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List of abbreviations

Acronym

ACER
CBA
CBAM
CCS
CEHC
CGH:2
CH4
CO2
DAC
EBRD
ENTSO (E/G)
EU
FCH JU
FLH

FT
FTA
H>
HHI
HHV
IP

JRC

kt
LCOE
LCOH
LH2
LHV
LNG
LOHC
MENA
MeOH
Mt

MS
NDP
NECP
NG
NH3
NRA

Full description

Agency for the Cooperation of Energy Regulators
Cost Benefit Analysis

Carbon Border Adjustment Mechanism
Carbon Capture and Storage

Central European Hydrogen Corridor
Compressed Gaseous Hydrogen

Methane

Carbon dioxide

Direct Air Capture

European Bank for Reconstruction and Development
European Network of Transmission System Operators (electricity / gas)
European Union

Fuel Cells and Hydrogen Joint Undertaking
Full Load Hours

Fischer-Tropsch

Free trade Agreements

Hydrogen

Hirschman-Herfindahl Index

Higher Heating Value

Interconnection Point

Joint Research Centre

Kilotonne

Levelised Cost of Electricity

Levelised Cost of Hydrogen

Liquefied Hydrogen

Lower Heating Value

Liquefied Natural Gas

Liquid Organic Hydrogen Carrier

Middle East-North Africa

Methanol

Megatonne

Member State

National Development Plan

National Energy and Climate Plan

Natural Gas

Ammonia

National Regulatory Authority
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Acronym

PEM
PAC
RES
SOEC
Sm3

SNG

TEN-E

TFEC

TPA (rTPA / nTPA)
TRL

TRP

TYNDP

UHS

WACC

Full description

Proton Exchange Membrane

Paris Agreement Compatible
Renewable Energy Sources

Solid Oxide Electrolyser Cell
Standard cubic meter

Synthetic Natural Gas
Trans-European Energy Network
Total Final Energy Consumption
Third Party Access (regulated TPA / negotiated TPA)
Technology Readiness Level
Technology Risk Profile

Ten-Year Network Development Plan
Underground Hydrogen Storage
Weighted Average Cost of Capital
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Glossary of terms

Term

Renewable hydrogen

Renewable hydrogen
derivatives

PtX

e-fuel

e-liquids

PtL or
Liquid derivatives

e-ammonia
IEE Global PtX Atlas

Green hydrogen

Full description

Hydrogen produced via electrolysis, using renewable (mainly wind
and PV) based electricity

Comprises all products and fuels produced with renewable hydrogen.
In the frame of this study they include e-ammonia, e-methanol, e-lig-
uids (also called liquid derivatives), e-gases

Power-to-X is used when it refers to specific literature (mainly in
chapter 2). They comprise renewable hydrogen and derivatives

E-fuel is used when it refers to specific literature (mainly in chapter 2).
E-fuels comprise all electricity based hydrogen derivatives which are
used as fuels

E-liquid is used when it refers to specific literature (mainly in chapter
2). E-liquids are similar to PtL or liquid derivatives

Power-to-Liquids or liquid derivatives are all hydrogen based deriva-
tives produced via Fischer Tropsch synthesis. They comprise e-kero-
sene, e-diesel and e-gasoline.

Ammonia produced with renewable hydrogen

Fraunhofer IEE Global mapping of potential Power-to-X production
worldwide, available at https://maps.iee.fraunhofer.de/ptx-atlas/

Refers to the EU hydrogen strategy concept of green hydrogen.
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Executive summary

The European Commission’s hydrogen strategy’ presented in July 2020 outlines, amongst other
elements, how to upscale the demand and supply of renewable hydrogen. It has set the strategic
objective to install at least 40 GW of renewable hydrogen electrolyser capacity within the EU
(producing about 5 Mt of renewable hydrogen) based upon an estimated demand of up to
10 Mt per year of renewable hydrogen in the EU by 2030.

To produce 10 Mt of renewable hydrogen, a substantial amount of additional renewable electric-
ity’ will be needed to produce renewable hydrogen, on top of the large amounts of renewable
electricity that will be needed to electrify end-uses that are currently served by other energy carriers.
The characteristics of renewable electricity generation, such as its variability and the time needed
to realize additional solar and wind parks, the need to minimise the costs of the energy transition,
and security of supply considerations require taking an in-depth look into the role of renewable
hydrogen import (infrastructure) as well as into the role of hydrogen storage (infrastructure)
to decarbonize the EU economy.

At the moment, it is not clear whether domestic production of hydrogen will achieve the strategic
EU 2030 goal to cover 10 Mt of renewable hydrogen demand, leading to the potential need for
imports. Therefore, this research paper intends to assess the supply gaps and possible options for
cost-effective renewable hydrogen carriers imports and transport modes, given the broad di-
versity of potential supply scenarios. Hydrogen carrier refer to the chemical compound by which
hydrogen is transported. Hydrogen-derivative refers to the (end) product that is derived from hy-
drogen. ‘Hydrogen' refers to compressed gaseous hydrogen (CGH2), liquefied hydrogen (LHz) forms,
and hydrogen bound to other molecules such as liquid organic hydrogen carriers (LOHC's), while
derivatives comprise:

e Liquid derivatives or PiL (e-kerosene, e-gasoline, and e-diesel);
e Methanol (MeOH), Ammonia (NH3);
e E-gases, such as Synthetic Natural Gas (SNG);

Supply and demand of renewable hydrogen and its derivatives in 2030

The study provides an overview of renewable hydrogen and derivatives supply and demand in 2030,
projected in various studies addressing climate neutrality of the entire energy system within EU27
by 2050 (with the contribution of different energy carriers, not only hydrogen and its derivatives).
It aims at identifying gaps, to be filled with international supply through import. Scenarios with a
minimum installed electrolyser capacity of 40 GW in 2030 were considered. Four scenarios from
four different studies fulfilling these criteria are chosen for the further analysis:

e EC MIX-H2: achieving the target of 55% GHG in 2030 - European Commission (2021) Impact
Assessment Report;

e Paris Agreement Compatible (PAC?): Building a PAC energy scenario, for pathway towards the
1.5°C target of the Paris Agreement - Climate Action Network Europe (2020);

https://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf

2 Electrolyser efficiency can be considered at 48.89MWhel/tH,, meaning that producing 10Mt H, would require 488.9 TWh electricity (in average),
which can be rounded to 500 TWh

https://caneurope.org/building-a-paris-agreement-compatible-pac-energy-scenario/


https://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf
https://caneurope.org/building-a-paris-agreement-compatible-pac-energy-scenario/
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ENTSO DE: TYNDP 2020 Scenario Report?, through a bottom-up approach (based on historical
energy balance data), considering NECPs - ENTSO-E and ENTSOG (2020);

JRC 1.5: Global Energy and Climate Outlook (GECO) 2020, A New Normal Beyond Covid-19°,
the 1.5°C scenario - Joint Research Centre (2021).

The European Commission'’s scenario EC MIX-H2 is used as an anchor scenario in the analysis, due
to its objective to align with the target of the Hydrogen Strategy® (40 GW installed capacity of
electrolysers, leading to 5 Mt Hz produced on the EU territory, based on 4,162 hours equivalent and
the energy content of hydrogen ~33,3 kWh/kg Hz). As the other target of reaching 10 Mt (equiva-
lent to 333 TWh) H2 demand in 2030 (including for the production of derivatives) is not met by this
original scenario (and is only reached between 2030 and 2035), upscaling the EC MIX-H2 to fulfill
the target is foreseen through the following two variations:

1)

2)

Uniform over all sectors: the scale-up of demand will occur evenly to both hydrogen and its

derivatives in all sectors.
Only direct hydrogen demand: the scale-up of demand occurs firstly to the direct use of hydro-

gen.

The modelling results from these selected scenarios will be used to provide an overview of demand
and supply of hydrogen and its derivatives. The following figure illustrates the imbalance between
the domestic demand and supply projected in the different scenarios, showing the possible need
for renewable hydrogen import.

Figure 1 Overview on supply and demand of hydrogen in 2030 in selected scenarios
700 mH2demand in industry H2 demand in transpor B Green hydrogen supply
H H2 demand in building B H2 demand in total Hydrogen for e-fuels transformation
= 600 11H2demand in energy sector
E Demand Supply
T 500
©
£
[}
g 400 the EU Hydrogen Strategy: 10 Mt
s (equivalent to 333 TWh)
>
& 300
Q ]
=
w
$ 200
e
4
o . -
, ]
EC MIX-H2* EC MIX-H2* JRC1.5 ENTSO DE  ECMIX-H2 ENTSO DE JRC 1.5%*** PAC**
(uniform  (only direct
over all hydrogen

sectors) demand)

Reference demand Low energy Medium energy demand Reference Supply Supply within the EU
demand supply considering
import

* Adjusted demand with total H. demand of 10 Mt (equivalent to 333 TWh)
** Based on an electrolyser efficiency of 60%
*** Based on assumption of 1 GW electrolyser produces 4.16 TWh hydrogen per year

4 https://www.entsog.eu/sites/default/files/2020-07/TYNDP_2020_Joint_Scenario%20Report%20ENTSOG_ENTSOE_June_Final.pdf

This report is the sixth edition of the Global Energy and Climate Outlook (GECO), available at https://publications.jrc.ec.europa.eu/reposi-
tory/handle/JRC123203

https://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf
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Overall, it can be concluded that the development of hydrogen and its derivatives is uncertain,
further causing different levels of possible import demand. Nevertheless, if the European Commis-
sion’s hydrogen strategy concretizes, meaning 10 Mt demand of hydrogen in 2030 including to
produce derivatives, supply gaps will more than likely exist in 2030 and importing these energy
carriers will be required under most circumstances. These supply gaps in 2030 need to be covered
by importing from countries and regions outside of the EU.

The role of renewable Hz import to the EU

Market trend and gap analysis

The study analyzes the various factors influencing to which extent the EU could start, or even mas-
sively import renewable hydrogen and its derivatives, at the 2030 horizon. These influencing factors
are driven by:

e EU and international market developments, with potential gaps between the production and
demand of hydrogen and derivatives in the EU;

e The total cost of hydrogen and derivatives, along the entire supply chain (import cost, consist-
ing of production and transportation costs);

The study assesses the current market trend, and, assuming that there are supply gaps at EU scale,
identifies how international market (potential exporting markets) could fill in such gaps. Thereafter,
it describes the main elements, technical characteristics and costs of production, transformation (or
conversion) and transport of renewable hydrogen and its derivatives. The study also analyses the
costs for hydrogen, Power-to-Liquids (PtL), Methanol, and liquid synthetic natural gas (SNG) pro-
duction and transport up to the EU borders. Finally, it discusses the barriers and regulatory needs
for developing hydrogen imports to the EU, with a focus on renewable hydrogen and its derivatives.

Potential future exporting countries, as well as their potential export volumes of renewable hydro-
gen on the short term, are analyzed on the basis of the IEE Global PtX Atlas published in June 2021".
In order to rank the potential exporting regions at the 2050 horizon, the PtX Atlas methodology is
based on the extensive analysis of the production potential of each region. The largest land poten-
tials for the production of renewable hydrogen and derivatives arise in large countries such as the
United States, Australia, Argentina, or Russia, with coastal or inland waterways accesses (more than
70% of the PtX potential is located near freshwater resources, due to the fact that electrolysis re-
quires significant amounts of water). Inland waterways would also provide efficient transport means.

This first PtX Atlas concludes that in the long term (2050), outside Europe, a total of around 109,000
TWh of liquid hydrogen and respectively 85,000 TWh of derivatives could be produced. Of course,
the suitability for the development of a renewable hydrogen and derivatives infrastructure also
depends on the socio-economic conditions in the renewable hydrogen and derivatives producing
country.

Regarding the current global development of a hydrogen economy, it appears that more and more
renewable hydrogen projects are being announced around the world. An analysis of the largest
projects, the expected derivative and the potential amount produced was carried out based on an
IEA project pipeline and on Recharge Global news and Intelligence for the Energy Transition®. These

7 Source IEE Global PtX Atlas https://maps.iee.fraunhofer.de/ptx-atlas/

8 https://www.rechargenews.com/energy-transition/growing-ambition-the-worlds-22-largest-green-hydrogen-projects/2-1-933755
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major projects announced worldwide will reach a total capacity of 58 GW of electrolysis in 2030,
allowing to import between 5 - 7.25 Mt/a to the EU.

In the long term (2050), there is a huge potential worldwide for the production of renewable hy-
drogen and derivatives. However, in the very short term, given the fact that there is no international
hydrogen market yet, and at the same time expectations across the world are also ramping up,
export capacities to Europe remain uncertain and based only on the current announced projects.
Now, it is also assumed that new important projects will emerge in a near future, bringing additional
capacities worldwide and opportunities to export to Europe.

To complete the assessment the cost of these imported products to the EU should also be consid-
ered, in order to compare their competitiveness with production within the EU.

Production, transformation and transport technology

The supply chain of imported products from different regions in the world comprises the produc-
tion of hydrogen by electrolysis fueled by renewable electricity, its conversion to transportable hy-
drogen (liquefied LH2 or compressed gaseous CGH), its conversion to derivatives (PtL like Die-
sel/Kerosene, methanol - MeOH, ammonia - NHs, Synthetic Natural Gas — SNG), or its binding with
Liquid Organic Hydrogen Carriers (LOHCs) and finally the transport of the fuel by ship for all liquids,
and by pipelines for gaseous forms.

The technical characteristics and costs for the production and transport of renewable hydrogen and
its derivatives are described in the study. Some results are illustrated by the three next figures con-
cerning the import cost of liquid hydrogen, of Fischer Tropsch? fuels (Diesel/Kerosene), and meth-
anol in 2030 (the details, and the other above mentioned fuels can be found in the main report,
under chapter 3.2).

®  The Fischer Tropsch process produces liquid and gaseous hydrocarbon fuels (as gasoline, diesel, kerosene or gas oil) by passing a mixture
of carbon monoxide and hydrogen over metal or other catalysts at elevated temperatures and at normal or higher pressures

12
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Figure 2 Cost of Liquid Hydrogen supply chain: import cost 2030
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Figure 3 Cost of Fischer Tropsch (Diesel/Kerosene) supply chain: import cost 2030
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Figure 4 Cost of Methanol supply chain: Import cost 2030
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In conclusion, generally the more conversion steps the process chain contains, the lower its effi-
ciency, leading to higher costs, although the ease of transport/storage/market opportunities also
influences the cost and economic attractiveness of a product. However, due to i.e. excellent renew-
able energy resources with accordingly low LCOE and high full load hours, the combined production
and transport cost can be a very attractive option for the EU - in particular when considering re-
newable hydrogen derivatives which are cheap and efficient to transport.

The import of ammonia, methanol, e-diesel and e-kerosene seems to be the most straightforward
to realize at the present time. The infrastructure for transporting these fuels already exists and is
already being used for the fossil hydrocarbons as well as fossil-based ammonia to be substituted.
Additional transport capacities and some new export terminals might however be necessary. The
cost of transporting these liquids to the EU has proven to be the most economical in the analysis,
especially compared to the transport of liquefied hydrogen which remains expensive due to the
need for new infrastructure (terminals, tanks), the energy intense liquefaction and boil-off losses
during transport.

It can be suitable to import hydrogen via a pipeline from neighboring countries e.g. from the MENA
region. Important renewable energy resources near the EU with accordingly low LCOE and high full
load hours would lead to very attractive production and transport costs of gaseous hydrogen. New
storage and a grid infrastructure (new built pipelines or rededicated natural gas infrastructure)
would still be required. This option, for the direct use of hydrogen (in the industry or in transport),
only requires hydrogen compression for the transport and will remain more attractive than the
reconversion of the liquid derivatives back to hydrogen.

The main cost drivers for import costs of renewable hydrogen and derivatives remain the availability
and costs of renewables. The transport costs, in turn, depend mainly on the transport distance
(including the losses). Despite the comparatively long distance between some of these regions and
EU and the correspondingly higher transport costs, the cost advantages of these regions due to
extremely advantageous renewable resources may outweigh the economic disadvantages of
transport costs, especially for derivatives.

Regulatory needs for hydrogen imports and import infrastructure

The EU Hydrogen strategy addresses cooperation in the field of “clean hydrogen” with the EU’s
neighbouring countries/regions and other international partners to establish secure hydrogen sup-
ply chains and diversify imports. The EU's Eastern and Southern'® neighbours, especially Ukraine,
are set to be priority partners due to renewable potential, existing infrastructure and physical inter-
connections with EU Member States. To address production and market uncertainties, the strategy
aims for coordination with neighbours on research, innovation and policy as well as direct invest-
ments and fair trade of hydrogen and derivatives. Hydrogen imports from Energy Community "'
countries or North Africa (e.g. Egypt, Libya) could potentially be competitive. Moreover, supplies
through pipelines could be more secure than shipments from other regions, as competition with
e.g. Asian markets would be more limited.

Concerning regulatory and market barriers for hydrogen imports to the EU, some studies exist, but
the topic is rather new and few principles exist yet on how to foster international hydrogen trade
and hydrogen imports to the EU. In this study we provide recommendations on policy and regula-
tory frameworks to promote the import of hydrogen and its derivatives to the EU.

© The Southern neighborhood includes Algeria, Egypt, Israel, Jordan, Lebanon, Libya, Morocco, Palestine, Syria and Tunisia

™ Albania, Bosnia and Herzegovina, Kosovo*, North Macedonia, Georgia, Moldova, Montenegro, Serbia and Ukraine
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Context and analysis of barriers

The study addresses contextual topics and barriers to consider when establishing policies and reg-
ulations around international hydrogen trade, specifically regarding EU imports. Some of the barri-
ers are generally referring to the lack of international trade at the moment, others are related to
hydrogen infrastructure and market design. It must be noted that several of these barriers should
be addressed once the legislative proposals of the Hydrogen and Decarbonised Gas Market Pack-
age are agreed on and implemented.

Besides every player in the value chain needing clarity about the future hydrogen agenda, pre-
ferred production technologies, as well certification criteria have to be defined in order for in-
vestments to start;

The lack of harmonized certification schemes for hydrogen poses an issue, as it blocks the ac-
counting of emission reductions achieved towards sectoral renewable energy targets and al-
lows possible false claims by hydrogen producers, as well as results in a lack of trust by the
public in low-carbon character of hydrogen;

Intergovernmental agreements and strategic partnerships can foster international hydrogen
trade, and bilateral agreements are most fit to do this (as opposed to multilateral);
Development of import infrastructure will require certainty regarding hydrogen volume fore-
casts. Sales agreements, multilateral agreements to address country specific risks, and permit
and licenses.

The future regulatory framework should address the repurposing of existing regulated Liquified
Natural Gas (LNG) terminals, otherwise the lack of a framework in this regard could slow down
investments into critical hydrogen infrastructure. Significant components of an LNG terminal
need to be repurposed/replaced in order to convert it to an LH, terminal, meaning that the cost
advantage of a repurposed LHz terminal is not significant compared to a new built. It is unlikely
that existing LNG terminals can be adapted to handle multiple carriers simultaneously.
Existing long-term gas capacity contracts may hamper conversion of existing assets due to sup-
ply commitments, more likely in case of pipelines than in LNG terminals.

Possible policy and regulatory measures

Five policy recommendations to address the aforementioned barriers that hamper international
hydrogen trade are summarised:

Bilateral and multilateral strategic partnerships and dialogue have to be established with ex-
porting countries as a framework for future trade, providing certainty to investments, develop-
ing technical expertise, addressing financing, and considering the wholistic context;
Market-making mechanisms could be developed at EU level. Given the lack of an international
hydrogen value chain, the capital intensity of the investments and future uncertainties, a coor-
dinated approach to developing supply and demand is necessary;

Compliance of imported hydrogen and carriers with EU certification standards, with national
and international bodies facilitating the adoption of the certification schemes;

Clear regulatory frameworks for import infrastructure in order to reduce regulatory risk to po-
tential investors and ensure that new infrastructure investment is aligned to energy & climate
objectives, including quality standards, allowing the repurposing of infrastructure;

Incentivise measures by infrastructure operators and market parties to address constraints of
existing long-term natural gas contracts and new contracting terms to allow the repurposing
of existing gas infrastructure for hydrogen import.
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Importance of hydrogen storage facilities in the EU

The significant deployment of hydrogen and derivatives foreseen in the European Commission’s
Hydrogen Strategy will require the deployment of various forms of hydrogen storage for a number
of reasons. The main reason concerns the match between hydrogen supply and demand profiles,
driven by the intermittency of renewable energy sources, the use of hydrogen in industry, transport
and eventually power generation. Hydrogen storage should increase economic value to market
participants (hydrogen producers and consumers), increase the security of supply of the EU energy
system, and provide flexibility to the electricity and (methane) gas sectors avoiding the need for
additional investments in e.g. hydrogen production capacity.

There are significant differences between the various hydrogen storage technologies regarding
maturity, technical and economic characteristics, and potential applications. Technical improve-
ments, cost reductions, and demonstration and large-scale deployment all need to be achieved in
order for hydrogen storage to fulfil its potential.

In addition to technical and economic challenges, regulatory barriers exist for the deployment of
hydrogen storage. The main objective of this section is therefore to conduct an analysis of the
potential and measures to develop hydrogen and derivative storages in the EU.

Hydrogen and derivatives storage technologies

With its low density'?, hydrogen poses unique challenges for storage and transport. To increase
stored hydrogen quantity, hydrogen gas can be compressed (CGH,) or liquefied (LH,) and stored
in above-ground tanks. Compressed hydrogen gas can also be stored underground in salt caverns
(UHS — Salt caverns) or porous reservoirs (UHS — porous reservoirs). Alternatively, it could also be
stored by entrapping it within other products such as Liquid Organic Hydrogen Carrier (LOHC) or
by chemically converting it to ammonia (NH3), methanol (MeOH), liquids such as e-kerosene, or
synthetic natural gas. All these options for storing hydrogen present a broad technology platter to
integrate hydrogen into the future energy mix. Each storage technology has different energy den-
sity (volumetric/gravimetric) and storage capacity, time-scales and charge-discharge rates. For in-
stance, hydrogen storage capacity can vary from hundreds of kg to several kilotonnes (kt) for a
pressurized tank to salt cavern storage technology respectively. The specific investment cost of
storage also varies strongly from approximately 535 €/kg for compressed tank storage to 7 €/kg
for salt caverns; and possibly > even lower for depleted gas reservoirs. The operational strategy (e.g.
amount of annual cycles) and costs then also have a very important impact on the storage costs.
Matching the right storage technology with the right purpose in the hydrogen value chain is thus
not only a technical choice but highly influenced by value chain economics.

The following storage technology concepts are explained with their current technical status and
challenges:

e Pressurized hydrogen gas storage options: compressed hydrogen gas storage in tanks (CGH2),
with a typical unit consisting of a rack of tanks able to store 500 kg or, equivalently, 16.7 MWh
of hydrogen at 200 bar; underground storage in salt caverns with pressures ranges from 35 bar
to 210 bar and capacity range from 100,000 m3 -1,000,000 m? (several kt of Hz; underground
storage in depleted gas field, which is not a proven technology to store hydrogen (TRL 2-3),
but has a very large potential (between 1 and 3 billion Sm*, or tens or hundreds of kt of H2);
line packing in transport and transmission pipelines.

2 Hydrogen molecule with molecular mass of 2g/mol has a density of 0.09 kg/Sm? (standard cubic meter)
3 Storage in porous reservoirs has currently a TRL of 2-3

™ The volumetric density of hydrogen compressed at 200 bar and 273°C is 15.6 kg/m3 or 520 kWh/m3 (Lower Heating Value)
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e Liquefied hydrogen / liquid derivatives in tanks (which has a considerably higher energy density
than in gaseous form, making it an attractive storage and transport medium:

e Liquefied hydrogen in tanks. LH, is currently typically stored at -254 °C in a cryogenic
insulated spherical tank. LH, tanks are preferred for small and medium scale storage appli-
cations;

e Ammonia is conventionally stored in liquid form under atmospheric pressure and a tem-
perature of -33 °C, from large scale (4,500 to 55,000 tons of NH3) to small scale (less than
270 ton of NH3);

e LOHCs can exist in liquid form at atmospheric conditions, with similar properties as con-
ventional liquid fuels which makes them suitable to store in tanks;

e Methanol has high hydrogen storage density (99 kg H,/m? MeOH) and exists in liquid form
under atmospheric conditions (20 °C and 1 bar), with capacity up to 50,000 m? (~ 40 kt of
methanol or 5 kt of hydrogen);

Typically, the storage capacity in surface tanks varies from 500 kg for CGH, to ~ 10kt of hydrogen
for the largest NHj tanks. These capacities are typically smaller in comparison to underground hy-
drogen storage with typical capacity of 180kt H, in a porous reservoir or ~8kt H, in a salt cavern.
From an economic perspective, the specific investment cost of underground hydrogen storage nor-
malised with energy capacity is lowest for porous reservoir at 0.05 €/kWh H,, LHV (2 €/kg ). For
compressed H, in tanks, these costs can be as high as 16 €/kWh H,, LHV'®. In spite of the large
variation in costs, a portfolio of surface and subsurface storage technologies will be needed across
the entire hydrogen value chain.

To conclude, hydrogen storage options benefit from economies of scale: specific investment cost
decrease with storage capacity; subsurface storage offers lower specific investment cost than sur-
face storage; large scale hydrogen and derivatives surface facilities offer low-cost storage but often
require high (pre-and post) processing energy need and costs.

Storage potential in the EU

There are limited technical constraints to exploit the potential of surface hydrogen storage options.
However, the technical potential’” for surface storage of hydrogen is typically limited by spatial
constraints.

Tanks located at import terminals are used to store fuels (e.g. LNG, NG, other petroleum products)
and chemicals (e.g. methanol, bio-ethanol). In 2019, the total LNG storage capacity within EU27 +
UK amounted at approximately 10 million m3 LNG or 55 TWh."® Most of LNG storage tanks are
located at import/export terminals and availability of space in harbours is a major constraint. Ca-
pacities of LNG tanks vary from 50,000 m? to 250,000 m>.

The availability of salt caverns and depleted gas fields is unevenly distributed across the EU. For
instance, the technical potential for salt caverns in Europe is limited to some member states, and a
lot of the potential is located offshore, mainly in the North Sea. Overall, the total technical potential

This excludes surface facilities for compression and gas treatment and focusses on cushion gas investments. A recent study by H. Yousefi ‘De-
sign considerations for developing an underground hydrogen storage facility in porous reservoirs’ (2021) indicates that specific investment
costs, including more detailed cost assessment, for a 0.8 bcm working volume porous reservoir gives results between 5 and 7 €/kg H,,

6 1 kg H, = 33.33 kWh (LHV) and 1 k H, = 39.4kWh (HHV). LHV was chosen because not all combustion heat released as water vapour is recov-
ered, therefore LHV is more pragmatic for the cost (for HHV, it should be 13.5 €/kWh H).

Technical potential refers to the theoretical or resource potential constrained by real-world geography and system performance, but not by
economics.

8 Derived from GIE LNG Import Terminals Map Database May 2019
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of salt caverns in Europe is estimated at approximately 85 PWh of hydrogen'. The technical storage
capacity in depleted gas fields across the EU is most likely to be larger than in salt caverns, but is
currently not quantified.

In a nutshell, a broad portfolio of hydrogen storage options is very likely necessary to meet market
needs and surpass geographical challenges. Market potential for hydrogen storage is dominated
by subsurface storage and alternative hydrogen storage options become key when subsurface stor-
age is absent or has capacity limits. The technical subsurface storage potential is very large but
there is unequal distribution of salt caverns storage potential across member states. The repurpose
potentials of natural gas caverns and porous media storages can reach 265 TWh. There is theoret-
ically substantial potential for hydrogen storage at import locations, but repurposing LNG capaci-
ties is not straightforward from a techno-economic point of view, mainly due to the heavy invest-
ments required to rededicate LNG assets.

Contribution of storage to the system in terms of flexibility, supply security and eco-
nomic value

Hydrogen storage benefits at system level and at individual level (bringing economic value to indi-
vidual actors in the hydrogen supply chain).

In terms of systemic impact of deploying hydrogen storage, the contributions are categorised as:

e Security of supply for the hydrogen sector; primarily in the ability to stock hydrogen reserves,
available to be released in case of supply disruptions;

e Energy system flexibility, categorised by the time horizon in which the flexibility is deployed:
close-to-real-time horizon, short-term time horizon, period of months to years;

e Optimal (cost-effective) development of network infrastructures, and electrolysers localisation,
if the role of storage is appropriately considered in the integrated network planning process.

Considering the impacts of hydrogen storage on individual actors in the hydrogen supply chain,
the main benefit for electrolyser operators is the possibility to decouple the time of hydrogen pro-
duction and consumption. This enables price arbitrage on hydrogen markets, as well between the
electricity markets and hydrogen market. Where Underground Hydrogen Storage (UHS) is available,
electrolyser operators or suppliers are more likely to invest in or contract (fast-cycling) UHS services
rather than operate their own hydrogen tanks for managing supply variability. In the case of hydro-
gen end-users, hydrogen storage offers a greater stability of hydrogen supply, avoiding higher price
fluctuations on the market, and seasonal storage].

Case studies conducted in the frame of the study (archetypes) confirm that hydrogen storage de-
ployment results in lowering investment and operational cost of the whole energy system. They
also show that access to large scale hydrogen storage options lowers overall system costs, suggest-
ing that interconnection across the EU for regions with limited access to storage is of high strategic
value.

Asset and risk classifications per storage technology

The study conducts an analysis of hydrogen storage assets and classify them according to risks per
storage technology. This should facilitate the development of policy measures targeted at reducing
financial barriers to the investment in hydrogen storage assets due to high actual or perceived risks
(country risks, market risks, policy and regulatory risks, technology risks and project-specific risks).

9 Suitability assessment was conducted by applying land eligibility constraint. It is done to bedded salt deposits only . The study assumed that
domal salt deposits are suitable for unground hydrogen storage. Moreover, the estimate includes also the UK, Norway, Bosnia & Herzegovina,
and Albania.
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Future hydrogen storage projects should face non-negligible technology risk premiums. While stor-
age of hydrogen in salt caverns is a proven technology (TRL 9), fast cycling of those storages is less
mature (TRL 7). Also, storage in porous reservoirs is at a much lower maturity (around TRL 2-3).

Salt cavern hydrogen storage projects could achieve technology risk premiums close to 3% by 2030.
Future projects for storage in porous reservoirs could face Technology Risk Profiles (TRP) of around
6%.

The absence of a clear and predictable regulatory framework will lead to policy and regulatory risks
which would further increase total risk premiums. Hydrogen storage projects are CAPEX-intensive
and economic support will be required, at least initially, for investments to take place.

There is a lack of familiarity of the financial sector with hydrogen storage technologies and projects.
EU and Member States can support not only technological innovation but also financial learning
around hydrogen storage, in order to reduce risk premiums.

Context and analysis of barriers for the development of hydrogen and derivatives stor-
age

The study details five contextual topics and barriers which shape the necessary policies and regu-
lations to develop a hydrogen system, with a specific focus on hydrogen storage.

1/ Hydrogen markets will develop slowly. Hydrogen purchase agreements complemented with
long-term network capacity bookings should provide the certainty for initial investments in hydro-
gen infrastructure. However, a development based on long-term bilateral agreements may initially
restrict the liquidity of organised markets. In addition, low market liquidity may hinder the ability
of hydrogen storage to profit from price differentials. Moreover, underground hydrogen storage
capacity may in the beginning largely exceed storage needs due to minimum project sizes.

2/ The need for regulation of storage will vary across Member States and storage types. Hy-
drogen storage capacity for all salt cavern is unevenly distributed across Member States. Repur-
posed H, storage capacity may be limited for 2050. The development of new UHS storage assets is
likely to be necessary to meet the 2030 storage needs if the storage levels foreseen in the Hydrogen
and Decarbonised Gas Market Package?’ impact assessment modelling are to materialise. Each
storage type and size may be more suitable to a specific storage need, and in specific cases and
countries other storage forms than salt caverns could be more competitive or be the only available
solution. Integrating future hydrogen storage markets provides countries without salt cavern po-
tential access to underground storage capacity and can decrease market concentration. It is likely
that large-scale storage in some/several Member States will require EU regulation.

3/ Energy sector planning may not consider fully storage needs & benefits, potentials and inter-
action with other sectors, although there has been some progress in the recent years in integrating
the hydrogen sector into network planning (e.g. joint ENTSOs’ TYNDP scenario?'). However, elec-
tricity and (natural) gas system projects are still assessed separately in the TYNDP process, with
hydrogen supply and demand being considered only on the "boundaries’ of the system.

4/ Market design and network tariffs may not reward the benefits of hydrogen storage. While
the market value may be adequately rewarded, that may not occur for the system (flexibility) and
security of supply values. Inadequate consideration of the system value may occur due to a lack of
integrated systems planning, entry barriers in wholesale or ancillary services markets, lack of incen-
tives for network users to minimise imbalances, and other barriers.

%0 https://ec.europa.eu/energy/topics/markets-and-consumers/market-legislation/hydrogen-and-decarbonised-gas-market-package_en

21 ENTSO-E and ENTSOG (2020). TYNDP Scenario Report. Available at: https://2020.entsos-tyndp-scenarios.eu/wp-content/up-
loads/2020/06/TYNDP_2020_Joint_ScenarioReport_final.pdf
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5/ There is regulatory uncertainty concerning the conversion of currently regulated gas stor-
ages, since the current EU and most national regulatory frameworks for natural gas do not cover
hydrogen yet. Projects need to be started soon if storage capacity is to be available by 2030, as
from a technical point of view, repurposing hydrogen storages can take anywhere from 1 to 7 years,
and developing new storage assets can take from 3 to 10 years.

Policy and regulatory measures to address barriers to hydrogen storage

Three main recommendations are provided regarding policy and regulatory measures for the de-
velopment of hydrogen storage . Again, the adoption and implementation of the legislative pro-
posals of the Hydrogen and Decarbonised Gas Market Package should address several of the bar-
riers identified.

1/ A clear, predictable regulatory framework for large-scale hydrogen storage should be set
in place, comprising provisions for Third Party Access rules, horizontal & vertical unbundling, Cost
Benefit Assessment for regulated hydrogen storage investments, rules regarding repurposing, a
potential role for the Commission disseminating best practices and providing guidance on permit-
ting procedures

2/ Integrated planning (of hydrogen, methane and electricity systems) should be promoted, in-
cluding the following provisions: having minimal requirements for cross-sectoral planning in NDP ;
; requiring that NDPs are based on hydrogen demand and supply forecasts defined or approved by
policy makers or National Regulatory Authorities (NRAs), in order to ensure planning alignment ; ;
requiring hydrogen adequacy assessments to be conducted by system operators

3/ Develop hydrogen markets design and network tariff structures to adequately value the
contributions of storage and other flexibility resources.

Prospective analysis ‘domestic’ vs. ‘external’ H, production

The aim of this chapter is to combine the findings and data from the previous chapters in order to
build complete pathways from production to end-use and assess and compare these pathways. It
connects EU Hz/derivatives demand and Hz/derivatives supply, being domestic or import.

Demand scenario

The demand scenario will ensure it reaches at least 10 Mt renewable Hz per year®? as demand across
EU27, equivalent to 28,600 ktoe®’.

According to the FCH JU Observatory, total hydrogen production capacity in EU27 countries at the
end of 2019 has been estimated at 10.8 Mt per year.?* The corresponding consumption of hydrogen
has been estimated at 8.4 Mt (~280 TWhunv), which means an average capacity utilization of 80%,
with the biggest share coming from refineries (~49%), followed by ammonia production (~31%).

The demand scenario (as illustrated in the following table) is based on the literature review, and
especially on the different studies analysed under chapter 1, including the MIX-H2 scenario.

H, strategy “In a second phase, from 2025 to 2030, hydrogen needs to become an intrinsic part of an integrated energy system with a strategic
objective to install at least 40 GW of renewable hydrogen electrolysers by 2030 and the production of up to 10 million tonnes of renewable
hydrogen in the EU”

1 metric ton of hydrogen contains 2.86 toe

2 https://www.fchobservatory.eu/sites/default/files/reports/Chapter%202%20Hydrogen%20Supply%20and%20Demand%202021.pdf
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Table 1 Hydrogen demand scenario
2030-35
kt H: Hydrogen Ammonia PtL PtL PtL PtL SNG Total
direct use diesel fuel oil gasoline kerosene
H: production for
the se/conversion 4.700 1.500 1.700 500 400 900 300 10.000
of...
Hz production 13.400 4.400 4.800 1500 1.100 2500 800  28.500
(in ktoe)

Source: own elaboration, based on several scenarios (cf. chapter 2)

Supply chain description
The 4 steps covered in the supply chain are

e Production of hydrogen, based on local resources and electricity cost; including conversion in
the case derivatives are considered;

e Exporting infrastructure, including storage of products before loading ships;

e Transport, by ships & pipelines;

e Import infrastructure, such as terminals and import storage facilities. These entry points to EU
when imported from non-EU are located.

In Chapter 3, the cost of producing hydrogen and its derivatives was calculated for the top 10
countries with the greatest renewable hydrogen and derivatives potential, with calculations based
on the PtX Atlas of Fraunhofer IEE, which provides a cost-optimized system design and cost-opti-
mized fuel production cost.

These data from PtX Atlas should enable comparability between imported hydrogen and hydrogen
produced within the EU, as the latter one is calculated with completely different tools (based on
METIS). The results from such different calculation tools cannot be compared directly. This is why,
for the purpose of chapter 5, a very simplified tool was developed that calculates LCOE and LCOH,
using specific EU and non-EU data within the same simplified tool (only for hydrogen, not for de-
rivatives).

The calculations are carried out using the same assumptions, the only varying factors are the full
load hours of renewable energies (wind) and the resulting full load hours of electrolysis.

