exchanger_gap_H = (exchanger_H -
exchanger_N_tubesxexchanger_tube_H) / (exchanger_N_tubes - 1); %
[m] Height between coolant tubes

47 exchanger_air_ area_primary = 2 x (exchanger_N_tubes - 1) =

exchanger W * (exchanger_L + exchanger_gap_H); % [m"2] Primary
air heat transfer surface area

48 exchanger_N_fins = (exchanger_N_tubes - 1) * exchanger_L /
exchanger_fin_spacing; % [-] Total number of fins

49 exchanger_air_area_fins = 2 % exchanger_N_fins % exchanger_W =
exchanger_gap_H; % [m"2] Total fin surface area

50 exchanger_tube_Leqg = 2% (exchanger_H +
20+xexchanger_tube_H*exchanger_ N_tubes); % [m] Additional
equivalent tube length for losses due to manifold and splits

51

52 % Hydrogen property tables

53 H2_R = 4124.48151675695; % [J/ (kgxK)] Specific gas constant

54 H2_T = [-56.55, -50:10:-10, -5:1:5, 10:10:350]; % [degC]
Temperature vector

55 H2_h = [2783.66044045879, 2873.94181645932, 3012.62601981068,
3152.22537301871, 3292.62486344326, 3433.72138359680,
3504.50184295996, 3518.67512520997, 3532.85394543712,
3547.03822323045, 3561.22787913325, 3575.42283463482,
3589.62301216223, 3603.82833507219, 3618.03872764290,
3632.25411506595, 3646.47442343830, 3717.64725530348,
3860.32198734890, 4003.38288163040, 4146.7735461348¢,
4290.44463593559, 4434.35318483605, 4578.46197843019,
4722.73896833090, 4867.15672726297, 5011.69194456718,
5156.32496143709, 5301.03934494342, 5445.82149962224,
5590.66031514150, 5735.54684833147, 5880.47403768083,
6025.43644826542, 6170.43004499140, 6315.45199199528,
6460.50047604533, 6605.57455182556, 6750.67400704912,
6895.79924543541, 7040.95118568927, 7186.13117473630,
7331.34091359044, 7476.58239435534, 7621.85784698693,
7767.16969456766, 7912.52051596217, 8057.91301483815,
8203.34999414341, 8348.83433523064, 8494.36898091475,
8639.95692183309]1; % [kJ/kg] Specific enthalpy vector

56 H2_mu = [7.13280985169147, 7.28192581803172, 7.50683010986396,
7.72860158311813, 7.94743907374985, 8.16352107178216,
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58
59
60
61
62

63

o 0O 0O O 0o

9.

10.
10.
11.
11.

12

12.
13.
13.
14.
14.
57 H2_k

15
17
17
17
17
18
19
21
22
23
24
26
27
28
29
30
31
H2_D

.27057966039486,
.33451136221049,
.39822022586488,
.46171000785900,
.79676834158601,

41018554308578,
0065244149257,
5879341365094,
1561291684380,
7125019431712,
.2582009096067,
7941860371557,
3212692072909,
8401442043429,
3514093821846,
8555850676093];

7.732550941948,
0.914793442425,
2.446874689218,
3.96897020410¢6,
5.481276935350,
3.389581255575,
7.580042887656,
1.078287130673,
4.024013435935,
6.530810785993,
8.690619345047,
0.578021602720,
2.253814814231,
3.767837587053,
5.161167068166,
6.467821200562,
7.716082067666];
74; % [mm™2/s]

O 0 O o

9.
10

10.
11.
11.
12.
12.
13.
14.
14.

o

°

[142.834673487453,

16
17
17
17
17
18
20
21
22
24
25
26
27
28
29
31

<)
<

.29191522386247,
.35577222214406,
.41940764654233,
.48282521754219,
.00329345223078,

61074613691738,
.2018941058184,
7787262581519,
3428392212160,
8955367341236,
4378991191677,
9708330866186,
4951082331655,
0113843093520,
5202319407340,
[uPaxs]

3.
1.
2.

