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Summary

Water electrolysis represents a key technology for energy transition, and among
the different technologies, alkaline water electrolysis is the most developed, thanks
to relatively low cost, compared to others, and the possibility of working without
critical raw materials or noble electrodes. A crucial aspect of water electrolysis is
the anodic process: oxygen evolution reaction (OER) is characterized by a sluggish
kinetics, high overpotential, and severe stability issues in alkaline environments.
For this reason, the design of active and stable catalysts is essential. However,
despite the extensive research efforts in recent years, the lack of standardized
protocols for catalyst testing make it difficult to compare results among different
laboratories.

To address this gap, this research proposes to develop and apply standardized
measurement methodologies for the characterization of electrodes used in water
electrolysis, combining electrochemical techniques, to extract key performance
indicators, with physicochemical characterization methods to correlate
morphological and structural properties with electrochemical performance.

In particular, I defined two complementary experimental protocols, tailored to
the specific nature of the investigated materials and integrating both DC and AC
electrochemical techniques. In particular, DC methods provide quantitative insights
on electrocatalytic activity and stability, while AC techniques, such as
electrochemical impedance spectroscopy, represent a powerful diagnostic tool for
resolving the individual contributions of charge transfer, double-layer capacitance,
diffusion, and interfacial phenomena over a wide frequency range, by the usage of
an electrical circuit, modeling the electrochemical behaviour of the system. The
combination of both types of measurements allows to obtain a more comprehensive
evaluation of electrocatalysts performance, enabling the identification of
degradation pathways and enhancing the comparability of results. Experimental
activity focused on functionalized Porous Transport Layers (PTLs) in stainless
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steel, which can be used in new generation anion exchange membrane water
electrolyzers (AEMWESs), and on perovskite-based electrodes, explored for their
catalytic activity and stability toward the OER. These materials were selected to
represent both technologically relevant and scientifically challenging systems,
where surface modification, microstructural control, and compositional tuning play
decisive roles in determining electrochemical behaviour.

A Protocol for functionalized PTLs was applied to Ni-based and NiFe-based
metal-organic framework (MOF) nanostructures. NiFe MOF-based electrodes, in
particular, have been integrated as anodes in anion-exchange membrane
electrolyzers (AEMWE). In both cases, the measurement approach allowed a
reliable correlation between structural features, electrocatalytic activity, and
degradation mechanisms, highlighting the advantages of a reproducible
measurement framework.

A Thin-Film Electrode Protocol was instead applied to perovskite catalysts, i.e.
Ti-doped SrCoO,s. The application of a specific protocol, integrating
electrochemical and spectroscopic techniques, confirmed the role of structural
doping in achieving durable performance.

Overall, this dissertation demonstrates how measurement science can play a
central role in electrocatalysis research providing a metrological framework for
electrochemical measurements in hydrogen-related energy research, aiming to
enhance the reliability and comparability of electrochemical testing across research
institutions and industrial laboratories.
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Chapter 1

Introduction

1.1 Green hydrogen

In the past few decades, the growth of global energy demand, driven by both
economic and demographic increase, has resulted in a strong dependence on fossil
fuels, such as oil, coal, and natural gas. At the same time, technological innovation
has further increased the demand for energy, needed to power our vehicles,
factories, and computers. While fossil fuels have supported the industrial
development of the 20th century, their widespread usage is today recognized as one
of the main drivers of climate change, due to the large amounts of Greenhouse gas
emissions (GHG) that are released during their combustion [ 1-4]. It is documented
by the International Energy Agency that, in 2010, around 69% of global greenhouse
gas emissions were the result of fossil fuel combustion [5]. They are considered the
primary agent of climate change, with nearly 90% carbon dioxide emissions,
attributed to combustion [6]. The environmental and social consequences,
including the rise in global temperature, extreme weather events, and biodiversity
loss, make a transition to a more sustainable energy model a real and urgent
necessity [7,8]. To address this challenge, at the 2015 UN Climate Change
Conference, Parties to the United Nations Framework Convention on Climate
Change (UNFCCC) adopted The Paris Agreement, which states the following
goals: “’Hold the increase in the global average temperature to well below 2 °C
above pre-industrial levels and pursue efforts to limit the temperature increase to
1.5 °C above pre-industrial levels, recognizing that this would significantly reduce
the risks and impacts of climate change...”” [9]. To achieve 1.5 °C target, as
required, it is necessary to reduce CO» emission by about 37 Gigatons compared to
2022 levels, and reach zero-net emission in energy sector by 2050 [10].

Beyond their environmental impact, fossil fuels are also non-renewable
resources, originated millions of years ago from buried organic matter. Although
large deposits still exist worldwide, they have been widely exploited and are



gradually being depleted. It is estimated by the scientific community that crude oil
reserves will be exhausted in 2042, natural gas in 2044, and coal in 2112, as shown
in Figure 1.1 [11-13].
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Figure 1.1 World Energy consumption, fossil fuel and coal depletion. Image taken from [13].