The production cost for hydrogen, based on the simple tool shows costs around 88 €/MWh for
EU countries and in a range of 32-46 €/MWh for non-EU countries (based on a simplified tool, cf
chapter 3).

Transport cost comprises investment in assets (ships and pipelines, possibly trucks)?®; operation
of the assets (OPEX and fuel costs), depending on the average distance; conditioning of derivatives
product for transport (liquefaction, compression). Transport cost of gaseous hydrogen between EU
countries is comprised in the range of 7-29 €/MWh (METIS, B optimised scenario), while pipeline
transport from non-EU countries is estimated in the range 6.3-13.5 €/MWh (PtX Atlas, from Africa
/ Eastern countries with 3 000 km distance). Shipping cost of LHz from the top 10 countries to EU
is comprised in the range 11.2-39.2 €/MWh (PtX Atlas).

The transport cost for different end products increase depending on the transport distance, but
also depending on the derivative under investigation. While the cost of hydrogen transport by
pipeline increases with the distance, mainly because of intermediate compression, for LHz transport
liquefaction is the cost-intensive part of the chain.

2> The cost for quality adaption after transport is not taken into account
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Importing infrastructure would comprise especially handling infrastructure (offloading) and ter-
minal storage infrastructure (usual medium scale storage, whose costs are presented in the follow-
ing section).

Regarding storage costs for hydrogen and derivatives, the table below presents a comparison of
the costs and sizes of new storages, based on the overview of chapter 4 as well as additional sources
for PtL and SNG.

Table 2 EU storage infrastructure costs®®

Storage H; (salt Liquid H» Methanol =~ Ammonia (re- PtL (diesel, ker- SNG (un-

infra costs caverns) (tanks) (tank) frigerated tank) osene - tanks)  derground)
Average 0.263 0.009 TWh  0.165 0.328 TWh 0.45 TWh?’ > 5TWh?®
storage TWh TWh

size

Costs of 200 2,700 113 194 €/ MWh Stored in exis- Stored in
new stor- €/MWh €/MWh €/MWh ting infrastruc-  existing un-
age ture derground
(CAPEX) facilities

Source: this study and DNV GL, 2020

The comparison of hydrogen production cost leads to lower production cost of hydrogen in non-
EU-countries because of cheaper resources. The transport costs for imported hydrogen are in turn
higher than the costs for intra-European transport. However, the hydrogen landed at the terminal
has also to be distributed within the EU, which leads to additional distribution costs compared to
domestic production and straight distribution.

To conclude, it can be stated that the costs for imported hydrogen is lower than for hydrogen
produced within the EU. There are countries in the world where the derivative products can be
produced at lower cost because of outstanding wind and PV resources, as highlighted within the
EC Long Term Strategy?’. However, as the cost of the products increases with increasing transport
distance, products from the EU can remain competitive. To ensure that all options are available in
the long term, the relevant import infrastructures as well as the European ramp up of derivatives
production facilities should be considered at an early stage. Furthermore, the factor of additionality
of renewable energies is decisive for the advantageousness in terms of climate effectiveness. Thus,
derivative production can only succeed sustainably on a large scale if it is accompanied by a massive
expansion of renewable.

Plausible supply pathways

To supply the forecasted EU demand for hydrogen and derivatives, several options are possible,
through domestic production (with intra-EU trade) and/or by importing from non-EU countries and
regions. Transport over very long distances (around 2,000 km and above) through ships can often
be economically more advantageous (and sometimes the only alternative) to transporting gaseous

% DNV GL study, 2020-09-09 - DNV GL - GIE database Liquid Renewable Energy (draft final).xlsx

Assuming an average tank size of 50 000 m?, based on https://www.vopak.com/terminals/vopak-terminal-europoort-rotterdam?language_con-
tent_entity=en

%8 Based

29 See the LTS page 64, footnotes 187, 188, available at https://ec.europa.eu/clima/system/files/2018-11/com 2018 733 analy-
sis_in_support en.pdf
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hydrogen through pipelines, leading to imports of liquefied hydrogen and/or derivatives being fa-
voured over imports of gaseous hydrogen. Pipeline transport over 2,000-3,000 km could be con-
sidered. Therefore, a gaseous hydrogen import pathway is considered only from Northern Africa
(e.g. Algeria, Morocco) or Eastern Europe.

The re-conversion (from any derivative back to (gaseous) hydrogen) significantly decreases the total
efficiency and is therefore currently not considered as a plausible pathway (this does not mean such
configuration will not happen or does not make sense, but rather that it would probably not be
deployed at large scale in the coming decade).

The following Figure 58 details the supply volumes of hydrogen and derivatives for the different
plausible pathways according to the origin (domestic or imported).

Table 3 Hydrogen and derivatives supply pathways to 2030/2035
(kT Hz-equiv- Hydro- Am- PtL PtL PtL gaso- PtL SNG Total
alent) gen monia diesel fuel line kero-
oil sene

Pathway 1 - Imported liquids

Domestic 4 690 282 4971

Import 1543 1652 562 390 883 5029
Pathway 2 - NH: domestic

Domestic 3176 1543 282 5000

Import 1514 1652 562 390 883 5000
Pathway 3 - PtL domestic

Domestic 1233 1652 562 390 883 282 5 000

Import 3457 1543 5000

Pathway 4 — NH3 & PtL domestic
Domestic 1543 1652 562 390 883 5029
Import 4 690 282 4971

The next table summarises the main characteristics of each pathway, and their impacts on each step
of the supply chain.
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Table 4

High-level de-
scription

Cost competitive-
ness of imported

hydrogen/ deriva-
tives
Im- Hydro-
port gen
routes
Deriva-
tives
Entry points

Pathway 1 - imported liquids

Renewable hydrogen produced in the
EU to supply the direct use of hydro-
gen, produced close to end-use,
transported through the hydrogen
backbone or through ships (intra-EU)
to main ports.

A small share of the domestic renew-
able H; is converted to methane
(SNG), close to gas network infra-
structure, for injection. Alternatively,
the hydrogen could be blended di-
rectly in gas networks.

Derivatives (PtL and NH3) are pro-
duced close to H production in part-
ner countries and exported to the EU.

Summary of the supply pathways characteristics

Pathway 2 - NHs; domestic

Renewable hydrogen is mainly pro-
duced in the EU, but with some im-
ports (1.5 Mt) of hydrogen.
Renewable ammonia is fully pro-
duced in the EU, close to chemical
plants mainly in Central-Western and
Eastern Europe. A small share of the
domestic renewable H; is converted
to SNG, close to gas network infra-
structure.

PtLs are produced close to H; pro-
duction in partner countries and ex-
ported to the EU.

Pathway 3 - PtL domestic

Domestic renewable hydrogen is
used mainly for power-to-liquids
production. A small share is used
for production of synthetic natu-
ral gas, which is injected in gas
networks.

Up to 1.2 Mt of domestic hydro-
gen is used in pure form, espe-
cially close to end-uses in coastal
areas or distributed through lo-
cal/regional networks, trucks or
barges.

Most of the hydrogen used in
pure form is imported from part-
ner countries.

Pathway 4 — NH3 & PtL domestic

Domestic renewable hydrogen is
used fully for ammonia and power-
to-liquids production.

All hydrogen used in pure form is
imported. Part is consumed near en-
try points while the rest is distrib-
uted through the hydrogen back-
bone.

A small quantity of SNG is imported
through existing LNG terminals.

As stated above, the costs for imported H; is lower than for H, produced within the EU, and the same cost difference would apply to derivatives. How-

ever, import cost does not include the cost of import infrastructure (terminal & storage), and transport cost increases with increasing transport distance,
both leading to situations where EU production would remain competitive.
For liquid derivatives, the existing import infrastructure would be used with very limited or no investments. Therefore, for those products, the import
(production & transport) cost difference will certainly remain an important factor,

N/A

NHs imports via ships to use existing
infrastructure.

PtL import via ships due to limited
volumes for pipeline transport & to
use existing infrastructure.

Imports of ammonia through ships to
any of the coastal MSs using existing
facilities.

H, transport via pipelines (from Eastern Europe or North Africa) and/or ships from other countries (liquefied H,).
Lower pipeline transport costs from neighboring regions potentially counterbalanced by lower production costs

in other regions.

PtL import via ships due to limited
volumes for pipeline transport to use
existing infrastructure.

Import of CGH, through pipelines
from Eastern Europe / North Africa —
1 to 2 pipelines to be repurposed.
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Import of CGH, through pipelines

from Eastern Europe / North Af-

Limited SNG imports through exist-
ing gas infrastructure (pipelines
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Import of CGH, through pipelines
from Eastern Europe / North Africa -
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Impact on import
infrastructure

Impact on storage

Pathway 1 - imported liquids

Imports of PtLs distributed in current
fuel terminals.

Hydrogen trade mainly between EU
Member States, no need for LH, ter-
minals or import pipelines.
Ammonia imported via ships using
existing port facilities, likely only lim-
ited new infrastructure needed.
Imports of PtLs distributed in current
fuel terminals, no adaptations neces-
sary. 3-4 terminals could satisfy
needs.

No need for additional NHs or PtL
storage in import terminals or down-
stream of the value chain (besides ex-
isting storage for fossil derivatives).

Pathway 2 - NH3; domestic

Alternatively (but less likely), import
of liquefied H, in CWE.

Imports of PtLs distributed in current
fuel terminals.

Import through pipelines would use
1-2 pipelines. Otherwise, 1-2 LH, ter-
minals (less likely).

Imports of PtLs distributed over cur-
rent fuel terminals, no adaptations
necessary. 3-4 terminals could satisfy
needs.

No additional need for H, under-
ground storage capacity compared
to domestic pathway in case H; im-
ported by pipelines. At least 1.25
TWh of liquefied H, tank storage ca-
pacity in terminals if H, imports sup-
plied by ship.

No need for additional PtL storage in
import terminals or downstream of
the value chain (besides existing
storage for fossil derivatives).
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Pathway 3 - PtL domestic

rica — 3 to 6 pipelines to be re-
purposed. Alternatively (but less
likely), import of liquefied Hz in
CWE, ES, IT.

Imports of ammonia through
ships to any of the coastal MSs
using existing facilities.

Import through pipelines would
use 4-5 pipelines. Otherwise, 5-6
LH, terminals (less likely).
Ammonia imported via ships us-
ing existing port facilities, likely
only limited infrastructure
needed.

No PtL imports, thus no terminals
required.

No additional need for H, under-
ground storage capacity com-
pared to domestic pathway in
case H, imported by pipelines.
Localization might change with
higher number of salt cavern
storages in ES/PT, RO, PL. Around
3 TWh of H; tank storage capac-
ity in terminals if H, imports sup-
plied by ship.

No need for additional NH3 stor-
age in import terminals or down-
stream of the value chain (be-
sides existing storage for fossil
derivatives).

Pathway 4 - NH3z & PtL domestic

3 to 6 pipelines to be repurposed.
Alternatively (but less likely), import
of liquefied H, in CWE, ES, IT.
Minimal imports of SNG injected
into existing gas infrastructure or lig-
uefied in terminals.

Import through pipelines would use
3-6 pipelines. Otherwise, 7-8 LH; ter-
minals (less likely).

SNG injected in existing NG infra-
structure

No additional need for H, under-
ground storage capacity compared
to domestic pathway in case H; im-
ported by pipelines. Localization
might change with higher number of
salt cavern storages in ES/PT, RO, PL.
Around 4 TWh of H; tank storage
capacity in terminals if H imports
supplied by ship.

No additional need for SNG storage
in existing LNG terminals.
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1 Introduction and general context

The European Commission’s hydrogen strategy>° presented in July 2020 year outlines, amongst
other elements, how to upscale the demand and supply of renewable hydrogen. It has set the stra-
tegic objective to install at least 40 GW of renewable hydrogen electrolysers within the EU
(producing about 5Mt renewable hydrogen) based upon an estimated demand of up to 10
million tonnes of renewable hydrogen in the EU.

According to the European Commission Hydrogen Strategy, ‘renewable hydrogen’ is hydrogen pro-
duced through the electrolysis of water (in an electrolyser, powered by electricity), and with the
electricity stemming from renewable sources. The full life-cycle greenhouse gas emissions of the
production of renewable hydrogen are close to zero. Renewable hydrogen may also be produced
through the reforming of biogas (instead of natural gas) or biochemical conversion of biomass, if
in compliance with sustainability requirements. According to this strategy, the long-term priority is
to produce renewable hydrogen, made from using mainly wind or solar energy.

Currently, the European Commission is working on the finalisation of detailed methodologies for
renewable hydrogen, which will ensure that green hydrogen is truly sourced from renewable energy
sources and achieve significant emission savings. While these rules are obviously tailored to the
specific regulatory needs of the EU and will only apply for counting hydrogen to the renewable
energy targets in the EU, they could serve as a benchmark to develop the trade of green hydrogen
at an international market.

Where reference is made to renewable hydrogen throughout this study, it should be read in con-
junction with the definition as outlined in the Commission’s hydrogen strategy, without pre-empt-
ing ongoing discussions on the final methodology to define renewable hydrogen (standards).

To reach the aforementioned targets, a substantial amount of additional renewable electricity
(~500 TWh?") will be needed to produce renewable hydrogen (on top of the large amounts of
renewable electricity that will be needed to electrify applications that are currently served by other
energy carriers) and to achieve 55% COz-emission reduction by 2030.

The characteristics of renewable electricity generation, such as its seasonal variability, the time
needed to realize (additional) solar and wind parks to produce electricity to produce renewable
hydrogen, as well as potentially low public acceptance for the development of (additional) renew-
able production sites, except for off shore production sites, requires us to have an in-depth look
into the role of renewable hydrogen import (infrastructure) as well as into the role of hydrogen
storage (infrastructure) to decarbonize the European economy.

1.1 Research questions

At the moment it is not clear whether domestic production of H, will achieve the strategic EU 2030
goal to cover 10Mt of renewable H, demand, leading to possible imports. Therefore, domestic
production and import volumes are not clear.

This research papers intends to address the following questions:

30 https://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf

31 Electrolyser efficiency can be considered at 48.89MWhel/tH,, meaning that producing 10Mt H, would require 488.9 TWh electricity (in average),
which is rounded to 500 TWh
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What is the expected domestic production in 2030 based on current plans and project devel-
opments out of EU?

Is there a gap between expected domestic demand for H, and its carriers in 2030 and beyond
(2050) in the EU and how does this match with the production capacities in the EU?

What is more cost-efficient — imports of H, or increase of domestic production capacity (in case
of a gap between expected domestic production and demand) in 2030 and beyond? This en-
tails an outline of competitive advantages (production outside vs inside EU)

What are the likely imports of H, and its carriers in 2030 and beyond? And which are countries
that will most likely export to the EU?

There exist many scenarios about the future energy mix and demand in the EU including imports
of renewable H and its carriers, but less information and assessments are available on infrastructure
needs, especially regarding H,-carrier-specific transport modes. H,-carriers refer to the way hy-
drogen is transported. This could be in gaseous form (compressed gaseous hydrogen-CGHz, syn-
thetic natural gas-SNG), liquid form (Power-to-Liquid, or liquefied hydrogen-LHz), or bound/con-
verted into other molecules such as liquid organic hydrogen carrier (LOHC) or Ammonia (NHs). H,-
derivative refers to the (end)product that is derived from H,. H; is being ‘processed’ further into a
fuel/feedstock.

Which transport modes are needed and suited for the different types of H, carriers and the
expected imports?

What role could non-network-based transport modes e.g. LNG terminals play for H, imports?
What role could network-based transport modes (outside the EU) such as existing pipelines for
natural gas play in light of natural gas supply security?

What are cost-efficient transport modes for H,/H, carriers imports?

In view of variable RE electricity generation and seasonal variations, the questions of storage and
its economic value and impact on the energy system arise.

What storage options do exist (potentials, costs, etc.) for different types of H, and its carriers
across the EU?

Which revenues can storage generate in this system? Are there non-captured reve-
nue streams?

Does the use of storage options reduce the required electrolyser capacities for a secure base-
load supply of industries?

What is the impact of storage options on the electricity system? Does an increase in storage
affect flexibility, and hence electricity prices? Or does it substitute other sources of supply se-
curity?

What kind of asset is storage? What are the risks (classes) and what are the resulting cost of
capital?

What are potential regulatory needs to incentivize the development of hydrogen storage loca-
tions?
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2 Supply and demand of hydrogen and its derivatives in 2030

Although strategic targets regarding supply and demand of hydrogen have been set in the Euro-
pean Commission’s Hydrogen Strategy, it is unclear how the supply and demand will develop. Nev-
ertheless, the importance of both domestic supply and import (supply outside of the EU) has been
emphasised in the strategy.

To compare with the targets set, this chapter provides an overview on supply and demand of hy-
drogen and its derivatives in 2030 projected in various studies addressing decarbonisation of the
entire energy system. This chapter aims to identify the supply gaps, which represent the volume of
demand that exceeds domestic (within the EU) supply capacity. These supply gaps need to be filled
from international supply through import, which will be investigated in the next chapters.

2.1 Scenario selection

There are a series of studies and scenarios investigating the energy system development required
for the EU to realize climate neutrality in 2050 of which the contribution of different energy carriers,
including hydrogen and its derivatives, is analysed.

In order to allow for comparison and deep analysis, the studies (or scenarios) were selected based
on the following criteria:

e scenarios achieving carbon neutrality by 2050 (100% GHG reduction);

e scenarios with a minimum electrolyser installed capacity of 40 GW in 2030 (one of the most
important targets in the EU Hydrogen Strategy);

e scenarios investigating the geographic area or including a detailed resolution of the EU-27 (or
EU-27 and the UK)>? are analysed.

Four scenarios fulfilling these criteria are chosen for the further analysis and a brief description
regarding each selected study and scenario is provided in Table 5 below and more information can
be found in Annex 1.

Table 5 Description of four selected scenarios
Study and scenario Short description
European Commission The study focuses on three core scenarios (REG, MIX and MIX-CP), achieving the
(2021): Impact Assess- target of 55% GHG in 2030 and results with the cost-effective range for RES

shares of 38-40% in 2030 (already established in the CTP3 impact assessment).
EC MIX-H; scenario is one variant building on the MIX scenario, helping to as-
sess policy options regarding the promotion of RFNBOs in industry and
transport.

The core models used are PRIMES and PRIMES-TREMOVE for energy, transpor-
tation, and CO; emission projections.

Scope: EU + UK

H.: exclusively renewable H, and derivatives; model results with electrolyser ca-
pacity of 47 GW in 2030, which is above the EU Hydrogen Strategy (40GW); CCS
is considered to a very limited extent and not for H, production.

ment Report

EC MIX-H2

32 Depending on the time when the study was conducted, the geographical coverage differentiates between the current EU-27 and former EU-28,
which is EU-27 plus the United Kingdom (UK).

3 Climate Target Plan
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Study and scenario

Climate Action Network
Europe (2020): Building
a Paris Agreement Com-
patible (PAC ) energy
scenario

PAC

ENTSO-E and ENTSOG
(2020): TYNDP 2020 Sce-
nario Report

ENTSO DE

Joint Research Centre
(2021): Global Energy
and Climate Outlook
(GECO) 2020: A New
Normal Beyond Covid-
19

JRC 1.5

Short description

The PAC Scenario, published by Climate Action Network (CAN) Europe was
drafted by a broad range of civil society organisations, reflecting NGOs” priori-
ties for pathway towards the 1.5°C target of the Paris Agreement. It shows that
the level of ambition can be raised substantially (up to 65% in 2030 compared
to 1990, with an Energy Efficiency target of 45%, and a renewable of at least
50%, with limited bioenergy).

This study is based on research figures from a variety of studies and models, via
a collective bottom-up research process, with involvement of up to 150 repre-
sentatives from organizations, industry and science collaborated. The electricity
supply with different flexibility options is simulated through PowerFlex electric-
ity market model run by Oko-Institut.

Scope: EU + UK

Hy: exclusively renewable hydrogen and derivatives; no information on electro-
lyser capacity; supply of 566 TWh of RES H, and derivatives in 2030 (> 40 GW in
2030); no CCUS.

The TYNDP 2020 scenario analysis is built based on three scenarios, with two
main drivers being decarbonisation and centralised or decentralised innovation.
The scenario development uses supply and demand data, collected from both
gas and electricity TSOs, through a bottom-up approach (based on historical
energy balance data), considering NECPs (National Trends scenario), and 2 sce-
narios complying to the 1.5°C target (Global Ambition (GA) and Distributed En-
ergy (DE)).

Scope: EU + UK

H,: renewable and blue H, (produced from natural gas with CCS technology).
Import of H, and derivatives is considered (most likely in form of LNG from Rus-
sia and Norway). The installed electrolyser capacity in 2030 in the DE scenario
amounts to 41 GW.

The GECO analysis develops 4 scenarios (a baseline without considering covid-
19 pandemic, a “New Normal” with covid-19, and 2°C and 1.5°C scenarios from
the new). The 1.5°C scenario was selected for this study, in line with the climate
neutrality and the EU Hydrogen Strategy.

The GECO analysis is built on the JRC-POLES (global) and JRC-GEM-E3 models.
The models estimate the energy sources, sectors, and GHG emissions, trends in
international energy prices and trade used in the EC energy modelling.

Scope: globe, EU-27 + UK (breakdown available).

H,: not limited to renewable (e.g. CCS for power). Since it is a global model,
there is no information regarding import/export. It considers the EU Hydrogen
Strategy, assuming the 40 GW in 2030 is achieved.

Among the selected scenarios, the European Commission’s scenario EC MIX-H2 is used as an anchor
scenario in the analysis, due to its objective to align with target of the Hydrogen Strategy (40 GW
installed capacity of electrolyser, leading to 5Mt produced on the EU territory). The modelling re-
sults from these selected scenarios will be used to provide an overview of demand and supply of
hydrogen and its derivatives.

Annex 1 provides general information of the selected studies and the corresponding scenarios,
including the background, principle and logic of the respective models, brief description of the

https://caneurope.org/building-a-paris-agreement-compatible-pac-energy-scenario/

3 https://www.entsog.eu/sites/default/files/2020-07/TYNDP_2020_Joint_Scenario%20Report%20ENTSOG_ENTSOE_June_Final.pdf

tory/handle/JRC123203

This report is the sixth edition of the Global Energy and Climate Outlook (GECO), available at https://publications.jrc.ec.europa.eu/reposi-
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scenarios in the studies, elaborated information of the selected scenarios as well as the essential
assumptions regarding hydrogen made in these respective scenarios.

2.2 Assumption matrix and classification of the selected scenarios

As indicated in the Hydrogen Strategy, both domestic supply and import will be important to satisfy
the hydrogen and e-fuels demand. However, due to the limitation of the applied models or up-
front assumption, import is not considered in most scenarios. In addition, the supply and demand
development in the future is uncertain depending on the framework conditions (e.g. bioenergy
potential) and the development of multiple aspects (e.g. carbon price), which further lead to differ-
ent outcomes regarding supply and demand of hydrogen and its derivatives. Therefore, for the
identification of supply gaps the scenarios are clustered according to the comparison from supply
perspective as well as from the demand perspective (Table 6) and each supply cluster of a set of
scenario(s) will be paired with demand cluster of the same or a different set of scenario(s) respec-
tively. The supply gaps identified under each pair will represent combinations of different supply
development with different demand development (e.g. fast ramp-up of renewable energy supply
and electrolyser installation, while high energy demand in general remains).

For the classification of scenarios, the anchor scenario EC MIX-H2 is used as reference to cluster the
other scenarios. The key assumptions and framework conditions related to the scenarios in general,
and supply and demand aspects are summarised in Table 6 below (further assumptions and frame-
work conditions can be found in Annex 1). The studies published in 2020 differentiated from the
ones in 2021 In terms of geographic coverage due to Brexit (see in Annex 1).

As for supply of H2 and e-fuels, both EC MIX-H2 and PAC scenarios consider only renewable hy-
drogen and assume that all H2 and e-fuels will be supplied within the EU, while ENTSO DE and JRC
1.5 scenarios consider both renewable and blue hydrogen with the help of CCS. Furthermore, EN-
TSO DE indicates the import of liquid natural gas (LNG) from Russia and Norway is partly used for
blue hydrogen production and JRC 1.5 discloses no information regarding the regions of supply.

Regarding the demand related aspects, the total final energy consumption (TFEC) in 2030 of the
reference scenario EC MIX-H2 ranks the second lowest among all scenarios. The PAC scenario ap-
pears to be the most ambitious scenario with the lowest TFEC. The other two scenarios both have
higher TFEC than the reference scenario, of which ENTSO DE has the highest TFEC among all sce-
narios.

Moreover, EC MIX-H2 results with a H2 demand of 13 Mtoe and e-fuels demand of 3.2 Mtoe. The
ambitious PAC scenario has the highest Hz and e-fuels demand of all scenarios, followed by ENTSO
DE, and JRC 1.5 has the lowest demand.
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Table 6 Matrix of assumptions and framework conditions in the selected scenarios
Scenario EC MIX-H2 PAC ENTSO DE JRC 1.5
General and supply-related aspects
Geographic coverage EU-27

EU-27 EU-27 plus UK EU-27 plus UK (integrated in
global model)
Supply of H; and e-fuels No import, all No import, all Inside but also
within the EU within the EU outside of the n/a
(incl. the UK) (incl. the UK) EU
Shade of H: and e-fuels Renewable and  Renewable and
. Renewable only  Renewable only
considered blue maybe blue
Installed capacity of
electrolyser in 2030 [GW] 47 > 40 41 n/a
Demand related aspects
TFEC in 2030 [TWh] 9,304 8,955 10,537 9,432
Demand of H; and e- Hor 1571 Ha: 209
fuels in 2030 [TWh] > e-ammonia: 47 H.: 209° H,: 58
e-gas: 2
L7 e-methane: 35  e-methane: 70 e-fuels: 0
e-liquid: 35

e-liquid: 198

': Values include demand in energy sector (used for e.g. dispatchable power, electricity and heat transformation)

Based on the assumptions and framework conditions in the selected scenarios, a classification is
suggested to group the scenarios by demand and supply separately. As mentioned above, the
EC MIX- H2 scenario is a core scenario of this analysis and is used as reference for the classifica-
tion of both demand and supply. The other scenarios are grouped by comparing to the TFEC of
the EC MIX- H2 scenario:

e "Low energy demand” - scenario with lower TFEC: PAC
e "Medium energy demand” — scenarios with higher TFEC: ENTSO DE and JRC 1.5

As for supply scenarios, the classification is done in accordance with the supply region defined in
the selected scenarios (except for the reference scenario EC MIX- H2):

e "Supply within the EU": PAC and JRC 1.5%'
e "Supply considering import”: ENTSO DE

The classification is used to identify H, and e-fuels’ supply gaps by combining and comparing the
different groups of demand scenarios and/to different groups of supply scenarios, which will be
elaborated in the next section 2.3.

2.3 Overview on supply and demand and supply gap analysis (pro-
duction vs consumption)
2.3.1 Balance of hydrogen demand & supply

Although the reference scenario EC MIX-H2 aims to align with the EU Hydrogen Strategy and fulfills
the target of 40 GW installed capacity of electrolysers in EU in 2030, the target of reaching 10 Mt
(equivalent to 333 TWh) Hz and e-fuels demand in 2030 is not met by the scenario (it is reached

37 Since no information regarding supply region is available for the JRC 1.5 scenario, it is assumed that the supply of this scenario is be within the
EU given its low H, and e-fuels demand in 2030.
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between 2030 and 2035 in the scenario). For the sake of this study, upscaling the EC MIX-H2 to
fulfill the target is foreseen. As shown in Figure 5 below, a gap of 137 TWh hydrogen equivalent
(incl. transformation loss from hydrogen to e-fuels) need to be filled for the scale-up, which is dis-
tributed through two variations:

1) Uniform over all sectors: under this variation, it is assumed that the scale-up of demand will
occur to both hydrogen and its derivatives in all sectors. The additional demand is therefore
allocated evenly (the same share) to each sector, including the transformation sector. As a re-
sult, 57 TWh of hydrogen are scaled up to the “direct” demand and 80 TWh to demand for the
production of hydrogen derivatives.

2) Only direct hydrogen demand: this variation focuses on a potential development that the
scale-up of demand occurs firstly to the direct use of hydrogen. Thus, the additional demand
of Hz is only allocated to sectors directly consuming Hz in 2030, including both energy and
non-energy applications (as feedstock);

Figure 5 Upscaling EC MIX-H2 to 10 Mt (equivalent to 333 TWh) hydrogen demand in
2030 to align with the EU Hydrogen Strategy
M hydrogen in industry hydrogen in transport ® hydrogen in building
hydrogen as dispatchable power  # e-fuel in industry e-fuel in transport
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An overview of hydrogen supply and demand in 2030 across the 4 scenarios is shown in Figure 6
below. The direct hydrogen demand (only under the form of gaseous hydrogen) in 2030 varies from
61 TWh (JRC 1.5, with an important place for bioenergy>®) to 292 TWh (PAC), mainly in the industry
and transport sectors with an exception of the JRC 1.5 scenario having most of the demand from
the building sector through blending hydrogen in the current natural gas infrastructure.

On the supply side, the hydrogen produced domestically through electrolysis ranges from 101 TWh
(ENTSO DE) to 607 TWh (PAC), of which 105 TWh (JRC) to 315 TWh (PAC) of the supplied hydrogen
in the "Supply within the EU” scenarios is used for e-fuels transformation.

The nature of the models as well as the up-front assumptions have limited the import possibility in
most scenarios.

38 while the other scenarios expect steady or decreasing bioenergy consumption due to the limited bioenergy potential
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Figure 6 Overview on supply and demand of hydrogen in 2030 in selected scenarios
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* Adjusted demand with total H2 demand of 10Mt (equivalent to 333 TWh)
** Based on an electrolyser efficiency of 60%
*** Based on assumption of 1 GW electrolyser produces 4.16 TWh hydrogen per year

Here are the first observations:

e The EC MIX-H2 scenario variations have clearly a deficit of supply, which could be supple-
mented through either import, domestic production (by increasing the EU capacity), or non-
renewable hydrogen;

e Both the PAC and JRC 1.5 C scenarios are balanced with domestic production being sufficient
to supply all direct H2 demand, and additional capacity to produce e-fuels;

e The ENTSO DE scenario has clearly a deficit of supply, which is fulfilled by import and blue
hydrogen.

2.3.2 Balance of e-fuels demand & supply

For e-fuels, the demand situation differentiates among scenarios in terms of energy carriers as
well as end-use sectors (Figure 7). Among these scenarios, only the JRC 1.5 scenario foresees no
e-fuels demand at all in 2030, although it foresees surplus hydrogen capacity for the production
of e-fuels. The ENTSO DE scenario estimates only e-methane demand due to its unique modelling
approach building on gas and electricity transmission systems. The EC MIX-H2 and PAC scenarios
expect that e-liquids (e-diesel, e-gasoline, and e-kerosene) used in transport sector contribute the
most to total e-fuels demand, followed by other energy carriers — e-methane and e-ammonia -
used for transport. Besides the e-fuels demand in transport sector, e-methane is also used in in-
dustry, building and energy sectors to a limited extend. Except for scenario expecting no demand,
the demand of e-liquids in 2030 ranges from 30 TWh (EC MIX-H,) to 192 TWh (PAC), e-methane
from 2 TWh (EC MIX-H2) to 74 TWh (PAC), and e-ammonia 45 TWh (only shown in the PAC sce-
nario for long-distance shipping).
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Figure 7 Overview on supply and demand of hydrogen derivatives (e-fuels) in 2030 in

selected scenarios
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gen to its derivatives in 2030 from the scenario is used.
** Based on assumption of 1 GW electrolyser produces 4.16 TWh hydrogen per year

Here are the first observations:

As a result of the upscaling, the EC MIX-H, scenario does not end up with excess hydrogen
capacity (beyond direct hydrogen demand) for e-fuel production. Hence, there is a gap in e-
fuel supply, which should probably be imported. The gap increases with the “uniform over all
sectors” scenario variation;

The PAC scenario (using 315 TWh excess hydrogen capacity to produce 252 TWh e-fuels) is
almost covering the demand (273 TWh) with the domestic e-fuels supply;

The JRC 1.5 scenario results with excess hydrogen capacity for the supply of e-fuels due to the
low direct hydrogen demand, while no demand of e-fuels is foreseen. This indicates low utility
rate of installed electrolyser in the scenario;

The ENTSO DE scenario has a clear deficit of supply, given its demand for e-methane. This is
covered through import in the scenario;

Globally, it is assumed that the supply prioritises direct hydrogen demand, and the surplus of
hydrogen supply will then be transformed into e-fuels (like in JRC and PAC), unless the scenario
indicates specific e-fuels supply (as in ENTSO DE, 46 TWh of domestic e-methane supply).

The uncertain development of framework conditions (e.g. RE deployment, bioenergy potential, en-
ergy savings) causes different projections of hydrogen and e-fuels supply and demand in 2030 in
the selected scenarios.
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2.3.3  Pairing scenarios

To assess the hydrogen and its derivatives’ supply gaps under different combinations of supply and
demand development, the 3 groups of supply scenarios are paired with the 3 demand scenario
groups respectively, as illustrated in Figure 8 below. Under each of the 9 pairs, the demand of
specific energy carrier will be compared to the supply of the corresponding carrier to conclude if
the domestic supply sufficiently covers the demand or if a supply gap exists. The minimum supply
gap is obtained by deducting the lowest demand by the highest supply within each pair of demand
and supply groups, while the maximum supply gap is obtained by deducting the highest demand
by the lowest supply.

r

Figure 8 The paring approach for the identification of hydrogen and its derivatives

Reference demand
(EC MIX-H2)

Low energy demand
(PAC)

Medium energy demand

supply gaps
Reference supply
(EC MIX H2)
\

Supply within the EU
(PAC; JRC 1.5)

Demand
|

—

Supply considering import

(JRC 1.5; ENTSO DE) (ENTSO DE)

Following this pairing approach, the supply gaps of hydrogen as well as e-fuels are identified and
listed in Table 7 below. This remains a conceptual exercise, as we are mixing different scenarios with
different models and assumptions. It remains clear that in view of the early stage of development
of both the EU and global hydrogen markets, concrete figures are difficult to estimate. Overall, the
hydrogen supply situation of all pairs differentiates from completely sufficient domestically to a
supply gap up to 191 TWh, which highlights the huge variation, and difficulty to estimate the gap.
We could already conclude it is not yet possible to define the gap with concrete figures.

For hydrogen derivatives, the supply gaps of different energy carriers are analysed correspondingly,
with the largest supply gap identified for e-liquids (up to 192 TWh).
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Table 7 Supply gaps of hydrogen and e-fuels in 2030
Hydrogen supply gap Reference supply Supply Supply within EU
[TWHh] considering import
Reference Demand 12-92 106 - 186 0-121
Low energy demand 97 191 0-126
Medium energy demand 0-10 0-104 0-39
E-fuels supply gap [TWh]  Reference supply Supply considering Supply within EU
import
Reference De- e-liquids 30 - 83 30 - 83 Sufficient
mand domestically
e-methane 2-7 Sufficient Sufficient
domestically domestically
Low energy e-liquids 192 192 0/22" - 189
demand e-ammonia 45 45 0/22" - 45
e-methane 37 Sufficient 0/22" - 37
domestically
Medium e-methane 74 28 Sufficient
energy de- domestically
mand

': Two lower ranges are provided. JRC 1.5 scenario predicted no e-fuels demand in 2030, therefore no supply gap is identified for
this case. The other lower range of 22 TWh results from the PAC scenario itself.

Overall, it can be concluded that the development of hydrogen and its derivatives is uncer-
tain, further causing different levels of import demand. Nevertheless, if the Hydrogen Strat-
egy is to be complied, meaning 10 Mt demand of renewable hydrogen and its derivatives in
2030, supply gaps will more than likely exist and importing these energy carriers will be re-
quired under most circumstances. These supply gaps in 2030 need to be covered by import-
ing from countries and regions outside of the EU, which will be further analysed in the fol-
lowing chapter.
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3 The role of H; import in the EU

Today, Europe imports large quantities of energy in the form of oil, gas and coal, and in the long
term, Europe could have to import hydrogen and its derivatives as well. The future EU energy system
is expected to be climate-neutral, mostly relying on renewable and low-carbon energy sources. Due
to the different pace in deploying these sources per MS, imports will certainly be necessary on the
short and long term. In addition, imported fuels may be more competitive than domestically pro-
duced.

The aim of this chapter is to analyze the various factors influencing to which extent the EU could
start, or even massively import hydrogen and derivatives, at the 2030 horizon. These influencing
factors are driven by:

e EU and international market developments, with potential gaps between the production and
demand of hydrogen and derivatives in the EU;

e The total cost of ownership of hydrogen and derivatives, along the entire supply chain (import
cost).

Section 3.1 identifies the relevant countries within an international market (potential exporting
markets) in terms of hydrogen production.

Section 3.2 describes the main elements, technical characteristics and costs (CAPEX and OPEX) of
production, transformation (or conversion) and transport of renewable hydrogen and its derivatives.

Section 3.3 analyses the costs for Liquid Hydrogen, Methanol, PtL and Liquid SNG production and
transport from around the world up to the EU borders. Import costs consist of production costs
and transportation costs. It also summarizes the main findings and highlights the fuel competitive-
ness.

Section 3.4 discusses the barriers and regulatory needs for developing hydrogen imports to the EU,
with a focus on renewable hydrogen and its derivatives.

‘Hydrogen’ refers to compressed gaseous hydrogen (CGHz) and liquid hydrogen (LHz) forms, while
derivatives comprise:

e Ammonia (NH3)

e Methanol (MeOH)

e PtL or liquid derivatives (e-kerosene, e-gasoline, and e-diesel)
e E-gases, such as Synthetic Natural Gas (SNG)

3.1 Potential exporting markets at 2050

Potential future exporting countries, as well as their potential export volumes of renewable hydro-
gen on the short term, are analyzed in this section in order to figure out where the renewable
hydrogen and derivatives for Europe could come from.

