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Hydrogen is the most abundant element in the universe and produces only steam water
among combustion. This gives it the power to decarbonize the current energy system by
being used in highly emitting sectors or where electricity cannot be used directly. The
decarbonization will be complete only if the hydrogen itself is produced with renewable
energy, which is also the energy source society is leaning towards to today. As hydrogen
storage is possible on the long-term, it enables to balance renewable energy production
fluctuations. The focus of this work is put on hydrogen storage and distribution in Finland.
The country presents great dispositions to be one of the leaders in a European hydrogen
economy. Based on the Finnish electricity production and consumption of 2022, the monthly
need for storage is evaluated at 3200 GWh per month. To answer this need at least 10 LRC
facilities would be necessary, completed by daily to weekly storage with GH2, LH2 and
LOHC based hydrogen storage. These latter would also be used for road transportation,
completing a hydrogen pipeline network, the most cost effective and least emitting option
for hydrogen transport on small to long distances and for large quantities. Ammonia would
be the best candidate for overseas transport. The investment for hydrogen storage and
distribution would be of at least 20.1 B€. More data is needed to estimate the costs of GH2,
LH2, LOHC and ammonia linked hydrogen storage and distribution on a national scale. The
storage and distribution structure presented here is an example and is susceptible to change
in the coming years with the development of new hydrogen technologies with better
performances and higher safety. Those technologies are mostly material-based and present
high hydrogen uptakes. Metal hydrides and carbon nanostructures are among them.
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ABBREVIATIONS

CCUS Carbon Capture, Utilization and Storage
CHP Combined Heat and Power

CNF Carbon Nanofibers

CNT Carbon Nanotubes

COF Covalent Organic Framework
CO2 Carbon dioxide

DBT Dibenzyltoluene

EHB European Hydrogen Backbone
EHM European Hydrogen Market
GHG Greenhouse Gas Emissions

GH2 Compressed Hydrogen gas

GNF Graphite nanofibers

H> Hydrogen gas

HRS Hydrogen Refuelling Station
LCHS Levelized Cost of Hydrogen Storage
LCA Life Cycle Assessment

LHE Leading Hydrogen Economy
LHV Lower Heating Value

LH2 Liquid hydrogen

LNG Liquefied Natural Gas

LOHC Liquid Organic Hydrogen Carrier

LRC Lined Rock Cavern



MCH Methylcyclohexane

MH Metal Hydride

MOF Metal Organic Framework

NG Natural Gas

PAF Porous Aromatic Framework

P2X Power-to-X

RES Renewable Energy Source

SMR Steam Methane Reforming

SRHE Strong Regional Hydrogen Economy

UHS Underground Hydrogen Storage
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1. INTRODUCTION

Impacts and signs of global warming acceleration are more visible every day. In the race to
carbon neutrality, hydrogen is making its way into one of the major actors of the energy
transition. Its many advantages are attracting raising interest from various stakeholders and
many countries are focused on shaping and improving their hydrogen strategy. The centre
of this enthusiasm is the most abundant element in the universe, detaining a higher mass
energy density than hydrocarbons, generating only water steam when combusted, non-toxic,
and possible to produce in a clean way from water and electricity. Hydrogen is believed to
be capable of changing the energy system while bringing significant climate benefits. As
such, the production of the gas is expected to increase greatly in the coming decades. One of
the key assets of hydrogen compared to electricity is that, as a chemical carrier, it is able to
store energy in large quantities and on a seasonal scale, as well as to transport this energy.
This makes it possible to greatly optimize the energy system management and to improve
the flexibility of the supply. When renewable electricity is generated in excess, it can be used
to produce hydrogen that can then be stored and used in times of high demand or in a

different location.

Storage is thus an essential part of the integration of hydrogen in the energy system.
Hydrogen can be stored in many ways. A few of them have attained a mature level but
diverse technologies are in flourishing development. Hydrogen can be stored as a gas or in
liquefied or solid form. Large-scale storage technologies for gaseous hydrogen mainly
include underground storage, while liquefied hydrogen can be stored in tanks under high
pressure and low temperature. It can also be stored chemically by being combined with other
elements. Ammonia, metal alloy hybrids or organic molecules like methanol are some
chemical candidates for hydrogen incorporation and the recent research to store the gas is
focused on the development of regenerative and reversible storage materials. An undeniable
goal when put in front of these options is to find the best storage methods. However, studies
agree on the fact that the best storage option depends on the end use application, the location
and the existing infrastructures, as well as on the cost and on the optimisation of the storage
method’s incorporation into the energy system, taking into account production and use
applications (Amirthan & Perera, 2022).
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A lot of studies on hydrogen storage focus on the improvement or on the development of
new technologies, and less on the linked impacts and necessities of their integration on a
systemic scale (Barthelemy et al., 2017), (Rasul et al., 2022). With its sustainable culture,
close-to-nature lifestyle and well-managed energy system, Finland attracts attention for
hydrogen investments and has the potential and ambition to become a hydrogen economy
leading country, which makes it especially interesting to study from this perspective. Reports
published on the hydrogen routes in Finland generally address more the matters of
production and use than storage ((Nordic West Office, 2020), no development on storage,
(H2 Cluster Finland, 2021), no development on storage, (Laurikko et al., 2020), 2 pages out
of 48, (Karjunen et al., 2022), no development on storage) . To offer a more comprehensive
vision, based on a complete literature review and critical analysis, this work aims at assessing
the best hydrogen storage and distribution solutions for Finland with a perspective on their
systemic implementation in the country, including economic and environmental aspects. To
meet this matter, after introducing hydrogen and its situation in Finland, storage options are
compared and pondered in regard of the case of the country. Finally, their implementation

in the energy system is considered taking the location into account.
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2. LITERATURE REVIEW

This literature review aims at giving a brief introduction to hydrogen, its main uses and
production ways. This will also disclose why this gas has the potential to be one of the major
actors of the upcoming energy transition and explain why hydrogen storage is an essential
part of hydrogen’s integration into the energy system. As this work is focused on the case of
Finland, future prospects and different hydrogen scenarios for the country are also presented

and compared.

2.1. Background on hydrogen production and use

Hydrogen has potential for various uses, but they are currently limited to a few main
applications. The following sections will present these uses and describe the production
methods of hydrogen to answer this demand. It also gives an overview on how the hydrogen
utilization is expected to grow and develop in the future and how this will impact the energy

transition.

2.1.1. Introduction to hydrogen and brief view on its production

Hydrogen is the most common element in the universe. It makes up to about 75% of all
mater and is found in most of living organisms (Baykara, 2018). Its remarkable properties
make exploiting this advantage especially interesting. Hydrogen doesn’t produce any
greenhouse gas emissions when combusted (only water vapour) and has an attractive specific
energy capacity (or lower heating value LHV) of 120 MJ/kg, which can also be translated to
33.33 kWh/kg (Dewangan et al., 2022). Out of all fuels, this is the best energy-to-weight
ratio, about 2.5 times higher than for common hydrocarbons (Otto et al., 2022); the heating

value of hydrogen is far above methane that has a LHV of 50 MJ/kg, (Figure 1).
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Figure 1. Comparison of hydrogen and conventional fuels energy content, (Dewangan et
al., 2022), (Otto et al., 2022), (Rasul et al., 2022).

However, it should be noted that hydrogen is the lightest element and thus has a low density

of 0.089 kg/m® at standard conditions (25°C, 1bar). One kilogram of hydrogen takes a

significant volume of approximately 11m?®. One cubic meter of hydrogen produces 12.7 MJ

combustion energy (Panfilov, 2016), (Tarkowski, 2019). The Table 1 below summarizes

some of the elementary properties of the hydrogen element. A property that stands out is its

very low boiling point, meaning that hydrogen is not found in the liquid state in normal

conditions.

Table 1. Hydrogen properties

Properties

Hydrogen

Density (gas)

Density (liquid)

Gravimetric energy density (LHV)
Energy density (ambient cond, LHV)
Specific energy (liquefied, LHV)
Boiling point

Autoignition temperature

0.089 kg/m3 (0°C, 1 bar)
70.79 kg/m3 (-253°C, 1 bar)
120.1 MJ/kg

0.01 MJ/L

8.5 MJ/L

-253°C (1 bar)

585°C
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Even though hydrogen is the most common element in the universe, it is rarely found as such
in the environment because of its reactive behaviour. It is often combined with other atoms
and rarely appears in its standard diatomic gas condition (formula Hy) in nature. It thus needs

to be produced to answer the demand.

Today, about 98% of hydrogen is grey and black hydrogen (see Figure 2) produced from
fossil fuel sources (76% natural gas and 22% coal respectively), mainly from steam methane
reforming (SMR), with an energy efficiency of 65 to 85% (Hren et al., 2023). The process
separates the hydrogen and carbon, the latter then being oxidised. The resulting end products
are COz and hydrogen (Sivill et al., 2022). This amounts to the annual emission of almost
100 tonnes of CO> in the EU (Laurikko et al., 2020).

This method is not sustainable and is aimed to be phased out in the long term. Alternative
hydrogen production methods exist or are in development and have been classified by

colour.

Energy
sources

Coal/Lignite Natural gas Nuclear power § Grid power [ Renewables

Gasification Steam reformation
*CCUs solid +ccus
carbon No CO2 byproduct
waste

Black Brown Turquoisefl Grey Blue

Hydrogen
colours

Carbon footpint High High Medium Medium Low Minimal Depends on Minimal
or high the grid

*CCUS=Carbon Capture, Utilisation and Storage

Figure 2. The colours of hydrogen, (ABB, 2020), (Rasul et al., 2022), (Ustolin et al., 2022),
(Osman et al., 2022).

The method of hydrogen production considered as most promising, however representing
less than 2% of current global hydrogen production (Laurikko et al., 2020), is green water
electrolysis (55 to 75% energy efficiency). This process takes advantage of the fact that
hydrogen is found in the greatest quantities as water and relies on the uses of renewable
energy sources. During the electrolysis process, electricity splits water molecules into
hydrogen and oxygen, thus generating no greenhouse gas (GHG) emissions. (Muhammed et
al., 2022) The resulting produced hydrogen is considered green and the comparison of

hydrogen colours (Figure 2) shows that it is the most sustainable out of all the existing
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options, with no CO; by-products and a minimal carbon footprint. The produced hydrogen
presents a remarkably high purity of over 99.999% (Tarkowski & Uliasz-Misiak, 2022).
That is why the development of hydrogen production and its broader integration into the
energy system are focused on green hydrogen even though it is not used in large quantities

yet.

2.1.2. The uses of hydrogen

Hydrogen global demand has seen a continuous growth since 1975 and has increased from
28 Mt since then to around 120 Mt in 2020 (Tsiklios et al., 2022).

It is useful in a variety of applications today, and these can be assigned to the two main
categories that are stationary and mobile systems (Ustolin et al., 2020). Some uses include,

for:
Stationary systems:

- Chemical reactants (chemical and metallurgical processes)

- Burners (cook, heat or cool)

- Energy plants, backup power (fuel cell module or gas turbine to generate electricity)

- Combined heat and power (CHP) (electricity and heat with fuel cells, efficiency
95%)

Mobile systems:

- Transportation means using fuel cells: scooter, bus, truck, car, train, forklift and other
machinery, ship, airplane, weather balloons, and aerospace industry (rockets)

- Electronic devices (portable devices)

Mobile applications of hydrogen mainly rely on the use of fuel cells that are environmentally
friendly electrochemical systems able to efficiently produce electricity from the combination
of hydrogen and oxygen via redox reactions (Guangul & Chala, 2020). Even though hydrogen
is more efficient than batteries especially for long-range transport and high-powered vehicles
(Kang et al., 2022), it yet fails to be a critical factor in transportation as its use is still mainly
confined to space industry and is limited by the number of hydrogen refuelling stations
(HRS) (Laurikko et al., 2020).
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Opportunities are diverse, even-so global hydrogen utilisation revolves around three main
uses standing as the major ones: the production of ammonia and methanol in the chemical
industry, the refining of oils and biofuels as a desulphurisation agent (ABB, 2020), and the
production of iron and steel where hydrogen acts as a reducting agent. From the 120 Mt
annually produced, about 70 Mt are used in pure form to refine oil and produce ammonia for
fertilizers. The remaining 50 Mt go to industry without needing to be separated from other
gases (International Energy Agency, 2019). The other hydrogen applications are secondary,

in development or underexploited.

2.1.3. Hydrogen as a major actor of energy transition

Hydrogen still represents a minor share of the global energy mix. But the acceleration and
gravity of global warming are conducing numerous countries, companies and stakeholders

to credit it with a broader role in the future energy system (Laurikko et al., 2020).

One of the motives of this rising interest is the untapped potential of hydrogen to model the
energy transition chain via the integration of Power-to-X (P2X). This refers to transforming
electric power into another form of energy such as fuel materials or chemicals and converting
it back to electricity if needed. It oftens alludes to the synthesis of hydrocarbons from
hydrogen and captured carbon dioxide (Karjunen et al., 2022). Those reconversion pathways

enable to uncouple the power and the electricity sector (Laurikko et al., 2020).

This Power-to-X prospect is made possible by the fact that hydrogen is actually not an energy
source but rather a chemical energy carrier that is composed of molecules and that can be
converted to heat or electricity, thus differing from the latter that is only “composed of”
electrons (Panfilov, 2016), (International Energy Agency, 2019). As such, hydrogen can be
used to transport or store energy in a stable way, similarly to today’s conventional fuels, and

gives a wide and varied scope of possible new applications in the future.

Diversifying from the current uses, hydrogen has the aptitude to emerge as an eminent actor
of chemical industry, refining, power generation, heating, zero emission transport, steel

production, and to a certain extent even export (Laurikko et al., 2020).
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According to a study of the Hydrogen Council, hydrogen appears to be the most competitive
low-carbon alternative in many cases (refinery, fertiliser and methanol synthesis), or even
more competitive than conventional options relying on fossil fuels, especially when it comes
to big-size high-powered vehicles. Some envisioned uses include its wide employment as a
fuel for passenger vehicles at a medium scale in the long term, as a fuel for road freight,
aviation, and maritime transport, or as a mean of electricity storage or even usage in a 100%
hydrogenated iron and steel production, all of them potentially on a high scale in the long
term (International Energy Agency, 2019). The 22 applications registered on Figure 3 could
all become competitive before 2030, provided that the right support and incentives are used
by that time. Hydrogen’s transportability also grants it a role to play in energy distribution,
either as a liquid or as a gas in the gas infrastructure. This matter will be discussed in further

details in the 4™ section of this work.

() Depending on the availability of CCS

Blending
Methanol’ of hydroge
Hydrogen . Ny ingas
ls moat Combined jetwork
competitive
low-carbon grade |l
solution g U?Isat?‘ng: s
hydrogen
turbine
Hydrogen
is):esos? i
ol for smal
competitive 1o building
low-carbon

solution

Hydrogen is less competitive Hydrogen is more competitive
compared to conventional options compared to conventional options

1. Hydrogen is the only alternative and low-carbon/! ble hydrogen peting with grey (optimal renewable or low-carbon shown)

Figure 3. Competitiveness of hydrogen applications compared to low-carbon and
conventional alternatives, (Hydrogen Council, 2020).

As shown on Figure 3 and Figure 4, hydrogen has the power to decarbonise consequent
energy sectors such as industry or transportation and offers a new way to distribute energy.
In fact, it has been found that hydrogen can transport energy with about 80 times lower losses

than with a power network, under 0.1% losses instead of 8% (Okoroafor et al., 2022). It is
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also assumed to be able to supplant 60% of the natural gas used in non-industrial sectors
(Panfilov, 2016).

I it, steel

refining)

. -
onize end uses
— 1

- €

Water electrolysis

Large scale integration of @
renewables - 'ﬁ' Pharmaceutical

Improved systemresilience 0@ (o Energy storage applications

| | -

L]

Transportation through sectors i_E Energy distribution

power for
I buildings

Figure 4. The H> Power-to-X chain in the energy transition, (Tarkowski & Uliasz-Misiak,
2022), (Osman et al., 2022), (Karjunen et al., 2022), (H2 Cluster Finland, 2021).

The large panel and increase in hydrogen applications is seen as an essential enabler of the
energy transition towards a cleaner system. Green hydrogen can replace fossil fuels and
materials as a clean alternative in many sectors, and especially those where electrification is
difficult or where carbon emissions are hard to abate. As mentioned, this includes
transportation, especially heavy road freight, aviation and maritime transport, industry
chemical feedstock, industrial heating like kilns in the cement industry, or coal in the
industry of steel making (Fingrid & Gasgrid, 2022b). Those targeted sectors represent
respectively 25%, 17%, 7% and 6% of the total global GHG emissions (Amirthan & Perera,

2022), thus revealing the big potential impact of hydrogen in cutting carbon emissions.

These possibilities make hydrogen an asset in the path to carbon-neutrality, for which
Finland has set the ambitious target of 2035, which would make it the first industrialized
country in the world to achieve this goal (H2 Cluster Finland, 2021). This is also inscribed
in the endeavour to fulfil the 2015 COP21 Paris Climate agreement, and the European Green

Deal that aims to ensure net-zero GHG emissions by 2050 (Tarkowski & Uliasz-Misiak,
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2022). Green hydrogen plays a role in the eight different GHG free scenarios of the European
Commission. Many measures are encouraging a significant increase in the use of hydrogen
in the coming years. The REPowerEU plan released in 2022 by the European Commission
aims to boost the use of renewable energy and reduce the imports of fossil energy from
Russia, as well as step up the penetration of sustainably produced hydrogen in the energy
system (Fingrid & Gasgrid, 2022b). The hydrogen production by green electrolysis is still
slow, namely because of investments need, but it is planned to increase to 8.2 GW by 2030
globally, 57% of which located in Europe (Laurikko et al., 2020). This will be further
fostered by the increasing efficiency of electrolysers, the declining costs of production and
the conversely increasing prices of CO2 emission allowances (Tarkowski & Uliasz-Misiak,
2022). Improved energy access and security, growth of clean technologies and renewable
energy development, as well as economic development and lower air pollution are additional

grounds to encourage hydrogen integration (International Energy Agency, 2019).

2.1.4. Hydrogen potential

As a consequence of being a key element of the future energy supply chain, the part of
hydrogen is considerable in the energy consumption forecasts (see Figure 5). According to
(Tsiklios et al., 2022) global hydrogen demand would reach 530 Mt/a in 2050, in accordance
with Rasul et al. (2022) estimation of over 500 Mt. A more ambitious and optimistic study
by Cheng & Cheng (2023) credits hydrogen with a possible 24% part in the 2050 global
energy demand with a production of nearly 700 Mt/a.
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Figure 5. Global energy transition from 1850 to 2150, from (Tarkowski & Uliasz-Misiak,
2022).

The energy transition showcased on Figure 5 expects blue hydrogen to take over the market
by around 2050, while green hydrogen would start to step up by 2080 and almost completely
dominate the market by 2100 with about 90% of energy consumption.

When focused on Europe, the demand is predicted to attain 1500-2300 TWh/a by 2050
(Fingrid & Gasgrid, 2022a), (Tarkowski & Uliasz-Misiak, 2022), corresponding to 46-70
Mt/a and about 20% of EU and UK’s final energy consumption. As hydrogen production
would primarily shift to blue hydrogen in the short-to-medium term, the production of green
hydrogen would stay moderate in the beginning of the hydrogen integration. The European
production of clean hydrogen is anticipated to be 10Mt (333TWh) by 2030, while another
10Mt would be imported from outside the EU (Fingrid & Gasgrid, 2022b).

Hydrogen demand for power generation is evaluated to account for 12 TWh (0.36 Mt) in
2030, 301 TWh (9.12 Mt) in 2040 and up to 626 TWh (19 Mt) in 2050, meaning 1%, 3%
and 7% of total electricity demand for the EU and the UK at each of these periods
respectively. In the transport sector hydrogen would satisfy 12% of the energy demand and
power 55% of trucks, 25% of buses and 10% of planes by 2050 (Tarkowski & Uliasz-Misiak,
2022). In fact, a subsidiary of Airbus already aspires to build a hydrogen powered fleet of
airplanes by 2035 (Ustolin et al., 2022).
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The European hydrogen backbone (EHB) is an initiative that involves infrastructure operator
companies from 28 countries, which Finland is part of (Amber Grid et al., 2022). The EHB
aims at establishing the best hydrogen infrastructure for Europe in order to reach the climate-
neutral vision that is the goal to reach today. According to the study lead by the initiative,
Finland has a role to play in the acceleration of the implementation of hydrogen in the energy
system, as it credits the Nordic and Baltic countries with significant potential in terms of
hydrogen-powered industry and installation of new wind power for electricity (Fingrid &
Gasgrid, 2022b).

2.2. Hydrogen in Finland

“Hydrogen is currently the most significant driver of industrial change, both in
Finland and abroad.” Minister of Economic Affairs Mika Lintil&, (Ministry of
Economic Affairs and Employment, 2023).

According to recent resolutions of the Finnish Government, the stated goal is for Finland to
become the leader of the European hydrogen economy and to assert this on the whole value
chain. It has been calculated that the country could be able to produce at least 10% of
Europe’s green hydrogen by 2030 (Ministry of Economic Affairs and Employment, 2023).
This is an opportunity to support Finnish industry and consolidate energy security and
independence. It is also a shift towards cleaner energy production.

