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Abstract

The goal of this thesis is the development of a realistic dynamic model of a Proton Exchange
Membrane (PEM) electrolyser with respect to the already existing models present in the liter-
ature.

Initially, a base model was constructed using standard equations to describe the typical operat-
ing behavior of an electrolyzer. Implementations have been done to enhance the model realism
and to implement the common models of the literature.

A differentiation between the liquid and vapor phases of water within the electrodes has been
introduced through a formulation based on partial pressures. In addition, the development of
the internal double layer at the anode and cathode has been modeled in order to reproduce a
more realistic behavior during the transient and a time delay response with respect to a dynamic
changing input current.

In the end, the phenomenon of hydrogen crossover from cathode to anode was introduced to
assess the safety conditions during the electrolyzer performance under different operating cur-
rent densities and temperatures, monitoring the satisfaction of the industrial safety limit.

The behavior of the electrolyser has been studied considering initially two ideal cases, with
a constant input current and a step current behavior, and secondly the power produced by a
photovoltaic plant.

The model was simulated in the Matlab/Simulink® environment.
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1 Introduction and Objectives

1.1 Economical and Political background

Over the past decades, global warming has become rapidly one of the most important problems
humanity has to face. The consequences due to the constant rising of the temperatures, to the
fast changing climate conditions across different regions in the world, to small changes in nat-
ural habitats and the risk on human health are becoming more and more intense and relevant.

The main cause of CO; emissions can be attributed to the use of fossil fuels.

The industrial sector typically accounts for the largest share of emissions, including oil and gas
production as well as the manufacturing of materials and chemicals. The energy sector generally
follows the industrial one in the second position.
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Figure 1: Sectors contributions to GHG emissions in 2022 [1]

From 1990 to 2023, greenhouse gas emissions in the European Union decreased by 37%, from
4.635 to 2.908 million tonnes of CO; equivalent (MtCOseq), a remarkable outcome due to the
optimization of technologies and procedures and, regarding the last years, the new environ-
mental policies.

In 2023 on a global level coal accounted for 41% of global CO, emissions, followed by oil at 32%,
natural gas at 23%, and cement production at 4%[2][3].

Various proposals and solutions have been formulated during the past years to find a common
path towards climate safeguard and emissions reduction, especially through economic and so-
cial transformations. The Paris Agreement, in 2015, was signed by 196 Parties during COP21
with the primary goal of "keeping the increase in global average temperature below 2 °C above
pre-industrial levels and pursuing efforts to limit it to 1.5 °C" [4].

To invest in that goal, technology development to reduce particle emissions and greenhouse
gasses have been developed and updated, while renewable energies have become more and
more widely spread and incentivized, along with circular economy approach and reduction-
recirculation of wastes.

As an example, at the European level, the European Green Deal represents an important stone
towards climate neutrality. One of its key milestones is the "Fit for 55" package of twelve pro-
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posals, which sets a legally binding target of reducing net greenhouse gas emissions by at least
55% by 2030 compared to 1990 levels.
The Green Deal also prioritizes:

e Promotion of a circular economy and resource efficiency in order to reduce the wastes or
recirculate them in order to make a more efficient and less pollutant production especially
in the industry field.

e Protection of biodiversity and ecosystems, extremely put in danger by climate changes.
e Investment in research and innovation to accelerate the energy transition.
e Wider deployment of renewable energy, including in the transport sector.

Despite the progresses achieved over the last decades, the data from 2025 clearly show that fur-
ther efforts are needed to accelerate the shift away from fossil fuels. The trends show an increase
of global GHG emissions during the years, even if during the last two years, plus the beginning
of the current one, the curves got closer showing the effects obtained from the deployment of
renewable energies.

Global monthly GHG emissions (Jan 2021-Jun 2025)

5.50 ® 2025

2024
® 2023
® 2022

7NN 2021

billions of tannes CO2e 100yr

Month

CLIMATE TRACE source; Climate TRACE data version 4.6.0 (released August 2025)

Figure 2: GHG emissions trends during the years [5]

Nevertheless, during the first months of the 2025, United States and Europe combined emissions
reached 801 MtCO; between January and March, with an increase of 7% compared to the first
months of the previous year. Instead, China, which has been one of the largest contributor in
terms of pollutant emissions during the past decades due to its fast growing industrialization
policies, has recorded an emission drop during this year thanks to the accelerated deployment
of renewable energy. Until now, 30.99 billion tonnes of CO; equivalent were already produced
globally, slightly above the levels recorded in the same period of 2024[6][7].

Furthermore, apart from the environmental aspects, the unstable economic and political situ-
ations dictated by direct political conflicts, by wars of economy due to the supply of resources
and convenience pacts between states, regarding oil or natural gas, are leading to the increas-
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ingly urgent need to become more energetically independent from fossil fuels detained from
others. Also for this reason, renewable sources have found more space in projects during the
recent years. Although, apart from the traditional renewable sources such as solar, wind, and
hydropower, attention has been given recently to alternative emerging solutions such as green
hydrogen, energy storage technologies, and sector coupling strategies.

1.2 Types of Hydrogen

In particular, hydrogen is a versatile energy carrier that can be used in a lot of different appli-
cations. General usages involve it as an alternative fuel in new generation vehicles, as a tool to
store energy through electrolysis process, and in the production of chemicals industry. Based
on the technology and the processes used for its production, and on its eventual environmenal
impact, a specific a color is assigned for distinction and denomination.

1.2.1 Black or brown hydrogen

This kind of hydrogen is produced through gasification of black coal or brown coal (lignite).
During this process a carbon based raw material is converted into syngas using air and steam,
obtaining a mixture of hydrogen and carbon monoxide and a small amount of methane and car-
bon dioxide. Around 20 kg of CO; is released for every kg of brown/black hydrogen produced
[8]. This is considered to be the less friendly approach in hydrogen production.

(1)

-
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ey
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Ash

(1) Coal gasifier, (2) Gas tank, (3) Desulfurization tower, (4) Compressor, (5) CO converter, (6)

PSA hydrogen extraction tower

Figure 3: General scheme of black H2 production through coal gasification [9]

1.2.2 Grey hydrogen

It is obtained from natural gas through steam methane reforming. The steam methane reform-
ing process produces syngas through a reaction of hydrocarbons and steam at high pressures
and temperatures. The process produces a significant amount of CO; emissions and it is the
most common way of hydrogen production in the world (95%).
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Figure 4: Steam methane reforming for grey H2 production [10]

1.2.3 Blue hydrogen

It is obtained from a fossil fuel source but it’s coupled with carbon capture, utilization and
storage system (CCUS) to reduce the carbon dioxide emissions. In this case the production is
cleaner with respect to grey hydrogen but the cost due to CCS technology is higher.
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Capture Transpot —— Use
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from industrial p ported from the point in the creation of products or
power generation, or the of aapture to the point of services or in enhanced oil

atmosphere. use or storage. recovery.

\ |
Figure 5: CCUS scheme principle [11]

Storage

Captured carbon is injected into
geologic formations underground.

1.2.4 Green or renewable hydrogen

It is produced from renewable energy sources through electrolysis process in an electrolyser.
The device uses the input power to splits water molecules into hydrogen and oxygen. The power
can be sent with a direct coupling with the electrolyser or through grid connection. The asso-
ciated costs are significantly higher with respect to the previously mentioned options, but no
CO; emissions are generated.
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Green Hydrogen

Renewable Getting Electricit H2 Distribution and NatZars
Energy Sources to the Electrolyzer  Electrolyzer Storage of Hydrogen Emissions

Figure 6: Green H2 production scheme [12]

1.2.5 Pink hydrogen

Itis produced by water electrolysis through nuclear power. If heat is also used, it is called Purple
hydrogen. It is not widely used, especially in Europe where the few cases of nuclear power are
mainly used for grid electricity applications.

1.2.6 Turquoise hydrogen

It is obtained from methane pyrolysis. Natural gas is split into hydrogen and solid carbon,
which can be used in further application leading to a lower cabon footprint with respect to grey
hydrogen [8].

H, + Carbon Black + Natural Gas

H, + Natural Gas

»
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>

Garbon Black Carbon Black
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Natural Gas Pipeline into useful products)

Reactor Separation Unit

Figure 7: Methane pyrolysis for hydrogen production [13]

1.2.7 Yellow hydrogen

Itis produced through electrolysis using power from the grid. The CO, emissions vary depend-
ing on how the power in the grid has been produced, which can come from renewable sources
or fossil fuels.
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Electricity production by source, World
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Note: "Other renewables" include geothermal, wave, and tidal.

1. Watt-hour A watt-hour is the energy delivered by one watt of power for one hour. Since one watt is equivalent to one joule per second, a
watt-hour is equivalent to 3600 joules of energy.

Metric prefixes are used for multiples of the unit, usually:

o kilowatt-hours (kWh), or a thousand watt-hours.

* Megawatt-hours (MWh), or a million watt-hours.

* Gigawatt-hours (GWh), or a billion watt-hours.

 Terawatt-hours (TWh), or a trillion watt-hours.

Figure 8: Electricity production with sector contributions [14]

1.2.8 White hydrogen

It is generated naturally within the Earth’s crust from geochemical reactions between under-
ground water and minerals. It is also called Natural hydrogen.

1.3 Hydrogen properties

In terms of fuel, comparisons are usually made with respect to other hydrocarbon fuels such
as Methane (CHj), principal constituent of natural gas, or Gasoline, a mixture of different hy-
drocarbons with a prevalence of heptane (C7His). The higher the number of carbon atoms,
the higher the molecular weight of the compound. Hydrogen has a higher heating value of
141.90 MJ /kg, way higher with respect to the 55.53 MJ/kg of methane and 47.50 MJ /kg of gaso-
line. Although, methane and gasoline are easier to be transported being in the liquid form at
atmospheric conditions, with hydrogen being in the gaseous form. Because of this, it has to be
stored as a pressurized gas or as a cryogenic liquid. Furthermore, it has a low volumetric energy
density which creates challenges in storage and transport applications [15].

Hydrogen is colorless, odorless and tasteless, but it has a lower ignition concentration limit of
4%, which make it extremely dangerous in specific applications. When the hydrogen accumu-
lates in oxygen and reaches a local concentration even of this percentage a spark ignites and ex-
plosion may happens. This aspect has to be monitored in applications, such as transportations
and in fuel cells/electrolyser applications. Luckily. it has a good diffusivity in air, of around
0.61 cm2/s which makes difficult the previous dangerous concentration.
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In the table below the main properties are summarized.