The analysis of potential future exporting countries was carried out on the basis of the IEE Global
PtX Atlas published in June 2021 (Source IEE Global PtX Atlas®® https://maps.iee.fraunhofer.de/ptx-
atlas/). The fuel variants or renewable hydrogen and derivatives studied and addressed in this study
are the following:

3 The first global Power-to-X Atlas, elaborated by the Fraunhofer IEE, shows where the energy carrier could come from in 2050. It is a free
WebGIS application and presents temporally and spatially high-resolution simulations for a first non-European power-to-X volume scenario as
well as country-specific location analyses of the production characteristics and long-term production costs of electricity-based fuels. The atlas
was developed to provide stakeholders from politics and industry with a comprehensive insight into the research results
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e FT fuel (diesel, paraffin)

e Methanol

e Methane (SNG, compressed)
e Methane (SNG, liquid)

e Hydrogen (compressed)

e Hydrogen (liquid)

Ammonia and e-kerosene are not directly studied.

In order to rank the potential exporting regions at the 2050 horizon, the PtX Atlas methodology is
based on the extensive analysis of an assessment of the export potential of each region.

The largest land potentials for the production of renewable hydrogen and derivatives arise in
large countries such as the United States, Australia, Argentina, or Russia, with coastal or inland
waterways accesses (more than 70% of the renewable hydrogen and derivatives potential is located
near freshwater resources, due to the fact that electrolysis requires significant amounts of water).
Inland waterways would also provide efficient transport means.

The source of renewable energy is country specific. Wind, solar and hybrid systems consisting of a
combination of wind and solar are considered as energy resources. In Australia, renewable hydro-
gen and derivatives are mainly solar powered (PV only sites), in Russia there are many wind-only
sites and in Africa often hybrid configurations of renewable generation lead to the lowest renewable
hydrogen and derivatives costs.

In addition, some exclusion criteria for land use have also been considered, such as nature conser-
vation, water stress, land for food cultivation, built-up areas, densely populated areas, agricultural
land and forest.

Based on these premises, the atlas concludes that in the long term (2050), outside Europe, a total
of around 109,000 TWhs of liquid hydrogen and respectively 85,000 TWhs of derivatives could be
produced.

Figure 5 shows the main continents or regions that have a potential to produce large amount of
renewable hydrogen and derivatives.

Figure 9 Export potential of regions*’

B Africa

B North America
@ South America
@ Australia

O Asia

40 ptX-Atlas https://maps.iee.fraunhofer.de/ptx-atlas/
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Figure 10 shows the available land area for renewable energy sources used to produce the hydro-
gen through electrolysis for each region, and whether the production potential is localized inland
(along waterways) or in coastal areas:

Figure 10 Available land area of regions specifying source of RE and water supply*'
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Africa North America South America Australia Asia (incl. Russia)
PV sites B Wind sites B Hybrid sites
B PtX at coastal waters PtX at inland waters

Based on the potential assessment, the Atlas identifies areas that are suitable for the generation of
renewable hydrogen and derivatives. The countries with the largest areas are taken into account
for the following analysis, as depicted in Table 8.

It shows the area in km? and potential production volumes of renewable hydrogen OR derivatives
(in TWh) of the top 10 countries with the largest potentials depending on the efficiency of the
chosen supply chain:

Table 8 Top 10 countries with the largest renewable hydrogen and derivatives poten-
tial areas*’

Area [km?] Energy GH2 [TWh] Energy PtL (FT)

[TWh]
1 USA 684,873 32,188 23,623
2 Australia 427,501 16,702 12,296
3 Argentina 279,901 14,079 10,389
4 Russia 320,497 11,881 8,208
5 Egypt 84,020 4,720 3,693
6 Canada 111,029 3,815 2,657
7 Mexico 67,428 3,208 2,255

41 ptX-Atlas https://maps.iee.fraunhofer.de/ptx-atlas/

42 PtX-Atlas https://maps.iee.fraunhofer.de/ptx-atlas/
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Area [km?] Energy GH2 [TWh] Energy PtL (FT)
[TWh]
8 Libya 78,885 3,359 2,740
9 Chile 61,127 2,884 2,051
10  Saudi Arabia 51,424 2,675 1,778

The four countries with the highest renewable hydrogen and derivatives potential are the USA,
Australia, Argentina and Russia.

If socio-economic criteria are used on top of the technical potential criteria, then Canada and Chile
would also become interesting countries for exporting.

The suitability for the development of a renewable hydrogen and derivatives infrastructure also
depends on the socio-economic conditions in the renewable hydrogen and derivatives producing
country. Using the method of a global high-level country analysis, the socio-economic potential
was investigated in the PtX Atlas. Various thematic fields were taken into account in the process,
such as global economy, politics, society, technology, natural conditions and proximity to Europe.

In order to determine plausible pathways for importing these fuels to Europe, production and
transport costs for renewable hydrogen and derivatives need to be assessed for each country. This
is the aim of section 3.3. Beforehand, the supply chains are described technically in section 3.2.

3.2 Production, transformation and transport technology of re-
newable hydrogen & derivatives

The supply chain of imported products comprises the production of hydrogen, its conversion to
transportable hydrogen (liquefied or compressed) or to derivatives, and finally the transport of the
fuel:

1) Hydrogen production by electrolysis fueled by renewable electricity, possibly including stor-
age of hydrogen
3) On site conversion, comprising of:

Q
R

Compression of hydrogen (compressed gaseous hydrogen, or CGH2)
Liquefaction of hydrogen (liquid hydrogen, or LHz)

Conversion to PtL (Diesel/Kerosene), methanol, ammonia

Conversion to synthetic methane (SNG), which is then compressed or liquefied

SRS)

d
4) Transport options, possibly including storage of final product (hydrogen or derivatives)

a) By ship for all liquid fuels (PtL, LHz, NH3, MeOH, liquid SNG)
b) By pipeline for gaseous forms (CGHz, SNG)

~

The aim of this section is to describe the main elements, technical characteristics and costs of these
steps for the following fuels (hydrogen and derivatives)

Section 3.2.1 describes the main elements, technical characteristics and costs of pro-
duction and transport of renewable hydrogen. It comprises the following steps

e 3.2.1.1 - Hz production by electrolysis

e 3.2.2.2 — Transport of liquefied hydrogen by ship

e 3.2.2.3 - Transport of gaseous hydrogen by hydrogen pipeline
e 3.2.2.4 - Liquid Organic Hydrogen Carrier (LOHC)
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Section 3.2.2 describes the main elements, technical characteristics and costs of pro-
duction, transformation (or conversion) and transport of renewable hydrogen deriva-
tives. It comprises the following steps

e 3.2.2.1 - Ammonia production and transport

e 3.2.2.2-CO: production by Direct Air Capture

e 3.2.2.3 — Methanol production and transport

e 3.2.2.4 —PtL (diesel / kerosene) production and transport
e 3.2.2.5-SNG production and transport

3.2.1  H: production and transport

3.2.1.1 Hz Production by electrolysis (2030)

Renewable hydrogen is produced by water electrolysis, which is powered by renewable sources.

Renewable Electricity Electrolysis

The hydrogen produced is gaseous, its storage is optional and can be used as a buffer before lig-
uefaction, or other further conversion synthesis. Electrolysis is a mature and commercialized tech-
nology, although the cost of hydrogen remains high compared to other gases (fossil-based).

The cost of hydrogen mainly depends on the fuel costs (electricity), CAPEX and the electrolyser’s
efficiency. The upfront investments and operational cost for electrolysis (for the year 2030) based
on the Fraunhofer IEE cost model*® are shown in following table.

Table 9 Upfront investments and operational cost for electrolysis for 2030
CAPEX [€/kW] OPEX [€/(kW*a)] Efficiency Stack lifetime [h]
[MWh/t Hz]
Electrolysis (2030) 590.20 9.74 48.89 90,000

Source: [Fraunhofer IEE cost model*]

The following figure illustrates the evolution curves for the estimated CAPEX of electrolysers.

4 For the calculation of the PEM electrolyser cost Fraunhofer IEE used a cost curve model taking into account data from : International Energy
Agency (IEA) 2019 ; Smolinka et al. 2018; Bertuccioli et al. 2014; van 't Noordende und Ripson 2020; Bazzanella und Ausfelder 2017

4 For the calculation of the PEM electrolyser cost Fraunhofer IEE used a cost curve model taking into account data from : International Energy
Agency (IEA) 2019 ; Smolinka et al. 2018; Bertuccioli et al. 2014; van 't Noordende und Ripson 2020; Bazzanella und Ausfelder 2017
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Figure 11 Capex of electrolyser
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3.2.1.2 Transport of gaseous hydrogen by pipeline

The straightest way to transport hydrogen is by pipelines, in gaseous compressed form (CGH>).

The following figure illustrates the steps of the chain of gaseous compressed hydrogen included in
the cost assessment: hydrogen production, compression, and transport by pipeline.

The pipes are the most expensive and most important component of the pipeline system. The se-
lection of the material for the pipelines is important because hydrogen can lead to embrittlement
and thus to cracks and fractures in the material, which influences the long-term stability of the
infrastructure®. At a pressure level of 65 bar and a flow velocity of 15 m/s the pressure losses
amount to about 7 bar per 100 km and must be compensated by intermediate compression in the
case of longer distances*®, making the compressors relevant components of a pipeline system.

In 2016, more than 4,500 km of hydrogen pipelines exist worldwide, most of which are operated in
the USA*". In Europe, a large private hydrogen network was built by Air Liquide with a length of
1,000 km which connects Rotterdam, Zeeland, Belgium and the north of France. Another large pri-
vate hydrogen network in the Ruhr area in Germany is owned by Air Liquide“®.

4 Krieg 2012, NREL 2013
4 Krieg 2012
47 Shell 2017

48 TKI Nieuw Gas 2018
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Repurposing of existing natural gas pipelines is in the demonstration stage. The construction of
new pipelines is associated with significant additional costs compared to the repurposing of exist-
ing natural gas pipelines. Repurposing, on the other hand, is only a viable option if a certain amount
of hydrogen is to be transported on a regular basis.

Annex 2 presents the hydrogen backbone, and the plans of the major long-distance gas-network
operators regarding the timeline and geographic scope of a future hydrogen network.

The efficiency of hydrogen transport by pipeline depends on the pipeline length®’. The following
assumptions are taken into account:

e Conditioning of the gas (Compressor): 2.5% losses of Hydrogen energy content

e Compensation of pressure losses (Pipeline): 1.5-2.3% of the transported hydrogen’s energy
content is consumed for compression purposes for every 1,000 km of distance covered, assum-
ing electricity-driven compressors™°

e These assumptions lead to 0.07-0.15 €/kg/1,000km using mainly rededicated pipelines

Compressing hydrogen to be transported by pipeline (@ 100bar) requires 0.025 kWhe/kWhH2. For

transporting the compressed hydrogen through the pipeline additional 0.0509 MWhe/kWhH2z/km

are necessary”'.

The upfront investments and operational cost for hydrogen transport by pipeline for the year 2030
are summarized in Table 10 below.

Table 10 Upfront investments and operational cost for Pipeline infrastructure in 2030
CAPEX OPEX (% of CAPEX /y)
Pipeline new 1.4 - 3.4 Mio€/km 08-17
Pipeline retrofitted 0.2 - 0.6 Mio€/km (excluding electricity for com-
Compressor 2.2 - 6.7 Mio€/MW pression)

0.09 - 0.62 Mio€/km
Source: [European Hydrogen Backbone]

3.2.1.2.1 European gas grid connection to North Africa

North Africa is mentioned as a potential producing region supplying hydrogen imports to Europe.
The (gaseous) hydrogen production potentials of some MENA countries are shown in Table 11.

Table 11 Hydrogen potential of some MENA countries
Country Potential hydrogen production [TWh]
Morocco 586
Algeria 649
Tunesia 385
Egypt 4,720
Saudi Arabia 2,675

Source: [Fraunhofer IEE PtX-Atlas]

4 European Hydrogen Backbone
%0 Wang et al. 2020

51 Dambeck et al. 2020
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Figure 12 presents the existing gas infrastructure between the MENA region and Europe which
could be rededicated for transporting hydrogen instead of natural gas. Alternatively, blending
would also be an option, but this requires further technical adjustments to the infrastructure and
the decarbonized energy content by renewable hydrogen is low due to its low volumetric density
(@ Hz2 content of 20% by volume corresponds to a calorific value related energy content of only
approx. 7%). Many natural gas pipelines are equipped with two parallel pipes. In a first step, the
partial rededication of natural gas pipelines would be a solution to transport pure hydrogen and

natural gas to Europe.

Figure 12 Pipelines in North Africa connecting Europe with the MENA region
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The following pipelines are already
connecting the European gas grid
infrastructure and North Africa:

e Morocco-Spain:

e Maghreb Europe Gas Pipe-
line (2 x24in.)

e Algeria — Spain

e MEDGAZ (24 in.) in opera-
tion since 2011
e 210 km offshore

e Algeria — Sardinia:
e Galsi Project (24 in.) planned

e Tunisia-ltaly:

e Transmediterranian Gas
Pipeline (2 x 48 in.)
e Libya-Italy

e Green Stream; 32 inch
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3.2.1.3 Transport of liquefied hydrogen by ship

Hydrogen can also be liquefied (LH2) in order to be transported by ship (inland or over the sea).
Liquid hydrogen pipelines are only profitable for large quantities and long-term use due to the high
investment cost®, and are therefore not considered in the scope of this study.

The following figure illustrates the steps of the chain of liquified hydrogen included in the cost
assessment: hydrogen production, storage of gaseous hydrogen, liquefaction, storage of liquified
hydrogen, export terminal, transport by ship, and import terminals.

Electri- Electro- (GH2 Lique- LH2 Export Shi Import
city lysis Storage) faction Storage Terminal P Terminal

Depending on the intermittency of hydrogen production, a buffer for gaseous hydrogen can be
required to ensure continuous liquefaction.

The main steps influencing the cost of liquefied hydrogen are:

e The liquefaction process
e The terminal infrastructure
e The storage infrastructure

3.2.1.3.1 Liquefaction

The hydrogen is liquefied by cooling and compression. The boiling point of hydrogen is at -253°C
under ambient pressure. The liquefaction of hydrogen for storing the gas is energy intensive. Ap-
proximately 30% of the hydrogen energy (@LHV) is currently required for liquefaction, although
processes are under development to reduce this demand to below 20%. The industry is working on
energy optimized large scale hydrogen liquefaction with 100 TPD of hydrogen.

Electricity consumption of most liquefaction processes is between 5 & 8 kWh/kg LH2>%. The as-
sumption used in this study is 6.1 kWh/kg LH2>* .

3.2.1.3.2Terminal infrastructure and port facilities

Port facilities are needed to import and export hydrogen by ship and transport the hydrogen to the
hinterland. Port facilities can include, amongst others: liquid hydrogen terminals, liquid hydrogen
storage tanks, liquid hydrogen truck loading, evaporation units, Liquid Organic Hydrogen Carrier
(LOHC) terminals, storage tanks, dehydrogenation plants, ammonia terminals, storage tanks, am-
monia cracking installations and other equipment.

Estimated investments that need to be carried out in a port, are:

e Liquid hydrogen terminal and storage, Capex about 1 billion Euros.

e Ammonia terminal, storage and ammonia cracking installation, Capex about 300 M Euros.

e LOHC terminal, storage and dehydrogenation plant, Capex — especially dehydrogenation —
plant 200 M Euro

e Port pipeline infrastructure for hydrogen, ammonia, bunkering facilities and multi modal logistic
centers — Capex 1 billion Euros.

2 Fischedick et al. 2017
53 Yin & Ju 2020
5 |EA 2019
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In total an investment of about 2.5 billion Euros in port facilities is needed. An estimated total of 8
ports in Europe needs to realize these port facilities, which is a total investment of 20 billion Euros>°.

Ships and terminals are the two main bottlenecks in the chain of liquefied hydrogen by 2030 as
these are currently neither available, nor mature. There are currently only two projects of small scale
LH2 ships, with the first LH2 terminals to be built in Australia (Figure 14) and Japan (Figure 13.).

Figure 13 Port for liquid hydrogen in Kobe, Japan [HYSTRA-Project]

Thia pllat pro)
NOFE bl fe

% Hydrogen Europe, 2020
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Figure 14 Port for liguid hydrogen in Hastings, Australia [HYSTRA-Project]
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LH2 is lost during storage and handling operations through the following stages:

e Pump operation (loading and unloading) of LH2 leads to 0.6% average loss due to boil-off*® ;
e boil-off for stationary LH2 storage (located at terminal, import and export) reaches 0.1%/d >’

Once arrived at the import terminal, liquefied hydrogen can be transported in liquid form or can be
gasified and be transported and used as gaseous hydrogen. The cost for further transport depends
on the chosen technology.

3.2.1.3.3Storage infrastructure for export

The cooled and liquefied gas is stored in special insulated, cryogenic tanks, which maintain the gas
condition (-253°C) and reduce evaporation losses. Stationary tanks consist of an outer and an inner
tank, high quality insulation and pressure relief valves to compensate for evaporation losses. These
tanks can be transported by trailer, train, or ship if the appropriate infrastructure, such as loading
terminals, is available. With trailers for liquefied hydrogen, 3,600 to 4,000 kg can be transported
and they have a range of approx. 4,000 km so that transports over long distances are possible®,

Kawasaki Heavy Industries is currently designing tank ships for intercontinental transport. Each tank
ship will hold 4 tanks with a volume of 40,000 cubic meters each. A demonstration ship under
construction with the new tank with high-performance insulation to minimize Hz losses has a ca-
pacity of 1,250 cubic meters.

6 Petitpas 2018
57 1IEA 2019

%8 Fischedick et al. 2017
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3.2.1.3.4 Summary

The upfront investments and operational cost for the LH2 chain for the year 2030 are shown in Table
12.

Table 12 Upfront investments and operational cost for LHz chain in 2030
CAPEX OPEX (% of
CAPEX/y)

Liquefaction 4,450 €/ (tu2*y) 4%y
for GW-scale electrolysis

Export / Import terminal (including storage) 75,000 €/tn 4%/y
Depending on capacity of ship and loading frequency

Ship (capacity 11,000 t:2) 340 Mio € 4%y

Source: [IEA 2019]

Assuming a transport duration of 15 days, the total transport and storage efficiency, including load-
ing and unloading, would decrease to 53.2% when importing liquid hydrogen.

The upfront investments and operational cost for the LHz chain for the year 2030 are shown in Table
12.

3.2.1.4 Liquid organic hydrogen carrier (LOHC)

In addition to gaseous compressed hydrogen and liquefied hydrogen, another way to transport
hydrogen is via LOHC (Liquid Organic Hydrogen Carriers) technology, in which hydrogen is chem-
ically bound to liquid organic substances. In this form, the hydrogen can be easily stored and trans-
ported.

The following figure illustrates the steps and main features of the chain of Liquid Organic Hydrogen
Carriers.

. Hydro- Dehydro-
Electricity Elect_roly genation Ve Expc_:rt Ship Impgrt LDl genation
sis of LOHC Storage Terminal Terminal storage of LOHC

1,800 kg of hydrogen can be stored in dibenzyl toluene and benzyl toluene as LOHC in a large
trailer®. Compared to liquid gas transport, no evaporation losses occur®. The following figure
shows the LCOH's reaction cycle from Niermann®'.

%9 Aakko-Saksa 2018
60 Wasserscheid 2019

61 Niermann et al. 2021
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Figure 15 Concept of hydrogen transport via LOHC and reaction cycle from Nier-
mann®.
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For the LOHC transport, the infrastructures from the mineral oil industry can be used as far as pos-
sible, which means that the effort is low. The main disadvantages of LOHC's are the complex Hz
loading and unloading processes (hydrogenation / dehydrogenation) and the poor efficiency. On
the other hand, the dehydrogenation does not necessarily have to take place at the point of un-
loading and the loaded LOHC can be transported further by trucks or train.

In terms of costs and efficiency, it has to be taken into account that the unloaded LOHC has to be
transported back, including storage capacities for import and export. The return transport is taken
into account by doubling the transport costs (double transport route, energy requirement, double
number of containers)®.

The LOHC's are reversibly hydrogenated and dehydrogenated using catalysts at elevated temper-
atures. The dehydrogenation requires heat at 50-420°C, depending on the usage of LOHC and cat-
alyst®. The processes and catalysts have still to be developed for example in terms of selectivity
and fast kinetics of the system®.

The hydrogenation is an exothermic process. Without recovering this heat, 7-29% of the hydrogen
energy (@LHV) is lost®, due to 26-29%°’ of the hydrogen energy is lost. In order to improve the
energy balance/efficiency, the waste heat (from hydrogenation) should be used. In addition it is
also possible to use nearby heat sources for dehydrogenation (high temperatures) in order to in-
crease the efficiency.

2 Niermann et al. 2021
8 Fraunhofer ISS 2021
64 H, Infra-Teil von ISS
6 Aakko-Saksa 2018

% Niermann et al. 2021

67 Aakko-Saksa 2018
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Various organic substances are used as carrier media. These are also used in industrial processes
and have a low price®. (Di-)benzyltoluene seems to be LOHC compounds of choice®. Dibenzyl
toluene and benzyl toluenes can store 6.2 wt.% hydrogen.

A readiness of transport technology report’! has identified 17 projects with LOHC, 11 of them in
Germany, further 4 in Europe. 7 projects are in design phase, 9 in implementation, and 1 completed.
Many projects are mainly concepts for successfully implementing the still young LOHC technology.
Most projects do not cover the complete LOHC supply chain.

The efficiency of the LOHC transport chain is about 48.8%, assuming a distance of 12,000 km for
the transport between Europe and South America. The following assumptions are taken into ac-
count’?:

e Hydrogenation: around 5% losses

e Ship: losses negligibly’>. Fuel for transport around 5% losses, twice.

e No Boil-off. Terminal losses 0.03% [IEA 2019], twice

e Dehydrogenation (and purification): 4.5% losses, 90% H: recovery rate in dehydrogenation, 98%
recovery rate in PSA H:

e The high heat demand is covered by hydrogen’, this is not included in efficiency (due to the
approach of using the waste heat)

Potential barriers for the hydrogen transport by LOHC: Terminal, storage, and ships for oil products
are mature technology and available, but LOHC technology (hydrogenation and dehydrogenation)
is still under development.

Potential usage of final product: The reconverted hydrogen can be used in the hydrogen value
chain to substitute grey hydrogen.

The upfront investments and operational cost for the transport of hydrogen by LOHC for the year
2030 are shown in following tables. Table 13 shows the cost based on the toluene weight and Table
14 shows the cost based on the hydrogen weight using the assumption, that toluene can load 6.2
% of its own weight as hydrogen.

8 Aakko-Saksa 2018

8 Fraunhofer ISS 2021

70 Aakko-Saksa 2018

" Fraunhofer ISS 2021

72 |EA 2019, Niermann et al. 2021
Niermann et al. 2021

" Ibid.
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Table 13 Upfront investments and operational cost for components in the LOHC
transport chain in 20307°

Figure based on toluene weight

Costs based on toluene weight CAPEX OPEX

(% of CAPEX /y)
Hydrogenation process (toluene=> methyl-cyclohexane) 55 €/ (tTol/y) 4%y
Toluene cost 330 €/ (tTol/y)
(Start-up toluene: 260 kt Tol, Toluene markup: 100 kt
Tol/y
Export / Import terminal (including storage/tank) 568 — 812 €/tTol 4%/y
Depending on capacity of ship and loading frequency
Ship (capacity 110,000 tTol) 63 Mio € 4%/y
Dehydrogenation process (methyl cyclohexane > toluene 160 €/ (tTol/y) 4%/y

Source: [IEA 2019]

Table 14 Upfront investments and operational cost for components in the LOHC
transport chain in 20307° (Toluene-cyclohexane couple)

Figure based on hydrogen weight

Costs based on hydrogen weight (6.2 wt% of toluene) CAPEX OPEX

(% of CAPEX /y)
Hydrogenation process 883 €/ (tHa/y) 4%y
Toluene cost 330 €/ (tTol/y)
(Start-up toluene: 260 kt Tol, Toluene markup: 100 kt
Tol/y)
Export / Import terminal (including storage/tank) De- 9,164 — 13,090 4%y
pending on capacity of ship and loading frequency €/tH;
Ship (capacity 6,820 tH>) 63 Mio € 4%/y
Dehydrogenation process 2,573 €/ (tHao/y) 4%y

Source: [IEA 2019]

3.2.2 Conversion to derivatives and transport

Under section 3.2.1, renewable hydrogen was transported as a molecule of hydrogen, being ga-
seous compressed, liquefied or bound to an organic carrier (LOHQC).

In this section, renewable hydrogen is first converted to one of its derivatives to ease and reduce
the cost of its transport. The derivatives assessed in this section are

e Ammonia

e Methanol

e Power-to-Liquids, or liquid derivatives (e-kerosene, e-disesel)
e Synthetic Natural gas

> IEA 2019
6 IEA 2019
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3.2.2.1 Ammonia production and transport

According to ISPT’/, the annual production volume of ammonia worldwide was approximately 180
million tons in 2017 with an expected yearly production growth of 1 to 1.5 %. Approximately 12%
of this volume (21 million tons) was produced in Europe. Most of the NH3 (approx. 90%) is used as
a feedstock at production sites. The remaining 10% (around 20 million ton per year) is traded and
transported often covering large distances. Western Europe and the US are the two major importers
of NHs.

Ammonia accounts for about 40% of the current global hydrogen demand with 31.5
million tons of H,'®, of which 80% is used for fertilizers.

Renewable ammonia can replace grey ammonia in the fertilizers and the chemical industries, as
well as be used as fuel in the shipping industry and can be used as transport option for hydrogen.

Roughly, ocean transportation cost of ammonia is about 2/3 lower in comparison to the transport
of liquefied hydrogen (LH2)".

Assuming the transport over a distance of 12,000 km, the total efficiency for Ammonia along the
entire supply chain is about ~ 51.4%, taking into account the following assumptions:

e Haber-Bosch synthesis (including electrolysis): Electricity requirement for production of renew-
able hydrogen based ammonia of 9.8 - 10.2 kWhei/kg NH3 (including electrolysis: 4.3 kWh/Nm?
Hz; Nitrogen generation + compression in Haber-Bosch: 1.7 kWh/kg NHz)®

e Ammonia storage, shipping, import & export terminals: Boil-off gas is reliquefied®’

e Energy for transport per ship according to: 2,500 MJ/km for ship with 53,000 t NH3 capacity®

Haber .
Electricity Electrolysis (GH2 Bosch Ammonia el Ship Import
Storage) Synthesis Storage Terminal Terminal

Modern LNG ships are NHs-ready and with ammonia as base chemical for fertilizers, the distribution
network is well established. Export & Import LNG terminals can be repurposed for 11% of the initial
CAPEX®, making it an attractive solution. In Saudi Arabia, a 4 GW renewable hydrogen based am-
monia plant was announced within the NEOM initiative.

Techno-economic challenges for ammonia production and transport currently®*:

e Cheap, efficient production of ammonia using renewable hydrogen, from sustainable sources;
e Large-scale conversion to power with low emissions and high stability;

e Public perception that enables the global deployment of the molecule as an energy vector;

e Feasible economics that can compete with current electro-fuels;

e Safety aspect as ammonia is toxic — technical solutions available.

7 ISPT 2017

78 |EA 2019, FCHJU 2019

7 Breiki 2020

80 |EA 2019, Valera-Medina 2021, Bazzanella 2017
81 Ishimoto 2019

8 1EA 2019

8 Black & Veatch

84 Valera-Medina, Agustin; 2020
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The upfront investments and operational cost for ammonia production and transport for the year
2030 are summarized in following table:

Table 15 Upfront investments and operational cost for Ammonia production and
transport in 2030

CAPEX OPEX
(% of CAPEX /y)
Ammonia Synthesis and Electrolysis 705 €/t NHs 1.5 %/y
Export / Import terminal (including storage) 1,400 — 2,150 €/t 4 %/y
Depending on capacity of ship and loading frequency NH3
Ship (capacity 78,000 t NHs) 102 Mio € 4 %[y

Source: [IEA 2019, Ishimoto 2019]

3.2.2.1.1 Ammonia as transport option for hydrogen

If ammonia is used as transport option for hydrogen, an ammonia cracking and purification plant
is necessary to reconvert hydrogen after the transport of ammonia.

Haber " :
Electricity Electrolysis S (GH2 Bosch S Ech.m Nalfe) Impqrt e
torage) Synthesis Storage Terminal Terminal Plant

The efficiency for hydrogen import via ammonia is about 37.6 %, assuming a distance of 12,000 km.
The used assumptions are: Energy consumption for additional cracking plant 1.5 kWh/kg NHs, 98%
H2 recovery rate in cracking, 85% recovery rate in in purification).®®

The upfront investments and operational cost for ammonia cracking for the year 2030 are shown
in following table.®®

Table 16 Upfront investments and operational cost Ammonia Cracking in 2030
CAPEX OPEX
(% of CAPEX /y)
Cracking plant 253 €/t NHs/a 4 %/y

Source: [IEA 2019, Ishimoto 2019]

8 |EA 2019
8 ]EA 2019, Ishimoto 2019

53



Report Hydrogen

3.2.2.2 CO:; Production by Direct Air Capture (2030)

COz2 is necessary for methanol synthesis, Fischer-Tropsch synthesis and methanation (as illustrated
by the figure below). Besides concentrated CO2 sources like biogas or flue gas from e.g. the cement
industry, Direct Air Capture (DAC) is usually needed to provide COx.

GH2 Fischer
Electricity [mall Electrolysis [hmg = =
storage Tropsch
Methanol

Direct Air = = synthesis
Capture

W Methanation

The extraction of CO: from the air is energy-intensive and therefore expensive. Since there are only
400 ppm of CO: in the air, at least about 1,370 m? or 1.65 tons of air must be moved through the
capture system to recover one kilogram of C02.%’

DAC is a technology that is operated and researched by a few research institutions and companies
with different technologies.?® The company Climeworks aims at reducing the cost of COz to 80 €/t
(target value). Today's DAC costs are in the range of 500 €/ t CO2. Other companies active in the
field of DAC counts Global Thermostat (USA) and Carbon Engineering (Canada).

An important challenge is the scaling and cost reduction of DAC technology (investment cost and
reduction of energy demand). The upfront investments, operational cost, and fuel cost for DAC
technology for the year 2030 are shown in Table 17

Table 17 Upfront investments and operational cost for DAC in 2030
CAPEX [€/t CO;] OPEX [%/y] Electricity demand Heat demand
[kWh/ t CO2] [kWh/ t CO2]
DAC (2030) 1,275 4.0%/y 700 2,200

Source: [Prognos 2020]

3.2.2.3 Methanol production and transport

Methanol production from synthesis gas is fully commercial. As a liquid it is easily transportable,
like other common petroleum fuels. The following figure illustrates the steps of the chain of meth-
anol, from the production of renewable hydrogen to import terminal: hydrogen production, gase-
ous hydrogen storage, methanol synthesis, methanol storage, export terminal, transport by ship,
and import terminals.

An A Methanol Methanol Export 8 Import
EleCt”Clty EledrmySIs = Storage) syntheSis

8 Prognos 2020
8 |bid.
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In 2021, 110 million tons methanol were produced® with 60% of the global market demand com-
ing from China®. The company Waterfront Shipping (subsidiary of market leader Methanex, wfs-
cl.com) has 30 ships, size class up to 50,000 tons, and intent to drive its ships with methanol, from
currently 11 ships up to 19 until 2023.

Around 40% of global methanol production today is used for energy purposes, but methanol can
also be used as the building block for synthesizing a range of chemicals, e.g. for the production of
plastics”'. Currently there are 100 ports available for methanol shipping worldwide.

This section describes

e The cost of renewable methanol production, in 2018 and 2050
e The efficiency and cost along the chain (incl. transport) in 2030

Cost of renewable methanol production in 2018 and 2050

Five million liters per year renewable methanol are produced today®. There are currently 36 renew-
able methanol projects in the pipeline, of which 3 Mt would be bio-based, and 1 Mt would be e-
methanol. Cost for bio- and e-Methanol are mainly dependent on cost for feedstock and electricity.

The cost of e-methanol depends largely on CO2 and Hz costs. Biomass, industrial processes exhaust
fumes or DAC are possible CO2 sources. The total cost of e-methanol production comprises®:

e The cost of CO2 from biogas capture from biogas plants, which is about 10-50 USD/t CO2, while
the cost of CO2 from DAC is still about 300-600 USD/t (and even above, see section 3.2.2.2.1);

e The cost of renewable hydrogen (see section 3.2.1.1);

e The electricity consumption to convert H2 & COz into MeOH;

The resulting cost for methanol in 2018 is about 800-1,600 USD/t methanol (based on CO2 from a
biogas plant), or about 1,200-2,400 USD/t methanol (via DAC).

Based on the Capex, OPEX and feedstock costs, the total cost of production range of bio-based
methanol is forecasted for 2050 at 220-560 USD/t Methanol.?

The cost reduction potentials are related to renewable power generation, electrolysers, efficiency
and durability. The following figures illustrates the estimated costs of renewable e-methanol up to
2050 depending on the renewable CO2 source and the development of cost for e-methanol, bio-
methanol and fossil methanol.

8 methanol.org
% methanex

9 |EA 2019

2 CRI

9 |RENA 2021
% IRENA, 2021
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Figure 16 Estimated costs of renewable e-methanol up to 2050 depending on the re-
newable CO: source
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Note: CAPEX and OPEX for the production of hydrogen and CO, are already included in the respective cost of hydrogen and CO»

56



Report Hydrogen

Figure 17 Development of cost for e-methanol, bio-methanol and fossil methanol
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Total cost of renewable methanol production and transport in 2030

The production of methanol from biomass and from CO2 and Hz does not involve experimental
technologies. Almost identical, proven and fully commercial technologies are used to make meth-
anol from fossil fuel-based syngas and can be used for bio- and e-methanol production®.

As explained in the introduction, transport cost is also commercially mature, and is estimated at
30.6 USD on average per ton.

The following summarizes the main assumptions regarding the efficiency and driving the total cost
of methanol production:

e Electricity consumption to produce methanol with H2 and CO2: 6.58MWhe?®/t MeOH®’ with an
efficiency of 83.5%%

e CO2 demand for methanol synthesis: 1.4 kg CO2/kg Methanol

e Hzrequired for methanol synthesis: 0.1875kg Hz/kg Methanol

9% |RENA 2021
% Or23.7 GJ/t MeOH
97 |EA 2019

% Theoretical efficiency according to [Prognos 2020] is 85%
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e Ship transportation boil-off with a value of 0.0005% is negligible®

The upfront investments, operational cost and fuel cost for methanol production for the year 2030
are shown in following table.

Table 18 Upfront investments and operational cost for methanol production in
2030'%°
CAPEX OPEX
(% of CAPEX /y)
Electrolysis + Methanol synthesis 491 €/(tmethanol™y) 1.5 %/y
Methanol synthesis 641 €/(kWwethanol) 4 %/y

Currently the main barrier to renewable methanol uptake is its higher cost compared to fossil fuel-
based alternatives (hydrogen produced from renewable electricity versus hydrogen produced from
steam methane reforming)'?'.

3.2.2.4 PtL (Diesel/Kerosene) production and transport

Power-to-Liquid processes or liquid derivatives like e-diesel and e-kerosene production from hy-
drogen is an advanced technology. Liquids are easily transportable, like other common petroleum
fuels. PtL can use the existing infrastructure (terminal, tanks, ships, ...).

The following figure illustrates the steps of the chain of liquid derivatives, from the production of
renewable hydrogen to import terminal: hydrogen production, gaseous hydrogen storage, Fischer-
Tropsch synthesis, liquid storage, export terminal, transport by ship, and import terminals.

Fischer
.- . (GH2 PtL Export Shi Import
Sl SR Storage) S-ryr:t’i]ics}i]s Storage Terminal - Terminal

There are several applications, where decarbonization will remain complicated to switch to low-
carbon alternatives, like electrification or other renewable fuels (solar, geothermal, or even bio-
based), especially for heavy duty and maritime transport and aviation. For some of these applica-
tions, it is expected that liquid fuels will be used in the long term.

The efficiency of Fischer Tropsch Synthesis converting Hz to liquid fuels is about 66 — 76.3%'%,
meaning that the energy content of the final product (PtL) comprises about 66-76.3% of the energy
content of the hydrogen that has been used to produce it. The FT synthesis consumes 23.5-26
MWhei/t product. The efficiency of the entire PtL (Diesel/Kerosene) chain, comprising production,
storage and transport, is estimated to be about 45— 50% excluding transport via ship.

PtL products can be shipped by a usual product tanker fleet. The deadweight of large range vessels
is between 80,000 to 120,000 tons'®, however it is assumed existing vessels and infrastructure will
be used, considering PtL will replace the use of the incumbent fossil-based fuels.

The upfront investments and operational cost for Fischer Tropsch Synthesis for the year 2030 are
shown in the following table.

% Al-Breiki & Bicer 2020

100 1EA 2019, Prognos 2020

10T |RENA 2021

102 Prognos 2020, IEA 2019; PtX-Atlas 2021
103 Fasihi 2016

58



Report Hydrogen

Table 19 Upfront investments and operational cost for Fischer Tropsch Synthesis in
2030
CAPEX OPEX
(% of CAPEX /y)
Fischer Tropsch Synthesis 627-833 €/kW iiquid 4 %/y
Ship (capacity 100,000 tiiquia) 48 Mio€ 3 %/y

Source: [IEA 2019, Prognos 2019, Fasihi 2016]

The capital expenditure breakdown of the hybrid PV-Wind-PtL shows that nearly 60% of CAPEX is
still spent on electricity generation.