2.2.1. Hydrogen production and consumption in Finland

145 000 t (5 TWh) of hydrogen were produced in Finland in the course of 2020 for industrial
needs. This accounts for 1.5% of the total hydrogen production in Europe. Apart from
dedicated production, 23 000 t of the gas were also generated as by-product of industrial
activities (Sivill et al., 2022). The production is still centralized with about two thirds of
Finland entire hydrogen production originating from Neste’s Porvoo refinery complex area
(see Figure 6). Terrafame and UPM are other noticeable hydrogen producers on a smaller
scale of 10 000 t/a. Comparably to the global situation, this hydrogen comes from natural

gas SMR. Green hydrogen production isn’t yet developed in Finland at the exception of the
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Woikoski site in Kokkola that is the only one using electrolysis for the industrial scale (Sivill
etal., 2022). It is clear on Figure 6 that most of hydrogen related activities are located in the

South and South-Eastern regions of Finland.
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Figure 6. Hydrogen production sites in Finland. SMR: Steam Methane Reforming, POX:
Partial oxidation. Modified from Laurikko et al. (2020) and Sivill et al. (2022).

The majority of the generated gas (88%) is used to produce biofuels and to refine oil, while
the 12 remaining percent are split between hydrogen peroxide production in chemical

industry and mining and ore refining, with 7% and 5% respectively (Laurikko et al., 2020).

The largest consumer is the Neste company with its refineries in Porvoo and Naantali
(Naantali refinery is not considered on maps as it is to close in the next years). The second

consumer is the UPM biofuel production plant in Lappeenranta.

2.2.2. Hydrogen strategy and value chain in Finland

Finland’s energy security and independence is important to guaranty, especially in the
current geopolitical situation, and the establishment of a Finnish hydrogen economy has thus

become even more relevant (Government Communications Department et al., 2022). The
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national hydrogen strategy is currently under the development phase (Hystories, 2021). This
is an opportunity to elaborate and build on the already existing national hydrogen production,
industrial expertise and cooperation in hydrogen use, skilled professionals and leading
technology companies. On top of that the country already presents some notable advantages
to make a hydrogen economy possible. Among these are access to abundant fresh water, bio-
based carbon dioxide sources, robust national electricity grid and well managed energy chain
(Sivill et al., 2022). This is fostered by quality research and innovation. The availability of
low-cost renewable electricity is also a key requirement for the implementation of a
hydrogen economy. In addition to clean electricity from neighbouring Nordic countries and
the already existing renewable electricity production in the country, Finland has a great
competitive potential for new wind power installations. In fact, Finland has affordable prices
with the second lowest for onshore wind in Europe (and the third lowest for solar power)
(Fingrid & Gasgrid, 2022b). The rapid and cost-effective scaling-up of onshore wind power
is facilitated by the geographical conditions and the infrastructure in place. 21.3 GW of wind
projects had already been disclosed by the end of 2021, not mentioning Eastern Finland’s
wind potential unexploited due to interferences with the Finnish Defence Forces radar
surveillance system (H2 Cluster Finland, 2021). This is considerable compared to the 11.3
GW capacity of Finnish electricity production in place at the same period (Sarén, 2021), (H2
Cluster Finland, 2021). Besides that, the national company Fingrid plans to invest 1.4 billion
EUR in the development of the grid by 2030 (Sivill et al., 2022).

In this way, the key foundations of a functional hydrogen production and use value chain are
already present in Finland and can be further developed to exploit their full potential. The
Figure 7 shows a model of the hydrogen value chain in Finland, with the companies that can
be involved at each step of the chain. Fortum has experience in clean hydrogen production,
while Gasum is the leading provider of biogas in the Nordic countries and could potentially
use its own by-product generated CO2 to produce synthetic fuels. Neste, Wartsil4d and UPM
are also potential candidates to produce biofuel from clean hydrogen (Nordic West Office,
2020).
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Figure 7. Hydrogen value chain in Finland and linked companies, (ABB, 2020), (H2 Cluster
Finland, 2021), (Fingrid & Gasgrid, 2022a), (Laurikko et al., 2020).

This chain is dynamic and aims at helping in the optimization of the energy sector. The
integration of hydrogen on a systemic scale is estimated to create more than 10 000 new high
qualified jobs (H2 Cluster Finland, 2021). This integration would take place locally in a way
that would take advantage of cooperative activities. This means for example installing
hydrogen production units close to industrial plants and municipal energy production sites
to make use of waste heat and oxygen that are generated as by-products by electrolysers

(Sivill et al., 2022). Overall, the vision of a Finnish hydrogen economy is coming into shape.

2.2.3. Hydrogen projects and hydrogen valleys in Finland

In the wave of this craze, dozens of new investments for green and low-carbon hydrogen
projects are being planned in Finland. Table 2 sums the most important green hydrogen
projects in Finland for the coming years. These include, green hydrogen production,
sometimes coupled with steel, ammonia or methane production, or other diverse uses. Up to
date, they are in the number of 23 and represent an investment of 10 billion euros, ranging
from a few million euros up to 4000 million euros for the biggest project.



Table 2. Hydrogen projects in Finland, (Yle & Samuli Huttunen/Yle, 2023).
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Map Location Company Description Investment Construction
1D
1 Ranua ET Fuels Synthetic methanol for fuel from 800 M€ -
green H2
2 Raahe SSAB Zero-emission steel production 2000 M€ Prod. by 2030
from green H2
3 Kokkola Flexens Ammonia for chemical industry 500 M€ 2024-2027
from green H2
4 Mustasaari Westenergy Methane for fuel from green H2 90 M€ 2024-2025
5 Vaasa EPV Energia  Green H2 35 M€ Prod. by 2024
6 Kristiinan- CPC Finland  Methane for fuel from green H2 450 M€ 2024-2026
kaupunki
7 Pori Ren-Gas Green h2 prod and methane for 160 M€ 2024-2026
fuel
8 Harjavalta P2X Green h2 prod and methane for 60 M€ 2022-2024
Solutions fuel and industry feedstock
9 Tampere Ren-Gas Green h2 prod and methane for 162 M€ 2023-2026
fuel
10 Naantali Green North Green h2 prod and ammonia for 250 M€ 2024-2026
Energy fuel and chemical industry
feedstock
11 Inkoo Blastr Green Green H2 and zero emission steel 4000 M€ Prod 2026
Steel prod
12 Vantaa Solar Foods Green H2 and protein prod for 40 M€ 2021-2023
consumption
13 Vantaa Vantaan Synthetic methane prod for fuel 85 M€ 2023-2025
Energia and NG substitution
14 Helsinki Helen Green H2 prod for fuel and 12 M€ 2023-2024
industry feedstock
15 Kerava Keravan Green h2 prod and methane for 60 M€ 2024-2026
Energia fuel
16 Porvoo Neste Green H2 for the needs of own - 2024-2025
refinery
17 Lahti Ren-Gas Green h2 prod and methane for 250 M€ 2023-2026
fuel
18 Kouvola Solvay Green H2 prod and NG 40 M€ 2026-2028
Chemicals substitution for paper industry



28

19 Kotka Ren-Gas Green h2 prod and methane for 160 M€ 2024-2026
fuel

20 Hamina STR Tecoil Green H2 for recycling and reuse 3-5 M€ 2024-2025
of engine oils. Expansion of
production

21 Mikkeli Ren-Gas Green h2 prod and methane for 160 M€ 2024-2026
heavy road transport

22 Lappeenranta Stl Green h2 prod and methanol for 125 M€ 2024-2026
fuel

23 Joensuu P2X Green h2 prod and synthetic - 2024-2026

Solutions methane for fuel and industry

feedstock

The locations of these projects on the map (Figure 8) show once again a concentration in the
South and South-East of Finland.
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Figure 8. Hydrogen projects type and location in Finland, (Yle & Samuli Huttunen/Yle,
2023).
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Bigger unifying projects called hydrogen valleys are also in development. A hydrogen valley
refers to a hydrogen ecosystem that is locally integrated and includes projects interacting at
every step of the value chain (ENTSOG et al., 2021). Their aim is to have a positive impact
on climate change mitigation and regional economic development. The main characteristics

to define a hydrogen valley are (Weichenhain et al., 2021):

A big scale: multi-million EUR investment and projects beyond demonstration stage
- Supply to many sectors: several end sectors supply (industry, mobility, energy)

- A high value chain coverage: cover many steps of the value chain (production,

transport, storage)
- Geographic scope: local, regional or international reaching hydrogen ecosystem

Europe is currently home to 21 hydrogen valleys (ENTSOG et al., 2021) and is a frontrunner
in the matter, the goal being to reach 100 hydrogen valleys by 2030 (Weichenhain et al.,
2022).

The biggest barrier to the development of these structures is funding. Others include
technological readiness and performance as well as lacking regulations, mentioned by 40%
and 50% of hydrogen valleys respectively. Unclear regulations refer to missing or inadequate
H> permitting procedures coupled with inexperienced authorities on the matter, taxes on
renewable electricity from RES and too strict or missing regulations linked to H2
deployment (Weichenhain et al., 2021).

Despite the challenges and following this European trend, three hydrogen valleys are
currently planned in Finland, which would include some of the hydrogen projects listed

above.
The Bothnian bay hydrogen valley

The Bothnian bay area presents many assets that has led it to be chosen for the development
of a hydrogen valley. This zone is home to heavy industry activities, biobased CO> sources
and has potential for renewable energy production. It also displays a long coastline fitted
with ports ideal for trade. As shown on Figure 9, it will include two countries, Finland and
Sweden, and optimize energy utilisation in the area. The key locations on the map include

points of hydrogen consumption such as for steel production (Pyhajoki, Lulea, Kemi). The
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biggest sources of industrial CO2 are situated in the zones of Kemi, Luled, Oulu, Pyhajoki
and Omskoldsvik, which means these sites also have potential for P2X methanol production
(Karjunen et al., 2022).

Bothniafi

| bay/ %
Lule4 . s
L { . Oulu
Norway Skellefted .
Pyhdjoki
Sweden o -

Kokkola

Figure 9. The Bothnian Bay hydrogen valley project with key locations, modified from
Karjunen et al. (2022).

The Bothnian bay hydrogen valley project is set to ramp up the renewable energy production
in the region, especially for wind power. The wind capacity currently installed in the
Bothnian bay is 7 GW, of which 2.2 GW in Finland. This number is estimated to grow to 18
GW in the short term and up to 28 GW in the long term for Finland (for a total of 39 GW
with 11 GW in Sweden). The project also includes transport and storage with prospects of
pipelines able to store up to 150 GWh of hydrogen. The valley that is currently in the pilot
phase represents an investment of several billion euros and would for sure dynamize the
region and contribute to the broader integration of hydrogen in the Finnish energy system
(Karjunen et al., 2022).

The Etel& ja Kaakkois Suomi hydrogen valley

Another hydrogen valley is to be created in the South and South-Eastern region of Finland,
or Eteld ja Kaakkois Suomi in Finnish. This project is based on a study from LUT University
in Lappeenranta and is currently in the planning with dialogues engaged with leading
companies of the region (Olli Sipild, 2022). The scale of the investment is of at least 25
billion EUR and the project is estimated to bring tens of thousands of new jobs in the South-
Eastern region (BotH2nia, 2023).



31
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Figure 10. The South-Eastern hydrogen valley project with key locations of CO2
sources/potential Power-to-X sites, (Karjunen et al., 2022).

Notable facilities in the hydrogen valley area delimitated on Figure 10 are nuclear reactors
in Loviisa (capacity exceeding 1000 MW) and Imatra’s powerplant with 200 MW capacity.
Pulp and paper industry is also well present and a natural gas pipeline structure is already in
place. To make use of these structures and carry on the project, potential hydrogen users that
are part of industrial activities have been listed. These include, among others, Adven, Fazer,
Gasgrid, Gasum, Helen, Kemira, Metsa Group, Ovako, UPM and Woikoski. Hydrogen is
already used in cooperation between some companies: Adven uses the by-product hydrogen

from Kemira for district heat production.

Again, large sources of CO; are seen as potential interesting sites for use in Power-to-X
technologies, especially in the production of synthetic fuels. The facilities releasing the most

CO:2 in the region are Neste (oil and gas industry), followed by several Stora Enso and UPM
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facilities (pulp and paper industry). They are also implied in projects linked to this released
carbon dioxide. Neste is considering carbon capture and storage (CCS) solutions coupled
with CO; based fuels and chemicals production. On its side, UPM is also conducting
research for CCS and synthetic hydrocarbons production. In fact, (Karjunen et al., 2022)
study found out that the South-Eastern Finland hydrogen valley production could potentially

satisfy the clean fuel demand of the entire country.

Many of the industries situated in the future hydrogen valley have interest for green
hydrogen and plan to satisfy their demand by having their own hydrogen production. This is
the case for UPM Lappeenranta biorefinery and Neste who want to have their own
electrolysis hydrogen production. Fortum also plans to install between 30 and 500 MW of
electrolyser capacity for large-scale production related to the production of fossil free steel
in SSAB (Raahe) from green hydrogen (Karjunen et al., 2022). To satisfy this demand, the
potential of the region in terms of renewable energy production is considerable. Up to 112
TWh of wind power could be installed, provided a solution is found to solve the interferences
with the Defence Forces radar surveillance, which would exceed the estimated amount of
electricity needed for hydrogen production (103 TWh) in the region. In addition to that, in
the perspective of hydrogen trade, offshore options can also be considered. Assets for that
perspective are Hamina’s port and an operational liquefied natural gas (LNG) terminal since
last year (2022), completed by the fact that according to Pyrhonen et al. (2021) hydrogen
production offshore and transmission to land would be 20% cheaper than electricity
transmission onshore and then conversion to hydrogen. Ultimately, good management of
this hydrogen valley project can support the growth of a new type of industry and bring more

vitality to the area.
The Varsinais-Suomi hydrogen valley

The third Finnish hydrogen valley project is located in the South-West of Finland, centred
around the region called Varsinais-Suomi. The planning of this project is potentially
expected to start in 2023 (Olli Sipilg, 2022).
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Figure 11. Hydrogen valley projects in Finland.

The Figure 11 above resumes the three hydrogen valley projects currently in the planning or
in development in Finland. These initiatives aim at establishing a hydrogen market by 2030,
assisting at the same time green regional industrialization, decarbonization, energy

independence and economic development.

2.2.4. Hydrogen scenarios in Finland

Reports have already tried to assess and plan potential development of hydrogen in Finland.
Two main hydrogen scenario studies have been published for the country. One is
“Vetytalous — mahdollisuudet ja rajoitteet” (Hydrogen economy - opportunities and
constraints), (Sivill et al., 2022) from a Publication series of the Finnish Government's study
and research activities, and the other is the result of a stakeholder consultation conducted by
Fingrid and Gasgrid Finland in the course of a joint project to enable the emergence of a

hydrogen economy (Fingrid & Gasgrid, 2022b).

The first study introduces five different scenarios: Only necessary A and B, Moderate, and

Maximum A and B. The differences between the scenarios depend on the priorities set. The
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Only necessary (ON) A and B scenarios focus on the national hydrogen demand, with a
slower transition to hydrogen in oil and biofuel refinery in the option A than in the option B.
The option ON A assumes that fossil free steel industry is reached by alternative solutions
and is not based on hydrogen use. The Moderate scenario keeps the ON A hypothesis, but
the speed of hydrogen use growth is the same than for ON B. This scenario also considers
hydrogen gas and synthetic fuel exports to a limited extent that doesn’t exploit the fuel
renewable energy production potential of the country. This is implemented in the scenarios
Maximum (Max) A and B, that presume exports based on full exploitation of onshore wind
capacity and that assumes maximum exports of synthetic fuels in the option A and maximum

export split between synthetic fuels and hydrogen for the option B.

Based on these scenarios, green hydrogen production would range between 3.7 TWh and 7.9
TWh in 2030 (for ON A and Maximum scenarios respectively), and 6.4 TWh (ON A) and
132.9 TWh in 2050 (Max A) (Figure 12). Electrolyser capacity would also go up
significantly to supply the necessary green hydrogen quantity. In fact, green hydrogen
production would increase by more than 1582% between 2030 and 2050 in the case of the
Max A scenario.
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Figure 12. Finland 2050 — Hydrogen scenarios comparison, data from Sivill et al. (2022).
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The main advantages of the respective scenarios are that the more modest ON scenarios
would not need too many risky investments and hydrogen infrastructure development,
provided the linked technologies also improve in the meantime. The slow start of the
Moderate scenario enables to choose the most relevant technologies and to adapt the
hydrogen infrastructures according to the needs of the moment, when the hydrogen market
will just be in its establishment. On their side, Maximum scenarios present a big export
potential and could bring great investments and new jobs to Finland. Some major drawbacks
to consider for those options are that the hydrogen production potential is not really exploited
in the ON scenarios and that smaller local production could be more expensive and generate
more individual costs than larger scale production. The Moderate scenario does not allow
Finland to become a leader in the market, especially because of its slow start and late exports
(from 2040), and would present quite big investment needs (around 45 billion EUR at least).
The Maximum scenarios, from their part, would need the biggest investment (around 90
billion EUR, at least half of it for wind power) and high growth would bring pressure on the
availability of technologies, services and workforce. According to the major stakeholders of
the future hydrogen market, the Moderate scenario is seen as the most realistic for now and

is therefore the most plausible (Sivill et al., 2022).

In their study Fingrid and Gasgrid have discerned three scenarios, namely the Strong
Regional Hydrogen Economy (SRHE), the European Hydrogen Market (EHM) and the
Leading Hydrogen Ecosystem (LHE). The Strong Regional economy scenario is focused on
Finland and its close neighbours. It assumes that onshore wind power will be strongly
developed, and that electricity and hydrogen transmission will be built to Northern Sweden
and to Estonia for electricity. Green hydrogen would replace the hydrogen currently used in
industry. In terms of exports Finland would be an important exporter of synthetic fuels. The
European Hydrogen Market scenario keeps the same hypothesis as the previous scenario
concerning renewable power production and cross-border connections. However, one more
hydrogen transmission connection would be built to Central Europe. In this option Finland
transitions to green hydrogen and also becomes a great large-scale hydrogen exporter thanks
to the additional hydrogen transmission line. In the Leading Hydrogen Ecosystem scenario,
all the assumptions of the Strong Regional Hydrogen Economy are preserved, but the
ambitions are bigger for exports as Finland is presumed to be a notable exporter of hydrogen

and synthetic fuels as well.



36

140
120

100

%
/
: /
.
%
_

&0 27 84
60
19

a1
40 36 35

23 53 53

20
25

Wind power capacity (GW/ Electroliser capacity (GW
P pacity (W} pacity (GW) # Export of green hydrogen (TWh)

SRHE = EHM =LHE . Domestic green hydrogen use (TWh)

Figure 13. Finland 2040 — Hydrogen scenarios comparison, (Fingrid & Gasgrid, 2023), Strong
Regional Hydrogen Economy (SRHE), European Hydrogen Market (EHM), Leading Hydrogen Ecosystem
(LHE)

As visible on Figure 13, the most ambitious scenario is of course the Leading Hydrogen
Ecosystem one, with 60 GW of renewable wind power capacity, 41 GW for electrolysers
and a total green hydrogen use of 135 TWh in 2040. For comparison, those values for 2040
for the most probable Moderate growth scenario of Sivill et al. (2022) study are respectively,
21GW, 11 GW and 23 TWh (24 GW,12 GW, 58 TWh for the Max scenario), see Figure 14.
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Figure 14. Finland 2040 — Hydrogen scenarios study comparison, (Sivill et al., 2022),
(Fingrid & Gasgrid, 2023), Only Necessary A (ON A), Only Necessary B (ON B), Moderate Growth,

Maximum A (Max A), Maximum B (Max B), Strong Regional Hydrogen Economy (SRHE), European
Hydrogen Market (EHM), Leading Hydrogen Ecosystem (LHE).

The scenario estimations from the Fingrid & Gasgrid (2023) study have higher expectations
than the ones from the Sivill et al., (2022). Even the Strong Regional Hydrogen Economy,
that is the least ambitious scenario from Fingrid & Gasgrid, (2023)has higher values in 2040
than for the Max scenarios of Sivill et al., (2022). Those values are actually closer to the
2050 values of Sivill et al., (2022) study, which indicates that the later study expects the

hydrogen market to take more time to be established.

2.3. Necessity of hydrogen storage

A Kkey point in the establishment of this hydrogen market in the energy supply chain of the
century is hydrogen storage (Tarkowski, 2019). The main reasons for this are closely linked
to renewable energy penetration in the system. Renewable energy sources such as wind and
solar are notoriously intermittent and dependent on time and weather conditions. Solar
energy is more abundant during the day and sparser in the evening, while demand generally

reaches a peak during the end of the day. Wind and hydropower present similar constraints.
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Figure 15 shows the renewable electricity production in March for Finland. While there was
almost no wind generation around the 5 of March and a minimum was reached on the 19™
with 0 MW, maximum wind power generation was reached the day just before with 4,577
MW on the 18™. On a longer timescale, winter months typically see less sunshine than

summer months and demand more energy for heating.
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Figure 15. Public net renewable electricity generation in Finland in March 2023, (Electricity
Production | Energy-Charts, 2023), original data from ENTSO-E, updated on 04/21/2023.

As electricity is hard to store as such (Nordic West Office, 2020), this is where hydrogen
offers a unique opportunity to overcome this problem and make the most out of excess
renewable production. Producing green hydrogen by electrolysis when renewable energy is
available in excess makes it possible to temporarily store large quantities of energy that can
then be used later when consumption is higher than production, thus regulating supply and
demand (Panfilov, 2016). This is also true from a seasonal perspective. While battery storage
is commonly limited to a few hours, hydrogen storage capacity can extend to weeks or
months and is, as of today, the only viable carbon neutral seasonal storage option (Osman et
al., 2022). This way, electricity generated during summer months can be used during winter

months.