Property Hydrogen Methane Gasoline
HHV (M]/kg) 141.90 55.53 47.50
HHV (MJ/m3) 11.89 39.82 —
LHV (M]/kg) 119.90 50.02 44.50
LHV (MJ/m3) 10.05 35.88 195.80
Stoichiometric mixture in air (vol. %) 29.5 9.48 1.75
Flammability limits (vol. %) 4-75 5-15 1.4-7.6
Flame speed (cm/s) 295 41 40
Flame temperature (°C) 2045 1875 2200
Autoignition temperature (°C) 585 540 230-470
Detonation limits (vol. %) 18-59 6-13 1-3
Detonation velocity (km/s) 1.8 1.5 1.6
Minimum ignition energy in air (mJ) 0.02 0.29 0.24
Flame luminosity low medium high

Table 1: Combustion properties of Hydrogen, Methane, and Gasoline.

It is evident that hydrogen seems a promising solutions for energy applications, even though it
present some challenges that need to be faced.

This thesis will focus on hydrogen production through water electrolysis and electrolyser ap-
plications, with a section specifically related to green hydrogen production with its coupling to
a photovoltaic plant.

To understand possibilities, challenges and parameters influencing the performance of the elec-
trolyser, models are generally developed as a fundamental tool to predict possible outcomes
and behaviour. Various models with different level of accuracy are widely present in the liter-
ature. The goal is to analyze and develop a realistic dynamic behaviour of an electrolyser, in
particular a PEM electrolyser as it will be discussed in the next chapter, in order to introduce a
higher level of realism in the performance of this kind of devices.
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2 Theoretical Background

2.1 What is a water electrolyser?

A water electrolyser is an electrochemical device that is able to decompose water into hydrogen
and oxygen through redox reactions thanks to the usage of direct electric current.

H,0(1) — Ha(g) + 5 Oa(s) M

The Gibbs free energy of the reaction, at ambient temperature and pressure (25°C and 1 bar),
is of K]
AG®° = +237.1 —
mol

And it is positive because power is required for the reaction to take place.

Briefly, a cell is composed of an anode electrode, where the oxidation reaction occurs, and of a
cathode electrode, where a reduction reaction occurs. During the oxidation reaction, a molecule
looses electrons and a positive ion, or a new molecule, is generated, while during a reduction
reaction there’s an absorption of electrons and eventually a negative ion, or a new molecule, is
generated. The electrons generated at the anode migrate through the current collector to the
cathode.Due to this charge separation and recombination, it is possible to define a local voltage
gradient both at the anode and at the cathode. A total voltage gradient across the cell, that in
this thesis will be referred as "voltage of a single cell", can be considered as the difference of the
two electrode’s voltage gradient.

In between the electrodes there’s an electrolyte layer, which allows the exchange of ions from
one side to the other but not gas permeation. If it conduct positive ions, then after the oxidation
at the anode there’s the generation of positive ions and these are conducted from the anode
to the cathode, where a new molecule will be formed. Instead, if it is able to conduct negative
ions, the negative ions obtained at the cathode will be transported through the membrane to the
anode and there a new molecule will be formed. The two possibilities depend on the material
used for the electrolyte.

The input power can come from various sources as it was briefly mentioned in the previous
chapter. The excess of power in the grid could be used as input power in electrolysers for hy-
drogen production activities, after its conversion from alternate to direct current. This option
offers in addition a support to the grid in managing the unbalance between production and
consumption. Otherwise, power could come from a direct couplt to a renewable energy source,
such as solar, wind, hydro and geothermal power, without the intermission of the grid.
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Figure 9: Renewable energy sources coupled to an electrolyser [16]

Water can come from industrial applications, such as smelting facilities, petroleum refineries or
food processing industries, or from urban wastewater, such as municipal water, or groundwater.
Although, the water used in the electrolyser has to respect high level of purities and several
filtrations and treatments are conducted before its introduction in the device. Water can also
come from cooling towers in the industry, from rain water, from surface water such as lakes or
rivers or from the desalinization of sea water, which requires a high process cost. Researchers
are trying to develop cells able to use sea water without desalinization, but the complex mixture
that sea water represent introduces non negligible technical challenges to overcome [17].
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Figure 10: Water sources and treatments [18]
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In a preliminar evaluation of a potential water source, apart from the cost associated to the treat-
ment itself, it is necessary to account for all the costs associated to water pumping, transporta-
tion and storage before and after the chemical processes, which are strongly dependent on the
site, the origin and the distance from the hydrogen production. In addition, water needed for
the electrolysis cannot be considered equal to the stoichiometric value in the chemical balance,
due to water losses during the various steps and to the need to keep hydrated the electrolyser
membrane. It is possible to consider more or less 5% water losses during the extraction phase,
10% losses in transport, 15-40% during water treatments, 10% losses at the electrolyser input,
25% water in excess needed for cleaning and an additional 10% water for minimising shortage
risks[18].

Furthermore, every water source has its own quality level and specific requirements, especially
in particular to eventual pollutants that have to be monitored and removed. In fact, high quality
hydrogen is necessary due to the eventual deposition of impurities on the electrode surfaces
or on the membrane [18], as it will be mentioned in the next chapter specifically regarding
electrocatalyst and catalyst degradation phenomena. Commercial electrolyser manufacturers
typically specify a minimum required water supply quality in terms of conductivity, typically
around < 1 uSem~! (> 1 MQcm), and a total organic carbon (TOC) content [19].

Water is introduced at the anode or at the cathode depending on the type of electrolyser and
on the ions that can permeate the membrane. Instead, the produced hydrogen is always gener-
ated at the cathode and through it gas diffusion layer exits the cell, with the oxygen generation
happening at the anode.

To better understand the structure and the characteristic of an electrolyser, a detailed description
of its components follows below:

Flow field
plates:
Transfer
electrons between|
adjacent cells;
supply
fuel/oxidant in
desired flow

Current Gasket: Catalyst: Membrane: GDL:
collector: Prevents Accelerates Proton Facilitates
Connects cell- fuel electro- conduclor; [=> reactant gas[>
to-external €7 leakage € chemica separate diffusion
circuit reaction anode/cathode

Figure 11: General scheme of an Electrolyser [20]

o Flow field plates: There are two types of electrolysers based on the polarity of the elec-
trodes, which are monopolar with both electrodes either negative or positive with parallel
electrical connection of the individual cells, or bipolar where the individual cells are con-
nected in series. They have to simultaneously ensure charge carrier transport from cell to
adjacent cell, supply and removal of reactants (i.e., water) and of produced gases. Addi-
tional functions include the facilitation of mass transport, both for reactants and products,
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and heat management through the presence of small flow channels used to let water flow
wash over the gas diffusion layer and the remaining gases [21].

e Current collectors (CC): Current collectors are the components that collect the electrons,
coming from the external circuit, next to the active surface of the electrodes. They also
need to allow the movement of the water and of the gases involved.

e Gas diffusion layers (GDL): These layers are made of electrically and thermally conduc-
tive porous materials in which the components flow in and out.

e Catalyst coated membrane (CCM): The catalyst is used to enhance and accelerate the
reaction. A catalyst layer is present both facing the anode and the cathode side, but the
material differs based on the electrode’s material used.

e Membrane: It keeps separated the product gases on the two sides but allows the transport
of ions between the electrodes and supports the cathode and anode catalyst layer. A term
usually considered in an electrolyser is MEA, membrane electrode assembly. Two possible
versions of the MEA can be considered: three-layers MEA, which includes the internal
membrane and the two catalyst layers , or five-layers MEA, which also includes the two
Gas Diffusion Layers.

o Gaskets: They are used to seal layers of the cell to prevent gas leakages towards the out-
side, to maintain electrically insulation and to maintain system’s pressure desired.
2.2 Types of water electrolysers

It is possible to consider four kind of electrolysers based on the electrolyte, operating tempera-
ture and pressure conditions and the type of ion permeating the membrane:

1. Alkaline water electrolyser (AEL)

2. Anion Exchange Membrane (AEM) water electrolyser
3. Proton Exchange Membrane (PEM) water electrolyser
4. Solid Oxide Water electrolyser (SOEL)

The first three electrolysers will be briefly discussed since they are not the main object of this
thesis, while a dedicated fully described section will follow for the Proton Membrane Exchange
electrolysers.

2.2.1 Alkaline water electrolyser

Alkaline water electrolysers are made of Asbestos/Zirfon/Nickel coated perforated stainless-
steel diaphragms through which OH™ ions migrate from the cathode to anode side [22]. For
the gas diffusion layer a nickel mesh/foam is used and stainless steel or nickel coated stainless
steel separator plates are used for the plates. The electrolyte solution is an alkaline solution
(KOH/NaOH).
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Figure 12: Alkaline water electroyser cell scheme [22]

These kind of electrolysers work with a lower range of temperatures, around 30° to 80°C and
with low current densities (0.1-0.5 A/cm2) due to moderate OH™ mobility and the KOH elec-
trolyte which is corrosive at high temperature. The voltage range limit is in between 1.4-3 V.
The working pressures are lower than 30 bar in the cell and it has an efficiency of 50%-78%.
Furthermore, they produce low purity gasses, with a level of purity of 99.9%.

2.2.2 Anion exchange membrane (AEM) water electrolyser

AEM electrolysers are made of a quaternary ammonium ion exchange membrane such as Sus-
tanion®, Fumasep abd Fumatech. For the anode” electrode Nickel is the main used material,
while both Nickel or NiFeCo alloy can be used for the cathode. For the gas diffusion layers, Ni
foam/carbon cloths are used. Stainless steel and Ni-coated stainless steel are used instead for
the bipolar plates[22].

Cathode / . . Anode

2H,0 + 2e - H,+ 20H

PTL
Flow field separator plates Flow field separator plates

Cathode Electrode (Ni) Anode Electrode (Ni Fe Co)

Figure 13: Anion exchange membrane water electrolyser cell scheme [22]

These kind of electrolysers still allow the conduction of OH™ ions from the cathode to the anode.
The working temperature is around 40°-60°C and the operating pressure of the cell is lower than
35 bar. They are capable to work in a wider range of current densities, from 0.2 to 2 A/cm2 and
in a voltage range of 1.4-3 V.
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Right now, these electrolysers are still under development and are present in low sizes, in the
range of kW. The current efficiencies are around 57%-59%.

2.2.3 Solid oxide water electrolyser

For the hydrogen electrode the main material is Ni-YSZ (Nichel-Yttria Stabilized Zirconia),
which has a high electronic conductivity, and for the oxygen perovskite materials are used,
such as LSCF (Lag 53Sr0.4Cog.2Fen.803_5) and LSM (La;_,Sr;)1—,MnO3_; [22]. The electrolyte
is still YSZ and for the gas diffusion layer a Ni foam/mesh is used.

Cathode [ Anode

H,0 +2¢~ — H, + 0

Membrane

Flow field separator plates Flow field separator plates

Cathode Electrode (Ni/YSZ) Anode Electrode (LSCF, LMS)

Figure 14: Solid oxide water electrolyser cell scheme [22]

These kind of electrolysers work at a high range of temperatures, around 700°- 850°C. Despite
the rest of the electrolyser, the working pressure is of 1 bar. The current density range is of 0.3-1
A/cm2 and the voltage range is of 1.0-1.5 V. The efficiency is higher with respect to the other
two, being around 89%

2.24 Proton Exchange Membrane (PEM) water electrolyser

The electrolysis reaction in a PEM can be decomposed in an Oxygen evolution reaction (OER)
at the anode and in a Hydrogen evolution reaction (HER) at the cathode.