Figure 18 Capital expenditure breakdown of the hybrid PV-Wind-PtL
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3.2.2.5 SNG (liquid synthetic methane)

Synthetic Natural Gas production from hydrogen is an advanced technology but still in the demon-
stration phase. As a gas, SNG can thereafter be further processed into liquefied methane, for
transport via ships, or it can be directly fed in the natural gas grid to substitute grey methane. It
also can be used as fuel or in production industry as feedstock.

The following figure illustrates the steps of the chain of SNG, from the production of renewable
hydrogen to LNG import terminal: hydrogen production, gaseous hydrogen storage, methanation
process, liquefaction (for ship transport), LNG export terminal, transport by ship, and LNG import
terminal.

. LNG LNG
Electricity Electrolysis (GH2 Met‘hana— Lo Export Ship Import
Storage) tion faction " .
Terminal Terminal

For the transport of SNG, only its liquid state (liquid synthetic methane) can be transported over
long distance. Therefore, the following components are necessary to develop: liquefaction, LNG
export terminal, ships and LNG import terminal. Feeding synthetic methane into the existing natural
gas network is not considered here, although it could come from North Africa interconnection
through the Mediterranean Sea, or from Ukraine, Russia or other bordering countries.

The methanation technology (transforming Hz into CHa) is available but not proven for large scale
application. It is still in demonstration phase (highest readiness has fixed-bed reactor with TRL
8/9)104.

104 TF-Energiewende
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For transport of liquid synthetic methane, exactly the same technology and infrastructure as for
natural gas can be used: Liquefaction, LNG-Terminals and ships are already in use and available. In
Europe (2017) a total of 28 large-scale import terminal are in operation or being built, incl. UK &
Turkey %,

The efficiency of the entire SNG supply comprising hydrogen production, methanation and the
transport of methane is about 49%, assuming 15 days shipping transport (about 12,000 km dis-
tance). The following assumptions are taken into account:

e Methanation efficiency: 77%'%° - 80% '’

e CO2 demand for methanation: 2.8 kg CO2/kg methane

e SNG liquefaction: 96.5% efficiency'®

e Modern LNG carriers (ships) feature boil-off rates between 0.10 — 0.15% per day
for propulsion of the ship'™

199 This is used

A potential barrier for methanation and transport of methane is the scaling of methanation tech-
nology.

The upfront investments and operational cost for methanation and transport of methane for the
year 2030 are shown in Table 20. Additional CAPEX and OPEX for a DAC unit to provide CO2 are
not included in these costs. Cost for DAC technology are shown in chapter 3.2.2.2.

Table 20 Upfront investments and operational cost for methanation and LNG
transport 2030
CAPEX OPEX
(% of CAPEX /y)

Methanation 562 — 607 €/kWmethane 3.5-4%/y
Liquefaction 660 -1,500 €/ting*y 2.5%/y
LNG Export / Import terminal (including storage)
Depending on capacity of ship and loading fre- 3,000 — 10,000 €/tinG 2 -5%/y
quency
LNG Ship (tanker of 140,000 m* (approx. 59,000 t)) 140 Mio €

Source: [IEA 2019, Prognos 2020, ERIA 2018, ERIA 2017, Oxford 2018, Merkel 2017]

3.3 Production and import cost for several derivatives from differ-
ent countries

This section analyses the costs for liquid derivatives, methanol, liquid SNG and liquefied hydrogen
production and transport up to the EU borders. Figures are based on the Fraunhofer IEE PtX Atlas.
Import costs consist of production costs and transportation costs.

The countries are selected based on the assessment carried out under section 3.1 on potential
exporting market at 2050.

105 King & Spalding 2018
16 |EA 2019

107 TF-Energiewende

1% Hank et al. 2020

109 1bid.

10 |bid., Prognos 2020
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Methodology
The cost-optimized system design and fuel production cost are established based on:

e Electricity production by wind, solar or hybrid (wind and solar)
e Hydrogen production by electrolysis

e Derivatives production

e Transport cost

The calculation of the fuel production cost is carried out using the net present value method for
all individual technologies in the respective renewable hydrogen and derivatives supply pathway.
For this purpose, the investment'"", operating and capital cost, the fuel cost, the technical properties
of the aggregates used and the economic useful life of the project are determined. The capital cost
is country specific, and depends on the socio-economic context, with as reference the “Renewable
Energy” category from the RISE Score''? (with a total range of 3% - 12%).

The weighted average cost of capital is a common way to determine required rate of return of
projects. The project lifetime is assumed to be 20 years.

CAPEX assumptions for the cost calculations for 2030 are in Table 21. Assumptions for 2050 can be
found online™".

Table 21 Summary of investments and operational cost for derivatives (2030)
PEM Synthesis DAC Liquefac- H; buffer CH4 buffer
electroly- [€/kW]'"® CAPEX tion [€/kWh] [€/kWh]
sis [€/t]"1¢ [€/t*a]""7 118 119
[€/kw]114
FT-fuels by low 590 833 1,275 - 25 5
temperature PEM
Methanol by low 590 641 1,275 - 25 5
temperature PEM
CH4 (LNG) by low 590 562 1,275 500 25 5
temperature PEM
H: (liquid) by low 590 - - 3,500 25 5

temperature PEM

Assumptions for the DAC operation are 700 kWh electricity per ton of CO2 and 2,200 kWh of heat
per ton of CO..

Investment and operating cost vary depending on the technology and the year of installation. The assumptions for 2050 are listed in the table
available at : https://devkopsys.de/ptx-atlas/#ermittlung-der-kraftstoffgestehungskosten

12 https://rise.esmap.org/scores

3 https://devkopsys.de/ptx-atlas/#ermittlung-der-kraftstoffgestehungskosten

"4 Fraunhofer IEE cost model 2022

5 Prognos 2020: Kosten und Transformationspfade fiir strombasierte Energietrager
6 Prognos 2020: Kosten und Transformationspfade fiir strombasierte Energietrager
"7 Fraunhofer IEE cost model 2022

8 ). Gorre, F. Ortloff und C. van Leeuwen 2019: Production costs for synthetic methane in 2030 and 2050 of an optimized Power-to-Gas plant with
intermediate hydrogen storage

9 J. Gorre, F. Ortloff und C. van Leeuwen 2019: Production costs for synthetic methane in 2030 and 2050 of an optimized Power-to-Gas plant with
intermediate hydrogen storage
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Hydrogen production costs by electrolysis

The hourly resolved generation time series are used to model different minimum-cost renewable
hydrogen and derivatives generation systems. In total, a minimum cost system is designed for 12
technology options and simulated for representative sites from the previous area analysis. The 12
technology options differ firstly based on the electrolysis system used (low temperature PEM or
high temperature SOEC) and the renewable hydrogen and derivatives variant.

In determining the cost-optimal system design, different system components are considered. For
electricity generation, ground-mounted solar power systems and onshore wind power systems are
taken into account, as large farm and not connected to the grid. The design can be optimized with
intermediate storage of electricity, such as integrating battery storage into the system. In a first
step, the generated electricity is required by the electrolysis for hydrogen production. In the case
of high-temperature SOEC plants, there is also a heat requirement for hydrogen production. This
can be covered by large heat pumps or electric boilers. It is assumed that the electricity for the
electrical heat supply also comes from the system’s wind or solar plants or, if applicable, from the
battery storage.

Derivatives production cost

The hydrogen produced can optionally be temporarily stored in a hydrogen storage tank before it
is liquefied (depending on the end product), compressed for storing reasons or even further syn-
thesized into other derivatives. For the synthesis of carbon-based derivatives (most of the deriva-
tives), CO2 capture from the air is included, whose electricity demand also comes from the system
and whose heat demand is covered by the heat generators, possibly in combination with a heat
storage system. Part of the waste heat from the synthesis can be used for high-temperature elec-
trolysis. Optionally, a methane storage can be included in the system to make liquefaction more
flexible in terms of time. The power supply for the compression or liquefaction of the fuels also
comes from the system.

The cost-optimal composition of a system is determined from the above-mentioned components
for a determined location for any fuel type. The cost optimized design is determined based on
investment cost, fixed and variable operating costs, and fuel costs (electricity). The system operation
is mapped in hourly resolution for an entire year, taking into account seasonal fluctuations and
short-term of wind and PV power supply.'?

Transport cost

Transport cost of hydrogen and derivatives (PtL, Methanol, Liquid SNG and Liquid Hydrogen) is
another cost component that needs to be determined in order to map the renewable hydrogen
and derivatives import costs. For this purpose, a cost model for tanker ships was developed, which
calculates the transport costs in €/MWh for each fuel variant, depending on the distance between
the importing (EU) and exporting country. To calculate the distance, the largest port of the export-
ing country is taken into account in each case, with the nearest importing port in EU. If the country
does not have its own port, the nearest foreign port is selected. The tankers are propelled by the
same fuel that they transport. For example, it is assumed that the hydrogen tanker has a propulsion
system consisting of a polymer membrane fuel cell and an electric motor, including the associated
power electronics. The technology-specific costs for the corresponding propulsion systems are ac-
counted for in the investment costs, which are included in the annual fixed costs of the tanker

120 The assumptions and parameters for the operation of the plants are listed in the table available at https://devkopsys.de/ptx-atlas/#kostenopti-
male-systemauslegung-von-ptx-technologien
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service using the net present value method. For this purpose, a depreciation period of 25 years is
applied.

The total annual costs of the ship, consisting of the fixed and the variable costs, are divided by the
annual transport performance, which depends among other things on the ship size and the ship
speed, in order to represent the costs in the target unit €/MWh of the transported fuel.

To understand the dependencies of the transport, the section starts with the costs for shipping the
different final products (liquids) to Europe. The detailed assumptions about transport can be found
in the following paragraphs and in section 3.2.

The following parameters have influence on the cost of transportation:

e Transport distance

Table 22 Average transport distance from different countries up to EU borders

ARG AUS CAN CHL EGY LBY MEX RUS SAU USA

Transport

) 12,302 22,015 6,544 14,413 6,451 5166 10,318 7,187 12497 6,733
distance

e Losses of final product during transport (e.g. boil-off), which differs significantly from one prod-
uct to another one

e 0.2 %/d for LH2 and CH4
e Energy losses due to conditioning of final product (e.g. liquefaction)
e Included in final product amount

Transport cost of derivatives by country vary depending on the location of the renewable hydrogen
and derivatives plant within a country. The ranges of transport cost are shown in Figure 19 for the
10 countries which have been identified as potential exporting parties to EU (section 3.1).
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Figure 19 Transport cost for RES-H: and derivatives products from Top 10 countries to
Europe
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The detailed average costs for transport for each carrier from each country (well defined distance)
are shown in Table 23.

Table 23 Average transport cost (2030)

[€/MWHh] ARG AUS CAN CHL EGY LBY MEX RUS SAU USA

LH: 2117 38.07 1159 2386 1169 11.07 1884 1413 2413 1247
Methanol 873  14.82 4.70 9.32 4.64 4.88 7.51 599 1023 5.26
FT 4.36 7.41 2.35 4.66 2.32 2.44 3.76 2.99 5.11 2.63
SNG 6.93  12.02 3.82 7.65 3.78 3.67 5.99 4.61 7.79 413

3.3.1  Cost of Liquid Hydrogen (LHz) supply chain

This section presents the costs for each of the Top 10 countries of

e Liquid hydrogen production, which is detailed in section 3.2.1;
e Import cost, meaning liquid hydrogen production and transport.

The “production cost” comprises the supply chain steps illustrated in green boxes in the figure
below, while the “import cost” comprises the green and orange boxes (while the blue box is not
comprised in the cost).

Electricity Electrolysis St(c()arl;lgze) liquefaction LH2 storage

The following figures show the LH2 production cost (Figure 20) and LHz import cost (Figure 21) in
2030.
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Figure 20 Liquid Hydrogen Production cost 2030
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Figure 21 Liquid Hydrogen Import cost 2030
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3.3.2 Cost of Methanol supply chain

This section presents the costs in each of the Top 10 countries with respect to:

e E-methanol production, which is detailed in section 3.2.2.2;
e Import cost, meaning MeOH production and transport.

The “production cost” comprises the supply chain steps illustrated in green boxes in the figure
below, while the “import cost” comprises the green and orange boxes (while the blue box is not
comprised in the cost).

Electricit Electrolysis g Rl B !
¥ Y Storage) Synthesis Storage

The following figures show the MeOH production cost (Figure 22) and import cost (Figure 23) in
2030.
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Figure 22 Methanol Production cost 2030
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Figure 23 Methanol Import cost 2030
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3.3.3  Cost of Fischer Tropsch PtL (Diesel/Kerosene) supply chain
This section presents the costs in each of the Top 10 countries with respect to:

e Power-to-liquid (e-diesel / e-kerosene) production (via Fischer Tropsch process), which is de-
tailed in section 3.2.2.3;

e Import cost, meaning Power-to-liquid production and transport.

The “production cost” comprises the supply chain steps illustrated in green boxes in the figure

below, while the “import cost” comprises the green and orange boxes (while the blue box is not
comprised in the cost).

Fischer
Electricity Electrolysis (i Tropsch AL
Storage) Synthesis Storage

The following figures show the Fischer-Tropsch-fuels like diesel and kerosene production cost (Fig-
ure 24) and import cost (Figure 25) in 2030.
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Figure 24 Fischer Tropsch (Diesel/Kerosene) Production cost 2030
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Figure 25 Fischer Tropsch (Diesel/Kerosene) Import cost 2030

Import cost including transport of Fischer-Tropsch fuels in 2030
300

.
250
.
----— —

Import cost [€/MWh]

100

ARG AUS CAN CHL EGY LBy MEX RUS SAU USA

3.3.4 Cost of Liquid Synthetic Natural Gas (SNG) supply chain
This section presents the costs in each of the Top 10 countries with respect to:

e Synthetic Natural Gas (SNG) production, which is detailed in section 3.2.2.4, and liquefaction (or
synthetic LNG);

e Import cost, meaning SNG production, liquefaction and transport.

The “production cost” comprises the supply chain steps illustrated in green boxes in the figure
below, while the “import cost” comprises the green and orange boxes (while the blue box is not
comprised in the cost).

(GHZ Methana-
Electricity Electrolysis tion Lique-faction

The following figures show the SNG production and liquefaction cost (Figure 26) and import cost
(Figure 27) in 2030.

67



Report Hydrogen

Figure 26 Liquid Synthetic Natural Gas Production cost 2030
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Figure 27 Liquid Synthetic Natural Gas Import cost 2030
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3.3.5 Main conclusions and takeaways regarding carriers’ competi-
tiveness

As identified in this section, supplying the future European economy, its energetic and industrial
demand as well as the transport sector (including aviation and the maritime industry) can be cov-
ered also by imports of renewable hydrogen and derivatives.

In section 3.2, various production and transport technologies for the import of renewable hydrogen
and its derivatives were described. As indicated, the more conversion steps the process chain con-
tains, the lower its efficiency, which directly leads to the higher costs of those derivatives. How-
ever, due to i.e. excellent renewable energy resources with accordingly low LCOE and high full
load hours, the combined production and transport cost can be a very attractive option for
the EU - in particular when considering renewable hydrogen derivatives which are cheap and
efficient to transport.

The import of ammonia, methanol, e-diesel and e-kerosene seems to be the most straightforward
to realize at the present time. The infrastructure for transporting these fuels already exists and
is already being used for the fossil hydrocarbons as well as fossil-based ammonia to be substituted.
Additional transport capacities and some new export terminals might however be necessary. The
cost of transporting these liquids to the EU has proven to be the most economical in the analysis,
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especially compared to the transport of liquefied hydrogen which remains expensive due to the
need for new infrastructure (terminals, tanks), the energy intense liquefaction and boil-off losses
during transport.

If the demand for pure hydrogen exceeds the domestic European production capacities, it is suita-
ble to import hydrogen via a pipeline from neighboring countries. Chapter 3.2.1.2 described what
a future European hydrogen network could look like and the routes via which it seems plausible
today to import hydrogen in the future. Excellent renewable energy resources near the EU with
accordingly low LCOE and high full load hours would lead to very attractive production costs
of gaseous hydrogen. New storage and a grid infrastructure (new built pipelines or rededi-
cated natural gas infrastructure) would still be required. This option, for the direct use of
hydrogen (in the industry or in transport), requires only hydrogen compression for the
transport and will remain more attractive than the reconversion of the liquid derivatives back
to hydrogen.

The main cost driver for import costs of renewable hydrogen and derivatives remains the availability
and cost of renewables. This is demonstrated in section 3.1 by the extremely favorable production
costs of derivatives in the Top 10 countries, such as in Chile. The transport costs, in turn, depend
mainly on the transport distance (including the losses). Despite the comparatively long distance
between Chile and Europe and the correspondingly higher transport costs, the cost advantages due
to extremely advantageous renewable resources outweigh the disadvantages.

Nevertheless, the large-scale renewable hydrogen production projects announced to date are not
yet sufficient to meet the EU’'s needs. However, new projects with increasing scale and thus pro-
duction capacity are being announced continuously and so this situation can change in the coming
years.

Renewable hydrogen derivatives like ammonia, or methanol, can also replace existing industrial use
of hydrogen, which is currently fossil-based. The EU industry could directly import these final feed-
stocks (e.g. fertilizer industry importing renewable NHs from outside EU), or could purchase renew-
able hydrogen produced within the EU, and convert it on-site (as is currently the case) to NHs.
Nevertheless, importing liquid hydrogen in order to produce the derivatives within Europe leads to
very low efficiencies and high costs compared to directly importing the derivative needed. Produc-
ing the derivatives within the EU from gaseous hydrogen which is imported via pipelines leads to
lower losses and costs. Comparing these options is not done in the frame of this study, as it would
require to assess the NHs production cost of the EU fertilizer industry.

34 Regulatory needs for hydrogen imports and infrastructure

Renewable hydrogen and derivatives will become increasingly important for the energy transition
in Europe, and imports may play a big role in the European hydrogen economy as discussed in
section 3.4. Besides the techno-economic aspects (technologies, geographies and transport meth-
ods), there are multiple uncertainties to tackle when establishing international H, markets and im-
port infrastructure which require a policy response from the EU and Member States alike, if hydro-
gen and derivative imports from non-EU countries is to take place. This section discusses the bar-
riers and regulatory needs for developing hydrogen imports to the EU, with a focus on renewable
and low-carbon hydrogen.

The EU Hydrogen strategy (‘A hydrogen strategy for a climate-neutral Europe’) released in July
2020 sets out the vision of installing at least 6 GW of hydrogen electrolysers in the EU by 2024,
increasing to 40 GW by 2030. It further addresses the EU strategy for H, imports and the interna-
tional dimension, placing hydrogen high on its external policy agenda. Its goal is cooperation in the
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field of clean hydrogen with the EU’s neighbouring countries/regions and other international part-
ners to establish secure hydrogen supply chains and diversify imports. Africa - North Africa in par-
ticular - is considered as a potential future partner due its geographical proximity and RES potential,
while the EU’s Eastern and Southern'' neighbours, especially Ukraine, are also set to be priority
partners due to existing infrastructure and physical interconnections. To address production and
market uncertainties, the strategy aims for coordination with neighbours on research, innovation
and policy as well as direct investments and fair trade of hydrogen and derivatives, recognising the
importance of a full value chain approach and that to establish demand for the fuel parallelly with
an adequate market.

The strategic importance of partnerships with Eastern and Southern neighbours of the EU are not
to overlook, even if some market and regulatory barriers need to be overcome. Hydrogen imports
from Energy Community'?* countries or North Africa could potentially be competitive. Some South-
ern neighbourhood countries like Egypt and Libya are already on list of main potential hydrogen
exporting countries of this chapter, while some Energy Community countries are prime candidates
for imports given their planned EU accession (e.g. Ukraine). Hydrogen would need to be transported
shorter distances to the EU borders. Moreover, supplies through pipelines could be more secure
than shipments from other regions, as competition with e.g. Asian markets would be more limited
(however, this could also lead to a greater dependency on specific suppliers).

Besides cooperating under existing trade agreements, the EU already announced plans to provide
targeted assistance to North African countries on renewable electricity and hydrogen production,
as well as to facilitate imports to Southern Europe, with multiple electricity transmission intercon-
nectors already under construction or in the study phase. Financing instruments will come from the
Neighbourhood Investment Platform set up by the European Commission'?,

Textbox 1 Commission priorities set in the Hydrogen Strategy regarding the interna-
tional dimension of hydrogen markets

e Strengthen EU leadership in international fora for technical standards, regulations and defini-
tions on hydrogen

e Develop the hydrogen mission within the next mandate of Mission Innovation (MI2)

e Promote cooperation with Southern and Eastern Neighbourhood partners and Energy Com-
munity countries, notably Ukraine on renewable electricity and hydrogen

e Set out a cooperation process on renewable hydrogen with the African Union in the frame-
work of the Africa-Europe Green Energy Initiative

e Develop a benchmark for euro denominated transactions by 2021

Concerning regulatory and market barriers for hydrogen imports to the EU, some studies exist, but
the topic is rather new and few principles exist yet on how to foster international H, trade and
hydrogen imports to the EU. In this section we provide recommendations on policy and regu-
latory frameworks to promote the import of hydrogen and its derivatives to the EU.

21 The Southern neighbourhood includes Algeria, Egypt, Israel, Jordan, Lebanon, Libya, Morocco, Palestine, Syria and Tunisia
122 Albania, Bosnia and Herzegovina, Kosovo*, North Macedonia, Georgia, Moldova, Montenegro, Serbia and Ukraine

12 A Mediterranean Green Deal For An Effective Energy Transition As Part Of The Sustainable Post-Covid Recovery: https://www.cmimar-
seille.org/sites/default/files/newsite/energy_report_final_final_online_0.pdf
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3.41 Context and analysis of barriers

Main Take-aways of the section

This section addresses five contextual topics and barriers to consider when establishing policies
and regulations around international hydrogen trade, specifically regarding EU imports.

Some of the barriers are generally referring to the lack of international trade at the moment,
others are related to hydrogen infrastructure and market design.

Besides every player in the value chain needing clarity about the future H, agenda, pre-
ferred production technologies, as well certification criteria have to be defined in order for
investments to start.

There are no established international renewable hydrogen markets presently, thus cre-
ating international renewable and low-carbon hydrogen markets will require developing sup-
ply and demand as well as the entire value chain

e The development of an initial demand for renewable and low carbon hydrogen can start
from substituting existing fossil hydrogen demand.

e Further developing hydrogen demand will require the deployment of new uses

e Therefore, initially investments will be especially needed in supply and transportation of
hydrogen if end-use initially focuses on substituting existing grey hydrogen consump-
tion, but in the long run this will apply to the entire value chain

Intergovernmental agreements and strategic partnerships can foster international hydrogen
trade, and bilateral agreements are most fit to do this (as opposed to multilateral)
Development of import infrastructure will require certainty regarding hydrogen volumes. In-
vestors will only provide sufficient capital for repurposing and new infrastructure if:

e Along-term and reasonably secure supply and demand for hydrogen can be foreseen;

¢ H, purchase/sale agreements and reasonable forecasts of associated capacity pur-
chases are in place for new and repurposed infrastructure

e Bilateral and multilateral agreements address country-specific risks and provide the ad-
equate legislative and regulatory framework for trade

e Permits and licenses (new or automatically transferred from gas or liquid fuel assets)
are in place for new fuels, as proof of safety and operation.

There is no harmonised system for the certification of renewable and low-carbon fuels, which
blocks the accounting of emission reductions achieved towards sectoral renewable energy
targets and allows possible false claims by hydrogen producers, as well as results in a lack of
trust by the public in low-carbon character of hydrogen.

e EU policy makers must ensure that standards for accounting of the environmental impact
of imported synthetic fuels (including gases) are agreed upon and are aligned with EU
regulations, to avoid penalising EU producers and carbon leakage.

The future regulatory framework should address the repurposing of existing regulated LNG
terminals, otherwise the lack of a framework in this regard could slow down investments into
critical H, infrastructure

Existing long-term gas capacity contracts may hamper conversion of existing assets due to
supply commitments, more likely in case of pipelines than in LNG terminals.

71



Report Hydrogen

Textbox 2 Challenges and measures for the development of an international hydrogen
market according to the literature

Some of the main requirements for the development of an international hydrogen market ac-
cording to the literature

e As hydrogen consumers, the European industrial sector needs clarity about the future H,
agenda and implications to their operations, while investors in the future hydrogen value
chain need more certainty in the transition pathway;

e There needs to be clear understanding of H, production technologies as well as on what can
be counted as renewable and low-carbon hydrogen under EU and national legislation;

¢ EU-wide instruments are needed that clarify the above terminology of renewable and
low-carbon hydrogen and derivatives, and establish quality standards;

e Important infrastructural investments will be required to establish the conditions for trade
(in terminals, storage, transport and delivery), mostly by partner countries, with eventual sup-
port from the EU by e.g. subsidies for energy prices. In the long-run investments have to
cover the entire value chain.

Hydrogen Europe’s ‘Green Hydrogen for a European Green Deal''** presents the 2x40 GW initi-
ative, which is aimed at scaling up electrolyser production capacity in the EU up to 40 GW and in
addition deploying capacity in and sourcing imports from North Africa and Ukraine - both
sources totaling ca. another 40 GW in electrolyser capacity by 2030. For hydrogen imports as well
as domestic markets to materialize, the following would be needed, among others:

e A H, market design with flexible market regulations allowing for hybrid connections (i.e. en-
abling connection to both the electricity and hydrogen grids);

e Hydrogen market stimulation programs

e EU tenders for renewable electricity-based hydrogen;

e Developing a long-lasting and mutual cooperation between the EU and North Africa (as one
of the main potential import partners) on political, economic and societal levels.

3.4.11 There are no established international hydrogen markets pres-
ently

This barrier concerns the fact that starting (international) renewable (or low-carbon) hydrogen mar-
kets will require developing supply and demand as well as the entire value chain. Companies
and investors will require long-term certainty to take the decision to make capital-intensive invest-
ments in the entire value chain.

There is limited hydrogen trade in the EU, while international (renewable and low-carbon) hydrogen
markets are practically inexistent. Significant captive hydrogen demand exists in industry. As fossil
and renewable hydrogen are interchangeable, this means the development of an initial demand for
renewable and low carbon hydrogen is less challenging, as it could substitute existing fossil hydro-
gen demand. However, further developing hydrogen demand will require the deployment of new
uses, and this could take place in parallel with the substitution of fossil hydrogen use. Therefore,
initially investments will be especially needed in supply and transportation of hydrogen, but in the
long run this will apply to the entire value chain.

124 https://dii-desertenergy.org/wp-content/uploads/2020/04/2020-04-01_Dii_Hydrogen_Studie2020_v13_SP.pdf
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In order to support the development of an international hydrogen market, bilateral and multilat-
eral intergovernmental agreements will play a key role. Investors can address commercial, cur-
rency and other risks, but intergovernmental agreements target country and regulatory risks.'>

Most likely concrete intergovernmental agreements fostering hydrogen markets will be bi-
lateral (as opposed to multilateral). Existing multilateral partnerships do help to foster an interna-
tional value chain, and include the Clean Energy Ministerial Hydrogen Initiative, the IRENA Collab-
orative Framework on Green Hydrogen, Mission Innovation and the International Partnership for
Hydrogen and Fuel Cells in the Economy (IPHE). However, international hydrogen initiatives are still
focused on mapping and disseminating best practices and pilot projects, rather than establishing
international hydrogen trade. There is a lack of suitable energy treaties under which hydrogen co-
operation can really develop, as many multilateral initiatives are non-binding, while Energy Charter
Treaty does not include major potential hydrogen exporters such as AU, CL, CN, MA, NO, SA'%®

In contrast, bilateral agreements can be less complex to negotiate and can be based on a more
concrete business case, and therefore could more readily kick-start an international value chain'®’.
Certain Member States or national group of actors have already started identifying the potential
for hydrogen imports, such as Denmark, Belgium and the Netherlands. Furthermore, a few bilateral
agreements have been signed for fostering international hydrogen trade - Germany has signed
agreements with Australia, Canada and Saudi Arabia.'?® Section 3.4.2.1 provides further details on
some of these initiatives. Countries such as the Energy Community Contracting Parties may have to
implement the EU energy acquis, but as this process can be long, even for these countries bilateral
agreements could provide the incentives for accelerating hydrogen-related initiatives and the ac-
quis implementation process.

Textbox 3  Australia-Japan cooperation agreement'?®

Australia and Japan released on 10 January 2020 a Joint Statement on cooperation on Hydrogen
and Fuel Cells whereby they commit to cooperate on the deployment of hydrogen as a key con-
tributor to reducing emissions in the energy sector, especially when produced from RES or fossil
fuels combined with CCUS.

The cooperation will involve exchanging views on their respective national hydrogen strategies;
shaping the global hydrogen market regulations, codes and standards and their harmonisation
to expand domestic and international demand and supply; including through international fora
and exchanging safety information on hydrogen to ensure safe and sustainable production, de-
livery, storage and infrastructure operation. They will also exchange views on policies and
measures towards an effective hydrogen market, including demand-side support measures, H,
certificates and RDI both domestically and internationally. The Hydrogen Energy Supply Chain
project - HESC'® was created in order to safely produce and transport clean liquid hydrogen
from Australia to Japan and thus as a first attempt to_create an end-to-end supply chain.

125 Frontier Economics for World Energy Council Germany (2018) International Aspects of a Power-to-X Roadmap
126 Frontier Economics for World Energy Council Germany (2018) International Aspects of a Power-to-X Roadmap
127 |n order to avoid distortions though, some elements of the EU regulatory framework should be implemented in partner countries too.

128 German Federal Ministry for Economic Affairs and Energy (2021) Minister Altmaier signs Memorandum of Understanding on German-Saudi
hydrogen cooperation ; Declaration of Intent signed to establish German-Australian hydrogen alliance ; Altmaier: ,Mit Kanada wichtigen Part-
ner furr transatlantische Energiewende gewonnen”
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In 2021 the first liquefied hydrogen cargo ship has been completed, and the first shipment from
Australia to Japan of liquefied hydrogen produced by HESC was expected between October 2021
and March 2022."'

The Council Conclusions "Towards a hydrogen market for Europe"'*? of 2020 highlight the im-
portance of international partnerships with public and private stakeholders to develop the hydro-
gen value chain. It stresses the importance of assessing infrastructure options, considering where
needed hydrogen and derivative imports. It also mentions the need to use domestic hydrogen
potential, while developing international cooperation, in particular from partners with high renew-
able energy potential, while developing international hydrogen markets.

In order to have a direct impact on the development of an international hydrogen value chain,
partnerships should address 4 points in particular :

e Develop expertise, including technical expertise but also on setting up projects and business
development (through participation in tenders or other means);

e Promote certainty of demand to incentivise supply (and to a more limited extent demand)
investments;
e Address financing and establish incentives, especially to address capital expenditures;

e Exchange regulatory practices and establish minimum principles to avoid unfair competition
between domestic and foreign hydrogen producers

e Consider the holistic context, promoting local development and addressing resource neo-co-
lonialism concerns, i.e. concerns that local resources are being exploited without benefitting
the non-EU countries and their populations'>.

A minimum scale of demand is required for developing an international value chain, given
the important investment needs and relevant operational costs. Investments in hydrogen/de-
rivatives production and export capacity are capital intensive. Not all Member States may have
sufficient financial means or forecasted hydrogen demand to meet the minimum scale to develop
an international value chain on its own. As an example, the German H,Global project aims to initially
incentivise the investment in an electrolyser capacity of 500 MW, with a funding from the German
government of 900 billion € and leveraging over 1.5 billion € in private investments'**. Therefore,
regional or EU instruments combining financing capabilities and demand volumes of multiple
Member States could facilitate early inclusion of Member States with such constraints to interna-
tional hydrogen value chains.

Hydrogen trade should be based on mutually respected rules to ensure a level playing field
and avoid national governments unduly supporting their own hydrogen value chain against the
EU’s. Minimum requirements can comprise unbundling and third-party access rules, and avoidance
of (cross-)subsidies in the hydrogen value chain. Oversight on regulated natural monopoly activities
could provide confidence to investors'*® and avoid (cross-)subsidisation in these activities.

13

https://www.spglobal.com/platts/en/market-insights/latest-news/shipping/072321-australias-first-liquid-hydrogen-shipment-to-japan-de-
layed-to-oct-mar

132 European Council (2020) Council Conclusions "Towards a hydrogen market for Europe" 13976/20

133 Fraunhofer ISI (2020) Opportunities and challenges when importing green hydrogen and synthesis products

134 German Federal Ministry for Economic Affairs and Energy (2021) New funding instrument H2Global launched — H2Global Foundation estab-
lished

135 Huurdeman et al. (2021) Issues in development and interaction of gas and hydrogen transport networks
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Therefore, market-making mechanisms and trade agreements will be necessary to develop hydro-
gen markets. These are detailed in section 3.4.2

3.41.2 Development of import infrastructure will require certainty re-
garding hydrogen volumes

To enable hydrogen and derivative imports to the EU that complement domestic supply, invest-
ments are needed for developing repurposed and new infrastructure (terminals and pipelines).
The European Hydrogen Backbone'*° study indicates that repurposed gas infrastructure can sig-
nificantly contribute to a future hydrogen network. Combined with targeted investments in new
pipelines and compressor stations, this setup enables long-distance hydrogen transport at an af-
fordable cost. Proper, interconnected transport infrastructure that reaches all of Europe could be in
place by 2040 — which would also enable foreign imports. To prepare EU infrastructure for hydrogen
trade, gas networks can be repurposed, along with LNG and other terminals to receive liquid hy-
drogen or hydrogen derivatives. Pipelines are the most economical alternative to carry hydrogen
in large volumes for up to even 3,000, while shipping (potentially in the form of derivatives) is a
more economical alternative for longer distances — although the exact figures vary per study and
depend on multiple assumptions.'’

Due to uncertainty about supply and demand though, these developments might not happen fast
enough to accommodate future import volumes.

Investors will only provide sufficient capital for repurposing and new infrastructure if:

e Along-term and reasonably secure supply and demand for hydrogen can be foreseen;

e Associated with this, H, purchase/sale agreements and reasonable forecasts of associated
capacity purchases are in place for new and repurposed infrastructure.

e Bilateral and multilateral agreements address country-specific risks and provide the adequate
legislative and regulatory framework for trade;

e Permits and licenses (new or automatically transferred from gas or liquid fuel assets) are in
place for new fuels, as proof of safety and operation. Industries have to adhere to operating
rules such as the Seveso directive’®® and other safety regulations.

There is a need for a global overview of potential supply and demand quantities and the extent
to which these match — as well as how prices will evolve — to develop the international trade value
chain. Fraunhofer points' that this overview should:

e Consider national potentials in terms of resources (wind, solar radiation, water), technical feasi-
bility and costs for plant facilities & infrastructure

e Integrate economic, social, energy and development policy goals into the analysis regarding
both importing and exporting countries

A supply chain overview focusing on the above can help identify candidates for bilateral/multi-
lateral partnerships. Moreover, such a mapping exercise could serve transit countries too, for
whom supply and demand certainty is equally important and are reliant on gas.

136 European Hydrogen Backbone - Daniel Muthmann (europa.eu)

137 See JRC (2021) Assessment of Hydrogen Delivery Options; IEA (2019) The Future of Hydrogen

138 The Seveso Directive (2012/18/EU) aims to prevent major accidents and hazards involving dangerous substances in industrial establishments,
especially chemicals.

39 Opportunities and challenges when importing green hydrogen and synthesis products (fraunhofer.de)
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In the initial phases, while production of renewable hydrogen scales up, a combination of low-
carbon and renewable hydrogen might be required to produce enough volume to convert a mean-
ingful part of the EU gas infrastructure — then blue H, would be phased out gradually'. H, pur-
chase agreements and associated capacity purchases are critical for defining quantities.

Therefore, policies and measures for defining supply and demand and creating new partnerships
will be necessary to develop import infrastructure. These are detailed in section 3.4.2

3.4.1.3 Repurposing of LNG terminals requires significant investments
and adequate regulatory frameworks

There is still a lack of studies addressing the costs of building new vs. repurposed LH, terminals.
However, liquid hydrogen needs to be cooled to a much lower temperature (-253 °C) than natural
gas (-162 °C)."*" Therefore, significant components of an LNG terminal need to be repurposed/re-
placed in order to repurpose the entire terminal as an LH, terminal. This means that a repurposed
LH; terminal is cheaper than a new-build'*’, but the cost advantage is not as significant as
for e.g. repurposing (certain) pipelines. The specific costs of repurposing will depend on the
terminal and may in certain cases make the repurposing unattractive compared to a new-build.

It is unlikely that existing LNG terminals can be adapted to handle multiple carriers simulta-
neously. Each carrier, be it hydrogen, ammonia or other, has different requirements regarding tem-
perature, pressure and/or safety regarding toxicity. Even if parallel operation was possible, ports
may lack space for building the parallel infrastructure. The exception would be synthetic methane,
which could be readily accepted by LNG terminals. Existing ammonia/methanol terminals could be
also more readily expanded.

As of end 2020, EU and national regulatory frameworks did not yet address the repurposing
of LNG terminals, although the legislative proposals of the new hydrogen and decarbonised
gas markets package should address this issue. Some national regulators have started or plan
to start the analysis and development of a regulatory framework for hydrogen assets, although the
development of H, terminals through repurposing of existing LNG terminals may not be explicitly
addressed. For example, the Spanish Decree 335/2018 introduces provisions related to hydrogen
infrastructure, but only regarding the authorisation for construction, operation, modification and
decommissioning of installations for the pipeline transport of hydrogen to end-consumers. Ger-
many has published in February 2021 a draft bill for the revision of the German Energy Industry Act
(EnWG-E)'**. However, it is focused on networks and does not address new or repurposed LH,
terminals.

