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Abstract

This study investigates the potential of using hydrogen produced with renewable
electricity to establish a new standardised pathway in the reduction of iron oxide
in the process of steel making. By analysing current projects, the latest research
as well as interviews with renowned professionals, this study o [erk insights into the
green shift of the steel industry and o [erk a brief look into the future.

Besides this, the thesis also delves into the process of proton exchange membrane
electrolyser, a promising method producing hydrogen with renewable energy. Dis-
cussion of a potential bottle neck using limited rare earth metals along with recent
research proving the amount of catalyst used in the proton exchange membrane
might be very little.

The study concludes that PEM is a promising method, however currently it is not
economically profitable to utilise this electrolysis method because of the high in-
vestment cost. Furthermore, it is concluded that if it possible to reduce the iridium
loading and replace expensive metals such as gold and titanium, PEM can potentially
replace the more commercially available alkaline water electrolysis in the future.

Steel manufacturing contributes to a large part of the Swedish economy but also
to the yearly carbon emissions. The method of reducing iron ore by hydrogen gas
have shown promising results, however the questions remains if the incentive is big
enough. To fundamentally change the industry would require contribution from
both the industry itself but also from the state. It would be a hefty investment and
presumably too expensive for the companies to handle without the help through
loans and political regulations.

In Sweden there are two large projects that are planing to produce green steel by us-
ing hydrogen from water electrolysis in large scale. The thesis concluded that green
steel has potential to be the future for the steel industry, however the industry will
face challenges such as maintaining the supply of renewable electricity as well as the
necessity to change established infrastructure.






Sammanfattning

Den hér studien understker potentialen att anvanda vatgas producerad med forny-
bar elektricitet for att etablera en ny vag for reduktionen av jarnmalm i processen for
staltillverkning. Genom att analysera nuvarande projekt, den senaste forskningen
samt intervjuer med erkanda professionella, ger denna studie insikter i den gréna
omstallningen av stalindustrin och en uppskattad framtidsutsikt.

Utover det grona stalet gar arbetet dven in pa en elektrolysmetod som baseras pa
protonutbytesmembran. Detta har visat sig vara en lovande process for att produc-
era vate med fornybar el. Diskussion om en potentiell flaskhals genom anvandningen
av begransade och séllsynta jordartsmetaller tillsammans med forskning som visar
att mangden katalysator som anvands i protonutbytesmembranet kan géras mycket
liten vilket da skulle 6ppna méjligheter. Studien drar slutsatsen att PEM elektrolys
ar lovande, daremot &r metoden fornuvarande inte finansiellt gangbar. Om det i
framtiden ar mojligt att minska mangden iridium och att byta ut dyrbara metaller
sd som guld och titan kan PEM konkurrera med den mer kommersiellt tillgangliga
alkanisk elektrolys.

Staltillverkningen bidrar till en stor del av den svenska enonomin, men &ven till de
arliga koldioxidutslappen. Metoden att reducera jarnmalm med vatgas som reduk-
tionsmedel har visat potential, men fragan kvarstar om incitamentet ar stort nog.
For att andra industrin kravs bidrag fran industrierna sjalva men aven fran staten.
Det skulle vara en stor investering vilken antagligen skulle vara for stor for industrin
att hantera utan stod i form av 1an och regulationer.

| Sverige finns det tva storre projekt som planerar att producera gront stal med hjalp
av gron vatgas fran storskalig elektrolys. Denna studie kommer fram till att gront
stala har potential till att bli fortiden for stalindustrin, men att industrin kommer
mota utmaningar sa som att underhalla fornybara elbehovet och att férandra en
etablerad infrastruktur.
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1

Introduction

In 2015, 196 countries, including Sweden, entered into the Paris Agreement [1].
In doing so they committed to collectively limit global warming to two degrees
above pre-industrialisation temperatures by reducing greenhouse gas emissions. The
Paris Agreement states that Developed countries should continue to take the lead
by undertaking absolute economy-wide reduction targets , and thus countries like
Sweden do not only have a moral obligation but also a legal one to reduce greenhouse
gas emissions in every part of the economy [1].

Over the last two decades, there has been a rapid increase in the commitment
of developed countries to address climate change. Companies and industries have
been needing to seek new solutions for established processes as well as products,
disassemble to reassemble, to nd new paths aligned with the goals set.

For the steel industry, the result of rethinking the processes ends up in a route that,
in theory, appears ideal and somewhat self-evident. Instead of using expensive fossil
fuels from far away, the process will utilise water from local sources and electricity
produced with renewable resources. Theoretically, this sounds like a convenient
path for the steel industry to pursue. Cutting carbon emissions signi cantly [2],
being more self su cient for resources as well as remaining competitive meeting the
market's demands for green alternatives.

