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Abstract

The Green House Gas emissions in the atmosphere and the corresponding rise of temperatures
represent an ongoing global issue. Knowing that the main emitting sources are in the energy
sector is pushing countries all over the world towards a diffusion of the renewable energy
sources (e.g. solar, wind) to cover an increasing energy need. In this direction, some challenges
arise in terms of efficient utilization of the surpluses and deficits, distributed resources,
reliability and integration for the grid stability. Energy storing system could be required to deal
with intermittent operations of this energy source. To address such challenge, hydrogen can be
considered a good alternative candidate. Indeed, the element can be meant as an energy vector
produced for example exploiting the electricity surplus in the process of water electrolysis and
then used blended in the gas network, in chemical sector, in transport or further converted into
electricity through fuel cells. In this thesis, a detailed literature review is conducted to study
different hydrogen production technologies. Therefore, in the proposed work, a detailed model
of a Proton Exchange Membrane Water Electrolyzer (PEMWE) and the chemical degradation
phenomenon of PEMWE is analyzed.

In particular, a mathematical model of PEMWE operation at steady state is developed.
Simulations are performed by varying the operating conditions (temperature, current density
and pressure) and the effect on the cell voltage is examined in MATLAB® environment. In
addition, a chemical degradation model is analyzed to study the membrane dissolution in
absence of metal-ions impurities source, showing the influence of the operating parameters on

the degradation phenomena.

Moreover, contributions to research activities and foundation for further optimizations of PEM
water electrolyzers are the major outcomes of this work. These activities are performed as a
part of Clean Energy Export research project that exploits Norway’s potential for future energy

export to Europe.
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1 Introduction

With a growing awareness and interest in sustainable energy system an increasing number of
countries are setting ambitious goals with the aim of reducing greenhouse gases emissions and
the related increase of global temperature. This is the case of the European Union that, as stated
in the European Green Deal (European Commission, 2019), aspires to the climate neutrality by
2050 compared with 1990 levels. In order to reach this objective an important intervention on

the energy system is needed and in this transition hydrogen will have a key role.

The International Energy Agency (IEA) in its report for the G20 in Japan, The Future of
Hydrogen (IEA, 2019), highlights the relevance and the opportunities of this low-carbon
chemical energy carrier as a leading option to decrease the emissions. Its properties of being
stored, involved in combustion and in chemical reactions are similar to the common fossil fuel

(natural gas, oil and coal).

The opportunities of H, range from road transport to steel production to energy application
(industry, transport, heating, cooling, power generation.). Its variability (SBC Energy Institute,
2014) can help energy balancing on a system level providing with both temporal and geographic
flexibility in a pathway consistent with rising shares of renewables, as well as it can assure

energy security.

As pointed out in the special report above mentioned, it has been already displayed the
feasibility of the conversion of electricity into hydrogen and back or further converted to other
fuels. As a consequence, end users will be less dependent on specific energy resources and the

energy supplies resilience will grow (IEA, 2019).

Moreover, high energy density of hydrogen makes this element suitable for MWh to TWh
storages, such as pressurized cylinders or underground in salt caverns, depleted oil and gas
reservoirs and saline aquifers (F. Zhang et al., 2016). By means of a conversion of electricity
into hydrogen, this chemical energy carrier can match the variable energy supply and demand,
smoothing peaks and valley. Eventually, facing the main issue of variable renewable energy

sources, it can boost their diffusion.
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Concerning transport sector, hydrogen is gaining success as a low-carbon fuel for long ranges,
such as road freight, rail and shipping (Brandon & Kurban, 2017).Indeed, it can be used in

combustion engine or providing electricity to electrical vehicles using fuel cell technologies.

In the near-term scenario, blending hydrogen in the existing natural gas network is a real
opportunity. IEA (IEA, 2019), reports that the low-concentration, low-carbon, blending path
could help reducing emissions, estimating, for the 2030, a use of hydrogen potentially up to 4
Mt just for heating buildings. Its potential is seen considering the dense cities, as well as
multifamily and commercial buildings. Here, the transition to the use of heat pump is more
challenging. In addition, the same report of the International Agency proposes, for longer-term
prospect, hydrogen directly used in boilers or fuel cells in the heating network. In any case, it
is also highlighted the need of infrastructure upgrades and of safety studies to provide public

reassurance.

Even though nowadays it has a marginal role in power generation, the introduction of hydrogen
could be interesting, also to reduce carbon emissions in the existing coal power plants or for

hydrogen-fired gas turbines and combined-cycle gas turbines.

Therefore, hydrogen can be considered a great opportunity for simultaneous and multi-sectoral
decarbonization, leading to a more flexible electric system with the creation of new paths
connecting different energy carriers (i.e. electricity, gas and heating) with different final uses

(IEA, 2020a).

1.1 Background

The proposed work is part of the Clean Energy Export (CEE) research project, developed inside
the Department of Energy and Process Engineering (EPT) at the Norwegian University of
Science and Technologies (NTNU). The aim of the CEE is to provide strategic guidance and

investment support for exploiting Norway's potential for future clean energy export to Europe.
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Figure 1-1 Clean Energy Export proposal

As shown in figure 1-1, The Norwegian energy system could mainly rely on two flexible energy
sources - hydropower and natural gas — and a variable renewable energy source, wind. This
flexibility will place the country “in a unique position in the long-term perspective, when
renewable intermittent power production will become a larger part of the European energy
supply”, as stated in (Skar et al., 2018). In the same document, prepared by the Centre for
Sustainable Energy studies and Forskningssenter for miljovennlig energi (FME), it is
highlighted that not expecting an increase of the internal energy demand, the potential
development of more wind farms would generate a significant grown of the already positive

net energy export.

Indeed, the energy production in Norway is in considerable surplus with respect to the total
energy consumption (almost ten times in the 2018,(IEA, 2020b)), but new wind farms and
small-scale solar power plants are plan to be built as stated by Caroline Ostlie. The head of the
Strategic Market Analysis unit in Statkraft, leading company in hydropower and Europe’s
largest generator of renewable energy, affirmed that around 20 TWh to 30 TWh of wind power
are under construction or licensed in the Norwegian and Swedish regions. Moreover, an
upgrading of the existing generation facilities is expected concurrently to the construction of

small-scale power plants (Energy: Do We Have Enough Power to Face the Future?, 2019).
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As aresult, this new production is intended to be exported to the neighboring countries, directly

on the electricity network or following other energy carrier, such as hydrogen.

The main opportunities and challenges of CEE concerns cost-effective investment in new
infrastructures, energy systems with intermittent energy production (e.g. renewable energy

sources) as well as increasing data requirements and improvement of data quality.

Under this research path, the following work is focused on hydrogen production technologies.

1.2 Proposed work

1.2.1 Purpose

The following work aims to set the basis for an optimization of the Proton Exchange Membrane
(PEM) Water Electrolyzer (PEMWE) technologies in term of variation of the operative
conditions of temperature, current density and pressure considering the degradation
phenomena. In order to accomplish this target, after a detailed literature review of the equations
linked to this device, a mathematical model is developed in the MATLAB® environment. Thus,
as main purpose of the thesis, a sensitivity analysis is presented varying the above-mentioned

parameters.

1.2.2 Limitation of the scope

The thesis presents several limitations in terms of analysis and approach to the modelling. Using
the sub-categorization of the different modelling approaches suggested by (Gao et al., 2012),
the work is focusing only on zero-dimensional, steady state models, where analytical and semi-
empirical equations are combined on single cell areas to describe electrochemical and chemical

phenomena. The scheme of the mentioned limitations is described in the figure 1-2.
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Figure 1-2 Model classification chart according to the sub-categorization of (Gao et al.,

2012).

1.2.3 Objectives
The purpose described before is further subdivided and pursued by means of the following work

objectives:

e Conduct thorough literature review of the state-of-art hydrogen production technologies
and select the optimal method.

e Study the phenomena and models proposed in the open literature of the PEM
Electrolyzers and its degradation.

e Develop a simplified model to be implemented in the MATLAB® environment.

e Perform a sensitivity analysis of the performance of the PEMWE.

1.2.4 Research approach

The thesis results from the following research path:

e Collaboration with the co-supervisor Postdoctoral Fellow Gaurav Mirlekar from the
beginning to the deadline of the master’s thesis, as well as with the supervisor Associate
Professor Lars O. Nord.

e Additional meetings with the research group of supervisor Associate Professor Lars O.

Nord

1.2.5 Contribution

The contribution given by this work consists in the realization of a model that gathers the state-
of-art analysis concerning the phenomena of the PEM electrolyzer operation and degradation,
in suggesting a possible simulation as a starting point for a successive optimization of the

operational parameters, missing in the literature for this device. Indeed, throughout the
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implementation and further development of this tool, we aim, on the application level, to

improve the production calculation and forecast and to refine, then, the economical evaluations.

1.3 Organization of the thesis

The structure of the thesis consists of six chapters. In the first chapter, to which this section
belongs, the topic of hydrogen production and current status is introduced as well as the
motivation and the origin of the thesis is explained. The second chapter aims to show the state-
of-art of the hydrogen technologies for various sources and processes. The third chapter
compares the technologies described. Selected the optimal technology, its mathematical
modelling and electrochemical phenomena and chemical degradation issue are explained in the
fourth chapter. The fifth chapter is, thus, dedicated to the discussion of the results and to the
sensitivity analysis. Finally, the conclusions and possible further works are presented in the

sixth chapter.
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2 Hydrogen production

Hydrogen production can follow several paths, employing different energy sources and
technologies: from fossil fuels, to biomass or water.
Matural Gas Steam Methane Reforming

oil Autothermal Reforming —
Partial Oxidation

b4

Coal

v

Coal Gasification —

4,{ Hydrogen ‘

v

Biomass Gasification —

Renewable
Emergy Electricity Electrolysis —
Sources

Figure 2-1 Prevalent pathways for producing hydrogen

Biomass

Nowadays, the required hydrogen in its pure form, 70 MtHz/year (IEA, 2019), is supplied
mainly by fossil fuels (in Europe 90,6% of hydrogen according to the Clean Hydrogen Monitor
produced by EU in 2020 (Hydrogen Europe, 2020)). Around the world, natural gas, by means
of reforming processes, counts for the 76%, whereas coal covers the 23% through coal
gasification. However, green hydrogen, produced by renewable energy sources by means of
water electrolytic processes, is gaining attention. This phenomenon can be related, a part from
the environmental issues, to the decreasing cost of the electricity produced by renewable, in

particular solar photovoltaic (PV) and wind power.

Considering that the prevailing quote of hydrogen production is highly dominated by on fossil

fuels, it is clear how the H» generation is strongly connected to a high level of
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CO; emissions: 830 MtCOx/year, as reported by the International Energy Agency (IEA, 2019),
considering the cumulative emissions of natural gas (10 tCO/tHz), oil products
(12 tCO2/tH2) and coal (19 tCO»/tH>).

In the following section, we will analyze the main production technologies towards a final

comparison.

2.1 Hydrogen from natural gas

Commonly referred as Grey hydrogen, or Blue Hydrogen (if CO; is captured), the hydrogen
can be produced through natural gas, being the latter a source of methane (CHs). This compound
can be treated with thermal processes such as Steam Methane Reforming (SMR), Partial

Oxidation and a combination of them: Autothermal Reforming (ATR).

2.1.1 Steam Methane Reforming (SMR)

SMR represents the main method for hydrogen production. This process, already mature,
consists in a reaction of a high-temperature steam (500°C-900°C) under 3-25 bar of pressure,
reacting with the methane, present in the natural gas. The products obtained are hydrogen,
carbon monoxide and carbon dioxide in small quantity. The reaction occurs with a steam-to-
carbon (S/C) ratios of 2.5-3.0 (Voldsund et al., 2016) and in presence of a catalyst, often with

a Ni-based (having low cost and sufficient activity).

The reaction is highly endothermic: it required heat for proceeding. As a consequence, as
highlighted by (Subramani et al., 2010), high temperatures as well as low pressure and high S/C
ratio, (positive for low carbon deposition, although negative for an energetic and economic

side), facilitate the reaction.

After the reforming reaction, the carbon monoxide and the water, in steam phase, are involved
in the “water-gas shift” reaction (WGS), producing carbon dioxide and additional hydrogen,
through the use of a catalyst and at high pressure (10-60 bar) to increase the reaction rate

(Mendes et al., 2010).

This reaction, slightly exothermic, is usually performed in two stages at different temperatures:

High Temperature (HT) WGS at 320-360°C to boost the kinetics of the reaction and to reduce

19



the catalyst bed volume, followed by the Low Temperature (LT) WGS at 190-250 °C favorizing

high conversion.

Pressure swing absorption is, then, the final process for the purification of hydrogen from

impurities.

SMR usually extracts hydrogen from natural gas, but it can be applied to liquefied petroleum
gas (LPQG), ethanol, propane, gasoline and naphtha. In these cases, a pre-reformer is required
for converting the heavier hydrocarbon into methane and for its initial reforming into CO and

Ho, at an operating temperature around 400-500°C (Ritter & Ebner, 2007).

2.1.2 Partial Oxidation (POX)

Partial Oxidation is defined as the reaction between the hydrocarbons in natural gas, in large
part methane or heavy hydrocarbons (diesel fuel and residual oil), and a limited, sub-
stoichiometric amount of oxygen (usually from air). The term partial refers to the insufficiency
of the oxygen to obtain a complete oxidation of the hydrocarbons into carbon dioxide and water.

The reaction can occur with or without the present of a catalyst.

The products are mainly CO and Hb; relatively low quantities of CO>, other compounds and a
small amount of heat are produced, (it is an exothermic reaction). If air is used for the oxidation,
also nitrogen is present in the products. Thus, it must be processed downstream or used for

ammonia production.

Next, following the same path for the steam methane reforming, the products of the previous

reaction are involved in a water-gas shift reaction obtaining more H; and COa.

In general, the process of POX is much faster than SMR process, with shorter response times
and smaller required size of the reactor vessel, more compact, with contact times in the order

of milliseconds (Wang & Rohr, 2002).