There was as of the end of 2020 in general also no regulation at the EU level or in Member
States to address the impacts of the decommissioning of LNG terminals (and repurposing for
hydrogen) on achieving energy & climate goals or ensuring security of supply. This could in
the future lead to the decommissioning of LNG terminals when it could be more socially beneficial
to repurpose the terminals to process hydrogen or derivatives. Likewise, as repurposing is generally

0 North Africa-Europe Hydrogen Manifesto 2019-11-29_Dii_Studie2019_v03a.indd (dii-desertenergy.org)
41 |EA (2019) The Future of Hydrogen: Seizing today's opportunities
2 |nterview with an European gas infrastructure operator

3 https://www.bmwi.de/Redaktion/DE/Downloads/Gesetz/gesetzentwurf-enwg-novelle.pdf?__blob=publicationFile&v=4
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not addressed in regulatory frameworks, there were also no requirements on cost-benefit as-
sessments or market tests for the repurposing of infrastructure. Also, investments for making
LNG terminals (more) future-proof may not be authorised under most regulatory frameworks.

From an economic perspective, there are advantages and disadvantages on using the regulated
revenues of LNG terminal operators for financing investments in repurposed infrastructure. Some
infrastructure operators'* argue employing gas tariff revenues to finance repurposing to hydrogen
would be a simple way to provide the necessary financing. A similar argument can be applied to
regulated LNG terminals.

Hence, policies and measures will be necessary to repurpose LNG terminals and to ensure invest-
ments are aligned to energy & climate objectives. These are detailed in section 3.4.2.

3.4.1.4 There is no harmonised system for the certification of renewable
and low-carbon fuels

The lack of harmonised certification schemes for hydrogen poses an issue, as it blocks the account-
ing of emission reductions achieved towards sectoral renewable energy targets and allows possible
false claims by hydrogen producers, as well as results in a lack of trust by the public in low-carbon
character of Hydrogen.

In order to ensure the adequacy of H, and derivative product imports, EU policy makers must ensure
that standards for accounting of the environmental impact of imported synthetic fuels (in-
cluding gases) are agreed upon and are aligned with EU regulations, to avoid penalising EU
producers and carbon leakage. This harmonisation will be easier e.g. in case of Energy Community
Contracting Parties, as the Renewable Energy Directive and other climate regulations should be
transposed to the Contracting Parties’ regulatory framework, leading to the development of na-
tional (sub-)targets for renewable energy as well as other measures'**. The transposition of EU
regulations into the Acquis makes it easier for respective countries to harmonise their future certi-
fication standards with the EU.

The carbon footprint of the entire value chain cannot be fully neutral, meaning that there is no fully-
renewable hydrogen, but rather a substantial reduction compared to high-carbon (e.g. grey) hy-
drogen which needs to be thoroughly assessed and proven. Hence, thresholds must be set for a
fuel to qualify as renewable or low-carbon, providing significant emission reductions compared to
high-carbon counterparts.

A traceable and auditable system is needed, but demonstrating compliance of renewable hy-
drogen from third countries will not be straightforward. Despite the strong political push to request
internationally-funded renewable hydrogen and derivatives -projects to be "100% green" (using
only additional renewable electricity), this is difficult to implement in many countries, where expe-
rience with certification schemes is lacking and transparent monitoring of guarantees of origin is
not possible. This has led to a focus on off-grid projects, supported by a number of stakeholders
sceptical of the possibility to demonstrate additionality for grid-connected electrolysers. EU expe-
rience with sustainability criteria can thus be useful for the exporters.

44 GIE (2021) Regulation of Hydrogen Infrastructure

45 https://www.energy-community.org/legal/acquis.html
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Certification schemes for renewable gases

There are already existing initiatives for the certification issue at hand: CertifHy'*®, a consortium

set up by FCH 2 JU'¥ aims to design the 1st EU-wide Green and low-carbon certification system
during a three-year project. This means harmonizing H, guarantees of origin (GO) schemes across
Europe and beyond to build a market for H, GO trade in close collaboration with market actors and
the design of a certification Scheme for compliance with RED Il renewable fuels. The EU’s Hydrogen
Strategy considers a framework based on the full life-cycle greenhouse gas emissions of hydrogen,
using the CertifHy methodologies developed by industry initiatives, in consistency with the EU ETS
monitoring, reporting and verification requirements and EU taxonomy for sustainable investments.
According to the strategy, “the specific complementary functions that Guarantees of Origin (GOs)
and sustainability certificates already play in the Renewable Energy Directive can facilitate the most
cost-effective production and EU-wide trading”.

Textbox 4 Book and Claim system and Mass Balance system

In RED II, two systems for tracking the consumption of renewable energy exist in parallel. Guarantees
of origin under the Book & Claim (BC) system serve for the information of final energy consumers,
whereas the certification system based on mass balance (MB) serves for the purpose of demonstrat-
ing the compliance with sectoral obligations for transport fuels. Hydrogen was added to both MB
and BC systems which interact with each other. In the revision of RED Il a union database for track-
ing renewable fuels should be set up — ideally expanded to all gaseous and liquid fuels - this system
would be a good starting point to establish international certification of H» and low-carbon gases.

Source: Trinomics et al. (2021) Technical support for RES policy development and implementation - Delivering on an increased
ambition through energy system integration : final report

The TUEV Green Hydrogen certificate'*® already takes into account the carbon footprint of hy-
drogen production (including the energy source) as well as transport. A certificate for green hydro-
gen under this scheme can be issued if the hydrogen produced has a GHG reduction potential of
at least 60% compared to fossil fuels, or if produced by electrolysis, having a GHG reduction po-
tential of 75% (based on the current reference values in the Renewable Energy Directive Il and the
values for conventional hydrogen produced by natural gas reforming). There is also additional cri-
teria to the standard, such as the use of electricity from renewable sources for electrolysis and the
use of biomethane. Moreover, certificate holders must prove that a robust monitoring system is in
place to ensure the certified quality and that they can fulfill supply commitments. This scheme
shows there will be no hydrogen with a zero carbon footprint for a long time — but a significant
reduction against the MSR-hydrogen reference. Other sustainability criteria to be considered
around large scale renewable hydrogen and derivatives projects could be i.e. competing land and
water use and other environmental factors.

All the above shows that there are important challenges to be solved regarding certification
in the international market context. It is also important, that future certification schemes are
aligned with the coming EU carbon border adjustment mechanism (CBAM) and supply chain re-
quirements (social and environmental standards) at Member State level.

146 Certifhy
47 www.fch.europa.eu

148 TUEV SUED provides GreenHydrogen certification | TUV SUD (tuvsud.com)
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Compliance of imported hydrogen with CBAM is not an issue at hand as the Commission proposal
only covers industrial commodities and electricity at the moment, however it could later be ex-
tended to high-carbon hydrogen and derivatives like ammonia, which is already traded on interna-
tional markets. Provided that future certification schemes adopt zero-carbon requirements, Hydro-
gen and derivatives certified according to EU standards should be exempt from future CBAM tariffs
in case of this extension.

Therefore, policies and measures for establishing hydrogen standards in the EU and applying them
to imports will be necessary. These are detailed in section 3.4.2

3.4.1.5 Existing long-term gas capacity contracts may hamper conver-
sion of existing assets

The repurposing of existing methane pipeline faces potential availability constraints due to
long-term natural gas commitments and capacity contracts'*°. Similar challenges could be
faced by LNG terminals if the duration of capacity bookings is analysed, but LNG terminal operators
do not see this as a barrier.

Pipelines serving non-EU transit countries (e.g. Ukraine) dependent on natural gas and with less
ambitious climate targets may be particularly challenging to convert. Similar issues may occur be-
tween EU Member States, but to a lower extent and only if the Member State has limited gas supply
route alternatives and is thus dependent on a specific pipeline/terminal.

Another regulatory barrier is that often the gas pipelines are owned by network operators not
(yet) allowed to own and operate hydrogen pipelines — a review of the existing regulatory frame-
work would be necessary if this was to be the case. This has an impact on import gas pipelines but
also domestic ones.

With regards to pipelines, according to ACER (Figure 24), by 2050 legacy (agreed prior to the entry
into force of the Capacity Allocation Mechanisms network code) bookings will have decreased to
around 6-7 TWh/d, while other booking types amount already to another 6-7 TWh/d. This includes
intra-EU interconnection points (IPs) as well as IPs with third countries. For example, Nord Stream
bookings extend currently up to 2039 according to the ENTSOG transparency platform. This signals
that some pipelines might be unavailable for eventual repurposing to hydrogen transport, depend-
ing on the demand quantities after 2030. But as natural gas demand decreases in line with cli-
mate mitigation efforts, import capacities might still free up for hydrogen transport.

49 McKinsey (2021) Hydrogen Insights 2021
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Figure 28 LNG terminal and transmission network bookings until 2045'5°
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A similar situation regarding long-term bookings may exist for LNG terminals. Based on the corre-
spondent transmission network entry points bookings, the following sample LNG terminals have
long-term capacity bookings:

Zeebrugge (BE) bookings run until 2028
Porto Levante (IT) bookings until 2033
Swinoujscie (PL) bookings run until 2036
Gate terminal (NL) bookings run until 2036

However, LNG terminal operators do not think existing bookings may constitute an important
barrier. Terminal utilisation may also be sufficiently low in order to allow reallocating capacity
bookings to nearby terminals in the same or a nearby bidding zone. The duration of current long-
term capacity bookings varies per terminal, and the average medium and long-term LNG supply

contracts duration in 2019 was of 13.9 years'™".

Therefore, policies and measures for more to avoid long-term lock-in of supply contracts may be
needed, particularly to pipelines. However, this will depend on the exact import infrastructure af-
fected, and the attractiveness of its use for hydrogen import versus alternative solutions. Policies
and measures are detailed in section 1.6.

3.4.2 Possible policy and regulatory measures

Main Take-aways of the section

This section proposes five policy recommendations as solution to the aforementioned barriers
that hamper international hydrogen trade.

o Bilateral and multilateral strategic partnerships and dialogue have to be established
with exporting countries as a framework for future trade, providing certainty to invest-
ments, developing technical expertise, addressing financing, and considering the wholistic
context

¢ Market-making mechanisms need to be developed at EU level. Given the lack of an in-
ternational hydrogen value chain, the capital intensity of the investments and future uncer-

150 ACER (2020) Market Monitoring Report 2019 — Gas Wholesale Market Volume

1 GIIGNL (2020) GIIGNL Annual Report 2020
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tainties, a coordinated approach to developing supply and demand is necessary. Mech-
anisms such as double-sided auctions could be employed, while one-sided auctions can
also help develop the H, value chain.

¢ Require compliance of imported hydrogen and carriers with EU certification standards,
with national and international bodies facilitating the adoption of the certification schemes.

e Provide clear regulatory frameworks for import infrastructure in order to reduce regu-
latory risk to potential investors and ensure that new infrastructure investment is aligned to
energy & climate objectives, including quality standards, allowing the repurposing of infra-
structure when beneficial from a societal perspective

¢ Incentivise measures by infrastructure operators and market parties to address con-
straints of existing long-term natural gas contracts and new contracting terms to allow
the repurposing of existing gas infrastructure for hydrogen import.

3.4.2.1 Establish bilateral and multilateral strategic partnerships and dia-
logue with exporting countries

To develop import and export value chains, strategic partnerships and dialogue are needed be-
tween the EU and exporters as a framework for future trade. The format can be diverse, ranging
from trade forums to declarations of intent, high level steering groups, or concrete, intergovern-
mental partnerships. These strategic partnerships should aim to:

e Collect and develop the technical expertise

e Address financing issues and protect investments

e Promote certainty of demand and long-term purchase agreements to incentivise necessary in-
vestments

e Consider the holistic context, promoting local development and sustainability

High-level principles can be required for trade partners in free trade and other bilateral agree-
ments, which agreements should involve a mix of public and private parties. International hy-
drogen trade should be based on mutually respected rules to ensure a level playing field between
EU and non-EU hydrogen value chains, such as guaranteeing third-party access to energy net-
works, avoiding (cross-)subsidies, as well as ensuring non-discriminatory participation in competi-
tive tenders. Some Free trade Agreements (FTAs) already include such rules, see e.g. EU-AU FTA
proposed draft.’?

As pointed out earlier in this report, strategic partnerships with exporting countries should already
foresee the use of EU sustainability criteria for imports to the EU, make use of the hydrogen
for RES target accounting and avoiding distortion of competition. Future bilateral or multilateral
agreements could even go as far as legally obligating certain standards or specific require-
ments in order to ease the certification process. Further details are provided in section 3.4.2

52 See Energy and raw materials chapter. https://trade.ec.europa.eu/doclib/press/index.cfm?id=1865
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Textbox 5 Economic development and equity considerations in the formation of inter-
national hydrogen markets

Generally, both the available technology knowledge and the manufacturers of the technical
equipment for the hydrogen value chain are currently located in future importing countries. The
Fraunhofer study argues that technology sovereignty'>* should be promoted, with knowledge
transfer from importing countries to exporting ones is needed.

There are further important equity considerations such as, that the needs of partner countries
must be considered in all future strategies: exporters also need to meet their energy demand in
a sustainable way and achieve their climate goals using the development opportunities arising
from a hydrogen economy, besides meeting the sustainability criteria for hydrogen. There is a
lack of knowledge on the opportunities for partner countries and social acceptance, and stake-
holder’s views need to be incorporated in planning. We thus need assessments going beyond
the techno-economic issues, as well as solid strategic partnerships based on mutual trust
to ensure a fair and inclusive trade of renewable and low-carbon fuels. Partnerships are
already in the making and will be a key element of establishing international hydrogen markets,
with the conditions for these detailed further in section 1.6 in of this report.

There are multiple international partnerships already being established around hydrogen markets
- some of the main ones with participation of the Commission or Member State public organisa-
tions are listed below.

Central European Hydrogen Corridor Initiative (CEHC)'>*

The CEHC explores the feasibility of creating a hydrogen “highway” in Central Europe for transport-
ing Hz from major hydrogen supply areas in Ukraine, via Slovakia and the Czech Republic, to de-
mand areas in Germany. Ukraine is considered as promising major supplier and large-scale pro-
ducer of hydrogen, and is well connected to Europe by the existing gas pipeline system that can be
repurposed for H, transport. The initiative is being promoted by leading Central European gas trans-
mission infrastructure companies.

Ukraine’s important role in the hydrogen supply chain has also been recognised by EBRD, in form
of a Memorandum of Understanding between EBRD and Ukrainian Gas TSO GSTOU in April 20217>°.
The two entities are joining forces to promote the development and use of hydrogen in Ukraine.

H,Global'*®

H,Global is a German concept created to achieve the goals adopted in the German National Hy-
drogen Strategy in connection with the production and import of renewable hydrogen. The
H.Global foundation is committed to develop a local hydrogen economy as well as work together
with partner countries to develop a hydrogen export economy. H,Global aim to establish interna-
tional energy partnerships that open up the potential of a ‘multi-gigawatt hydrogen economy’
and industry in partner countries. Although the primary aim of the H,Global concept is to fund the

153 "Technology sovereignty refers to the ability of a state or a federation of states to provide the technologies it deems critical for its welfare, com-

petitiveness and ability to act, and to be able to develop these or source them from other economic areas without one-sided structural de-
pendency” — Fraunhofer

54 https://www.cehc.eu/en/home/

55 https://www.ebrd.com/news/2021/ebrd-and-ukraine-boost-lowcarbon-hydrogen-development.html

151

&

https://H.-global.de/
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timely market ramp-up and import of renewable hydrogen and Power-to-X products (PtX, or re-
newable hydrogen and derivatives) to Germany, capacity building, market entry and established
value chains for these products are essential for imports to other EU countries too. H,Global focuses
on renewable hydrogen.

Belgium Hydrogen Import Coalition '’

The Coalition is a Belgium-initiated collaboration between DEME, ENGIE, Exmar, Fluxys, Port of Ant-
werp, Port of Zeebrugge and WaterstofNet. The project assesses existing and future harbour facilities
for terminalling and for the long-distance transportation of renewable carrier molecules on board
large ships and has pooled market knowledge in order to map the entire value chain from produc-
tion abroad to delivery via ships and pipelines to Belgium (Zeebrugge). The coalition has already
identified the cost structure of the H, import value chain and was able to detect technological and
regulatory barriers that hamper the roll-out of the import concept.

MENA Hydrogen Alliance'®

The MENA (Middle East-North Africa) Hydrogen Alliance was launched by DIl Desert energy, an
industrial initiative originating from Germany with the initial aim to explore the potential of renew-
ables in the desert areas of Northern Africa and the Middle East. The alliance is cooperating on
production and export and brings together private and public sector actors as well as science and
academia to kick-start renewable hydrogen economies. The alliance not only provides a meeting
platform for its members, but acts as an impartial advisor to promote pilot hydrogen projects in
the region, elaborates (potential) business cases and structures for large projects and proposes the
necessary policy and regulatory frameworks, besides awareness-raising activities.

IPHE (International Partnership for Hydrogen and Fuel Cells in the Economy)'**

IPHE is a high-level mechanism to coordinate multinational research, development and deployment
programs that advance the transition to a global hydrogen economy. Its activities are the following:
reviewing the progress of collaborative projects; identifying promising directions for R&D, demon-
stration, and commercial use; providing technical assessments for policy decisions; identifying gaps
and developing common recommendations for international codes, standards and safety protocols.
The partnership is communicating with the private sector and other stakeholders to foster collab-
oration and address any barriers to a cost-competitive, standardized, widely accessible, safe and
environmentally benign hydrogen economy. Official Partners are the Governments of: Australig,
Brazil, Canada, China, France, Germany, Iceland, India, Italy, Japan, New Zealand, Norway, Republic
of Korea, Russia, United Kingdom, the United States of America, and the European Commission. Other
Participants are International Organizations such as: Asia-Pacific Economic Cooperative, Interna-
tional Energy Agency, USAID, Arctic Council, and the Association of South East Asian Nations.

The above few initiatives are a good start to establishing International strategic partnerships around
hydrogen, and the European Commission is a party in a few of them. The Commission is also co-
leading the Clean hydrogen mission at Mission Innovation along with Australia, Chile, the UK
and the US, with the goal of significantly increasing the cost-competitiveness of clean hydrogen by
2030, and is party to the Clean Energy Ministerial Hydrogen initiative (CEM H.l). CEM H,l is a
voluntary multi-government initiative under the CEM framework, which aims to advance policies,

57 https://www.portofantwerp.com/sites/default/files/Hydrogen%20import%20Coalition.pdf
5 MENA Hydrogen Alliance - Dii Desertenergy (dii-desertenergy.org)

59 |nternational Partnership for the Hydrogen Economy (unfccc.int), Home International Partnership for Hydrogen&Fuel Cells in the Economy
(iphe.net)
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programs and projects that accelerate the commercialization and deployment of hydrogen and fuel
cell technologies across all aspects of the economy, involving non-binding arrangements among
participating national government ministries.

Germany- MA/TUN/CA/SA/AU initiatives

Germany, as frontrunner in hydrogen market development and one of the biggest potential up-
takers of the fuel, has already signed a few bilateral agreements/energy partnerships for fostering
international hydrogen trade — for example with Morocco, Tunisia, Australia, Canada and Saudi
Arabia.'®"®" These memorandums of understanding aim to foster the energy transition by ex-
changes on policy, best practices and clean technologies between the countries, as well as project
cooperation, including collaboration on clean hydrogen, its derivatives and potential applications.

3.4.2.2 Establish market-making mechanisms at EU level

As indicated in section 1.2.1, the development of an international hydrogen value chain will require
investments at the supply and demand side. While there is an opportunity for renewable and low-
carbon hydrogen initially substituting fossil hydrogen consumption in industry, increased hydrogen
deployment will require also developing new end-uses. Given the lack of an international hydrogen
value chain, the capital intensity of the investments and future uncertainties, a coordinated ap-
proach to developing supply and demand is necessary.

To create and match supply and demand for hydrogen and derivatives, mechanisms such as dou-
ble-sided auctions could be employed. Government-backed double auctions are ideally placed to
provide the initial incentives to both supply and demand in a coordinated manner.'®

Double-sided auctions work by an auctioneer tendering and contracting both hydrogen purchase
agreements with suppliers and hydrogen sale agreements with consumers. Public funding is nec-
essary to bridge the difference between the high supply and lower offtake price (arising from the
current lack of competitiveness of renewable and low-carbon hydrogen vis-a-vis fossil-based hy-
drogen, and eventual investments needed by new hydrogen consumers to adapt their production
processes, develop refuelling infrastructure, etc). However, as renewable and low-carbon hydrogen
production costs decrease and demand increases (driven by innovation, energy and climate poli-
cies, including those internalising environmental and climate externalities of fossil fuels) its com-
petitiveness should increase. This should reduce the need for public support (on a €/MWh basis —
as hydrogen consumption increases public subsidies may increase depending on the cost vs con-
sumption volumes dynamics, for example if cost reductions do not occur fast enough).

Double auctions provide the long-term certainty for supply and, if needed, also demand-side
investments. While such certainty is necessary for the supply side investments, it may not be the
case for off takers which will use the hydrogen to substitute their current fossil-based hydrogen
consumption (e.g. refineries and the chemical industry). Therefore, while long-term hydrogen pur-
chase contracts are warranted, hydrogen sale contracts with a shorter duration may be acceptable
for (some) off takers — as they can maintain their hydrogen production capacities on standby and
thus face a lower supply disruption risk.

160 German Federal Ministry for Economic Affairs and Energy (2021) Minister Altmaier signs Memorandum of Understanding on German-Saudi

hydrogen cooperation ; Declaration of Intent signed to establish German-Australian hydrogen alliance ; Altmaier: ,Mit Kanada wichtigen Part-
ner fiir transatlantische Energiewende gewonnen”

16

Morocco and Tunisia both recently signed a bilateral partnership with Germany to establish green hydrogen alliances https://www.cmimar-
seille.org/sites/default/files/newsite/energy_report_final_final_online_0.pdf

162 Simon Muller (2021) Developing National Policies for Hydrogen — An Overview of Principles and Processes
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The first major project for establishing double-sided auctions is the H.Global initiative. In
June 2021 the H,Global foundation was established.®* A subsidiary company, HINT.CO, will be re-
sponsible for organising the auctions on the supply and demand side, while another will provide
technical assistance to the potential participants.

Figure 29 Double-sided hydrogen purchase and sale auction with HINT.CO as interme-
diary '
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The supply-side auctions will award 10-year contracts for the purchase of hydrogen by HINT.CO,
while the contract duration resulting from demand-side auctions should be one year (accounting
for the readiness of hydrogen off takers to rely on more short-term suppliers). The first competitive
procedure for awarding hydrogen purchase agreements is expected to take place still in 2021, with
delivery in 2024, while the first demand-side auction should take place in 2023. The shorter duration
of hydrogen sale agreements should also allow to adapt sale prices to external factors, as the com-
parative attractiveness increases due to e.g. increased carbon prices and taxation of the carbon
footprint of fossil-based carriers (see Figure 30). This allows to avoid over-subsidisation and there-
fore comply with State Aid Guidelines.

Participation in the supply auctions should be open to all pre-qualified participants, with delivery
at the German border — hence allowing for the participation of both foreign and German suppliers.
This also allows bidders to internalise additional costs up to the delivery point, including additional
transportation costs. It is unclear whether any import taxes and charges would be paid by the sup-
plier or born by HINT.CO, e.g. future carbon border adjustment taxes for the transport carbon foot-
print of the fuel.

163 German Federal Ministry for Economic Affairs and Energy (2021) New funding instrument H,Global launched — H,Global Foundation estab-
lished

164 S&P Global (2021) INTERVIEW: First hydrogen cargo into Germany to be delivered 2024: H,Global; based on H,Global. Available at
https://www.spglobal.com/platts/en/market-insights/latest-news/electric-power/062421-interview-first-hydrogen-cargo-into-germany-to-be-
delivered-2024-H,global
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Figure 30 lllustration of expected convergence of hydrogen purchase and sales prices
in H,Global agreements’®®
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The double-sided auctions can also be a component or be coordinated with international partner-
ships for developing a hydrogen value chain. As part of a declaration of intent to create the German-
Australian hydrogen alliance, the German and Australian governments agreed to conduct an auc-
tion under H,Global restricted to Australian suppliers and co-financed by both governments. Aus-
tralia would provide around 50 million € to the initiative.'®®

Governments are also employing one-sided auctions to develop the hydrogen value chain. For ex-
ample, Portugal announced a green hydrogen auction for consumers in April. It is focused on in-
centivising hydrogen demand, based on CCfDs, paying the difference between the higher bid price
and the lower carbon price.

While there is still uncertainty about the future carriers and routes, national governments and
the EU could help guiding the sector and providing financial resources. As indicated in section 1.2.1,
not all Member States may have the demand volumes or financing means to set up such a scheme
on their own. Thus, cooperation at the EU level could aggregate the contracted demand (potentially
providing economies of scale) and the financing means. A EU-level scheme for double-sided
auctions aggregating demand from Member States, with their co-funding, could be an effi-
cient channel for this cooperation. Well-designed demand targets have proven effective in
providing additional certainty to investments, as long as investors have confidence that govern-
ments will take the necessary measures to achieve them. The EU auction scheme could aggregate
demand from Member States as established in national demand targets, if some Member States
chose to establish those. This would help achieve a critical scale and thus kickstart supply invest-
ments. The EU could also promote the discussions and best practice exchanges between Member
States in order to foster the establishment of double-sided auctions at the national and regional
level.

Auctions would constitute an opportunity to develop two elements which would be necessary in
liquid international hydrogen market: price benchmarks and standardised contractual products.

165 S&P Global (2021) INTERVIEW: First hydrogen cargo into Germany to be delivered 2024: H,Global; based on H,Global. Available at
https://www.spglobal.com/platts/en/market-insights/latest-news/electric-power/062421-interview-first-hydrogen-cargo-into-germany-to-be-
delivered-2024-H,global

166 https://www.bmwi.de/Redaktion/EN/Pressemitteilungen/2021/06/20210613-declaration-of-intent-signed-to-establish-german-australian-
hydrogen-alliance.html
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Given the absence of an international hydrogen market, there are limited international price
benchmarks. S&P Global does provide hydrogen price assessments denominated in Euro and US
dollars.’®” The development of a broadly accepted international price benchmark would also facil-
itate the design and operation of double-sided auctions, as contracts for differences could employ
the benchmark as the reference price in order to determine the price delta to be paid/received by
the auctioneer. The Hydrogen Strategy supports the development of a benchmark for Euro denom-
inated hydrogen transactions. Standardised contractual products could help further harmonis-
ing trade (e.g. with standardised terms and conditions and contract templates).

3.4.2.3 Require compliance of imported hydrogen and carriers with EU
certification standards

As said one of the main barriers to overcome for the acceptance into the EU of hydrogen and
derivative products from international markets is the lack of sustainability standards for the pro-
duction and distribution of these fuels aligned with EU regulations. As the EU and Member States
have the power to regulate what products are imported to the EU market, they can require candi-
date non-EU suppliers to also adopt EU standards or certification similar to EU-produced hydrogen,
at least for supplies destined to the EU. A Parliament resolution'®® of 19t May 2021 stresses that
the EU should promote its own hydrogen standards and sustainability criteria internationally
and calls in this regard for the harmonisation and development of international standards, defini-
tions and methodologies for quantifying overall emissions from each unit of hydrogen produced,
as well as international sustainability criteria as a prerequisite for any hydrogen and derivatives
imports. It also emphasises that all hydrogen imports should be certified in the same way as EU-
produced hydrogen to avoid any carbon leakage, and should be consistent with the future car-
bon border adjustment mechanism of the European Union (depending on the exact products
which will be subjected to CBAM tariffs in the future). Moreover, it encourages the Commission to

promote the role of the euro as the reference currency in the international trade of hydrogen;
169

Once an EU-wide certification system is set up and in order to demonstrate compliance with the
criteria, voluntary international standards can be released by exporters that prove adequate
standards of reliability, transparency and independent auditing. The Commission may adopt regu-
lations to specify the rules for the voluntary schemes and may accept the standards to be used
to demonstrated compliance with RES (sub-)targets.

National and intergovernmental bodies could facilitate the adoption of certification schemes, let
that be regional or global. Bilateral or multilateral agreements with exporting countries (as de-
scribed in Measure 1) could already foresee the use of EU criteria for Hydrogen and derivatives as
a starting point, while trade partners could legally obligate certain standards or specific require-
ments to producers.

Criteria and standards to facilitate, based on the PtX Roadmap from World Energy Council Germany
179, could be:

7 https://www.spglobal.com/platts/en/our-methodology/price-assessments/natural-gas/hydrogen-price-assessments

8 https://www.europarl.europa.eu/doceo/document/TA-9-2021-0241_EN.html

169 European Parliament resolution of 19 May 2021 on a European Strategy for Hydrogen (2020/2242(INI)). https://www.europarl.eu-
ropa.eu/doceo/document/TA-9-2021-0241_EN.html

70 frontier-int-ptx-roadmap-stc-12-10-18-final-report.pdf (frontier-economics.com)
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é\ Energy sourcing standards (carbon neutral energy sources, with given emission reduc-
tion goal)

Environmental standards (land use, water supply, CCU as source of carbon, pollution
factors and leakage)

@ Technical standards (efficient technologies, prevention of damage/accidents, reliable
emergency plans)

Moreover, social standards such as social security and responsibility, fair wages, no child labour
should be respected. These should be addressed by overarching EU legislation ensuring these con-
ditions are met as for any EU trade partnerships.

Ideally, a global system should be set up — if no common standards are feasible, parallel certifica-
tions schemes might evolve.

The Fit for 55 Package introduced in July 2021 is already touching upon the certification issue.
Under the newly proposed rules, any renewable or recycled fuel and gas (including hydrogen) that
wishes to demonstrate emission savings, should be included in the Union database. The database
should cover life-cycle emissions, meaning also value chain steps outside the EU for imported fuels.
Member States will be responsible for verifying the information about sustainability properties of
the fuels, as well as for setting up certification schemes — the European Commission would later
have to approve the certification scheme based on the established standards.

Another issue is whether imports of high-carbon hydrogen should be allowed. It would be likely
impossible for the EU to ban imports of high-carbon hydrogen as long as production is still allowed
within the EU. Therefore, other avenues for disincentivising imports of high-carbon hydrogen could
be sought, such as the inclusion of hydrogen in the future carbon border adjustment mechanism.

3.4.2.4 Provide clear regulatory frameworks for import infrastructure

A clear regulatory framework should be in place for terminals for importing LH, and other hydro-
gen-based carriers in order to reduce regulatory risk to potential investors and ensure that new
infrastructure investment is aligned to energy & climate objectives. This does not mean all types of
terminals should be regulated, but rather that it should be clear to investors which activities are
competitive and which are subject to some level of economic regulation.

For example, for some LH, terminals economic regulation may be warranted to ensure non-dis-
criminatory third-party access and avoid distortion of the EU energy market, while terminals for
importing power-to-liquids may not require any sort of third-party access rules.

For the terminal types where regulatory intervention is justified, harmonisation and minimum re-
quirements at the EU level can be warranted to avoid distortion of the internal energy market, and
achievement of energy & climate objectives at the EU level.

This section focuses on elements of the future regulatory framework to ensure investments in hy-
drogen and derivative import terminals aligned with energy & climate objectives

The EU Hydrogen Strategy recognizes the need to consider infrastructure in designing a framework
for H, and establish market rules: for hydrogen to become widely used as a carrier, supply and
demand need to be connected with the right infrastructure. The need for hydrogen infrastructure
will depend and interact with the potential production and demand as well as transportation costs.
Also, to ensure future interoperability of hydrogen markets once established, common quality
standards and cross-border operational rules are deemed to be necessary by the Commission,
which also impact import infrastructure.
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While LH, terminals investments can target both new-build or repurposed LNG terminals, the de-
velopment of each terminal will be case-specific. As sometimes it may be economically efficient to
repurpose LNG terminals, a future regulatory framework for hydrogen should allow for repurposing.
However, this framework should ensure such repurposing take place only when beneficial from a
societal perspective. Conversely, LNG terminals would be decommissioned only when it would not
be more efficient to repurpose them.

The EU could explicitly allow in its regulatory framework the repurposing of LNG terminals,
with a requirement for Member States to conduct a cost-benefit assessment considering the
impacts on security of supply and climate & targets objectives before authorizing the repurposing
of regulated terminals. This could be coupled with mandatory a market test/screening for LNG
terminals to assess demand for new carrier services, and a requirement for the terminals
elaborating development plans with a certain frequency (e.g. every 2 years). This would pro-
mote the early identification of opportunities for repurposing the terminals, while ensure this was
socially optimal. This should be coupled with measures promoting integrated planning with the
participation of terminals operators (see barrier 1 of T4).

For any LH; terminal (new or repurposed), Member States should be required to conduct a mar-
ket assessment to define the regulatory regime (if any) for terminals according to:

e The specific carrier (LH,, ammonia, methanol, etc) and the potential for terminal operators to
discriminate access;

e This assessment should include the involvement of neighbouring MSs, as competition could
take place with neighbouring terminals;

e As the hydrogen sector will change significantly, with in certain regions increasing demand and
interconnection with neighbouring systems, the assessment should be subject to review once
conditions change.

Moreover, the regulatory framework should allow investment in and operation of hydrogen and
derivative terminals by LNG terminal operators, as long as the regulatory regimes is the same across
carriers. This would serve to avoid that the same operator handles terminals with rTPA and nTPA,
without proper separation of the activities, which could allow for cross-subsidisation between con-
sumers of natural gas and hydrogen-based carriers. Accounts unbundling should be required as
a minimum to ensure cost-reflectivity and avoid cross-subsidisation, even in cases where the same
regulatory regime is applied to multiple terminals

3.4.2.5 Incentivize measures by infrastructure operators and market par-
ties to address constraints of existing long-term natural gas con-
tracts and new contracting terms

Long-term natural gas contracts with a duration of several decades might represent a barrier for
the repurposing of existing gas infrastructure for hydrogen import. LNG terminals/pipeline opera-
tors and buyers thus might need to reach agreement on amending these contracts. Measures to
address existing contracts on a case-by-case basis exist, if and when long-term contracts are a
constraint:

¢ Renegotiation of long-term supply contracts and capacity bookings is common practice
(mostly commercially motivated) and should be possible if hydrogen hits the market

e Switching of contracted carriers in contracts possible if exporter interested in developing
low-carbon supply (e.g. Qatar may be interested)

e Buying back or compensating for existing capacity bookings may be another solution, how-
ever more expensive
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Renegotiation of contractual terms, including prices and duration for long-term supply contracts
and capacity bookings is a common practice (mostly for commercial reasons) given the length of
the contracts, as seen for example by Naturgy'’".

It must be noted that in the case of LNG terminals, interviews with infrastructure operators indicate
that while the cost of repurposing terminals to liquid hydrogen would be lower than devel-
oping new terminals, the cost savings would not be as significant as when repurposing gas
pipelines. This is due to the much lower liquefaction temperature of hydrogen compared to natural
gas. Therefore, coupled with possibilities for renegotiating LNG terminals service contracts, the
need for specific regulatory measures to ‘releasing’ LNG terminals for repurposing may not be as
evident.

One regulatory measure that could be implemented is the requirement that LNG terminal oper-
ators conduct mandatory market tests/screening and elaborate development plans. These
measures would allow to identify demand for import services of new carriers from the terminals,
and elaborate development plans (e.g. on a bi-annual basis) aligned to the identified demand.

Targeting new long-term gas supply contracts can complement these measures: it is recom-
mended to ensure new long-term contracts include provisions that makes renegotiation or buy-
back possible in case of repurposing of terminals, and including measures such as “use-it-or-lose-
it". The EU could also limit new supply contracts to a certain year.

Phasing-out long-term gas supply contracts coupled with options for existing contracts might free
up terminal capacities for hydrogen and derivatives, while measures targeting new contracts can
prevent further constraints.

71 https://www.argusmedia.com/en/news/2145486-naturgy-renegotiates-longterm-Ing-contracts
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4 Importance of hydrogen storage facilities in the EU

The significant deployment of hydrogen and derivatives foreseen in the European Commission's
Hydrogen Strategy will require the deployment of various forms of hydrogen storage for a number
of reasons, among which to match hydrogen supply and demand profiles, driven by the intermit-
tency of renewable energy sources, the use of hydrogen in industry, transport and eventually power
generation. Hydrogen storage should increase economic value to market participants (hydrogen
producers and consumers), increase the security of supply of the EU energy system, and provide
flexibility to the electricity and methane gas sectors avoiding the need for additional investments
in e.g. hydrogen production capacity.

There are significant differences between the various hydrogen storage technologies regarding
maturity, technical and economic characteristics, and potential applications. For example, while
storage technologies such as compressed hydrogen tanks are mature (technology readiness level,
TRL, of 9), storage in porous reservoirs has a TRL of 2-3 (see section 4.2). Technical improvements,
cost reductions, and demonstration and large-scale deployment all need to be achieved in order
for hydrogen storage to fulfil its potential.

In addition to technical and economic challenges, regulatory barriers exist for the deployment of
hydrogen storage. The main objective of this chapter is therefore to conduct an analysis of the
potential and measures to develop hydrogen and derivative storages in the EU. For this, the
chapter is broken down in the sections indicated in the figure below.

Sections 4.1 address all types of hydrogen storage technologies, including storage in the form of
derivatives or through liquid organic hydrogen carriers. The remaining sections focus specifically
on the storage of liquid and gaseous hydrogen.

Figure 31 Structure of chapter 4

04.1 Characterise the various hydrogen and derivatives storage technologies
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04.2 Analyse the hydrogen storage potential in the EU

<

04.3 Assess the potential contributions of hydrogen storage to the EU energy system
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04.4 Conduct a risk and asset classification of storage options

\Z

o4.5 Identify regulatory barriers for the deployment of hydrogen storage

\Z

04.6 Propose regulatory measures to address these barriers
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4.1 Hydrogen and derivatives storage technologies

Main Take-aways of the section

¢ Hydrogen storage options can vary from hundreds of kg to several kt per facility.