1.1 Background

Iron was rst extracted from ores around 4000 years ago, most likely as a side
product from making copper [3]. This led to the earliest types of iron re ning
which was essentially a small hole in the ground with a charcoal bed and bellows to
reach temperatures of around.100 C [3]. Using this method the iron is not heated
past the melting point but is simply reduced using solid carbon to make lumps of
more or less pure iron weighing aroun@ kg each [3]. From that period, the major
advancements were making the equipment larger and more e cient, but it was not
until the 12th century that an entirely new process was invented [3][4]. This process
involved using a blast furnace to reduce the iron ore and was able to reach high
enough temperatures for the iron to melt and dissolve carbon [3]. This resulted in a
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1. Introduction

product usually referred to as pig iron which is an iron alloy containing around %
carbon, making it too brittle to be e ectively forged and used in tools [4]. At rst
this was solved by burning o most of the coal by forging it [5] and eventually by a
process referred to as ning where coal was simply burned o in a nery hearth [3].
In the early 19th century, with the utilisation of coke rather than charcoal a blast
furnace could produce around three to four tonnes of pig iron per day [4].

With the increased use of fossil coal rather than charcoal, the European steel market
changed and during the 19th century Europe's iron production gradually switched
to countries with ample resources of fossil coal [5]. This has naturally had an
impact on countries like Sweden which does not have signi cant resources of fossil
coal.

1.1.1 Background of Hydrogen Production

Today, hydrogen gas is mostly used for chemical fertiliser production [6] which has
been an important industry since it was invented in the early 1900s [7]. During
this time, hydrogen was mostly produced using Alkaline Water Electrolysis (AWE)
according to Bjorn Wickman, Associate Professor in chemical physics at Chalmers
University of Technology, in a personal interview. For example, an entire hydro-
electric power plant in Rjukan, Norway was used to power an AWE factory which
supplied a chemical fertiliser factory with hydrogen. Later, in the 70's steam re-
forming was invented and became much cheaper than electrolysis says Wickman,
which has meant that for many years electrolyser technology has remained mostly
undeveloped.

1.1.2 Background of Proton Exchange Membrane
Electrolysis

The PEM technology began development in the 60's by the company General Elec-
tric [8]. Before, AWE was the main electrolysis technology in the industry, but
due to the possibilities with PEM electrolysers with a higher current density, highly
dynamic operation as well as lower operating temperature, research began in the
area [8]. PEM electrolysers consist of the expensive noble metals iridium and plat-
inum for the catalyst, which gives it a higher cost than traditional AWE [8]. PEM
electrolysers have similarities with the PEM fuel cell, such as using the same mem-
brane. In a personal interview, Jan Froitzheim, professor at Energy and Materials at
Chalmers University of Technology, said that there are companies that have recently
converted their research from fuel cells to electrolysis due to the increased demand
in green hydrogen.



1. Introduction

1.2 Purpose of the Project

The aim of this project is to investigate the viability of green hydrogen as an alterna-
tive to fossil-based reductants of iron ore, used in the steel industry. Further, PEM
electrolysis technology will be investigated as a key enabler for hydrogen production.

1.3 Limitations

The geographical boundary of this thesis will be the national borders of Sweden.
This choice of boundary is applicable because of the fact that Sweden is a host for
multiple companies that undergo projects that are engaged in the forefront globally.
The abundance of green electricity from both hydro- and wind power in the northern
part of the country, along with the presence of a well-established mining industry
supports the choice of geographical boundary.

The evaluation of this thesis will mainly be based on comparing the current state
of steelmaking with a future scenario, considering the best available technology for
hydrogen production and direct reduction of iron ore, as of the year 2024. The
in-depth technical part of this thesis will primarily revolve around the PEM method
for hydrogen production. Further, a discussion will be carried out investigating the
evolution of green hydrogen, trends over the years and future demands.
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2

Method

This report is a study based on research from academic, governmental and indus-
trial sources. As green hydrogen and green steel are areas that have been heavily
researched recently, the companies developing the products are producing data that
is constantly updated and somewhat withheld.

In this project, there were several important methods of information gathering.
The main ones included a eld study of research and an interview study involving
academics and companies in the industry.

2.1 Field Study

The use of literature and reports from company research gives the project an impor-
tant background to what research has already been done and what type of methods
are already in use.

The collection of data in this report was gathered from a selection of published aca-
demic articles and reports from the industry found through digital searches from
the databases found at Chalmers Library. Here, di erent search terms such as Hy-
drogen Direct Reduction and Green Steel gave us results that would be relevant
to our eld of study. Additionally, research from the companies in the industry and
their websites has been used and reviewed.

The articles found through this method gave many results in the area, they were
therefore sorted through to be able to Iter away non-relevant articles and to use
the relevant information to t the purpose of the project.

2.2 Interviews with Academics and Industry Rep-
resentatives
The project conducted interviews with academic institutions and companies in Swe-

den to get a larger perspective on the prospects of green steel and green hydrogen in
the country. The choice of academic researchers to interview was made from relevant
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2. Method

research of literature and their authors and through recommendations from earlier
known contacts. The choice of companies to interview was made through research of
which companies in Sweden are relevant in this area of business and through the rst
stage of the eld study. Further, there were recommendations from the interviewees
to interview other people that they knew to have competence in the eld.