097652939664,
426608923333,
955339634979,
4.474150402550,
5.983237736166,
8.206454189023,
2.148890500710,
5.448814629342,
8.23677389485¢6,
0.618632037420,
2.680098287219,
4.490801638200,
6.107606318911,
7.577213413001,
8.938178718576,
0.222477040649,

[mW/ (m*K) ]

Diffusivity

O 0 O o

9.
10

10.

11

12.
12.
13.
13.
14.
14.
Dynamic viscosity vector
146.602208511061,

16
17
17
17
17
19
20
21
23
24
25
26
27
29
30
31

Thermal

.31322574339419,
.37700846365822,
.44057086215268,
.58804682376172,
.20773222364170,

80949945111700,
.3956763308132,
9681075163184,
.5282827091027,
0774245926121,
6165508456572,
1465189421111,
6680592020247,
1817996299056,
6882848892642,

152.236222042957,
8.338595936873,
1.937300226766,
3.462702374715,
4.978250231913,
8.477304495221,
2.934525090876,
6.646585109232,
9.762660868078,
2.404577248187,
4.670985680918,
6.641818973249,
8.382120402950,
9.945109095949,
1.374571728986,
2.706715674597,
3.971607306067, ...
conductivity vector

% Oxygen property tables
O2_R = 259.836612622973;
02_T [-56.55, -50:10:-1
Temperature vector
02_h [196.314045635230,
220.590899228792, 229.
243.475641264001, 244.
246.224821996439, 247.
248.974816681386, 249.
251.725674358497, 252.
266.413508632715, 275.
294.048557917965, 303.
321.846311315623, 331.
349.846778083808, 359.
378.082202097877, 387.
406.576409877154, 416.

o
o

0,

[J/ (kg*K) ]
-5:1:5,

202.302438242727,
740231593225,
391947430149,
141394030059,
891670931563,
642827164235,
609852765421,
294277512928,
155513043735,
231129801281,
550580810768,
134925824813,

245

257

312

340

425

121

238.

Specific gas constant
10:10:3501; %

[degC]

211.445560194021,
895348952500,

.308340402054,
248.
250.

058058319568,
808622885637,

.230174605453,
284.

820965750972,

.559698673577,
.488603075706,
368.
397.

642644208585,
048456949970,

.724402467528,




64

65

66
67
68
69
70

71

435.345153816409, 444.997415318718, 454.681349062211,
464.397049000008, 474.144546126762, 483.923813550211,
493.734771414086, 503.577291638585, 513.451202453549,
523.356292706982, 533.292315937896, 543.258994207727,
553.256021688858, 563.283068012223, 573.339781378746, ...
583.425791441447]1; % [kJ/kg] Specific enthalpy vectdor
O2_mu = [15.7665575307288, 16.1727626078850, 16.7849249433608,
17.3877315055497, 17.9815180942032, 18.5666055809413,
18.8559834763191, 18.9136105724852, 18.9711555251620,
19.0286186248432, 19.0860001606775, 19.1433004204737,
19.2005196907073, 19.2576582565260, 19.3147164017561,
19.3716944089079, 19.4285925591820, 19.711895208483¢6,
20.2726692662067, 20.8258892364295, 21.3718096794610,
21.9106736606882, 22.4427133237112, 22.9681504449081,
23.4871969666892, 24.0000555077772, 24.50691984965009,
25.0079753988870, 25.5033996255713, 25.9933624782¢616,
26.4780267762054, 26.9575485796604, 27.4320775392600,
27.9017572254189, 28.3667254387956, 28.8271145028300,
29.2830515393565, 29.7346587282699, 30.1820535521826,
30.6253490269743, 31.0646539190931, 31.5000729504200,
31.9317069914666, 32.3596532436319, 32.7840054111974,
33.2048538637040, 33.6222857893065, 34.0363853396718,
34.4472337669430, 34.8549095532629, 35.2594885333161,
35.6610440103170]; % [uPaxs] Dynamic viscosity vector
02_k = [19.6661951881093, 20.2224765128182, 21.0645207724504,
21.8980296960484, 22.7232456337983, 23.5404090717681,
23.9460452976483, 24.0269406552993, 24.1077592592045,
24.1885013406030, 24.2691671301751, 24.3497568580346,
24.4302707537208, 24.5107090461917, 24.5910719638169,
24.6713597343701, 24.7515725850235, 25.1515209478718,
25.9459275198455, 26.7331962712293, 27.5135401678269,
28.2871691203210, 29.0542797087419, 29.8150645640764,
30.5697094830221, 31.3183935589296, 32.0612893462030,
32.7985630478626, 33.5303747183955, 34.2568784758844,
34.9782227188418, 35.6945503442869, 36.4059989644644,
37.1127011202719, 37.8147844899821, 38.5123720922485,
39.2055824826964, 39.8945299436419, 40.5793246666704,
41.2600729279479, 41.9368772562485, 42.6098365937651,
43.2790464498297, 43.9445990477190, 44.6065834647486,
45.2650857658856, 45.9201891311213, 46.5719739768538,
47.2205180715361, 47.8658966458414, 48.5081824975986, ...
49.1474460917422]; % [mW/ (m*K)] Thermal conductivity vector
02_D = 18; % [mm"2/s] Diffusivity