Thus make a transition to a sustainable energy paradigm essential. Electricity
is expected to become the main energy carrier, accounting for over 50% of total
final energy consumption by 2050 in the 1.5°C scenario [14]. However, to achieve
full decarbonization, attention must also be paid to that sector where direct
electrification is challenging, such as heavy industry, aviation, and international
shipping. In these hard-to-abate sectors, bioenergy could represent a promising
solution, for example as biofuel for transport with limited alternatives (such as
aviation), or as carbon sources for synthetic fuel production. Additionally,
technologies such as carbon capture and storage (CCS) can help to reduce residual
emissions, especially in industrial plants already in operation or in processes that
are difficult to decarbonize, such as cement production [15].

However, where it is possible, direct electrification remains the most efficient
and simplest pathway, and it has already been successfully adopted in areas such as
buildings, heating, and passenger transportation.

It is fundamental to invest in clean technology and renewable sources like solar,
wind, and hydropower energy [16]. The percentage of renewable energy in the
global energy mix is expected to increase from 16% in 2020 to 77% by 2050 [10].
However, their intermittent nature introduces significant challenges to the stability
and reliability of energy grid. Consequently, it is necessary to find complementary
solutions to store and transport energy more efficiently.

In this context, hydrogen is emerging as a key energy vector in a transition
towards a low carbon emission system. One of the UN’s sustainable development
goals (SDGs) is the SDG7, i. e. “ensure access to affordable, reliable, sustainable
and modern energy for all” [17]. Green hydrogen, produced using surplus
renewable energy, could be a sustainable and climate-safe solution, especially for
those hard to abate sectors [12,18-20] and, more broadly, for the decarbonization
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of chemical processes [21-23], as it is shown in Figure 1.2. Hydrogen is mainly
used today in crude oil refining and the synthesis of ammonia and methanol,
together representing about 75% of the total demand for pure and hydrogen [8,24].
Moreover, green hydrogen can be used to generate clean energy, for instance
through fuel cell, an electrochemical system that converts hydrogen’s chemical

energy into electrical energy producing only water and heat as by-products, without
harmful emissions [25].
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Figure 1.2 Green hydrogen production, conversion and end uses across the energy system. Image taken
from [26].

To better understand the potential of hydrogen in the energy transition, it is
useful to recall some of its fundamental properties and how it is currently produced.

Hydrogen is the most abundant element in the universe; on earth it exists in
composite forms with other elements. It can be combined with oxygen as water, or
with carbon resulting in hydrocarbons present in natural gas, coal, or oil. Therefore,
it must be extracted from its composites. 1 kg of hydrogen contains 33 KWh of
energy, 3 times higher than gasoline, but when stored at atmospheric pressure, its
volumetric energy content is 4 times lower [18,27]. Today 95% of global hydrogen
production comes from fossil fuel, using technology such as methane steam
reforming or coal gasification. However, these processes result in very high CO»
emission, further contributing to global warming. The remaining 5% is a byproduct
of chlorine production. Electrolysis, when coupled with renewable sources,
represents the only way to produce hydrogen without any emission [27-30]. Global



Hydrogen consumption in 2020 was about 87 million tons (10440 PJ), with almost
all of it produced by fossil fuels [31].

Hydrogen cleaning levels, are often described using a colour code, which is
related to the technology used to its production, the resources from which it is
extracted and the amount of polluting emission generated [29,30,32], Figure 1.3.

Grey, brown, and black hydrogen are produced using fossil fuels, such as coal
and natural gas, releasing a huge amount of GHG emissions [30]. Grey hydrogen is
obtained through natural gas reforming: to produce 1 ton of grey hydrogen, about
10 tons of CO> are emitted into the atmosphere [23]. Brown hydrogen is derived
from lignite, while black hydrogen comes from hard coal. Coal gasification is the
most polluting pathway, releasing both CO- and CO. Although the share of black
and brown hydrogen is reducing, grey technology remains the primary source [27].

Turquoise hydrogen is produced by natural gas pyrolysis, where methane is
thermally decomposed at temperatures between 600 °C and 1400 °C, splitting
methane into hydrogen and carbon. Unlike grey hydrogen, this process doesn’t emit
COg, since the by-product is solid carbon (black carbon). However, carbon stability
at this elevated temperature is critical, and also the use of renewable energy to make
the process sustainable [23].

Blue hydrogen is also produced from fossil fuels, but with the addition of
Carbon Capture and storage technology to reduce emissions.