The interviews were conducted as face-to-face interviews, either in person or over a
digital meeting platform with two or three interviewers where one took notes and
the other conducted the questioning and discussion.

The questions were formulated individually for each recipient as the expertise can
be di erent with each researcher or company representative. These questions were
sent out in advance to provide the interviewees time to consider and formulate their
answers. In Appendix 1, the questions asked from each interviewee are listed.

2.3 Experimental observation

To provide a deeper understanding of water electrolysis an experimental observation
took place at IMS Chalmers 2D materials laboratory. The required preparatory work
prior to the application of the catalyst on the substrate and the machines used in
the process were shown. Later on, there was a demonstration on the assembling
of the half cell as well as the half cell under operation. To further develop the
understanding of PEM water electrolysis a study visit to Smoltek in Gothenburg
took place where the full PEM cell was shown and explained.



Theory

3.1 Steel

Throughout the last century, global steel production has undergone a signi cant
increase, starting from almost nothing in the early 1900s to becoming the cornerstone
upon which modern society relies. According to the World Steel Association, the
global steel production in January 2024 was 148 million tonnes of steel [9] which by
approximation gives 1,8 billion tonnes over one year. This amount of steel produced
annually, by weight, would roughly be similar to 180 thousand Ei el towers a year
[10]. Because of the large volume and the predicted increase of demand [11], the
method of producing steel globally will have signi cant impact on the total emissions

of green house gases.

Figure 3.1: Weight per year presented in million tonnes of raw iron for ten coun-
tries. Figure by authors, data from [12].



3. Theory

What makes steel in such high demand globally is due to its versatility being
formable as well as to keep a high strength and durability meeting ordinary and
speci ¢ demands from di erent industry sectors such as vehicles, buildings and in-
frastructure for example.

As a material, steel is de ned as an alloy of iron and carbon along with other
additives. Depending on the proportions and the additives the steel has di erent
names such as stainless steel for example. The chemistry of plain carbon steel is
metallic iron atoms together with the smaller carbon atoms that nd their place in
the so-called interstitial spaces within the iron lattice [13].

Figure 3.2: Carbon-steel, a solid solution of carbon and iron atoms.

The presence of carbon dissolved in the iron matrix aects properties such as
strength because it interrupts the regular crystalline arrangement [13]. In the con-
text of alloys, carbon is just one example of an additive used in ferro-steel making.
Besides carbon, itis common to use chromium, nickel and manganese in steel making
[13], all providing their unique characteristics contribute to a useful end product.

3.1.1 The Manufacturing of Steel

The process of steel manufacturing can be divided into two main parts; the re ning
of metallic iron and the production of the steel as the end product. In the rst part
iron ore is reduced resulting in metallic iron. In the second part, metallic iron reacts
under high heat with carbon as well as additives to achieve the desired steel product
[14].

To date, the main route for steel making has been through reducing pellets by
burning relatively cheap solid coke [14]. Burning solid coke has been a suitable
approach from a process technical aspect reaching high temperature and keeping
a low intensive long and even temperature pro le. In blast furnace steel making,
high temperature and stability during combustion has been essential and because
fossil fuels being the most established fuels and able to meet these demands for a
relatively low price, this has been the choice for the industry historically.

The Electric Arc Furnace (EAF) is an oven operating at 1600 melting the Direct
Reduced Iron (DRI) together with recycled steel called scrap steel and calcium

8



3. Theory

carbonate to reduce impurities [15]. Compared to a blast furnace, this electric arc
furnace is using electrodes made out of carbon and operates by electricity. When an
electric current is passed through the electrodes, intense heat is generated raising
the temperature high above the melting point of the scrap steel enabling a quick
melting process. Since scrap steel chemically already is the desired product, it does
not need to be puri ed as the DRI would. Therefore, recycling of steel and using it
in the process is bene cial for both the environment and the steelmakers [16].

According to the U.S. Geological Survey, the average global iron content in iron
ore iIs66% [17]. The requirement of iron content in ore to be suitable for direct
reduction is more than66 %[15].

The carbon emissions throughout the whole steel-making process, are mostly linked
to the reduction of iron ore whilst using coke or natural gas as reductant, or while
burning fossil fuels in the traditional BF-BOF route.

3.2 Reduction of Iron Ore

The purpose of reducing iron ore is to remove oxygen to increase the portion of
metallic iron in the compound. The reduced iron is called sponge iron due to its
porous structure. To provide a picture of how porous the sponge iron is, it has less
than half the density 3;5 g=cm® compared to pure iron at7;8 g=cm? [18].

The term Direct Reduction (DR) is direct in the sense it bypasses the process of

making pig iron by rst melting the iron ore. In direct reduction, the iron ore is
instead sintered into pellets and then reduced to a solid state.