Overall, hydrogen storage is a mean to strengthen grid stability and increase system
flexibility by short-term load and seasonal energy balancing. This is especially interesting
as the need for system flexibility, and consequently hydrogen storage is expected to grow

greatly by 2040 in Finland (Fingrid & Gasgrid, 2022b). Hydrogen storage also enables a
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broader use of renewable energy sources and a better efficiency if the energy system, along
with reduced environmental impacts due to less fossil fuel use (Tarkowski, 2019). In addition
to that, hydrogen storage offers the opportunity to regulate energy prices. The cheap excess
energy stored in the form of hydrogen can be sold later when power prices are more
expensive. Backup power supply can also be insured by stored hydrogen, which is especially

useful for industries (Panfilov, 2016).

Thanks to its storage capabilities, hydrogen also shows transport and distribution qualities.
Liquefied hydrogen can be transported by ship, or as a gas in pipelines. This means that
hydrogen could transport renewable energy over long distances, from places where it is
available to places where it is not as abundant or where energy demand is high, even over
distances of thousands of kilometres (Nordic West Office, 2020). As 30% of the electricity
is lost during hydrogen generation in the electrolysis process, this “wasted” energy does not
need to be transmitted as electricity when transported as hydrogen. This is a quality to take
into account as the need for energy transmission is expected to at least double by 2030 and
increase by a factor of 6 to 11 by 2040 in Finland (Fingrid & Gasgrid, 2022b). This is namely
because energy consumption is high in the south of Finland while a lot of new renewable
potential installations are located in the north of the country. Pipelines could act
simultaneously as a mean of storage as well as transportation of big amounts of hydrogen
between Finnish regions (Karjunen et al., 2022). It is considered to be techno-economically

viable and cheaper than investing in electric grid development (Sivill et al., 2022).

There is no doubt that hydrogen storage, and especially large-scale storage (Andersson &
Gronkvist, 2019), is essential in a future hydrogen economy and is a key element of the
renewable energy transition that requires new ways to store electricity. This is why this work

aims at finding the best storage options suitable for Finland.
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3. METHODS

The aim of this thesis work is to assess the best hydrogen storage and distribution options
for Finland. This necessitates to define and document the available storage and distribution
solutions for hydrogen. Knowing that, the hydrogen storage need for Finland has to be
evaluated and linked to the previously gathered data. In order to decide which of the options
are preferable and easier to implement, the costs and environmental impact have to be
analysed. This will complement the study to give an overall view of what would be suitable

from a systemic point of view.

3.1. Data collection

The method to gather storage information is focused on literature research. The tools used

for this include:

- The LUT Primo library platform from LUT University: a one-stop search platform
that groups e-books, articles, reports, presentations and thesis works among others.
The library search enables to find any kind of document from the above cited
categories in one search that goes through the whole accessible catalogue of

information within the university’s access range.
- Scientific databases such as ScienceDirect
- Web search engines such as Google Scholar

ScienceDirect is a database from Elsevier that regroups more than 2650 journals, 43 000 e-
books and 19 million articles (Elsevier, 2023). It is one of the world’s leading extensive
sources of multidisciplinary and peer-reviewed scientific literature and is a notorious
solution to get information for researchers, scientist, lecturers and students. It is particularly

adapted to in depth searching.

Google Scholar is also used by many researchers and students and is a powerful web search
engine that allows to search for academic literature across numerous disciplines, sources,

publishing formats and databases. It includes namely peer-reviewed journals, books, reports,
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conference papers etc. Google Scholar is more adapted for conducting simple searches

amongst a broad number of databases.

The use of these tools is based on the exploitation of key words. Some of the key words
utilized for search in this work include: hydrogen, storage, Finland, underground, pipeline,
transport, distribution, environment, cost, scenario, regulation. In order to get the most
relevant information as possible, the search can be refined with advanced search parameters.
Recent articles and other materials were prioritized in that consideration as the hydrogen
field is in full development and is the stage of many innovations. This is visible on the Figure
16 below, displaying the number of hydrogen-linked referenced resources used in this work

in regard of their year of publication.
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Figure 16. Number of used hydrogen-linked referenced resources per year of publication.

The references from 2022 represent more than 45% of all references and 17 and more than
20% for 2021 and 2023. Together, the references from 2021 to 2023 account for more than
82% of the bouquet of references used in this work (excluding some websites references that
do not have specific publication year). It is worth noting that the 2023 publications mostly
come up to the month of February, which reflects the growing momentum of publication of

hydrogen linked articles.

The data collected from these articles targets general information on each available hydrogen

storage option (such as ongoing research, availability of resources, advantages and
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challenges) and focuses on some main parameters to take into account as they are

characteristic and relevant for storage technology comparison. This includes among others:
- The volume capacity
- The storage pressure
- The storage temperature
- The hydrogen energy density
- The lifetime of storage
- The maturity of the technology
- Energy requirements

The aim of the gathered data is to provide sufficient information to enable a choice between
different storage options.

3.2. Assessment of the cost of storage

Another factor of high importance to consider is the cost associated with each storage option.

This cost can be evaluated by data gathering and comparison as described previously, and
by using the equation of the levelized cost of hydrogen storage (LCHS) when this data is not
readily available. The LCHS is the discounted cost of storage per mass unit of stored
hydrogen. In other words, it can be defined as the net present cost of storage divided by the
mass of hydrogen stored during the whole lifetime of the storage system. This can be
translated in the following equation (Abdin et al., 2022):

LCHS (€/kgyy) = =22 (1)

YN iaMp2

where Cnpc is the net present cost of storage [€], iq is the discount rate of the system, Muz is

the mass of stored hydrogen [kg], N is the system’s lifetime and n is the number of years.

The Cnpc can be calculated as defined in equation 2 (Abdin et al., 2022):
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Cpne (€) = CCapEx + Zg lq (COpex + CDeCom) (2)

where Cnec is the capital expenditure cost [€], Copex is the operational expenditure cost [€]
and Cpecom IS the decommissioning cost [€]. They refer respectively to investments,

operating and maintenance, and dismantlement and removal of equipment and facilities.

The cost analysis is important in decision making as the selected storage options should be

viable and competitive in order to take up in the hydrogen economy.

3.3. Environmental impacts of storage

From an additional perspective, the environmental impacts associated with each hydrogen
storage solution should not be neglected. Those impacts involve the GHG emissions of the
storage systems and other categories of impacts related to biodiversity, natural resources and
human health. They can be assessed trough a Life Cycle Assessment (LCA), which is a
method to quantify the environmental impacts associated with the different phases of the life
cycle of a process or a product value chain. An LCA is defined by its goal and scope
definition, inventory analysis, impact assessment, and finally interpretation. This work
compares the result of LCA studies including hydrogen storage and other environmental data
found in literature. This aims to make sure that the retained storage options are also the best

when it comes to environmental impacts.

3.4.SWOT analysis

After data collection, to analyse the different existing storage options, key parameters, costs

and environmental impacts are compared.

A SWOT analysis will be used for the Finnish case of hydrogen storage and distribution.
The SWOT tool can then be used to weight the advantages and drawbacks of the options.
This analysis enables to include broader perspectives such as potential risks or technological

or regulatory barriers, as well as likely future developments.
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The SWOT analysis is a tool for assessing Strengths, Weaknesses, Opportunities and Threats
of a chosen subject, usually strategic planning in small and medium companies, but in this
case for storage technologies, for which it is also a powerful method. It enables to identify
respective competitive advantages and fields of improvement of technologies and aims at
helping decision making. The four areas of the SWOT analysis divide into two categories:
the internal factors and the external factors. The internal factors consist of the strengths, that
should be maximized, and weaknesses, that should be minimized. They are manageable to a
certain extent and are part of the technology. On the other hand, external factors are less easy
to control as they are settled by outer conditions. Nonetheless identifying threats and
opportunities facilitates respectively to avoid and exploit them (Goffetti et al., 2018). At the
end, the SWOT can give a rough estimate of the technical feasibility of different storage

options.
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4. RESULTS AND DISCUSSION

In the light of the section 2 (LITERATURE REVIEW), the following sections aims at
defining the currently available hydrogen distribution and storage technologies, both above
and below ground, and to discuss which ones would be best fitted for the Finnish energy

system in the context of the energy transition.

4.1. The different types of hydrogen storage

Storage is characterised by many parameters. Two especially important ones are the charge
and discharge duration and the possible number of charges cycles. The longer the discharge
time, the longer the storage can supply energy. As for the number of cycles, it is linked to
the usage of the storage. A high number of charge cycles per year is associated with short-

term storage, while one or a few cycles correspond to seasonal storage (Kanto, 2022).

Of course, there are other meaningful criteria to take into account, such as the safety, the
maturity of the technology, the cost, the capacity, the losses and efficiency, purity of stored

hydrogen, or site limitations.

4.1.1. Overview

Because of hydrogen properties (Table 1), additional factors have their importance. To store
the same quantity of energy as with NG, hydrogen requires 3 times more volume because of
its lower density (Error! Not a valid bookmark self-reference.). That is why one of the
biggest stakes to make hydrogen storage viable and efficient is to find a way to increase the
density of the stored hydrogen. This will reduce the volume necessary to storage. Hydrogen
viscosity should be monitored as well during storage: its low viscosity favours faster filling
and withdrawal, but also increases the gas movement rate and risks of leakage, especially in

underground storage (Tarkowski & Uliasz-Misiak, 2022).
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Table 3. Storage properties comparison of hydrogen and natural gas, (International Energy

Agency, 2019)

Property HJ/NG factor
Density (gas) 1/10

Density (liquid) 1/6

Energy density (ambient cond, LHV) 1/3

Specific energy (liquefied, LHV) 1/3 (of LNG)

Many storage solutions exist and can be divided into two main groups: the underground

hydrogen storage (UHS) options, and the surface storage options. The first is more adapted

to large scale storage while the latter is for medium to small scale storage. The Figure 17

showcases the classification of the main hydrogen storage options currently available. These

options will be further described in the upcoming paragraphs.
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Figure 17. Types of hydrogen storage. (Hren et al., 2023), (Amirthan & Perera, 2022), (Sivill
et al., 2022), (Andersson & Gronkvist, 2019)

The compressed hydrogen gas is the most mature hydrogen storage technologies

(Barthelemy et al., 2017) and is the most used storage method currently (Dornheim et al.,

2022).
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4.1.2. Underground storage

UHS refers to a storage method of hydrogen through the artificial accumulation of gas in the
environment, at a considerable depth that can reach several hundred meters or more
(Tarkowski, 2019). The accumulated gas typically consists of what is called the working gas
and the cushion gas. The working gas is the gas that is injected into the storage and available
for the customers when withdrawn. On the other hand, the cushion gas is gas that is stored
for the whole structure’s lifetime. It is not extracted and acts as buffer by ensuring a minimal
pressure that prevents water inflows and optimizes management and injection conditions
(Muhammed et al., 2022), (Tarkowski, 2019). The choice of a UHS geological structure is
influenced by the targeted capacity, purity of stored hydrogen and number of storage cycles.
The two main categories of UHS are the naturally occurring porous structures, including
aquifers and depleted oil and gas reservoirs, and the man-made structures comprising salt

caverns, rock caverns and abandoned mines (Amirthan & Perera, 2022), see Figure 20.

UHS is still in development and is not yet considered a mature technology (Muhammed et
al., 2022), but it is gaining a lot of attention as it offers interesting opportunities, especially
for industry and transport. In fact, UHS enables to store substantial amounts of hydrogen
(studies are carried out on the scale of GWh to TWh, (Salmachi et al., 2022)) and is estimated
to be the most economic option for large scale storage. It could help to meet seasonal and

peak demand, as it has already been the case with NG and oil (Papadias & Ahluwalia, 2021).

Naturally occurring porous storages such as aquifers and depleted oil and gas reservoirs have
the capacity to store large volumes of hydrogen with good efficiency and have been found
not to face any technical limitations, but the current concrete experience in the matter
remains limited and research is still being carried. Natural porous storages are believed not
to be adapted to the storage of pure hydrogen due to the interactions with the storage
environment, and as a result, no such case is known as of today (Okoroafor et al., 2022).

An aquifer is a porous and permeable subsurface layer of rock formation whose pores are
filled with fresh or saline water. This type of structure can be found at a deepness of dozens
to hundreds of meters (Muhammed et al., 2022). Aquifers have a large storage capacity and

are common structures that are dispersed worldwide in sedimentary basins. To free the pores



48

of an aquifer from the water occupying them, gas has to be injected, thus increasing the
pressure and chasing the liquid downwards and sideways (Tarkowski, 2019). These
structures have the advantages to occur naturally in nature and to display a low risk of surface
leakage of hydrogen, and no risk of formation of a flammable mixture because of the lack
of oxygen in an aquifer (Muhammed et al., 2022). However, they still present some
drawbacks, namely a need of cushion gas that can go as high as 80% of the total stored gas,
and potential losses due to the dissolution of hydrogen in contact with brine, parasite
reactions with minerals or consumption by microbes. Even though storage in aquifers and
depleted gas and oil reservoirs have similar mechanisms, aquifers are more expensive
because of the lack of geologic data about them (Amirthan & Perera, 2022), (Papadias &
Ahluwalia, 2021).

Depleted reservoirs are a conventional storage method for NG, found hundreds of meters
deep (Muhammed et al., 2022). They are natural underground traps that do not produce oil
or gas anymore. They occur in rock formations and are porous and permeable in nature. They
generally contain some amount of leftover gas that can be taken advantage of by serving as
cushion gas (Tarkowski, 2019). The requirement for cushion gas in depleted reservoirs is of
about 30 to 60% of total gas (Amirthan & Perera, 2022), (Muhammed et al., 2022). Like for
aquifers, depleted reservoirs are not constrained by geography (Okoroafor et al., 2022) and
are widely spread worldwide, and therefore present a flexible solution for the storage of large
quantities of hydrogen on a seasonal scale (Heinemann et al., 2021). In fact, the capacity of
depleted reservoir is estimated in the range of millions of cubic meters. This storage method
has an edge on aquifers in that it is safer as reservoir properties are known, and it has the

potential to be the cheapest option for large scale storage (Amirthan & Perera, 2022).

Man-made caverns, including salt and rock caverns and abandoned mines are a category of
UHS that offers an alternative when naturally occurring geological storage is not available.
Even though they are artificial solutions, some of them still rely on geographic prerequisites
(Muhammed et al., 2022).

Salt caverns are man-made artificial cavities drilled in salt domes or salt bed deposits. Such
structure is typically in a depth range of 200 to up to 2000 m (Muhammed et al., 2022),

(Amirthan & Perera, 2022). Depending on the depth, a salt cavern can store more than one
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million cubic meters, but its capacity is more bounded than that of natural porous storages
and it faces restrictions as salt formations are geographically limited (Papadias & Ahluwalia,
2021). Successful salt cavern storages today run between capacities of 821 to 8342 t
(Salmachi et al., 2022) and the cushion gas need is commonly about 30% of the total gas,
which is lower than for other UHS options (Amirthan & Perera, 2022). The form, depth,
thickness of salt bed and mechanical stability of a salt cavern are important factors when it
comes to choosing a salt cavern (Tarkowski, 2019). Some advantages of this hydrogen
storage method are: a low leak rate under 1% (Amirthan & Perera, 2022), lower development
costs compared to other UHS methods as hydrogen injection and withdrawal are executed
through a same single well (Muhammed et al., 2022), suitability for seasonal, medium and
even short term storage (Tarkowski, 2019), possibility to store very pure hydrogen as salt
caverns are hermetic, highly clean and are inert to gas, thus presenting a very low probability

of hydrogen contamination by impurities (Panfilov, 2016).

Rock caverns are structures that are constructed through typical mining operations, thus
inducing high costs (Amirthan & Perera, 2022), (Papadias & Ahluwalia, 2021). They can be
divided into two categories: the unlined rock caverns and the lined rock caverns (LRC).
Unlined rock caverns necessitate rocks without fissures or fractures and with low
permeability to be able to store gas. As an improved and the newest UHS technology, LRCs
are raising more interest in hydrogen but have not been used in industrial scale yet, at the
exception of one facility for NG in Sweden (Hematpur et al., 2023), (Papadias & Ahluwalia,
2021). A LRC is a cylindrical mined cavern encased with gas-impermeable material such as
steel or plastic liners, which makes the containment of the gas more efficient (Muhammed
et al., 2022). A concrete layer is intercalated between the lining and the rock to transfer
pressure forces (Kanto, 2022), see Figure 20. This type of structure can operate under high
pressure (typically 300 bar at 150 m depth (Papadias & Ahluwalia, 2021)) but this pressure
depends on the depth and the quality of the rock as excess mechanical stress on the walls of
the cavern is to be prevented. This is why the rock mass of the cavern should be hard to
withstand pressure forces (Kanto, 2022). Yet, because of their structural stability LRCs
present lower minimum pressure requirements than other UHS options, thus resulting in a
reduced need for cushion gas (Muhammed et al., 2022). A technically feasible cavern of 120
000 m®and a pressure of 200 bar would require only 10% of the total gas volume as cushion
gas (Kanto, 2022). As it is able to store large quantities of hydrogen, a LRC is suitable for
large-scale and long-term storage (week, month, seasonal) with few cycles in the year
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(Muhammed et al., 2022), (Pyrhonen et al., 2021). In addition, rock caverns do not have the
geographical limitations of the previously presented UHS options and can be implemented

where salt caverns or naturally occurring structures are not available (Pyrhdnen et al., 2021).

An alternative version of cavern under study is the refrigerated mined cavern, which would
be less costly regarding excavation costs. In this design the maximum depth is about 2500
to 3000 m. This method’s advantage consists in cooling down the gas before storage, thus
reducing its volume. A gas at - 40°C would require 50% less space compared to standard
conditions (Muhammed et al., 2022).

Another UHS alternative is abandoned mines. Hydrogen could be stored in abandoned coal
mines depending on the volume of mined coal and on the adsorption rate of the unmined
coal. The suitability for storage rests on the geology of the mine and its mining history as
those determine the possible operating pressure. Some mines have already been used
successfully for NG storage on a seasonal scale, while also answering daily fluctuations and
peak demands of gas (Muhammed et al., 2022). However, according to Amirthan & Perera
(2022), it would not be suitable for hydrogen storage because of inadequate rock tightness
of the mines, and design not adapted to cyclic storage. In the end, as this option has been
studied only on a conceptual discussion level, more research is necessary to assess the

hydrogen storage potential of abandoned mines (W. Liu & Pei, 2021).

Underground storage options have their respective strengths and challenges. The Table 4
summarizes their characteristics and displays a comparison on what each option has to offer.
As salt caverns have a good tightness and a low gas mixing degree (of H2 with others gases),
and diffusion level (of Hz outside the cavern), as well as a low rate of in-situ reactions (of
H> with elements of the cavern environment), they are the current most indicated option for
the storage of very pure Hy, that is then suitable to be used in fuel cells (Muhammed et al.,
2022). On the other hand, depleted reservoirs are the preferred solution when it comes to the
storage of very large quantities of hydrogen on a seasonal scale since their capacity is in the
range of millions of cubic meters. This is visible on the Figure 18 that presents the
deliverability scales of UHS technologies in terms of discharge power and duration. For
comparison purposes, surface tank storage for compressed hydrogen gas or liquid H> is also

included in the graph. Depleted reservoirs can provide discharge power on the scale of TWh
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and for a duration of many weeks. A typical withdrawal period for this technology is in fact
about 200 to 250 days (Table 4). Another reason weighting in favour of depleted reservoirs

is that their geological structure is more documented than that of aquifers.

The most promising solution that is not too affected by geological conditions is the LRC. It
offers good storage capacity and hydrogen purity, low cushion gas needs and, depending on
the size, can be operated on the short-term or potentially on a seasonal scale (Table 4). It
however has the lowest discharge duration out of all the available UHS technologies (Figure
19).

Aquifers and Depleted
reservoirs

Salt caverns

Discharge Duration

Discharge Power

Figure 18. Scales of UHS, modified from Chen et al., (2022).

Once selected, each UHS method can be picked in a more specific way. The Figure 19 (a, b,
c) showcases selection criteria graphs through a weighted vector approach for aquifers,
depleted reservoirs and salt caverns. Even though salt caverns are man-made storage
cavities, the approach is similar for those three UHS options as they rely on geological
prerequisites. For both aquifers and depleted reservoirs, the two dominating criteria are the
tectonic activity and the lithography of the overburden rocks. For salt caverns, the reservoir
lithography comes first, closely followed by the stage of exploration of the cavern and salt
formation. Regarding abandoned mines and LRC, the matter is not as much geological but

rather based on optimization factors, as those solutions are artificial. Their graphs show the
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ranking of optimization factors by order of importance (Figure 19, d, ). All these criteria
are linked to the hydrogen density and viscosity in the chosen storage conditions. Those
parameters are key for the quantity of stored hydrogen and encountered losses, and they
evolve with pressure and temperature (Figure 19, f). The Figure 20 helps to visualize the
different UHS options in a schematic representation to better understand the role of the
previously described parameters and shows the way hydrogen is injected into the cavities. It
also points out that some surface infrastructures are necessary to coordinate the underground

storage.