Yellow, pink, and green hydrogen are produced by water electrolysis, differing
only in the source of electricity. For pink hydrogen is nuclear energy, for yellow is
grid electricity (with GHG emissions varying according to the sources used to
power the grid) [30]. Although nuclear energy usage to produce hydrogen is not
widespread around Europe, it could be relevant in countries like Russia and China.
Green hydrogen is the only one produced using 100% renewable electricity [27].

. Feedstock/ GHG
Terminology echnalegy Electricity source footprint*

Green Hydrogen Wind, Solar, Hydro,
Geothermal, Tidal
Minimal

Purple/Pink Hydrogen Electrolysis Muclear

PRODUCTION
VIA ELECTRICITY

Mixed-origin grid energy Medium

Matural gas reforming +
Blue Hydrogen CCUS gasification + CCUS Natural gas, coal e

Solid carbon

Turquoise Hydrogen Pyrolysis (by-product)

Natural gas

MNatural gas reforming Medium

PRODUCTION
VIA FOSSIL FUELS

Brown Hydrogen Brown coal (lignite)
Gasification High
Black Hydrogen Black coal

*GCG footprint given as a general guide but it is accepted that each category can be higher in some cases.

Source: Global Energy Infrastructure (GEI), 2021

Figure 1.3 Hydrogen colour coding for various manufacturing processes. Image taken from [32].

In recent energy scenarios, green hydrogen is considered as one of the most
promising solutions for a new low-emission economy [33,34]. This energy vector
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represents a crucial link between sustainable energy production and various
application sectors, like transportation or industry. Unlike fossil fuels, the unlimited
availability of solar and renewable energy sources gives green hydrogen, a superior
development potential, both in quantitative and environmental terms [35,36].

It is important to underline that, nowadays, green hydrogen represents the only
truly carbon-free option for hydrogen production. Alternative technologies, such as
carbon capture and storage (CCS), still face technical and infrastructural
limitations. They reduce CO; emissions only partially, ideally by 85-95%, and are
often economically and socially unsustainable [37-39]. Furthermore, CCS requires
complex infrastructure for CO» transport and storage, is sensitive to fossil fuel
prices fluctuation and may encounter social acceptance barrier. Moreover, methane
leakage, linked to gas production and transportation creates an additional
environmental concern, since methane has a global warming potential 86 times
higher than CO: considering a 20-year period [30,40].

Despite its potential, large-scale development of green hydrogen technology
still faces several obstacles. The most critical are prohibitive costs along the entire
value chain, ranging from electrolysis to fuel cell, together with the lack of adequate
infrastructure for storage and distribution, and significant-energy losses.
Addressing these challenges requires a rapid expansion of renewable energy
generation capacity, better management of the intermittency of these sources, and
the development of advanced energy management systems to ensure continuous
and reliable production. In addition, the market does not yet fully recognize the
environmental benefit of reducing greenhouse gas emissions, limiting the economic
incentive for green hydrogen adoption [14,39].

For these reasons, large-scale deployment of green hydrogen technologies
remains both a challenge and a necessity, and understanding their cost dynamics is
essential to assess their competitiveness.

The main cost driver of hydrogen production is electricity. However, the global
trend of reduction of renewable electricity cost, is improving the competitiveness
of green hydrogen. This dynamic opens the opportunity for a global market, where
the regions reach of renewable sources could export to areas with less potential.

Trade could take place through transporting liquid hydrogen, using energy-
dense chemical carriers, or the conversion of hydrogen into useful chemicals that
can be easily integrated into existing industrial supply chains [41-43].

The technology used to convert water into green hydrogen is the electrolyzer.

An electrolyzer consists of two compartments, cathodic and anodic
respectively, separated by a membrane or a diaphragm. Depending on the
configuration, they are classified as Alkaline water electrolysis (AWE), Polymer
electrolyte membrane electrolysis (PEM), and solid oxide electrolysis (SOEC). The
main differences between these different technologies will be analysed in Section
1.2 [27.,44].

Although this technology is well established in the chemical industry, its costs
are still extremely high, compared to steam reforming, whose plants are often
already operational and amortized.



Green hydrogen costs are influenced by many factors: first electrolysis’ costs
(assembly, operation, technology employed, capacity, and plant lifetime) [45]. In
addition, the cost of electricity, which depending on location, represents the largest
part of operating expenses.

Figure 1.4 compares the costs of hydrogen produced by steam methane
reforming with CCS and by green hydrogen in Europe. Currently the cost of green
hydrogen is about 2-3 times higher than blue hydrogen. In America it ranges
between $2.18 and $6.67/kg of hydrogen, depending on plant efficiency,
electrolyzer technology, and electricity source. In Europe, the cost rises, ranging
between 4.13 and 9.30 €/kg of hydrogen. Grey hydrogen, from steam methane
reforming, is the cheapest option, its cost is around $1/kg of hydrogen in America,
and 3.76 €/kg of hydrogen in Europe, but as discussed earlier, this technology is the
most impactful considering an environmental point of view. With Carbon Capture
installation the cost increases, on average 4.41€/kg of hydrogen in Europe, and
around $ 3.24/kg of hydrogen in America [28,46,47].