Figure 3.3: Gradual reduction of an iron oxide particle to metallic iron using
hydrogen gas.

Historically, the concept of direct reduction was used as the main procedure because
it being easier to handle the lower temperature then to actually melt the iron steel.

9



3. Theory

3.2.1 Reduction using Blast Furnace

The by far most common method of making steel is using the Blast Furnace - Basic
Oxygen Furnace (BF-BOF) method. This method uses a blast furnace where solid
coal in the form of coke is mixed with ux, such as limestone, and sintered iron ore.
In the blast furnace, preheated air reacts with the coke to create the reducing gas
carbon monoxide through the following reaction:

2C(s)+02(9)!  2CO(g) {1}

This reaction is strongly exothermic releasing heat, melting the ore. As the ore is
reduced and molten, some of the carbon is instead dissolved in the iron resulting in
an iron alloy with a carbon content of around4 % [3]. With a carbon content this
high the alloy known as pig iron is brittle. The carbon content is reduced using a
BOF where oxygen is pumped through the molten pig iron.

Raw Sintered
12255 b Plargon Rawpteq fer
Iron Mine —{ Sinter Plant H Blast }—{ Oxygen }—»{ Re ning }—{ Rolling Mill }
Furnace Converter
Steel bars
ﬁ??' Coke and sheets

Figure 3.4: Production steps and material ows of steel production using BF-BOF.

3.2.2 Direct Reduction using Natural Gas

Direct reduction of iron ore using natural gas rst has to be reformed to its two cor-
responding reducing agents: carbon monoxide and hydrogen gas [18]. One method
of making this mixture of carbon monoxide and hydrogen gas would be through
Steam Methane Reforming (SMR) [19].

CH; +H,0! 3H, + CO {2}

In SMR, natural gas is reacting with water under a lot of heat and then forming a
mixture of carbon monoxide and hydrogen gas as seen in equation (2) that then can
be used for reduction of iron oxide.

The reactions below shows the overall reduction of iron oxide, assumiagO0 % of

10



3. Theory

hematite (Fe;Os3) in the ore, using a mixture of carbon monoxide and hydrogen
derived from natural gas [18].

2Fe,03+6CO! 4Fe +6CO;, {3}

Fe,0s+3H,! 2Fe+3H,0 {4}

The portion of reducing agents in the reducing gas mix di ers between methods [18].
However, if taking into account the stoichiometry from SMR, per reformed methane
molecule one gets three hydrogen gas molecules being able to each carry one oxygen
molecule form the iron oxide. Also, per reformed methane molecule there is one
carbon monoxide molecule being able to carry one oxygen atom. ldeally, this would
result in the 75 % of all oxygen atoms leaving the DRI reactor having formed water
while 25 % would be part of the carbon dioxide molecules.

Raw Sintered Steel bars
Forers [y progp i fiep fod gpeep
‘){ Sinter Plant H DRI ReaCtor }_)E Re ning }_)E ROIIIng MI” }_)
CO
ey Ry "

e —>| LNG Storage Steam
Reformer

Figure 3.5: Production steps and material ows of steel production using methane
DRI-EAF.

3.2.3 Direct Reduction using Hydrogen Gas

The process of using hydrogen as a reductant, according to the book Sponge Iron by
Direct Reduction of Iron Ore, was rst called the Circored method [18]. This was
rst investigated in 1995 through a research project by the European Coal and Steel
Community to try to solve process technical problems that had appeared within
the gas-based DR processes [18]. This method of reducing iron oxide was proven
successful and under the years 1999 to 2005, a plant in Trinidad was producing 0,5
million tonnes per year of hot-briquette iron with hydrogen as the reducing agent
[20]. The process using hydrogen gas as the reductant is described in gure 3.6.
The process below using renewable energy for electricity production is referred to
as green steel production.

11



3. Theory

Raw Sintered Steel bars
oty IRy peogpi fiep! pad ghects
4’{ Sinter Plant H DRI ReaCtor }[ Re ning }_)[ RO”Ing MI” }_>

H2

Flecigo)

e
Electricity Water Hydrogen
Production electrolyser Storage

Figure 3.6: Production steps and material ows of steel production using H-DRI-
EAF.

As described in section 3.2.2, hydrogen gas is a reducing agent forming water when
reacted with iron oxide, leaving the iron oxide with less amount of oxygen in the
lattice [21]. This process of using hydrogen gas produced with renewable electricity
for reduction has proven successful in the Hybrit plant, producing green sponge iron
[21]. Here follows the gradual reaction of the iron oxide hematite to metallic iron
and water.

3Fe,03+H,!  2Fe0,+H,0 {5}
Fes04+H,!  3FeO +H,0 {6}
FeO+H,! Fe+H,0 7

3.3 Electricity

The Swedish electricity demand is a major topic of discussion as both the industry
wants to develop and become more sustainable, while the electricity prices have
never been as volatile [22].