1
Anodic reaction: H,O —— 3 Oy 4+ 2HT + 26~ (2)
Cathodic reaction: 2H" +2e” — Hy (3)
1
Global reaction: H>O —— Hy + 3 O (4)

Water is inserted at the anode and when an electrical DC power source is connected to the
electrodes and it is high enough, the decomposition of water starts. The electrons flow through
the external circuit, flowing from the anode to the cathode, while the hydrogen protons flow
through the permeable membrane from anode to the cathode.
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Figure 15: Proton Exchange Membrane (PEM) water electrolyser cell scheme [22]

With respect to the materials we have:

Flowfield plates: bipolar plates are used. On the anode side, materials capable to resist
to corrosion are needed due to the higher voltage of the electrode and usually titanium is
used for the scope. Instead, titanium or graphite can be used on the cathode side, since
the corrosion problem is not as prevalent as the anode’s one [20].

Current Collector (CC): for the anode highly corrosion-resistant materials need to be
used, such as Titanium with surface coatings to avoid passivation. Instead, for the cathode
stainless steel, Titanium or Graphite can be used.

Gas Diffusion Layers (GDL): in a PEM, on the anode side water flows in and both a
portion of remaining water and oxygen flows out, while hydrogen exits on the cathode
side along with permeated water from the anode side. The components can flow only
because of these channels and they are usually made of carbon paper or carbon cloth
[20].

Membrane: the internal proton exchange membrane allows the exchanges of H* pro-
tons from the anode to the cathode side and for a PEM the membrane is usually made of
NAFION, sulfonated tetrafluoroethylene based fluoropolymer-copolymer. The NAFION
starts from a backbone of Teflon (CFz),, that is then modified adding a long side chain
ending with an active ioni site SO; -H*. In its definition it is followed by a number indi-
cating the thickness and the typology of the membrane (such as NAFION 117, 115, 221
etc...) [20].

Catalyst Coated Membrane (CCM): since in a PEM electrolyser the membrane is made of
NAFION and because it is delicate in terms of carbon cracking and temperature, a costly
catalyst is used, with IrO2 on the anode side and Pt on the cathode’s. The IrO2 has a
high stability with respect to other materials such as Ru or RuO2. Most of the times a
conductive support is used to increase the electric conductivity of the CCM, thus reducing
the noble catalyst loading and cost. For the anode it is not mandatory but in case it is
used, with a IrO2 or Ir catalyst oxides and ceramics such as TiO2 or SnO2 can be used
as support materials. These catalyst supports should be anticorrosive and due to this
condition titanium and its oxides are commonly used. Instead, when Pt is used at the
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cathode due to its high cost a conductive support is necessary and usually carbon materials
can be used, with respect to the anode. In fact, due to the higher anodic potential (>1.5
V) the eventual use of carbon materials would lead very easily to the carbon’s oxidation
into carbon dioxide, reaction that already takes place at lower potential (around 0.206 V)
[20].

e Gaskets: a typical material used is the Polytetrafluoroethylene [20].
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3 Chemical degradation of a PEMWE

3.1 Types of degradations in a PEM

The degradation rate of a PEM is influenced by multiple factors, including environmental con-
ditions, operational parameters, and material selection. These are outlined below:

e Environment: Conditions such as acidity levels and overpotential can lead to catalyst
dissolution, membrane thinning, and bipolar plate passivation.

e Working conditions: Parameters like temperature, pressure, current density, power load
cycles, and acidic solution concentration directly affect degradation behavior.

e Material choices: The selection of one material over another influences ion and electron
migration, as each material has its own physical and chemical characteristics

The degradation process affects all components of the cell, but in different ways depending on
their function and exposure.

3.1.1 Electrocatalyst and catalyst layer degradation

Catalyst degradation occurs slowly in time and initially it can be hard to detect it. In fact, the
deposition and re-dissolution of catalyst particles could initially increase the catalyst activity not
allowing for a fast and rapid detection. With time, though, the instable compounds originated
would compromise the correct functioning of the electrolyser. An eventual degradation of the
catalyst layer can be detected by changes in the catalyst activity or by a direct measure of the
physicochemical properties of the catalyst.

For example, a common cause of dissolution for the catalyst is found in an increase of anodic
and cathodic voltage. Considering IrO2 for the anode, around an anodic voltage of 1.8 V it
begins to turn into Ir(OH)3 or IrO3, compounds known for their instability and high solubility
at low Ph [23].

Furthermore, the increase of the voltage could lead to a catalyst layer disintegration and even-
tual agglomeration of Ir particles. This agglomeration, because of the increase of size of the
catalyst particles, causes significant surface area losses and leads, as ultimate consequence, to
the deactivation of the anode. Regarding the cathode, some report that Pt/C does not degrade
until a cathodic potential higher than 0.4 V [23].

In case of platinum degradation, the migration of its particle to a region of the membrane close
to the cathode would occlude the active surface sites and eventually lead to current reversal due
to particles agglomeration.

The degradation of the catalyst layer furthermore enhances the increase of the anodic voltage,
leading to a circular effect of cause and effect.

A possible external cause of increase of the anode and cathode’s voltage is found in the presence
of metallic cation impurities in the feeding water, coming from water pipes and stack compo-
nents. The cations occupy ion exchange sites in the electrolyte membrane and in the catalyst
layer and increase the charge transfer resistance, increasing then the voltages at the electrodes.
Fortunately, this poisoning can be easily solved removing the MEA and cleaning it in liquid
acid, washing away the impurities.
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In addition, the morphology of the catalyst contributes to the eventual degradation. For exam-
ple, thin film electrodes are reported to be less sensitive to agglomeration and corrosion [23].

In the end, it is important to ensure a tight attach of the catalyst layer to the support and the
membrane. To increase the attachment, surface etching methods could be used to increase the
membrane roughness and then the adherence to the catalyst layer, although leading to a de-
crease of the membrane’s mechanical strength.

3.1.2 Membrane degradation

The NAFION membrane of the PEM is the weakest component of the elctrolyser in terms of long
term performance. Its degradation is particularly important because it may lead to a recombi-
nation of the hydrogen and the oxygen and then to H2 and O2 crossover. This phenomenon has
been investigated in a dedicated section in the sixth chapter.

Mechanical degradation can happen due to compressive forces exercised by the bipolar plates
that sandwich the membrane. The compression is done in order to avoid the exits of the gasses,
but micro fractures can be originated due to these compressions. In addition, the increase of
the roughness of the membrane as a result of the increase of the adhesion of the catalyst layer
could lead to a decrease of membrane’s durability.

Thermal degradation is also an important source to consider. The working temperature of the
PEMs is around 60°-80°C, but due to the heat generated during the electrolysis a gradient of
temperature is present across the cell and the MEA’s temperature is relatively higher with re-
spect to the rest of the stack. This could lead to hot spots formations and consequent micro
cracks through the membrane. A correct thermal menagement is important to avoid hot spots
formation and the sudden increase of temperature in the electrolyser.

The introductions of new materials for the membrane such as polyetheretherketone (PEEK),
polysulfone (PSF), and polybenzimidazole (PBI) could lead to a lower production cost and
a higher resistance to higher temperatures, reducing the risk of thermal degradation. Aquiv-
ionTM from "Solvay" shows a wide operating temperature range (up to 150° C), good resistance
to gas crossover and reduced mechanical degradation under high pressure operation [23].

Chemical degradation is originated as a consequence of the degradation of the hydrogen and
oxygen crossover through the membrane. After internal recombination, compounds such as
hydrogen peroxide (H2O3), hydroperoxyl radical (HO2) and hydroxyl radical (HO) are created
and will additionally attack the membrane leading to fluoride and sulfur release. This kind of
degradation can be actually measured measuring the fluoride release rate (FRR) and the sulfur
emission rate (SER) [23]. Since gas crossover normally occurs in small quantities in the cell, a
correspondent little amount of the previously mentioned compounds is normally present but
its amount can vary with respect to the increase of working temperature and current density.

The usage of thicker or more compressible cathode layers could also be a solution especially
regarding the gasses crossover, even if this could lead to the increase of ohmic drops across the
MEA [23].
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3.1.3 Bipolar plates degradation

In the case of bipolar plates, corrosion is the main concern that could affect the plates integrity
and durability. When the anode plate is in contact with the produced oxygen, due to the higher
anodic potential, titanium is oxidized producing titanium ions that reacts with the produced
oxygen and precipitates as TiO2. As a consequence, a thin layer of TiO2 is formed on the sur-
face, increasing the isolation and thus increasing contact resistance. This phenomenon is also
referred as "passivation". Furthermore, in the case of fluoride release, coming from the mem-
brane due to its eventual degradation, a reaction with the TiO2 compound could occur.

TiOy +4H" + 6 F,, — [TiFg]*~ + 2H,0 (5)

The titanium-fluorine ions remain in circulations and can interfere with the membrane occlud-
ing the passages.

3.14 Current collectors degradation

Regarding the current collectors, chemical and mechanical degradations are usually considered.

Chemical degradation is due to corrosion phenomena which mainly involve the Titanium used
at the anode. In acidic conditions, such as the anodic ones, titanium can be corroded and flu-
oride ions coming from membrane degradation can attack the TiO; layer and generate Ti-F~
compounds [23]. Titanium can also be attacked by hydrogen peroxide resulting from hydrogen
crossover and causing titanium ions release in the solution.

These phenomena are similar as the ones previously mentioned for the bipolar plates and, as
for them, coatings are used for the collectors in order to obtain a good oxidation resistance.

In terms of Mechanical degradation, the high compression forces mainly affect the the gas and
water permeability but at the same time they improve the contacts and reduce the ohmic resis-
tances.
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4 Mathematical model

The developed model follows a chemical-thermal approach in order to reproduce as realistically
as possible the behavior of a PEM electrolyser. An initial base model is developed using the basic
equations commonly applied in some already existing models and some implementations are
introduced later to reflect more realistically the real operating of the system.

To validate the results and demonstrate the improved realism of the developed model, an equiv-
alent electrical model of the electrolyser is implemented, how it will be shown later in Paragraph
6.3.

The model is simulated in the Matlab/Simulink® environment and it is composed of four main
blocks: Anode, Cathode, Membrane and Voltage. Furthermore, a thermodynamic block is
present to simulate the thermal behaviour of the electrolyser. All the blocks are interconnected
and outputs of a block are used as inputs for others.

The PEM electrolyser analyzed is a Pt anode and cathode electrolysed based with a NAFION
117 membrane.

The overall configuration is represented below.