Table 4. Comparison of UHS characteristics, (Hematpur et al., 2023; Johansson et al., 2018; W. Liu & Pei, 2021; Muhammed et al., 2022,
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2023; Navaid et al., 2023; Panfilov, 2016; Peng et al., 2023; Qikuan et al., 2020; Sambo et al., 2022; Tarkowski, 2019; Tarkowski & Uliasz-
Misiak, 2022; Zivar et al., 2021)

UHS Characteristics Aquifer Salt cavern Depleted reservoir LRC Abandoned mine
Depth (m) 200-2000 200-2000 70-2743 150 Lack of data
. Salt domes: 300 000-1000 000 - -
3 - -
Capacity (m3) About 100 000 Bedded salt: 100 000 Up to millions or billions 100-120 000
Pressure range (atm) 10-170 22-220 10-400 10-300 -
Cushion gas (%) 45-80 22-30 30-60 <10 -
Ha purity (%) 50-62 60-95 10-90 95 -
Storage type Seasonal Short-term/Seasonal Seasonal Short-term/Seasonal -
Discharge rate (GW/day) 1.09-8.55 0.467-10.128 2.66-100 < than salt caverns -
Typical number of cycles/year 1-2 10 1-2 10 -
Injection period (days) 100-150 10-20 100-150 5-20 -
Withdrawal period (days) 200-250 20-40 200-250 20 -
Lifetime (years) > 30 years 30-50 > 30 years > 30 years -
Maturity Laboratory Commercial Laboratory Laboratory -
Safety Good Very good Good Good -
Storage losses Medium Low Medium Very low -
S Deep aquifer formation (prevalent in Salt formation (prevalent in Hydrocarbons' trap deposits Anywhere,_depends maln_ly on
Site limitations : . . . L . rock quality and geological Yes
sedimentary basins, most countries) sedimentary basins, limited) (most countries) conditions
Tightness Good Good Good Good Poor
Flexibility of use Medium Good Medium Medium Poor
Gas mixing Medium Low Medium Low Low
Diffusion Medium Low Low Low Low
In-situ reactions Medium Low Medium-High Low Medium
Standard practice Poor Medium Poor Poor Poor
) - ) - Supports high pressures i .
- Widely spread around the world Very .h'gh tlghtness_ Well know structures - Can operate multiple cycles in a Effectl_ve use of
S - Relatively low cushion gas needs - Huge storage volume unexploited space
Advantages - No contamination from leftover : . - year -
- High H2 purity - Possibility to use leftover . . - Possibility to store
hydrocarbons S - . - Minimal cushion gas need
- High injection/withdrawal rate gas as cushion gas . . large volumes
- Reduced geological constraints
- Lack of knowledge on geological - Longer construction period than for - Need to adapt existing - Need to bu'!d the cavern. higher
. costs and accident risks - Scarce research on
structure and formation parameters other UHS boreholes - Need to assess the compatibility  this storage method
Challenges - High need of cushion gas - Water needs for cavern leaching - Remaining hydrocarbons e g

- Chemical reactions between H2 and
the formation

- Cavern dissolution is hard to control
- Ensure proper brine disposal

can affect the purity of
stored H2

of lining material with H2
- Large volumes of waste rocks
from construction

- Need to assess rock
mass stability
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4.1.3. Surface storage

Surface storage of hydrogen is located above the surface, as opposed to UHS, and uses
technologies that rely on the different physical phases of hydrogen or on chemical
interactions with other materials on the molecular level. It can consequently be divided into
two main categories: physical storage and chemical material-based storage. The
characteristics of surface storage, especially compared to UHS, is a smaller capacity and
short storage cycles. It is therefore adapted to satisfy hourly or daily demand fluctuations
and is used in a wide range of applications, particularly in transportation (Amirthan & Perera,
2022).

Physical storage relies on the changes in temperature and pressure of hydrogen and thus
changing its physical state. A reduction of temperature, an augmentation of pressure, or the
combination of both can enable the liquefaction of gaseous hydrogen (Figure 21). This
increases hydrogen density and is thus beneficial to store an equal quantity in a smaller
volume. This storage is intended for small to medium hydrogen quantities in stationary
commercial applications, for hydrogen transport, or in automotive applications (Hassan et
al., 2021). The three categories of physical hydrogen storage are compressed hydrogen gas,

liquefied hydrogen and cryo-compressed hydrogen.
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Figure 21.Phase diagram of hydrogen, (Thiyagarajan et al., 2022).
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Compressed hydrogen gas storage has underground and surface applications but the surface
one is the most developed and commonly used. In above-ground operation, the storage
container for hydrogen is usually referred to as a tank or a vessel (Kanto, 2022). More than

80% of processes use this storage method (Amirthan & Perera, 2022).

A hydrogen tank is used for small-scale storage. It is able to withstand very high pressures
that can go up to 100 MPa and thus need to be reinforced with concrete or carbon fibres
(Papadias & Ahluwalia, 2021). Augmenting the pressure is key as the volumetric energy
density of hydrogen increase in relation to it (Hren et al., 2023). Hydrogen tank storage
technology typically has an excellent efficiency of about 99%, presents high discharge rates
and a refuelling time of a few minutes (Amirthan & Perera, 2022). Such characteristics are
especially interesting for mobility and the driving range of cars and trucks, and can pretend
to surpass electric batteries, the reason being that the energy density of compressed hydrogen
tanks is superior to that of lithium-ion batteries (International Energy Agency, 2019).
However, one drawback is the energy intensiveness of hydrogen compression, as 11 to 13%

of the stored energy is required for this matter (Dewangan et al., 2022).

The generic shape of a pressure tank is a cylinder. Depending on their specifications, they
can be classified into four categories, namely Type I, Type Il, Type Il and type IV.
(Barthelemy et al., 2017). Each type shows some improvements from the previous one and

the use in applications can vary. Those attributes are summarized in

Table 5. Type I and Il tanks are too heavy for mobile applications while the Types Il and
IV are suitable thanks to their lighter weight. Overall, the most used tanks are the Type | and
IV (Dornheim et al., 2022). Even though the pressure tank technology has a low volumetric
capacity, it has the advantage to be fully developed (Dewangan et al., 2022). Yet, design and
research are still going on to reach more cost-effective results (Faye et al., 2022). A Type V
tank is currently in development, that would be full composite without liner, would handle
higher pressures and would be even lighter than the Type IV (Amirthan & Perera, 2022).
The lighter is the weight of the tank, the better is the gravimetric density, defined in kWh
per kg of the system (Ustolin et al., 2020). The pressure tanks being adapted to road transport
of hydrogen (see 4.2), makes it relevant to take the mass of the system, meaning storage tank

included, into account.
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Table 5. Compressed hydrogen gas tank types, (Amirthan & Perera, 2022; Barthelemy et
al., 2017; Dornheim et al., 2022; Okonkwo et al., 2023; Osman et al., 2022; Ustolin et al.,

2020; Xu et al., 2022).

Pressure tank Type | Type Il Type 11 Type IV
Typical pressure 17.5-20 (Up to 50 20-30, Highest 35-70, usually ~ 35-70 (Up to 70 MPa)
(MPa) MPa) pressure tolerance (Up around 45 MPa
to 100 MPa)
Components All metal Steel liner Aluminium Full carbon fibre or
overwrapped with liner fully carbon-glass composite
glass fibre-resin overwrapped wrapping with HDPE

composite with composite liner

Structure load Supported by the

Shared equally Most load on Carried by the

metal body between steel and the composite composite
composite and about % on
the liner
Use Low to medium H,  Mainly for refuelling Mobile Used in most of the H»
demand, mainly stations applications storage mobile
industrial applications
applications
Gravimetric ~1 <21 <42 4.4-57
density (wt%)
Weight Relatively heavy ~ 30-40% less than Type About half of Lighter than type IlI
| Type Il
Storage 25 25 25 25
temperature (°C)
Lifetime >20 >20 >20 Longer than type 1l
Maturity Commercially Commercially Commercially  First commercial series
available available available (2017)
Advantage Cheapest Allows the highest Light weight,  Light weight, resistance
pressures great strength-  to fatigue and corrosion,

to-weight ratio  improved gravimetric

performance

A comparison of the four types of tanks is displayed in a schematic way on Figure 22. On a

commercial basis, the Type IV cylinder tanks are used at the highest pressures in order to

satisfy the requirement of 4.8wt% of gravimetric density set by European targets to reach

sufficient weight-efficiency for on-board storage in vehicles (Barthelemy et al., 2017).
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Liner Outer wrapping Boss

1L8=2§20 - Type I Type 11 Type III Type IV
mm 10 - 851 82 L* 78 - 320 L* 168 - 411 L
12.8 - 115 kg 121 kg 350 bar 350 — 700 bar

200 - 400 bar 405 - 480 bar

v
@ =140 - 267 mm L=1800 mm *: water capacity
@ =279 mm
[J Metal I Composite (fiber 4 resin) E Polymer
(Steel or aluminium) (HDPE)

Figure 22. Hydrogen storage tank types (Barthelemy et al., 2017; Vidas et al., 2022),
technical commercial specifications data from Worthington Industries (a main supplier of
storage tanks (Hyfindr, 2023)).

Liquefied hydrogen storage is another conventional and technologically developed method
to store hydrogen by liquefying it. It is generally used for medium (or large) scale storage.
To attain the liquid phase, hydrogen needs to be cooled down to the very low temperature of
-253°C (the boiling point of hydrogen) at atmospheric pressure (see Figure 21), which makes
liquid hydrogen (LH2) one of the coldest cryogenic (meaning temperature lower than -
150°C) fluids (Ustolin et al., 2022). This process is time-consuming and energy intensive.
The energy amount required for the liquefaction is estimated at about 40% of the stored
hydrogen energy. This is much higher compared to the 10% lost energy for compressed
hydrogen. In addition, the LH2 vessel has to be insulated with outer and inner layers to
preserve the cold temperature (Hren et al., 2023). What makes this option attractive is its
higher hydrogen density, gravimetric performance and good storage efficiency (Barthelemy
et al., 2017). LH2 has a density of 70.9 kg/m?, a magnitude ratio three times higher than at
standard atmospheric conditions (Ustolin et al., 2022). Its density is also higher than the one
of compressed hydrogen (Dornheim et al., 2022) and the method presents a high purity
(Kanto, 2022). Overall, LH2 and is mainly used for transport purposes in the air and space
automotive (rockets), where high energy content fuels are required in large amounts
(Amirthan & Perera, 2022), (Ustolin et al., 2022). LH2 as a fuel for airplanes or for
intercontinental shipping is also under development (Dornheim et al., 2022). In fact, LH2

storage is especially interesting for hydrogen delivery as a liquid tank truck can transport



60

between 2100 and 4200 kg of hydrogen (up to 8000 kg in one wagon on rails), five times
more than with compressed hydrogen tanks. This is why this solution is considered to be
economical despite the energy losses and is thus indicated when a great gravimetric
performance is required along high demands of hydrogen quantity to be delivered
(Barthelemy et al., 2017), (Hren et al., 2023). LH2 is also easier to handle than compressed
gas (Dornheim et al., 2022).

Cryo-compressed hydrogen refers to hydrogen in the form of supercritical cryogenic gas. It
associates the properties of compressed hydrogen and cryogenic hydrogen. In this state,
hydrogen is still in gaseous phase, compressed to 300 bar at -233°C. It can also be considered
as a two-phase hydrogen in the state of saturated vapor and liquid (Hren et al., 2023). The
density of cryo-compressed hydrogen (80 kg/m?®) is higher compared to both compressed
gaseous and liquid hydrogen (Amirthan & Perera, 2022), and appears to be the highest
achievable hydrogen density (Ustolin et al., 2020). As this storage method is a hybrid of the
two previous ones, the tank has to be suitable for a cryogenic fluid and internal pressure
(Rivard et al., 2019). The research on cryo-compressed hydrogen is not particularly dynamic
but this technology was developed for higher energy density, as mentioned, as well as
reduction of boil-off losses (hydrogen evaporation because of heat transfer to the liquid) that
can occur in LH2 (Barthelemy et al., 2017). Boil-off refers to a phenomenon of hydrogen
dissipation when stored in a warm environment. This is allowed by a relief valve in LH2
tanks to avoid high pressure inside the container, thus resulting in losses (Amirthan & Perera,
2022). The use of high pressure tackles this issue in cryo-compressed tanks. Other assets of
this storage method are high safety thanks to vacuum enclosure, fast and efficient refuelling
of the tank (Hren et al., 2023). However, as the hydrogen needs to be cooled down and
compressed, this process is even more energy intensive than LH2 storage, which is reflected

by a lower overall storage efficiency (Dornheim et al., 2022).

Chemical material-based storage of hydrogen shows high gravimetric and volumetric
capacities (Amirthan & Perera, 2022). It is intended for small-scale storage (Pawelczyk et
al., 2022) and is split into two branches that reflect the type of binding between the hydrogen

and the storage material: chemical sorption and physical sorption (Dornheim et al., 2022).
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Chemical bound hydrogen encompasses absorption by the material while physical material-
based storage can rather be described by the adsoption mechanism. Hydrogen material-based
storage has only little experience and research is still carried out at the laboratory scale
(Pawelczyk et al., 2022). The aim of material-based hydrogen storage development is to
bring new storage technologies with higher capacity than current physical storage and
capable to operate at moderate pressure and temperature. Beside reduced energy
requirements, lower pressure benefits also include slower hydrogen release rate and induced
safer storage (Hassan et al., 2021). A number of potentially interesting materials, especially
for light-duty vehicles applications, have been introduced by the FCTO (Fuel Cell
Technologies Office) to be investigated. Recent projects to study those materials and find
new ones are numerous (STORHY, NESSHY, HyFillFast, SSH2S, or the HyCARE project),
and research is still actively going on (Pinjari, 2023), (Hassan et al., 2021).

Chemical sorption relies on materials such as liquid organic carriers (LOHCs), ammonia,
metal hydrides, magnesium hydrides or complex hydrides. It allows compact storage of
hydrogen around standard temperature and pressure conditions and can prove to be more
efficient at higher temperatures (>100°C and often between 200 and 400°C) (Dornheim et
al., 2022). During this mechanism, hydrogen molecules split into separate hydrogen atoms
on the material’s surface and then diffuse towards interstitial sites to form chemical bonds
(Dewangan et al., 2022), (Faye et al., 2022). The desorbption process of hydrogen generally
requires high temperatures because of unfavourable kinetics, which means that hydrogen
storage through chemisorption seems not to be adapted to mobile applications, even though
it is being studied (Faye et al., 2022). When it is carried in adequate conditions,

chemisorption can be considered as a reversible process (Dewangan et al., 2022).

LOHCs (liquid organic hydrogen carriers) are liquid or low melting-point solid organic
systems, generally aromatic or heteroaromatic (Kanto, 2022), (Xu et al., 2022). They present
interesting features such as a high degree of safety, a high gravimetric capacity for hydrogen
storage (around 6 to 8 wt%) and the capacity to be hydrogenated and dehydrogenated in a

reversible way (Xu et al., 2022), see Figure 23. The heat released during the exothermic
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hydrogenation process can be reused, while the hydrogen released from dehydrogenation is

quite pure and leaves the LOHC back in its initial state and able to be used again.

Endothermic: H2 is
released using heat

S‘torage Loaded LOHC

Hydrogenation Exothermic: H2
(3-100 bar, 100-250°C) binding releases heat

Figure 23. LOHC technology concept, modified from Kanto (2022). (Hurskainen & Karki,
2018; Pawelczyk et al., 2022)

In addition to these advantages, LOHCs are physico-chemically similar to diesel fuels, which
means that their integration in the current and near-future technologies and industries is
facilitated. The most investigated pairs of hydrogenated/dehydrogenated LOHC compounds
include dibenzyltoluene (DBT) and perhydrodibenzyltoluene, benzene and cyclohexane,
toluene and methylcyclohexane (MCH), naphthalene and decalin, carbon-dioxide and

methanol (liquid at ambient T and P) (Faye et al., 2022).

This storage option is promising but still faces some challenges to be overcome. The
hydrogenation/dehydrogenation process requires specific conditions (temperature and
pressure) and catalytic assistance. More specifically, dehydrogenation is energy consuming
and has a low releasing speed. Depending on the LOHC compound, toxic by-products can
also be generated from side-reactions (Kanto, 2022), (Xu et al., 2022).
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Ammonia (NHs) is one of the main candidates for hydrogen carrier and its hydrogen storage
process works on a similar concept than the LOHC storage: hydrogen is bonded and released
through dehydrogenation. In the hydrogenated stage, ammonia can be used for transport
thanks to its easy handling and low-pressure requirements, which also makes it fit for use in
existing infrastructures (Rasul et al.,, 2022). However, the highly energy-intensive
dehydrogenation process of ammonia through decomposition, that takes place in a
temperature range of 400 to 700°C, is still a hindrance to work on (Di Lullo et al., 2022).
This does not overshadow the numerous advantages making ammonia attractive for future
storage applications. When stored at 20 MPa, ammonia is 6 times more compact than
hydrogen, and a pressure of 0.8 MPa at standard temperature, or a temperature of -33°C at
atmospheric pressure, is enough for ammonia liquefaction (International Energy Agency,
2019), (Rasul et al., 2022). This makes it less costly to obtain than LH2 (Xu et al., 2022).
The gravimetric storage capacity of ammonia, 17.7 wt%, is superior to most other hydrogen
storage options, and it also has an important volumetric hydrogen density of 120 kgHa/m?,
50% higher than for LH2 (International Energy Agency, 2019), (Xu et al., 2022). As an
illustration, at 1 MPa, an ammonia tank contains about 2.5 times the energy of a hydrogen
tank with a similar volume at 70 MPa. This mean that an ammonia tank of 172 kg with a
storage capacity of 315 L can replace a hydrogen tank of 350 kg with a 770 L capacity (Rasul
et al., 2022). Ammonia also has the benefit of high safety and, as a compound of nitrogen
and hydrogen, its combustion does not generate GHG emissions (Dornheim et al., 2022),
(International Energy Agency, 2019). The fact that ammonia industrial production is already
mature (one of the most produced inorganic chemicals with 175 million tons annually on a
global scale) is also a major opportunity to be exploited (Xu et al., 2022). While its potential
toxicity should be kept in mind, research is ongoing for promising ammonia-fed fuel-cells

with a simplified dehydrogenation process (Xu et al., 2022).

Metal hydrides (MH2) are composed of metal cation(s) (M+) and hydride anion(s) (H-)
(Simanullang & Prost, 2022). They show high volumetric density and storage efficiency
which makes them one of the most compact options for hydrogen storage (Amirthan &
Perera, 2022), (Ho Nguyen et al., 2022). In fact, at low pressure and without any cooling,
metal hydrides’ volumetric density is close to that of LH2 (Dewangan et al., 2022). Their

hydrogen absorption and desorption require only low pressure and they are intrinsically safe
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concerning leakages and explosions. Metal hydride systems are still ongoing laboratory
research and different alloys are gathering its focus. Among them are the high-entropy alloys
(HEA), which present some structures that enable the reversible storage of hydrogen
(Dewangan et al., 2022), and a Ti (titanium) based alloy (T10.95Zr0.05Mn0.9Cr0.9V0.2)
with a high volumetric density of 118.3 gH./L that can absorb hydrogen at ambient
temperature and low-pressure and provides high-purity hydrogen among desorption (Zhan
et al., 2022). The compactness of the metal hydride storage solution can be realised when
compared to storage with a commercial compressed tank see Table 6. The pressure needed

is more than 77% lower and the volume reduction is above 71%.

Table 6. Compressed H» tanks and metal hydride storage comparison, modified from
Dewangan et al., (2022), (Pawelczyk et al., 2022).

Storage method Pressure (atm) H: capacity (kg) Total weight (kg) Total volume (m?)
Compressed tank (CT) 165 6,6 659 0,5

Metal hydride (MH) 37 6,4 570 0,144
Reduction MH/CT in % 77,58% 3,03% 13,51% 71,20%

However, reversible metal hydrides still have storage capacity of less than 3 wt% (Amirthan
& Perera, 2022). High alloy costs and reversibility improvement are part of the main
challenges for this storage method and are currently slowing their integration (Ho Nguyen
etal., 2022).

Magnesium hydride (MgHz) is another kind of hydride for hydrogen storage and one of the
most studied for material-based hydrogen storage (Simanullang & Prost, 2022). Its interest
resides in its light weight, high gravimetric storage performance of 7.6 wt% and a volumetric
capacity of 110 kgH2/m3. In addition, magnesium is an abundant resource (2.3% in the
Earth’s crust (Simanullang & Prost, 2022)) with a relatively low cost. Magnesium hydride’s
development is still limited by the poor sorption and desorption kinetics and the temperatures

above 300°C needed for hydrogen release (Amirthan & Perera, 2022).
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Complex hydrides refer to promising storage materials with a wide variety of compositions
and that contain ionic bonding (ionic hydride) or covalent bonding (covalent hydride),
(Amirthan & Perera, 2022). They can be described by the chemical formula AxMeyH; where
the A is mainly elements from the first of second group of the periodic table and Me is
aluminium (Al) or boron (B), that present attractive storage properties (Gkanas, 2018).
Boron based complex hydrides such as lithium and sodium amidoborane (LiNH2BH3z and
NaNH2BH3 respectively) have high gravimetric capacities of 10.9 wt% and 7.5 wt%
respectively. These solids are stable in standard temperature and pressure conditions, non-
flammable, non-explosive and environmentally friendly. However, they need to be stored in
a moisture-free environment and have a limited reversibility (Amirthan & Perera, 2022).

Physical sorption relies mostly on carbon-based materials (metal organic frameworks,
MOFs, porous carbon-based structures, zeolites and polymers) and can be characterized by
weak force interactions. During the process, hydrogen atoms do not undergo dissociation
and are bound on the accessible surface area of the material by VVan-der-Walls forces (4 — 10
kJ/moln2), (Dewangan et al., 2022). A high surface-area is therefore a key parameter for
physical material-based storage. Despite being more efficient at lower temperature, which
requires cooling energy, this mechanism has the advantage to be reversible and to have
relatively fast kinetics, which is beneficial for hydrogen loading and unloading (Dornheim
etal., 2022).