3.3.1 Swedish energy market today

The energy market in Sweden is divided into four bidding zones. SE1 to SE4, going
from north to south [22]. The two northern zones are producing electricity on a
surplus of 51,5 TWh and the southern zones had a de cit of 26 TWh in 2021 [22].
Because of this, Sweden has a large transmission grid that can transport electricity
from the north to the south when needed. Most of the electricity produced in Sweden
is sold on the wholesale market Nord Pool Spot Power Exchange, where electricity
retailers and industries with large electricity demand can buy electricity straight
from producers [22].

In Sweden 2022 there was 179,3 TWh of electricity produced. Of the total produced,
69,8 TWh was produced from hydropower, 51,9 TWh from nuclear, and 33,2 TWh

12



3. Theory

from windpower [23]. In total, there was87;6 % from renewable and nuclear sources
excluding imported electricity [23].

3.3.2 Industry demand

According to the Swedish multidisciplinary organisation of Forest, Mining, Chem-
istry and Steel (SKGS), the Swedish industry electricity demand is projected to
increase by 72 TWh between 2023 and 2030 [24]. As the industries in Sweden are
demanding more energy for the green transformation there is a considerable de-
mand for reduced exports of the electricity from the northern regions to the south
of Sweden [24]. The report from SKGS approximates the industries in the north will
expand and switch to electricity as an energy source so that the production surplus
of electricity in the electricity zones SE1 and SE2 will disappear [24].

As the statistics show from the Swedish Energy Agency, the use of electricity has
decreased from 150,3 TWh in 2001 down to 136,8 TWh in 2022. This is the case
as many industries and households have invested to more e cient systems to lower
their energy use [25].

3.3.3 Price of Electricity

The state-owned energy company Vattenfall has their price for large customers in
Sweden which can be assumed that the larger industries have in Sweden. The price
of the transmission for the largest companies is 580 000 SEK in a yearly fee [26].
On top of that price for peak power transmission is 42 000 SEK MW/year in the
northernmost region of Sweden where we have the largest mines and planned steel
industries [26].

The electricity price depends if the company has a set price or if they pay the hourly
price. The average electricity price for non-households in 2023 was 805,1 SEK/MWh
[25]. This is just the average price for the year and di ers depending on the energy
supply and demand.

There is a tax reduction for large industries in sectors with high electricity demand
which is set at 6,0 SEK/MWh [27]. The normal household in Sweden pays 428,0
SEK/MWh in tax for the electricity. Private households also pay value added tax
(\VAT) for the electricity consumed on the hourly price which is25 % extra [27].

3.4 Current projects

There are several projects in the world that investigates the possibility to utilise
hydrogen gas as a reductant in steel making. In this thesis, the focus will be on
the two largest Swedish projects: Hybrit and H2 Green Steel, both based in the
northern region and planning to be entirely green [28].
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Figure 3.7: Planned electrolysers in Sweden where black indicates steel industries
and white indicates other industries. Figure by authors, data from [29].

Hydrogen gas is a growing market and the gas may come to be vital for several
industries in the future. In gure 3.7 one can see planned electrolysers. The black
dots indicate planned electrolysers for companies within the steel industry.

3.4.1 HYBRIT

Hybrit is a cooperation between SSAB, LKAB and Vattenfall, which all contribute
with vital parts for a fossil-free steel industry. Currently, a pilot facility is in use,

it includes both direct reduction of iron ore as well as an electrolyser [30]. The
direct reduction relies on old techniques which utilise natural gas. The facility
has been able to produce one tonne of iron ore per hour under operating periods.
Hydrogen storage has been built in connection with the pilot plant through pipelines
[31], which enables uctuating production. When the electricity is expensive, the
stored hydrogen can be used and when the electricity is cheap one can maximise the
hydrogen production.
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Traditionally the iron ore pellets are made by using fossil fuels, in a straight-grate
process [32]. However, when striving for a fossil-free process this was considered not
sustainable. Hence, an alternative fuel had to be considered. LKAB with Hybrit
created a pilot plant, where a few changes had been made from the original plant [32].
According to the company, several di erent fuels are investigated, but the biggest
test currently uses bio oil [32]. Another fuel that is of interest is a combination of
hydrogen and plasma, which would not generate carbon dioxide, though the testing
of this is limited at the moment [32].

The pilot project has been considered successful so moving forward a demonstration
facility will be built and it is expected to be in use in 2026 [33]. According to Hybrit
the facility will include electrolysis as well as direct reduction. Hydrogen storage
IS not expected but can be of interest in the future. The demonstration plant is
expected to demonstrate industry-scale production. LKAB has been accepted a
loan for 3,7 billion SEK for the implement of green steel on an industry scale [34].
LKAB is supposed to produce the sponge iron, which is then transported to SSAB
who produce the steel. Vattenfall provides the renewable electricity that is needed
in both the electrolysis and the electric arc furnace. In 2026, SSAB's blast furnace
in Oxelosund is expected to be converted to an electric arc furnace [35].