¢ Hydrogen storage options benefit from economies of scale: specific investment cost decrease
with storage capacity.

e Subsurface storage offers lower specific investment cost than surface storage.

e Large scale hydrogen and derivatives surface facilities offer low-cost storage but often re-
quire high (pre-and post) processing energy need and costs.

Hydrogen is the smallest and lightest element consisting of a proton and electron each. Hydrogen
molecule with molecular mass of 2g/mol with a density of 0.09 kg/Sm? (standard cubic meter'’?)
compared with natural gas having molecular mass of approximately 16g/mol and a density of 0.76
kg/Sm3. With such a low density, hydrogen poses unique challenges for storage and transport. To
increase stored hydrogen quantity, hydrogen gas can be compressed (CGH,) or liquefied (LH,) and
stored in above-ground tanks. Compressed hydrogen gas can also be stored underground in salt
caverns (UHS — Salt caverns) or porous reservoirs (UHS — porous reservoirs). Alternatively, it could
also be stored by entrapping it within other materials such as Liquid Organic Hydrogen Carrier
(LOHC) or by chemically converting it to ammonia (NH3) or methanol (MeOH). All these options for
storing hydrogen present a broad technology platter to integrate hydrogen into the future of en-
ergy mix comprising of diverse hydrogen supply chains. Each storage technology has different en-
ergy density (volumetric/gravimetric) and storage capacity, time-scales and charge-discharge rates.
For instance, hydrogen storage capacity can vary from hundreds of kg to several kt for pressurized
tank to salt cavern storage technology respectively. The specific investment cost of storage also
varies wildly from approximately 535 €/kg for CGH, to 7 €/kg for salt caverns. Matching the right
storage technology with the right purpose in the hydrogen value chain is not only technically chal-
lenging, but can also influence the overall economics.

The choice of the most appropriate storage option is contingent on the application. Key metrics to
look into are: energy density (e.g. kWh per mass and per volume), energy capacity (energy that can
be stored per unit of technology, e.g. MWh per tank), maximum cycling rate (in MW) and investment
and operational costs (storage usually includes pre-processing such as compression and liquifica-
tion). Further requirements could include safety, efficiency, space requirements and availability. In
the following sections, the storage technology concepts are explained along with their current tech-
nical status and challenges. Where available, the size of storage technologies along with typical
application in the hydrogen supply chain is also described. At the end of the technology briefs, an
overview summary of all storage technologies considered in this work is tabulated.

411 Pressurised hydrogen gas storage options

4111 Compressed hydrogen gas storage in tanks (CGH,)

Compressed hydrogen gas storage in tanks requires two process components — a storage tank and
a compressor to pressurise hydrogen gas. Pressure ranges from 200 bar to 1000 bar are used to

72 Standard cubic meter (Sm3) is the volume (m3) measured at standard temperature and pressure conditions. Several standard reference condi-
tions are currently used by various publishing entities as explained in introductory text here: https://en.wikipedia.org/wiki/Standard_tempera-
ture_and_pressure. In this report, we define standard condition at absolute pressure of 101.325 kPa and temperature of 20 °C.
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achieve high volumetric storage capacities'’®. Scaling up tank size or increasing the pressure be-
yond 200 bar is economically challenging due to need for special materials and high operating
costs'’. Thus, compressed hydrogen tanks are appropriate for small and medium scale storage
applications such as at industrial sites or at hydrogen filling stations. They are suitable for high cycle
operation and provide short to medium term storage services ranging from hours to months.

Figure 32 Pressurized hydrogen storage: racks of steel tanks and hydrogen tube trailers
made of steel

The current practice is that tanks are either placed on hydrogen tube trailers for transportation
purposes or in racks called hydrogen batteries for stationary storage and usage, see Figure 32. A
typical unit consists of a rack of tanks able to store 500 kg or, equivalently, 16.7 MWh'”> of hydrogen
at 200 bar and atmospheric temperature. Investment cost of compressed hydrogen storage tanks
include purchasing cost of the tank and cost for installation and both scale with the amount of
hydrogen (kg or MWh) that can be stored. Reported values vary between approximately 470 €/kg
-600 €/kg'’® depending on the tank type, manufacturer, etc. Compressed hydrogen gas storage in
tanks is currently among the most expensive storage options but tanks can be operated at high
cycling rate and this can help amortize the high investment cost. Tanks typically last 20-30 years
which represents an annual OPEX between 2%-4% of the initial storage investment.

4.11.2 Underground storage in salt caverns

Salt caverns are artificially constructed cavities in underground salt formations. They can have
depths ranging from 300 m to 1,800 m. Pressures can range from 35 bar to 210 bar depending on
cavern roof depth, lithostatic gradient, and many other site specific geo-parameters, but typical
operating pressures are around 80-120 bar for economic and operational reasons. Hydrogen has
been successfully stored in salt caverns at four different facilities'’ for decades. As such, the tech-
nology is considered mature for hydrogen storage. However, the technological capability of fast-
cycle operation of hydrogen salt cavern storage, which is the desired use-scenario for hydrogen
produced from RES, has to be technically proven. In particular, the cyclic-operation of the cavern

173 H. Barthelemy, M. Weber and F. Barbier, “Hydrogen storage: Recent improvements andindustrial perspectives,” Int J Hydrogen Energy, vol. 42,
no. 11, pp. 7254-7262, 2017

74 ). Andersson and S. Gronkvist, “Large-scale storage of hydrogen,” Int.J.Hydrogen Energy, vol. 44, no. 23, pp. 11901-11919, 2019.

75 The volumetric density of hydrogen compressed at 200 bar and 273°C is 15.6 kg/m3 or 520 kWh/m3 (Lower Heating Value)
176 Cost values are per kg of hydrogen. Values are adjusted from 2017 to 2021 using average eurozone inflation rate of 3.95%.

77 Teesside, Great Britain (3 caverns, 70,000 m3 each, 370 m); Clemens Dome, Texas (1 cavern, 580,000 m3, 1,000-1,300 m); and Moss Bluff, Texas
(1 cavern, 566,000 m3, 335-1400 m), USA
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exerts cyclic pressure and temperature variations on to the well and wellhead. Effect of these cyclic
variations on these asset integrity in the presence of hydrogen requires additional research.

Salt caverns provide large-scale and long-term hydrogen storage, that scales favourably economi-
cally with high efficiency and low operational costs. Storage geometric can range from 100,000 m3
-1,000,000 m3 . A salt cavern requires so-called cushion gas to operate and the pressure should be
kept between a minimum safe limit, to preserve cavern integrity and a maximum allowable pressure
for storage, to prevent formation damage. The two operating pressure limits'’® depend on under-
ground storage characteristics and are therefore location specific. The operating pressure range
together with the geological volume determine the storage capacity of a given salt cavern.

The investment costs for salt caverns are typically associated with large starting costs for one-off
investments in the necessary geological formation site preparation costs, cushion gas costs, surface
facilities and then relatively less costs for the creation of the actual or additional cavern. The cost
of repurpose existing facilities (caverns, topside) or adding caverns to existing facilities is site-spe-
cific but in general much lower than developing greenfield cavern storage.

4.1.1.3 Underground storage in depleted gas fields

Existing gas reservoirs from whom the production rate and reservoir pressure has declined offer an
attractive potential for large scale hydrogen storage. However, storage of pure hydrogen in de-
pleted gas fields is not a proven technology. It is currently at TRL 2-3. In subsequent section on
existing/planned projects, few R&D projects to advance the TRL level are mentioned.

The amount of hydrogen that can be stored highly depends on the size of the field, the required
injection rate and the required withdrawal rate. The size of gas fields can be inferred from the vol-
ume of natural gas that was initially in place before production started. Typical storage capacity of
depleted gas fields lies between 1 and 3 billion Sm3. Given the many open fundamental questions,
this storage technology is not expected to be commercially available by 2030.

4.1.1.4 Line packing in transport and transmission pipelines

Line packing as a storage option refers to the volume of gas that can be “stored” in a gas pipeline,
in this case, hydrogen transport backbone anticipated to operate at ~ 50 bar. Storage is achieved
by increasing the pressure within the pipeline system thereby accumulating more mass. Operation-
ally, this means that the volume of gas injected into the pipeline can be greater than the volume of
gas withdrawn from the pipeline. The actual quantity of additional gas volume that can be stored
in a pipeline depends on the pressure rating of the pipes and other technical limits in the pipeline
network. The method is typically used by transmission system operators to balance supply and
demand on short term basis (e.g. seconds to hourly). Assuming that the operating pressure of a
pipeline can be increased from 50 bar to 60 bar momentarily, then approximately 20 tons hydrogen
can be stored in the pipeline per 100 km of a 24 inch pipeline. Momentarily, in this case depends
on the intended storage use for line packing — for stability or balancing grid, as such can vary from
seconds to hours.

4.1.2 Liquified hydrogen / liquid derivatives in tanks

Hydrogen stored as pure liquified hydrogen or as liquid derivatives has a considerably higher en-
ergy density than in its gaseous form, making it an attractive storage and transport medium. Liqui-

78 |n practice, initial cushion gas pressure at the desired depth is taken as a reference. Following this, 80% of this initial pressure is the recom-
mended maximum pressure and 30% of the maximum pressure is the recommended minimum pressure.
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fied hydrogen allows to store pure hydrogen avoiding costly and often complex chemical conver-
sion and reconversion processes. Liquid derivatives such as ammonia, liquid organic hydrogen car-
riers (LOHCs) and methanol have the advantage of using existing experience and readily available
infrastructure for storage, distribution and end-user handling. Limited changes might be needed to
ensure all elements in the infrastructure are compatible.’”® Hydrogen can be recovered from these
liquid derivatives with a chemical reconversion step. Fischer-Tropsch synthetic fuels, albeit being
liquid derivatives, are targeted to be used as fuels directly.

41.21 Liquified hydrogen in tanks

Liquified hydrogen (LH,) has the advantage that very high hydrogen storage densities can be at-
tained already at atmospheric pressure: volumetric energy density of LH, increases by factor 4 com-
pared to 200 bar gas storage. LH, is currently typically stored at -254 °C in a cryogenic insulated
spherical tank to minimize heat transfer leading to hydrogen loss via boil-off. Such tanks have been
used in the space industry for decades: NASA operates an LH; storage tank with a size of 3,800 m3
and able of storing around 270 ton of LH; and is building a larger LH, storage tank with a size of
5,300 m?.

LH, tanks are preferred for small and medium scale storage applications with essentially no geo-
graphical limitation where they can be located. Investment cost of LH, tank is dominated by tank
material, insulation and welding costs. Reported investment cost values vary widely: 750 €/MWh -
3,935 €/MWh8%81 based on H, LHV of 33.3 kWh/kg.

41.2.2 Ammonia

Ammonia is conventionally stored in liquid form under atmospheric pressure and temperature of -
33 °C. Itis a convenient hydrogen storage medium because it has a high hydrogen storage density
of 123 kg- Ha/m? of ammonia and its handling method is mature. There are three main types of
liquid ammonia storage methods. The required storage capacity is the main factor determining the
type of storage method. For large scale storage (4,500 to 55,000 tons of NH3), low-temperature
liquid storage (refrigerated at -33°C and atmospheric pressure) is economically feasible. Storage of
liquid ammonia at such scale happens using single or double walled refrigerated tanks. The main
concern for refrigerated ammonia storage is evaporation via boil-off. As a rule of thumb, the boil-
off rate for refrigerated ammonia storage is in the order of 0.04 %/day.

Whereas for small (less than 270 ton of NH3) and intermediate capacities (450-2,700 ton of NHj3),
pressurized storage is suggested as the most feasible option.

Similar to other liquid storage tank, investment cost for ammonia storage tanks scale with size by
a factor of 0.7. The total installed costs for 55,000 t NH; tanks are estimated at roughly 64 M€, which
is equivalent to a specific cost of ~1,164 €/t NH; (or ~ 6,500 €/t H,).

4.1.2.3 LOHCs

Liquid Organic Hydrogen Carriers (LOHCs) are chemicals that can release hydrogen and the result-
ing de-hydrogenated chemical can be re-hydrogenated again to obtain the LOHC back. For exam-
ple, Toluene (TOL)-Methylcyclohexane(MCH) is an LOHC system. MCH can be de-hydrogenated to

79 Trinomics 2021, Implications of the energy transition for the European storage, fuel supply and distribution infrastructure
80 present day values obtained using current exchange rate 1 US Dollar = 0.85 Euros

81 Jnvestment cost values don't include cost for liquification.
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give TOL, which in turn can be hydrogenated to give MCH. LOHC system has the advantage that
they can exist in liquid form at atmospheric conditions and exhibit similar properties as conven-
tional liquid fuels which makes them suitable to store in tanks similar to conventional fuels, i.e. oil
barrels or tankers with limited to no changes for storage tank. However additional chemical con-
version and reconversion process will be needed to extract hydrogen. In the case of TOL-MCH
LOHC system, hydrogen content in MCH is 6.2 wt. %, with MCH density of 770 kg/m?. In addition,
LOHCs tanks are preferred for large volume storage applications and have no limitation on where
they can be located. They provide short to medium term storage services ranging from weeks to
months. Specific investment cost for storage is € 5.2/kg-H,, excluding cost of de-hydrogenation
process.

41.2.4 Methanol

Methanol is an attractive hydrogen storage medium because it has high hydrogen storage density
(99 kg-Hz/m3 MeOH) and it exists in liquid form under atmospheric conditions (20 °C and 1 bar).
Tanks for above ground storage of methanol are constructed from either carbon steel or stainless
steel. Carbon steel has the advantage of lower capital cost, but the disadvantage of higher life cycle
cost due to increased maintenance and costs associated with corrosion protection.

The size of methanol storage tanks depends on the storage amount required. Large-scale storge is
considered in this study. Storage tanks up to 50,000 m* (~ 39,600 tons) are used for this purpose
with essentially no geographical limitation where they can be located. This corresponds to storage
of 39.6 kt of methanol or 4.95 kt of hydrogen at a cost estimated at 19 M€, excluding reconversion
costs. The specific investment costs are 473 €/t MeOH or 3.8 €/kg H,.

41.3 Overview and dashboard

Various techno-economic parameters of the storage technologies described earlier are tabulated
in respective datasheets. These datasheets are contained in the excel file titled ‘Storage technology
overview_final.xIsx’, which is provided separately. The datasheets include storage capacity and cost
for each storage technology in addition to other relevant techno-economic parameters.

Table 24 shows a summary dashboard with key techno-economic parameters for all the storage
technologies considered in this study. We can see from the TRL level that all but underground hy-
drogen storage in depleted fields (TRL 2-3) are either mature technologies or currently being pi-
loted for hydrogen storage. Surface storage technologies such as CGH,, LH,, NH3, LOHC have
been technical demonstrated to a level that several commercial projects are now under construc-
tion. Typically, the storage capacity in surface tanks varies from 500 kg for CGH, to ~ 10kt of hy-
drogen for the largest NH; tanks. These capacities are dwarfed in comparison to underground hy-
drogen storage capacities, cf. typical storage capacity of 180kt H, in a porous reservoir or ~8 kt H,
in a salt cavern. From an economic perspective, the specific investment cost of underground hy-
drogen storage normalised with energy capacity is lowest for porous reservoir at 0.03 €/KWh H,,
LHV. For CGH,, these costs can be as high as 16 €/kWh H,, LHV'®?, In spite of the large variation in
costs, a portfolio of surface and subsurface storage technologies will be needed across the entire
hydrogen value chain. This balance is further discussed in the next section.

821 kg H, (LHV) = 33.33 kWh and 1 k H, (HHV) = 39.4kWh. LHV was chosen because not all combustion heat released as water vapour is recov-
ered, therefore LHV is more pragmatic for the cost (for HHV, it should be 13.5 €/kWh H,).
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Table 24 Overview of all storage technologies considered in the current study.
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rage - Ammonia storage that can be easily in 2019 was 235 Mton. In Eu- more than 50 refrig- 1,13]
TnErernaeras scaled to larger capacities. rope, there are more than 50 erated ammonia

d 9 Short to medium term refrigerated ammonia stor- storage
ted (NH;) (hours, days). Road, rail, age tanks in operation. tanks in operation.
shipping.

5 Hydrogen sto- Small- to medium-scale 9 Global methanol production 4.950.000 4.950 164.984 165 0,11 3,78 18,71 37 0,7 LNG tank capacity of | 30 [7,9]
rage - Methanol storage, short- to me- in 2019 was approximately 8.5 - 9.1 Mm3 exists
tank (MeOH) dium-term (hours, days). 148 Mton in EU. These tanks

Road, rail, shipping. could potentially be
used for MeOH stor-
age.
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6 Hydrogen sto- Small- to medium-scale 7- | This method is widely used 43250%** 43rxx 1442%** 1.44%** N/A N/A N/A N/A N/A 1.2-17.76 TWh of n/a
rage - Line pa- storage, short- to me- 9 | for natural gas, but is not storage capacity
cking dium-term (seconds, proven at large scale for hy- available (roughly es-

minutes, hours). Pipeline drogen. timate based on

transport 184,634 km of EU
gas transmission
pipeline)

7 Hydrogen sto- Large-scale storage, me- 6- | Proven technology, with four 7.883.000 7.883 263.000 263 0,20 6,67 52,57 2.103 | N/A | Upto 64 TWh of stor- | 30 [2,6,12]
rage - Salt dium-term (weeks - 9* | storage facilities currently age capacity (facility
caverns UGS months). Road, rail, ship- J operational in the world. based: current, under

ping, pipeline transport. construction,

planned). Technical
potential: Total on-
and off-shore Euro-
pean hydrogen stor-
age potential esti-
mated at 84.8 PWh
of H2.

8 Hydrogen sto- Large-scale storage, long- | 2- | Pilot with natural gas and H2 | 179.800.000,00 179.800 5.992.734 5.993 0,05 1,75 314,05 12.562 | N/A | Technical potential in | 30 [2,10,1
rage - Porous term (seasonal). Road, rail, | 3 mixure in Austria, no tests for Netherlands in on- 2]
reservoirs UGS # shipping, pipeline pure H2 storage so far. _shore depleted fields

transport. is 277 TWh
Notes:

* Excluding cost for compressors, liquefiers or any other pre or post storage conversion equipment

# Cost for porous reservoir incldes only the cushion gas estimate, not the other site preparation and well adaptation cost which can be significant depending on specific site conditions.

** Fast cycle operation storage service is yet to be demonstrated , hence TRL is lower than 7. TRL = 9 for security of supply services where continuous supply is required

***  Line packing storage capacity expressed per 100 km

**++  Deployment level description is qualitative. The description is meant to give a sense of the market for the hydrogen carrier or the storage technology .
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5 CE Delft (2018). Feasibility study into blue hydrogen

6 TNO, 2020. Large-Scale Energy Storage in Salt Caverns and Depleted Fields (LSES) — Project Findings

7 DNV GL (2020). Study on the Import of Liquid Renewable Energy: Technology Cost Assessment

8 K. Ohlig, L. Decker (2014) The latest developments and outlook for hydrogen liquefaction technology

9 Source: www. gie.eu, Accessed 21 June 2021

10 Lord.S.A, Kobos.H.P.,Borns.).D. (2014). Geologic storage of hydrogen: Scaling up to meet city transportation demands. International Journal of Hydrogen Energy. 41 pp. 5549-5558

11 IEA, 2020, Future of Hydrogen

12 Caglyan: D.C. Caglayan, et. Al. 2020, Technical potential of salt caverns for hydrogen storage in Europe, International Journal of Hydrogen Energy, Volume 45, Issue 11. https://doi.org/10.1016/j.ijhydene.2019.12.161.
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4.2 Storage potential in the EU

Main Take-aways of the section

e Portfolio of hydrogen storage options very likely needed to meet market needs and surpass
geographical challenges

e Technical subsurface storage potential very large (PWh range) but unequal distribution of
subsurface storage potential across member states and potential for storage in porous media
not yet quantified

e Substantial repurpose potentials for caverns and porous media storages for natural gas: 265
TWh

e Market potential for hydrogen storage is dominated by subsurface storage and alternative
hydrogen storage options are very important when subsurface storage is absent or has ca-
pacity limits and in early deployment phase of H, infrastructure and markets

e Substantial potential for hydrogen storage at import locations in line with current LNG stor-
age capacity, but repurpose is not straightforward.

e Meeting storage market needs in ambitious H, volume scenarios could be challenging in
certain regions in EU27; certainly when meeting security of supply principles on par with
current natural gas system.

421 Technical potential

4.2.1.1 Surface level storage

Like natural gas and Liquified natural gas (LNG), surface level storage of hydrogen can be achieved
with tanks at import terminals, within pipelines (line packing) and stationary and mobile tanks.
Hence, there are limited technical constraints to exploit the potential of surface hydrogen storage
options. However, the technical potential'®® for surface storage of hydrogen is limited, as the avail-
able space for storage is significantly smaller than what would be required to cover the total hy-
drogen storage needs.

Tanks located at import terminals are used store fuels (e.g. LNG, NG, other petroleum products)
and chemicals (e.g. methanol, bio-ethanol). Data on exact locations, quantity and storage volumes
for these different storage tanks are not readily available. Considering only LNG tanks across EU’s
main import terminals can give the order of magnitude of the available potential. As such, in 2019,
the total LNG storage capacity within EU27 + UK amounts at approximately 10 million m3 or 55 TWh
of LNG. This storage capacity typically represents 2-4% of the annual import capacity.’® LNG has a
volumetric energy density that is approximately 2.5 times greater than for LH,. Assuming all LNG
tanks store liquified hydrogen (LH,), the equivalent hydrogen storage capacity is approximately 23
TWh of hydrogen. Note that it is not straightforward to repurpose existing LNG facilities to LH,
facilities but this gives a sense of scale of surface storage potential.

'8 Technical potential refers to the theoretical or resource potential constrained by real-world geography and system performance, but not by
economics.

'8 Derived from GIE LNG Import Terminals Map Database May 2019
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Figure 33 Current LNG storage locations. Most of the LNG storage is limited to im-
port/export terminals
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https://www.vopak.com/terminals/gate-terminal-Ing-rotterdam?language_content_entity=en

However, most of LNG storage tanks are located at import/export terminals and availability of space
in harbours is a major constraint. Capacity of LNG tanks vary from 50,000 m3 to 250,000 m3. Fur-
thermore, availability of space at terminals can be constrained because most hydrogen storage
carriers need space for reconversion/regeneration plants to recover the hydrogen and transport to
the hinterland.

4.2.1.2 Subsurface storage

Several studies investigated the potential for subsurface storage in Europe. The Energy Storage
Mapping and Planning (ESTMAP) project carried out investigation on underground hydrogen stor-
age including depleted hydrocarbon reservoirs and salt caverns. Caglayan, et al. conducted analysis
of the technical potential of salt caverns across Europe. These studies indicate that large technical
potential for subsurface hydrogen storage exists in Europe.

However, the availability of salt caverns and depleted gas fields is unevenly distributed across the
EU. For instance, the technical potential for salt caverns in Europe is limited to some member states,
and lot of the potential is located offshore, mainly in the North Sea. Overall, the total technical
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potential of salt caverns in Europe is estimated at approximately 85 PWh of hydrogen'®. Out of
this, an estimated 23 PWh of hydrogen storage potential is located on onshore areas. Germany and
Netherlands have the highest storage potential in both onshore and offshore locations. Figure 34
shows the location and energy density of salt deposits across Europe.

The repurposing of existing natural gas storage towards hydrogen storage would bring a technical
potential of about 50 TWh of storage capacity. '8

Figure 34 Technical potential of salt cavern in Europe:

(left) distribution of potential salt cavern sites across Europe their corresponding energy densities
(cavern storage potential divided by the volume); (right) Total cavern storage potential in European
countries classified as onshore, offshore and within 50 km of shore®’.

Energy Density
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185 Suitability assessment was conducted by applying land eligibility constraint. It is done to bedded salt deposits only. The study assumed that
domal salt deposits are suitable for unground hydrogen storage. Moreover, the estimate includes also the UK, Norway, Bosnia & Herzegovina,
and Albania.

18 Ppicturing the value of underground gas storage to the European hydrogen system, 2021, GIE/Guidehouse

8750 km of shore constraint accounts for environmental and economic limitations for disposing brine solution during cavern leaching.
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Figure 35
fields and aquifers (source: ESTMAP.eu)

Existing subsurface storage of natural gas in Europe in salt caverns, depleted
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Depleted gas fields are more widely distributed across Europe than salt caverns, see Figure 35,
showing the oil and gas basins across Europe, many of which contain depleted gas fields, possibly
suitable for storage. It also shows the number of depleted gas fields per country. The technical
storage capacity across the EU is most likely to be very large and larger than storage capacity in
salt caverns, but is currently not quantified. This is part of ongoing work in the HyUsPRe project.
Considering only repurposed gas fields and aquifers, the technical potential is estimated at 215
TWh of working gas capacity'®. As noted before, pure hydrogen storage in depleted fields and
aquifers is not yet proven, and its suitability still relies on site-specific investigation such as seal

capacity, geo-chemistry, wells, reservoir conditions and size.

'8 Picturing the value of underground gas storage to the European hydrogen system, 2021, GIE/Guidehouse
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Figure 36 Map of oil and gas basins in Europe (left) and number of subsurface hydro-
gen reservoirs per country (right)
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4.2.2 Economic and market potential

In this section, few key findings from recent studies regarding the economic and market potential
are stated. The economic and market potential is here defined as a subset of the technical potential
that can be matched in time and space with energy infrastructure with viable market prospects. This
is in literature mostly estimated using (integrated) energy system models.

4.2.3 Economic and market potential

In 2019, the EU natural gas storage capacity was around 105 billion cubic meter (bcm), which equals
more than 1 PWh of storage capacity. This is also equal to about 20-22% of annual natural gas
demand. This is the so called Storage to Demand ratio for natural gas. Both absolute storage ca-
pacity and the Storage to Demand ratio for natural gas provide a point of reference for future
hydrogen storage capacity estimates from literature.

The economic and market potential for specific hydrogen storage technologies will strongly depend
on the geography, size, market structure and (existing and future) energy infrastructure. Caglayan
shows, for example, demand for 562 GWh of hydrogen storage capacity using tanks or vessels. In
a study by Victoria et. al a hydrogen storage need of 6.3 TWh was modelled for surface facilities,
but this study excludes the option of subsurface hydrogen storage in the model.

Caglayan notes that surface hydrogen storage options are expected to be installed in locations with
high electricity generation and preferred in the regions where salt caverns are not available or when
the discharge rate of salt caverns becomes limiting. A typical aspect is that the amount of storage
cycles is much higher for surface level storage facilities (daily cycles for hydrogen filling stations)
than for subsurface storage options for hydrogen (from 1 up to 14 annual full cycle equivalents
reported by Groenenberg et al).

'8 Marta Victoria, Kun Zhu, Tom Brown, Gorm B. Andresen, Martin Greiner, The role of storage technologies throughout the decarbonisation of
the sector-coupled European energy system, 2019, Energy Conversion and Management, 201. The Central Thermal Energy Storage option in
this study can be seen as a valid proxy to understand the potential role of (seasonal) UTES technologies in similar scenarios.
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The estimated market potential for storage in caverns in that study grows towards 130 TWh of
storage capacity which equals 19% of the annual hydrogen demand and 0.6% of the technical po-
tential for salt caverns. The storage to demand ratio is in line with that of current natural gas system.
However, in literature the storage to demand ratio in forecast scenarios & modelling studies shows
high variability: between 1-38%. This suggests that total storage needs and the potential for specific
technologies is difficult to assess ex-ante and heavily relies on modelling scope and assumptions
for other flexibility options (e.g. curtailment, import/export, electricity storage, storage in electric
vehicles, demand response flexibility).

According to a first order estimate by Gas Infrastructure Europe (GIE), applying a storage to demand
ratio of 24%, the hydrogen storage capacity estimate for 20 EU countries (excluding UK) shows the
need for around 65 TWh of hydrogen storage in 2030, growing to around 410 TWh of hydrogen
storage in 2050.

According to FCH JU (Fuel Cells and hydrogen Join Undertaking), the demand for hydrogen in EU
could reach between 481-665 TWh by 2030 and between 780-2,251 TWh by 2050. Assuming 10%
- 20% of the demand will be met with storage, this corresponds to storage capacity of 16 bcm - 44
bcm by 2030 and 26 becm - 150 bem by 2050.

A recent study in Northern Europe concluded hydrogen storage would be beneficial and econom-
ically viable in a high-renewables scenario for 2050. IRENA sees a growing market for seasonal
hydrogen storage in the coming two decades although not at significant scale.

Despite the large technical and foreseen market potential, the deployment of UHS in salt caverns
and depleted gas fields will depend strongly on whether individual projects can develop and secure
sustainable business case. High investments and long lead times (10 + years) in the required re-
search, planning and development of underground storage options will likely slow the pace of de-
ployment and subsequent cost reduction opportunities.

A study on large scale energy storage options in the Netherlands highlights the need for value
stacking to create profitable business cases for large scale energy storage and indicates a discrep-
ancy between long term value for the energy system and current absence of viable business models
for energy storage as an important challenge towards implementation.’ This is especially the case
in early deployment period when the hydrogen infrastructure needs to be developed for relative
low annual demand volumes.

42.4 Existing/planned projects

4.2.41 Surface storage

In this section, some of the recent projects focussing on hydrogen (and derivatives) production,
storage & transport are listed. Note that this is an indicative list to give an impression of state-of-
art projects demonstrating hydrogen storage technologies and does not aim to include all existing
projects.

90 Groenenberg et al., 2020, Large-Scale Energy Storage in Salt Caverns and Depleted Fields (LSES) — Project Findings
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Table 25 Non-exhaustive list of recent surface projects focussing on hydrogen (and
derivatives) production, surface storage & transport

Name Country Status, timeline

SPERA, Chiyoda corporation LOHC supply chain™'.  Japan Ready for commercial use since
2020.

LOHC storage at CHEMPARK Dormagen, LOHC In-  Germany  Under construction, Commission-

dustrial Solutions NRW GmbH jointly with Vopak. ing planned in 2023

Hy touch Kobe, Kawasaki LH, terminal'®? Japan 2500 m3 LH, tank construction
completed in 2020

Suiso Frontier, Kawasaki LH, marine carrier®? Japan 1250 m? LH, transport shipping
carrier construction completed in
2019

Brunei — Japan LOHC Hydrogen Supply Chain™4 Brunei-Ja- Piloted 24-kiloliter tank container

pan transport in 2020.

ADNOC Blue ammonia 1,000 kt production capac- UAE Start-up targeted for 2025.

ity195

HYPORT DUQM Green hydrogen — green ammonia Oman Cooperation agreement signed for

project'%® potential green ammonia purchase
between HYPORT & Uniper (Ger-
many).

1.2 Mtons green ammonia production using 4GW  Saudi Ara- 1.2 Mton p.a. green ammonia pro-
RES at Neom bia duction targeted for 2025

4.2.4.2 Subsurface storage

In this section, some of the recent projects focussing on hydrogen (and derivatives) production,
storage & transport are listed. Note that this is an indicative list to give an impression of state-of-
art projects demonstrating hydrogen surface storage technologies, and does not aim to include all
existing projects.

Table 26 Non-exhaustive list of recent surface projects focussing on hydrogen (and
derivatives) production, subsurface storage & transport

Name Country Status, timeline
Teesside, 3 salt caverns, 70,000 m3 each, 370 m). UK Existing
Compressed Gas H,

Clemens Dome, Texas (1 cavern, 580,000 m3, USA Existing
1,000-1,300 m); and Moss Bluff, Texas (1 cavern,

566,000 m3, 335-1400 m). Compressed Gas H,

19

https://www.chiyodacorp.com/en/service/spera-hydrogen/ URL Accessed 27 September 2021

19

~

https://global.kawasaki.com/en/corp/newsroom/news/detail/?f=20201203_2378. URL Accessed 27 September 2021

193

&

https://global kawasaki.com/en/corp/newsroom/news/detail/?f=20191211_3487 URL Accessed 27 September 2021
9% https://www.mitsui.com/jp/en/topics/2021/1241738_12171.html URL Accessed 27 September 2021

195

https://www.adnoc.ae/en/news-and-media/press-releases/2021/adnoc-to-build-world-scale-blue-ammonia-project URL Accessed 27 Septem-
ber 2021

1% https://www.uniper.energy/news/hyport-dugm-signs-cooperation-agreement-with-uniper-to-explore-green-ammonia-offtake URL Accessed
27 September 2021
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Name Country Status, timeline
Hyuspre — Hydrogen underground storage in EU H,020 research programme fo-
pOrous reservoirs. cusing on feasibility and potential

of implementing large-scale stor-
age of renewable hydrogen in
porous reservoirs in Europe. 2020
- 2023

HyStorPor, Hydrogen Storage in Porous Media. UK Studying whether hydrogen stor-

age in reservoir rocks is funda-
mentally feasible. 2019 — 2023.

Underground sun storage 2030 - Build and test Austria R&D pilot construction com-
renewable hydrogen storage at natural gas po- pleted 2017
rous storage.

H,Cast Etzel — prepare for cavern rededication for Germany Preparation phase, timeline 2022-
hydrogen storage at Etzel. 2026
HyStock, Energystock. Hydrogen storage pilot Netherlands on-going.

field test in salt caverns.

Hypster — large scale green hydrogen under- France Project started; Experimentation
ground demonstration in salt cavern of hydrogen storage in a salt cav-
ern
4.3 Contribution of storage to the system in terms of flexibility,

supply security and economic value

Main Take-aways of the section

The benefits of hydrogen storage are categorised here as general, system level impacts, and
as benefits bringing economic value to individual actors in the hydrogen supply chain.

In terms of systemic impact of deploying hydrogen storage, the contributions are catego-
rised as

e Security of supply for hydrogen sector;
e System flexibility in hydrogen sector;
e Optimal (cost-effective) development of network infrastructures

Technically, Hydrogen storage options contribute to system stability, flexibility and ade-
quacy.

Hydrogen storage options deployment result in lowering investment and operational cost of
the whole energy system.

Access to large scale hydrogen storage options lowers overall system costs; suggesting that
interconnection across the EU for regions with limited access to storage is of high strategic
value.

The contribution to ensuring Security of supply for hydrogen sector lies primarily in the
ability to stock hydrogen reserves, available to be released in case of (unexpected) supply
disruptions;

The contribution to hydrogen system flexibility is categorised by the time horizon in which
the flexibility is deployed.

¢ In aclose-to-real-time horizon, the storage contributes to maintaining the stability of the
network by helping to maintain stable network pressure;
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e In a short-term time horizon, storage can contribute to balance the variations in supply
and demand, including seasonal variations;

e System adequacy refers to an increase in capacity to meet peak demand under extreme
events over a period of months to years

The hydrogen storage facilities can contribute to optimal development of network assets
(in electricity, natural gas and hydrogen sectors), if their role is appropriately considered in
the integrated network planning process.

Considering the impacts of hydrogen storage on individual actors in the hydrogen supply
chain, the main benefit for electrolyser operators is the possibility to decouple the time of
hydrogen production and consumption. This enables price arbitrage on hydrogen markets,
as well between the electricity markets and hydrogen market (in case of grid-connected elec-
trolysers). Furthermore, hydrogen storage opens additional revenue streams for the grid op-
erators, for example from offering balancing services.

In case of hydrogen end-users, hydrogen storage offers a greater stability of hydrogen
supply, avoiding higher price fluctuations on the market. Hydrogen storage can also enable
development of hydrogen end-use sectors with significant seasonal fluctuations of demand,
that would otherwise not be possible to be covered by the existing hydrogen generation
assets.

The case studies included in this section show that:

e Hydrogen storage options deployment result in lowering investment and operational
cost of the whole energy system.

e Access to large scale hydrogen storage options lowers overall system costs, suggesting
that interconnection across the EU for regions with limited access to storage is of high
strategic value

This section aims at cataloguing the potential benefits of hydrogen storage operation to the energy
system operation as a whole, as well as for two significant groups of market participants — electro-
lyser operators and hydrogen consumers —who are potentially to benefit the most from hydrogen
storage development. This section concludes with representative case studies that illustrate the
listed impacts of hydrogen storage.

The system-wide contributions are categorised as benefits to:

Security of supply;
System flexibility;
System stability

Stability is here the response to very short and fast fluctuations (especially in the power system).
Flexibility is the response to load and supply variations up to the seasonal timescale, while the ability
to adapt to long-term trends and emergencies is defined as ‘adequacy’.

Next to these contributions, the development of hydrogen sector, enabled by deployment of hy-
drogen storage, will have a positive impact on sustainability. This is however out of scope of this

study and has been addressed elsewhere.

197

97 Trinomics and Artelys (2020). Measuring the contribution of gas infrastructure projects to sustainability as defined in the TEN-E regulation.

Available at: https://op.europa.eu/en/publication-detail/-/publication/364d69a4-1744-11eb-b57e-01aa75ed71a1/language-en
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Figure 37 Energy system services and storage options (non-exhaustive) mapped ac-
cording to their power (Watt) and relevant timescales for charging and dis-
charging.

Colours coding indicate in which infrastructure system the storage technology is implemented: blue
= electricity grids, green = (renewable) gas infrastructure; orange is heat networks.

10GW 10GW
1GW 1GW Pum Hydro Stora
Large-scale renewable et =7
electricity balancing and - Compressed
100 MW Arbitrage 100 MW Air Energy
Storage
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Source TNO, inspired by IEA

4.3.1 Review of system-wide contributions of hydrogen storage

4.3.1.1 Security of supply and flexibility contributions

Storage plays an integral role in an energy system with several technical and economic benefits.
Technical benefits include ensuring secure energy supply through a robust energy system that
can handle supply and demand variations. Economic benefits include arbitrage services reducing
costs for end users but also for other actors in the energy system and integration of complemen-
tary RES sources such as wind and solar.

Different flexibility needs have varying discharge time (seconds, minutes, hours, days), reaction
time (seconds, minutes, hours), rated at typical frequency of use (daily, weekly, seasonal, annual)
and scale (regional, national, continental).