MOFs are crystalline materials dotted with a high surface area (specific surface area up to
4800 m?/g), a light skeleton and a porous structure that enable the storage of hydrogen
(Froudakis, 2011). They can also be used to separate gas selectively thanks to their
separation efficiency of hydrocarbon gases (Mateti et al., 2022). Their adsorption capacity
is very high and the process takes only seconds. In addition, MOFs can provide a storage
performance of hydrogen of 1 wt% at room temperature to 7.5 wt% at -195°C. Yet, their
industrial development is still hampered by the high costs of their resource intensive
management ensuing from a very low thermal conductivity (Amirthan & Perera, 2022).
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Carbon nanostructures can be distinguished into two main categories, namely the regular
structures that are carbon nanotubes (CNT) and carbon nanofibers (CNF), and irregular
structures like activated carbon (AC) and carbon aerogels (CA) (Amirthan & Perera, 2022).
CNTs are viewed as one of the leading options for hydrogen storage through physical
sorption as they offer the possibility of reversible solid-state storage and display
advantageous characteristics such as their nanoporous and cage-like structure, chemical
stability, low mass density and easy synthesis process (Rather, 2020). They present
themselves in the form of rolled graphite sheets and their storage performance is linked to
the pore size and curvature (Dewangan et al., 2022). Pure CNTSs storage performance is not
enough for mobile applications yet, but this option is being studied in detail, with a potential
for portable electronics and vehicles (Amirthan & Perera, 2022). The opportunity of this
method is that CNTs can be doped by creating defects or adding light weight elements, which
modifies their properties and boosts hydrogen uptake. Their gravimetric capacity can go up
to 10 wt% around room temperature (Rather, 2020), and even 20 wt% for multiwalled CNTs
doped with lithium (Dewangan et al., 2022). CNFs show performances between 2.2 and 6.5
wit% at room temperature and 10 MPa but can also go up to 10 wt% (Amirthan & Perera,
2022). A variant of CNF is graphite nanofibers (GNF) with capacities ranging from 10 wt%
to over 67 wt% depending on the structure (Rather, 2020). Slowness and costs of the process
are the main drawbacks of this method. From the irregular structures’ side, AC is a promising
low-cost synthetic carbon with hydrogen storage capacity of 2.5 to 5.5 wt%, while CA shows
similar results and a linear relation between surface area and adsorption capacity (Amirthan
& Perera, 2022).

Zeolites are three-dimensional crystalline aluminosilicates that are studied for their
adsorption properties. They generally have an ordered structure and a uniform pore size, and
those characteristic influence their storage performance of hydrogen. Similarly to carbon
nanostructures, they can also be doped by light weight elements. In cryogenic conditions,
they have a capacity up to 2.5 wt% (Amirthan & Perera, 2022).

Some organic polymers of main interest include COFs (covalent organic frameworks) and

PAFs (porous aromatic frameworks). Notable characteristics of organic polymers are their
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structure versatility, a high specific surface area, a high stability and a controlled porosity.
COFs are highly porous carbon-based polymers composed of light elements. They show
storage performances of 3.5 to 10 wt% under cryogenic temperatures (-196°C) and high-
pressure conditions (80 to 100 bars). PAFs’ hydrogen storage capacity ranges from 7 to 16
wt% at ambient temperature and high pressure. Their processability and mechanical

properties is currently hindered by their powder form (Amirthan & Perera, 2022).

While physical tank storage is a well-established technology, material-based hydrogen
storage is a recent field that is promising and undergoing active research. The first one has
proven to be efficient but shows some limitations in terms of storage capacity and high
energy needs for the required low temperature and high pressure, which also induces high
tank requirements and safety concerns. The latter has shown potential in reaching higher
capacities with less temperature and pressure constraint (Hassan et al., 2021). To satisfy this
goal, the main challenges lie on the hydrogen uptake capacity as well as on the condition of
hydrogenation and dehydrogenation of the storage material. While chemisorption requires
high temperatures for the desorption process (Pinjari, 2023), close to cryogenic temperatures
are needed to reach interesting hydrogen uptakes during the physisorption process. Research
is still needed to find a material with sufficient hydrogen uptake and reasonable energy needs
in regard of the hydrogenation and dehydrogenation processes.

As shown in the recapitulative Table 7.a, while the hydrogen uptake of the cryo-compressed
technology is more than double that of compressed hydrogen, material-based storage offers
comparable values or even significantly higher. Indeed, the gravimetric hydrogen content of
hydrogen with ammonia storage is 17.7 wt%, and 7-10 wt% for cryo-compressed hydrogen.
Material-based options also show higher volumetric performances and storage conditions of
ambient pressure and room temperature. Ammonia can be liquefied easily under a pressure
of 1 MPa (10 bar) at room temperature. Yet, a major difference is the level of readiness of
the technology: the physical surface storage methods are mature technologies, whereas most

of the material-based storage alternatives are still on the research level.



Table 7.a. Comparison of hydrogen surface storage options, (Abdin et al., 2022; Amirthan & Perera, 2022; Aziz et al., 2020; Bosu &
Rajamohan, 2023; Z. Chen et al., 2022; Dematteis et al., 2022; Dewangan et al., 2022; Dincer et al., 2022; Fang et al., 2015; Faye et al., 2022;
Hassan et al., 2021; Hurskainen & Karki, 2018; D.-J. Liu et al., 2010; Osman et al., 2022; Papadias et al., 2021; Rasul et al., 2022;
Simanullang & Prost, 2022; Ustolin et al., 2020)
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Physical storage

Chemical sorption

Physical sorption

Storage Compressed Hz LH2 Cryo-compressed LOHC Ammonia MH: MgH:2 Complex  |Carbon structures MOFs Zeolites  Organic polymers
characteristics (GH2) H2 H2 hydride

Storage type Gaseous Liquid Saturated liquid- Liquid Liquid Solid Solid Solid Solid Solid Solid Solid

vapor

Pressure (bar) Up to 700 1-7 Up to 500 1 10 8-30 1 Atm P Atm P 20-40 Up to 100 Atm P - 100
Temperature (°C) RT <-253 <-233 RT RT RT RT RT RT -195-RT CryoT CryoT - RT
Hydrogen density | 39.2 (at 700 bar) 70.9 (at 1 bar) 80 (at 300 bar) 58 (DBT) 120m 115 110 121 (LiBH4) — 51.9 gH2/L — ~27 gH2/L
(kgH2/m3) (MOEF-5)

Gravimetric 1.8 at 300 bar 2.5 2.3 at 500 bar 1.7 5.17 1.47 (FeTi) 0.79 — — — — —
density Up to 5.7 for

(KWh/Kgsys) Type IV tank
Volumetric 0.8 at 700 bar 11 1.4 at 500 bar 1.57 (MCH) 35 Up to 4.95 1.12 Up to 4.95 — — — —
density (KWh/Lsys)

Energy density 2101 8539 ~ 9600 7380 (DBT) 11333 — — — — — — —
(MJ/m3)

Dehydrogenation — — — 65 (DBT) at  30.6 (at 800 15t0 45 66-75 69 (LiBH4) — 3.8 (MOF-5) — —
enthalpy AH 320°C °C)
(kJ/mOle)
Gravimetric 2.8-44 4.8-6.8 7-10 6-8 17.7 Upto6 7.6 Upto 18 Up to 20 or more 1-75 Upto 2.5 3.5t0 16
hydrogen content (LiBH4)
(wt%)
Specific surface — — — — — — 1090 — > 3000 > 4800 <1000 Up to 3800
area (m2/g)

Maturity Commercially  Commercially Commercially | Demonstration  Research/ Under Development/  Under research | Under research  Under research Under Under research

available available available/ scale Development  research ~ Demonstration research
Development
Lifetime 20 20 20 ~1000 Several Reversible Several Limited n of Good Good Good Good
(years)/cycles (n) only with cycles reversibility reversibility reversibility reversibility
transition

metals (up to
600)




Table 7.b. Comparison of hydrogen surface stosrage options, continuation of Table 7.a.
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Storage
characteristics

Advantages

Challenges

Compressed H,

- Developed technology

- Low volumetric capacity
- More than 10% of stored energy used for

(GH2) compression
- Risk of leakage
Physical . . - High insulation requirements
storage LH2 E(')%ce:,gg;srgy than GH2 - Boil-off losses
P - 30-40% of stored energy used in cooling
- Good gravimetric and volumetric iah . d ’ .
Cryo-compressed H,  density - High energy consumption and manufacturing
. costs
- No boil-off losses
) . - . - Heat required for dehydrogenation
LOHC ) Eﬁz ESS?;;% (;];Ilég:eld carner - About 30% of H2 stored energy required for
_ Suitable for long-term storage hydrogenation/dehydrogenation
- Catalytic conditions
- Well established global distribution dtoi ion effici
Ammonia network - Need to improve conversion efficiency
- Safe storage - Toxic chemical
Chemical
sorption - High adsorption and desorption energy
) . requirement
MH, Low risk and very stable at RT - Challenging reversibility
- Slow kinetics
MgH, - Abundant and cheap resource - Slow kinetics
. . - Slow kinetics
Complex H, hydride - Reversible storage - Potential toxic gas emissions
- High stability
Carbon structures - Easy processibility - Hard control of the pore structure
- Inexpensive - Non uniform pore size
. . - Unstable and low H2 uptake at ambient
MOFs - ?ast ck;)ellrget/dlichargedtlme . temperature
) anﬁa efs ructure and properties - Very sensitive to humidity
Physical - Figh surface area - Need for cryo-compression
sorption - Processibility
Zeolites - Thermal stability - Low gravimetric capacity
- Inexpensive - Limited structural diversity
i IS_tngItewelght - Difficulty of hydrogenation

Organic polymers

- High surface area and pore volume
- Structural diversity

- Non uniform pore size
- Processibility

Some points of improvement pointed out in Table 7.b include a better control of the pore

size and structure of materials as well as the optimization of reaction kinetics and conditions

of hydrogenation and dehydrogenation. On the other hand, material-based stored hydrogen

is generally easier to handle as it comes in a solid or liquid state. That is why many material

alternatives are studied for stationary and mobile applications, both in chemisorption and

physisorption technologies. This is for example the case for metal hydrides and complex

hydrides (Hassan et al., 2021). LOHC and ammonia in particular are considered with great

interest for hydrogen transport, as hydrogen carriers with a high storage capacity potential
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and not to demanding handling. It is therefore reasonable to declare that along with long-
term UHS, surface storage of hydrogen will play a great and complementary role in the

operation of a hydrogen economy.

4.2. Transport and distribution of hydrogen

In addition to storage, hydrogen transport and its efficiency will have a key role in the
competitiveness of hydrogen and the establishment of a hydrogen economy. Of course, the
ideal scenario would be that the sites of hydrogen use and production would be located close
to each other, but this configuration is not always possible. (International Energy Agency,
2019).

The main mean of hydrogen distribution today, and likely for the next decade, is gaseous or
liquid hydrogen tank carried by truck (International Energy Agency, 2019). However, many
other methods are being developed to delivered hydrogen from the production sites to the
end use applications. In addition to trucks, the modes of transportation include trains, ships
and pipelines. Some of the vehicles used for hydrogen transport can also be fuelled by
hydrogen. Overall, hydrogen distribution has the potential to emerge as greatly competitive
when the hydrogen value chain reaches higher scales of industrial production and utilization
(Ustolin et al., 2022), (Hydrogen Council, 2020).

The major candidates for hydrogen storage during transport are compressed hydrogen gas
(GH2), liquid hydrogen, ammonia and LOHC. A liquid form of storage facilitates hydrogen
handling during distribution. The choice of the combination of the transportation mode and
the hydrogen carrier is made according to the daily amount of hydrogen to be delivered and
the distance that has to be covered, which are the major cost drivers of transportation
(Borsbhoom-Hanson et al., 2022). The aim of the selected option is to minimize costs and
provide an as easy as possible management of the distribution chain. Some aspects
influencing this management are communication, safety risks, environmental and social

aspects and utilization rate (Kokkinos et al., 2022).

Train is not a widely used alternative because of the lack of availability of LH2 tanks for
railway, and because of the scheduling time requirements (Ustolin et al., 2020). It is

considered as a good option for distances higher than 200km provided the required amount
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of daily hydrogen is less than 50 to 70 t. Otherwise freight charges and rail system costs

make it an uneconomic method (Borsboom-Hanson et al., 2022).

Truck is mostly considered for GH2 transportation as compressed hydrogen is cheaper than
liquefied hydrogen. It is restricted to short distances, meaning under 30e0 km, because of
economic viability constraints. LH2 tanks are used when the demand is steady enough to
offset liquefaction costs (International Energy Agency, 2019). To give an outline, GH2
trucks are adapted to low quantity deliveries on short distance, while LH2 trucks are adapted
to low to medium quantity deliveries on longer transportation ranges (Borsboom-Hanson et
al., 2022). However, this requires liquefaction plants (Cheng & Cheng, 2023). Overall, this
transport option is also limited by countries’ road regulations: allowed tank pressure of 200-
300 bar and 40 t for the maximal weight of the truck in Europe (Ustolin et al., 2020).

Another rising and promising alternative for hydrogen transport in large amounts and short
to long distances is the use of pipelines. They can handle GH2 or ammonia and are estimated
to be the most cost-effective delivery option for local hydrogen distribution on the long-
term. GH2 by pipeline would be the cheapest option for distances under 1500 km
(International Energy Agency, 2019), or even up to 6500 km according to the JRC-EC (Joint
Research Centre of the European Commission), (d’Amore-Domenech et al., 2023). In fact,
it is also the best solution for bulk delivery of hydrogen on short distances (about 100 km)
(d’Amore-Domenech et al., 2023). If the demand is high enough (more than 70 t per day),
the capacity of the pipeline to adapt to the demand makes it the most viable option, even for
distances up to 7000 km (the daily demand should be higher than 150 t in that case). Most
of the cost comes from maintenance and replacement of pipeline pieces (Borshoom-Hanson
etal., 2022). In addition, the lifetime of a pipeline is estimated to be of several decades. This
option is considered to be safe as pipelines are usually buried underground and risks can be
further diminished by blending hydrogen with natural gas, which enables the use of already
existing infrastructure, though hydrogen could also be transported in its pure form (Faye et
al., 2022). Pipeline use is also the only way to ensure a continuous transport (Ustolin et al.,
2020).

When it comes to long distances (>1500 km) or intercontinental shipping of large quantities,
hydrogen needs to be liquefied or transported in a liquid state, meaning LH2, LOHC or
ammonia. Those can also be used as a fuel to power cargo boats, which are the considered

transportation mean here as they show advantageous efficiency in terms of freight costs
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(Borsboom-Hanson et al., 2022). LOHC would supposedly be the most cost-effective and
manageable option for hydrogen transport by ship (International Energy Agency, 2019).
Ammonia also shows great potential in being the best candidate for marine shipping: with
its high energy density, relatively easy liquefaction and good combustion properties, it could
prove to be economically competitive for this distance range (Otto et al., 2022). IRENA
(International Renewable Energy Agency) has evaluated ammonia as the most economical
alternative for transoceanic shipping (d’Amore-Domenech et al., 2023). Those options
however imply that the costs of the hydrogenation and dehydrogenation of the hydrogen
carrier (varying depending on the hydrogen purity needed (ABB, 2020)), as well as its return
by ship to the departure location, have to be taken into account (International Energy
Agency, 2019). Another point of reflexion is the pertinence of hydrogen import, the
condition being that the cost of domestic hydrogen production should be higher than the
combined costs of overseas hydrogen production and transport to destination (d’Amore-
Domenech et al., 2023).

The use of any of these transportation means is incorporated into a hydrogen transportation
chain (see Figure 24). The first step of this chain is packing, meaning the adequate
conditioning of hydrogen for the transport that will follow. This translates into compression
for gaseous hydrogen, liquefaction for liquid hydrogen, or chemical conversion for material-
based storage (hydrogenation stage). This is pursued by an eventual storage phase,
depending on the immediate or not nature of the transportation. This storage can take place
at the surface or underground in UHS sites. From then, the hydrogen is conveyed by truck,
pipeline or boat (train is not considered in Figure 24 due to the challenges previously cited).
The transport step, especially for boat shipping, can necessitate the combination of different
transportation means: transportation of the hydrogen to the port before shipping for example.
Once hydrogen is delivered to destination, it has to be conditioned again to be suitable for
consumption. This means recompression for GH2, hydrogen regasification for LH2,
chemical reconversion for material-based storage, implying dehydrogenation and
recuperation of the hydrogen carrier material. The demand for various end uses can then be

satisfied.
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Figure 24. Hydrogen transportation chain, (Cheng & Cheng, 2023; d’ Amore-Domenech et
al., 2023; International Energy Agency, 2019), some images modified from Freepick.com.

The choice of the transportation means changes depending on the distance to cover and on
the capacity potential as this influences strongly the associated costs of transport. The Table
8 offers a comparison of the different transport options available. As long as the distance
stays short, truck transport has economic potential, with LH2 advised for slightly higher
demands as it can carry more hydrogen than a GH2 truck. However, the high energy
requirements of liquefaction result in higher emissions than for compressed hydrogen truck
transport: about 7.9 kgCOzeq/kgH. for 1000 km against around 4.9 kgCO2eq/kgH2 for 1000
km respectively. Comparatively, pipeline emissions are estimated to be about 2.5
kgCO.eq/kgH> for 3000 km, which is significatively lower. They can also pretend to convey
hydrogen with a flow of 100 000 kg/h. For the highest demands, ships can claim a load of
60 t per carried tank.

The choice of the hydrogen storage technology influences the type of transportation that can
be used. It is also an important component of the energy needs and of the transport cost. This

is shown in

Table 9, where the energy requirements of the conversion and reconversion process are
exposed for LH2, LOHC and ammonia. LOHC has the lowest current requirements. In terms

of potential (with more optimized conversion and reconversion processes), LH2 would need
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less energy than ammonia (18% and 25% of hydrogen LHV respectively), which is however

counterbalanced by the two times higher gravimetric capacity and three times higher

volumetric capacity of ammonia compared to LH2 (Table 7).

Table 8. Comparison of hydrogen transport options. GH2/NG refers to a mix of

compressed hydrogen gas and natural gas. (Borsboom-Hanson et al., 2022; Cheng &
Cheng, 2023; Decker, 2019; International Energy Agency, 2019; Ustolin et al., 2020)

Transportation Truck Railway Pipeline Maritime

method

Hydrogen storage | GH2 LH2 GH2, LH2 GH2, GH2/NG, LH2, LOHC,

method (potentially LH2 (potentially | ammonia

LOHC and LOHC,

ammonia) ammonia)
Transport <250 Up to 250 and | > 1000 Up to 3000 Transoceanic
distance (km) more delivery, from

1000 to > 5000
Quantity range of | Small Small to Small to Medium to large: | Large
demand medium medium: <70 | > 70 t/day
t/day
Pressure (bar) 250 Upto7 Upto7 Usually 10-30, Upto7
Up to 100

Hydrogen content | 100% 100% 100% Up to 100% 100%

Volumetric 300-900 400 kg/truck | 7 t/wagon Up to 100 000 60 t/tank

capacity kg/truck kg/h

GHG emissions ~4.9 for 1000 | ~7.9 for 1000 | na GH2: ~0.6 (for na

(kgCO2eq/kgH>) km km 1000 km) - 2.5

(for 3000 km)
GH2/NG: 2.3
(low P)—11
(high P)

Advantages Economic 10 times more | Economic Cost-effective Very high
option for H2 potential for option and transport capacity,
short distances | transported small comparatively no cryogenic

than with a demands low footprint, temperature
GH2 truck continuous needed with
transport hydrogen carriers

Challenges Low capacity | High energy Lack of tanks | Lack of Transportation
and demand for for hydrogen | regulations, chain
comparatively | liquefaction transport and | adaptation of NG | management:
large footprint difficult pipelines to H; transport to port,

scheduling transportation or | eventual
construction of intermediate
new Hy pipelines | storage,
conversion losses
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Table 9. Hydrogen carriers’ energy requirements, (International Energy Agency, 2019).
The energy is presented as a percentage of the LHV of hydrogen, for a hydrogen pure
enough to be used in fuel cells, which consumes more energy than low purity hydrogen.

Hydrogen carrier LH2 LOHC Ammonia

Current required 25-35% 7-18% 35-40%
Conversion/Reconversion energy

Reachable potential lower energy
18% — 25%
need

Overall, pipeline is the only transport option that can provide a continuous delivery and
would be able to convey gaseous hydrogen, liquid hydrogen or even ammonia. It is the main
centre of attention for future transportation developments.

4.2.1. Hydrogen pipelines

As a continuous vector of hydrogen transport, pipelines have the particularity to be able to
be considered both as a storage and transportation mean at the same time. The storage
capacity of a 100 km long pipeline with a 0.7 meters diameter and a maximum pressure of
100 bars would be about 5 to 7 GWh of hydrogen (Karjunen et al., 2021) and depending on
the demand, a hydrogen pipeline could store from a few hours up to a few month worth of
hydrogen (Pyrhonen et al., 2021). Pipelines are a key point of the future hydrogen economy
and this paragraph aims at presenting this technology with more details.

Pipelines used for hydrogen can either be repurposed already existing NG pipelines or new
pipelines, and they can carry either a mix of NG and hydrogen or pure hydrogen only. Their
utilisation is particularly indicated for hydrogen producers and consumers connection on
medium distances. It is projected that the future (2040) European hydrogen pipeline network
of 40 000 km that will satisfy this matter will be mostly composed of NG pipelines
repurposed for hydrogen (Tsiklios et al., 2022); more precisely 69% repurposed existing NG
pipelines and 31% of new pipelines (Cheng & Cheng, 2023). The use of existing pipelines
is a huge advantage in terms of cost as new ones have a high initial capital cost. As a major

systemic energy transition is currently happening, the incorporation of the NG network for
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hydrogen use purposes also enables a necessary gain of time (Laureys et al., 2022). However,

this comes with a few challenges.