3.4.2 H2 Green Steel

H2 Green Steel is a Swedish company based in Stockholm that has projects world-
wide acting at the forefront of making steel and hydrogen based on renewable energy.
In a personal interview with H2 Green Steel, they explained about building a steel-
making facility where they are planning to begin their process by direct reduction of
iron ore using hydrogen gas. The hydrogen gas for direct reduction will be produced
on their site from renewable energy, mostly based on nearby hydro-power.

According to the European Investment Bank, H2 Green Steel's plan is to produce
2,5 million tonnes of steel through direct reduction per year along with recycling of

steel using an EAF [36]. The electrolyser plant is planned to be around 700 MW
[36], 740 MW according to H2 Green Steel. The environmental permit is given for
production as well as for an expansion of the process in the near future for integrated
production of 5 million tonnes of steel per year [36] which resonates with the aim of
H2 Green Steel planning to produce 5 million tonnes of steel by 2030.

Further in the in the interview with H2 Green Steel, they said that the electrolysers
planned for the production site in Boden mainly will be AWE because of it being
the most cost-e ective due to the conditions in Boden. Besides AWE, they are also
planning for other electrolysis such as PEM electrolysis and high-temperature Solid
Oxide Electrolysis Cell (SOEC) for their ability to e ciently balance the process
due to more direct operational characteristics.
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3.5 Green Hydrogen through Electrolysis

There are several methods of producing hydrogen gas available today, using di erent
energy sources, renewable or not, and with variations in production performance.
The overall most used method as of now is steam reforming of fossil methane gas,
which is commonly used in industries such as the petrochemical industry, fertiliser
production or fuel cell systems [8].

Another way of producing hydrogen without using fossil fuels is through water elec-
trolysis. If using renewable electricity it would result in green hydrogen, and if using
SMR it would result in grey hydrogen [37]. This may give a higher purity of the
produced hydrogen gas and emit less environmentally harmful gases such as carbon
dioxide from the production [8]. Other types of water electrolysis methods are for
example AWE which occurs in an alkaline environment, SOEC that is distinguished
by its high temperature between 500-700C and PEM electrolysis which has a highly
acidic environment and a proton conducting membrane between the electrodes [8].

The water electrolysis technique is generally based on the splitting of water into
oxygen and hydrogen gas using a direct current [8]. The overall reaction is,

HOW)!  Ha(@)+ 5 0:(0) )

This reaction occurs in an electrolytic cell, which is an electrochemical cell where
the half reactions do not occur spontaneously, but are driven by an external current
[38]. This could be explained as the opposite of a galvanic cell, which is an
electrochemical cell where an electric current is produced due to a spontaneous
reaction occurring in the cell [38]. The cell consists of two electrodes, inert metallic
conductors, that do not themselves take part in the reaction. However, they can act
as catalysts [38]. The electrode where the reduction half-reaction occurs is called
the anode. At the other electrode, the cathode, oxidation occurs [38].

There are di erent types of electrolysis methods to produce hydrogen, but the main
idea is similar. There are two half reactions occurring in the cell that together result
in the overall reaction. There is the hydrogen evolution reaction (HER) occurring
at the cathode in either alkaline (reaction 9) or acidic (reaction 10) conditions [8].

2H,0+2e !  H,+20H {9}
2H +2e | H, {10}
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On the anode side, the Oxygen Evolution Reaction (OER) occurs, and for an alkaline
(reaction 11) compared to an acidic (reaction 12) environment, the reaction looks
like the following [8].

1
20H | H0+;0,+2e {11}

1
Hzol 2H++§OZ+28 {12}

3.5.1 Proton Exchange Membrane Electrolysis

The PEM electrolysis method for hydrogen production occurs by letting a ow of
highly pure water enter the anode side of the cell, where it is split into oxygen gas
and protons [8]. The protons travel over a solid polysulfonated membrane to the
cathode side, where they acquire electrons and form hydrogen gas, and the hydrogen
stream is passed on for either storage or direct use [8].

PEM electrolysis, compared to other water electrolysis methods has the advantage
that it is dynamic in the sense that it is possible to turn the unit on and o quickly

[8]. This might be favorable in areas where the price of electricity uctuate since

it is possible to pause production when prices are high. It also operates at lower
temperatures (<80 C) and has the advantage of a high current density. However,
PEM electrolysis also has some disadvantages such as the high cost of the anode
electrocatalyst made out of iridium [8].