Average levelized cost of hydrogen produced via Average levelized cost of hydrogen produced via

reforming with carbon capture in Europe (EUR/kg) electrolysis directly connected to a renewable
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Figure 1.4 Average levelized cost in Europe for blue and green hydrogen production. Image taken from
[46].

In some regions with particularly favourable conditions, the cost of production
of green hydrogen is about $ 2.5/kg, like that of blue hydrogen. The final cost, as
shown in Figure 1.5 depends on the operating hours of the electrolyzer plant, OPEX
and CAPEX costs, and electricity prices [48,49].

When operating hours are low, for example when a plant is coupled with
photovoltaic (PV) generation without storage or backup, or when curtailed
electricity is used, the investment cost must be spread on a smaller output of
hydrogen, so it dominates the overall cost. As the operating hours increase, however
the operating costs become more relevant.
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Figure 1.5 Hydrogen production cost as a function of investment, electricity price. Image taken from
[25].

Supportive policies for solar projects, designed to reduce investment risks and
guarantee stable payment, have already been implemented in countries like Brazil,
Portugal, the United Arab Emirates, and the USA, achieving an electricity cost as
low as USD 13.5-20/MWh [50].

The efficiency of the electrolyzer translates electricity cost to a final production
cost of about 1.5 times higher. For instance, if the electricity cost is 20 USD/MWh,
the corresponding hydrogen production costs would be about 31 USD/MWh, so
about 1 USD/kg of H» [51,52].

Under ideal conditions of low-cost renewable electricity, small investment
costs, and many operating hours, green hydrogen can compete with blue hydrogen.
A reduction of the capital cost could be achieved considering an operating time of
3000-4000 hours, for example in that location of the world where electrolysis plants
are coupled with PV or Wind power that could achieve a capacity factor of 5000
hours.

Right now, less than 0.02% of pure green hydrogen is produced by water
electrolysis. Most of the projects are in the single-digit MW range, with the largest
installations being a 10 MW alkaline electrolyzer in Japan and a 20 MW PEM
electrolyzer in Bécancour, in Canada, operated by Air Liquide [50]. This

technology is ready to be scaled up, with numerous projects to be powered by 2025
[36,53].

To make green hydrogen competitive, a significant scale-up is required,
together with improvements in efficiency and lifetime, and further reductions in
electricity prices [54]. To achieve these goals, it is also necessary to develop new
catalysts and configurations, standardize the design of the equipment and mass
production.
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Figure 1.6 Global clean hydrogen supply in 2020, 2030 and 2050. Image taken from [10].

Looking ahead, scenarios consistent with limiting global warming to 1.5 °C
assign a central role to hydrogen and its derivatives. In particular, products such as
methanol and ammonia (more adapted for some applications and easier to be
transported for long distances) would represent together 14% of energy
consumption by 2050, while their contribution is negligible in the global actual
energy mix.

According to IRENA’s 1.5 °C scenarios, green and blue hydrogen production
must grow from today’s negligible levels to about 15 EJ (125 Mt) by 2030 and 63
EJ (523 Mt) by 2050, as shown in Figure 1.6. In the long term period green
hydrogen is expected to become dominant, from 40% of total hydrogen production
in 2030 to 94% in 2050. To achieve this goal electrolyzer capacity for green
hydrogen must grow from 428 GW by 2030 to 5722 GW by 2050 [31].

In the earlier decades, hydrogen was primarily seen as a means to diversify
energy supply and improve energy security, especially during oil supply disruption.
In recent years, the interest has shifted to other sectors, driven by the objective of
achieving net-zero emissions. As a result, a lot of hydrogen policies to support fuel
cell vehicles and the development of refueling stations were born [55]. A change is
expected in the next years, because greater attention is given to sectors where
hydrogen is already used, using green hydrogen instead of fossil-based hydrogen
[56,57].

This shift in focus highlights the need for coherent and integrated policy support
to ensure that hydrogen can expand across different end-use sectors. Key elements
of this approach are: the development of national hydrogen strategies that integrate
relevant elements together, establishing a long-term vision shared with industry, the
identification of policy priorities for sectors where hydrogen could add the most
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value according to national conditions, and the implementation of governance
systems and enabling policies that remove barriers and facilitate market expansion.
[10,58].
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Figure 1.7 Recommendations for G7 members. Image taken from [10].