P
o
Figure 16: Electrolyser general scheme blocks

4.1 Anode
In the anode, the partial reaction that takes place is the following one:
To simulate the dynamic inside the anode, two mass balances are considered:

dNm,0

—2 = NHQO.in - NHQO.memb - NHQO.an,out (6)

dt
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where:

® NH,0.an in iS the input molar flow rate of water in the anode [mol/s]. It is calculated

considering the Faraday law and an excess of water, expressed by ), in order to keep the

membrane hydrated and to guarantee the cooling effect carried by the water of the cell
itself. The following expression is considered:
n-I

NHZOg,an in = ﬂ - Tleff - ! [mOI/S} (7)

where:

I: electric current supplied to the cell [A]

n: number of cells

2: number of electrons transferred per mole of substance
* for hydrogen and water: n = 2

* for oxygen: n = 4

F': Faraday constant (' = 96485 C/mol)

nest: Faraday efficiency, which can be expressed as:

1—1
Mt = ——— (8)

Where i is estimated to be equal to 1% of the current density.

l: coefficient expressing water in excess |[-|

® NH,0,mem refers to the molar flow rate of water through the membrane, from anode to
cathode [mol/s]

® NH,0,n out refers to the molar flow rate of water going out from the anode [mol/s|

Instead, for the Oxygen Balance:

dNo,
dt

= NOg,gen - NOQ,out (9)

Where:

e No, gen is the oxygen generated, calculated via Faraday’s law:

n .
NOz,gen = Foa Neff  [mol/s] (10)

e~

e No, out is the molar flow rate of oxygen exiting from the anode.
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An initial hypothesis assumes that both O, and H>O behave as ideal gases. Therefore, the ideal
gas law is used to compute partial pressures, considering the evolving temperature of the cell
and the moles in the electrode:

NOy,an - - T

FPo, = v
an

[Pa] (11)

Where:
e T stack temperature [K]
e R: universal gas constant [J/mol-K]
e Van: volume of the anode [m?]
® 10, .an: Moles of oxygen at the anode [mol]

Similarly, for water:

PHQO,an = —H2Oan 77 [Pa] (12)

The pressure at the anode is given by the sum of the partial pressures:
P = POg,an + PHQO,an [Pa] (13)

And then, the molar fraction can be obtained as the ratio between the partial pressure of the
components and the total pressure at the anode:

14
yo2 Pan ( )
B
YH>0,an = H20.an (15)
Pan

And, considering that the total outlet molar flow can be expressed through the following for-
mula:
Nan_out — k;ao . (Pan - el) [mOI/S} (16)

Where:
o Lyt anode outlet flow coefficient [mol/s-Pa]
e P, external standard pressure [Pa]
Then, the molar fractions are applied to obtain the singular outlet molar flows:
NH,0,an_out = YH0,an * Nan_out  [mol/s] (17)

NOg,out = YOs3,an * Nan_out [mOI/S] (18)
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4.2 Cathode

At the cathode, similar considerations have been done for the hydrogen content and water con-
tent. Considering the following partial reaction:

The differential equations used for Hy and H»O are the following;:

AN,
dt

= NHg,gen - NHg,out [mOI/S] (19)

The generated moles of hydrogen can be calculated through Faraday’s law:

n-I

NHQ,gen = ﬁ * Neff [mOI/S] (20)
For the water content: AN,
% - NHgO,mem - NHQO,Cat,out (21)

The water arriving at the cathode will be discussed in the membrane section. Again, itis possible
to calculate the partial pressure for the two using the Ideal Gas Law:

Py, =" py (22)

NH50,ca * R-T

P = Pa 23
H20,ca ‘/c . [ ] ( )
P = PH2 + PHQO,ca [Pa] (24)
B B
YH50,ca = I;;O,ca and YH, = % (25 )
ca ca

The outlet molar flow that exits from the cathode is calculated similarly to the anode case:

Ncat_out = Kco : (Pcat - Pel) (26)

Then, the individual molar flows are:
N H20,ca = YH3O,ca * N, cat_out [mOI/ S] (27)

NHz,ca = YH, - Ncat,out [mOI/S] (28)
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4.3 Membrane

The H+ ions obtained from the partial reaction at the anode are then transported through the
membrane to the cathode side where the HER, hydrogen evolution reaction, happens. Never-
theless, even if water is introduced at the anode side, some molecules are transported thought
the membrane due to three main phenomena: electro-osmotic drag, diffusion and hydraulic
pressure effect. Commonly, it is possible to focus the treatise considering only the electro os-
motic drag and the diffusion term, neglecting the hydraulic pressure one due to the higher
influence that the other two terms have with respect to it [24].

Then, it is possible to consider that the water molar flow through the membrane can be calcu-
lated as:

NHQO,mem = NHgO,diff + NHgO,eod (29)

Where Nyy,0 giff refers to the diffusion phenomenon. It is due to concentration gradient between
the anode and the cathode and can be calculated using the Fick’s law of diffusion:

NH,0,diff = Duw - (C'wct—C'wa> A [mol/s] (30)
me

Where:

o Cyc and Cy, are the water concentration at the cathode and at the anode, which can be
calculated through the density of the membrane at the dry state (pme), the equivalent
weight (EW) of the membrane and the anode and water content (Aan and Acat):

Cwe = % “ Acat Cwa = % “ Aan (31)
The water content of the anode and cathode can be calculated through the water activities
at the two electrodes, aan and acat, which depend on the water partial pressure and the

saturation pressure of the water at the given temperature of operation. Water activities
are expressed as relative humidities due to the previous hypothesis of ideal gas mixture

behaviour: Pt.om Po
Qan = Ta; Qcat = Ta; (32)
An empirical formula is used for the calculation of the saturation pressure [25]:
Pit(T°C) = —2846.4 + 411.24 - T — 10.554 - T? + 0.16636 - T [Pa] (33)

with T being the working Temperature of the electrolyser.

Then, it is possible to make the calculation based on the water activities. The calculations
are conducted both for anode and cathode:

B {0.43+17.18-ai—39.85~a$+36-a§ se0<a; <1 (30)

T 14414 (@ 1) sel<a; <3

Although, in order to simplify the order of complexity of the model, considering a range
of 14 to 25, a general value of 20 has been used for the water content of the electrolyser, as
commonly considered in various literature examples [24].
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e D, is the water diffusion coefficient in the membrane [m?/s]. it can be calculated based
on the temperature of the cell and the membrane water content:

1010 Am < 2
100790 (142- N\, — 2 2< A <3
py— {1070 (12 (A —2) (35)
10710 (3176 - (A — 3)) 3 < Ap <45
1.25-10710 4.5 < A

Where the membrane water content can be calculated considering the mean value of the
water content at the anode and at the cathode,

® imc is the membrane thickness [m],
e A is the membrane area [m?].

Instead, the electro osmotic drag can be calculated as follows:

nd-z'-A

= [mol/s] (36)

NHgO,eod =

where the electro osmotic drag coefficient can be considered as a function of the membrane
water content:

ng =0.0029 - X2, +0.05 - A, —3.4- 1074 (37)

4.4 Voltage of the cell

Considering to work at specific operating conditions, such as a specific T and pressure, a min-
imum voltage is required to start the electrolysis. It is defined as the “reversible voltage” or
Nernst Voltage and it is calculated through the Nernst equation that can be expressed as fol-

lows: RT
Viev =Eo+ —1n (pH2p02> (38)
2F PH,0
where:

e pi,: partial pressure of hydrogen at the cathode side [Pa]
e po,: partial pressure of oxygen at the anode side [Pa]

® pH,0: partial pressure of H20 (if the water is considered all in liquid form the water
activity a=1 is considered instead) [Pa]

e Ej: cell reversible voltage in standard conditions [ V]

EOQ can be calculated using the Gibbs free energy:

= 2o V] (39)
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However, in this model a correlation with respect to the temperature has been used, as follows:

FEo=1.5241 —1.2261-1072 - T 4+ 1.1858 - 107° - T - In T 4 5.6692 - 10~ - T (40)

With T being the temperature at which the electrochemical reaction occurs [24]. The second
part of the expression of the reversible voltage express the deviation from standard conditions
due to the pressure and the temperature variations in the cell.

However, the reversible voltage is the minimum voltage required to start the reaction, but in
reality, several voltage drops inside the cell happens due to internal phenomena, and a higher
voltage is required. The total cell voltage is then defined taking into consideration these internal
overvoltages:

Veell = Vrev + Vact + Vohm + Vaist (41)

where:

o Vi it is the diffusion overvoltage. It is due to mass transport and concentration gradi-
ent between the anode and the cathode. Its contribution can be neglected in the case of
PEM electrolysers as the applied current densities are not too high and the mass-transport
limitation is unlikely to happen at the interface of the membrane and electrodes.

o V. activation overvoltage. It is related to the electrochemical reactions that happen over
the electrodes and considers the energy required to activate the electrochemical reactions
inside the anode and the cathode. The Butler—Volmer equation is used to express the
activation overvoltage, both for the anode and the cathode.

Vact = Vact,an + Vvact,ca (42)

RT i

V, = . inh
act,an aanF arcsin (2 - io@ﬁ)

(43)

RT ;

Vact,cat = - arcsinh !

O4catF1 . ZO,cat

— (an and ac,: charge transfer coefficients [-]
- j: current density [A/m?]
- Jo,an and jo ca: exchange current density of the anode and cathode [A/ m?]

With the following formula for the exchange current density:

_ , [ Ew (1 1]
Jo,an = J0,an-ref €XP | — ;Ct (T - Tref> (44}

. . E 1 1
JO0,ca = JO,ca-ref €XP | — }a{t <T - T f) (45}
re
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Where Eact is the activation energy of the electrodes and jy an-ref and jg ca-ref are the refer-
ence exchange current densities of the anode and the cathode, respectively. The consid-
ered range for the exchange current densities is between 101 -10=* A/m?2 for the anode,
and between 1079 - 10~! A/m? for the cathode [26].