The reactions that occur in a PEM electrolysis cell are the following [8];
OER in acidic conditions,

1
H,O! 2H++§OZ+28 {13}
and HER in acidic conditions,

2H" +2e | H, {14}

This means, that for PEM electrolysis, 1 mole of water gives 1 mole of hydrogen
gas. With water having a molar mass of 18,015 g/mol and hydrogen gas having a
molar mass of 2,016 g/mol, this would ideally result in 1 kg of hydrogen gas from 9
kg of water.
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System description

The PEM electrolysis cell has two electrodes, often coated on each side of a pro-
ton exchange membrane, where the anode is usually made of platinum with carbon
and the cathode of iridium oxide [8]. The water enters on the cathode side where
it is distributed by a porous transport layer and onto the anode material. There,
the OER occurs. The protons from the OER travel through the proton-conducting
membrane to the cathode side where the HER occurs. The hydrogen gas is then
purged out with nitrogen gas to keep balance in the cell, this according to repre-
sentatives from Smoltek. The external current that is needed to initiate the OER
reaction is distributed through the bipolar plates [39].

Figure 3.8: Schematic picture of main components in a PEM electrolysis cell.

The main parts that distinguish the PEM electrolysis cell are the Membrane Elec-
trode Assemblies (MEA), the Porous Transport Layer (PTL), and the bipolar plates
[8]. These are tightly pressed together using bolts to form a single cell. The MEA's
consist of the proton exchange membrane and the electrocatalysts with the cathode
and anode material often directly attached on each side of the membrane [8]. The
membrane is where the protons formed in the OER travel to the cathode side where
they combine to form hydrogen gas through the HER. Therefore, the membrane
needs a high proton conductivity, as well as a high durability to handle high current
densities. The anode side is often a coating of the membrane with aroundg=cm?
IrO, whereas the cathode side is a coating of 0,5¥ig=cnm? Pt/C. The membrane is

a type of polymer that ful lls these demands [8]. The PTL is responsible for better
use of the catalyst layer and distributes the gases that are formed to avoid bubbles
that can lead to further mass-transport over potentials [8]. The bipolar plates acts
as separators of single cells in a stack and conducts the heat and current between
the cells in the stack [40]. They are often made out of titanium [40].
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Operating conditions

One of the main issues with PEM electrolysis is the demand for the OER to occur.
According to Bjorn Wickman, Associate Professor at Chemical Physics at Chalmers
University of Technology, in a personal interview, there are requirements on the
electrocatalyst material to sustain the highly acidic environment, as well as a need
for a high voltage for the OER, leading to high costs on both aspects. Therefore, the
importance of optimising both the catalyst material and the operating conditions
to keep the over potentials as low as possible becomes apparent.

For water to split electrochemically (i.e. inducing the OER), an activation energy is
required since the reaction is not spontaneous. The Gibbs free energy of the OER
reaction is 237,22 kJ/mol [8]. The equation that describes the Open Circuit Voltage
(OCV) for the cell, meaning the maximum voltage through the cell with no load, is
given by [41],

G
Eoov = 3.1
o = (3.1)

with n being the number of electrons involved in the OER, which from reaction 12
Is given as 2 , and F is Faradays constant. Which gives a OCV of approximately
1,23 V. However, this is not the minimum voltage that needs to be supplied to the
cell for the OER to occur. It turns out there are several losses in voltage throughout
the cell [41].

Activation losses

The exchange current density for the anode and cathode respectively play a part
in the overall activation voltage, so does the temperature [39]. The activation over
potential can be seen as the potential from the equilibrium potential, needed to
overcome the activation energy for the reaction. In the following equatiop,denotes
either cathode or anode.ip; is the exchange current density for either the anode
or the cathode side, which determines the electrochemical rate at equilibrium. The
exchange current density is greater for the cathode compared to the anode [39].
is the current density, which often lies around JA=cn¥ however this does vary [39].
R is the ideal gas constantF is Faradays constant andT is the cell temperature.

R T .
Vactj = - sinh ! (3.2)

Ohmic losses

PEM electrolysers are sometimes demanded to run at higher current densities, as
much as 2-6A=cm?, which leads to high ohmic losses due to proton transport over
the membrane [41]. There is a linear dependence of ohmic losses over the membrane
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and current density. This loss can be described by Ohms law, whelRge is the
overall resistance of the whole cell (anode, cathode and membrane resistances,
the current and Von, is the over potential due to ohmic losses [41].

Vorm = | Reel (3.3)

Mass transport losses

Losses due to mass transport mainly occur due to small pore sizes in the di usion
layers, which can be described using Fick's law of di usion [41]. The voltage drop
from mass transport losses can be estimated from the Nernst equation (equation
3.4), individually on the anode vs cathode side [41]. In equation 3.&x.nem de-
notes either the oxygen or hydrogen concentration at the membrane-electrode area.
Cx:mem: 0 denotes these concentrations at standard conditions [41].

i ime (3.4)
CX;mem; 0

Other operating conditions that can be modi ed are temperature, pressures, mem-
brane thickness and proton conductivity through the membrane [39].

Open Circuit Voltage

As shown by equation 3.1, the OCV for the OER is 1,23V. However, when accounting
for the overpotentials( ) in the cell, the total cell voltage is described by equation
3.5 [41],

Vtotal = Eocv + Vact + Vohm + Vtrans (3-5)

As a way to show how the cell voltage varies with the current density for the PEM
cell, a polarisation curve was made. From gure 3.9, it can be seen that when
the applied voltage were increased, the current density also were increased. This
polarisation curve were inspired by the results of an experiment using a Smoltek
anode and the process of this is described in section 4.1.
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Figure 3.9: Typical polarisation curve for a PEM electrolysis cell.