Operating an energy system is challenging as it needs precise balancing of supply and demand at
all times. This need to match ensures that the supply meets the demand requirements. Failure to
match can have far reaching consequences for instance — the 2021 power grid failure in Texas,
USA is estimated to cost $20.4 billion and 172 deaths'.

1) Inthe case of hydrogen supply chain, hydrogen storage can address needs for flexibility in three
ways across the electricity, gas and heat systems, depending on timescale:

5) Stability: Electrolysers are able to provide short term and high power services to the electricity
grid. Electrolysers are able to deliver power grid services from seconds, minutes, hours and

%8 National Centers for Environmental Information, “Billion-Dollar Weather and Climate Disasters: Events,” 2021. [Online]. Available:
https://www.ncdc.noaa.gov/billions/events
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weeks with fast availability and load ramp-up. On the supply side hydrogen storage in combi-
nation with (adapted) gas power plants or fuel cells could deliver fast-response and high power
supply to the power grid. For both value propositions pilot and demonstration projects are
conducted or in the pipeline. For the hydrogen system stability refers to pressure control to
fulfil specific technical limits of the hydrogen grid. Typically, these variations occur over seconds
and is most relevant for hydrogen transport through pipelines or for mobility end-use. Line
packing and tank storage, are both able to react in few seconds to provide stability to the
system.

6) Balancing and flexibility: this refers to load variations occurring over minutes to days to months.
Such load variations are anticipated to be caused by periodic human activities, peaking during
day-time of a working week and dropping during night-time and weekdays. Seasonal variations
(e.g. winter-summer) on energy demand and supply can also lead to need for flexibility to bal-
ance the system. Many studies'®2% agree that hydrogen storage has a rather unique feature
to meet long-duration and high capacity storage at low cost compared to alternative storage
and flexibility options. A mix of storage options is needed in the future energy system; typically
VRES (solar and wind) and their installed capacities have a high impact on total volume and
type of storage needs. Typically the daily cycle for solar PV is absorbed by battery storage and
comparable short-duration storage options. Longer term to seasonal fluctuations are absorbed
by pumped hydro, (underground) compressed air and hydrogen storage options. These needs
are typically governed by installed wind capacity and the ratio between solar/wind installed
capacity. If also seasonal demand profiles (e.g. built environment heating applications for hy-
drogen) appear then this translates also in seasonal storage needs. For long-term seasonal
storage there are not many competitive storage options.

7) Adequacy: this refers to an increase in capacity to meet peak demand under extreme events
over a period of months to years. Extreme events are not periodic, but still need to be accounted
for as when they do occur, there will be excessive loads on the system. Few examples of extreme
events include an exceptionally cold winter, or abnormal disruption to global energy supply
chains amongst others. Typically long term and large scale storage technologies are suited for
maintaining adequacy in both the gas and electricity system. Hydrogen storage offers unique
storage potential, especially subsurface storage options, to meet security of supply challenges
for long-duration and high power rating.

4.3.1.2 System-wide savings of investment and operational costs

Currently, system operation and security needs are addressed separately for each sector (natural
gas, electricity). However, from a system-wide perspective, there is a potential to reach cost savings
by considering these investments and systems operation together. If the existing interlinkages be-
tween sectors are not considered, there is a risk of overinvestment in network capacities, for exam-
ple to cover demand in sectors where electricity and gas act as direct substitutes (such as heating).
With regards to operational costs, this might relate for example to procuring more balancing ser-
vices than it is actually necessary.

Deployment of hydrogen storage according to the system-wide needs assessment can contribute
to addressing both the periods of peak energy production and demand. Therefore, the rest of in-
frastructure capacity can be rationalized to a more cost-efficient size that does not need to be able
to handle peak energy volumes.

199 Marta Victoria, Kun Zhu, Tom Brown, Gorm B. Andresen, Martin Greiner, The role of storage technologies throughout the decarbonisation of
the sector-coupled European energy system, 2019, Energy Conversion and Management, 2019

200 Dilara Giilgin Caglayan, A Robust Design of a Renewable European Energy System Encompassing a Hydrogen Infrastructure, Schriften des For-
schungszentrums Jilich Reihe Energie & Umwelt / Energy & Environment, ISBN 978-3-95806-516-1
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The cross-sectoral benefits of hydrogen storage for electricity system can be categorized as:
e Avoided operational costs in the electricity sector, reducing

e Renewable power curtailment
e Congestion management measures
e Need for ancillary services

¢ Avoided investment costs in the electricity and gas sectors, reducing

e Required transport capacity
e Investment to guarantee SoS standards in each parallel system

e Lower variability of electricity prices

Hydrogen storage is also necessary for cost-efficient development of hydrogen sector itself. Based
on the expected development of hydrogen sector, it will be initially the supply side that will drive
the flexibility needs. Since demand in industry is stable and predictable, it will be the electrolytic
hydrogen production from variable renewable sources that will mainly require hydrogen storage,
at least initially?®’. Moreover, the seasonal storage needs might arise from the beginning as well,
since VRES production is larger in summer than in winter (in contrast to a similar level of demand
throughout the year). In the more long-term perspective, if hydrogen will be used in buildings and
power generation sectors, demand side will also require additional flexibility capacities.

The potential of hydrogen storage to deliver system-wide benefits will also depend significantly on
location, given the varying availability of suitable (underground) hydrogen storage sites per EU
region (especially the salt caverns) as well as of availability and potential of renewable energy
sources.

4.3.1.3 Review of benefits to electrolysers operators and end-users

Generally, hydrogen storage allows electrolyser operators to decouple hydrogen production from
demand. Since the operators will not have to sell the produced hydrogen immediately to the con-
sumers, it will be possible to produce hydrogen irrespective of the current demand on the consumer
side (if the storage capacities are correctly designed to accommodate the surplus hydrogen gener-
ation).

As a result, electrolyser operators can benefit from price variations on the energy markets, both in
time and also between (electricity and hydrogen) markets. Electrolyser operators, that will be di-
rectly connected to the electricity grid, can e.g. produce hydrogen during night when the electricity
demand (and price) decreases, or during periods of peak renewable electricity generation, when
the supply on the market is higher than demand (which also reduces the prices). It is hard to esti-
mate to what extent the prices on electricity and hydrogen markets will be coupled, but, at least
initially when most trading on hydrogen markets will be done by long-term contracts®’?, there could
be potential for short-term market price arbitrage. Operators of off-grid electrolysers connected
directly to the renewable electricity generation capacities can produce hydrogen at marginal cost,
and use storage to sell the hydrogen on the market when it is most favourable.

Hydrogen storage is a key technology for enabling seasonal flexibility to the (renewable) electricity
sector. The level of production of renewable energy sources varies throughout the year (for example
solar power production is higher in the summer period). On the demand side, the potential for

201 Transport applications will require storage by definition, e.g. in the refuelling stations.

202 This is because initially the majority of market players will be large industrial consumers and producers with significant electrolyser capacity —
this is analysed in detali in Chapter 3.5.1 — Hydrogen markets will mature slowly
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seasonal fluctuations will depend on the end-use sectors that will adopt hydrogen. Especially the
use of hydrogen for household heating would add a significant seasonal fluctuation.

For electrolyser operators, using hydrogen storage to flatten the seasonal fluctuations would allow
optimising the utilisation rate of electrolysers. For grid-connected electrolysers, the optimal utilisa-
tion (from economic perspective) rate is around 2,500-6,000 full load hours annually. With lower
load, the CAPEX and OPEX costs impact the price more, whereas with higher load, the impact of
electricity prices (electrolysers would be deployed in periods with too high electricity price, making
the hydrogen production unprofitable) becomes more important.?®> Optimal utilization of electro-
lysers allows improving the profitability and shortening the return time for the investment. This can
also facilitate the investment decisions for building new electrolyser capacity.

The storage buffer could also allow electrolyser operators to participate on the electricity flexibility
and balancing markets, bringing additional revenue stream on top of the price of produced hydro-
gen.” This is because, as explained in previous paragraph, operating the electrolyser under full
load all the time is not the most economically viable strategy (due to price fluctuations). Providing
balancing services in both direction is therefore possible. Using hydrogen storage, electrolyser op-
erators will be able to balance their position in hydrogen networks even in case the electrolyser
output will have to change based on the signals form electricity market. However, even though
electrolysers are able to provide almost all types of balancing services for the electricity networks
(except for provision of inertia), they have to be specially designed for that task. This is especially
the case for real-time balancing services, such as the Frequency Containment Reserve, where bat-
teries might be a more cost-effective solution. For other services - automatic and manual Frequency
Restoration, Replacement Reserve — the electrolysers are readily available on the current technology
development level.?%

Section 4.1 and the analysis of the archetypes in section 4.3 shows that underground hydrogen
storage in salt caverns is the most economical form of storage available in 2030, while storage in
tanks is more expensive and the line pack storage potential is limited. Hence, where UHS is availa-
ble, electrolyser operators or suppliers are more likely to invest in or contract UHS services rather
than operate their own hydrogen tanks for managing supply variability (unless this burden is left to
large consumers). Therefore, (fast-cycling) UHS would bring benefits to electrolyser operators which
could be quantified as the cost differential to store hydrogen in UHS vs tanks (assuming the dimen-
sioning and operation of electrolysers remains unchanged).

For end-users, hydrogen storage offers stability of supply and better availability of hydrogen during
time. Storage also reduces price volatility, for example in cases when hydrogen demand and supply
volumes do not meet or when the high price of electricity input would translate in higher hydrogen
price.

Moreover, storage enables development of hydrogen in sectors with high seasonal fluctuation, such
as in the building sector (otherwise, capacity investments to match peak demand only during cer-
tain period of year would be too costly)

Storage is also essential for both electrolyser operators and end-users not connected to hydrogen
grids, and for operation of import terminals, who cannot benefit from the pooling of production
and demand capacities enabled by the grid infrastructure.

203 |EA (2019). The Future of Hydrogen. Available at: https://www.iea.org/reports/the-future-of-hydrogen

204 Samani et al. (202). Grid balancing with a large-scale electrolyser providing primary reserve. Available at: https://doi.org/10.1049/iet-
rpg.2020.0453.

205 |RENA (2020). Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the 1.5°C Climate Goal. Available at: https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
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4.3.1.4 Representative case studies for hydrogen storage

To study the contribution of storage in a hydrogen supply chain, a supply chain model was built. In
this model, different ‘archetypes’ can be defined to represent the types of hydrogen supply chains
relevant for the EU. An archetype is a lumped representation of supply, demand and transport that
could represent a supply chain over a large international region (within the EU). In the next sections,
the three archetype cases are described further.

Figure 38 Schematic of the archetype hydrogen supply chain model and the elements
under each chain component. Selecting certain inputs and their magnitudes
for these elements allows to define diverse archetypes

Transport Demand

Supply Storage

Hydrogen supply chains comprises of four major components hydrogen production — transport —
storage — consumption. In this study, following elements within these major com-ponents were
considered.

Supply

Supply of hydrogen can be parameterised as either renewable hydrogen, blue hydrogen and import
(colour-independent) by selecting percent share of each. Renewable hydrogen production is mod-
elled by water electrolysis from solar, wind or grid electricity. Note that for grid electricity, emissions
are not considered in the model. For both, solar and wind electricity share, one out of three profiles
can be chosen. The three profiles represent high, medium or low average capacity factors corre-
sponding to the EMHIRES dataset for Spain, the Nether-lands and Poland respectively for 20142,
These capacity factors are shown in Figure 39 and Figure 40. It can be seen that the average capacity
factor for a solar-following electrolyser varies from 11-17% whereas for a wind-following electro-
lyser varies from 22-28%. The effective load factor can be increased by adding a grid electricity
contribution to the renewable hydrogen production parameters.

206 G, A. Iratxe, Z. Andreas, C. Francesco, M. Fabio, H. Thomas and B. Jake, “EMHIRES dataset. Part I: Wind power generation European Meteorolog-
ical derived HIgh resolution RES generation time series for present and future scenarios,” European Commission EUR 28171 EN;
10.2790/831549., 2016. Gonzalez Aparicio I; Huld T; Careri F; Monforti-Ferrario F; Zucker A. EMHIRES dataset: Part II: Solar Power Generation:
European Meteorological derived High resolution RES generation time series for present and futures scenarios: Part II: PV generation uding the
PVGIS model. EUR 28629 EN. Luxembourg (Luxembourg): Publications Office of the European Union; 2017. JRC106897
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Lastly, blue hydrogen and import percent share can be parameterised, which assumes a flat hydro-
gen profile supply. The resulting hydrogen supply profile is a combination of green, blue and import
profiles, of which the supply variability is captured in the renewable hydrogen profiles.

Figure 39. Capacity factors for solar power generation for 2014 in (top) Spain/high,
(middle) the Netherlands/medium and (bottom) Poland/low. Average capa-
city factors are 17%, 11% and 10% respectively
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207 Gonzalez Aparicio I; Huld T; Careri F; Monforti-Ferrario F; Zucker A. EMHIRES dataset: Part Il: Solar Power Generation: European Meteorological
derived High resolution RES generation time series for present and futures scenarios: Part Il: PV generation uding the PVGIS model. EUR 28629
EN. Luxembourg (Luxembourg): Publications Office of the European Union; 2017. JRC106897
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Figure 40 Capacity factors for wind power generation for 2014 in (top) Spain/high,
(middle) the Netherlands/medium and (bottom) Poland/low. Average capac-
ity factors are 28%, 24% and 22% respectively
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Transport

Transport of hydrogen can be parameterised to indicate the percentage transported through pipe-
line, shipping, road and rail modalities. For each modality, the transport distance (km) can be spec-
ified

Demand

Demand of hydrogen can be parametrised to indicate the share of industry heat, industry feedstock,
mobility and renewable hydrogen and derivative fuels. Only the mobility demand profile have a
choice between a flat and daily variations, with other demand types having a flat profile. The daily
demand variation profile, adopted from literature, is shown in Figure 41; and are repeated every
week for the whole year.

208 Gonzalez Aparicio I; Huld T; Careri F; Monforti-Ferrario F; Zucker A. EMHIRES dataset: Part II: Solar Power Generation: European Meteorological
derived Hligh resolution RES generation time series for present and futures scenarios: Part II: PV generation uding the PVGIS model. EUR 28629
EN. Luxembourg (Luxembourg): Publications Office of the European Union; 2017. JRC106897

114



Report Hydrogen

Figure 41 Mobility demand profile showing weekly variation. Note that the y-scale unit
is in H>-mass which can be scaled according to archetype needs.
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Storage

Storage of hydrogen is considered in surface tanks (for shipping, road, rail, terminals), line packing
(for transport pipelines) and in subsurface salt caverns. The total storage need is estimated based
on the mismatch between supply and demand profiles for a whole year. The total storage need is
met via the considered storage technologies. To estimate the capacity required of each storage
type, the following storage-need-order is implemented —

1) Tank storage: tank storage offers not only short time scale flexibility, but also is required for
transport modalities such as shipping (ships and terminals), road and rail. Within tank storage,
additional tank capacity is calculated to meet one full day of demand. It is assumed that CGH,
tanks will be used and scaled in number to meet the capacity needed.

2) Line packing: line packing offers flexibility to hydrogen transport by pipelines. The maximum
line pack storage potential is considered for the total length of pipelines in the transport sec-
tion. We assumed line packing capacity for a 24-inch pipeline operating pressure increasing to
60 bar from 50 bar.

3) Salt caverns: salt caverns offer large scale hydrogen storage potential and all the remaining
storage capacity need in the model is met via salt caverns.

Archetypes:

In this study, three archetypes were defined to broadly cover the various geographic characteris-
tics in the EU. These archetypes are summarised in Table 27, Table 28 and Table 29. The Aeolus is
a wind-dominated archetype with 40 TWh supply/demand partially met with 10 GW electrolyser

capacity. Helios is solar dominated with 20 TWh supply/demand partially met with 6 GW electro-
lyser capacity and the Gaia is import dominated with 10 TWh supply/demand partially met with 3
GW electrolyser capacity ) fed by a mix of wind and solar energy. Aeolus archetype is comparable
to the North-western EU with abundant access to offshore wind energy in the North Sea. Helios

209 Welder, L, Ryberg, D., Kotzur, L., Grube, T., Robinius, M., & Stolten, D. (2018). Spatio-temporal optimization of a future energy system for
power-to-hydrogen applications in Germany. Energy, 158, 1130-1149. https://doi.org/10.1016/j.energy.2018.05.059
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archetype is comparable to southern EU with abundant access to solar energy and the Gaia arche-
type could be comparable to eastern EU where H, import is likely to play a larger role.

For all archetypes, the transport inputs are assumed by inspiration from regional relevance. For
example, 25% of natural gas pipeline network length is assumed to be available by 2030. Shipping
and road transport lengths are shorter as we consider bulk of hydrogen will be shipped through
pipelines, with shipping and road transport used for last-mile transport when end-users are not in
the vicinity of pipeline grid station.

All archetypes have annualised cost ranging from 1.8 to 7 billion euros. The cost breakdown high-
lights, firstly, that Aeolus having largest magnitude results in the highest overall costs. Significant
part of the costs (~ 1/4™) are from electrolyser investment and from other H, sources. Storage cost
of tanks and salt caverns are same order of magnitude and cover roughly 10-25% of the total an-
nualised costs. However, comparing the storage capacity of these two technologies (Figure 37), salt
cavern capacity dominates tank storage capacity. This highlights the effect of large-scale storage
option such as salt cavern on the total system cost in comparison with smaller scale storage solu-
tions such as tanks. Some amount of tank storage will be needed for smooth operation of a hydro-
gen value chain, especially supporting batch transport options alike ship, train and truck transport
of hydrogen. However, there is a cost advantage to use salt caverns where available and possible
for large scale storage. Other archetypes have similar findings on the total storage capacity per type
as Aeolus, those plots are not shown here.
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Figure 42 Annual cost breakdown of the three archetypes

Aeolus, Helios and Gaia. Top figure shows the total annual cost breakdown whereas the bottom
figure shows the specific cost breakdown normalised with the archetype supply/demand capacity.
Other H; supply refers to Blue H, (2 €/kg) and Import H, sources (4 €/kg).
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Figure 43 Total storage capacity for tank, line pack and salt cavern for the Aeolus ar-
chetype. For converting to energy units — hydrogen lower heating value is
33.33 kWh/kg
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Table 27

Archetype

Aeolus

Specifications
25% Security of supply (of
supply/demand)

Supply

(Offshore) wind dominated

Supply: 40 TWh
10 GW electrolyser (Renew-

able Hy)

Wind 70%, profile = high
Solar 30%, profile = low
Grid 0%.

Deficit (total supply — RES
Ho)

50% blue hydrogen

50% Import

Summary of the Aeolus archetype definition

Transport

Pipeline network

Developed hydrogen back-
bone, equivalent pipeline

Iengths# of NL+BE+DE+DK

Assumed 25% is available by

2030

80% transport by pipeline
Pipeline = 12000 km

10% by ship (= 200 km)

10% by road (= 200 km)

* In this archetype 10 GW electrolyser with chosen profiles produce = 0.41 Mt/a renewable H2
# MS chosen as representative of the archetype. Choice is not aligned with NECP.

119

Storage

Good access to subsurface
storage

No subsurface storage poten-
tial limits

Demand

High industry and mobility de-
mand

Demand: 40 TWh
80% industry heat + feedstock
20% Mobility, profile = daily.
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Table 28 Summary of the Helios archetype definition.
Archetype Supply Transport
Helios Solar and import Pipeline network

Specifications

25% Security of sup-
ply (of supply/de-
mand)

dominated

Supply: 20 TWh
6 GW electrolyser (RES H5)

Wind 50%, profile = low
Solar 50%, profile = high
Grid 0%.

Deficit (total — RES H5)
100% Import

Developed hydrogen backbone*,

equivalent pipeline lengths of PT

+ ES

Assumed 25% is available by

2030

70% transport by pipeline
Pipeline = 3,700 km

5% by ship (= 55 km)

25% by road (= 200 km)

*In this archetype 6 GW electrolyser with chosen profiles produce = 0.21 Mt/a renewable H,
* MS chosen as representative of the archetype. Choice is not aligned with NECP.
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Storage

Medium to Low access to
subsurface storage

Demand

High industry demand, mobility
demand

Demand: 20 TWh
70% industry heat + feedstock
30% Mobility, profile = daily.
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Table 29

Archetype

Gaia

Specifications

25% Security of sup-
ply (of supply/de-
mand)

Supply

Import dominated

Supply: 6 TWh

3 GW electrolyser (renewable

Ha)

Wind 70%, profile = low
Solar 30%, profile = low
Grid 0%.

Deficit (total — RES H5)
100% Import

Summary of the Gaia archetype definition

Transport

Emerging pipeline network

Developed hydrogen back-

bone, equivalent pipeline

lengths of PL+CZ+SK

Assumed 25% is available by

2030

60% transport by pipeline
Pipeline = 4,400 km

20% by ship (= 65 km)

20% by road (= 200 km)

* In this archetype 3 GW electrolyser with chosen profiles produce = 0.10 Mt/a renewable H,

* Choice of wind or solar profile shifts the seasonal import need, but not the annual import or storage needs.
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Storage

Medium to Low access to
subsurface storage

Demand

Medium industry demand

Demand: 6 TWh
80% industry heat + feedstock
20% Mobility, profile = daily.
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43.2 Asset and risk classifications per storage technology?™

Main Take-aways of the section

e A storage project is deemed profitable if the net present value is positive when discounted
at a rate representing the cost of capital

e The cost of capital should be equivalent to the sum of the risk-free rate and risk premiums
reflecting all project risks (country, market, policy and regulatory, and technology risks)

e Country risks are independent of the storage projects and specific to each country

e Market risks to storage projects could arise e.g. from uncertainty on the development
of the overall hydrogen market, electricity price evolutions or from competition with
other storage projects

e Policy and regulatory risks may arise from the lack of a regulatory framework for hy-
drogen storage, or the removal of hydrogen support policies, among others

e Technology risks stem from the potential underperformance or higher costs, due to the
current need for hydrogen storage technology development

e Hydrogen storage project-specific risks could exist due to for example lack of access to
a hydrogen network, permitting delays or issues with a reservoir site

e Future hydrogen storage projects should face non-negligible technology risk premiums.
While storage of hydrogen in salt caverns is a proven technology (TRL 9), fast cycling of those
storages is less mature (TRL 7). Also, storage in porous reservoirs is at a much lower maturity
(around TRL 3).

e Salt cavern hydrogen storage projects could achieve technology risk premiums close to 3%
by 2030. Future projects for storage in porous reservoirs could face TRPs of around 6%.

e Country risk premiums ranging from 0% to 5% should come on top of TRPs, leading to a
combined risk premium ranging from 3% (salt cavern storage in Member States with a very
low country risk premium) to 11% or more (porous reservoir storages in Member States with
a high country risk premium).

e The absence of a clear and predictable regulatory framework should lead to policy and reg-
ulatory risks which would further increase total risk premiums. Interviewees indicate that hy-
drogen storage projects are CAPEX-intensive and that economic support will be required, at
least initially, for investments to take place

e There is a lack of familiarity of the financial sector with hydrogen storage technologies and
projects. EU and Member States can support not only technological innovation but also fi-
nancial learning around hydrogen storage, in order to reduce risk premiums. This could in-
volve for example co-financing and dissemination of best practices.

This section aims to conduct an analysis of hydrogen storage assets and classify it according to risks
per storage technology. This should facilitate the development of policy measures targeted at re-
ducing financial barriers to the investment in hydrogen storage assets due to high actual or per-
ceived risks — with perceived risks meaning risks which arise from the lack of familiarity with a tech-
nology or context, rather than risks due to lack of technology maturity, regulatory instability or
other factors which increase risk.

Investors in energy and specifically hydrogen storage assets balance the risks and expected returns
of the investments when making decisions. In a simplified manner, expected returns, considering

210 Theoretical aspects of this section are based on Trinomics (2020) Report on literature review and stakeholder interviews regarding the repre-
sentation and implications of the financing challenge
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the appropriate risks, should exceed all project costs (including the cost of capital) throughout its
lifetime. In addition to risks and returns, other factors could be considered in the investment deci-
sion, such as the project size, portfolio considerations (as e.g. the project could help reduce the
overall portfolio risk due to complementarities with other assets) and corporate social responsibil-
ity.?!" These factors could be ultimately represented as monetary or non-monetary benefits or risks
of the project.

Risk can be understood to represent (positive or negative) deviations of returns from the expected
value. Investors are generally risk averse, preferring a project with lower risk, all else equal. There-
fore, investors will ask for a risk premium in order to invest in projects. The risk premium is added
on top of the risk-free rate (which represents the cost of capital for an asset with no significant risk
of financial loss) to determine the overall risk of the project, which is equivalent to the cost of capital
of the project.?’> The sum of a project’s revenues and costs throughout its lifetime discounted at
the cost of capital should be positive (i.e. a positive net present value) in order for the project to be
considered profitable. In other words, the cost of capital represents the minimum rate of return of
a project required to make it profitable, considering the specific project risks.

This determination of the cost of capital of a project considers that investors will provide capital at
a cost equivalent to the project’s risk. However, for corporate finance projects (where a project is
financed through a company’s general funding and where the company'’s total assets serve as a
collateral) the company will have a weighted average cost of capital (WACC) based on equity
and loan interest rates. In this case, the project total risk should be equal or less than the WACC
(and have a net present value with all cash flows discounted at the WACC).

The risk premium can represent different forms of risk, including country / market / policy and
regulatory / technology / project-specific risks. Therefore, multiple risk premiums can contribute to
the overall project cost of capital:

e The country risk represents the overall risk of doing business in a certain country, due to e.g.
the political environment, or fiscal or monetary policy. While the country risk is unrelated to the
characteristics of a specific project, it does affect the financing conditions for energy projects
and vary across EU Member States, ranging in 2019 from 0% to e.g. Germany and Sweden to
over 3% in a few other Member States;?'?

e Market risks arise from uncertainty regarding project sales and input costs. In the case of hy-
drogen storage, market risks would arise from uncertain revenues from the sale of storage ser-
vices. The uncertainty of storage revenues may arise from uncertainties regarding the develop-
ment of the overall hydrogen market, uncertainties in the electricity market such as price evo-
lution, or competition with other hydrogen transport and storage options (e.g. distribution
through trucks instead of pipelines). Policy measures which reduce uncertainty regarding sales
and input costs (for example support mechanisms or a regulatory regime employing a regu-
lated asset base) can help reduce market risks;

e Policy and regulatory risks represent the risks of unforeseen or retroactive changes in the
legal and regulatory framework which can adversely affect the project profitability and which
are contrary to the principle of regulatory predictability. For hydrogen storage projects, this
could refer to unclear regulatory frameworks, or to including additional permitting require-

21

Trinomics (2020) Report on literature review and stakeholder interviews regarding the representation and implications of the financing chal-
lenge

212 The present analysis does not differentiate between the sources of capital (equity or debt) and the leverage ratio of the projects (i.e. the debt to

equity ratio), with risks impacting the total risk premium as well as actions to reduce this premium being applicable to high or low leverage.
213 Trinomics (2020) Report on literature review and stakeholder interviews regarding the representation and implications of the financing chal-

lenge
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ments or changing the allowed regulatory regimes after the overall framework is defined. An-
other risk could be a reversal or restriction of hydrogen support policies due to the sustainability
of hydrogen being lower than originally forecasted. Providing a clear and predictable regulatory
framework for hydrogen storage assets (including elements which impact their profitability,
such as energy taxation or support mechanisms) is a main measure to mitigate policy and reg-
ulatory risks;

e Technology risks refers to the possibility of underperformance or higher costs of a given tech-
nology, due to its characteristics and maturity. An indicator of technology maturity often used
to assess associated technology risks is the technology readiness level (TRL). TRLs for hydrogen
storage technologies are analysed in detail in section 1.1. Technology risks can also be associ-
ated with public acceptance issues for certain technologies, e.g. due to perceived safety risks or
landscape impacts, or lack of workforce with sufficient technical expertise. While technology
risks associated with the maturity of hydrogen storage technology exists, we do not identify
particular risks associated with public opposition, and the market is not developed sufficiently
for labour bottlenecks to exist;

e Project-specific risks regard the risks associated with the development, construction, commis-
sioning, operation and/or decommissioning of individual projects and which cannot be classi-
fied in any of the other risk categories. This could include also risks associated with the specific
project team and organisations, and risks associated with the borrower (in case of corporate
financing of projects). Hydrogen storage project-specific risks could regard e.g. access to hy-
drogen networks in certain locations, potential delays in permitting and construction, and tech-
nical difficulties with certain reservoir sites.

Future hydrogen storage projects should face non-negligible technology risk premiums. Hy-
drogen storage technologies are in various stage of development, and thus exhibit different tech-
nology readiness level as discussed in section 1.1. While storage of hydrogen in salt caverns is a
proven technology (TRL 9), fast cycling of those storages is less mature (TRL 7). Also, storage in
porous reservoirs is at a much lower maturity (around TRL 3). Specific projects, including co-fi-
nanced by the EU, aim at increasing the maturity of hydrogen storage technologies. The Hypster
project aims to demonstrate the fast-cycling of salt cavern storage, and Hystories aims to increase
the TRL of storage in porous reservoirs.?'

Technologies with low deployment and high risk can have a technology risk premium (TRP)
of up to 6% or more. Mature sustainable technologies such as solar PV can face a TRP of ~3%
or lower - this can be seen as a lower bound for hydrogen storage technologies when they reach
maturity. Moreover, technologies with a high risk perception due to public opposition, such as coal
power plants, can face a higher technology risk premium, of 6% or above.?"”

Therefore, salt cavern hydrogen storage projects could achieve technology risk premiums
close to 3% by 2030, similar to that of mature renewable energy technology. Future projects for
storage in porous reservoirs could face TRPs of around 6% (i.e. the general TRP level for immature
technologies with low deployment), due to the lower TRL level and the remaining need for tech-
nology demonstration, even by 2030. These TRPs do not consider other risks such as regulatory or
market risks.

Country risk premiums ranging from 0% to 5% should come on top of TRPs?'%, leading to a
combined risk premium ranging from 3% (salt cavern storage in Member States with a very low

214 https://hystories.eu/; https://www.storengy.com/en/medias/news/hypster-1st-demonstrator-H,-green-storage

215 Trinomics (2020) Report on literature review and stakeholder interviews regarding the representation and implications of the financing chal-
lenge

216 Under currently practiced interest rates, which could change due to changes in monetary policy
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country risk premium) to 11% or more (porous reservoir storages in Member States with a high
country risk premium). The 3% TRP should be seen as a lower bound, and would need to be added
on top of the risk-free rate and other risk premia (representing country, market or regulatory risks).

Even if fast-cycle hydrogen storage was a mature technology, other risk types would affect the
overall risk premium and thus future project profitability. The absence of a clear and predictable
regulatory framework should lead to policy and regulatory risks which would further increase
total risk premiums. Also, most gas storage operators furthermore indicate that a regulated tariff
regime for hydrogen storages could increase revenue certainty, thereby reducing market risks
for the storage project developer and its associated premiums (by transferring the market risk to
storage users and ultimately to the government, in case there is limited demand for storage). How-
ever, German gas storage operators do not favour a regulated tariff regime, preferring the ability
to freely set access tariffs for future hydrogen storages. This likely reflects the current competitive
landscape and regulatory approach for natural gas storages in the country, as well as the larger
German salt cavern storage potential.

Interviews also indicate that there is a lack of familiarity of the financial sector with hydrogen
storage technologies and projects. This applies to commercial banks, institutional investors such
as pension funds, and other types of investors, and is driven by the lack of commercial hydrogen
storage projects, as the financial sector has not had the opportunity to build expertise on the tech-
nology. This may increase risk premiums, potentially leading to a vicious circle which could impact
the cost of capital for future hydrogen storage projects. Corporations could address this issue to
some extent through initially financing projects themselves and later on selling stakes (at a profit)
on it once project risks are lower. However, while corporate finance is thus an option, the lack of
familiarity of the financial sector still will impact project finance. There is room for the EU and Mem-
ber States to support not only technological innovation but also financial learning around hydrogen
storage, in order to reduce risk premiums. This could involve for example co-financing and dissem-
ination of best practices.

Governments can work towards reducing risk premiums, which should improve the cost of capital
and thus bring projects closer to profitability. Interviewees do indicate that hydrogen storage
projects are CAPEX-intensive and that economic support will be required, at least initially,
for investments to take place. While the assessment of the need for public support may be left
to Member States, it would be warranted to allow such support in case it can be demonstrated the
storage projects are not commercially viable without it. This does not mean that such support
should not be considered State Aid and thus be exempted from notification requirements. On the
contrary, given currently support to electricity and gas storage constitutes State Aid,*'” any eco-
nomic support should also require notification for State Aid assessment, in order not to distort
competition between electricity, gas and hydrogen (unless Environmental and Energy Aid Guide-
lines and the General Block Exemption Regulation are revised in this matter). Eventual support to
project revenues can be complemented with measures to reduce non-market risks and the overall
cost of capital.

217 European Commission (2020) Recovery and resilience facility (RRF) guiding templates - Energy and hydrogen infrastructure
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4.4

Context and analysis of barriers for the development of hydro-
gen and derivatives storage

Main takeaways of the section

This section details five contextual topics and barriers which shape the necessary policies and
regulations to develop hydrogen storage

While the section focuses on barriers related to hydrogen infrastructure and market design,
other barriers not covered will need to be addressed in order for hydrogen storage to take
off, including technical barriers and the need for economic support initially

Hydrogen markets will develop slowly, starting with the substitution of grey hydrogen in
industry, and with the market structure composed mainly of large producers and consumers

e Hydrogen purchase agreements complemented with long-term network capacity book-
ings should provide the certainty for initial investments in hydrogen infrastructure. How-
ever, a development based on long-term bilateral agreements may initially restrict the
liquidity of organised markets.

e Low market liquidity may hinder the ability of hydrogen storage to profit from price dif-
ferentials, especially if there are no incentives for market players to offer spare hydrogen
supply and source additional needs (above contracted supply) in short-term markets.
Moreover, underground hydrogen storage capacity may in the beginning largely exceed
storage needs due to minimum project sizes

The need for regulation of storage will vary across Member States and storage types.
More detailed assessments will be required, but integrated storage markets of North-West-
ern/Northern Europe and Iberia could be sufficiently competitive, while the South-Eastern
Europe and Baltic markets could still require regulation for large-scale storage

e Hydrogen storage capacity for all salt cavern formations in the EU provides a large stor-
age potential, sufficient to meet future storage needs, but is unevenly distributed across
Member States

e Repurposed H; storage capacity may be limited for 2050 and even 2030 needs for certain
Member States, and estimates on the storage potential of repurposed assets should be
considered an (optimistic) upper boundary

e Development of new reservoirs is likely to be necessary to meet the 2030 storage needs
if the storage levels foreseen in the gas market package impact assessment modelling
are to materialise

e Each storage type and size may be more suitable to a specific storage need, and in spe-
cific cases and countries other storage forms than salt caverns could be more competitive
or be the only available solution

e A hydrogen storage market concentration analysis indicates that competitive storage
markets may develop in Member States with relatively high storage needs, namely DE,
FR, ES and NL. Without integration of markets, DK, GR, PL, PT and RO have lower storage
needs and thus a lower number of operators, leading to market concentration

e Integrating future hydrogen storage markets provides countries without salt cavern po-
tential access to underground storage capacity and can decrease market concentration.

Energy sector planning may not consider fully storage needs & benefits, potentials and in-
teraction with other sectors. This potential failure in recognising appropriately the system
and security of supply value of hydrogen storage might lead to supporting unnecessary in-
vestment in electricity or natural gas networks or lead to under- or overestimation of the
hydrogen storage needs for future hydrogen systems, among other issues
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e There has been some progress in the recent years in integrating the hydrogen sector into
network planning. However, electricity and (natural) gas system projects are still assessed
separately in the TYNDP process, with hydrogen supply and demand being considered
only on the ‘boundaries’ of the system. The lack of common planning scenarios may also
not adequately reflect the development of hydrogen demand.

e There is also no EU requirement to consider hydrogen systems and the benefits of hy-
drogen storage on the national level. There is also no EU requirement for the NECPs
being considered in developing the NDP scenarios. The possible consequence of this
situation is divergence of national energy and climate policy and the plans of network
operators for network development

e Increasing temporal and locational granularity of the system planning as well as of mar-
ket design would allow to better reflect the market and system flexibility of storage

e Market design and network tariffs may not reward the benefits of hydrogen storage.
While the market value may be adequately rewarded, that may not occur for the system
(flexibility) and security of supply values.

¢ Inadequate consideration of the system value may occur due to a lack of integrated sys-
tems planning, entry barriers in wholesale or ancillary services markets, lack of incentives
for network users to minimise imbalances, and other barriers

e The storage contributions to security of supply may not be properly valued due to, among
others, an inability of market players to adequately estimate the probability of rare supply
disruption or infrastructure outage events, or due to the absence of incentives for them to
do so (if for example energy-only markets do not allow to recover fixed costs, or if suppliers
have limited liability to disruptions in supply)

e There is regulatory uncertainty concerning the conversion of currently regulated gas
storages, since the current EU and most national regulatory frameworks for natural gas do
not cover hydrogen

e Projects need to be started soon if storage capacity is to be available by 2030, as from a
technical point of view, repurposing hydrogen storages can take anywhere from 1 to 7
years, and developing new storage assets can take from 3 to 10 years. The underlying
hydrogen regulatory framework should be also ready to enable this conversion.

e Future regulatory frameworks will need to address issues such as providing certainty for in-
vestments, ensuring cost-reflectivity, avoiding distortion of competition of the internal en-
ergy market due to different regulatory regimes, and others

This section presents the overall context shaping the future development of hydrogen and deriva-
tives storage, as well as the main barriers for this development. The list of barriers presented is not
exhaustive, focusing on the barriers which can be addressed by policy and regulatory measures
(presented in section 4.4).