Plus, partial oxidation process is more tolerant of important levels of sulfur contaminants in the
HC fuels. Although, the hydrogen content of the reaction is low, and the high operating

temperature required by this process is responsible for the degradation of the catalyst.
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2.1.3 Autothermal Reforming (ATR)

Combining the endothermic nature of the Steam Methane Reforming and the exothermicity of
the Partial Oxidation, Autothermal Reforming represents a more flexible process. It consists in

the reaction between methane, oxygen and steam in a single chamber.

As a general concept, the heat produced by the POX reaction is used in the endothermic SMR
reaction. The amount of steam and oxygen can be varied to control the operating temperature
and the ratio between H» and CO in the products. Usually, the process operates at 900-1500°C
and 1-80 bar (Ke Liu, Deluga, et al., 2009).

Using the heat produced by the reformer itself allows to keep the obtained CO; inside the
reactor. Consequently, a higher CO» recovery rates can be achieved with respect to SMR, which
is, then, less responsive. Moreover, considering that the emissions of ATR are more
concentrated than SMR, the cost for capturing the emissions is lower, as well as the vessel size

and weight requirements.

With a higher level of complexity, as a downside, the Autothermal Reforming requires an
extensive control system to guarantee the stability and the robustness in the operation of the

fuel processing system.

However, it must be highlighted that the most mature technology, SMR, still appears to be a
solution also for the next future. According to IEA special report, indeed, Steam Methane
Reforming in the near term will remain the dominant technology for large-scale hydrogen

production due to its advantageous economics and current diffusion (IEA, 2019).

2.2 Hydrogen from coal

Coal represents a well-known source for the production of hydrogen. The hydrogen obtained
from this fossil fuel is called Brown Hydrogen and counts for the 23% of total hydrogen
produced in 2018 according to (Proost, 2020), mostly in China. The main process involving
coal in this field is the gasification, although, some new projects involving high-pressure partial
oxidation using lignite are currently in operation (Latrobe Valley | Hydrogen Energy Supply
Chain, n.d.).
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Like natural gas, involving hydrocarbons in the process generates CO; emissions. In the
gasification reaction of coal the rate is about 19 tCO/tH>, more than twice the emission ratio
obtained by the reactions with natural gas, (Steam Methane reforming emits 8 tons of CO» per
ton of Hz produced (IEA, 2019, 2020a). As a result, the spread of this technology is intrinsically

linked to the evolution of Carbon Captures technologies.

2.2.1 Coal Gasification

The reaction, through the solid fuel gasification of coal, produces the mixture of hydrogen and

carbon monoxide, i.e. syngas.

The reaction happens between oxygen, steam, and the carbon molecule present in coal,

occurring at high temperatures and pressures.

Currently, the most common gasifier in the market is the entrained-flow gasifier; well-
established examples are provided by GE and Shell Gasifiers. The first one produces the
gasification at operating temperatures varying between 1300°C-1500°C and at pressures up to
100 bar, depending on the type of gas required as final product (85-100 bar for ammonia, 60-
70 for methanol). Instead, in the second one typical pressures are about 20-40 bars and

temperatures range of 1400 °C-1600°C (Ke Liu, Cui, et al., 2009).

In the same way as for reforming process, after the production of syngas from gasification, the
mixture is involved in the “water-gas-shift” reaction in order to further increase the hydrogen

generation.

2.3 Hydrogen from biomass

Another main pathway for the hydrogen production starts from biomass. Biomass can be treated
in different ways: biochemically, exploiting microorganisms’ action on organic material
through anaerobic digestion process which results in the creation of biogas or by means of a

fermentation process obtaining a combination of acids, alcohols and gases.

Beside these processes, biomass can be exploited in a thermochemical gasification. The
working principle is the same of coal gasification, explained in the chapter 2.2.1, converting

the biomass source into CO, carbon dioxide, hydrogen and methane.
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From a technical point of view, the most well-established technology exploits the process of
anaerobic digestion to produce biogas. However, only sewage sludge, food processing,
agricultural, energy crops and household waste can be processed in this process. The non-edible
cellulose-based components present in some plants can’t be involved in the fermentation

process.

In general, all organic materials, especially the lignin component in biomass, can be gasified.
Gasification, however, is not fully developed, despite some demonstration plants around the
world (Hrbek, 2015). From these plants it is still clear the issues related to the formation of tars,

dangerous for the catalyst (Ericsson, 2017).

In the same way of coal gasification and reforming technology, the products have to be further
treated to obtain hydrogen, increasing the already high complexity of the biomass processes
directly related to a higher cost of production of low-carbon hydrogen than electrolyzers

supplied by a renewable energy source (solar or wind).

Beside the complexity, the limited amount of available cheap biomass still hinders the diffusion

of large-scale hydrogen production from biomass.

However, this technology still remains an option considering a combined operation with carbon

capture and storage in terms of “negative emissions” (IEA, 2019).

2.4 Hydrogen from water and electricity

A promising pathway to produce hydrogen in the future considers using the conversion of
electricity, from renewable energy resources, towards chemical energy in an electrochemical

process.

Electrolysis, more precisely water electrolysis, is the electrochemical process consisting in the

separation of water into hydrogen and oxygen.
Concerning the physical structure of the reaction, it is performed in a unit called electrolyzer.

According to the description provided by (Coutanceau et al., 2018), the electrolyzer consists in

two electrodes, anode and cathode, where the oxidation and reduction reaction progress,
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connected to an electric generator and divided by a ionic conductor, the electrolyte. The
electrolyzer is variable in size: small, appliance-size equipment for local distributed production
or large-scale for a centralized production system. The latter can be directly connected to
renewable or other sources of electricity that do not generate greenhouse gases. Today, the
electrolyzers can operate with efficiencies of 60% to 80%, varying with the type of electrolyzer

used and with the load factor.

Currently, the hydrogen produced by means of water electrolysis counts, globally, less than
0.1% and (IEA, 2019). This technology is mostly used in markets that required hydrogen with

a high level of purity, e.g. electronics, polysilicon.

Also, in the process for producing chlorine and caustic soda Chlor-alkali electrolysis obtains as

a by-product hydrogen; this represents around 2% of total global production of H».

Even though, nowadays, the hydrogen obtained by clean sources, called Green Hydrogen,
represents only a minor percentage to the overall production, the reduction in costs of electricity
from renewable energy sources, (e.g. solar PV and wind), is causing an increase of share of the

hydrogen resulting from the electrolysis process.

It is important to consider that water electrolysis requires freshwater. According to IEA
Greenhouse Gas R&D Programme IEAGHG Technical Review, this process requires 9 liters
of water to obtain 1 kg of hydrogen and 8 kg of oxygen, (useful for healthcare or industrial
purposes)(IEAGHG, 2017a).This translates in 617 million cubic meters of water demand for
covering the global production of hydrogen, 70 MtHo.

There are three main technology options to realize the reaction: alkaline electrolysis cells
(AEC), proton exchange membrane (PEM) electrolysis and solid oxide electrolysis cells

(SOEC), according to the ionic species that is transported through the electrolyte.

2.4.1 Alkaline Electrolysis (AEC)

Electrolyzers that use this technology are the most mature and commercially present, both on
cell and stack level (Carmo et al., 2013; Zeng & Zhang, 2010). Since the first decades of the
20" century, especially fertilizer and chlorine industries have integrated this concept for the

production of hydrogen (X. Zhang et al., 2015).

In an Alkaline Electrolysis Cell, the ionic species transported are hydroxide ions (OH") from
the cathodic side, where the hydrogen is produced, to the anodic side passing via electrolyte.

The electrolyte currently used in this device is a liquid alkaline solution of sodium hydroxide
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(NaOH) or potassium hydroxide (KOH) at a concentration of 25 to 30%, (David et al., 2019),
in the main commercial products. However, a solid alkaline exchange membrane could be a

promising future alternative as electrolyte.

Alkaline Electrolyzers can operate from a minimum load of 10% to full design capacity, in a
temperature range of 60-80°C. Before natural gas and steam methane reforming prevailed in
the 1970s, Alkaline electrolysis was spread using large hydropower resources with capacities

up to 165 MW, (IEA, 2020a)

The state-of-art AEC systems are easily available in the market. This technology can boast high
durability, a system lifetime of 20-30 years, (Dincer & Acar, 2016), and the lowest capital cost

among the water electrolyzers, avoiding the use of noble materials.

However, this technology option presents some disadvantages concerning low current density,
the high influence of the operating pressure with a negative impact on the system size and,
considering the low efficiency, high hydrogen production costs. Additionally, the device suffers
low robustness, it is subjected to corrosion due to the electrolyte, high ohmic drop due to the
liquid electrolyte and requires complicate maintenance requirements. In addition, the system
requires 15 minutes for a cold start-up. This makes it unsuitable for fast response or varying
power input, common in intermittent renewable sources (Dincer & Acar, 2016; Guo et al.,

2019).

2.4.2 Proton Exchange Membrane or Polymer Electrolyte Membrane

Electrolyzer (PEM)

This system was originally brought in the market at the beginning of the second half of the last
century by General Electric to surmount some deficiencies of the alkaline electrolyzers (X.

Zhang et al., 2015).

In PEMEC the electrolyte used is a solid plastic material or solid polymer electrolyte (SPE),
commonly Nafion®. This perfluorinated polymer, containing sulphonic acid groups with high
proton conductivity (0.1£0.02 S cm™")(Slade et al., 2002), allows the exchange of protons (H").
According to the work of (Medina & Santarelli, 2010), using a solid electrolyte ensures
compactness, strength and structural resistance, enabling to operate at high levels of pressure,
up to 350 bar, with low gas crossover working in the range 80-150°C, as stated in (Carmo et

al., 2013; Zeng & Zhang, 2010) and by (Ayers et al., 2019).
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High operating pressures in the electrolyzer generate high pressurized hydrogen, reducing the
need of compression energy for storing it at the final users. Indeed, following the Fick’s law of
diffusion, in (Grigor’ev et al., 2001) it is highlighted how produced gas removal is improved
considerably with the help of the reduced volume of the gaseous phase at the electrodes, due to

the high pressure.

The same study shows how the catalytic layer preserves its integrity thanks to a minimized

expansion and dehydration of the membrane directly linked to the increase of pressure.

Comparing the PEM with AEC, in the PEM, the use of pure water as the electrolyte solution
allows to avoid the recovery and recycling of the potassium hydroxide required in the AEC
solution. They are smaller, simpler and more compact, thus, more suitable for urban
applications in a decentralized production and for storages of highly compresses hydrogen (e.g.

refueling stations).

It can work at higher current density, above 2 A/cm?, at the same voltage than AEC. This feature
allows to have a higher production of hydrogen with the same electricity input, reducing the

operational costs.

The thinner electrolyte, with respect to alkaline cell, represents a smaller resistance concerning
the ohmic losses. Thanks to the fast flow of protons transported through the membrane, not
delayed by the inertia of a liquid solution, this technology boasts a quick system response to
power input variations, with a cold-start time lower than 15 min, as reported by (David et al.,

2019; Lehner et al., 2014).

Thanks to the low permeability of hydrogen through Nafion®, this technology can operate in a

wide load range of design capacity, ensuring flexibility in operations (Barbir, 2005).

Even though it is the clear the number of advantages, this technology must deal with some

disadvantages.

Starting with high operational pressure, it can cause gas cross-permeation phenomenon, leading
to the recombination and, thus, reduction in hydrogen yield as well as to chemical and structural

degradation, better described in the further chapters.

PEM electrolyzers are still small-scale technology with stack currently below MW range, with

a shorter lifetime with respect to alkaline electrolyzers and with high water purity requirements.
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However, the main issue related to PEM concerns the cost of the materials of the component.
Due to the corrosive acidic environment (pH-2), consequence of the proton exchange
membrane, and to the high applied voltage, special, expensive, and mostly scarce materials and
component must be selected. These materials are for example noble metals for the catalysts
(Platinum group metals- PGM, e.g., Pt, Ir and Ru), titanium-based metals for the current

collectors and separator plates.

Among these elements, Iridium is present on Earth in a limited amount, with an average mass
fraction of 0.001 ppm in the Earth’s crustal layer; according to (Mitchell & Keays, 1981; Parry,

1984) it is 10 times less abundant than Platinum.

2.4.3 Solid Oxide Electrolyzer Cell (SOEC)

SOEC technology is the least mature electrolysis option. It is the youngest, not yet widely
commercialized and still on the demonstration scale. However, it is clear the aim of some

companies to introduce it in the market due to its high efficiency in production.

The electrolyte used in SOEC is a ion-conducting ceramics, such as Yttria stabilized Zirconia
(Laguna-Bercero, 2012). These materials allow this technology to operate at high temperature,
reason why SOECs are also known as High Temperature Electrolyzers (HTE) around 650-
1000°C (A. Kilner, S.J. Skinner, 2012; Laguna-Bercero, 2012). This condition results in higher

efficiencies, higher than 95%, compared to the alkaline and polymer membrane options.

Through the solid ceramic electrolyte, oxygen ions negatively charged (O%) are selectively
conducted, generating hydrogen at the cathode in a slightly different way with respect to AEC
and PEM electrolyzers.

At the cathode, water, as steam, combines with electrons flowing in the external circuit using
the external generator. Here, hydrogen in gas form is produced as well as negatively charged

oxygen 10ns.

When the oxygen ions cross the solid ceramic membrane reaching the anode, the oxidation
reaction occurs generating as product oxygen in gas phase and electrons that enter the external

circuit.

Even though they are still at laboratory scale, SOECs have already displayed their high potential
in terms of high degree of electrical efficiencies (up to 110%, according to the analysis of
(Lehner et al., 2014)). Indeed, such values of overall efficiency can be reached working at high

temperatures, that allows to reduce the electrical requirements, with the possibility of using
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waste heat (Badwal et al., 2013). The YSZ ceramic electrolyte, the electrodes, Nickel based
cathode and Perovskite-type lanthanum strontium manganese anode, can be purchased at low

cost, especially with respect to PEM electrolyzers.

Interesting characteristic about this new option is the possibility to work in a reverse mode, as
a fuel cell, converting hydrogen back to electricity, in this way it can ensure a balanced grid if
combined with hydrogen storage facilities and guarantee a higher overall utilization rate of the

system.