Materials

In the PEM electrolysis, a solid electrolyte separates the cathode and the anode,
currently the technique uses a membrane that consists of Na en [42]. The mem-
brane has a thickness of about 0,6im [43]. Na on— has proven to be an e ective
conductor of protons and at the same time being able to block out any anions to pass
through [44]. Na on—is a per uorinated sulfonic acid ionomer [45] and is therefore
classi ed as a Per- and Poly uoroalkyl Substance (PFAS) [46]. In the PEM water
electrolysis, ultrapure water is required. In the interview with Bjorn Wickman, he
explained that the reason for that is because the membrane is sensitive to com-
pounds of metal ions. The ions can get lodged in the channels in the membrane,
which would decrease the lifetime.

The anode is made of iridium oxide whereas the cathode consists of particles of
platinum coated on carbon black [43]. Currently, the iridium loading varies be-
tween 1-2,5g=KW [43]. In connection to each electrode there is a PTL consisting
of sintered porous titanium, on the PTL on the anode side a layer of platinum is
also required [43]. On the bipolar plates, the in ows and out ows are regulated in
di erent pathways and these have a base of titanium [43]. However, the anode side
has a platinum coating whereas the cathode side has a gold coating. Overall the
PEM cell requires about 0,3g=kW of gold [42] and 1g=KW of platinum [43]. The
framework and the sealing consists of di erent plastics that can manage the working
conditions. Examples of these are polytetra uoroethylene, polysulfone and ethylene
tetra uoroethylene [43].

The combination of a highly acidic environment and high current densities sets high
demands on the catalyst. Wickamn mentioned that iridium is an e ective catalyst
and has a high resistance against corrosion. Furthermore, Bjorn Wickman explained
that platinum may seem as an alternative catalyst but trouble arises in its oxidised
state, where the activity is decreased. Gold has good resistance against corrosion,
however low activity and hence is not an e ective catalyst.
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Results & Discussion

4.1 Proton Exchange Membrane electrolyser as-
sembly with Smoltek

The authors of this thesis got the opportunity to observe a half-cell demonstration
at Chalmers IMS-Chalmers 2D materials laboratory. In a addition to a study visit
to Smoltek Hydrogen where the authors observed a full PEM cell in use.

4.1.1 Half-cell test of electrode developed at Smoltek for
Oxygen Evolution Reaction

The catalysts developed for electrolysers are usually tested in laboratories as half-

cell reactions in various types of electrolytes. Together with Smoltek personnel,

a technical observation was conducted for one of their already prepared catalyst
materials seen in gure 4.1.

Figure 4.1: Electrode developed by Smoltek that was tested for oxygen evolution
reaction.

A powerful and common electrochemical technique used to investigate the reduction
and oxidation processes of molecular species is Cyclic Voltammetry (CV). A type
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of OER catalyst developed as a Porous Transport Electrode (PTE) by Smoltek
Hydrogen was demonstrated in the half-cell reaction in 0,5 M of sulfuric acid, shown
in gure 4.2.

Figure 4.2: Half-cell test of the electrode at IMS-Chalmers 2D materials laboratory.

The measurement was performed at the 2D materials lab in IMS-Chalmers, using a
three-electrode setup involving platinum as the counter electrode, PTE with iridium
as the working electrode, and an Ag/AgClI reference electrode. During the electrol-
ysis of water, oxygen bubbles were seen evolving on the PTE and hydrogen bubbles
were observed on the counter electrode, gure 4.3

Figure 4.3: Produced hydrogen on the left electrode and oxygen on the right
electrode
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The catalytic performance of IrOx coated anode (0,tng=cm?) was estimated by a
linear scan voltammetry test, seen in gure 4.4. The iridium-based catalyst made
by Smoltek exhibited stable OER performance with relatively low over potential
of oer = 260mV at the current density of 10 mA=cm?. The OER behaviour
is comparable with other commercial IrOx anode with higher iridium loading (1-2
mg=cm?).

Figure 4.4: Oxygen evolution reaction catalytic activity of IrOx.

4.1.2 PEM electrolyser demonstration at Smoltek Hydro-
gen

OER and HER individual reactions in water electrolysis, a demonstration of the of
the full cell was enabled by Smoltek Hydrogen at their H2LAB. With an under-
standing of earlier mentioned OER and HER, the technical observation proceeded
with investigation of the full electrolyser cell at Smoltek Hydrogen in Gothenburg.
The components that form part of assembling a single cell PEM electrolyser can be
seen in gure 4.5. This includes bipolar plates, gaskets, water ow channels, and
bolts.

Figure 4.5: Components of a PEM water electrolyser single cell. Photo: Smoltek.
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