So, to respect the achievement of the Paris Agreement to get net zero emissions,
in the last years numerous countries have adopted hydrogen policies and strategies
aimed at both production and utilization. Among these strategies is crucial to talk
about hydrogen colour, some of them are focused on green hydrogen, others in blue
or grey, while more in a mixture of them.

In the long term there is widespread support on green hydrogen strategies, as it
is considered as the only truly sustainable solution. In the short-term, however, blue
hydrogen is seen as transitional solution, enabling faster decarbonization through
established technologies [59,60].

The scale of these policies is also different, ranging from the absence of national
targets to extremely ambitious strategies with electrolyzer and hydrogen production
goals.

Several countries around the world announced their strategy, which in many
cases represent the outcome of decades of investment in research and development
and energy application since the 1970s, (Figure 1.8).

These results have been obtained through collaborations, which produced
vision documents and roadmaps, setting the next steps of concrete policies in a
long-term perspective. To be effective, these strategies must be followed by impact
assessments, policy design, financial feasibility, and implementation. In the last few
years, many countries have made lots of efforts to achieve these goals, but most of
them are still under development rather than fully implemented. In Europe, for
example, it is common to set capacity targets for electrolysis, while the policy
instruments still need to be developed.



/:-P\ = @ e
pr—;" DT i

2018

upcoming
— Austrla bem Oman
mmm Colombla 5T Paraguay
o Denmark  EJ= unitedKingdon
0 taly * Uniguay
P Morocco +++ andmoie
tocome

‘ France strategy
'@ ! | ] | rateg
‘g Callfornla

‘.** ————— & Vision document

| .:. European Unlon
o Vislon document

2019 ‘
5 e; Republic of Korea
1 i
‘ Y JEEY European Union
: \
! al _ | @ Japan
| &l New Zealand
*— AR o cocument
(‘~ @ Japan Strategy
1 & | Canada
® I l Vislon dacument
,‘\ E88 Australla strategy
2020

® 8. Republic of Korea strategy
l. == Netherlands Strateg
| China
® R&D programme
| portugal
‘. Vislon document
& — I Russla
,‘ ". Norway Strategy
J, === Germany Sirateqgy
| European Unlon
L = Strategy
‘ Portugal strategy
.,L B Spain Strategy
;‘7 B Chlle Strategy
A‘- == Finland strategy

Figure 1.8 Recent hydrogen policies and strategies. Image taken from [25].

Among the most ambitious goals for hydrogen production cost reduction, there
are those of Australia and Chile. Australia would like to bring hydrogen production
costs under 2 AUD/kg of H, supported by important state funding of $14 billion,
while Chile has set a target of 1.5 USD/kg by 2030.

Also emerging economies like Brazil, India and South Africa are going on with
hydrogen strategies. Brazil is investing in low carbon emission technologies, while
India would like to produce 5 million tons (Mt) of hydrogen by 2030.

Japan and South Korea are integrating hydrogen in many sectors, as electric
energy production, heating, and transport, with investment of about $18.2 billion in
Japan and $16.26 billion in Korea. The US aims to reduce green hydrogen cost to
2 $/kg by 2030, to enhance domestic and commercial demand [61].

Within this global context, the European Union (EU) promotes the most
ambitious strategy, accounting for 85% of globally anticipated projects [44]. EU
sets a target of 40 GW of electrolysis capacity by 2030, supported by national
policies from France, Germany, Netherlands, Portugal, and Spain, aiming to get 6.5
GW, 5.0 GW, 3.0-4.0 GW target, respectively. In Figure 1.9, it is possible to see
how this capacity will be shared between the different members. The EU also aims
to get a production volume of 10 million tonnes of hydrogen per year (MtH2 /year)
by aiming for 40 GW of electrolysis capacity also in neighbouring countries (North
Africa) by 2030 [61].
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Figure 1.9 Electrolyzer capacity targets in European hydrogen strategies, 2030. Image taken from [26].
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EU is developing a series of policies to promote hydrogen as key vector in
energy transition and to reinforce energy security, a process accelerated by the crisis
derived by Ukraine war. Among the most relevant initiative there are REPowerEU,
which aims to reduce the dependence from Russian fuels by 2027, enhancing the
domestic hydrogen production, the diversification of energetic sources and the
building of new infrastructure. In parallel, the Fit for 55 plans introduce the
requirement of development of refueling station along the net, and the use of almost
40% of renewable energy in the energy mix by 2030. It establishes also the creation
of an internal market for gases and renewable hydrogen coordinated by an European
network of operators [62,63].

Furthermore, to promote innovation technology, EU approved IPCEI Hy
(“Important Project of Common European Interest”). This project involves 99
companies, from 16 states members, promoting the development of innovative
technologies for hydrogen value chain, boosting the decarbonization of mobility
and industrial sectors. This project includes up to €18.9 billion State aid which is
expected to unlock more than €27.1 billion of additional private investment [64].