Another positive aspect is linked to the high tolerance to carbon molecule. This property allows
SOECs to operate in co-electrolysis mode: through the utilization of water stream (H>O) and
carbon dioxide in the reaction, it is possible to produce a gas mixture (carbon monoxide and
hydrogen), named syngas, converted in a second step in synthetic fuel (A. Kilner, S.J. Skinner,

2012; Xu et al., 2016).

In addition, it is important to consider among the advantages that the solid structure of SOEC

and PEM technology results in mechanical and chemical stability, robustness and compactness.

However, still some challenges must be faced by SOEC electrolyzers. The severe material
degradation mainly related to the operation at high temperatures still defies its durability.
Therefore, researches are currently focused on developing new component materials or working
on existing ones which can withstand the high operating temperature. Scientist are also working
on keeping the high efficiency at lower temperatures in the range of 500-700°C to boost its

commercialization (Laguna-Bercero, 2012; Lehner et al., 2014).
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3 Technologies comparison

After the technical description of the state-of-art of the Hz production technologies, considering
the contest of this thesis, described in chapter 1.1, a suitable technologies to be connected to the
renewable energy production can be the PEM water electrolyzer, thanks to the listed advantages
and in particular to its fast response. Although, for a thorough discussion, it is useful to highlight
other common key points for technologies comparison and eventually for the selection of the

technology.

Among all the possible comparisons, in this section it has been decided to focus the attention

on the analysis of hydrogen production cost and carbon emission intensity.

3.1 Carbon emission intensity

Even though from the cost analysis it appears that fossil fuels still prevail in the next future
hydrogen market, the assessment of the different technologies must be carried on considering
the second parameter in the comparison. Indeed, the amount of CO2 emissions produced which

covers a significant range depending on the fuel and technology involved.

Firstly, coal represents the main cause in CO> generation amid the considered technologies. The
ratio kgCOx/kgH> resulting from all the hydrogen production pathways involving this fuel,
without carbon capture devices, is higher than 20 kgCO»/kgH>. Using the electricity from coal-
fired generation in the electrolysis process emits almost 40 kg of carbon dioxide per 1 kg of

hydrogen produced, making this option the worst in terms of CO; intensity.

Although with a lower carbon footprint with respect to coal, almost half, natural gas is the

second source concerning emission levels.

As for the hard coal, it is less carbon intense to produce hydrogen directly from reforming
processes of natural gas than using it in a gas-fired generator of electricity, and consequent

electrolysis. The latter has a ratio between CO; emitted and H> produced greater than 15
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kgCO2/kgHa, whereas the reforming option of natural gas without CCUS is responsible for less

than 10 kg of carbon dioxide for the same amount of hydrogen obtained.

Considering that, according to the Statistical Review of World Energy analyses provided by BP
(BP, 2020), in 2020 63,3% of overall electricity has been produced by fossil fuels, the emissions

resulted by an electrolysis using world average electricity mix exceed 25 kg of COa.

Opposing to fossil fuels, taking into account only the direct carbon dioxide emissions at the
electricity generation plant, renewable energy sources and nuclear generation represent the best

option, allowing to exploit electrolysis with the ratio emission over production equal to 0

kgCOx/kgH (IEA, 2019).

3.2 Cost

As introduced in the first chapter, a strong barrier for a wider diffusion of green hydrogen is the
cost. Researchers and companies are working towards a reduction of capital cost of
electrolyzers to make hydrogen produced by renewable electricity, i.e., green hydrogen, cost

competitive with hydrogen produce by fossil fuels.

Nowadays, the cost of producing hydrogen from natural gas without carbon capture utilization
and storage (CCUS) technologies is in the range 1-2 USD/kgH> highly dependent on the fuel
costs, accounting for 45% to 75% of the cost. This component of the cost is highly variable in
time and more significantly among the different regions of production (IEA, 2019). With CCUS
the range goes between 1.4 and 2.4 USD/kgH>, positioning this option as the cheapest low-
carbon technology (IEAGHG, 2017b).

Concerning the fossil fuel produced hydrogen, fuel costs cover the biggest share in the
production cost. Therefore, the price of electricity and gas and related factors, for instance
conversion efficiencies, are heavily relevant. A fair examination of the evolution of the price
components for these technologies has been taken by the (IEA, 2019) and the Department for
Business, Energy and Industrial of the English government (BEIS, 2021). The latter have
discussed the evolution of LCOH of the fossil fuel technologies, here displayed in the figure
3.1.
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Figure 3-1 LCOH estimates for CCUS-enabled methane reformation, at central retail fuel (BEIS, 2021)

Concerning a CCUS-biomass gasification, IEA analysis and the BEIS English department have
computed a LCOH in the range 2-3 USD/kgmu> (50-70 £/MWh)'; this value contains also the

negative carbon emissions.

Electrolysis cost is defined by the CAPEX? requirements too as well as the annual operating
hours. Today, electrolysis CAPEX range, mainly due to the stack cost, varies according to the
type of technology: 500-1400 USD/kW. for alkaline, 700-1800 USD/kW. for PEM
electrolyzers, 1200-5600 USD/kW. estimation for SOEC electrolyzers.

That results in values of LCOH of 7-9 USD/kgmu'. Clearly, an increase in the operating hours
will allow a lower impact of CAPEX in the total cost, increasing the dependence on electricity
price (Proost, 2018). The English report above mentioned performs the same analysis for the
three electrolyzers, figure 3.2, stating that, yet, electrolysis is not cost competitive with respect

to fossil fuels options, but innovation, using less costly materials, economies of scale in the

! For comparison purpose, the value has been converted in USD/kgu, using the currency exchange £ USD
equal to 1.10333 USD/£ (Sterline britanniche a Dollari statunitensi | Converti 1 GBP a USD | Xe) (10/10/2022)
and the HHVw, ( Lower and Higher Heating Values of Fuels | Hydrogen Tools (h2tools.org)).

2 For SMR and ATR, CAPEX covers the reformer unit, power island, balance of plant, civil works, electricity
(where relevant), gas grid connection, CO2 dehydration, compression unit, removal from flue gas (SMR), and air
separation unit (ATR). OPEX covers consumables (excluding fuel costs) such as water, chemicals, and catalysts.
For Electrolysis it includes electrolyzer system, balance of plant (drier, cooling, de-oxo and water de-ionization
equipment), civil works (building and foundations), electricity grid connection. Variable OPEX of electrolysis
covers the annuitized stack replacement costs. For gasification CAPEX includes gasifier, syngas treatment unit,
an air separation unit, a shift conversion unit, an acid gas removal unit, a sulfur recovery unit, a CO2 drying &
compression unit and a methanation unit to convert residual carbon oxides. Plus, fixed OPEX are considered
including reformers, generally refers to direct labor, administration/general overheads, insurance/local taxes and
maintenance.
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manufacturing processes will influence considerably the cost. In particular, PEM that uses

electricity from curtailment can be competitive already in 2025.
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Figure 3-2 LCOH estimates for electrolysis technologies, connected to different electricity sources,
commissioning from 2020 (BEIS 2021).

Finally, IEA reports that electrolyzers could represent a low-cost option for hydrogen supply at
location with optimal renewable resource due to the decreasing costs of the renewable, i.e. for
solar PV and wind generation, even considering the transmission and distribution costs of

transporting hydrogen from (often remote) renewables locations to the final users (IEA, 2019).

3.3 Conclusions

From the latter discussion, it is possible to conclude that currently the Steam Methane
Reforming of natural gas with CCUS seems to be the most convenient considering the

combination of cost and carbon intensity.

However, the decreasing costs of solar PV and wind generation is becoming clear. This allows
to consider a wider exploitation of the electrolysis using electricity from renewable sources as
a low-cost and low carbon intense supply option for hydrogen production. Among the different
electrolyzers, PEM water electrolyzer, using only electricity from curtailment, is going toward
cost competitivity with SMR-CCUS already in 2025. The convenience requires to take into

account the cost for transmission and distribution in case of remote renewables locations.
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In any case, the key to make the renewable water electrolysis cost-competitive is linked to
higher carbon taxes imposition, already in the near future policies of several countries
(Environment, 2021; European Commission, 2019). This line of actions directly influences the
cost of hydrogen, in parallel with technologies improvements (Hydrogen Europe, 2019;

Nikolaidis & Poullikkas, 2017).

According to this promising premise and to the wide knowledge gap, it has been chosen to
analyze the water electrolysis, considering efficiency, flexibility to renewables sources and
level of development of the technology. The Proton Exchange membrane water electrolyzers
represents currently the most promising for the near future in the contest of CEE. Simplicity,
excellent dynamic response to power fluctuation, possibility of compact design are just some
of the advantages making PEM the ideal technology among the other available electrolyzer for

operation with intermittent wind and solar power (Chandesris et al., 2015; Schmidt et al., 2017).
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4 PEM Water Electrolyzer Model

Development

As announced in the Introduction, the contribution of this work is to provide a useful
mathematical instrument for modelling the behavior of the Proton Exchange Membrane
electrolyzer in real operating conditions, thus, including the degradation phenomena too, tested

against published experimental results.

In this chapter, the phenomena and the equations that the literature has developed to describe
them will be explained. From these, correlations will be appropriately selected and then

implemented within the MATLAB environment.

4.1 Electrochemical Model

As described in chapter 2.4.2, the thermodynamic principle behind the operation of the Proton
Exchange Membrane electrolyzer consist in a direct electric current provided by a power
supply, in our case by a renewable energy source, leads to the decomposition of water, driving
the generation of Oz and H». The global reaction is written as follows:

1

As shown in Eq. (4.1), the reaction happens separately on the two electrodes. At the anode, H"
protons are released by means of the oxidation of the water. Protons, then, flow through the
membrane to reach the cathode where the reduction reaction occurs producing hydrogen, as

displays in the following half-reactions:
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(4.2)

1
Anode: H,0(l) - 502(9) + 2H*(aq) + 2e~
(4.3)

Cathode: 2H* (aq) + 2e~ —» H,(g)

the hydrogen ions move through the polymeric membrane, named electrolyte, by means of the

voltage gradient from the anode to the cathode where they are recombined with the electrons

flowing in the external circuit to produce hydrogen.
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Figure 4-1 Simplified model of PEMWE
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Figure 4-2 Focus on MEAS3 structure

3 MEA=Membrane Electrode Assembly.



The most common material for the cathodic catalyst layer is Platinum, whereas for the anodic
side Iridium is the most frequently used, due to its better catalytic properties when used in

the anode half-reaction.

The electrolysis process is naturally not spontaneous. Thus, the conversion from electrical
energy to chemical energy through the electrochemical reaction is possible only if the
electromotive force provided by the supply, and, consequently, the voltage gradient generated
are sufficiently high to cover at least the ideal voltage at open circuit conditions, directly related
to the Gibbs Free Energy of the process. In real operation, the voltage required is higher because
of the non-faradaic losses involved in it. These losses determine an activation
overvoltage, V¢ g1, an ohmic overvoltage, Vopmic L, and concentration overvoltage, Veonc kr-
The mass transport, the resistance to the flow of protons in the electrolyte membrane and the
electric current in the cell components are the main cause of the listed overvoltages (Bessarabov

& Millet, 2018). The voltage gradient between anode and cathode is, thus, given by:

VgL = VOC,EL + Vact,EL + Vohmic,EL + Vconc,EL (4‘-4‘)

In the next sections, the mathematical models of these voltage terms are explained in detail.

4.1.1 Electrolyzer Open Circuit Voltage Vy¢ gy,

With the expression Open Circuit Voltage, OCV, it is defined the voltage corresponding to null
current operating conditions, resulting in absence of losses. As explained by (Abdin et al., 2015;
Gorgiin, 2006), Voc g, depends on the reaction electrochemistry with a correction on the

pressure. It can be described by the Nernst Equation, reported as follows:

1
RT ay,ao,?

Vocer = Enernst = E° + n_Fln (4.5)

AH,0

Here, ay,, ap, and ay,, indicate the chemical activities at the catalyst layers respectively of
hydrogen, oxygen and water between electrode and membrane (1 for liquid water) with their
respective stoichiometric factors. R is the universal gas constant (8.314 J/(mol*K)), T is the cell
temperature, n is the stoichiometric coefficient corresponding to the number of electrons moles
per hydrogen moles involved in the reaction, here 2. F is the Faraday’s constant (96485 C/mol).

E° is the standard potential or reversible voltage calculated from the Gibbs free energy:

_ Ag\O(T’ pref)

EO
nF

(4.6)

36



AGP is the Gibbs free energy of the reaction of hydrolysis (Eq. 4.1) in standard conditions (1

atm pressure).

The value of the reversible cell voltage is commonly assumed equal to 1.229 V by many
authors. However, this result is valid only at standard temperature and pressure. As pointed in
the study of (Awasthi et al.,, 2011), E® can be calculated as dependent on the operating

temperature of the cell:
E® =1.229 — 0.9« 1073 * (T, — 298) (4.7)

To generalize the application of the MATLAB model for several T,;, we decided to implement
the equation (4.7).

Activities are difficult to define, therefore, the equation (4.5) is often simplified, assuming the
ideal gas behavior. Likewise in (Colbertaldo et al., 2017; Larminie & Dicks, 2003), instead of
the activities, the partial pressures of the hydrogen and oxygen and the saturation pressure of

water at the operating temperature are involved as follows:

1

RT 2
VOC,EL = EO + —In —szpoz

(4.8)
nkF PH,0

Adopting the approach used in (Biaku et al., 2008), it is assumed that the pressure applied by
the water in liquid form py, is equivalent to the saturation pressure of vapor, Psg; 5,0, and that
oxygen and hydrogen are the only gas present respectively at the anode and cathode.
Considering that low pressures are involved in the process, Dalton’s law of partial pressures

can be used. The three pressures are, then, obtained as follows:

_Tc
Patn,0 = 610 * 1075 ez 172008 (4.9)
Po, = Panode — sat,H20 (4.10)
Pu, = Peathode — Psat,HZO (4.11)

The temperature T, introduced in (4.9) is given in Celsius (°C), while P,,04e and Peginode refer

to the total pressures at the two electrodes.