The material that is currently used for the transport of liquefied NG is steel (Z. Chen et al.,
2020). This is one of the major points of concern for NG network reconversion and fuels the
debate between repurposed and new pipelines. Indeed, the resistance of steel to fracture is
altered by hydrogen, as less stress is needed for it to occur than with NG. This is explained
by the fact that hydrogen atoms can get absorbed into metal materials like steel and cause
failures and degradations when the hydrogen’s local pressure exceeds the material’s critical
strength (Okonkwo et al., 2023). This phenomenon is known as hydrogen embrittlement
(Javaheri, 2023) and is illustrated in a simplified way on Figure 25. Its mechanism is not
fully understood yet and is still subject to debate. It can however be stated that the damage
induced by hydrogen is dependent on the time that is given to it to absorb and diffuse, and
on the hydrogen pressure (Laureys et al., 2022). A higher pressure increases hydrogen
diffusion and embrittlement (d’ Amore-Domenech et al., 2023). The variation of the load and
of the loading frequency in the pipeline can also contribute to fatigue crack growth (Laureys
etal., 2022).

component

surface Istress H concentrates I H causes embrittlement
at defect and crack propagation
H
H Y H
Mo, W H_Hhy Wy P oAt
H, B W R defect HHHH * —-H""'L"’T’F T
H H, (]
lstress l

Figure 25. Hydrogen embrittlement, (Hydrogen Embrittlement | Hydrogen Tools)

As pipelines are envisioned to convey NG and hydrogen blends, or even pure hydrogen in
some cases, the mitigation of hydrogen embrittlement is a key stake as it impacts their
durability, their long-term safety and their performance (Laureys et al., 2022). This can be
realised through the combination of many actions along with the repurposing process of the

NG pipelines when necessary. Some solutions include:

- The application of an internal coating (ceramic, polymer, two-dimensional material,

(Cristello et al., 2023), metal is not considered as adequate)
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- The addition of gaseous inhibitors like Oz, CO, SO: to the hydrogen flow, (Tsiklios
etal., 2022)

- Setting lower operating pressures (Tsiklios et al., 2022)
- The use of lower strength steel to prevent embrittlement (Cheng & Cheng, 2023)

Consequently, another major point of discussion that is also linked to hydrogen
embrittlement is the level of hydrogen blending with NG that could be acceptable in existing
pipelines. Hydrogen blending can cause many issues in pipelines initially designed for NG,
such as pressure drops, leakage, or a lower energy density (Table 10). Gas mixture
proportions also affect the flow rate and the pressure levels in the pipelines (Erdener et al.,
2023). Yet, it is important that the behaviour of the blended gas be uniform along the
pipeline, ensured by a homogeneous state, to avoid operational troubles and uneven
distributions (Cristello et al., 2023). Some adjustments have to be made when the blending

ratio is high enough to cause complications.

Table 10. Key issues and potential solution of hydrogen blending in network facilities,
(Erdener et al., 2023).

Facilities Key issues Potential solutions
o - Leakage - Leak detection by mass balance
Distribution . .
pipelines - Hydrogen embrittlement - Isolation valves
- Explosion
- Lower density - Increase in the network operating pressures
- Increased flow velocity - Adjustment of pressure control systems
Transmission - Pressure drops - Material selection, fabrication processes, material
pipelines - Hydrogen embrittlement thicknesses

- Protective coating

- Gas detection devices

In 2019, there were already 37 demonstration projects studying this matter. According to
Cristello et al. (2023) and the Ameland project in the Netherlands, a blending rate of 30%
would require no significant upgrade, or operating or infrastructure modification, while Koo

et al. (2023) consider a fraction of hydrogen of 20% or less in volume with NG. A lower
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blending ratio of 5 to 15% is promoted by Cheng & Cheng (2023) for safety and pipeline
system stability matters. In their article, Erdener et al. (2023) point out that the threshold
blending rate likely depends on topology, material composition of the pipeline network, and
on the end-users. Error! Reference source not found. shows that the transmission and
distribution infrastructure can be a limiting element. When the hydrogen volume percentage
is too high (or for pure hydrogen transport), it becomes necessary to change some parts of
equipment such as turbines, motors, compressor or measuring appliances (ENTSOG et al.,
2021). But it could rather be the end-use equipment’s tolerance that plays a decisive role.
Erdener et al. (2023) point out the sensitivity of end-users to hydrogen injection as the most
critical issue in hydrogen distribution networks. Many industrial equipments show a limit of
5% hydrogen in volume and multiple of them have not been certified or assessed
(International Energy Agency, 2019). Power generation, especially gas turbines, are also
sensitive to hydrogen blend rates and their tolerance can be as low as 2%. Residence
appliances are mostly limited to 10% and have shown positive results to go up to 20%.

Yet, the above-mentioned hydrogen blend thresholds in various infrastructures are still
relatively high compared to the envisioned hydrogen blends in NG pipeline networks. 2% to
10% of hydrogen in volume is a widespread recognised range for technically feasible

hydrogen blending without major pipeline modifications (ENTSOG et al., 2021).

In fact, since the integration of hydrogen pipelines in the energy system is still under research
and development, there is no standardised regulatory approach for hydrogen yet (Erdener et
al., 2023), which results into a lack of regulation. Quality standards and a coordinated and
harmonized hydrogen regulation at the European level would be needed to prevent issues
among cross-border transportations (ENTSOG et al., 2021). Error! Reference source not
found. displays that the allowed hydrogen blending volumes are still low and very different
among European countries. When it reaches 6% in France and 5% in Spain, this percentage
currently falls to 1% in Finland. The EU hydrogen regulation that will eventually be created
will likely follow the same pattern than that of NG to some extent (Uitto, 2021).

Assuming a development of the regulations, when the hydrogen blending ratio is too high to
safely operate existing pipelines and retrofitting is not possible, or if there is no existing
pipeline in the region in need of hydrogen transport, new pipelines intended for hydrogen

use have to be built.
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Figure 27. Limits on hydrogen blending in NG networks depending on the country,
(International Energy Agency, 2019).

The material of the pipeline should be chosen carefully, especially in the case of pure
hydrogen delivery at high pressure (Javaheri, 2023). Many distribution pipelines are
composed of polyethylene (PE), which is supposedly less sensitive to embrittlement
(Erdener et al., 2023). Javaheri (2023) advances that the high porosity of polymers renders
them unsuitable for the transport of GH2. On the other hand, according to Wang et al.,
(2022) and the International Energy Agency (2019), the use of polymer materials is
compatible with hydrogen transport at low pressures and this with minor upgrades. In fact,
the United Kingdom is upgrading its entire pipeline network by replacing it with plastic pipes
(International Energy Agency, 2019). In the meantime, the Ameland project has successfully
delivered a 30% hydrogen blend in a PVC pipe with negligible annual leakage losses of
0.00005% (Wang et al., 2022). Then, according to the ASME B31.12 (Standard on Hydrogen
Piping and Pipelines) and hydrogen demonstration projects, high ductility low carbon steels
like ASTM A 106 Grade B, ASTM A 53 Grade B, and API 5L Grade B/X42/X52 are suitable
for hydrogen transport in pipelines, with pressure up to 5 to 14 MPa (Cristello et al., 2023),
(Wang et al., 2022).

The blending of hydrogen into the NG network is an attractive and easy way to transport
hydrogen to end users and is an asset to the hydrogen economy as it enables both the scaling

up of centralised production and the spread of decentralised hydrogen and renewable energy
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production (ENTSOG et al., 2021). It is also key as blending is the most feasible solution in
the short term, while heavy repurposing and construction of new pipelines are set to take
more time (International Energy Agency, 2019). Just as pipelines are considered the future
of hydrogen distribution, Fingrid & Gasgrid (2022a) have estimated the storage capacity of
a 13 GW pipeline at 100 GWh/1000 km, which means that they also have the potential to
provide intra-day flexibility to adjust to hydrogen production and demand in a developed

hydrogen economy.

4.3. Hydrogen storage and distribution associated risks

Gestion of the risks and safety management are vital for a sustainable hydrogen economy as
most accidents are worsened or result from poorly managed process or system changes
(ABB, 2021). There are many risks and issues, including safety matters, related to hydrogen
storage and distribution, as well as environmental (4.4.2) and social factors. Yet, current
hydrogen storage technologies are designed based on cost optimization without taking safety

matters into account (Le et al., 2023).

Hydrogen linked hazards still need to be investigated and understood (ABB, 2021), but some
of its properties are known to raise the risk of potential hazardous event. In fact, hydrogen
has a low ignition energy (0.018 mJ vs. 0.28 mJ for methane (Laureys et al., 2022)) and is
highly flammable, but its flame burns cleanly, produces minimal smoke, is odourless,
colourless and invisible to the eye (Le et al., 2023), (Nordic West Office, 2020). This makes
it hard to detect leaks with a conventional approach. Even though hydrogen can quickly
dilute to non-flammable concentrations in open-air thanks to its low molecular weight and
high diffusivity (Muhammed et al., 2022), it becomes riskier to work with when in confined
spaces (Cristello et al., 2023).

The National Fire Protection Association (NFPA) has assigned hydrogen the highest
possible flammability grade under the NFPA 704 (a standard for the identification of the
hazards of materials for emergency response) (Le et al., 2023). It has a broad flammability
range of 4-75% by volume in air (against 5.3-15% for methane) (Ustolin et al., 2022) and

any leakage can lead to ignition and then to jet fires (turbulent diffusion flame), flash fires
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(sudden intense fire) or explosions, that can potentially be lethal. Most of the hydrogen

related accidents in the last three years are linked to explosions (Le et al., 2023).

The greatest influence parameters on hydrogen risks assessment that can be monitored to
mitigate hazards are the storage capacity and the pressure. A high pressure increases the
mass release rate of hydrogen during a leakage and a higher capacity increases the leakage
frequency (use of more components), the release duration and impacted distance (Le et al.,
2023).

According to the Methodology for the identification of major accident hazards, there are four
major critical events for hydrogen in pressure vessels or in atmospheric conditions: start of
fire, breach on the shell (of equipment) in vapor phase, leak from gas pipe, and catastrophic
rupture (complete failure of the equipment and release of the substance) (Ustolin et al.,
2020). Apart from those four event, other risks that can also contribute to their occurrence

can be identified.

Saturation and decompression can induce liner blistering in pressure tanks, thus threatening
leakage (Hren et al., 2023). Then the increase of pressure during the filling phase of the tank
can trigger temperature rises that can impact its safety (Li et al., 2022). When it comes to
LH2 tanks, in case of an insulation defect, their cryogenic temperature can lead to the
condensation of air on the hydrogen equipment, hence potentially creating an explosive
mixture. Liquefied air can also enrich flammable substances and brittle sensitive equipment
materials. If a leak happens, more than 30% of the hydrogen flash-vaporizes, triggering a
gas dispersion that may end in vapour cloud explosion or flashfire (Ustolin et al., 2020).
Cryo-compressed tanks are safer thanks to their design including a double layer and outer

vacuum enclosure, but their commercial availability is still limited (Faye et al., 2022).

For pipelines, safety risks are mainly linked to the ignition and explosion of gas blends. This
can result from a leakage, in which case the volume leakage rate of hydrogen is three time
higher than for NG (Panfilov, 2016) An accident that can happen especially in pipeline is a
DDT (Deflagration-to-Detonation Transition), the most severe phase of a pipeline explosion.
This can happen when the hydrogen reaches a concentration in volume in the air of 12% or
more and in the presence of a weak ignition source and obstacles, or without obstacles with
a 30% concentration (Ustolin et al., 2022). During the DDT phenomenon, the pressure and

the turbulences generated by the defects of the pipeline lead the flame to accelerate from a
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subsonic combustion wave (deflagration) to a supersonic wave (detonation) that can reach
speeds up to 3000 m/s and causes high overpressure, which can be threatening for human
life (ElImac Technologies | » Flame Arresters). To prevent accidents, a common procedure
to characterize the risks in a pipeline is area segmentation and study by homogeneous section
of the properties that can have an impact on the failure rate and the occurrence of accidents:
gas pressure, diameter, material composition, age, maintenance components among others
(Viana et al., 2022).

Material based storage requires control over the formation of unwanted gases and by-
products during the desorption process as some might be toxic and potentially harmful (Hren
et al., 2023). For instance, ammonia is a highly toxic, flammable and corrosive substance
that escapes from leaks in gaseous state, which makes it likely that its use be restricted to
professionally trained operators. On the other hand, it is detectable by its pungent smell
(International Energy Agency, 2019).

Based on the previously mentioned properties of hydrogen and on some main risks likely to
happen with the associated use of hydrogen equipment, the Table 11 below summarizes a
non-exhaustive list of measures to adopt in order to reduce risks linked to hydrogen. This
includes avoiding conditions favourable to hydrogen explosions, designing equipment to
reduce risks and impeaching the propagation of fire, as well as tracking gas leaks and
controlling the by-product reactions when chemicals are used.

Table 11. Risk mitigation of surface hydrogen related risks, (Cristello et al., 2023; EImac
Technologies; HyResponse; Le et al., 2023; Ustolin et al., 2022)

Risk/Hazard Risk mitigation measure

- Provide adequate ventilation

. -, - Minimize ignition sources and confined spaces
Hydrogen explosion conditions

- Keep the fuel concentration below 0.4% vol in air to avoid any combustion
- Passive safety systems: firewalls in refuelling stations or closed spaces

- Avoid confinement and congestion
Pipeline explosion/DDT - Reduce size of the system, when possible, to narrow detonability range

- Flame arresters to prevent propagation within a system

- Specialised leak detection facilities and instruments

Gas leaks - Chemical hydrogen odorization to make it detectable by human nose
(odorants: THT, Spotleak 1001, Gasodor S-Free (research group from the
Netherlands))

Toxic gas/by-product release - Control over chemical reactions and professionally trained operators




84

From the UHS side, the limited experience in the area and the lack of understanding of
hydrogen injection and withdrawal associated geomechanical phenomena are factors of risk
(Tarkowski & Uliasz-Misiak, 2022). In fact, a specific study is necessary for each geological
storage site location as subsurface behaviour of hydrogen is unknown (Amirthan & Perera,
2023). UHS are not exempt from hydrogen leakage, that can occur through faults of the
caprock for example. Some other risks underground storage can be subject to include clay-
swelling induced stress, cyclical stress fluctuations and uncontrolled lateral spreading of
hydrogen (Okoroafor et al., 2022). The injection rate of hydrogen into the UHS should be

optimized in order to avoid this spreading that can be the cause of leakages (Panfilov, 2016).

Overall, the four risks with the highest impact and uncertainty for the geological storage
category come from equipment malfunction, human error, multiple well drilling and well
sealing (see Table 12). Besides the control of hydrogen injection operations, other aspects
of the system should be carefully monitored to minimize those main risks and the others
listed on Table 12 through actions such as: the surveillance of hydrogen migration in the
subsurface, the control of brine displacement due to pore pressure evolution, the
identification of potential leakage pathways and the validation of the long-term safety of the

storage (Heinemann et al., 2021).

Table 12. Presence of highest-ranking risks for geological UHS, modified from (Navaid et
al., 2023).

Depleted gas reservoir | Porous aquifer Salt cavern
Highest ranking risks High High High High High High
impact uncertainty | impact uncertainty | impact uncertainty
quip 0 X X X X X X
0 a 0 X X X X X X
P 0 0 X X X X X X
X X X X X X
Fracture density X X X X X
Well blowout X X X X X
Induced fracturing X X X X X
Faults/Undetected features
(Over/Underburden) X X X X X
Caprock Thickness X X
Pressure changes of gas X X X X
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Stress/Faulting

Geological architecture

Gas property

Another risk category relevant to porous UHS is the change in chemical equilibrium in the
storage reservoir because of the interaction of hydrogen with microbes or mineral deposits
due to its reactivity (Tarkowski & Uliasz-Misiak, 2022). This can affect the purity or trigger
losses of the stored hydrogen and impact the mechanical properties (porosity and
permeability) of the storage rock (Papadias & Ahluwalia, 2021). Main microorganisms
responsible for the permanent loss of hydrogen are methanogens, sulfate reducers,
homoacetogens, iron reducing bacteria (Table 13). Methanogens are the biggest hydrogen
consumers from measured values on oil and gas fields, while sulfate reducers are leading on
the laboratory scale.

Table 13. Main storage impact, hydrogen consumption and growth conditions of different

microorganisms. Optimum conditions allow peak growth while beyond critical conditions
growth is not possible anymore. (Heinemann et al., 2021).

Main

Class of storage Hydrogen consumption Temperature Salinity pH
microorganism impact (nM/hour) (°C) (g/L)
Hz2 loss by Optimum:
CH4 Laboratorial: 0.008-5.8 x 105 Optimum: 30- <60 Optimum:
Meth
ethanogens production,  Oil and gas fields: 0-1185 40 Critical: 6.0-7.5
clogging Wells: up to 4533 Critical: 122 200 Critical: 4.5-9
Hz2 loss by
H2S Optimum:  Optimum:
Sulfate reducers production,  Laboratorial: 0.005-130 x 10° Optimum: 20- <100 6.0-7.5
corrosion, Oil and gas fields: 0.5-351 30 Critical: Critical: 0.8-
clogging Wells: up to 2544 Critical: 113 240 115
Hz2 loss by Optimum:  Optimum:
CHsCOOH Optimum: 20- <40 6.0-7.5
H t
omoacetogens production, 30 Critical: Critical: 3.6-
clogging Laboratorial: 0.2-5.0 x 10° Critical: 72 300 10.7
Hz loss by Optimum:  Optimum:
Iron reducing Fe <40 6.0-7.5
bacteria production, Optimum: 0-30  Critical: Critical: 1.6-
clogging Laboratorial: 0.005-2.2 x 10° Critical: 90 200 >9

Ultimately, further studies are needed to better understand the risks associated with
hydrogen, and standard should develop consequently to give a clearer frame to operators.
Safety aspect that are not properly managed can influence the public opinion and be an

obstacle to the development of hydrogen technologies (Ustolin et al., 2020). In addition, it
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Is important to inform the population on hydrogen. For instance, the public awareness of
UHS is low and there is no social campaign to share knowledge about them (Tarkowski &
Uliasz-Misiak, 2022).

4.4. Economic and environmental aspects

The cost of storage and distribution of hydrogen have a major impact on the choice of the
technologies to be used. Technologies that are not viable cannot be implemented on the long
term and are therefore not desirable to be part of a strong hydrogen economy, which is why
costs should be considered carefully. Then, in order for them to be socially accepted and to
avoid harmful repercussions on the environment, the environmental impact of those same
technologies should be assessed to enable the choice of the best compromise in terms of cost
and environment. The purpose of this paragraph is therefore to present the cost and

environmental impact of hydrogen storage and distribution technologies.

4.4.1. Costs of storage and distribution

Hydrogen storage costs are composed of investment costs, and operation costs, meaning
hydrogen charging and releasing from the storage (Kanto, 2022). Taking those components
into account, the LCHS range of different underground and surface hydrogen storage options
and an estimation of their minimal CapEXx percentage are presented on Figure 28. The UHS
alternatives are globally cheaper than the surface ones, which can be explained by the
prevalence of operating costs for the surface options as hydrogen conversion and
reconversion are energy intensive processes. The investment costs represent less than 5% of
the total costs for LOHC storage, but this value rises over 70% for LRC. Overall, the
cheapest UHS is the salt cavern with a minimum LCHS of 0,15 $/kgH>, and the most
expensive the LRC with a maximum LCHS of 3,89 $/kgH.. Indeed, salt caverns are low-
cost for high capacities (Papadias & Ahluwalia, 2021) and cost less to build than other UHS
as no technical installation is needed apart from a single well and gas transmission
installations to manage operations from the surface (Tarkowski, 2019). On the other hand,

LRC linked costs decrease when the storage capacity increases as they include the whole
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building process of the storage cavity: excavation of the underground facility, access tunnels
and cavern enclosure, installation of the liner around the cavern cavity and of the concrete
surrounding the liner, and installation of aboveground facilities including compressor, pipes
and valves (Papadias & Ahluwalia, 2021). Concerning depleted reservoirs and aquifers, 80%
of the capital comes from the cushion gas requirements, which means that using a different
type of cushion gas can help to substantially reduce the total capital cost (F. Chen et al.,
2022). According to Tarkowski & Uliasz-Misiak (2022) and Tarkowski (2019), the cost of
electricity will influence the viability of UHS in balancing capital investments and a high

utilization rate of electrolysers would be needed to make them profitable.

For surface storage, the LCHS range changes greatly and is broad. This can be attributed to
the dependence to electricity prices and to the different raw materials used in material-based
storage with the associated necessary catalysts, adsorbents etc, especially for LOHC. The
cheapest surface alternative would be GH2 with a minimum LCHS of 0.19 $/kgH2 and in
the most expensive configuration LOHC with a maximum LCHS of 7.33 $/kgH..

8 80%
70%
60%

50%

40%

3,89
3,27 30%

20%

093 119 092
0,19

10%

0,68

0%
Depleted  Salt Aquifer LRC GH2 LH2 LOHC Ammonia MH
reservoir cavern

LCHS —@— CapEx % of LCHS

Figure 28. LCHS for different hydrogen storage technologies and CapEx percentage of the
total cost, (Abdin et al., 2022; BloombergNEF, 2020; F. Chen et al., 2022; Doomernick et
al., 2020; Tarkowski, 2019).
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In between storage phases, hydrogen needs to be transported to locations close to the end-
use consumption in the form of GH2, LH2, LOHC or ammonia. If hydrogen is not
transported in a gaseous state, it needs to be converted into one of the other options, and then
reconverted back to GH2 for consumption. LOHC has the lowest conversion cost, but the
highest reconversion one, regardless of whether it is centralised or not (Figure 29). The total
conversion/reconversion cost for LH2 is about 1.05 $/kgHo. It is about 1.38 and 2.57 $/kgH2
for LOHC, respectively with centralised and decentralised reconversion, and about 1.75 and
2.02 $/kgH> for ammonia with the same considerations. According to those results, LH2 is
the cheapest option on a conversion/reconversion cycle, and a centralised reconversion is

preferable for reduced costs.
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Figure 29. Cost of gaseous hydrogen conversion to hydrogen carrier and reconversion to
gaseous hydrogen, (International Energy Agency, 2019).