Despite the efforts undertaken, more ambitious actions need to be made to make
green hydrogen a really key component of energy transition. In particular, the
substitution of 7.9 Tons of fossil hydrogen by green hydrogen, that is nowadays
used in industrial processes in Europe, requires a huge expansion of electrolytic
capacity, of 79 GW, 300 times higher than the currently installed capacity. In Figure
1.10 it is possible to see Europe’s water electrolysis projects to get 88 GW. power
by 2030 [65]. However, to get this transformation, there is a need for specific
national targets for industrial investment and coordinated international efforts to
reduce green hydrogen cost and share technological know-how between countries.
It will also be essential to increase investment in the manufacturing capacity of
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renewable power generation, without which large-scale hydrogen production will
not be feasible.
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Figure 1.10 Cumulative operational and planned water electrolysis projects in Europe by the year 2024 -2030
in GWel. Image taken from [65].

A further challenge is that green hydrogen is still not competitive under current
free-market conditions The current production costs are very high, and there is also
a lack of transport and storage infrastructure [66]. In addition, the production of
electrolyzers relies on critical raw materials such as platinum and iridium. These
elements are scarce, energy-intensive to extract, and have a high environmental
footprint, but they are also crucial to ensure long-term operation under low
overpotential conditions [21]. Figure 1.11 illustrates the global warming potential
and cumulative energy demand associated with such materials.
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Figure 1.11 Global warming potential and cumulative energy demand for critical materials. Image taken
from [25].

To face these challenges, it is necessary a reduction of electrolysis facility cost
by 40% in the short term and by 80% in the long term [25]. Despite in the past 10
years, electrolyzer’s costs have declined more than 50%, further progress is
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fundamental. According to IEA and Hydrogen council, production costs of green
hydrogen are going to decrease, depending on the scenario and market conditions,
between 30% and 70% [67]. This path is supported by a steadily decreasing
production cost of green renewable energy and public interest for clean energy
sources [24]. In combination with that, hydrogen-based fuel cells are becoming
cheaper, more durable, and secure, expanding hydrogen applications in a zero-
emission transport sector, in industry or energy supply security in remote areas [68].
Their evolution is fundamental to guarantee efficiency and flexibility of an
energetic system based on low emissions vectors.

In conclusion, the development of a hydrogen-based economy requires a
coherent mix of industrial policies, public and private funding, technology
innovation, and international cooperation. Only in that way would it be possible to
overcome the economical and structural barriers, making hydrogen a foundation of
climate neutrality by 2050.

1.2 Water electrolysis

1.2.1 Principle of water electrolysis

The key process, for green hydrogen production is water electrolysis, i.e. an
electrochemical process in which electrical energy is used for the splitting of water
in hydrogen and oxygen [69].

An electrolyzer consists of two electrodes, immersed in an electrolyte,
separated by a diaphragm or a membrane, and connected to an external generator.
The electrodes must be made with materials with a high corrosion resistance, good
electrical conductivity, effective electrocatalytic activity, and a solid and long-term
mechanical stability. The electrolyte must be chemically stable during electrolysis
process, avoiding reactions with the electrodes, which would cause alteration or
contamination. It is necessary also to use a separator between the two
compartments, to prevent the recombination of hydrogen and oxygen. It must avoid
short-circuits, thanks to its electrical resistance, but at the same time it should
provide a good ion conductivity, and must remain chemically and physically stable
over time [70].

The overall reaction occurring is:

1
H,0() - Hz(Q)"‘;Oz(Q) Eq. 1.1
During electrolysis process, hydrogen evolution reaction (HER) takes place at

the cathode, according to the following reactions:
Acid environment:

2H* +2e” - H, Eq. 1.2
Alkaline environment:
2H,0 + 2e~ - H, + 20H™ Eq. 1.3

At the positive charged anode oxygen is formed, by water oxidation:
Acid environment:
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H,0 > -0, + 2™ + 2H* Eq. 1.4

Alkaline environment:

20H™ > 20, + H,0 + 2~ Eq. 1.5

Thermodynamics plays a key role in this process because it determines the
energy requirements of the process [71,72]. Electrolysis is an endothermic (AH >0),
and non-spontaneous process (AG >0), so it needs energy from the external source
to occur. At constant temperature and pressure, the required energy, corresponds to
the enthalpy change AH >0, which is partly supplied as electrical energy (AG) and
partly as heat (Q = TAS):

AH = AG + TAS Eq.1.6

The energy consumption of the process, and so the cell voltage, depends
strongly on temperature. In Figure 1.12 it is possible to notice the variation of the
process energy consumption at standard pressure for temperature range from 298 K
to 1273 K (from 25 °C to 1000 °C). As temperature increases, the electrical energy
requirement AG decreases with temperature, while the thermal demand TAS
increases [70]. At high temperatures the electric energy consumption is very low,
for that reason high-temperature electrolysis has such a great potential.
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Figure 1.12 Total (AH), thermal (Q) and electrical (AG) energy demand of an ideal electrolysis. Image
taken from [73].