Next, the description of the models for overpotentials is given.
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4.1.2 Overpotentials

Before the actual production of hydrogen and oxygen can occur, some irreversibilities present
in the system require a higher potential to be overcome. These overpotentials are mainly the
activation and the ohmic, and, in minor share the concentration overpotential (Biaku et al.,
2008). The increase in the voltage potential results in an increase of the energy required without
an increase of the hydrogen produced, indeed, the energy surplus would be not intended to

increase the production capacity of the electrolyzer, but rather to ensure its proper functioning.

4.1.2.1 Activation overvoltage V., g

The first contribution to be analyzed is the one responsible of the activation overpotential. This
voltage increment hinges on the kinetics of the reactions occurring in the catalyst layer in the
anodic and cathodic interface with the electrolyte. On the interface, the formation of an
electrical double layer (EDL) takes place by means of the protons produced at the electrode,
migrated in the solution and accumulated on the interface. Because of the presence of the
electrical double layer, a capacitive behavior occurs at the electrode. This represents an
impedance, thus, a further barrier to add to the activation energy needed to start the electrons

transfer. At last, this phenomenon results in a higher voltage to apply.

As pointed in (Carmo et al., 2013; Garcia-Valverde et al., 2012), several parameters are
involved in the modelling of this phenomenon, increasing its complexity and difficulty. It
assumes a certain relevance the manufacturing in the material processing; the morphology and
active catalyst area can cause flow restrictions at the catalyst sites as well as temperature,

pressure, utilization, distribution and age.

Following the common approach used in (Abdin et al., 2015; Colbertaldo et al., 2017; Garcia-
Valverde et al., 2012), the activation overpotential can be described, both for the anode and the

cathode by the Butler-Volmer (B-V) expression, reported as follows:

Vacess, = —sinh? () + —sinh~1 (= (4.12)
actBL = aanF - 2iO,an acatF - 2’:O,cat .

Where «a is the dimensionless charge transfer coefficient respectively at the anode and at the
cathode, F is the Faraday constant, R is the universal gas constant, 7 is the temperature, i is the

current density, whereas i, represents the exchange current density at the electrodes.

The value of a for the two electrodes is reported differently in some literature. In (Carmo et al.,

2013), for example, the values assumed are a,,=2 and a.,:=0.5. (Awasthi et al., 2011; Biaku
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et al., 2008), instead, take into consideration that the Butler-Volmer equation is obtained with
the assumption of symmetry of the reactions at the electrodes of oxidation and reduction. As a
consequence, they consider the same value for the two transfer coefficients. This single value
can vary from 0.18 to 0.65, even if often assumed equal to 0.5 (Abdin et al., 2015; Colbertaldo
et al., 2017; Garcia-Valverde et al., 2012), as in our model.

In any case, the most variable parameter of this equation among literature is the iy,with a range

of variability that cover seven order of magnitude (10°~10"% A/cm?, (Marangio et al., 2009)).

The value of the exchange current densities depends on many physical parameters of the

electrocatalyst and electrodes (mainly materials, dimensions, temperature, pressure).

In general, the exchange current density is modelled focusing on the temperature dependence

by means of Arrhenius-based equation, reporting (Liso et al., 2018), as follows:

Eg(1 1
io = Yaloyef * e[T(T = (4.13)

Here, y), is the roughness factor: portion of geometric area of the MEA electrochemically
active. This parameter is proportional to the catalysts’ properties: density (IrO; and Pt), leading,
crystallite diameter and the percentage of metal surface of the catalyst in contact with the

ionomer.

In the Eq. (4.10), i, is the exchange current density at the reference temperature, T,

empirically obtained. E, indicates the activation energy for the electrode reaction.

Concerning our model, implemented in this thesis, the values selected for the calculation of the
exchange current density are the one assumed by (Liso et al., 2018) and shown in Table 1, being

their work the less constrained to the specific operation conditions of the cell.

Table 4-1 Fixed exchange current density parameters

Parameter
T,ef 298 K
Anode Cathode
Yu 7.23 x 102 ¢cm? /cm? 2.33 % 102 cm?/cm?
foref 5% 1072 A/cm? 1%1073 A/cm?
E, 76 kJ /mol 4.3 k] /mol
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4.1.2.2 Ohmic overpotential V., g

The second loss with a considerable effect is the ohmic overpotential. The phenomenon behind
this irreversibility consists in the electrical resistances encountered by the electrons’ movement
in the different parts of the cell (electrodes, GDL, bipolar plates, channels) and, mainly, by the
protons moving in the membrane. As explained in (Colbertaldo et al., 2017), the mechanism

can be described by the Ohm’s law:
Vohm,EL = Rohmic,tot * [ (4-14‘)

In the Eq. (4.14) the I is the cell current, often expressed as current density i normalizing I to
the active area of the cell, assuming a uniform current distribution, while R,pmic ¢t 18 the total
resistance computed as the sum of the resistances in the electrode and the membrane. We can

write the Eq. (3.14) as follows:
Vorm,eL = (Ter + Tmem) * (4.15)

Here, 7,; and Ty , [Q * cm?] are called Area Specific ohmic Resistances (4SR) defined for a
specific cell, normalizing . The value r,; can be obtained measuring the resistance between the
cell terminals at open circuit condition. Although, as reported in the study of (X. Li, 2005), the
main barrier occurs in the membrane, for this reason, the equation (4.14) is simplified involving

only the area specific resistance of the membrane, 73,¢p, .

Considering that ASR is indipependent on the current density, the ohmic overpotential follows
a linear behaviour with respect to i. Instead, the resistance is strongly interconnected with the
membrane conductivity, 0y,em, as well as with the membrane thickness t,,,.,, , that the protons

have to cross. The relationship is reported as follows:

tmem

Tmem = —— (4.16)

O-mem

Several studies have been carried out for the evaluation of the membrane proton conductivity,
Omem- The main models used in the literature are derived from the work of (Kopitzke et al.,
2000) that focuses on the temperature, or from (Springer et al., 1991), where the connection
with the water content is also considered. A third model is explained in (Bernardi & Verbrugge,
1991), where a more detailed analysis is carried out involving the diffusion coefficient and the
bulk concentration of protons. The model adopted in this work is the most common empirical
relation discussed in (Springer et al., 1991) and (Carmo et al., 2013; Santarelli et al., 2006),

reported as follows:
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1268+* L1
Omem = (0.005139 * A — 0.00326) * e[ (505 7)) (4.17)

Here, the variable A represents the degree of hydration of the Nafion® membrane

[moly,o/molso;]. Many studies have tried to model the variation of the water uptake.

However, in the case of PEM water electrolyzer, considering the large amount of water sent in
the anode intake, it is reasonable to assume a fully hydratation of the Nafion® membrane
(Marangio et al., 2009). The range in which A varies goes from 14 to 21, depending of the state
of the water. According to the mention assumption, we consider 20 as the value of A for

modelling purposes (Awasthi et al., 2011), corresponding to an operation with liquid water.

If the activation losses prevail at low current densities, the voltage increase related to ohmic
overpotential is dominant for higher currents densities where the higher production is
experienced. For this reason the operational point has to be a trade-off between production and

losses.

4.1.2.3 Concentration overpotential V ,,,. g

The concentration or mass transport overpotential are the result of the concentration variation
of the reactants occurring at the interface with the electrodes during the electrolysis. A high
current is able, indeed, to alter the rate of the reaction at the catalyst layer. In particular, gas
bubbles are generated in these conditions, causing a limitation in mass transport and, thus, a
reduction in the reaction kinetics. Due to the larger volume of the oxygen bubbles produced,
the main contribution is given by the anodic side, which is, therefore, the only share considered

in the modelling (Garcia-Valverde et al., 2012).

The parameters involved in the modelling are the current, the reactant activity and the electrode
structure. The analytical expression commonly used in literature, as shown in (Carmo et al.,
2013), consists in a relationship connecting this overpotential to the temperature and to the
concentration, the latter both in bulk phase and in the reaction phase. However, it is common
to involve the dependence on the concentration in the parameter called limiting current density,
i;. This variable is defined by (Selman & Tobias, 1978) as “maximum rate at 100% current
efficiency, at which a particular electrode reaction can proceed in the steady state”, or the

current density at which the concentration of the reactants tends to zero. In the literature, the
value assumed for i; is 6 C% (Bernardi & Verbrugge, 1991; Garcia-Valverde et al., 2012). The

general equation of the overpotential is presented as follows:
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RT i
Veone L = In ( L. > (4.18)
’ AgnnF i, — lgn

The term diffusion overpotential is often used to define this class of voltage increase, focusing
the analysis of the causes on the concentration gradient of charge-carriers between the
electrolyte and the electrode. The mechanism is described in better details in (Marangio et al.,

2009) .

It has been experimentally displayed that the share of this overpotential is significantly smaller
than the activation and the ohmic terms, especially at low current densities. Commercial PEM
electrolyzers, nowadays, operate at current densities insufficiently high to be affected by mass-
transport limitation. Therefore, the concentration contribution is often neglected in these
operating conditions (Carmo et al., 2013; Lebbal & Lecoeuche, 2009). In any case, from the
equation (4.17), it is possible to see that at larger current densities, its contribution is

increasingly significant.

4.2 Degradation of PEM Electrolyzer

After defining the modelling of the PEM water electrolyzer in operating condition, in the
following section, the aim is to analyze and perform a thorough literature review of the
degradation phenomena discussing the related equations proposed, highlighting those that are

then implemented in the MATLAB model.

Even though, the number of studies concerning the durability of the PEM water electrolyzers
is limited, especially compared to the amount of works produced for the Proton Exchange
Membrane Fuel Cell (PEMFC), the results and considerations are converging in the same
conclusions (Chandesris et al., 2015; Q. Feng et al., 2017; Frensch et al., 2019; Ogumerem &
Pistikopoulos, 2020; Omrani & Shabani, 2021; Stucki et al., 1997).

As pointed in (Chandesris et al., 2015), PEMWE degradation, just as PEMFC, is not caused by
a unique factor, but it results from the combination of thermal, chemical and mechanical
stressors that appear during the operation of the water electrolyzer. Although the complexity
in the processes makes difficult to perform the analysis and the experiments for every

deterioration mechanism, it has been showed that the electrolyzer performance reduction is
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directly interrelated to the catalysts type and degradation, to the membrane degradation, to the
bipolar plates and current collectors’ corrosion. Among the listed causes, even though its
thickness in the PEMWE is superior to the PEMFC, membrane pollution and reduction prevail

as the main concern regarding safety, durability and performance.

Indeed, amid all the components of the PEMWE, more attention must be given to the membrane
because of its important roles in gaseous products separation, protons transport, electrodes
catalyst layer support. The membrane requires an excellent chemical and thermal stability,
mechanical robustness as well as resistance to gas-crossover to avoid direct recombination of

the H> and O; leasing to potential explosive mixtures (Q. Feng et al., 2017).

Membrane degradation first category is linked to the mechanical failure and related to the
presence of puncture, cracking, stresses, especially in the edges, low humidification and

pressure as well as uneven current distribution.

Further studies have experimentally highlighted how the degeneration of Nafion® membrane,
composed mainly of a polytetrafluoroethylene (PTFE) backbone with side chains containing
ether groups and a sulfonic acid unit at its end, is directly linked to the detectable emissions of
F~ ions, measured in the effluent water. Generally, their production occurs mainly on the
cathode. Here, the degrading reactions are led by the oxygen crossover from the anode to the
cathode traversing the membrane, causing the membrane thinning and pollution. On the
negative electrode, the oxygen reacts with the Hydrogen producing Hydrogen peroxide (H,0,)
on the surface of the cathodic platinum catalyst. Hydrogen peroxide is, then, responsible for the
generation of free radicals, such as hydroxyl and hydroperoxyl (HO', HOO"), boosted by the
metallic ions impurities inside the device and carried by the water inlet flow, that work as
catalysts in the Fenton Reactions. The free radicals progressively erode the membrane on the
catalyst surface, reducing its thickness, without modifying the transport properties of the MEA
(Chandesris et al., 2015; Frensch et al., 2019).

On one hand, it can be stated that a dissolved membrane is a possible booster of PEMWE
performances, because of the connected reduction of the ohmic resistances, proportional to the
membrane thickness. However, on the other hand, a thinner membrane is a smaller obstacle for
gas crossover that will increase the degradation reaction as well as lead to safety issues of

flammability and structural fails.

Further detailed explanation is given in the degradation model description section.
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Concerning the membrane degrading, a third category must be also cited: thermal degradation.
Indeed, excessive heat can contribute to the removal of sulfonic acid molecules as well as to

the increase of the stress on the stability of the cell.

Before proceeding in the modelling of the degradation phenomena, it is interesting to briefly
describe the operating conditions affecting the gas crossover and the degradation phenomena,
that will be the parameters of the sensitivity analysis. From several studies, such as (Buttler &
Spliethoff, 2018; Chandesris et al., 2015; N. Li et al., 2021), the physical quantities connected
with the degradation are the working temperature, the current density, the load cycling, the

external load, the relative humidity and the partial pressure.
e Temperature

Among all the physical properties, the strongest impact on the PEMWE performance is given
by the temperature, as stated by (Ogumerem & Pistikopoulos, 2020). From the study carried
by (Diéguez et al., 2008), it is possible to understand that high operating temperature helps to

improve the performance and efficiency, reducing to amount of electricity required.

However, working at high temperature has several disadvantages. Firstly, it directly causes an
increase in sensitivity of the membrane to physical deformation under high pressure, especially
with an operating temperature higher than 100°C (Ogumerem & Pistikopoulos, 2020).
Secondly, it is indirectly responsible of a faster membrane dissolution by increasing the kinetics

of the free radicals’ formation reactions and of the rates of gas crossover.

Also, Titanium used in bipolar plates of the electrolyzer is affected by high heat level, that
causes an acceleration of the passivation mechanism, and related long term structural problems

(Frensch et al., 2019).

Moreover, inside the stack the heat generated by the joule effect is not uniform, but more intense
in the area of the membrane pressed on the current contactor. As a consequence, the degradation

is localized, resulting in a higher instability (H. Liu et al., 2009).