To simplify the calculations, a value of 10712 A /cm2 is considered for the anode and a vlue
of 1073 A/cm? for the cathode.

e Vonm: Considering that in a cell two types of charged species are present, ions migration
and electrons conduction, we should consider two contributions to the ohmic overvoltage
(ionic and electronic). However, since the electronic resistivity is orders of magnitude
lower than the ionic one, we will only consider the contribution given by the ionic resis-
tance through the membrane:

V;)hm = Rohm,i X ] (46)

With j in [A/m2] and Rohm in [ Q)]. It can be expressed as the ratio of the thickness of
the membrane and the membrane conductivity, which can be expressed as a dependence
with respect to the temperature of the cell and the water content of the membrane:

Rohm,i = Omem (47)

Omem

[S/m] (48)

1 1
Omem = (0.514 \mem — 0.326) - exp [1268 <303 - T>

From the voltage of the cell, it is possible to calculate the cell efficiency as the ratio of the ther-
moneutral voltage and the one of the cell:

_ Vi
Tlel V

cell

(49)

The thermoneutral voltage is the voltage at which water electrolysis occurs without any heat
exchange with the surroundings, meaning the process is thermally neutral. It separates the
zone of exothermic and endothermic behaviour for an electrolyser and it can be expressed as

follows:
AH

Vi = ——
th 9. F

(50)

AH is the enthalpy change of the water-splitting reaction, expressed in k] /mol. A value of 1.481
V for the thermoneutral voltage has been considered in the calculations

In the end, since the model refers to a stack made of n cells, considered connected in series, the
same current pass through all the cells but the voltage of the stack has to be considered as the
product of the voltage of a single cell and the total number of cells, considering to have same
behavior and material characteristics:

Vstack = Vcell *n (51)
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4.5 Thermal block

In this section, the thermal behavior of the electrolyser is analyzed. Considering the whole stack
as our control volume, it is possible to write the energy balance in the following way:

dE . . ) . .
E = Qgen - Qloss - Qcool,tot + Z(mz ' hi)in - Z(mz . hi)out (52)
Where the variation of the internal energy of the electrolyser in time depends on:

o the generated heat due to the electrical power of the electrolyser, Qgen,

e the losses due to exchange of heat between the stack and the environment, Qlosss

o the energy associated to the input flows that go inside the control volume and the output
ones that exits

o the heat needed to be removed to maintain the temperature of the electrolyser at the de-
sired range.

The first term, the energy variation with respect to time, can be explicated as follows:

dj_d(cpi‘%'Pi‘T)
dt dt

(W] (53)

V;: electrolyser’s volume [m?]

® ¢,i = CpH,0: heat capacity of water, considered constant during the operation of the
component [J/(mol-K)]

pi = pu,0: density of water, also considered constant [g/m?]

T stack temperature [K]

After these considerations, only the temperature is subjected to changes in time, so the previous
equation can be simplified as follows:

dF dT
g = G0 VP00 (W] (54)

The heat generated in the electrochemical process can be expressed considering the voltage of
the cell, the thermoneutral voltage and the current flowing in the stack, taking into consideration
the whole stack: .

Qgen = Nc(Vcell - Wh)l (55)

Then, since the electrolyser usually works at a temperature higher than the ambient one, it
exchanges heat with the environment through the following formula:

Qloss = Qconv + Qrad = (hc + hr) : Aext : (T - Tenv) [W] (56)

The heat dissipated is due to convection and radiation phenomena.
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o Aq: total external surface area of the stack [m?]
e h.: convective heat transfer coefficient [W/(m?-K)]
e h,: radiative heat transfer coefficient [W/(m?.K)]
Where: ‘
e = 2 (57)

The conductive heat transfer coefficient can be calculated considering the Nusselt Number Nu,
the thermal conductivity kn, and the electolyser length L. For it is considered to exchange heat
with the air, a value of 0,026 W/ (m*K) is considered for kp,. For the Nusselt number, considering
the stack as a rectangular block exchanging heat with slow moving air and considering Re=5000
and Pr=0,7, it can be calculated as follows:

Nu = 0.66 - Re®67 . ppl/3 (58)

Instead, for the radiative heat transfer coefficient:

hy=4-e-0-T3 ( W ) (59)

m? - K
e c: emittance of the material (¢ = 0.6 for rough stainless steel)
e 0: Stefan-Boltzmann constant (o = 5.67 x 1078 W/(m? - K%))
e T},: mean temperature between the stack and the environment.

Regarding the energy associated to the input and output molar flows we have the following
expressions:

D (i - hi)in = MH,0,4, - P04, [W] (60)

Nevertheless, since it is necessary to impose a reference Temperature and pressure, 25°C and 1
bar are considered as standard condition, and because of that the enthalpy at standard condition
is considered as the reference and then is assumed equal to zero.

Instead, at the output we have three flows, in which m0,0ut considers both the water output
at the anode and the cathode. The exiting conditions considered are based on Ty calculated
in the model and for oxygen and hydrogen the expression considered to calculate the enthalpy
makes reference to ideal gas considerations.

Z (mz : hi)out = mHQO,cout . hHgO,cout + mHg,cout : hHg,cout + mOg,cout . hOg,cout [W} (61)

In the end, considering the need to keep the electrolyser at an acceptable working temperature,
and considering that the input water in the electrolyser is itself used to cool down the electrol-
yser, the following formula can be used to simulate a passive cooling:

Qcool,pass = mHinn * Cp,H0 * (Tout - Tw,in) (62)
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For this reason, we work with excess water at the input in order to satisfy the cooling effect and
keep the desired working T.

Nevertheless, during the simulations it was clear that a natural passive cooling could work only
for low values of current, while for higher current densities the temperature was reaching higher
values with respect to the target one. Then, it was needed to introduce an active cooling effect
simulated with an external circuit in which water is circulated through the cooling channels in
order to subtract the excess of heat produced, keeping the Temperature around the target value.

Because of that, the following implementation has been considered:

0, if T < T, £
Qcool,att = . . - (63)
Mext * Cp,H20 * (T - Tref>7 itT > Tref

Where:

Qcoolatt: heat removed actively [W]

mext:€xternal water mass flow used for cooling purposes [kg/s]

® ¢, H,0: specific heat capacity of liquid water [J/kg-K]

T stack temperature [K]

Tlef: target temperature

This formulation takes in consideration an external circuit directly used for cooling purposes in
order to simplify the approach of the model, trying to simplify the real temperature control per-
formed in a cell. From the summation of the two cooling effect we obtain the total one expressed
in the Equation 52.
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5 PartI: Implemented model

The previous model, although based on the fundamental equations used to represent the be-
havior of a general PEM electrolyser, it contains some limitations and forced hypothesis. In this
section, some implementations have been developed in order to make the model more realistic
and to simulate a more correct behavior of the stack.

Firstly, the modeling of the water moles within the cell was refined. The previous utilized for-
mulas were referring to water as an ideal gas when calculating its partial pressure, even though
the inlet water at the electrode is naturally in the liquid state. As a consequence, a reasoning
about the pressures and the moles at both electrodes has been conducted.

Secondly, an implementation regarding a more realistic dynamic behavior of the stack with
respect to variations of the input current was introduced. Switching from a constant input cur-
rent to a variable one, it is not accurate to consider a sudden fast change of voltage without
accounting for internal phenomena such as the double layer effect. In the following section,
an implementation has been carried out in order to reproduce the internal double layer effect,
which normally leads to a slower response of the electrolyser correcting the false sudden change
of the voltage.

A comparison between the chemical-thermal model and an equivalent electrical model is car-
ried out to validate the results and highlight the improved realism obtained with the developed
model.

In the end, an additional implementation has been conducted in order to simulate the crossover
effect of both hydrogen and oxygen through the membrane.

5.1 Water content

The previous approach doesn’t consider the possibility to differentiate between the liquid and
the vapor phase of water at the outlet of the anode and cathode. In fact, even if liquid water
is introduced in the cell, it is still possible to have a portion of water vapor at the exit and a
distinction between liquid and vapor content in the electrode has to be done.

The water balance at the anode can be expressed in the following way:

dNH O’ . . . . . 1' .
th T =N H>0,in — NHZO,mem - H>O,an out = M H>O,in — M Hz0O,mem — (N Pllgo,an out T N, IV{az%,an 0ut>
(64)
The water content at the anode itself is then partially made of liquid and vapour phase:
.
NHQO@H('?) = Nﬁjo,an(t) + NIYIaQ%,an(t) (65)

To distinguish between the two it is necessary to consider the saturation pressure at the working
temperature of the electrolyser. The maximum amount of vapour content that can be present
at the anode is calculated through the equation of the ideal gas in the following way:

, Paat - V.
NI\_/IaPmax(t): zu.;n

20,an

(66)
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From this, considering Nt1,0 an(t), if the calculated moles are higher than the one correspond-
ing to the saturation pressure at the same T, then both liquid and vapor content are present in
the anode; instead, if the amount is less, only the vapor phase is present and with a pressure
lower than the saturation one. In the first case, the amount of vapor will be limited to the one
corresponding to the equation of the ideal gas law with Py, and T, while the rest of the moles
will be of liquid water at a higher pressure than the saturation one.

To sum up:

Case A - Both liquid and vapor:

Nt 1) = N
vap,max )
Nitz0.00(8) 2 Nityo o = | Nit30,an(t) = Nitz0,an(t) = Ny o (67)

PI‘{/ZPO,an = Sat(T)

At the same T of the cell. The liquid water is at the pressure of the anode.

Case B — Only vapor phase:

NIYIaQ%@n(t) = NH2oyan(t)

vap,max NIl{lqO an — 0
NHQO,an(t) < NHgO,an = > vap "R -T (68)
pyap _ H20,an U
H20 Van
Similarly, the output moles can be both in the liquid and vapor phase:
. Cout . out . . vap,out Tiquout . - liq out
Nt = NS + Nits0.an = N8, + NigGiamous + Vig0ian = Nan - + Niigon (69)

From the moles of liquid water at the anode, the amount of liquid water exiting the anode can
be considered as a percentage of the total liquid content:

rlig,out liq
NHgO,an =k- NHQO,an (70)

with k being the liquid water removal coefficient in [1/s]. Depending on the value of £, it is
possible to have a fast or slow removal of water from the anode compartment. The higher £ is,
with an instantaneous draining ideally reached at £ = 1, the faster the exiting of liquid water
from the cell. Instead, the lower & is the greater the accumulation of water at the electrode. The
value of k has been hypotized for the simulation and a value of k=0.8 has been considered.

From that, still calculating the output moles as before, which refers to gasses exiting, we can
write:

Né);staan - Ngl;t + ngaz%,anout = kaO ) (Pan - el) [mOl/s] (71)
still with:
Pan = Po, + P (72)

and the partial pressure of the oxygen calculated as seen before in Equation 11.
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Then, we proceed similarly to before:

\Tout __ \Tout
O, — YOo - Ngas,an (73)
‘rvap ___vap ‘rout
NHQO,anout - yHQO ’ Ngas,an (74)

From this consideration, we take into account that a part of liquid and vapor content of water
can still be present inside the anode, with a part of it (the major content) exiting the electrode.

The same is done for the cathode side:

dNH O v i
Tim - NHgO,mem - NHQO,ca,out - NHQO,mem - (NHz%7caout + Nll{gopaout) (75)
With:
_ arliq vap
NH2O,03(t) - NHgO,ca(t) + NHgO,ca(t) (76)

Similarly, liquid water and vapor water can be both found in the cathode and at the output.
Same considerations are done regarding the moles of gas exiting and the same equations are
used for calculating the number of water vapor and outlet hydrogen.

From these considerations, variations in the thermal block have also to be considered.