The reversible Equilibrium cell voltage, or electromotive force, Eeq, is the
minimum required voltage and, at the standard condition (P = 1 atm, T = 25 °C), it
is expressed as:

AG®
0 _—
Eeqg=——

. Eq. 1.7
Where:

e AG° is the change in Gibbs free energy under standard conditions.
e 7z is the number of electrons transferred per mole of hydrogen (z = 2).

e Fisthe Faraday constant, representing the charge of a mole of electrons
(96485 C/mol).

At standard conditions AG°=237.21 kJ/mol, and E°=1.229 V.
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Under non-standard conditions, Eeq can be calculated defined by Nernst
Equation [74,75]:

EoqlV] = E°%q + Zn (M) Eq. 1.8

zZF ap,o
Where:

. Rs the absolute gas constant (8.314 J/(K*mol)),
« po2and pn2 are products’ partial pressure,
o amo is water activity.

When a direct current (DC) is supplied to the cell, the cell voltage Eceniis higher
than Eeq This is caused by cell irreversibility and overvoltage, which generate
energy losses.

Ecen = Eeq + Eonm + Egct + Econc Eq. 1.9

Where:

e Eonmis an overvoltage caused by all the ohmic contribution of the cell,
first the electrolyte, and the separator, but also all the electrodes,
current collectors, interconnections. This contribution is proportional
to the electric current flowing through the cell,

e The term Econc, known as concentration overvoltage, is caused by mass
transport phenomena inside the cell, reducing reactant concentration at
the electrodes or Hz and O2 accumulation at the reaction sites,

e E.represents the activation overvoltage; related to the energy barrier
for electrode reactions, usually described by the Tafel equation. Anodic
activation losses are generally higher than cathodic [76,77].

By varying current density, the contribution of every overvoltage became
predominant with respect to the others, as it is possible to see from Figure 1.13. At
low current density, the relationship between the cell voltage and the current is
logarithmic, while it becomes linear as the current increases. At the beginning of
the curve, activation phenomena are predominant, while for high currents, ohmic
and, to a lesser extent, concentration phenomena, start to become important [78].

Commercial electrolyzers usually do not work with high current density,
reaching the concentration overpotential zone, to prevent excessive cell degradation
and efficiency losses. Also, it is possible to see that the curve at high temperature
is lower than that at 25 °C since electric work is compensated for by heat energy.
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Figure 1.13 -V characteristic curves of an alkaline electrolysis cell for temperatures of 25 °C and 65 °C
at 20 bar. Image taken from [70].

Hydrogen molar rate produced by the cell ny,, is proportional to the electric

current, according to Faraday law [79]:
mol I

i, (B2) = Nfar == Eq. 1.10
Where, 74, is Faradaic efficiency [70], representing the ratio between the

theoretical electrical current to make electrolysis process happen, and the electric
current flowing inside the cell. So, it is a parameter giving information about the
fraction of current that is dispersed or involved in parasitic reactions.

Nfar = 2 Eq .11

The overall efficiency is defined as the ratio of energetic content of produced
hydrogen and the total energy used to make electrolysis happen. The first term could
be the Lower Heating Value (LHV) or the Higher Heating Value (HHV), according
to the application [73].

_ Vy,(HHV)p,

Ntotyyy = - Eq. 1.12
Vi, (LHV) g

ntOtLHV = :lC'Ecell z Eq 1.13

Where:

. V;,Zis the hydrogen volumetric flow rate, expressed in Nm?>/h.

e HHYV is hydrogen Higher Heating Value, expressed on a volumetric basis.
e LHV is hydrogen Lower Heating Value, expressed on a volumetric basis.
e 1 is the number of electrolytic cells constituting the electrolyzer.

e Eis the cell's electric potential.

e [is the electric current flowing through every cell.
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1.2.2 Electrolysis technologies

Several electrolysis technologies exist. Below is a summary of the main types,
with a higher focus on alkaline electrolyzers, which are the most widespread and
market-mature option, as well as the focus of this thesis.

Temperature and pH are the two parameters that allow us to classify
electrolyzer type. As water is not a good ionic conductor, due to its high resistivity,
it could not be used in its pure form in an electrolyzer. Therefore, to enhance ionic
conductivity, an electrolyte must be added to the system; it could be an acid, salt,
or a basis.

Despite their differences, all the electrolyzers have the same basic architecture,
made of two electrodes, an electrolyte, and a separator.