(Omrani & Shabani, 2021) have produced a more detailed study of the membrane temperature
profile pointing out the presence of temperature gradient across the cell. This temperature
difference is also affected and boosted by material properties, design of the flow channels, water

stoichiometry, and, especially, by the current density (Stéhler et al., 2020).

The attack on the membrane by the free radicals is evaluated in terms of fluoride emissions,

calculated in the Fluoride Release Rate (FRR). Therefore, it is common to analyze the effect of
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temperature in degradation mechanism comparing it with FRR. The study carried by (H. Liu et

ug
hxcm?2

al., 2009) reports common values of the fluoride release rate in the range 0.005-0.020

for a PEM working at 50-60 °C, 670 kPa, 1.08 CA?, in protonically transported water. The
FRR analysis, performed between 55 °C and 150 °C by (H. Liu et al., 2009), shows an increase
of about two orders of magnitude. (Frensch et al., 2019) refers, for a PEMWE working at 2 CA?

an increase of FRR of one order of magnitude increasing the temperature from 60 °C to 90°C.
e Current density

As mentioned in the previous sections, another parameter strongly involved in the degradation

mechanism is the current density.

The effects of current density on the electrolyzer performance are studied by (Q. Feng et al.,
2017). (Moshtarikhah et al., 2017; Omrani & Shabani, 2021) report, among those effects, the
structural change in the membrane: an increase of the current density generates a higher
membrane swelling, resulting in an increase of gas permeability. Instead, (Chandesris et al.,
2015) point out that a raise in the current density corresponds to a reduction in molar percentage
of oxygen at the cathode, which lead to a decrease of hydrogen peroxide and free radicals. This
result comes from the balance between two competitive reactions, also involving the iron ions,
with the same compound, the radicals HO': a reaction producing it and the reaction of its
consumption in the mechanism of membrane attack. The first reaction at low current densities
prevails. Applying the same considerations as for temperature, the degradation can be expressed
in terms of Fluoride Released Rate, symptom of membrane erosion. At working condition of

80 °C, atmospheric pressure and constant source of iron ions, the maximum is reached at

ug
h*cm?

0.4i2 and it is about equal to 2.6 iz. At 60°C, the maximum is just below 0.6
cm hxcm

reached at 0.2 , as reported by the experimental results of (Chandesris et al., 2015).

A
.
Interesting experiments on the influence of the operating current on PEM water electrolyzer
degradation has been performed by (Frensch et al., 2019), with a focus on the value obtained at
the first hours of operation. Here, the difference in voltage variation rate is quite relevant and
connected to the value of the current density. In general, it is explained that at low current
densities, the voltage increase, connected to the performance worsening, is almost constant over

time.
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Moreover, as reported by (Lettenmeier et al., 2016) and (Q. Feng et al., 2017), a high current

density causes the increment of Iridium dissolution at the anode.

However, the effects of the current on the voltage variation are less relevant and more complex

to define than the effects of temperature.
e Pressure

One of the advantages of the PEM electrolyzer is the possibility of operating at high pressures
(> 3450 kPa),(H. Liu et al., 2009), reducing the need of a further compression in the next steps
of the H> chain. However, working at such high operating pressure has shown relevant effects

in the degradation rate of these systems.

First, before chemical degradation, mechanical stressors on the membrane are prevailing under
prolonged exposure to high differential pressures; in particular, in terms of the failure risk due
to membrane creep and boosted crack propagation. Moreover, these operating conditions

critically promote the gas cross-permeation effects (Millet, 2011).

Similar to temperature effects, the pressure is directly proportional to the solubility, thus
permeability, and mobility of the hydrogen and oxygen in the hydrated perfluorinated
membranes (Grigoriev et al., 2009). A higher solubility in low current density operation is a
source of potential significant hazards (Sakai et al., 1985). Additionally, (Q. Feng et al., 2017)
report a correlation of the water starvation with high pressures, in combination with high current

density, uneven water distribution and inappropriate porous current collector.
e Load cycling

(Rakousky et al., 2017) report a lower degradation rate for dynamic loading with respect to the
value obtained in constant operation at high current density. However, successive studies have
pointed out how results of (Rakousky et al., 2017) were mainly related to the time in which the
high current is applied. The variation in the degradation rate is connected to the operation with

high current density (Buttler & Spliethoff, 2018).

4.2.1 Membrane water flow mechanisms
Having pointed out the importance of the membrane in the degradation phenomena, special

attention must be given to the water transport and to the membrane contribution.

Even though the design of the membrane has been chosen to be permeable only to protons,

water flow N .o transits across it. The process can be explained by the combination of three
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main phenomena: electro-osmotic drag, diffusion and hydraulic pressure effect reported in

(Abdin et al., 2015).
e = Ngod + NS — NP (4.19)

The electro-osmotic drag term N ,_e,gg defines the water dragged by the positive ions of Hydrogen

in the membrane, the diffusion term N gzigf describes the transport mechanism caused by the

concentration asymmetries. At last, also the presence of a pressures gradient between the two
electrodes is responsible in the transport phenomena, which contribution is considered in the

hydraulic pressure term N 15);0- Next, each of these terms are explained in detail.

e Electro-osmotic drag N ,333

The mechanism of electro-osmotic drag, analyzed by (Springer et al., 1991), represents the most
relevant in water transport. Part of the water is forced to flow from the anode to the cathode by
the flux of the migrated hydrated protons. As reported by (Liso et al., 2018), the number of
moles of water molecule dragged by each mole of H* is proportional to the ratio of the current

applied I over the Faraday’s constant F':

Vs = nd% (4.20)
Here, n4 [moly,o /moly+] , named osmotic drag coefficient, is defined as the number of water
molecules dragged by each hydrogen ion. The literature is not uniform in setting the value of
this coefficient: it can be experimentally obtained fixed value, (Awasthi et al., 2011), or
correlated with the cathode pressure, operation temperature and current density, (Medina &

Santarelli, 2010), or with the membrane humidification, (Dutta et al., 2001; Gorgiin, 2006).

In addition, according to (Onda et al., 2002), with a membrane in full hydration, with fix 4,,,

the electro-osmotic coefficient can be obtained just with the temperature.
e Water diffusion N gi];f
2

At the anode and cathode, the concentration of water is different. The gradient present, thus,
induces the movement of water from one electrode at high concentration, anode, to one at low
concentration, cathode. Being a diffusion phenomenon, the mechanism can be model by

integration of the Fick’s Law of diffusion between the two ends of the membrane, considered
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as interfaces, assuming a linear gradient (Abdin et al., 2015; Marangio et al., 2009; Medina &
Santarelli, 2010).

; Dy oA
oy d H,0
NHZL{)f = t : (CHZO,mem,cat - CHZO,mem,an) (4.21)
mem

Here, Dy, o is the membrane water diffusion coefficient, ty,e, is the thickness of membrane, A
is the active area of the membrane whereas Cy,omemcat> Ch,0,meman are the water

concentration at the interfaces with respectively the cathode and the anode.

The diffusion coefficient, Dy, ¢, is, in literature, defined as or fixed, or function of degree of

hydration, temperature and porosity.

The first case refers to the work of (Awasthi et al., 2011; Gorgiin, 2006) and (Abdin et al., 2015;
2
Kim et al., 2013), in which the suggested values are respectively 1.25 * 10710 mT and 1.28 *

10-107
S

The dependence on the temperature and porosity ¢ is, instead, considered by (Lin et al., 2004;

Medina & Santarelli, 2010)

To compute the concentrations at the interfaces between membrane and electrodes, a linear
diffusion behavior is assumed in the Gas Diffusion Layer (GDL). Here, the Fick’s law is applied
relating the concentrations to the thickness of the anode and the cathode GDL and to the
effective diffusivity. This parameter is defined proportional to the binary diffusivity between
each gas and water corrected by a porous-dependent factor, as shown by (Santarelli et al., 2006;
Tomadakis & Sotirchos, 1993). Its value is obtained knowing the pressure, the temperature, the

critical pressure and critical temperature, as well as the molar mass.

As suggested by (Marangio et al., 2009), the water molar flow at the anode side, n,, can be

obtained adding the net water transported through the membrane the water consumed in the

oxidation reaction:

Nmem_l_ \7CONs
Ay = —2 1 H20 (4.22)

Instead, at the cathode, as stated before, there is no water consumption. Thus, the equation for

computing the molar flow on the reduction electrode is:
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Vo
Agat, = 120 (4.23)

e Hydraulic pressure effect N };’jo

Finally, a large pressure asymmetry between the two electrodes can cause a flux of water in the
membrane following the gradient. The pressure difference Ap between cathode and anode is,
thus, used in the Darcy’s Law to compute the molar flow. According to (Abdin et al., 2015;
Awasthi et al., 2011; Kim et al., 2013; Marangio et al., 2009), the equation for computing this

contribution involve the membrane permeability to water, K47y, the viscosity, uy, o, and the

molar mass of water My, y,0;

. Apy,o
NII-;:O = Kdarcy " < Ap (4.24)

mem.uHZOMm,HZO
Kaarcy value can be found in literature equal to 1.58 * 107'8 m* (Medina & Santarelli, 2010).

Substituting the equations, into the equation (3.28), the resulting equation can be solved with

respect to Ny 5™

4.2.2 Degradation model description

After a description of the phenomena and of the work done till now in the literature, in this
subsection, we will focus on the mathematical model to simulate the macroscopic effects of
chemical degradation: Fluoride Release Rate FRR and membrane thinning. (Chandesris et al.,
2015) base their work on the studies conducted by (Stucki et al., 1997), about detecting
evidences on the phenomenon of membrane thinning, and by (Laconti et al., 2006), about
localizing on the cathode the reactions of the MEA degradation, where the observed release of

F~ ions is non negligible.

4.2.2.1 Gas crossover
The permeation of the gasses, H, and O,, between the two electrodes is at the base of the
degradation reactions. In particular, the oxygen crossing from the anode to the cathode cannot

be easily prevent by Nafion®.
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The physical mechanisms responsible for the membrane gas cross-over, according to
(Chandesris et al., 2015), can be summarized in two phenomena: (i) gas concentration gradient

and (i1) water flow through the membrane.
o Gas concentration gradient

Both the products of the reduction and oxidation reactions, H, and O,, are present, in the gas
form, only at their respective electrodes, cathode and anode. Thus, the gasses, dissolved in the
membrane ionomer, present a concentration difference between the two electrodes, resulting in
a concentration gradient. As a consequence, two diffusive fluxes are produced: the oxygen,
present in the anode side, tends towards the cathode, while the hydrogen produced at the

cathode crosses the membrane to reach the anode side.

Starting from this concept, the first step consist in the modelling the concentration c¢; of the
solved species 7, obtained as function of the partial pressure on the interface Pij , at each current

collector j which is considered as a frontier of the membrane:
¢/ =P/ (4.25)

In the proposed study, the model proceeds under the assumptions of partial pressure on the
membrane Pl-j equal for both species and of solubility S; equal in the membrane and in the

water for the two gases, as suggested in (Ito et al., 2011).

At the membrane-current collector frontiers, as stated in the assumption, the partial pressures
are constant. In the literature, the values are usually obtained by the molar flow balances at the
electrode, from which the molar fraction of each gas times the total pressure at that electrode

P’ is computed as follows:

P/ =xp/ (4.26)

l

However, in this analysis, because of the lack of knowledges concerning all the side reactions
and for simplicity’s sake , the approach proposed in (Biaku et al., 2008) and recalled in the Eqgs
(4.10)- (4.11) is chosen.

The literature reports several correlations of the solubility and diffusion coefficients, mostly
empirically connected to the temperature and to the membrane degree of hydration. Considering
a medium permeation behavior and the low impact of water uptake to fully hydrated

electrolyzers, the chosen laws for the solubility and diffusivity are taken respectively from
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(Amphlett et al.,, 1995) and (Bernardi & Verbrugge, 1992) for the hydrogen and from
(Parthasarathy et al., 1992) and (Wise & Houghton, 1966) for the oxygen. The four expressions
are listed in the table 4-2.

Table 4-2 O: and H: solubility and diffusivity coefficients.

Parameter [unit] H, 0,
mol 1 603
s, [—] _ (427) 603
i | pa s m3 0% 1.09 « 105 % e 1.62x107°xe T (4.28)
) ——2602
m 1.23x107%xe" T  (4.29) _(_18380)
b~ 42%107®xe \""RT ) (4.30)

In the equations (4.27) - (4.30), the temperature T is in Kelvin and R is the universal gas
constant. The equation (4.27), related to the hydrogen solubility, is the only chosen law
corrected with the water uptake, present in the term w. This term refers to the water uptake
normalized as a weight percentage of water, and it is computed as:

_ AMy,o

o (4.31)

w

Here, A is the water uptake, My, is the water molar mass and EW is the equivalent weight of

dry Nafion® per moles of sulfonate acid groups. According to (Ito et al., 2011), the value of
EW is equal to 1.1 kg /mol.

o Water flow through membrane

As described in detail in the chapter 4.2.1, electro-osmotic phenomenon, as a first cause, in
combination with water diffusion and hydraulic pressure effect, generate a water flowrate
through the membrane. Considering that two gases can, partially, dissolve in the water, they

can also be carried by convection in the water flow.

For this second mechanism behind gas crossover, the water velocity must be computed. The
formulation of net flow, resulting from the three forcing phenomena, is defined in the equation
(4.19). As a simplification of the computation avoiding the punctual calculation of the water
concentration at the membrane, we applied the empirical law, considered in the model of

(Chandesris et al., 2015), interrelating the transferred water Q,tizo as a function of the consume

water mass flow Qf, and the current density i:
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Qb0 = (—0.332log(i) + 5.59) * Qf,o (4.32)

The volumetric flow of the consumed water is obtained multiplying the molar flow, computed

in with the Faraday’s Law, and the water molar mass over the water density:

MH 0 . MH 1) i*A
Qf 0 =——x*Nf°ps =—2x (4.33)
H20 PH,0 Ha20 Pu,o 2F
Finally, the water velocity is the result of the following equation:
Qfi0
UHZO = Tz (434‘)

Where A is the membrane surface.