The following modification is introduced for the thermal behavior of the electrolyser, including
adjustments related to the output molar flows:

% = Qgen - C.gloss - Qcool + ; (m;n ’ h;n>

. li . li
- [mIO{uztO,liq ) hIiIEO(T) + mIO{uztO,vap ’ (hIiICiO(T) + Ahvap (T)>

g REENT) 4+ B hEH(T) | (77)

A difference between the liquid and vapor exiting flows is introduced. The Ahyap(7") depends
on the working temperature of the electrolyser, which for this tractation is considered around
80°C. Furthermore, it is important to note that the passive cooling effect is carried by the input
water, so still conducted by the water in liquid phase.

5.2 Dynamic activation overvoltage

The previously described model can replicate a correct behavior of an electrolyser when it comes
to a constant input of current, but it presents some limitations with a fast change in terms of
input signal. In particular, it is important to consider that the activation overvoltage cannot
instantly vary from one value to another. To consider this transient passage with a dynamic
input, the double layer effect has been considered in the model .

The double layer effect consist in the accumulation of charges between the electrode and the
electrolyte on both sides of the membrane, resulting in a capacitive effect during the working
operation of the electrolyser. Consequently, it causes a time delay with a slow response with
respect to a variation of the input signal of current.
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Modelling this effect allows to reproduce a real behaviour of the component with respect to a
dynamic input signal [27]. To consider the described phenomena, this implementation for the
activation overvoltage has been considered:

< Vcell
Vact,an Vohm Vact,cath
-—
Ra Vrev Rohm R c
‘D(Ea/\/i —‘C i
I
P cell /‘g
b N

Figure 17: Double layer representation in an equivalent electrical circuit

It is possible to express the voltage of the electrolyser in the following way:

V;:ell = Vrev + Vact,an + Vact,cat + Vohm (78)
with: . ) )
zlc;,an = Flcell - ?Vact,an
a a
7
dvact,cath 1 1 ( 9)
dt = afcell - ? act,cath
c c

e (: represents the double-layer capacitance, defined for both the anode and the cathode

[F]

e 7= R-C: is the time constant [s] of the dynamics, where R4 is the equivalent resistance
(first for the anode, and similarly for the cathode)

The equivalent capacitance of the electrodes is calculated assuming that the double layer be-
haves as a parallel plate collector:
e-A

="

(80)

where:

o ¢ =g, -g(: dielectric permittivity [F/m], where ¢, is the relative permittivity and ¢ is the
vacuum permittivity.

e A: surface area of the electrode plate (anode or cathode) [m?]

e d: distance between the electrode and the electrolyte. A general value of 1 x 1079 m is
assumed. This value is consistent with the typical thickness of the inner Helmholtz layer
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(0.3-0.8 nm) and with the total double-layer thickness (1 nm), which include the Stern
and diffuse layers [28].

The calculation of the capacitance is done both for the anode and the cathode, and to simplify
the tractation, the same value of capacitance is assumed.

To calculate the time constant, a focus has been done with respect to the resistance. Considering
that for ¢ — oo, i.e. in steady-state conditions, the derivative of the activation voltage tends to
Zero:

dVact
= 1
4 = (81)
From the dynamic equation:
1, V. I
0="E - 5 Vig= o (82)
Recalling that 7 = Req - C, we obtain:
Reg - C
Vact = % ' Icell (83)

With item R, representing the equivalent resistance of the considered electrode. Since it is
already known how to express the active voltage in stationary conditions, as previously seen
in Equation 43, then in stationary conditions the two expressions should be the same and from
this we can obtain the equivalent resistance:

R,-T N
=% -  .sinh ' (-1 4
Req a'F'Icell - <2j0> (8 )

R,: universal gas constant [J/(mol-K) ]

T temperature of the electrode, assumed to be equal to the cell temperature [K]

a: charge transfer coefficient [-]
e j: current of the cell [A]
e [': Faraday constant [C/mol ]

Since we are considering stationary conditions for this calculations, the value of the input curret
and the target working temperature of the electrolyser are considered as jand T.

In this way, the time constant is calculated as the product of the C and the cell current and
T = Req - C is substituted in Equation 79 to obtain the complete expression.

The validation of this implementation has been considered valid taking into considerations the
steady state values reached after the transition time similarly to the original validation done in
the base model, since it was not possible to verify in particular the specific values obtained from
the knee in the curves. Although, since the behavior seems to respond similarly to before, this
implementation has been considered accepted.
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5.3 Results

The results discussed in this section will be obtained considering firstly an ideal response with
respect to a constant input current and secondly to a step one. Secondly, a photovoltaic field
will be considered as input power for the stack to investigate the response of the stack coupled
with renewable energy. The outputs under analysis are the partial pressures of hydrogen and
oxygen at the cathode and the anode, the H2 production over time and the voltage behaviour
with respect to time.

The considered PEM is made of NAFION 117 and it is Pt anode and cathode based.The spec-
ifications of the used electrolyser are present in the figure below and have been used for the
analysis. A size of 100 kW has been considered for the stack, and because of that the maximum
current accepted for this simulation has been considered in order not to exceed that power size.

Parameter | Description Value Unit
n Number of cells 380
Tin Temperature of the inlet 25 °C
T. Cell temperature 80 °C
A Electrodes surface 100 cm?
tme Membrane thickness 0.0183 cm
Poxt External pressure 101325 Pa
Vin, Veat | Electrodes volume 0.001 m?3
kao Anode outlet flow coefficient 2.5%x10~6 mol/s-Pa
keo Cathode outlet flow coefficient 2x106 mol/s-Pa
EW Equivalent weight of membrane 1100 kg H>O/kg Nafion
A Density of dry membrane 1.78 mol/m?
20,an Exchange current density (an- 1E-12 A/cm?
ode)
10, cat Exchange current density (cath- 0.001 A/cm?
ode)
Qg Transfer coefficient (anode) 2
Qe Transfer coefficient (cathode) 0.5
Vin Thermoneutral voltage 1.481 \Y%
Mu,0 Water molar weight 18.0 kg/kmol
Cp H,0 Heat capacity of H,O 754 J/mol-K
CpH, Heat capacity of Hy 28.63 J/g'K
0,02 Heat capacity of O, 29.248 J/gK
CpH,0,0 | Heat capacity of HyO (liquid) 418 J/gK
he Convective heat transfer coeff. 15 W/m2K
h, Radiative heat transfer coeff. 45 W/m2K
Aext External area 700 cm?
Toutside External temperature 25 °C
€0 Vacuum permittivity 8.85E-12 F/m
Er Relative permittivity 24
d Distance between electrode and 1E-9 m
electrolyte
A Water content 20
l Excess of water 15

Table 2: Model parameters for the PEM electrolyzer

The electrolyser working temperature has been considered equal to 80°C and this value has been
reached naturally during the simulation starting from an initial Temperature of 25°C. Instead,
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for the working pressure at anode and cathode, no pressure has been imposed but instead they
have been reached naturally depending of the outlet flow coefficients considered.

Stack Temperature evolution
) /
70 /
60
50 /
40 /
30
20
0 50 100 150
Time [s]

Figure 18: Stack temperature evolution

5.3.1 Constant input current

For the first part, a constant input current with a corresponding value of 100 A has been used
and the following voltage response has been obtained. The simulation time is of 150s.

Input current
110 T

108 |

106 [

Current [4]

82~

20 1 1
o 50 100 150
time [s]

Figure 19: Input current

To initialize the voltage, theoretically at the beginning of the simulations the contributions of
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the overvoltages should be considered equal to zero and a gradual increase should be observed
while the electrolyser starts working and because of that, the initial value of the voltage should
be equal to the reversible term expressed in Equation 38.

Voltage vs time
25F T T =

2.45

24

235

[
w

Voltage [V]

0 50 100 150
time [s]

Figure 20: Voltage of a single cell in time

Although, it is possible to see that the starting voltage is a little bit higher than expected, due to
the presence of the overvoltages from the start.

In fact, considering a constant input current and considering that both the Activation and Ohm-
nic overvoltages, Equations 43 and 46, depends on the temperature of the cell, starting from an
initial value of 25°C their initial value cannot be considered equal to zero, but an initial con-
tribution is still to be considered. From these considerations, the higher initial value of the
electrolyser can be justified. A gradual increase can be seen, as expected, following the increase
of the temperature until an asymptotic value around 2.45 V is reached.

To validate the implementations introduced about the phase differences for the water content at
the anode and the cathode and the double layer effect, an equivalent electrical circuit has been
implemented in the model and the voltage curve of a single cell was used for the comparison.
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Equivalent electrical circuit
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Figure 21: Equivalent electrical circuit

The equivalent circuit is characterized by a current input signal introduced through a controlled
current source, and by two parallel connections, in series between them, of a resistor and a
capacitor which represent the behavior of the anode and cathode in terms of activation voltage.
The capacitor models the charge accumulation associated with the internal double layer effect.
The ohmic and resistive overvoltages are included in the model and are calculated separately
in the other part of the system. This section specifically focuses on accurately reproducing and
analyzing the activation phenomenon and the double layer effect.

Regarding the values used for the resistors and the capacitors, they have been calculated us-
ing the flat plate collector formula in Equation 80 and the steady state valued of the resistor
calculated in Equation 84.

Side Resistance | Capacitance
Anode 0.005 0.0021 F
Cathode | 0.00428 2 0.0021 F

Table 3: Resistance and capacitance values for anode and cathode sides

Below it is possible to see the voltage characteristic obtained from the equivalent model.
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Voltage of the equivalent electrical circuit
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Figure 22: Voltage characteristic in the equivalent electrical circuit

As it is possible to see in Figure 22, the starting voltage is 1.35 V, equal to the reversible voltage,
but a fast increase is observed in the very first seconds leading to reaching rapidly the steady
state value of 2.45 V. The curve obtained from the equivalent circuit doesn’t consider the contri-
bution of the Temperature and its gradual evolution, reason why the characteristic starts from
the reversible voltage and a gradual knee cannot be observed, as it is clearly present in the pre-
vious voltage curve in which the initial conditions are considered directly at 25°C also for the
overvoltages.

With respect to the partial pressures of the components at the anode and cathode side, it is pos-
sible to see that the starting pressure at the electrodes is equal to 1 bar, in equilibrium with the
external environment. At the anode side, the total pressure is given by the sum of the partial
pressure of the oxygen and of the vapor content generated, of which the maximum pressure is
equal to the saturation one as already mentioned in the previous chapter. The same considera-
tions but using hydrogen instead of oxygen are made for the cathode.
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Pressures at the Anode
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Figure 23: Pressures at the anode

The partial pressure of both the oxygen and the hydrogen at the beginning is equal to the total
pressure, since no contribution from the vapor is present yet. Then, almost immediately the
vapor content reaches the saturation levels and a pressure of 0.477 bar is obtained. For the
oxygen a more gradual increase is reached and the same can be noticed for the total pressure,
as the sum of the two. The asymptotic values reached are 4.82 bar for the oxygen and 5.3 bar for
the Anode. A higher pressure can be obtained modifying the Anode outlet flow coefficient by
decreasing it. Instead, lower values are obtained for the Cathode side.