% Nitrogen property tables

N2_R = 296.802103844292; % [J/(kg*K)] Specific gas constant

N2_T = [-56.55, -50:10:-10, -5:1:5, 10:10:350]; % [degC]
Temperature vector

N2_h = [224.312019475783, 231.141016528663, 241.56411697499¢,
251.984329606098, 262.402210767198, 272.818266126753,
278.025759131002, 279.067222480148, 280.108675169779,
281.150117667373, 282.191550440608, 283.232973957487,
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72

73

284

287.
304.
335.
366.
397.
429.
460.
492.
523.
555.
587.
619.
651.
N2_mu =

15.
16.
16.
16.
16.
17
18.
20
21.
22.
23
25.
26.
27
28.
29
30.
N2_k =
21.
23.
23
24.
24
25.
27.
29
31.
33.
35.
37.
39.
41.
42
44.
46.

.274388686473,
398584840260,
060229225710,
303123493654,
561805672305,
853901301030,
199646054884,
621045430963,
140754650669,
780964098585,
562459108678,
503927792527,
621525377624,
9286660261447,

1575394445859,
3882166949119,
5327214469937,
6765727078615,
8197780368914,

.5729330929829,

9398140034241,

.2528779961256,

5175778943589,
7386275855675,

.9201216191847,

0656344035241,
1783018381670,

.2608883970194,

3158423591670,

.3453414461711,

35133070236047];

[19.6296532607374,

7231523445233,
6274403302585,

.8518793809024,

0754782033001,

.298246133999¢6,

4726839899413,
6163358040134,

.6904152006066,

7018764131555,
6567858570436,
5604487970156,
4175206727930,
2321022557508,
0078199644172,
7478933117983,
4551914905138,
1322809065919];

285.
288.
314.
345.
376.

408

439.

471

502.
534.
566.
598.
630.

<)
<

[13.7948920665312,

15.
16.
16.
16.
16.
18.
19.
20.
21.
23.
24,
25.
26.
27.
28.
29.

o

°

22.
23.
23.
24,
24
26.
28.
30.
32.
34
36.
38.
39.
41.
43.
45.

o
5

315795096618,
439969115894,
473742203777,
720119003427,
987839945795,
.295461341278,
663923199077,
.115576471389,
673039103050,
358126107445,
190987693008,
189504019663,
368929765337,
[kJ/kg]

6556177860831,
4364580271216,
5807441017456,
7243792177482,
8673708962236,
0349108462106,
3831957199835,
6795716689317,
9292305719283,
1366676391963,
3057939488592,
4400294478834,
5423794103038,
6154972909606,
6617365293689,
6831934165754,
[uPaxs]

4923063139090,
7023472871786,
9265052168265,
1498260439393,

.3723190645241,

1954347636057,
3150627088262,
3675432785589,
3595199136277,

.2967919382928,

1844364511046,
0269141997105,
8281595918420,
5916564930240,
3205018373934,
0174590069098,
[mW/ (m*K) ]

286.
293.
324.
356.

387
418

513

357193657682,
646803474573,
887858161051,
139461810715,

.418287430292,
. 743769658649,
450.
481.
.219518026408,
544.
576.
608.
641.