4.2.2.2 Hydrogen peroxide formation

Pushed by the concentration gradient and transported by the water flow, the oxygen arrives at
the cathode where it starts to take part in the oxygen reduction reactions (ORR). Considering
the low potential at the cathode, lower than 0.4 V, water recombination can be neglected and
the oxygen is mainly reduced through the Hydrogen peroxide formation pathway, as showed

by (Ruvinskiy et al., 2011):
0, +2H* +2e~ - H,0, (4.35)

Neglecting the reverse reaction as suggested by (Sethuraman et al., 2008), the kinetic rate of

the electrochemical formation reaction is:
Ry = kyco,ch+ (4.36)

Where ¢, is the oxygen concentration, cy+ is the proton concentration and k, is the kinetic

constant per unit of electrochemical active area.

Starting from the concentrations of oxygen and protons, the amount of oxygen is obtained
following the equation (4.25), considering the cathode frontier. For the hydrogen positive ions,
in the aim of avoiding the issues in computing the partial pressure and solubility of the ions, we
follow the formulation suggested in the model, taken from (Wong & Kjeang, 2014). As showed
in the following equation, this method relates to concentration to the polymer density, function

of the water uptake, and the ionomer equivalent weight EW defined before:

_ pm 1980 +3242
T EW (14 0.0648 x )EW
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Then, the kinetic constant per unit of electrochemical active area k; is obtained following

(Sethuraman et al., 2008):

ky = ki) e(ﬂg—;ngnn) _ ki)o e(—Ag%oz)e<—ag;(ngnze) (4.38)

The parameters involved in the equations are reported in the following table, table , with the

respective references.

Table 4-3 Parameters used in the Kkinetic constant rate model

Symbol Parameter Value [unit] Reference
ay,0, Transfer coefficient of the 0.5 [—] (Chandesris et al.,
electrochemical reaction 2015)
N2e Cathodic overpotential related 0.695 [V] (Sethuraman et al.,,
to the 2-electrons ORR 2008)
Ap,o, Activation energy of the 42,450 [ L ] (Anderson & Albu,
electrochemical reaction on mol 2000)

Pt/C with Nafion® electrolyte

k? Kinetic constant m’ (Sethuraman et al.,
0 7.068 * 102
mol?s 2008)
T Reference temperature 298 [K] (Chandesris et al.,

2015)

The kinetic rate of the electrochemical formation reaction, now computed, is needed to define
the final reaction rate of the Hydrogen peroxide formation. Indeed, to compute the formation
rate normalized for the volume of the catalyst layer, R; is corrected considering also the

thickness of the cathodic catalyst layer e ; - as well as the rugosity of the cathode y:

R
p, = YE (4.39)

ecl,C

The values of the thickness and rugosity are taken form the work of (Chandesris et al., 2015;

Wong & Kjeang, 2014): e, ¢ is assumed equal 10 um,whereas the reported value of y is 150.

4.2.2.3 Radical Formation
As stated before, the chemical degradation of the membrane is linked to reactions involving the

free radicals, mainly hydroxyl HO' and hydroperoxyl HOO-,and the Fenton’s reactions. These
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compounds in the PEMWE operation result from the decomposition of Hydrogen peroxide
H,0,. Several reactions occur in the device involving the radicals, as reactants or as products,
with and without the metal ions (Fe?*) as Fenton active metal. These reactions are taken from

the study carried out by (Gubler et al., 2011), listed in Appendix 1.

From these reactions, it is possible to compute the final concentration of the HO, intervening
in the actual membrane deterioration. Being the reactions competitive each other in production
and consumption, the time evolution of the concentration of the different species
(H,0,,HO',HOO",Fe?*%) has to be computed by the molar mass balance equation for each

J species on the interface of the cathodic catalyst layer:

s i
2 —qj NS Vs + 22— 4.40
dt Z( szgn(v]l) u)vl ecc oc ( )

Where v; is the reaction rate of the i — th chemical reaction obtained from the product of all
the concentrations of the reactants j times the kinetics constant k; of the specific reaction i, as

follows:

v = k; H G (4.41)
j

In the Eq. (4.40), v;; is the stoichiometric coefficient, §;; is null or equal to one respectively
when the j component is not or is involved in the i — th reaction. The balance, then, requires
the definition of the entering and exiting molar flow per unit of surface j; at the catalyst frontier
at the cathode. Apart from hydrogen peroxide with an initial contribution computed from the
hydrogen peroxide formation reaction in the equation (4.38), it is assumed that a null incoming

flow for all the other species and an outgoing flow convectively transported by the water flow:
]] = vHZO * Cj (442)

4.2.2.4 Source of metallic ions

Degradation mechanism of the membrane is also dependent on the Fenton active metallic ions
that contaminate the membrane. These constituents are firstly generated during corrosion of
stainless steel parts and pipes in the supplying system introduced by the feed water (Chandesris
etal., 2015; Q. Feng et al., 2017). Among all, as reported by (K. Feng et al., 2011; Yang et al.,
2012), Fe?* prevails in quantity. Its presence is shown to be proportionally linked to the final

FRR parameter. In literature, the Fe?* source term can be considered constant, obtained by
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fixing the metal ion incoming flux, current density-dependent, or computed as a function of

operating temperature (Yang et al., 2012). The latter is reported as follow:

T — 290

Fe?* = 353 —290

(4.43)

l
Where S 352+ is the constant value of Fe?* source measured at 353 K equal to 9 * 1072 mos

(Chandesris et al., 2015).

4.2.2.5 Membrane attack mechanism and fluor formation rate

Among the reactions listed in Appendix 1 that consumed HO" and that must be considered in
the molar balance of equation (4.40), it is present the reaction that causes the membrane
degradation. In this reaction, the HO: intervenes in the decomposition of the Nafion® membrane
by cutting the sidechain from the backbone of the polymer, producing oxygen central radicals.
Further unzipping of the radicals occurs releasing HF constituents, determining the fluoride
release. The unzipping reaction is reported by (Gubler et al., 2011), and well described in

(Wong & Kjeang, 2014):

HO' + R¢CF,COOH — products + nHF (4.44)

In the study carried out by (Chandesris et al., 2015), a relationship with the actually measured

effective fluoride release is presented as follows:
Vftuor = 3.6 V10 (445)

Where v, represents the reaction rate of the chemical reaction shown in Eq (4.44), that it will

be computed, according to Eq (4.46) as follows:

Vg = k10 * Co-* Cmembrane (4-46)

where Cy. 1s the concentration of the hydroxyl free radical resulting by solving the system of
the equation (4.40) for all the species, Cpiembrane concentration of the Nafion® membrane
obtained considering the density of the Nafion® divided by the equivalent weight EW, above

defined. k4 is the kinetics constant of the reaction (4.44).

The Fluoride Release Rate (FRR), 1n g , 1s defined as a mass flow over the cell Area. For

this reason, the volumetric concentration flow obtained in Vg4, is multiplied for the molar
mass of the fluoride MMy, (18.998 g/mol (Information, 2021)) and for thickness of the

membrane t,,, [cm]:
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s o ,m®  ug
FRR = Vpor * MMpor * timem * 36OOE * 10 ey 10 ? (4.47)
The Fluoride ion is then related to the reduction of performance as responsible of the of the

membrane thinning. For this reason the relationship with the membrane thinning rate TR, in
%, is also reported, according to the work of (Fouda-Onana et al., 2016) and its assumption

(Nafion density 2 g/cm? and amount of fluorine in Nafion® is 82 wt.%), :

FRR nm
* 10_61* 107 — (4.48)

TR =——
Pnay * 0.82 ug cm

Finally, we reached the membrane degradation which decreases according to the TR. This
thinning rate is then multiplied times the number of operating hours to obtain the reduced
membrane. The reduction of the membrane, in addition to a reduction of the mechanical
stability, intervenes in the voltage required by the electrolyzer. As from the description in
section 4.1.2.1, the membrane reduction generates a reduction of the ohmic resistance, as clear
from equation (4.16), which can be seen as a positive effect, but it causes a further increase in
the gas crossover. This will lead to a higher risk linked to high flammability of the mixture H»-
0., as well as an increase of the activation overpotential. This additional contribution to the
activation overvoltage can be model, as suggested by (Neyerlin et al., 2005), using a Tafel-like

expression:

v —R*T*llhhl (4.49)
act degr_anode — ~ L n ; .
o,an

Where the current density of the Hydrogen crossover, higher than oxygen one (Chandesris et

al., 2015), is computed as:

Pu,

tmem

(4.50)

iH2=SH2*DH2*2*F*

Where the hydrogen diffusivity Dy, and solubility Sy, are computed following the equations
(4.27) and (4-29). F is the Faraday constant, py,is the partial pressure of H and t;;0p, is the

membrane thickness.

Finally, the variation in the voltage required for the electrolyzer operation eventually translates
in a less efficient hydrogen production: giving the same of power, a higher voltage corresponds

to a lower current and so to a lower hydrogen outlet, better described in the section 4.3.
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4.3 Efficiency

In the analysis carried by (Coutanceau et al., 2018; Shiva Kumar & Himabindu, 2019; H. Zhang

et al., 2010), several ways of computing the efficiencies of the electrolyzer are listed.

The following general equation is proposed by (Ni et al., 2008) and (H. Zhang et al., 2010) for

the computation of the efficiency for
PEMWE:
NS HHV Y,
= 4.51
T i)+ emo(1-10) (#+51)
Where N ,3:“ is the H> produced outlet flowrate, described by the Faraday’s Law:
N _ ! (4.52)
species — nF .

Where n is the number of moles generated or consumed for each electron, 2 for Ha.

The HHVy, is the higher heating value of H,, E is the electric power input, and @y, refers to
the further heating provided to the water by a second heat exchanger. By means of the
temperatures of the environment T, and of the external heat source Ty, the distinction in the type

of energy between the electric source and thermal source is considered, allowing the addition.

However, as stated in (Coutanceau et al., 2018; Shiva Kumar & Himabindu, 2019), the low
operating temperature of PEM water electrolyzers allows to assume that the heat required, Qp, 0
and Q. , has low relevance with respect to the overall reaction energy. With this hypothesis,
it is possible to simplify the efficiency in the equation (4.51) as function of only the cell voltage

Vgy. The resulting formulation is, then, called voltage efficiency, ngp .

The arithmetical steps followed to obtain the voltage efficiency from the complete equation, Eq

(4.51), are explained in the following section.
e Voltage efficiency

PEM electrolyzer efficiency, in literature, can be defined as the ratio between the stored energy
in the product H, ,as output, and the used energy in the electrolyzer, as input, (Harrison et al.,

2010):

P
NeLy = S;)red (4.53)
el
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The used power, P,;, can be defined as:
Py = 1V, (4.54)

The power stored in the H, , Pgtoreq, COrresponds to energetic value per quantity of product

times the amount of product obtained. In other words, the numerator of the ratio in Eq. (4.51):
Pstorea = NGY*HHV (4.55)

The molar quantity of energy can be equally considered in the higher heating value, HHV, or
in the enthalpy of the reaction Ah. Considering the Faraday’s Law applied at the Hydrogen

production in Eq. (3.27), the stored power can be rewritten as:
Pstoreqa = NSYHHV = L, Ah (4.56)
store H, 2F

Therefore, combining the Eqgs. (4.51) - (4.56), simplifying the current term, the resulting
relationship appears as:
AR
NeLy = 5_1: (4.57)
EL
Finally, the term in the numerator corresponds to the thermo-neutral voltage V;y, defined in
(Harrison et al., 2010) as the “thermodynamic voltage required for splitting water under
standard conditions” and to keep the reaction at a constant temperature. The value computed in

the NREL conference paper above cited is 1.481 V.
o Current (Faradaic) efficiency

However, in the real electrolyzer, because of the gas crossover in the membrane and internal
parasitic currents, the amount of Hydrogen produced is not equal to theoretical amount for a
defined current and voltage. The relation between the real Hydrogen flowrate and the theoretical

one is called the Faradaic efficiency or current efficiency.
The actual electrolyzer efficiency is, thus, obtained in the product of the two efficiencies:

Ner = NeLy * NEL T (4.58)

Nevertheless, apart in case of operation at low current densities, as reported by (Barbir, 2005;
Gorgiin, 2006; Shiva Kumar & Himabindu, 2019) the value of the current efficiency is higher
than 99%.
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Eventually, the impact of the degradation is computed through the economic loss, in terms of

hydrogen not produced and Specific Energy Consumption SC [:;Vh] :
H
. I P, Ny, 1 s w My, 1 [kgy,
Ny =—= = — 1000 MMy =— 4.59
W= E TRV, By 2iFavy, o000n* kW*loooki* H: = 5¢ |iown| 4%
g

After defining this system of equations, it is possible to compute the new cell voltage with the
reduced membrane thickness. The model explained in this chapter is applied in the MATLAB®

environment and the obtained results are explained in the next chapter.

4.4 Model synthesis

4.4.1 Model Assumption

In this section, a list of some assumptions and simplifications that are considered for simulating

the degradation is provided.

As suggested by (Chandesris et al., 2015), it is assumed that:

. The internal temperature is uniform inside the whole cell.

. The partial pressures at the current collectors are constant.

o The solubility coefficients of the gases in water and in the membrane are almost
the same.

In this work, the free radicals release phenomena are considered in absence of iron ions Fe?"
and Fe*". Given this simplification, the time evolution of the pollutants described in the Eq.
(4.40), 1s studied for Hydrogen peroxide H,0, and HO .Therefore, The degradation analysis
considers the competitive reactions 2,6,7 of the Appendix 1.Saying that, the system of molar

balance to be solve is the following:

dcy v
20, H,0
—— = +ky * ¢y 0, + ke * CH0, * Co- + V1 — * Cy,o, (4.60)
dt €cic
dcyo- VH,0
— 2
dr —2k; * cy,0, + ke * Ch,0, * Cho- + k7 * Co, * CHo- + k10 * CHo- * Cmemp — P CHo-(4.61)
cl,C

As a further assumption, only the steady state solutions are investigated.
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4.4.2 Algorythm scheme

For the sake of clarity a flow chart is proposed for the degradation implemented model.