Also, temperature plays a key role as was seen in the previous paragraph,
because raising it lowers the system’s energy demand [25].

Based on these parameters, electrolyzers can be divided in two categories:

1. Low temperature electrolyzers (LTE):
e Alkaline (AWE)
¢ Anion exchange membrane (AEMWE)
e Proton exchange membrane (PEM)

2. High temperature electrolyzers (HTE):

e Solid oxide electrolysis cells (SOEC)

Alkaline
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Figure 1.14 Different types of commercial water electrolysis technologies. Image taken from [80].
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There are two configurations for common electrolytic cell:



1. The ‘Gap cell’ is a configuration in which the electrodes and the membrane
are separated by a finite distance (micrometres to millimetres). Smaller gaps
reduce ionic resistance but risk excessive gas accumulation in the narrow
volume; an optimal distance depends on current density and operating
conditions.

2. Inthe ‘Zero-gap cell’ configuration there is no space between the electrode
and the membrane, so the electrolyte is contained within it. The electrodes
must be porous to be used in this cell. It is possible to get a higher current
density with a less significant increase in cell potential. The zero-gap
configuration is the most used today for commercial electrolyzers [74].

(a) conventional (b) Zero-gap
cathode [ | anode 1 O
] Hz| 102 o H» o] o ©2
cathode | | anode
separator
s o ®

electrode distance
Figure 1.15 Gap cell and zero-gap configuration of electrolysis cell. Image taken from [81].

A single electrolysis cell can produce only a small amount of hydrogen;
therefore, to increase production, multiple cells are combined to form an
electrolyzer stack. Two possible configurations exist, depending on the electrical
connection as shown in Figure 1.16 [81].
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Figure 1.16 Configuration of an electrolysis module: (a) unipolar module b) bipolar module. Image
taken from [70].

¢ In the monopolar configuration, the cells are connected in parallel. The
supply voltage is equal to that of a single cell, and the total current is
the sum of the current circulating on a single cell. This arrangement
requires more space, but in case of failure of a single cell, it can be easily
removed and replaced, without the need to shut down the entire system.

e The bipolar configuration, the commercial standard. The cells are
connected in series, so the supply voltage is the sum of the voltage of
the single cells. The cathode of a cell is connected to the anode of the
next, but each electrode has both polarities.

Because monopolar systems require many external connections, they suffer
additional losses and non-uniform current distribution when cell resistances differ.
Typical figures [81]:

Monopolar: low supply voltage,1.9-2.5 V, but very high stack currents for the
same H- rate.

Bipolar: per-cell voltages 1.7-1.9 V; for a given Ho rate, lower current flows
than in monopolar stacks.

PROTON EXCHANGE MEMBRANE ELECTROLYSIS

The first water electrolyzer characterized by a solid polymer electrolyte was
developed by General Electric® in the 1960s, when a solid sulfonated polystyrene
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membrane was used as the electrolyte [82]. In this type of electrolyzer a solid
membrane is employed to separate the cathodic and anodic half-cells that are
immersed in deionized water. The membrane allows the transport of H* ions
generated at the anode. The two half reactions that happen inside the cell are Eq.
1.2 and 1.4.

The oxygen evolution reaction takes place at the anode, releasing H' ions, that
get to the cathode, to be reduced, by passing through the polymeric ion-exchange
membrane, while the electrons flow through the external circuit. For PEM, the
bipolar configuration is the most spread.

The materials that are usually employed for the electrolyte membrane are
Nafion® or Fumapem®, which are characterized by high proton conductivity and
exceptionally good gas impermeability [73,82]. PEM electrolyzers can operate at
high current density, more than 2 A cm™, thanks to the thickness of the membrane,
reducing OPEX.

The presence of a solid electrolyte makes it is possible to build a compact and
mechanically robust electrolyzer, which can operate at high pressure (up to 35 bar),
with the same pressure, or a differential in both compartments. In the case of
differential configuration, the pressurized half-cell is the cathodic one, to avoid the
risk of handling pressurized oxygen, and to prevent the titanium autoignition in
oxygen-rich environments. In this way it is possible to produce pressurized
hydrogen, without downstream compression for processes like ammonia/methanol.
Drawbacks of high-pressure operation include increased gas crossover,
necessitating thicker membranes and to keep H> concentrations in Oz below the
safety threshold (3.8% vol.). PEM electrolyzers usually work up to 35 bars. The
operating temperature is usually below 80 °C, due to the presence of the polymeric
membrane. The purity of produced hydrogen is higher than in AWE electrolysis,
typically above 99.99 vol.% (in some cases up to 99.999 vol.%) without the need
of auxiliary equipment [74].

Since these cells work in a very corrosive environment, and under a high
applied cell voltage (2 V), the materials that are used for the membranes, catalysts,
separator plates and current col