137441734658,
621870952319,

951726469054,
837944197865,
895204248440,
137845362314,

16

18

21
22
23
24

30

20.1533289725195,

23

24
24
24

31

45

Specific enthalpy vector
14.1367187351510,

4846261830610,
6286944287114,
7721142355126,
1042805670559,

.4904598524977,
19.
.1010802692360,
.3361967211248,
.5304549665897,
.6875929202991,
25.
26.
27.
29.
.0185016743671,
Dynamic viscosity vector
20.943624361569¢,
.2514823266989,
23.
.0010380423605,
.2240819070729,
.7413260601341,
26.
29.
.0379556302294,
33.
34.
36.
38.
40.
42.
43.

8208165930053,

8108845387614,
9032114331518,
9671217778900,
0048789219164,

7771601872884,

9098870600572,
0063368423447,

0110910505971,
9312889072676,
8034098926428,
6317300488700,
4200258249072,
1716455849090,
8895696009277,

.5764604182929,
Thermal conductivity ve

14.6513506072199,
.1459023391225,
16.
16.
16.
17.

ctor
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Annex C - Rough analyses of 5.2
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Figure 7.1: Water analysis. From model.
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Figure 7.2: Mass analysis. From model.
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Figure 7.3: Voltage analysis. From model.
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Figure 7.4: Efficiency analysis. From model.
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Figure 7.5: Heat analysis. From model.
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Annex D - Other analyses of the

supply of FCR
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Figure 7.6: Three other time periods.
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Figure 7.7: Global analysis of the day providing FCR.

130



Power (W)

mass flow (g/s)

kW

4.5

ol
o

w

N
o

[N

wn

0.5

140

120

100

80

60

40

20

5 . -
<10 ‘ ‘ 0:45am -1:15am : : LHV efficiency
[ ] oas T T T T T T T ™
[ ] 0.86 1
L 0.84 | I i 1
L il 1 LA
I )UJJH' I 082 | ‘ \ g
L My = f
MLU 1] I— =l 2 o8t i ﬂ
k)
r = L'iL'[ ks] i LI
qmr‘ﬂ & o7e| T Y
L ‘ | ul Vsl 1 JJK —U " H
, ! / 1 f
I W ! W‘jﬂ | o} |
8 1 o2} 1
2800 3000 3200 3400 3600 3800 4000 4200 4400 2800 3000 3200 3400 3600 3800 4000 4200 4400
Time (s) Time (s)
(a) (b)
Hydrogen 300 Water flows
H20 consumed
r A H20 transport
n 4 250 Recirculation | |
In ry | ] — Water supply
[
L _| N .
miE ISRl | o -
—— - u =l r
I o .
2 150 - :
F W Al 1
il
H h‘ {1 100} 1
ST
~ O B g A
L § ;’1“_ b er ] 50 1‘—&1, ] J,'.';’::-:::;-:il ‘I\ /Jv 4\/7 R :
Iy | [ v g J‘\:‘ \ A S~ e A
L e\ w
i i i It It It i i i 0 It It It i i h W i it It It
2800 3000 3200 3400 3600 3800 4000 4200 4400 2800 3000 3200 3400 3600 3800 4000 4200 4400
Time (s) Time (s)
(c) (d)
‘ ‘ ‘ Heat‘FIows E“ the "‘"’dEI ‘ ‘ ‘ 250 Temperatures in the model
- Heat produced 4
Heat dissipated by the exchanger I 1 LN
BOL T !
340 1
3
o 330 i
B 7 =1
JL g
U & a0} ,
fH] N {‘ { £ 320
g )
L ﬂ, J m 310 : 1
=1 r Anode input water temperature
JJ bl Stack temperature
~ ‘ﬂlrm'l J Recirculation temperature
L e — 1 4 300 [ 1
e ,] T —
A SR S U VP o Vi Y S Y S O A S S
2800 3000 3200 3400 3600 3800 4000 4200 4400 2800 3000 3200 3400 3600 3800 4000 4200 4400
Time (s) Time (s)

(e)

Figure 7.8: First annex time period.
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Figure 7.9: Second annex time period.
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