Membrane degradation

e ™
Temperaturel O, Solubility Eq. (4.28)
Operating PressureJ - L O, Partial pressure Eq. (4.10)
\ 4
s _ N\
Water uptake  —mfep O, concentration Eq. (4.25)
L H' concentration Ea. (4.37)
\ 4
( N\

Equilibrium concentration of
H;0; and HO: Eqs (4.60) — (4.61)
J

A 4

Current density

FRR Eq. (4.47)
A 4
Operating hours > Membrane TR Eq. (4.48)

tmemb (h9 T5 p’ 1)

Temperature Vot degradation ASR Egq. (4.16)

Operating Pressure contribution Eq.(4.50)

Temperature v v

Operating Pressure Cell Voltage Eq. (4.4) ]

Current density

Figure 4-3 Flow chart of the implemented model.
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5 Results and discussion

After examining the models present in literature for the device and highlighting the equations
for degradation, in this chapter we present the PEM electrolyzer and degradation model analysis
in MATLAB® environment and the results of a sensitivity analysis. Through this type of
analysis, it is possible to arrive at the determination of a mathematical model to describe the
system's behavior. This model, however, requires, as input, specific information concerning the
characteristics of the system, such as experimental data under different operating conditions of

the electrolyzer.

5.1 Electrochemical model results

The equations listed in the chapter 4.1 are implemented in the MATLAB® script. In the model,
apart from the parameters already set in the chapter 4, the single cell active area is assumed
equal to 680 cm?, according to (Mayyas et al., 2019). By means of the digital implementation
of the mathematical composed model, it is possible to visualize the influence of the different

parameters on the cell voltage.

A first focus is directed on the polarization curve, in which the cell voltage is expressed as a
function of the current, or, as here, of the current density. This initial part aims to perform a
preliminary evaluation of the model comparing the results with the behaviors and phenomena

described in the literature and in the previous chapters.

In the figure 5-1, the polarization curve at the beginning of life, BOL, is shown.
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Figure 5-1 PEM electrolyzer BOL polarization curve and voltage overpotentials

From the figure above, it is observed that the initial activation overpotential contribution
increases the voltage at low current, the linear increase linked to the ohmic component of the
irreversibilities in the middle part and finally the concentration overpotential contribute towards
the end of the curve. In order to display in an effective way the last overvoltage, the range of

current density considered had to reach higher value than the usual operation.

From the equations provided in the section 4.3, it is clear how a high current density implies a
high level of power consumed, despite producing more hydrogen. The efficiency is a trade-off
of the two components. However, the theoretical voltage efficiency, displayed in Figure 5-2,
shows a decreasing trend with respect to the current density, highlighting that the influence of
the power consumption prevails. As stated in the modelling section, the current efficiency is
considered equal to 1, under the hypothesis of no Faradaic losses. From the computation, the
efficiency at low current densities reaches values higher than 100%. This result comes from the
fact that at low current densities the cell consumes the reversible heat from the hydrolysis, with
a corresponding lower power consumption than power stored (Liso et al., 2018). In real

operation, the current efficiency is lower than 100%.
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Figure 5-2 Plot of BOL voltage efficiency vs current density

5.1.1 Sensitivity analysis

Following the validation of the model against experimental polarization curves, we explored
the influences of the operating parameters on the electrolyzer performance. A sensitivity
analysis is performed to highlight the effect of the temperature, pressure on the voltage

modelling and PEMWE degradation.

18 | | L I |

"300 310 320 330 340 350 360 370 380 390 400
Temperauture [K]

Figure 5-3 Plot of temperature dependence on BOL electrolysis voltage at 30 bar and
1.47 A/cm?

From the Figure 5-3, the influence of temperature appears with a reduction of voltage of -0.77

mV/K. In the electrolyzer, as pointed out in the definition of the efficiency in Eq. (4.56), a lower
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voltage corresponds to a better performance. Therefore, elevated temperatures allow higher
efficiencies. The main contribution of this reduction with high temperatures is linked to the
decrease of the activation overvoltage, thanks to the boost of the kinetics of the charge transfer
reaction, and ohmic overvoltage, improving the conductivity, but it also affects the Gibbs free
energy of the water dissociation reaction that is reduced at higher temperatures. Not varying the
enthalpy, at higher temperatures, the heat requirements increase while the electrical need

decreases.

The second analysis is carried out by varying the total pressure at the electrodes. The simulation

results are shown in Figure 5-4.

2.09 T T

2.08 -

0 5 10 15 20 25 30
Pressure [bar]

Figure 5-4 Plot of BOL voltage vs electrode pressure at 353 K and 1.47 A/cm?.

A high pressure leads to a high voltage, reflecting in a low efficiency, even if its contribution
is not relevant as the temperature, causing an increase with a rate of 0.002 V/bar when operating
at pressures higher than 5 bar. The efficiency calculation is limited to the stack performance, it
does not take into account the advantages of the high-pressure operations in the total balance

of plant (i.e. elimination of one or more hydrogen compression before storing (Hamdan, 2014)).

As a first validation of the results obtained, we find the consistency with the values that several

authors have reported in their study, such those mentioned in (Abdin et al., 2015).
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5.2 Degradation model results

5.2.1 Sensitivity Analysis

The contribution of our model relies on the incorporation of mechanisms that are frequently
ignored such as membrane degradation, allowing their quantitative exploration. After solving
the system of equations with the two concentrations as variables, H,0,, HO", as described in
4.4.1, their variation with respect to temperature, pressure and current density is shown in this
subsection. The values chosen for the sensitivity analysis, T=353 K, i=1.47 A/cm? and output
hydrogen pressure p=30 bar, are taken from typical for commercial PEMWE operation,

following the lead of (Zhiqiao et al.,2022).

As displayed in the Figure 5-5 and reported in the section 4.2.2.2, the concentration of the
hydrogen peroxide increases with the temperature. Indeed, its production is exponentially
linked to the temperature through the kinetic of formation reaction, as in Eq. (4.38), and prevails
on its consumption, which is defined by reactions with a lower kinetics, (reactions 2 and 6 in

the Appendix 1).
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Figure 5-5 Plot of H202 concentration vs temperature at 1.47 A/cm? and 30 bar.

The influence of the pressure and current density on the concentration the hydrogen peroxide

is reported in the Figure 5-6 and Figure 5-7.
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Figure 5-6 Plot of H20:2 concentration vs current density at 353 K and 30 bar.
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Figure 5-7 Plot of H202 concentration vs electrode pressure at 1.47 A/cm? and 353 K.

The pressure influence, displayed in the Figure 5-7, derives only from the concentration of
oxygen at the cathode, expressed in Eq. (4.25), while the current density variation causes the

variation of the water flow.

Concerning the concentration of the hydroxyl HO- free radical, even though it is obtained from
the concentration of the H,0,, the concentration obtained is several orders of magnitude lower,
with respect to the values recorded by the literature, in particular with respect to (Chandesris et

al., 2015). This result is understandable considering the absence of the iron ions and the linked
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Fenton reactions that catalyze and boost the production of the hydroxyl free radical. In addition,

it is interesting to highlight how its variation with respect to the chosen parameters is less

significant than the H>O» variation.

If the temperature variation generates an exponential grow in the concentration of H20», it
results in a slower increase towards an asymptotic behavior for the hydroxyl, as it appears from
Figure 5-8. This shows how at higher temperatures the still present influence of the temperature
is lower for the free radical formation. However, the thermal and mechanical stressors at higher

temperatures become relevant as explained in the degradation chapter.
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Figure 5-8 Plot of HO concentration vs temperature at 1.47 A/cm? and 30 bar.
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Figure 5-9 Plot of HO' concentration vs current density at 353 K and 30 bar.
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In Figure 5-9, the decrease of HO" is observed as the current density increases. This behavior
shows good agreement with the results obtained by (Chandesris et al., 2015). As expected, the
increase at low current density described in (Chandesris et al., 2015) is absent. The reaction
producing the free radical at low temperature is not present under the simplification of no iron

ions. Therefore, the consumption reactions prevail over the other production reactions.
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Figure 5-10 Plot of HO' concentration vs electrode pressure at 1.47 A/cm? and 353 K.

The Figure 5-10 shows the increase in the concentration of HO- with increase in pressure. The
critical promotion of the gas crossover and water transport at high pressures highlighted in the
degradation chapter is observed here. However, the change in the hydroxyl concentration is

significantly smaller when compared with the corresponding hydrogen peroxide.

As pointed out in the fourth chapter, the Fluoride Released Rate is associated with the
dissolution of the membrane, leading to a change in the ohmic resistance and to the creation of
a crossover current affecting the activation overvoltage. Having computed the value the
pollutant concentration, the FRR is obtained. From the sensitivity analysis it is shown that the
output H» pressure is not really impacting in the FRR production. As expected from the
experimental case studies cited in the previous chapters, and in accordance with the evolution
of the hydroxyl concentration, FRR is supposed to be higher at high pressure, the behavior of
the rate consists in a steep increase with the pressure till around 10 bar followed by an almost

asymptotic behavior. However, keeping the temperature fixed (we selected T = 313 K, T =

333 K,T = 353 K) and the current density equal to i = 1.47 CA?, FRR variation with the
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pressure is 2 and 3 orders of magnitude lower than the variation of FRR with respectively

temperature and current density.

For this reason we chose to focus the representation of FRR evolution with respect to current

density and temperature in the following figure.
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Figure 5-11 FRR evolution vs temperature and current density at a 30 bar.

Clear the fact that the FRR increases with the temperature, boosting the kinetics of reactions,
and it is reduced at high current densities, prevailing in the FRR computation throughout the
waterflow. The values obtained are aligned with the study of (H. Liu et al., 2009), other studies
report values of 1 order of magnitude higher. In the latter, however, other sources of degradation

are considered, e.g. Iron impurities.

Thus, the time component, in terms of number of operating hours, is added as an input of the
model. By multipling the membrane thinning rate TR times the number of hours, we can
simulate the degradation. The consequence of the degradation phenomena, resulting in the

memebrane thinning, is shown in the following graph as a function of time.

69

0.065

0.055

0.05

0.045

0.04

0.035



Membrane degradation

100 — 1 T T T
\.\\
% - ‘\\\ .
N
80 - .
e 7O N
=
S
E e -
S
=
g sop N
o0
n
<
=
he 40 — —
2 N
—
S . .
\\‘
L
20 — S -
™~
e
e
10 - \“\ |
—
0 L ! ! ! | ! N‘*—f—_p_
0 0.5 1 1.5 2 25 3 35 4 45 5
Operating hours [h] x10%

Figure 5-12-Membrane degradation at T=353 K, I=1.47 A/m”2 and p=30 bar.

To compute the degradation and thickness reduction of the membrane we considered an number
of operating hours equal to 5000 h. This value has been selected as indicated by several studies
as the number of hours after which membrane degradation start to be relevant, here
corresponding to reduction of 6.3% (Grigoriev et al., 2014), (Siracusano et al., 2018), (Zhigiao
et al.,2022), thus, as a reference for a preliminary model validation. The value is then
implemented in the voltage calculation especially affecting the activation and ohmic
overvoltages. A comparison between the overvoltages with respect to operation at the beginning
of life of the cell is shown in the figure 5-13 for different temperatures and current densities.
We focused the attention on these two parameters realizing that they have the main influence

on the voltage variation.
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Figure 5-13 Plot of overpotentials with and without degradation vs current density at different

temperatures and 30 bar.

In Figure 5-12, the effect of the reduction in the membrane thickness after 5000 hours in terms of
the degraded cell voltage is shown in comparison with the BOL cell voltage. The crossover
current represents for the electric field an additional hurdle to overcome, dominant at low
current. A thinner membrane corresponds to a lower resistance for the movement of the protons
for corresponding current density. Thus, a higher activation overvoltage and a lower ohmic
overvoltage are obtained. For the temperature variations, it is interesting to notice that the
activation overvoltage has a less steep variation with respect to temperature. This shows the

relevance of high temperature on the degradation.

Concerning the pressure, it only affects the activation overvoltage acting on the cross current

pressure. From the analysis it is measured an increase of the activation overvoltage with

pressure of 1.0 + 0.1 ;%, range still affected by the temperature whose has been taken in a span

of 313 K to 353 K.
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Finally, the cell voltages are displayed.

Polarization Curve
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Figure 5-14 Polarization Curves

As a confirmation of the previous analysis and of (Chandesris et al., 2015), the voltage increase
for degraded cell is relatively lower than the corresponding BOL cell voltage at high current

densities. Focusing the attention to the voltage variation per hours, at 5000 h of constant current
. . o 4 . A
we record an increase in the activation overvoltage of +3.7 #T (for i = 1.47m, T =

353 K,p = 30 bar), which is aligned with the values reported by (Siracusano et al., 2018) and

displayed by (Frensch et al., 2019). As expected, an decrease in voltage is computed concerning

the ohmic losses that results in -2.9 % (for i = 1.4761#, T =353 K,p = 30 bar).

Higher values of irreversible decay are reported in (Feng et al, 2017), in the order of the 27-50

%. It must be pointed out that we are not considering the contribution of metal impurities or

the catalyst degradation.

At the end of the carried analysis in the previous chapters, a useful visualization of the practical
consequences of the degradation must pass through the efficiency discussion. We decided to

display them in terms of efficiency loss, shown in the figure below.
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Figure 5-15 efficiency losses at pressure=30 bar at 5000 h operation.

As it could be expected from the previous comments, the chemical degradation, modelled here
quantitatively, eventually results in an efficiency loss, which is higher for higher temperatures,
prevailing booster of the membrane degradation.

Analysing the Figure 5-15, it can be meaningful from a pratical point of view focusing on the
PEMWE usual working range, 1-2 A/cm? . In this operating span, we compute an efficiency
loss between beginning of life and 5000 h that varies in a range of 1.0-2.5% at 313 K, 2.2-4.0%
at 333 K and 3.5-5.6 % at 353 K.