Pressures at the Cathode
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Figure 24: Pressures at the cathode
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An asymptotic value of 2.3 bar is reached for the Cathode, with a corresponding 1.82 bar for
the hydrogen. Its partial pressure is quite low due to the use of a higher cathode outlet coeffi-
cient with respect to the anode’s one. To obtain higher values of hydrogen’s pressure, a lower
coefficient must be used.

Regarding the Hydrogen production, it is possible to see a fast increase around the first tens of
seconds and then an asymptotic value below 0.2 mol/s. The hydrogen production is constant
during the operation of the electrolyser due to the constant input current.

H2 production

H2 production

0.15

H2 [mol/s]

0.05

0 50 100 150

Figure 25: H2 production

5.3.2 Step input current

In a second analysis, a variable step input current shown in Figure 26 has been considered to see
the difference of response of the PEM in terms of pressures, voltage and hydrogen production.
The main goal of this analysis was to enhance the implementation obtained with respect to the

voltage.
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Input current
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Figure 26: Variable input current

All of them tend to reproduce the characteristics they had in the previous analysis and tend to
increase as the input current increases, but following the change of magnitude of the current
still with a knee and then a steady-state value.

Anode's pressures

Cathode's pressures
T

(a) Pressures at the anode (b) Pressures at the cathode

Figure 27: Pressures at the electrodes.

The implementations introduced the main difference compared to the reference electrical model.
In the latter, the transient evolution of the voltage during the changes of amplitude shows a small
knee due to the double layer effect represented by the presence of the capacitances, but it is not
well defined and a faster change is present. In reality, a slower change is despicable due to ther-
mal dynamics adjustments with changes in heat generations and cooling effect of the cell, to
electrochemical reaction kinetics with OER and HER adapting to new current and also to water
transport through the membrane and oxygen and hydrogen outputs.
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The current model takes into account these variations and a more explicit transient is visible
during the changes. The values reached during the simulations in both the model were pretty
much the same, which is useful to show the valiation of the chemical one, but with a main
difference in terms of curves evolution.

Voltage vs time
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]
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0 50 100 150 200 250 300
time [s]

Figure 28: Voltage of a single cell in the electrical model

By a comparison of the two characteristics it is possible to see how during the first input current
of 10 A the starting value of the electrical one is equal to 1.415 V and this value is kept for the
whole durations of 100 s. When a current variation is introduced, reaching 50 A, a rapid increase
up to 1.86 V is obtained. From that, during these other 100 s it is kept almost constant increasing
only up to 1.88 V. Then, again, after a change up to 100 A the voltage has a fast increase up to
2.43 V and then a steady state of 2.45 V.

This behavior does not accurately reflect the variations observed in a real electrolyzer.
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Voltage vs time
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Figure 29: Voltage of a single cell in the chemical model

In the chemical model, the starting voltage is still 1.41 V, but a sudden increase brings it to 1.86
V. This occurs because the overvoltages in the electrolyzer were initialized as zero at the starting
time, while in reality both ohmic and activation overvoltage already have small values due to
their dependence on temperature. The voltage then gradually increases to around 1.9 V, which
is close to the value reached by the electrical model after the first time interval.

When the input current changes, a smaller and fast voltage rise is observed, followed by a slower
increase, mainly driven by thermal dynamics. The transition from 10 A to 50 A causes a signifi-
cant heat generation in the cell, contributing to a slower initial adjustment. The voltage eventu-
ally reaches 2.2 'V, and during the final current change and time interval, it rises more gradually
from2.34 Vto 245 V.

The steady-state value reached in this last phase matches the one obtained in the electrical
model. However, in this case, the transient evolution more realistically reflects the actual be-
havior of the electrolyzer.

In the end, the following hydrogen production is obtained.



page 54 Master Thesis

H2 production
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Figure 30: H2 production with a variable current input

It is possible to see how the thermal dynamics mainly affect the voltage characteristic, while the
H2 production in mol/s similarly follows the behaviour of the input current with so significant
transition delay.

5.3.3 PV input power

For a more realistic analysis, a new power input from a photovoltaic plant was introduced to
analyze the behavior of the electrolyser and its hydrogen production with respect to a daily
changing input current. The sampling time considered switched to an entire day of 8600 s and
all the power produced by the PVs has been entirely sent to the electrolyser. Because of this, the
plant has been modeled considering, as previously mentioned, a stack of 100 kW and the same
working conditions as before have been considered, both in terms of geometry and maximum
working temperature of 80°C.

The data reported below refers to a single photovoltaic panel. Furthermore, the irradiance val-
ues have been extracted through the PVGIS software considering June as the reference month
and Barcelona, Spain, as the city.

Parameter | Description Value
- Slope 45°
n Efficiency 0.23
Apy Surface 1.7922 m?
l System Losses 14%
- Material Crystalline Silicon

Table 4: PV Data
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Starting from the irradiance, to obtain the solar power the following equations have been used:
P=TIrr- Apy -1 (W] (85)

The calculated power is then multiplied by a number n in order to consider a total photovoltaic
field capable of producing a maximum input power of 100 kW, equal to the stack’s capacity. The
optimum field size is then equal to 501.81 m2.

Considering that current is used as input for the model, the power has been divided by the
voltage of the stack. In Figure 31 it is possible to see both the solar power and the input current
curves during the day. The production starts after 5 AM and reaches the maximum at midday,
with a slow decrease in the afternoon and then a stops around 6 PM.

Solar Power and Input Current
120F T T T T

Sclar Power [kW]
Input Current [A]

Figure 31: Input power and current

All the previously analyzed parameters, such as the cell voltage, the anode and cathode’s partial
pressures and the hydrogen production show the same curve behavior as the input current.
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Voltage vs time
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Figure 32: Voltage of a single cell in time

The cell voltage increases from early morning until midday, then decreases in the afternoon
until evening. The maximum value reached is 2.4 V, corresponding to a current higher than
100 A. In the previous analysis, for a current of 100 A, the voltage exceeded 2.4 V because the
current was kept constant for a longer period, allowing the voltage to rise until a steady state
value reached after the transient.

In the present case, due to the dynamic variations of the input current caused by weather con-
ditions and solar exposure, the transient is shorter and subject to rapid changes, preventing the
voltage from stabilizing at a constant steady state value.

Instead, the peaks of the anode and cathode pressures are higher than the average values reached
before, still due to the less stability introduced by the changing renewable energy.
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Pressures at the Anode
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Figure 33: Pressures at the anode

Pressures at the Cathode
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Figure 34: Pressures at the cathode

It is possible to see how the maximum hydrogen production is reached around midday, with a
peak of more or less 0.221 mol/s, a little bit higher with respect to the previous analysis due to
the higher current reached at midday. With this working conditions, about 12.03 kg of hydrogen
and 9.607 of oxygen can be produced per day.
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H2 production
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Figure 35: H2 production with a solar power input

It is possible to conduct an analysis to see the effects that the photovoltaic size has on the hy-
drogen production rate. In Figure 36 a comparison between different PV field sizes and conse-
quently kilograms of hydrogen produced in a day are represented.

Hydrogen production for different field sizes
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Figure 36: Sensitivity analysis for photovoltaic field

The PV size that produces a power equal to the electrolyser capacity, 501.81 m2, can be consid-
ered as the optimum one since for lower values an underutilization of the device is obtained
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and for higher values the need for a storage is introduced. For dimensions lower than that, the
hydrogen output increases almost linearly until the optimum value of 501.81 m?2 is reached. Af-
ter it, for a higher increase of the field, there’s a slower increase of hydrogen production leading
to a curvature and a faster growing behaviour of the curve.

For values lower than the optimum field size the maximum rated power is not reached meaning
that the stack is underutilized with respect to its capacity. If a smaller size for the photovoltaic
field is chosen, the additional required power could be taken from the grid, integrating even-
tually the electrolyser into grid regulation processes needed for restore the equilibrium in the
event of fluctuations caused by renewable sources.

For higher sizes with respect to the optimum one, higher input currents will be reached dur-
ing earlier hours of the day and the hydrogen production will reach higher values even before
midday. In order to respect the size of the electrolyser and to not exceed 100 kW, once the in-
put current becomes too high for its size the additional produced power overcoming the limit
should be stored in a battery and then reused in the afternoon/evening hours of the day to
compensate for the lower production, reaching a more stable and constant behavior during the
whole day. Nevertheless, for the graph it is possible to see that an overdimensioning approach
doesn’t lead to a greater return, but to a diminishing one instead.

Furthermore, even if not directly investigated, the associated costs to the greater size would not
be compensated by the small marginal gains in hydrogen production, leading to the conclu-
sion that overdimensioning the PV field is not the right choice, unless it is coupled to storage
batteries eventually re used in a second moment.
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6 Part II: Modeling hydrogen and oxygen crossover

6.1 Degradation consequence: Hydrogen and Oxygen crossover

The normal state of working of a PEM electrolyser consists in the transport of H+ ions from the
anode to the cathode side, with the formation of H2 at the latter electrode and the “expulsion”
of the produced gas from the cathode outlet channels. Nevertheless, a small quantity of hy-
drogen permeates the membrane in the opposite direction, going back to the anode. The same
happens to the oxygen produced at the anode, that passes through the membrane and reaches
the cathode side. This phenomenon takes the name of hydrogen and oxygen crossover and has
several consequences in terms of reduction of Faraday efficiency, membrane degradation and
risk of explosion due to hydrogen’s lower level of flammability in air being equal to 4%. Hy-
drogen crossover is estimated to be twice as much as the oxygen one, therefore only the H2
permeation will be developed in the following chapter [29].

BPP B
deioiie |5 ":| Lpa L Laga] 0,
&9
Cathode : % :
BPP

Figure 37: Hydrogen and Oxygen crossover scheme [29]

As previously mentioned in the third chapter, a small percentage of crossover naturally happens
in the normal working conditions of the electrolyser, but degradation phenomena may increase
the rating. Hydrogen crossover is affected by the increase of temperature and decrease of thick-
ness of the membrane, by hydrogen pressure enhancement on the MEA and by the compression
of the gas diffusion layers. The thinning of the membrane decreases the separation path between
the anode and the cathode easing the gasses permeation, same as the presence of hot spots that
could cause micro cracks on the membrane’s surface offering a new path of permeation. Hydro-
gen’s pressure on the membrane also affects the crossover, "pushing" the H2 molecules through
it. The low pressures obtained from usual working conditions do not contribute in particular
to the permeation, but an eventual compression of gas diffusion layer due to reduction in its
thickness and porosity, as mentioned in [29], could contribute to its increase.

Given the limited availability of equations in the literature and the impossibility to obtain spe-
cific chemical parameters without direct measurements, the reproduction of the previously
mentioned degradation phenomena becomes extremely difficult.