When hydrogen has to be distributed to large facilities across relatively short distances, the
considered transportation means are trucks and pipelines. To transport hydrogen on up to
500km, the most cost-effective alternative is unarguably the GH2 pipeline with a capacity
of 500 ton per day (about 0.3 $/kgH> for 500km) (see Figure 30). LH2 and ammonia truck
costs follow the same evolution with transportation costs slightly above 0.4 $/kgH. for
500km. The costs of a LOHC truck and a 100 ton per day capacity pipeline are then

comparable and noticeably higher than the previous choices, with a difference increasing
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with the distances. Their cost at 500 km is around 0.85 $/kgH>. GH2 truck is the least viable
option overall independently of the distance, with a cost as high as 1.8 $/kgH> due to its low
volumetric capacity and to the low density of hydrogen. When the pipeline and the hydrogen

demand are large enough, pipeline transportation is definitely the best option for hydrogen

distribution.
Hydrogen Distribution
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=== Pipe (100 tpd) Pipe (500 tpd)

Figure 30. Cost of hydrogen distribution to a large centralized facility by truck and pipeline,
(International Energy Agency, 2019). The hydrogen transported by pipeline is gaseous.

On long distance transportation (up to 8000km), Figure 31 clearly shows that repurposed
pipelines are cheaper than new pipeline. For a 3000km distance, transportation through a
new 50.8cm diameter pipeline is about 3 $/kgH2, while for a repurposed one of the same
diameter the cost is around 1.7 $/kgH.. It also displays that a bigger diameter lowers the
costs as it enables the transport of higher quantities of hydrogen at the same time, making
the pipeline diameter one of its main cost drivers (d’Amore-Domenech et al., 2023). For the
transport by ship, the most cost-effective option is the ammonia ship, which can become
more interesting than small repurposed pipelines up from 3500km distances, and large new
pipelines up from 5700km distances. A LOHC ship can transport less hydrogen and a LH2
one is more expensive. Overall, pipelines are considered the most cost-effective alternative

to transport large volumes of hydrogen (Cristello et al., 2023) and the cheapest option here
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is the repurposed pipeline with a 122cm diameter, with a maximum cost of around 0.7
$/kgH. for 8000km. Ammonia ship can be considered as the most interesting alternative for
overseas transport because of a comparable cost and an easier implementation than

submarine pipelines.

Levelised cost of delivering hydrogen (USD/kg H,)

0 1000 2000 3000 4000 5000 6000 7000 8 Eﬂqo

New 50,8 cm @ pipeline Repurposed 50,8 cm @ pipeline New 122 cm @ pipeline @ Repurposed 122 cm @ pipeline
(50-130 ktpa) (50-130 ktpa) (50-130 ktpa) (50-130 ktpa)
—— LH, tanker (200 ktpa) ~— LOHC tanker (15 ktpa) Ammonia tanker (180 ktpa) —— Offshore HVDC (160 kpta)

Notes: ktpa = kilotonnes per year; LH: = liquefied hydrogen; LOHC = liquid organic hydrogen carrier. Includes conversion, export terminal, shipping, import terminal and reconversion
costs for each carrier system (LH2, LOHC and ammonia). The import and export terminals include storage costs at the port. Pipelines refer to onshore transmission pipelines operating
at ranges between 25% and 75% of their design capacity during 5 000 full load hours. Electricity transmission reflects the transmission of the electricity required to obtain 1 kg Hz in an
electrolyser with a 69% efficiency located at the distance represented by the x-axis

Figure 31. Levelized cost of delivering hydrogen by pipeline and ship as LH2, LOHC or
ammonia, and electricity transmission 2030, (International Energy Agency, 2022).

In fact, depending on the study, it is estimated that repurposing a pipeline instead of building
a new one would decrease capital costs by 65-90% (ENTSOG et al., 2021), or even 75-90%
(Tsiklios et al., 2022), (ABB, 2020), (Kanto, 2022). However, materials for hydrogen
pipelines and hydrogen compressors would be respectively 40-50% and 20-80% more
expensive than those for NG pipelines. Compressors (generally separated by 80-100km
(Kanto, 2022)) play a role in the overall pipeline cost as it enables an increased transport
capacity (Cheng & Cheng, 2023). When necessary to build, a new hydrogen pipeline is

evaluated to be 10-50% more expensive than a NG pipeline (Karjunen et al., 2021).

When compared to hydrogen options, offshore HVAC (High Voltage Alternative Current)

electricity transmission is found to be more costly than most of the hydrogen transport
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options, ships included, from distances of 1200km or more (Figure 31). This has been
confirmed by many studies: pipelines are cost competitive with HVAC/electrolysis on long
distances and for large capacities, especially in submarine configurations (Karjunen et al.,
2021), (Fingrid & Gasgrid, 2022a). This is also the case with HVDC (High Voltage Direct
Current) transmission: hydrogen transport by pipeline is preferable and cost effective,
especially when hydrogen is the wanted end product (Pyrhdnen et al., 2021). One of the
reasons is that the energy content carried by pipeline is noticeably higher compared to a
HVDC line. According to ENTSOG et al. (2021), for an equal investment, 10-20 more
energy can be transported in a hydrogen pipe than with an electric cable. The Figure 32
below from Fingrid & Gasgrid (2022) confirms the point of view of hydrogen transmission

competitiveness.

Energy transfer capacity of one large hydrogen pipeline corresponds to 15 main grid power lines!

AR R R — H,

One DN1200
15 x 400 kV power lines hydrogen pipeline

Figure 32. Energy transmission capacity of the electricity and hydrogen networks, (Fingrid
& Gasgrid, 2022a).

4.4.2. Environmental impacts of storage and distribution

Since hydrogen combustion produces only water, the benefits of a global hydrogen economy
based on green hydrogen production would be significant for the environment. According to
Nowotny & Veziroglu (2011), and assuming a 1% leakage rate, its climate impact would be

only 0.6% of the current fuel-based system.

As few data is available on the emissions and environmental impacts of hydrogen storage
facilities, this paragraph will mainly focus on comparing the climate impacts of

transportation means with an emphasis on pipelines.

The comparison between pipeline, truck and train transport, with either gaseous or liquid

storage mode indicates that gas transportation by pipeline has the lowest environmental
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impact (Table 14). The impact increases when pressure requirements are higher as electricity
needs for compression rise. Overall alternatives involving gaseous hydrogen have a lower
GHG footprint than the liquid hydrogen ones that require energy intensive liquefaction: 83—
665 kg CO2¢q/ th2 for gaseous road transport against 336—3332 kg CO2¢q/tH2 for liquid road
transport. Then road transport is slightly more emitting than hydrogen transport by rail,
which makes LH2 road transport the most environmentally harmful option among the
considered options. Compared to GH2 transport, LH2 transport also shows significantly
higher impacts in regard of acidification, eutrophication and human toxicity indicators, as

well as for energy footprint.

Table 14. Footprint and environmental impacts of hydrogen transportation alternatives,
(Hren et al., 2023)

Gas-Pipeline  Gas-road Liquid-road  Liquid-rail Unit

GHG footprint 50-500 83-665 336-3332 325-3328 kgCO,eq
ty, * 100km
Acidification 0.20-075 0.27-0.97 1.32-4.89 1.32-4.89 kgS0,eq
tys * 100km
Eutrophication 0.11-0.53 0.14-0.68 0.72-3.52 0.73-3.53 kgPO,eq
ty, * 100km
Human toxicity 83-138 112-184 556-923 555-922 kg 1,4 — DBDeq
tys * 100km
Energy footprint 3931 6221 25547 25289 Mj
tys * 100km

To reach the best environmental results as possible, pipeline associated impacts can be
further investigated. Figure 33 analyses the benefits of hydrogen blending with NG. When
mixed with hydrogen produced from water electrolysis, a 10% hydrogen blend by volume
enables a GHG emission reduction of approximately 5% compared to pure NG. For a 50%
blend, this percentage rises up to 25% with about 12 gCO.eq/MJ avoided emissions. Blends
with hydrogen obtained from fossil sources also contribute to significant emission reduction.
15% and 8% of emissions are avoided for a 50% blend, respectively for high CCS fossil
hydrogen and low CCS fossil hydrogen. For pure fossil hydrogen (100%) hydrogen and low
CCS fossil hydrogen. For pure fossil hydrogen (100%), about 60% and 33% emissions are
avoided (high CCS and low CCS respectively). Thus, blending hydrogen and NG is a way

to reduce carbon emissions and to help mitigate global warming impacts on a larger scale.
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Figure 33. Carbon reduction benefit (as a % reduction relative to pure natural gas) of
increasing hydrogen blend levels. Hydrogen from electrolysis is produced by renewable
power (and thus with zero carbon content), hydrogen from fossil with CCS is produced
from carbon capture and sequestration. The high estimate assumes a capture rate of 90%
and average upstream emissions from methane production; the low estimate assumes 80%
capture rates and higher upstream emissions (Erdener et al., 2023).

Those impacts can also be reduced by tackling the most emitting phases of the use of a
pipeline, including building and operating phases. Figure 34 displays that an overwhelming
part (94.5%) of pipeline climate change impacts result from its operating, mainly due to the
electricity needed to operate the compressors. Pipelines and compressor stations account for
respectively 5.46% and 0.04% of the remaining impacts. Pipeline associated impacts can be
further split into different headings. 93.03% of the pipeline’s impact comes from the
manufacturing of the steel pipeline. Internal and external coating together represent 3.25%

of the impacts, installation 2.7% and the end-of-life treatment 1.01%.

With a focus on the manufacturing step, the production of the steel alone is behind 75.72%
of the climate change category impacts. A reduction of raw material demand and fossil free
steel production would therefore be key measures to scale down the environmental impacts

of pipelines.
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Figure 34. Environmental impact of the category climate change for an average newly built
steel pipeline in the EU, (Tsiklios et al., 2022).

Repurposing existing pipelines would require much less material, but would engender more
pressure losses along the pipes, thus resulting in higher recompression needs. A comparison
of environmental impacts is necessary to assess whether it is more environmentally desirable
to build and install a new hydrogen pipeline or to repurpose an already existing one. Figure
35 compares the change in impacts of different configurations following the impact
categories of an LCA study conform to the ISO 14040 and 1SO 14044 standards and in
relation to the reference case set to 0%. The latter refers to an average newly built steel
pipeline in the EU with a roughness coefficient k=0.10 mm and a capacity of 13 GW. The
roughness coefficient is representative of the pipeline’s resistance to the flow. A new
pipeline with a higher roughness (k=0.16 mm) has a similar impact profile with higher values
in all categories, increasing from 3.50% to 11.31%, with a 10.76% rise for climate change.

This underlines the importance of a smooth inner layer to minimise pressure losses.

If the pipeline is a repurposed and cleaned one, the impacts are still higher in 11 of the 16
investigated categories. The climate change impact rises by 11.24% and the overall increase
ranges from 5.44% to 16.83%. This is explained by the higher roughness (k=0.2 mm) and
consequently higher pressure losses and compressor electricity needs, which offsets the
benefits or building a new pipeline in categories where the influence of the manufacturing
and installation is relatively low. However, the five categories encountering an impact
reduction decrease sharply, especially in minerals and metals use, ozone depletion and
particulate matter emissions which are cut down by 63.49%, 61.86% and 32.98%
respectively (Tsiklios et al., 2022).
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Figure 35. Percentage changes in environmental impacts for hydrogen transport by new and

repurposed steel pipelines for a 500 km distance. All environmental impacts are set in relation to the
impacts of the reference case (average EU new steel pipeline (k=0.10 mm, 13 GW)) in the respective impact
category, defined as 0% on the figure. k refers to the pipe’s roughness coefficient. (TSiklios et al., 2022).

The last considered case is a pipeline that has already been used and presents a mild
incrustation (and thus a higher roughness k=1.5mm), and is repurposed but not cleaned.
While mineral and metals and ozone depletion decrease by 34.2% and 31.41% respectively,
the impacts are significantly higher in all but the two previously cited categories when
compared to the reference case, rising from 20.49% to 111.33% with 101.11% for climate
change. This is due to the higher roughness of the incrusted pipeline, responsible for higher
recompression demand. When comparing the used pipeline with the one that has been
cleaned before repurposing, the condition of the inner layer of the pipe clearly appears to be

crucial in reducing environmental impacts.

Overall, gaseous hydrogen transport through pipeline emerges as the most preferable option
environmentally wise and higher blend percentages of hydrogen with NG contribute to
reducing carbon emissions efficiently. When new pipelines are built, the design should
minimise the raw material demand and select the right material to be used, especially in

terms of steel roughness. Carbon free or more environmentally friendly produced steel
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should be preferentially selected to tackle manufacturing emissions. If the pipeline is an
existing one, a proper cleaning and repurposing is essential to ensure a good smoothness and
condition of the pipe’s inner layer. This will contribute in reducing the impacts linked to the

operating phase of the pipeline.

4.5. Case of Finland: Implementability of the storage and distribution method in

the Finnish energy system

The implementation of hydrogen storage and distribution technologies in the Finnish energy
system should ideally take into account the characteristics gathered in all the previous
paragraphs: storage and distribution properties, associated risks, associated costs and linked
environmental impacts. Geographic limitations is also a factor that plays a role in the choice
of the technologies, according to the availability of specific geological formations on

Finland’s territory.

4.5.1. Available technologies

The choice of long-term underground hydrogen storage technology is limited by the
geological availability of storage cavities. According to the European Union funded
Hystories project (supporting pure hydrogen storage in underground porous cavities), there
are no salt caverns or aquifers to be found in Finland (Hystories, 2022). In addition, a
geological study of Europe has concluded that no oil or gas reservoirs are located in Finland
(Pawlewicz et al., 2002). This means, that apart from common European underground
storage options and collaborations, the domestic UHS left for Finland are abandoned mines
and LRC. The location of the LRC and its depth are mainly dependent on the rock quality,
and new LRC would be preferably built close to hydrogen consumption sites. As of today,
the only LRC facility in the world is the Hybrit’s project 100 m* big and 30 m deep pilot
plant in Lulea (Sweden), commissioned by SSAB, LKAB and Vattenfall, and is currently
closed for testing period till 2024 (SSAB, 2023). The goal of this LRC is to be a keystone in
the chain of fossil-free steel production, in collaboration with Finland. The Hybrit LRC has

been built in a bedrock consisting mainly of amphibolite, with elements of pegmatite and
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red granite. Amphibolite is a hard rock heavier than granite and has been assessed to be
suitable for LRC building in the context of the Hybrit project. Given the geological
similarities between Sweden and Finland, it can be assumed that similar rock characteristics
can be considered adequate for LRC building in Finland. In that case, the Figure 36 shows
that the Finnish territory’s geology seems very favourable to the construction of LRC
facilities.
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Figure 36. Metamorphic map of Finland based on facies division. Updated 4.4.2022, (Holtta
& Heilimo, 2017).
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In fact, the facies map (meaning the overall characteristic or attribute of differentiable rock
units in a geological area) of Finland reveals that the major part of the area has a high
amphibolite content. Of course, a complete geological study is needed prior to a new LRC

installation but this suggests that the choice of LRC sites would not be too restricted.

On the other hand, there are no abandoned coal mines in Finland but there are a number of
closed metal mines. In fact, a project for pumped hydro storage is carried out in the
Pyhasalmi mine (Energy Storage in a Mine -Project | Pyhdjarven Kehitys Ltd), the deepest
metal mine in Finland and in Europe, to answer the increasing renewable energy production.
As this storage technology was the only known option for large-scale storage at the time of
the beginning of the project (2017), research should be carried out and those metal mines
investigated to assess their potential in hydrogen storage. Most of the mines are located in
sparsely populated areas and about 25%, 47% and 27% are situated within a distance of 500
m, 500-5000 m and more than 5000 m respectively from the nearest densely populated area
or village (Kivinen, 2017). Figure 37 gives the location of 51 closed metal mines in Finland
and shows that they are spread between both southern and northern parts of the country, with
some of them rather close to dense areas like the city of Tampere, or between Helsinki and
Turku.
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1. Aijala; Cu. Zn

2. Enonkoski; Ni

3. Hammaslahti; Zn

4. Hannukainen: Fe, Cu
5. Haveri; Au

6. Hitura: Ni

7. Halvala; Ni

8. lilijarvi: Au

9. Jussard; Fe

10. Kangasjarvi; Zn

11. Kitula; Ni

12. Kivimaa; Au, Cu

13. Korsnés: Pb

14. Kotalahti; Ni, Cu, Co
15. Kovero-oja; Ni, Cu
16. Kutuvuoma; Au, Cu
17. Kylmékoski; Ni

18. Kdrvésvaara; Fe

19. Levedselkd; Fe

20. Luikonlahti; Cu, Co
21. Makola; Ni

22. Metsamonttu; Zn, Au, Pb
23. Mullikkordme; Zn
24. Mustavaara; V, Fe
25, Matasvaara; Mo

26. Nyhamn; Fe

27. Orijérvi; Cu, Zn

28. Otanmaki; Fe, V

29. Otravaara; S (sulfide)
30. Outokumpu; Cu, Co
31. Pahtavaara; Au

32. Pahtavuoma; Zn, Cu
33. Paukkajanvaara; U
34. Petolahti; Ni

35. Puro; Fe

36. Raajérvi; Fe

37. Rautuvaara; Fe

38. Ruostesuo; Zn

39. Saattopora; Au, Cu
40. Sirkka; Au, Cu, Ni, Co
41. Stormi; Ni, Cu

42. Sarkiniemi; Ni, Cu
43. Tainiovaara; Ni

44, Taivaljarvi; Ag, Zn
45, Telkkald; Ni

46. Vihanti; Zn, Cu

47. Virtasalmi; Cu

48. Vuonos; Ni, Co

49. Vuonos; Cu, Co

50. Vuorokas; Fe, V, Ti
51. Yl6jarvi; Cu

Figure 37. Location of 51 post-mining sites in Finland, (Kivinen, 2017).

To decide between the two remaining options of UHS, LRC and abandoned mines, a SWOT

analysis is carried out (Figure 38). The main differences are in the construction needs, as the

mine already exists while the cavern has to be built from scratch. However, LRCs show great

opportunities and have the advantage of a pilot project under testing. Provided adequate

management, risks should also be minimizable. Overall, the lack of research and data on

abandoned mines prevents them from being a desirable and reliable alternative in the short

to mid-term. This makes LRC the preferred choice for UHS in Finland.
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Figure 38. SWOT comparison analysis of LRC and abandoned mines

In terms of surface storage and distribution options, the choice is driven by the existing
infrastructures and companies and the production capacities of specific materials, taking into

account the costs and readiness level of the technologies.

As the most mature technology, it can be assumed that GH2 tanks or vessels can be used in
Finland for small quantities and short-term storage, as well as for road transportation on
short distances. It is the easiest technology to implement in the short term. In fact, Woikoski
(production of hydrogen by electrolysis, Figure 6) has already been using steel-based
cylinder containers, and more recently 300 bar and 6 m long containers from UAC (Umoe
Advanced Composite) (lhonen et al., 2021). Those are Type IV fiberglass pressure vessels
offering over 300 kg capacity and in accordance with traffic limitations based on risk
analysis (UMOE, 2023). GH2 is also the preferred means of transport by pipeline, which is
the best way convey hydrogen on land and in large-scales, even on long distances. LH2 is
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not yet commonly available but it would be cost and energy efficient for large scale
production (lhonen et al., 2021).

Because of their recent status and promising potential, the choice for material-based storages
should be pondered with more detailed considerations. The SWOT analysis of the material-

based alternative on Figure 39 aims at assisting this choice.

Strengths Weaknesses Opportunities  Threats

Development of new Unsufficient hydrogen purity for

- Compatible with fuel existing
infrastructure
Safe and no storage loss

- High heat and temperature
demand for hydrogen release
- Unloaded LOHC needs to be

LOHC/catalysts for lower direct usein fuel cells
dehydrogenation energy needs - Lack of pure hydrogen end-uses
Cost-effcient long distance road development

transport - Reduced hydrogen

Long-term energy storage transportation needs because
LOHC demonstration projects of cheaper electrolysis

High truck payload
No major by-product in
hydrogen release (high purity)

transported back to the plant
- High capital investment

- Best option for overseas Existing ammonia terminals and to the skin)

transport cracking: purification needed transport routes in Finland - Proximity to populated area

s - n-reversible hydrogen carrier D . . produchia
- Safe storage 0 mounts of nitrogen - Scaling up of ammonia domestic - Accidental ammonia release
_  Cheaper than LOHC and LH2 5 es among amm?:nia production in Finland (impact on marine life, corrosive

_  Long-term storage possible

as no storage losses iz 2 Sitehizle S =21

and low storage pressure Low readiness level: still under
research

hydride

e - High energy needs for - Development of high purity
Mall{re technol_ogleswwth compression/liquefaction end-uses ) Risk of leakage
previous experience (LH2 at _  High insulation requirements - Construction of hydrogen _ Riskof undetectability

Nasa) (7] refuelling stations "
Economic for short distances _  Boiloff losses (LH2) _  Possible odorisation of GH2 High cost of transport by road

_  Relatively low transport payloads - Higher truck capacity limit in
Finland than rest of Europe

GH2/LH2

Material-based physical sorption storage options are still lacking data and documentation and the linked research is not advanced encugh to consider their plausible
integration in the hydrogen economy in the short-term.

Figure 39. SWOT analysis of hydrogen surface storage and transport options, (Hurskainen,
2019), (H2 Cluster Finland, 2023), (Aakko-Saksa et al., 2018).