Eventually, we can translate the efficiency losses considering the final product. The above
listes results leads, according to our implemented model, to an increase of Specific Energy
Comsumption of 4.5-8.9 kWh/kgn> at 313 K, 8.8-13.2 kWh/kgu, at 333 K and 13.0-17.6
kWh/kgno.
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6 Conclusions and Future work

6.1 Conclusions

The increase in energy consumption and global CO2 emissions caused by human activity is
reflected in the rapid rise in global temperatures in recent years. If no action is taken to reduce
climate-altering emissions, global warming could exceed the 2°C threshold and even reach 4°C
by the end of the century, leading to serious consequences for the environment and humans. In
the process of transforming the global energy sector from fossil to carbon neutral, hydrogen is
considered one of the most promising vectors for the future of decarbonized energy. In fact,
hydrogen possesses a number of characteristics that make it a strategic candidate to enable the
energy transition in some sectors and greatly accelerate it in others. Being an energy carrier and
not an energy source, it must be produced and then stored. One possible production is through
the use of electrolyzers, which, if powered by electricity from renewable sources, enable
completely green production, i.e. with zero emissions of pollutants into the atmosphere.

Commercially available electrolyzers are of the alkaline and proton exchange membrane (PEM)

type.

This work carried out on MATLAB environment aims at providing insight into the PEM water
electrolyzer modelling and its degradation phenomena, suggesting a model whose inputs are
the operating conditions (temperature, pressure and current density). This goal is achieved by
the development of a model without and with the chemical degradation effect linked to the
membrane dissolution. The model is simulated under different operating conditions for

sensitivity analysis associated with the cell voltage of the PEMWE performance.

In addition, the hydrogen production technologies and processes are analyzed considering the
cost reduction prospective of the renewable sources, the carbon footprint and knowledge gap,
for the optimal selection of the process (in this case PEMWE) to study in the Clean Energy

Export contest.
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From the detailed literature review of existing PEM electrolyzer models and the chemical
degradation phenomenon, it is concluded that the temperature, the current density and the
pressure have a relevant influence on the device performance. Even though higher efficiencies
are associated with lower cell voltages and higher temperatures, such conditions cause
structural weakness, thermal stressors and stronger gas crossover phenomena. The effects of
current density are more complex and not clearly agreed in the literature. Among them,

mechanical instability and increase in gas permeability are reported.

Additionally, the pressure effect is directly linked to the mechanical stress and to the increase

of water transported in the membrane.

The sensitivity analysis of the developed steady state model shows agreement with the
literature. However, the results must be compared with an experimental validation that could

be considered as a continuation of the thesis.

6.2 Future work

The proposed models are developed with several assumptions, limitations and simplifications.

Thus, it is open to further extensions and elaborations.
In the following list, some possible further works are suggested:

e As stated before, a validation experience can be set up to confim the results discussed
in the previous chapter.

e (Considering the assumption of steady state, the issue of the dynamic operation is not
raised, allowing a future analysis of the transient evolution of the performance and
degradation.

e For further developments of the model, a simulation of the Fluoride Release Rate also
considering the metal-ions source can be performed.

e As intended, the suggested future work is utilization of the developed model for
optimization purpose by the total balance of plant components and the economic factors

to obtain the optimal operating conditions.
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Appendix 1: Overview of the Free Radicals Reactions

From the work of (Gubler et al., 2011), (Sethuraman et al., 2008) and (Wong & Kjeang, 2014)

the following are the chemical reactions involving the radicals in the PEMWE operation.

# Reaction Kinetic constant
2 H,0, - 2HO k,=12%10"" [s‘l]
_9a60 [ m?
3 H,0, + Fe?t -> Fe3t* + HO- + HO™ ks = 1.05 * 10%¢™RT
mol x s
m3
4 H,0, + Fe3t - Fe?t + HOO - + H* k,=4x10"8 I l
mol * s
3
5 HO + Fe?t > Fe3* + HO™ ks = 2.3 x10°
imol * s |
3
6 H,0,+ HO - HOO + H,0 ke = 2.7 x 10*
imol * s |
3
7 0,+HO - +HOO + H,0 k, =1.2%107
imol * s |
m3
8 HOO + Fe3t - Fe?* +0,+ H* kg =2 = 10! l l
mol * s
m3
9 H00'+F€2++H+—>F€3++H202 k9=12*103 [ l
mol * s
m3
10 HO + Ry — CF,COOH — products + HF ko = 103 [ l
mol x s




Appendix 2: Geometrical and Physical Parameters

fluoride ions

Parameter Symbol Value [unit] Reference
Faraday’s constant F 96485 [ ] -
Gas constant R 8.314 [ -
K * mol
Single cell active area A 608 [cm?] (Mayyas et al., 2019)
Charge transfer
_ a 0.5 (Colbertaldo et al., 2017)
coefficient
o _ (Garcia-Valverde et al.,
Limiting current density i, 6 [
cm? 2012)
Initial membrane _
. tmem,o 178 [um] (Chandesris et al., 2015)
thickness
Membrane hydration A 20 (Awasthi et al., 2011)
. g
Water molar weight MMy, o 8 [ﬁ] -
. kg
Water density PH,0 997 [—3] -
m
Thermoneutral voltage Vrn 1.481 [V] (Harrison et al., 2010)
Nafion dry membrane kg ‘
) PNaf 1980 [—3] (Wong & Kjeang, 2014)
density m
Nafion equivalent weight EW 1.1 [ l (Sethuraman et al., 2008)
mo
. m .
Rugosity Yc 150 lﬁl (Chandesris et al., 2015)
Thickness of the cathodic i
€clc 10 [um] (Wong & Kjeang, 2014)
catalyst layer
Molar mass of the g
MMpor | 18.998 [ﬁ] (Information, 2021)




Appendix 3: MATLAB® Code for Steady State and Degradation
The script for the simulation of the model in MATLAB® environment is presented here.

Properties Definition

classdef ELCellStack

properties

% Input parameters

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

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

A =680 % Area of cell [cm”2]

Alpha = 0.5; % Transfer coefficient

il= 6; % Limiting current density [A/cm”2]

Im = 1.78*10"-2; % Membrane thickness [cm]

lambdam = 20; % Membrane hydration parameter
roughness an=7.23*10"2; % roughness factor [cm”2/cm”2]
roughness cat=2.33*10"2; %roughness factor[cm”2/cm”2]
i0ref an=2.3*10"(-7); % anode exchange current density at the reference temperature
[A/cm”2]

i0ref cat=1*10"(-3); % cathode exchange current density at the reference temperature
[A/cm”2]

vthn=1.481; %thermobeutral voltage [V]

MmH20=18; % water molar mass [g/mol]

rthoH20=997; % water density [kg/m"3]

Ea an=76000; % anode activation energy [J/mol]

Ea cat=4300; % cathode activation energy [J/mol]
Tref=298; % reference temperature [K]

end

end

Open Circuit Voltage

function ENernst=ENernst(Tk,pres)
a=ELCellStack;



pcat=pres; %opressure at the cathode [bar]

pan=pres; %pressure at the anode [bar]

ppH2=pan-PsatH20(Tk); %partial pressure hydrogen [bar]
ppO2=pcat-PsatH2O(Tk);%partial pressure oxygen [bar]

E=1.229-0.9*10"(-3)*(Tk-298); %standard potential [V]

Gf lig=E*2*a.F; % Gibbs free energy [J/mol]

ENernst=Gf liq./(2.*a.F) - ((a.R.*Tk).*log(PsatH20O(Tk)./(ppH2.*(pp02.70.5))))./(2.*a.F);
%[ V]

end

Activation Overvoltage

function Vact=VAct(Tk,I)

a=ELCellStack;

%exchange current density

i0_an=a.roughness an*a.iOref an*exp(-(a.Ea an/a.R).*(1./Tk-1/353)); % [A/cm”2]
10_cat=a.roughness cat*a.i0ref cat*exp(-(a.Ea_cat/a.R).*(1./Tk-1/353));% [A/cm"2]
¢ =a.R.*Tk./(a.Alpha.*a.F);

bl=asinh((I./a.A)./(2.*10_an));

b2=asinh((I./a.A)./(2.*10_cat));

Vact=c.*(b1+b2); % [V]

end

Ohmic Overvoltage

function VOhm=VOhm(Tk,I)

a=ELCellStack;

%Area Specific ohmic Resistance

r=a.Im * 1./ (( 0.005139 *a.lambdam - 0.00326 )* exp(1267*(1/303-1./Tk))); %[Ohm*cm”2]
VOhm = ((I/a.A).*r); %[ V]

end



Concentration Overvoltage

function VConc=VConc(Tk,I)
a=ELCellStack;
VConc = a.R.*Tk./(2*a.F).*(1+1/a.Alpha).*log(a.il./(a.il-(I./a.A))); %[ V]

end

Water Saturation Pressure

function PsatH20=PsatH2O(Tk)
Tce=Tk-273.15;
PsatH20=610*10"(-5)*exp((Tc./(Tc+238.3))*17.2694); %|[bar]

end

Pollutants Concentration

function [CH202,CHO]=conc(Tk,Lpres)

i=L./(a.A*10"(-4)); % Corrent density [A/cm”"2]

eta=0.695; %Equilibrium overpotential 2e-ORR [V]
pO2=pres-PsatH20(Tk); % Oxygen partial pressure [bar]
$02=1.62*10"(-6)*exp(603./Tk)*10"5; % Oxygen solubility [mol/m”3/bar]
c02=s02.*p02; %0Oxygen concentration [mol/m"3]
Qc=a.MmH20%*i*(a.A*10"(-4))./(2*a.F*a.rhoH20*10"3); % Consumed waterflow [m”3/s]
Qt=(-0.332.*log(1)+5.59).*Qc; % Transferred waterflow [m"3/s]
vH20=Qt./(a.A*10"(-4)); % Water velocity [m/s]

EW=1.100; % Nafion equivalent weight [kg/mol]

rhonaf=1980; % Nafion dry membrane density [kg/m”3]
Cmemb=rhonaf/EW; % Membrane concentration [mol/m”"3]
ecle=1*10"(-5); %thickness cathode catalyst layer [m]

gammac=150; % rugosity cathode [m"2/m"2]

k10=7.068*10"2; % Kinetic constant [m”"7/mol"2/s]

AH202=42450; % Activation energy [J/mol]

alfa=0.5; %Trasfers coefficient of the reaction [-]

cH=(1980+32.4*a.lambdam)./((1+0.0648*a.lambdam)*(EW));% Concentration of H"



kl1=klo*exp(-AH202./(a.R.*Tk))*exp(-alfa*a.F*eta./(a.R.*a.Tref)); % Kinetic constant
[m”7/mol"2/s]

R1=k1.*cO2.*cH"2; % Kinetic rate [mol/m”"2/s]

vl=gammac*R1./eclc; % Formation rate [mol/m”"3/s] of reaction

k2=1.2*10"(-7);% Kinetic constant [s"(-1)]

k6=2.7*10"(4);% Kinetic constant [m”3/mol/s]

k7=1.2*10"(7); % Kinetic constant [m”3/mol/s]

k10=10"(3); % Kinetic constant [m”3/mol/s]

e=k7.*¥*c02+k10.*Cmemb-vH20O./eclc;

A2=-3*k2+vH20./eclc;

B=e.*vH20./(eclc*k6)-v1-e.*k2/k6;

C=-e.*v1./k6;

CH202=(-B+sqrt(B."2-4.*A2.*C))./(2.*A2); % Hydrogen peroxide concetration [mol/m”3]
CHO=vH20./(eclc*k6)-k2/k6-v1./(k6.*CH202); % Hydroxil concentration [mol/m”3]

end

Fluoride Release Rate FRR and Reduced Membrane

function [FRR Im]=FRRIm(CHO,t) % t time of operation [s]; CHO Concentration of HO
k10=10"(3);% Kinetic constant [m”"3/mol/s]

EW=1.100; % Nafion equivalent weight [kg/mol]

rhonaf=1980; % Nafion dry membrane density [kg/m”"3]

Cmemb=rhonaf/EW; % Membrane concentration [mol/m”3]
v10=k10.*CHO.*Cmemb; % Chemical reaction rate [mol/m”3/s]

vF=3.6*v10; % F- Formation rate [mol/m”3/s]

MMF=18.998403; %Molar mass of the fluoride ions [g/mol]
FRR=vF.*MMF.*(a.lm*107(-2)).*3600/(10"4); % Fluoride Release Rate [g/cm”2/h]
TR=FRR./(0.82*2); %thickness reduction rate [cm/h]

if TR>0

Im=a.Im-TR.*t; % membrane thickness [cm]

else

Im=a.lm;



end

end

Activation Overvoltage with the Variable Membrane Thickness

function Vact _deg=VAct deg(Tk,Lpres,Im)

a=ELCellStack;

EW=1.100; % Nafion equivalent weight [kg/mol]
w=a.lambdam*a.MmH20*10"(-3)/EW; % Normalized water uptake
SH2=1./(w*1.09*10"5.*exp(77./Tk))*10"5; % Hydrogen solubility in water [mol/m”"3/bar]
DH2=1.23*10"(-6)*exp(-(-2602)./Tk); % Hydrogen diffusivity in water [m”"2/s]
ppH2=pres-PsatH20O(Tk); % Hydrogen partial pressure [bar]
1iH2=SH2.*DH2.*ppH2./Im*2*a.F; % gas crossover current [A/cm"2]
10_an=a.roughness_an*a.i0ref an*exp(-(a.Ea an/a.R).*(1./Tk-1/353));

10 _cat=a.roughness cat*a.iOref cat*exp(-(a.Ea cat/a.R).*(1./Tk-1/353));

c =a.R.*Tk./(2*a.Alpha.*a.F);

nx=a.R.*Tk.*log(iH2/i0_cat)./a.F; %gas crossover overvoltage [V]
bl=asinh((I./a.A)./(2.%10_an));

b2=asinh((I./a.A)./(2.*%10_cat));

Vact deg=c.*(b1+b2)+nx; % [V]

end

Ohmic Overvoltage with the Variable Membrane Thickness

function VOhm deg=VOhm_deg(Tk,I,pres,Im)

a=ELCellStack;

%Area Specific ohmic Resistance

r=lm* 1 ./ (( 0.005139 *a.lambdam + 0.00326 )* exp(1268*(1/303-1./Tk))); % [Ohm*cm"2]
VOhm = ((I/a.A).*r); % [V]

end
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