In this section, the gasses crossover under normal working conditions has been investigated and
additional equations to the previously developed model have been introduced in order to re-
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produce the internal phenomena. The amount of hydrogen content at the anode was calculated
considering the effect of current density and working temperature changes.

For the modeling, the main references were a section of the article "Energy Conversion and Man-
agement: X", a section of the forum "Applied Energy" and a section of the journal "International
Journal of Hydrogen Energy", [24] [30] [31].

In general, it is possible to explicit the variation of the mass flows in the cell in the following
way:

% = Nit,0,n — Nt;0mem — N II{iZO,an out — N ;Iag%,an out
Anode ngit“” = —Noy,anout + Nog,gen — N&, — NG
% = —Ntganout + N& + NoJl — Ngg
(86)
% - NH?O'mem - <N ﬁi%,ca out T N Iljfczlo,ca out)
Cathode § 0t _ o 4 N+ NG
% = —NH2,caout + NHQ,gen — NI%QP — Nl‘flgff + Nﬁ‘;

Equation 9 is modified adding the terms related to oxygen permeation through the membrane,
similarly to Equation 19 with hydrogen permeation. The water balance at the anode and at the
cathode previously described in Equations 64 and 75 are the same and two additional equations,
one for the anode and one for the cathode, are introduced. These account for the presence of
hydrogen at the anode and oxygen at the cathode.

Theoretically, the two permeate the membrane through similar mechanisms as water, and it
is possible to consider the amount of hydrogen and oxygen permeating the membrane in the
following way:

e = N - N+ R

L . 87
gem = N&¥ + NS, &

The oxygen permeation doesn’t consider the term related to pressure difference, since it is more
impacting for the hydrogen permeation, while the negative sign of the electro-osmotic compo-
nent is due to the opposite direction with respect to the other two components. To simplify the
analysis, the electro osmotic molar flow is neglected for both the gasses, since the main cause of
permeation is due to diffusion phenomena having the electro osmotic one impacting more the
water passage through the membrane [31].

As a consequence, in the following formulation we treat two flux densities. The diffusion flux
density is obtained through the Fick’s law and it depends on the permeability constants, pres-
sure differences of the gas between the anode and the cathode and the membrane thickness.
Instead, the flux due to pressure difference, here only defined for the hydrogen, reflects the
different pressures between the anodic and cathodic catalyst layer and introduce an additional
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driving force and it depends on the permeability coefficient and on pressure difference between
the hydrogen at the cathode and oxygen at the anode [24].

Consequently:
Agem — sdifp%ai —L oy sdppfi;; - % (mol/(s - m?)] (88)
cmem _ _dif . POs 2
o, = €0,y [mol/(s - cm?)] (89)
Where:

. E%igz permeability due to concentration differences between the anode and the cathode
[10~ mol/(cm - 5 - bar)]

E%‘;: permeability due to pressure differences [107! mol/(cm - s - bar)]

e tme: membrane thickness [cm]

cat

e pf: partial pressure of hydrogen at the cathode side  [bar]
e pfi: partial pressure of hydrogen at the anode side  [bar]
e pg,: partial pressure of oxygen at the anode side  [bar]

The permeability coefficients are dependent on the hydrogen solubility and the diffusion coef-
ficient, which furthermore depends on the working temperature. To simplify the discussion,
and due to the lack of elements in the literature, constant values are assumed and constant
permeabilities are considered.

The pressures of the oxygen at the anode and hydrogen at the cathode are the same calculated
in the previous section. Instead, a simplification is performed on the partial pressure of the hy-
drogen at the anode side, considering it negligible with respect to the oxygen and water content
at the anode [31]. In this way it is possible to neglect it following the same consideration done
by Schalenbach et al.

To obtain the constant values, direct measurements on the electrolysers have to be done in order
to get the specific fit-in parameters. In theory, starting with initial guessing direct measurements
are done on the component and the initially hypothesized constants are adjusted in order to
minimize the error between the model and the measurements. Since it was not possible to
perform direct measurements on an electrolyzer, the values for these constants are taken from
the previously mentioned paper making reference to a PEM electrolyzer using a Nafion N117
as a membrane, with 183 um thickness.

The values are reported in the table below. The developed model can be easily adjusted by
inserting specific parameters obtained from direct measurements. However, considering that a
PEM electrolyzer with the same membrane and working temperature should generally exhibit
similar characteristics, values similar to those reported can typically be expected [31].
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Gas | ¢ (10~ mol/cm-s-bar) | %P (10~ mol/cm-s-bar)
Hs 4.65 2
Os 2 -

Table 5: Fit-in parameters

The final expression of the molar flow of hydrogen and oxygen through the membrane are
expressed below:

) pcat pcat o pan
Nmem,Hy = 5dlf% + Edp% [mol/(s - cm2)] (90)
. it PO, 2
Nmem,02 = €0, ° > [mol/(s - cm?)] (91)

To conclude, the amount of hydrogen at the anode side, with respect to the oxygen content, is

expressed as:
S mem

n
Hoyin O (%) = — 2. 100 92

The oxygen content at the cathode side, being usually less considerable with respect to the hy-
drogen one as previously mentioned, has not been investigated.

The hydrogen percentage with respect to oxygen has been calculated for various input current
densities. The dependence on the input current is not immediately visible, but it indirectly
affects the hydrogen percentage due to the variations on the pressure that it causes.

Hydrogen percentage in oxygen at the Anode
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Figure 38: Hydrogen content on the anode side with respect to varying current density
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It is important to note that the hydrogen percentage never exceeds the 2% safety threshold typi-
cally considered in industrial applications. The values remain notably low primarily due to the
membrane thickness and the relatively low pressures on both the anode and cathode sides.

For lower current densities the hydrogen permeation at the anode shows higher values with
respect to higher current densities. It can be explained considering that the higher the input
current, the higher the oxygen generation and the lower the amount of hydrogen with respect to
the total oxygen content. As a consequence, the electrolyser performance and safety conditions
tend to be greater with higher power input and higher current densities.

For target temperatures different than 80°C it is possible to see the following behavior:

Hydrogen percentage in oxygen at the Anode
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0 0.5 1 1.5 2 25 3
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Figure 39: H2 percentage at the anode with different working Temperatures

From this analysis it is possible to see that, the higher the working temperature of the electrol-
yser, the lower the hydrogen content at the anode for the same input current density.

To understand this behavior it is important to consider that, with an increase of the tempera-
ture, the diffusivity of hydrogen increases because the molecules gain more energy and have a
higher movement also through the membrane. Then, the first term of the diffusivity contribu-
tion in hydrogen crossover increases with the temperature, due to an increase of the permeabil-
ity coefficient. Although, considering that with an increase of temperature there’s an associated
increase of the partial pressure of the gasses, as it was seen in Equation 11 with oxygen partial
pressure, it is possible to consider an increase both for the hydrogen pressure at the cathode and
oxygen pressure at the anode. The higher increase of the oxygen partial pressure, with respect
to the hydrogen one, is the reason why the second term in Equation 90 related to the pressure
difference decreases. Then, with an increase of temperature, generally the first term increases
while the second one decreases. Nevertheless, the decrease of the second one results being
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higher than the increase of the diffusivity component, leading to a decrease of the hydrogen
permeation. Since the number of moles of generated oxygen are the same, not being affected
from the change of temperature as outlined in Equation 10, in the calculation of the hydrogen
percentage in oxygen at the anode the amount decreases with an increase of temperature.

This reasoning is still valid even if constant parameters are assumed for the permeability coef-
ficients, because even if the increase of the diffusivity coefficient with the temperature cannot
be represented, the increase of hydrogen partial pressure in the first component is still present.
Furthermore, it is validated from the different results and analysis present in the literature, as
previously cited.

This difference is more evident for low input current densities, while the curves tend to get
closer for higher values to the point that they cannot almost be distinguished.

It is also interesting to note that these kind of electrolysers are able to work safely even with
low input current densities, where the hydrogen crossover percentage is higher, resulting in the
possibility of using the PEMs for applications that require a flexible modulation and various
working operations. They can be easily coupled with a renewable energy technologies, as we
have seen in the previous chapter considering the coupling with a photovoltaic field, being able
to work with both low and high current densities without encountering significant safety issues.
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7 Conclusion

In this thesis a dynamic realistic model of a PEM electrolyser has been analyzed and simulated
through the Matlab/Simulink® environment.

The developed model, which integrates both electrochemical and thermal phenomena, has
shown an increase in the degree of realism of the response of the electrolyser, especially with
respect to a changing input current as it was seen with a step signal and with the introduction
of a photovoltaic module. The introduction of the double-layer capacitance, the differentiation
between liquid and vapor phases within the electrodes and the thermal response allowed to
reflect the dynamics during a transient response to current variations, reflecting the strict cor-
respondence between chemical-kinetic parameters and electric-thermal ones.

The simulations under photovoltaic input current resulted in the existence of an optimal size
for the PV field which ensures the match and the full utilization of the electrolyser capacity.
For smaller fields, the stack remains underused and external grid support would be necessary,
while an oversizing leads to diminishing returns in hydrogen production and would require
additional storage systems to avoid overloading the electrolyser. This underlines the importance
of a careful dimensioning of the system, especially in terms of correct energy exploitation and
cost management.

Furthermore, the analysis of hydrogen crossover under normal operating conditions confirmed
the safety of operation even under low current densities, which usually put the device in a crit-
ical operating condition. In the results, the hydrogen content at the anode never exceeded the
industrial safety threshold of 2%. In addition, the results also showed that higher operating tem-
peratures and current densities lead to safer and more efficient working conditions, supporting
the flexibility of PEM electrolysers in couple with intermittent renewable sources, being able to
work both with low and high current densities and to adapt without a significant time delay
with respect to a changing input power.

Finally, although the model relies on some constant parameters assumed during the calculations
due to the lack of possibility of conducting direct measurements, these can be easily replaced
once direct measurements from a real electrolyser are available. The model provides a valuable
tool for comparison and prediction, offering a useful insight on the possible future behaviour
of a PEM electrolyser under varying operating conditions.
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8 Simulink model blocks

8.1 Anode
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Figure 41: Hydrogen percentage in Oxygen scheme and blocks
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8.2 Cathode
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Figure 42: Cathode scheme and blocks

epsilon_diff_cat
Po2,an Foen () moll(s*om)

tme*100 ‘
cm

No2,mem [molis]
No2mem

Figure 43: Oxygen crossover scheme and blocks

8.3 Membrane
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Figure 44: Membrane scheme and blocks
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Figure 46: Water content at the cathode
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8.4 Voltage
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Figure 47: Voltage scheme and blocks
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Figure 48: Activation overvoltage scheme and blocks
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Figure 49: Conductivity calculation blocks
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8.5 Thermal Block
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Figure 50: Thermodynamic balance scheme and blocks
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Inlet Flows
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Figure 53: Outlet energy flows scheme
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Figure 54: Convection and Radiation losses scheme and blocks
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