The first outcome of the SWOT analysis is that no storage technology appears to be the best

for all applications. They should rather be considered in terms of their respective advantages.

Metal hydrides storage technology of hydrogen is still in the research phase. Its current
readiness is not suited to an early integration into the hydrogen economy. However, an
opportunity highlighted by the SWOT analysis is the possible use of metal hydride storage
in combination with fuel cells. In fact, a few Finnish companies such as Hydrocell or Vonen
already offer portable hydrogen units or small-scale seasonal MH storage technologies
(Hydrocell Ltd, 2023), (Vonen Ltd, 2022). Therefore, an eye should be kept on metal
hydrides storage technology evolution and more research should be conducted on their
possible applications in Finland.
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There is no single LOHC compound that would be optimal for every application but it
presents major strengths. LOHC technology is already at the demonstration scale and thanks
to further development it could prove useful and economically viable for road transport in
Finland with higher payloads and on longer distances than GH2 (>200 km) (Hurskainen,
2019). It also has the advantage to be compatible with the existing fuel infrastructure. It
could for instance be transported to refuelling stations and dehydrogenated to then be used
in fuel cell vehicles. The absence of losses during LOHC storage makes it suitable for long-
term storage (small to medium scale) as well, which is also advantageous for transport or
even for off-grid solutions (in locations such as islands). In the short-term at least, it seems
that the preferable applications for LOHC-stored hydrogen are those where hydrogen is used
as a reactant rather than being converted back to electricity, because of the low round-trip
efficiency (Hurskainen, 2019). More knowledge is still being gained as a complete logistical
chain involving LOHC-based hydrogen has recently successfully been commissioned in
Finland as part of the EU HySTOC project (Hydrogen Supply and Transportation using
liquid Organic Hydrogen Carriers) (Woikoski Oy, 2021). In this logistical chain (

Figure 40), green hydrogen is produced by Woikoski in Kokkola, binded to the LOHC (DBT
in this case) in the same place. The LOHC is then transported by Woikoski to Espoo and
dehydrogenated there by VTT.

Oulu

Woikoski Oy, Kokkola

Green H2 production
LOHC loading

nlinna  LOHC unloading: over 2 t of H,
Mobile sector applications

2 VTT Technical Research
Helsinki ¢ Center Ltd, Espoo

Figure 40. HySTOC LOCH logistical chain, Google maps data, (Woikoski Oy, 2021).
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The goal is to obtain a highly pure hydrogen suitable for use in the mobility sector (fuel cell
vehicles) via a hydrogen filling station (Woikoski Oy, 2021). Results showed that transport
costs were reduced and that the hydrogen quality fulfilled the 1SO standards limits. More
chains including LOHC could be implemented in Finland from hydrogen production plants
or hydrogen by-product sources, along with the development of hydrogen filling stations and
of the fuel cells in the mobility sector. This would be profitable for distances or locations

where pipelines are more costly or difficult to build.

The SWOT analysis for ammonia indicates that this hydrogen carrier would be better suited
for high-scale demand with an accent on maritime transport as it is considered as the best
option for overseas transport. This is also comforted by the toxic nature of the chemical that
could raise social concern, making it unwelcomed for broad use in road transport and in
proximity of inhabited areas. Provided a good management of associated risks, there is
potential in the already existing ammonia infrastructures in Finland. In addition, as
ammonia’s production process is a well-known one, there is a big opportunity in the scaling
up of domestic ammonia production. In fact, after the Flexens project with green ammonia
production planned in Kokkola starting in 2027, using a 300 MW nearby hydrogen plant,
more projects have been announced (H2 Cluster Finland, 2023). Hy2gen plans to build a 800
MW renewable ammonia plant in Finland, more precisely 9 km away from the port of
Kokkola. It will use hydrogen produced (85 t of green LH2) by its partner Plug Power on a
neighbouring site, generating 760 000 t of ammonia per year. This ammonia will then be
exported via the Kokkola harbour and further distributed by Hy2gen partners (Hy2gen AG,
2023). For its part, Clean NortH2 is leading a R&D project to produce 20 MW of green
ammonia in Naantali (H2 Cluster Finland, 2023). In addition to being exported, ammonia
can prove useful as a fuel directly useable in ship engines. Together with Clean NortH2
Energy and Wartsilg, the Finnish shipping company Meriaura will develop a cargo vessel
capable of running on green ammonia fuel. Wartsila is to provide multi-fuel engines, while
the green ammonia will be supplied by the Clean NortH2 Naantali production plant. The
vessel is expected to be delivered in 2024 and the operations to start in 2026 (H2 Cluster
Finland, 2023). Ammonia’s main role in the hydrogen economy would therefore be to fuel
ships and to enable the import and export of large quantities of hydrogen in the scope of

maritime transport.

To give a brief overview, the envisioned roles of hydrogen storage options in Finland are:
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- LRC for large-scale and long-term storage, ideally close to industrial sites with high

demand, or to hydrogen production, consumption or transmission sites.

- GH2 (or LH2) by road for low-quantities and short distances (for medium-high

quantities on short distances), and by pipeline for high quantities and long distances.

- LOHC for road transport, primarily for end-uses requiring high hydrogen purity in
the mobility sector (fuel cells), and in long-term off-grid solutions.

- Ammonia for hydrogen storage during overseas transportation (export) and use as a

fuel in ships.

4.5.2. Implementation in the energy system

To estimate the hydrogen to be allocated to each storage alternative, the storage need has to
be assessed first. With the assumption that all Finnish renewable electricity excess
production would be used to generate hydrogen (H2 Cluster Finland, 2023), the storage
requirements in Finland can be roughly estimated. Considering that the efficiency of
hydrogen production by electrolysis is between 60 and 70% (Vartiainen, 2020), about 80 to
212 TWh/y of hydrogen can be expected to be produced in Finland by 2040. This amounts
to up to 6 Mt of hydrogen in a year (H2 Cluster Finland, 2023).

On the other hand, a recent study by Fingrid & Gasgrid (2023) has assessed the storage need
in terms of LRC and pipelines (Figure 41) for the three scenarios presented earlier on Figure
13. The values calculated for the LRC capacity assume a storage corresponding to 4 to 5
days of hydrogen consumption for the Strong Regional Hydrogen Economy (SRHE)
scenario (Fingrid & Gasgrid, 2023), which would require more storage than the other
scenarios as hydrogen exports would be lower. In the Leading Hydrogen Economy (LHE)
scenario, the domestic hydrogen consumption is the same (53 TWh/y), but the storage
capacity is lower: about 0.2 TWh instead of 0.7 TWh. This is because this storage would be
dimensioned for 2 to 3 days of domestic hydrogen consumption, as hydrogen exchanges and
use of central European UHS facilities would be possible and would therefore reduce
domestic storage need. In the European Hydrogen Market (EHM) scenario, priority is given

to hydrogen export and the domestic hydrogen consumption would be only about half of that
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in the other scenarios (25 TWh). The storage capacity is therefore smaller but still accounts

for about 4 to 5 days of domestic hydrogen consumption to enable more flexibility.
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Figure 41. Hydrogen use and storage need in Finland (2040) in terms of LRC and pipelines

(Fingrid & Gasgrid, 2023), Strong Regional Hydrogen Economy (SRHE), European Hydrogen Market
(EHM), Leading Hydrogen Ecosystem (LHE).

To compare a 6 Mt yearly hydrogen production by 2040 to those scenarios, the proportions
of the Leading Hydrogen Economy scenario can be assumed, leading to a 83 TWh domestic
hydrogen consumption. In that case, to store worth of 3 days of hydrogen consumption, 0.7
TWh of storage capacity would be needed, which is the same as for the Strong Regional
Hydrogen Economy. Those values can now be compared to planned pipelines projects and

evaluated in terms of required LRC facilities.

The effective distribution of hydrogen through the country is a key point of a strong
hydrogen economy and enables to connect production, storage and consumption sites of

hydrogen. Visualizing those production sites and consumption sites along with potential
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future networks also permits an overall point of view on a systemic scale that would help the

choice of hydrogen storage locations.

There is currently no existing hydrogen distribution or transmission pipelines in Finland.
The already in place NG pipeline network consists of 1150 km of high-pressure pipelines
and 60 km of low-pressure pipelines, with diameters ranging from 100 to 1000 mm (Gasgrid
Finland, 2023). They are located in the south and south-east of Finland. The repurposing of
those pipelines is a possible option. The previously discussed safety risks and environmental
impacts as well as the energy consumption depending on a pipeline’s conditions imply that
a pipeline has to be inspected carefully for that matter. According to Gasgrid Finland (2023),
80% of the network’s pipelines can be inspected internally. This can therefore be considered
as the maximum achievable repurposing percentage, amounting to about 968 km of
pipelines. Based on Pyrhonen et al. (2021) study (Figure 42) giving the storage capacity of
a hydrogen pipeline as a function of distance and considering the bigger diameter pipeline,
the gradient of the line equation is 0.07 GWh/km.

20 T T
—1200 MW, D=0.5 m, 100 bar max

. - = =2400 MW, D=0.7 m, 100 bar max -
- -
= ’r’,,
Q15 - 4
p -
[1}] -
o -
o -
2
o 107 -7 |
1 -
® -
ie) -
w

5_ -

1 1
100 150 200 250

Pipeline length (km)

Figure 42. Energy storage capacity of two different hydrogen pipelines, (Pyrhonen et al.,
2021).

This means that roughly evaluated, the repurposed pipelines could store between about 68
GWh of hydrogen.

On the other hand, many new hydrogen pipelines are planned to be built, especially in the
areas of future hydrogen valleys (Figure 43). The first hydrogen pipeline to be constructed
outside of an industrial site is part of a demonstration project linking Kemira Oy’s plant in
Joutseno and Ovako Oy Ab’s steel mill in Imatra. The hydrogen generated as a by-product

of chemical industry will be conveyed through the 15 km pipeline to supply the steel industry
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(Kiviranta et al., 2023). With the experience from this project, pipelines will be built between
strategic sites, mostly in the areas designated as future hydrogen valleys: high energy
demand, industrial activities (zero emission steel production in Raahe for example (Table
2)), CO2 sources (synthetic fuel production) etc. This will enable the transport of hydrogen

to areas with less energy production and favour the development of P2X activities.

The Bothnian bay hydrogen valley pipelines would be able to store up to 150 GWh of
hydrogen with pressure ranges from 40 to 100 bars (Karjunen et al., 2021). From the
potential east north-south hydrogen pipeline, the storage capacity would be up to 40 GWh
of hydrogen (Karjunen et al., 2022). The storage capacity of the other future new hydrogen
pipelines (South-West hydrogen valley, and northern pipelines has not been evaluated, but
it can be estimated around 61 GWh, based on the same gradient previously deduced from
Figure 42 and considering a pipeline length of 875 km. This gives a total storage capacity of
319 GWh for the hydrogen pipeline network in Finland, and 336 GWh if new pipelines are

built (with a similar network structure) instead of repurposing the existing NG pipelines.

This storage capacity is about three times more than estimated by Fingrid & Gasgrid (2023).
This could be explained by the anticipated duration of the pipelines’ construction, all of them

not being operational yet in 2040, or by variations in the pipelines’ length or capacity.

In addition to pipelines on land, the South-West hydrogen valley would also include subsea
pipelines with connections to Sweden (Umed and Stockholm), Germany and Estonia
(respectively part of the Nordic Hydrogen Route, the Baltic Sea Hydrogen Collector and the
Nordic-Baltic Hydrogen Corridor (H2 Cluster Finland, 2023)), offering possibilities to use
geological storage facilities located in Central Europe (Olli Sipild, 2022). The existing or
planned LNG terminals in Finland provide opportunities for import and export as they are
compatible with the use of LOHC and can also be converted for the use of LH2 or ammonia.
All the ammonia production sites are actually close to LNG terminals and ammonia export
is already planned in Kokkola.



108

Methane synthesis

~

Ammonia (and/or green H;) production

Protein synthesis (12), paper
industry (18), oil recycling (20)

)

Tomio Green H, production

Green H, and methane
production

Zero-emission steel (and/or
Green H,) production

0 00 ¢

Ammonia
o gt
. - ¢

Sweden P

New H, pipeline

‘ —— Existing NG pipeline
Vaagd 2 Z i
’ === Subsea H, pipeline

B Joensuu — Potential H, transmission pipeline

H, pipeline 15 km demonstration
project

Imatra

S

Joutseno

Naamali.‘) ' d P Hamina
> (D

Stockholm

Figure 43. Future hydrogen pipeline network in Finland (EUROPEAN HYDROGEN
BACKBONE, 2023; Gasgrid Finland, 2023; Karjunen et al., 2022).

Transport by road doesn’t offer continuous storage capacity, as opposed to pipelines, but it
offers a complementary delivery solution when there is no pipeline deserving the end
destination. Depending on the demand and distances, this will take place with GH2, LOHC
or LH2 trucks. Existing infrastructures should be exploited and improved following the
AFIR (Alternative Fuel Infrastructure Regulations) (see Figure 44). The road network in the
Helsinki area is composed of rather short distances, and trucks could therefore carry GH2.
Going more towards Northern Finland or on the road to Tornio for instance, LH2 or LOHC
trucks become preferable options. According to Hurskainen (2019), the plants currently

producing hydrogen via SMR or fossil fuels, and with the smallest capacities, would be the
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most likely users of LOHC hydrogen. Among these would be Linde in Hdmeenlinna, UPM

Biofuels in Lappeenranta, Terrafame in Sotkamo or Eastman in Oulu (Figure 6).
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Figure 44. Hydrogen road transport in Finland, (Blenkey, 2021; Czermanski et al., 2014;
Gasgrid Finland, 2023; Karjunen et al., 2022; Kiviranta et al., 2023).

After defining the hydrogen distribution routes and the storage potential of the pipelines, the
remaining storage capacity to satisfy is 0.6 TWh for the SRHE and 6Mt/y of hydrogen
production scenarios, and 0.2 TWh in the EHM and LHE scenarios. This should be satisfied
with LOHC and underground LRC storage.

Assuming this need is taken over by LRC storage, the maximum capacity of an LRC is
considered to be 120 000 m®. In the case of the Hybrit LRC, the operating pressure can rise
up to 250 bars (25 MPa) (SSAB, 2023). The need for cushion gas represents less than 10%

of the available volume (Table 4). The value of 8% from Kiviranta et al. (2023) study will
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be considered here. In this configuration the available working gas volume is 110 400 m®.
The density of the hydrogen at 25 MPa is between 15 kg/m® and 17 kg/m?® (Figure 19, f). The
value of 16 kg/m? will thus be retained here. This corresponds to a storage capacity 1766 t
of hydrogen, which amounts to 59 GWh. This value is only about 2% of the monthly energy
deficit, which implies that 48 LRC with a 120 000 m?® capacity would be needed to meet the
monthly hydrogen demand.

In regard of the investment cost of about 41 €/kgH> for a working gas capacity of 1766 t
(Figure 45), this would represent a 72.4 M€ investment for one 120 000 m® LRC.
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Figure 45. Investment cost of LRC in regard of the working gas capacity, (Kiviranta et al.,
2023).

The investment cost of an LRC appears to decrease significantly with the working gas
capacity. This suggest that LRC of large size should preferably be built to satisfy the storage
demand. The Table 15 indicates that 10 LRC storage facilities of maximum capacity with an
additional cavern of 25 000 m® would be required to satisfy the storage conditions of the
SRHE and the 6 Mt/y hydrogen production scenario. For the EHM and LHE scenarios, three
120 000 m® LRCs and 50 000 m® LRC would be necessary. Regarding the two different

storage cases, the total investment costs would be of respectively 746 M€ and 256 M€.
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Table 15. Required LRC facilities and investment cost.

Scenario LRC size Stored H2 Stored H2 (t) Combined Investment Total
(m3) (GWh) required LRC  cost (M€) investmen
number t cost
(M€)
SRHE, 6 Mtly: 120 000 59 1766 10 724
700 GWh LRC 25000 12 368 1 22 746
storage
EHM, LHE: 200 120 000 59 1766 3 217
GWh LRC 50 000 25 736 1 39 256
storage

This is a significant investment but this range of LRC seems realistic to implement.
However, in addition to pipelines and LRCs, it can be assumed that some end-use
applications would require more flexibility with shorter filling and withdrawal periods than
the ones of UHS, would have more difficult access to pipeline hydrogen or would need
hydrogen under a different form. GH2 or LH2 vessels, and more promisingly LOHC tanks
could answer this demand, for instance replacing the smaller LRC in both cases of Table 15.

Even though a completely domestic storage seems to be feasible, the use of Central European
energy storage caverns and transport of hydrogen to Finland by pipeline can also be
considered. The storage need can also be reduced by an increase in renewable energy
production, as it is planned with the scaling up of wind power in Finland.

A total number of 10 LRC facilities will be assumed here to satisfy the hydrogen storage
demand in Finland and cover a domestic hydrogen consumption of 3 to 5 days. The map
below (Figure 46) displays the Finnish transportation network of hydrogen composed of
pipelines and roads and includes potential locations for 10 LRC facilities. These locations
are based on the Finnish bedrock characteristics (Figure 36), the consumption and industrial

sites proximity, and the transport nodes deserving different areas.
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Figure 46. Hydrogen storage and distribution map, Finland.

The pipelines of the Bothnian Bay hydrogen valley and the South-Eastern hydrogen valley
alone represent an investment of 2-3 B€ and 1-1.3 B€ respectively, with an additional 2-4
B€ and 1.3-2 B€ respectively for compressors. This amounts to a total potentially rising up
to 10.3 B€. When adding the South-West hydrogen valley pipelines and the northern
pipelines and considering their length, this value can be expected to at least double if no
repurposing is taking place. 746 M€ would add up from the LRCs (most costly storage
scenario) to the pipeline investment costs. More data would be needed to estimate the costs
of the GH2, LH2 and LOHC transport and storage. The environmental impacts of such
installations should be followed closely.
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Overall, there is a big potential for a strong hydrogen economy in Finland. The share of
renewable electricity is increasing every year, with a future wind power capacity that could
even enable hydrogen export (Figure 13). The country has a strong electricity grid and
already existing fuel infrastructures and NG pipelines take can be taken advantage of for
hydrogen development. Provided a good coordination between production, industry,
consumers and storage, especially in terms of logistics, the establishment of a hydrogen
economy seems a feasible goal. Governmental support and incentives are a point of high
importance in this systemic shift. The Finnish government has already adopted a resolution
in favour of clean hydrogen development in February 2023 (H2 Cluster Finland, 2023). To
further facilitate the progress of this project, some of the main challenges remain the

development of a clear national hydrogen strategy and of a coherent regulation.



5. Conclusions

The aim of this work was to inventory and describe the available hydrogen storage and
distribution solutions along with their characteristics and respective advantages. Combined
with economic data and environmental assessments, the choice of the right technologies and
their implementation in the Finnish energy system could then be pondered. The purpose was
to give a point of view centred on storage solutions, which have not been studied as much

as hydrogen production methods.

The outcome of this study shows that the field of hydrogen technologies is developing fast
with an increasing number of publications on the matter. Numerous new technologies are
being researched, especially underground options and reversible materials with high
hydrogen uptake in terms of storage. The most mature technology and therefore most easily
implementable in the short term is the GH2 hydrogen storage and transport. However, this
method is energy intensive (hydrogen compression) and presents risks of leakage. Many
other alternatives are still immature with a low technology readiness level but aim at
providing better storage performances and higher safety. More research should be carried on
those technologies and an eye should be kept on them. This includes for example metal
hydrides or carbon nanostructures. Technological advances of the LRC storage should also
be followed closely as this is the main large-scale and long-term storage alternative in
Finland. The potential of closed mines should also be evaluated.

The most plausible hydrogen distribution and storage structure found in this work for the
short to medium term in Finland supposes that hydrogen would be carried mainly in a
gaseous form through pipelines (mostly new) supplemented by road transport when
necessary. The storage of hydrogen would be based on LRC facilities for underground
storage and a combination of GH2, LOHC and LH2 for surface short term storage. Ammonia
would be used for overseas transport by ship and produced in industrial sites located close
to harbours. LRCs are more costly than naturally occurring geological storage formations
but being artificially built confers them the advantage of having less geological constraints.
They can thus be located in areas of high hydrogen production/consumption or close to

transportation nodes after consideration of geological characteristics of the local bedrock.



The combination of these technologies appears to be currently the most appropriate mean to
satisfy the Finnish national energy demand. In the hypothesis of a 100% renewable
electricity production, the monthly hydrogen storage need as of now was evaluated to be
around 3200 GWh. This need is expected to decrease in proportion to electricity
consumption as renewable energy production in Finland is anticipated to grow greatly in the

coming years, mainly through new wind turbines installations.

Storage however remains an essential element of the hydrogen chain. It offers flexibility in
response to changing demand and fluctuating renewable production, and enables the storage
of energy on a seasonal scale, which is hard to achieve with electricity. Thanks to hydrogen,
excess renewable energy can be stored and used later when needed. Hydrogen storage
implementation is a key part of the establishment of a hydrogen economy, and therefore
plays arole in the decarbonization of the energy system, for heavily emitting industrial sector
in particular. With green hydrogen, steel could be produced without any GHG emissions in

Finland.

Finland has an opportunity in its stable economy and strong grid transmission network as
well as in the existing fuel infrastructures, pipelines and well-maintained roads across the
country. Those should be completed by a scaling up of electrolysers capacity, and pipelines
and storage construction that still remain to be built. A number of infrastructures should be
installed as well, especially hydrogen refuelling and liquefaction stations. The development
of clear and coherent hydrogen regulations and the cooperation between knowledgeable
Finnish companies with expertise and leading technologies could help this accomplishment
and strengthen the hydrogen valleys of the country, giving a leading path to place Finland as
a main European actor in the hydrogen economy.
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