The approach for developing the analysis of barriers and policy & regulatory measures for devel-
oping hydrogen storage combined desk research with interviews of 10 gas infrastructure operators
or operator associations. Textbox presents a summary of the main relevant opinions gathered in
the interviews.
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Textbox 6 Opinions of gas infrastructure operators on barriers and necessary measures

for the development of hydrogen and derivatives storage

The opinions of the gas operators were critically assessed and are explicitly indicated whenever
they are used in the analysis. They do not necessarily represent the opinion of Trinomics, who has
considered eventual interests from the interviewees in the analysis.

Gas storage operators generally agree that:

4 main conditions are necessary for developing hydrogen storages

e Certainty regarding the regulatory framework

e Correctly valuing the contributions of storage to the market (e.g. increased value capture
by electrolyser operators), system (reduced total system costs) and SoS, for the entire
energy system (not only hydrogen) through enhanced integrated planning, market and
tariff design

e Long-term certainty regarding storage use, preferentially through regulated regimes or
alternatively through long-term contracts

e Subsidisation due to the high CAPEX and limited number of users in the beginning. OPEX
is not significant in comparison and thus subsidisation can focus on CAPEX (or total costs)

New H, storage investments will be necessary, even if some gas storages are repurposed

H. storage in salt caverns is technically feasible

Unbundling between gas and hydrogen networks needed, as otherwise gas storages could
be penalised for financing H, investments

Furthermore, relevant individual opinions (not shared by all operators) include:

German storage operators do not favour regulated TPA, as German gas storage market is
highly competitive, including with multiple salt caverns in operation

Allowing H, network operators to own and manage H, storages without regulation would
lead to unfair competition towards other storage operators

Several approaches may exist to value contributions of storage

e (Minimal) network tariff discount
e Tariff discounts based on calculated avoided network investments

Transmission tariff structure as determined by TAR NC does not adequately provide locational
signals nor temporal signals

Long-term storage contracts should not represent a barrier as eventual repurposing will occur
gradually and can be done for individual caverns

4411 Hydrogen markets will mature slowly

Hydrogen markets are currently limited. Merchant hydrogen production (i.e. traded, whose pro-
duction is not captive / dedicated to specific clients nor is a by-product of industrial processes)
amounted in 2018 to around 15% of total production capacity. And the majority of the merchant
production capacity was dedicated to serve large industrial customers on site. Therefore, the share
of currently produced hydrogen which is offered to a broader base of customers is still limited,*'®
and most merchant hydrogen is current traded on the basis of long-term supply contracts.

218 Fuel Cells and Hydrogen Observatory (2020) Chapter 2 Hydrogen Supply & Demand
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Hydrogen markets will grow slowly (despite a strong increase in the electrolysis installed capacity)
as electrolytic hydrogen production first replaces fossil-based (mostly captive) hydrogen sources
and also serves new end-uses. Renewable hydrogen production by 2030 may amount to up to 10
million tonnes (333 TWhiwv) according to the Commission’s Hydrogen Strategy, which is around
the same magnitude of current GHG-intensive hydrogen production. Electrolyser capacity in Europe
amounted in 2018 to around 10,000 tonnes.?’” Therefore the renewable electrolytic hydrogen pro-
duction in the EU should increase by 80% every year in the 2018-2030 period (i.e. a constant average
growth rate, CAGR, of 80%) to achieve the target of the EU Hydrogen Strategy.

Industry and potentially transport will be by 2030 the main end-use sectors. While part of the future
hydrogen supply may be consumed on-site for large industries (as is currently often the case) and
transport, a significant share in some Member States could be transported through dedicated net-
works. This would be a consequence of the distributed nature of renewable energy potential, in-
cluding the fact that Member States with a significant renewable energy potential could become
significant exporters. The Dutch government already making the first steps to developing a national
hydrogen network.??° By 2030, hydrogen markets may form in specific hydrogen clusters, poten-
tially interconnected through a hydrogen transport backbone in certain regions and supplied also
by international markets.

However, smaller hydrogen systems will exist, and even interconnected hydrogen systems may be
dependent on variable hydrogen supply sensitive to renewable energy availability and variability.
Smaller hydrogen systems may have higher balancing needs given the lack of interconnection with
other systems which would provide additional flexibility resources and reduce variability of supply
and demand given the correlation between producers or end-user profiles would decrease. This
even if each individual hydrogen system is coupled to the larger energy system through interfaces
with the electricity and methane gas sectors.

Initially, the structure of hydrogen markets should mainly comprise existing large hydrogen con-
sumers (such as refineries and chemical industries) and suppliers with projects with a capacity of
100 MW or more (the average size of power-to-gas projects currently under consideration and due
to be operational by 2030 is around 90 MW??"). Eventual other large industries such as steel pro-
ducers may also be early consumers. The hydrogen purchase agreements between these large mar-
ket players, complemented with long-term network capacity bookings, should enable the necessary
investments in hydrogen supply and transport infrastructure.

However, a development based on long-term bilateral agreements may initially restrict the liquidity
of organised markets. Market liquidity may therefore be low, and hinder the ability of hydrogen
storage to profit from price differentials, especially if there are no incentives for market players to
offer spare hydrogen supply and source additional needs (above contracted supply) in short-term
markets. Moreover, underground hydrogen storage capacity may in the beginning largely exceed
storage needs due to minimum project sizes, especially in markets with limited hydrogen storage
needs — see section 4.2 for a detailed analysis of the future market concentration in the EU. In the
case of surface hydrogen storage, such issue with the lumpiness of storage assets would not exist,
but surface storage is significantly more expensive than underground storage (see section 4.1).

Storage investments will therefore require long-term capacity bookings for investment certainty, as
they will not be able to rely initially on revenues from short-term markets, and will face significant

219 Fuel Cells and Hydrogen Observatory (2020) Chapter 2 Hydrogen Supply & Demand

20 https://www.rijksoverheid.nl/actueel/nieuws/2021/06/30/staatssecretaris-yesilgoz-zegerius-zet-eerste-stap-voor-ontwikkeling-landelijk-water-
stofnet

221 Hydrogen Europe (2020) Clean Hydrogen Monitor 2020
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upfront investments. Such long-term contracting can take place under negotiated or regulated re-
gimes. Long-term agreements for supply could also foresee investments in storage, either by a
cooperation of the trading parties, or by investments by the supplier (i.e. if the supplier has the
responsibility to manage supply variability, it could itself invest in hydrogen storage).

Storage will serve two main functions: that of balancing the system (and individual imbalances of
market players) in the short term, and providing flexibility in different timeframes (including sea-
sonally) to matching variable supply of electrolytic hydrogen to the more constant demand of in-
dustry. Market players (or regulated ones if allowed) may realise investments in and contract stor-
age services to meet both flexibility and balancing needs. Who realises the investments will depend
on who is responsible for primary balancing and who should deal with supply variability, as well as
the most economic hydrogen storage options. Given that underground salt cavern storage should
be much more economical than tank storage and that the available linepacking storage capacity
should be limited compared to storage needs, underground storage should be competitive and
constitute a main source of flexibility. Given the limited availability of suitable underground storage
sites in many Member States and the specific expertise required, it can be expected that hydrogen
producers and consumers may resort to third parties to provide storage capacity (as opposed to
developing their own capacity). Therefore, it can be expected that hydrogen storage operators will
appear, offering storage services through long-term contracts as a main way to ensure revenue
certainty, and gradually complementing the revenues from these long-term contracts with short-
term storage services as the hydrogen market develops. Tank storage at producer or customer sites
could complement underground storage sites, but as shown in section 4.3 should be a rather ex-
pensive storage option in comparison.

Therefore, policies and measures for developing hydrogen markets and storage through a flexible
regulatory framework which at the same time provides the necessary certainty for investments will
be necessary to develop hydrogen storage. These are detailed in section 4.6.

4.41.2 The need for regulation of storage will vary across Member
States and storage types

This section demonstrates the reasons why different forms of large and small scale storage (with a
focus on salt cavern storage) might have different economic characteristics and therefore warrant
different regulatory approaches.

First, repurposed H, storage capacity may be limited for 2050 and even 2030 needs, for cer-
tain Member States. Only 6 MSs have currently salt cavern storages in operation or planned (DE,
DK, FR, NL, PL, PT), with a combined natural gas storage capacity of 198 TWh. 75% of this capacity
is located in Germany, which has 41 out of the 53 facilities in operation or planned in those Member
States. The remaining countries have one to three facilities each.

Assuming the same derating factor of 23% (hydrogen to natural gas working gas capacity) as em-
ployed for the modelling of the impact assessment for the hydrogen and decarbonised gas market
package, based on the volumetric energy density of hydrogen and natural gas, converting the 198
TWh of natural gas storage capacity in salt caverns could provide up to 45.5 TWh of hydrogen
storage. Regarding other underground reservoir types (depleted gas fields and aquifers), a study
for GIE estimates that repurposing gas storages in 13 MSs could provide an additional 213.8 TWh
in hydrogen storage capacity. Until 2030, the maximum storage capacity from repurposed salt cav-
erns (45.5 TWh) should be larger than the required storage capacity for all gas market package
contexts (22.6 to 17.7 TWh). Estimates on the storage potential of repurposed assets should be
considered an (optimistic) upper boundary, as in reality not all facilities will be available for repur-
posing (being still needed for storage of methane gases) or not financially attractive to repurpose.
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Therefore, despite repurposing being more economical than developing new underground hydro-
gen storages, unless around half the existing salt cavern storages are repurposed to hydrogen by
2030, development of new reservoirs is likely to be necessary to meet the 2030 storage needs,
if the storage levels foreseen in the gas market package impact assessment modelling are to mate-
rialise.

Hydrogen storage capacity for all salt cavern formations in the EU provides a large storage
potential, sufficient to meet future storage needs, with 9 Member States (DE, DK, EL, ES, FR, NL,
RO, PL, PT) having a storage potential within 50 km from shore?’? of more than 21,000 TWh, as
detailed in section 4.2.

Therefore, in case there is a strong development of the hydrogen sector in the EU requiring storage
capacities, it is likely storage needs will be met by both repurposed and new assets. The in-
creasing storage needs up to 2050 will lead to further development of new fields, as the salt caverns
for available repurposing are gradually used (unless storage in porous reservoirs becomes techni-
cally and economically feasible).

The hydrogen storage capacity market concentration across EU Member States and regions
could be very different, with either highly concentrated or competitive environments depending
on the hydrogen storage needs, the storage potential in the region and number of caverns man-
aged by each operator, and the use of repurposed facilities.

Typical salt cavern can have a storage capacity of up to 0.15 TWhiny (reaching up to 4 TWh through
the combination of caverns in a storage complex). Porous storage reservoirs can be 3-4x as large
as salt caverns. Therefore, if they become technically and economically feasible, hydrogen storage
in aquifers and depleted gas fields could significantly increase storage capacity concentration as
fewer sites will be needed to meet the same storage need.

Each storage type and size may be more suitable to a specific storage need. Inter-seasonal
underground storages require more compression as any hydrogen injected must be compressed
to higher pressures®. If inter-seasonal storage needs are higher than the needs for flexibility in the
weekly and daily timeframe, larger hydrogen storages would be used to meet inter-seasonal stor-
age demand, with higher compression costs which would be compensated by the less frequent
cycling — as occurs currently for natural gas. Short-term storage could be provided by smaller sites
from different storage types with lower cycling costs, especially salt caverns.

Linepacking could cover a small share of storage needs, especially in the short-term, and
linepacking capacity will increase once a backbone develops. However, while linepacking can be an
economic way to provide short-term storage services, linepacking has a lower potential than in
natural gas networks due to lower energy density of H,. The analysis of section 4.3 indicates that
linepacking can, for the archetypes analysed, provide only a marginal share of storage needs, with
the bulk being satisfied by underground storage.

The competitiveness of other above-ground storage solutions will be affected by the levelized stor-
age cost (generally much higher than underground solutions for pure hydrogen) and the use cases
for hydrogen and its derivatives — for example, the competitiveness of ammonia or methanol stor-
age would increase significantly in (port) industrial clusters if the derivatives could be directly used
without needing to be re-converted to hydrogen first. Also given the higher costs associated with
developing new salt cavern storages (compared to repurposing) and the limited salt cavern poten-

222 The requirement of 50 km proximity to shore is chosen as brine disposal is too expensive otherwise.

223 | eeds City Gate (2016) H,1
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tial in certain member States, in specific cases and countries other storage forms than salt cav-
erns could be more competitive or be the only available solution, especially if national hydro-
gen systems are not interconnected.

Therefore, in the future, competition should arise between various storage types and sizes. Each
exhibiting characteristics which would warrant treatment as a competitive or regulated activity.
These aspects may differ per Member State, depending on:

e Reservoir endowments, especially concerning salt formations

e Hydrogen storage needs, both concerning the overall needs in TWh as well as the type (short-
term/seasonal), as different underground formations are best suited to provide storage at spe-
cific time frames

e The number of storage system operators and the number of storage sites each manage

e The end-uses and carrier of choice (hydrogen / ammonia / methanol or other), which would
affect the competitiveness of different storage options

e The profitability of storage projects, influenced by the hydrogen market design and its ability
to reward the different contributions of hydrogen storage

e The costs (especially CAPEX) of the different storage solutions

Smaller scale storage (above ground cylinders / spheres) could be considered a competitive activity,
given the low entry barriers for developing it and the fact it is necessary for transhipment to/from
trucks, barges and trains. Electrolysers / end-users may also want some storage on-site to deal with
variability of supply, and could offer some of this storage capacity to the market through unbundled
products, in order to tap into other revenue streams and improve the business case for hydrogen
systems.

Salt caverns and other underground storage types (aquifers and depleted gas fields) may require
regulation with negotiated or even regulated third party access, given limited availability of geo-
logical sites in some regions and the economic competitiveness compared to other solutions, which
could make salt cavern storage an essential facility to enable the development of a hydrogen sys-
tem. Moreover, regulating tariffs and revenues may lead to a lower cost of capital for hydrogen
storage.

Linepack will also offer flexibility to some extent, and the capacity not needed for guaranteeing safe
system operation should be made available by regulated hydrogen network operators to the mar-
ket. Finally, LH, terminal storage may also be offered to the market through unbundled products,
providing an alternative flexibility resource. This could take place especially in the short-term
timeframes as LH, terminal storage would be needed first for bundled product offerings. In anyway,
as shown in section 4.3 underground storage would meet the majority of hydrogen storage needs
in 2030.

Therefore, it is likely that large-scale storage in some/several Member States will require
regulation. Member States with large salt cavern potential (e.g. DE, ES) and sufficient storage needs
may be competitive, with only minimum requirements on non-discriminatory access and transpar-
ency. In other Member States, with low(er) salt cavern potential and lower hydrogen storage
needs would require stronger regulatory measures to ensure non-discriminatory access, un-
less hydrogen markets were sufficiently integrated for shippers to access competitive storage
capacity in neighbouring Member States. Small-scale above-ground storage could remain a
competitive activity, given 1) low barriers to entry; 2) lower relevance for system planning; and 3)
that it will be required to some extent for end-users and rail / ship / transport. This analysis however
focuses mainly on “bottom-up” market development, and to a certain extent omits the implications
of slow hydrogen market development (at least in view of the 2030 policy ambitions), described in
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previous section. Another measure that will enable development of hydrogen storage as competi-
tive activity is developing proper planning process that will clearly indicate the future storage needs.
This is addressed in detail in the next section.

Nevertheless, a clear regulatory framework accounting for the differences across Member States
and technologies will be necessary to develop hydrogen storage. This is detailed in section 1.6.

Textbox 7 Summary of the regulatory needs for different storage technologies and situ-
ation in MSs

Need for regulatory framework per storage technology and MS:
e Salt caverns and other underground storage:

e In MSs with high storage potential, only minimum TPA and transparency rules could be
required to ensure competitive markets, after confirmation through a market assessment;

e In MSs with lower storage potential, the potential for market concentration is higher and
therefore more stringent regulatory framework for TPA might be needed.

e Surface storage:

e Low market entry barriers, few physical and spatial limitations and need for surface stor-
age in e.g. transhipment from/to trucks, barges and trains make surface storage a com-
petitive activity;

e No differences in approach across MSs, except for storage in LH, terminals which will
depend on the terminal regulatory regime.

e Linepack:

e The limited storage potential in comparison to other technologies and expected storage
needs does not result in need for strong regulatory framework;

e However, in case of linepack in regulated hydrogen networks, regulation will be needed
to ensure the regulated operators offer the linepack capacity (that is not needed for safe
system operation) to the market in a non-discriminatory manner;

e No differences in approach across MSs.

4.4.1.2.1Hydrogen storage market concentration analysis

The natural monopoly characteristics of storage depend on the number of storages necessary to
provide sufficient flexibility to match supply and demand in the different timeframes, and on the
consequent market concentration.?** Considering salt caverns are currently the most economical
way to store hydrogen, if a sufficiently small number of storages (or storage operators in case those
managed multiple storage units) were enough to meet the storage needs in a specific market, mar-
ket concentration could arise - be it an isolated system, a Member State or a group of Member
States.

This section estimates the 2030 market concentration for hydrogen storage in salt caverns, to at-
tempt identifying whether highly concentrated markets could arise and which could justify regula-
tion in order to ensure non-discriminatory access to hydrogen storage. Based on the salt cavern
potential, it is assumed underground hydrogen storage could be developed only in 9 Member
States (DE, DK, ES, FR, GR, NL, PL, PT, RO).

224 Mulder et al. (2019) Outlook for a Dutch hydrogen market
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The analysis is based on assumptions on the future hydrogen storage needs, the typical storage
capacity of future individual hydrogen storage operators, and whether storage capacity would be
provided through new or repurposed assets. Given the importance of these assumptions and the
difficulty in forecasting actual developments in the hydrogen sector, the analysis must be seen only
as providing an indication for the potential for market concentration.

The market concentration estimates are developed by:
1) Defining the typical salt cavern working gas capacity. Two typical capacities are analysed:

a) 0.2 TWhnhy, representing the typical capacity of a single salt cavern
b) 0.6 TWhnny, representing storage operators managing 3 salt caverns simultaneously

2) Defining whether current gas storages would be available for repurposing (both cases where
repurposing occurs and do not occur are analysed);

3) Defining the storage capacity needs per Member State, by directly employing modelling
data for 4 different scenarios with different levels of cross-border hydrogen transport capacity,
representing the level of integration between EU hydrogen markets:??°

a) Business as usual, without no new cross-border transport beyond existing private networks
b) H,-A constrained, with a low cross-border capacity

c) H,-A optimised, with a medium capacity

d) H;-B optimised, with a high capacity

4) Defining clusters of Member States representing integrated hydrogen markets, in order to
assess the impact of integration of individual national markets;
5) Defining a ‘merit order’ of storage facilities for the (clusters of) Member States:

a) Repurposed hydrogen storages (if available) are assumed to be deployed first, given repur-
posing is more economical than developing new salt caverns
b) New salt cavern storages are then deployed

6) Calculating the number of storages for the (clusters of) Member States necessary to meet
the storage needs per scenario;
7) Calculating the Herfindahl-Hirschman Index for each market.

Based on this process, four cases are analysed, for all scenarios:

e Case 1: Operators each managing single salt caverns with a typical working gas capacity of 0.2
TWhnny, with no repurposing taking place, for each Member State

e Case 2: Operators each managing three salt caverns with a combined working gas capacity of
0.6 TWhany, with no repurposing taking place, for each Member State

e Case 3: Repurposing taking place wherever gas caverns are available, and being prioritised over
the development of new salt caverns, for each Member State

e Case 4: Grouping of Member States in 4 different clusters for H,-B optimised scenario (operator
working gas capacity of 0.6 TWhuny, with repurposing)

Therefore, in Case 1 market concentration is analysed per Member State, operators manage salt
caverns with a capacity of 0.2 TWhuny, and no repurposing takes place. This leads to competitive
storage markets with more than 10 operators for almost all scenarios in Member States with rela-
tively high storage needs, namely DE, FR, ES and NL. In contrast, DK, GR, PL, PT and RO have lower
storage needs and thus a lower number of operators (<5) is observed there for most scenarios. This
is illustrated in Figure 44.

225 Artelys (2021) METIS study on costs and benefits of a pan-European hydrogen infrastructure
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Figure 44 Case 1 - Number of storage operators assuming a storage capacity of 0.2
TWhhnv and no repurposing
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In Case 2 the storage capacities managed by each operators are greater (0.6 instead of 0.2 TWh).
Results are shown in Figure 41. This leads to a significant increase in market concentration as can
be expected, with only DE and ES having more than 10 operators, and that only in a few scenarios
where storage needs are higher than 7 TWh. As indicated, it is very common for storage operators
to manage multiple storage sites, and therefore it is probable that some future individual operators
could manage a total storage capacity higher than the assumed 0.6 TWh. For example, the largest
salt cavern complex currently in operation for gas storage in the EU is that owned by Uniper in
Germany, whose 49 caverns total almost 43 TWh in storage capacity.’*® At the derating factor of
23%, this would be equivalent to a hydrogen storage capacity of 9.9 TWh, enough for a single
operator to satisfy the entire 2030 German storage needs, in any of the METIS scenarios.

226 Uniper - Our storage facilities in Germany https://www.uniper.energy/storage/what-we-do/where-we-operate/germany; Gas Infrastructure
Europe (2018) Storage Map 2018
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Figure 45 Case 2 - Number of storage operators assuming a storage capacity of 0.6
TWhhnv and no repurposing
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Under Case 3 repurposing of salt caverns currently used for gas storage is prioritised for meeting
future hydrogen storage needs, given repurposing is expected to be more economical than devel-
oping new sites. The overall impact of allowing repurposing differs according to the size of the
current storage facilities, as shown in Figure 46. In Germany, market concentration decreases com-
pared to Case 2, as several existing storage sites have an equivalent hydrogen storage capacity
below 0.6 TWh. Due to repurposing of large (virtual) grouping of caverns (Storengy Saline), French
market concentration would increase — although gradual repurposing of some caverns would be
more likely in reality, decreasing concentration as other operators could enter the market. For other
Member States such as ES, GR, DK, PT or PL, repurposing has no significant impact as they do not
have currently operating salt caverns or the forecasted hydrogen storage needs for 2030 is limited
(below 0.6 TWh).
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Figure 46 Case 3 - Prioritising repurposing of existing salt cavern gas storage sites
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Finally, in Case 4 the impact of clustering the storage markets of several Member States is analysed,
for the H,-B optimised scenario only (as it is the scenario with the highest cross-border hydrogen
transport capacity). The Member States are grouped according to storage needs and cross-border
transport capacities through heuristics — the exercise does not warrant to represent the optimal or
only possible grouping, but rather to illustrate the effects of storage market integration. The pro-
posed clustering of Member States is presented in Figure 47. The clustering leads to 4 different
clusters:

¢ North-(Western) Europe grouped as a main consumption centre, storage serves to address
supply and demand variability;

e Exporting regions (Iberian peninsula, Baltic) each constitute a cluster -> storage serves to
balance supply variability prior to exporting;

e South-Eastern Europe constitutes a separate cluster self-sufficient to some extent, with ex-
ports from IT and GR consumed in AT, HR, HU, SI.
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Figure 47 Case 4 - Proposed clustering of Member States’ storage markets
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Clustering storage markets leads to several impacts for cases 2 and 3, as illustrated in Figure 48
which indicates the storage market Hirschman-Herfindahl Index (HHI). The HHI serves to indicate
the relative size of companies operating in a certain market and the level of market concentration,
with a very low HHI (<100) indicating a highly competitive market and a 10,000 HHI indicating a
monopolistic market. The figure indicates the HHI of the integrated markets of case 4 (NW/N Eu-
rope, SE Europe, Iberian Peninsula and Baltic) versus the HHI of isolated markets of case 2 and 3.

It can be observed that with hydrogen interconnectors and the consequent integration of storage
markets, countries without salt cavern potential gain access to underground storage capacity, which
also increases the total market size for storage services. This leads to significant decreases in market
concentration, with the North-(Western) Europe and especially the Iberia cluster becoming more
competitive. This benefits especially Member States with comparatively lower storage needs, par-
ticularly PL (lower needs compared to DE) and PT (lower needs compared to ES). in South-East
Europe concentration decreases, although medium concentration remains due to low storage
needs overall. Finally, in the Baltic cluster, Danish hydrogen storage maintains a monopoly due to
the lack of salt cavern potential in the remaining Member States (EE, Fl, SE) and due to low total
storage needs by 2030.

According to the 2004 Commission Guidelines on the assessment of horizontal mergers under the
Council Regulation on the control of concentrations between undertakings:*%’

e "The Commission is unlikely to identify horizontal competition concerns in a market with a post-
merger HHI below 1,000. Such markets normally do not require extensive analysis;

e The Commission is also unlikely to identify horizontal competition concerns in a merger with a
post-merger HHI between 1,000 and 2,000 ...".

227 European Commission (2004) Guidelines on the assessment of horizontal mergers under the Council Regulation on the control of concentra-
tions between undertakings
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While developed for the assessment of horizontal mergers, the thresholds would indicate that the
integrated storage markets of North-Western/Northern Europe and Iberia could be sufficiently
competitive not to required strict (i.e. regulated) third-party access rules and other measures, while
the South-Eastern Europe and Baltic markets would still require regulation. Albeit detailed assess-
ments would be required by Member State/region, this already illustrates the different market con-
ditions that could exist across the EU.

Figure 48 Hirschman-Herfindahl Index for individual and clusters of Member States
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4.4.2 Energy sector planning may not consider fully storage needs &
benefits, potentials and interaction with other sectors

As recognised by ACER and CEER, a more effective planning regulatory framework for infrastructure
is needed to ensure level playing field, technology neutrality and fair competition between different
technologies and market solutions. Existing network operators, responsible for network planning,
are facing challenges from decentralised solutions®?® and therefore their neutrality in network plan-
ning cannot be fully taken for granted.’

There has been some progress in the recent years in integrating the hydrogen sector into
network planning. Most significantly, hydrogen is now considered in the joint ENTSOs’ TYNDP
scenario®®’, which defines the external conditions against whose proposed infrastructure projects
are assessed.

However, electricity and (natural) gas system projects are still assessed separately in the
TYNDP process, with hydrogen supply and demand being considered only on the ‘boundaries’ of
the system (electrolysers are only considered to use curtailed renewable electricity from the mar-
ket). This issue is also highlighted in the ACER opinion on the ENTSOG draft TYNDP 2020, which
states that the progress in implementing an interlinked model for infrastructure projects assess-
ment (that would include also P2G and other direct linkages)is not progressing at the desired

228 Such as moving part of the business to decentrally injected decarbonised gases

229 ACER and CEER (2019). The Bridge Beyond 2025: Conclusions Paper. Available at: https://documents.acer.europa.eu/events/bridge-beyond-
2025/default.aspx

230 ENTSO-E and ENTSOG (2020). TYNDP Scenario Report. Available at: https://2020.entsos-tyndp-scenarios.eu/wp-content/up-
loads/2020/06/TYNDP_2020_Joint_ScenarioReport_final.pdf
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speed.”®' Because of that, the optimal integrated functioning of the electricity and gas system is
not assessed and the value of hydrogen infrastructure (including storage) for efficient energy sys-
tem operation and investment cost optimisation is not captured properly.

This point on the need for integrated EU-level planning applies mainly to planning of infrastructure
with cross-border relevance. But there is also no obligation to consider hydrogen systems and
the benefits of hydrogen storage on the national level. The obligations for network operators
to prepare network development plans (NDPs) are introduced separately in the gas®*? and electric-
ity>**> market directives, and do not include any requirement to consider other energy sectors. This
may lead to failure in recognising the system benefits of initial hydrogen developments up to 2030,
in the form of hydrogen valleys not (yet) interconnected to other EU hydrogen systems. The most
recent ACER assessment of national gas NDPs?** found out that only 4 of 24 gas-specific NDPs
include "hydrogen development aspects”. According to the report, the praxis of consolidated cross-
sectoral planning is also not common across MSs, with Denmark being practically the only MS to
implement it (benefitting from the existence of a combined electricity and gas TSO). Moreover, as
noted by ACER?*, none of the energy transition-related projects (covering, besides hydrogen, also
biogas and biomethane projects) included in the ENTSOG 2020 TYNDP were included in the corre-
sponding national NDPs. In countries where hydrogen production from (offshore) wind and solar
PV is an important part of the energy strategy, hydrogen storage may be pivotal and with that also
the integrated planning of electricity, methane and hydrogen systems. If the current situation will
not change, up to 2030, the lack of integrated network planning will fail to account for the devel-
opment of hydrogen valleys, and after that it may fail to account for the development of an inter-
connected EU hydrogen system.

The lack of common planning scenarios may also not adequately reflect the development of
hydrogen demand. Initially, industry and potentially the transport sectors are the more likely end-
users, but after 2030 hydrogen demand for electricity generation and potentially space heating
might pick-up (although probably in lesser volume then the former applications), increasing the
interactions between the electricity, gas and hydrogen systems.

Since most NDPs have been drafted before the National Energy and Climate Plans were available,
most do not make use of the NECPs' scenarios®*® (on the other hand, it is likely that the NDPs were
at least taken into account in the NECP itself). There is also no EU requirement for the NECPs
being considered in developing the NDP scenarios. The possible consequence of this situation
is divergence of national energy and climate policy and the plans of network operators for
network development. This can potentially hinder the goal of increasing renewable production (if
the infrastructure is not developed enough) or lead to delays in achieving the policy ambitions (if
the infrastructure is not developed fast enough). However, the NECP scenarios are now the main
guidance on energy system pathways on the national level, so they will probably be gradually in-
troduced in the NDPs in most cases. Nevertheless, this process will take several years and might
delay the hydrogen system development anyway.

231 ACER (2021). Opinion No 02/2021 on the ENTSOG draft Ten-Year Network Development Plan 2020. Available at: https://extranet.acer.eu-
ropa.eu/Official_documents/Acts_of_the_Agency/Opinions/Opinions/ACER%200pinion%2002-2021%200n%20the%20EN-
TSOG%20draft%20Ten-Year%20Network%20Development%20Plan%202020.pdf.

232 Directive 2009/73/EC concerning common rules for the internal market in natural gas. Available at: http://data.europa.eu/eli/dir/2009/73/2019-
05-23

233 Directive (EU) 2019/944 on common rules for the internal market for electricity. Available at: http://data.europa.eu/eli/dir/2019/944/0j

~

34 ACER (2020). Opinion No 09/2020 on the review of gas national network development plans to assess their consistency with the EU TYNDP.
Available at: https://documents.acer.europa.eu/Official_documents/Acts_of_the_Agency/Opinions/Opinions/ACER%200pinion%2009-
2020%200n%20the%20consistency%200f%20gas%20NDPs%20with%20EU%20TYNDP.pdf

~

35 ACER (2021). Opinion No 02/2021 on the ENTSOG draft Ten-Year Network Development Plan 2020

236 Moreover, several MSs introduced dedicated hydrogen strategies with greater details only after the final NECP submission.
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The absence of consideration of hydrogen in national NDPs is especially consequential since it is
probable that the initial hydrogen valleys will remain largely isolated within national borders or
certain regions up to 2030 (and only become interconnected afterwards). Therefore, in the short-
term, NDPs have even more strategic role than the EU-level TYNDP, which considers mainly
the development of cross-border infrastructure. This consideration however applies mainly to
the frontrunner countries that are planning to develop hydrogen valleys in this decade.

Furthermore, the level of detail of the energy system planning has a substantial impact on the
possibility of capturing the real system value of hydrogen. Increasing temporal and locational
granularity of the system planning as well as of market design would allow to better reflect
the market and system flexibility of storage and other flexibility resources. A low granularity, e.g.
not reflecting internal network or intra-day constraints may underestimate flexibility needs. It may
also not properly account for the location of underground storage capacities, as e.g. salt caverns
may be located in specific regions.

This potential failure in recognising appropriately the system and security of supply value might
lead to supporting unnecessary investment in electricity or natural gas networks (e.g. additional
flexibility sources for electricity system balancing), irreversible decommissioning of natural gas stor-
age that could be repurposed for hydrogen use, or inefficient operational measures such as redis-
patching. The lack of integrated planning may also lead to under- or overestimation of the hydro-
gen storage needs for future hydrogen systems, leading to insufficient storage capacities and over-
all higher system costs. Furthermore, integrated infrastructure assessment is the best possible way
to assess whether newly built or repurposed hydrogen will contribute to lowering overall energy
system emissions.”?’

Moreover, depending on the regulatory framework and its degree of freedom to Member States,
some NDPs would only be indicative for those storages (including some large-scale underground
sites) that would remain unregulated. Strong involvement of market players in the TYNDP and NDP
development process may to some extent mitigate these network-storage planning coordination
challenges.

4.4.3 Market design and network tariffs may not reward the benefits
of storage to flexibility and security of supply

In current EU gas markets, storage operators generally derive revenues by providing storage ser-
vices to parties looking to arbitrage between periods of high and low commaodity prices or parties
looking to secure their own supplies for the future. This was historically a sufficient source of reve-
nues for natural gas storage operators, who benefited from significant summer-winter price
spreads. These price spreads were generally caused by increased demand for natural gas in winter
(heating demand), while the import flows of natural gas remained rather stable during the whole
year. This is true whether storage tariffs are regulated for certain storage operators or not.

The provision of storage services for arbitraging leads to a reduction in price spreads, reducing gas
prices in winter and thereby providing a societal benefit which can be termed the market value of
storage — reducing (mainly winter-summer) price spreads. Gas storage operators are able, through
storage tariffs, to capture a portion of this market value, with the rest being allocated to shippers

37 Trinomics and Artelys (2020). Measuring the contribution of gas infrastructure projects to sustainability as defined in the TEN-E regulation.
Available at: https://op.europa.eu/en/publication-detail/-/publication/364d69a4-1744-11eb-b57e-01aa75ed71a1/language-
en?WT.mc_id=Searchresult&WT.ria_c=37085&WT.ria_f=3608&WT.ria_ev=search.
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and consumers. Besides market value, gas storage provides two other contributions to the energy
system, which can be termed the system value and the security of supply value.?3?

The system value of storage comes from the avoided cost to the system, e.g., by reducing the need
for congestion management or the capacity investment needs to meet peak demand. Specifically
for hydrogen storage, it offers systemic benefits not only to the hydrogen networks, but also to
electricity system, i.e., hydrogen storage may reduce the capital or operational costs of the electric-
ity system as indicated in section 4.3.

The system value of storage may not be properly captured by storage operators if market design
fails to value the least-cost solutions for satisfying demand across the entire energy system, leading
to more expensive capital or operational costs. This may be the case due to a lack of integrated
systems planning, entry barriers in wholesale or ancillary services markets, lack of incentives for
network users to minimise imbalances, and other barriers.

Given the interlinkages between the electricity and hydrogen systems, the adequate valuation of
flexibility provision to the former will require a level playing field to electrolyser operators and hy-
drogen-fired power generators. Part of the value captured by these market players can then be
passed on to hydrogen storage operators for the provision of storage services. As a more concrete
example, ancillary service markets and procurement mechanisms may not yet provide a level play-
ing field for all technologies. Power-to-gas, for example, may not participate at the moment in all
balancing markets to the same level as peak generators, pumped hydro electricity and even bat-
teries as the pre-qualification and other market rules may not have been yet adapted. It must be
noted that providing a level playing field will not automatically advantage hydrogen storage, as
other energy technologies might become more attractive. But a level playing field should enable
to value the contributions of hydrogen storage, whenever it is the most advantageous option from
a system perspective.

The security of supply (insurance) value of storage originates from the fact that hydrogen storage
can reduce the probability of demand curtailment in the event of a supply or other sort of system
disruption. In a hydrogen system a number of occurrences may threaten supply:

Long spells of reduced renewable electricity generation (“Dunkelflaute:”)
H, import disruptions due to e.g., geopolitical threats

Disruptions in hydrogen supply routes

Cold spells increasing (gas) heating demand

The storage contributions to security of supply may not be properly valued for a number of reasons:

e Market players may not adequately estimate the probability of rare supply disruption or infra-
structure outage events. Markets are generally unable to fully value low probability-high risk
events with significant systemic impacts.?*’

e Market players may not have incentives to internalise the negative externalities of supply or
other disruptions. They may be incapable to fully recover fixed costs of investments from en-
ergy-only markets (‘'missing money’ problem). Or suppliers may have limited liability to disrup-
tions and thus fail to insure fully against supply disruptions, not buying the adequate volume
of storage to ensure the adequate level of supply security.

Thus, energy-only markets may not capture the full value of hydrogen storage contribution to sys-
tem flexibility and security of supply because the probability of supply disruptions may be hard to

238 FT| Energy (2018). Measures for a sustainable gas storage market. Available at: https://ec.europa.eu/info/sites/default/files/gie-fti_study_-
_measures_for_a_sustainable_gas_storage_market.pdf

239 FTI Energy (2018). Measures for a sustainable gas storage market. Available at: https://ec.europa.eu/info/sites/default/files/gie-fti_study_-
_measures_for_a_sustainable_gas_storage_market.pdf
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foresee and market players may not have the incentive to hedge risks in the first place. At the same
time, in future hydrogen markets policy makers may choose not to implement mechanisms to ad-
dress eventual supply disruptions, even if duly justified through reliability assessments.

In the case of hydrogen, there is uncertainty about the future development of hydrogen markets
overall, as discussed in section 3.10. Moreover, the character of hydrogen supply and demand and
their fluctuations during time will depend on the prevailing supply options (whether domestic pro-
duction or imports) and the particularities of end-use sectors where hydrogen is deployed. Given
the expected importance of electrolytic hydrogen produced from intermittent renewables, there
could be significantly variability of hydrogen supply (also as hydrogen producers respond to elec-
tricity prices). On the demand side, while initial industrial users may have a more predictable and
stable demand profile, eventual hydrogen refuelling stations will have a more variable demand
(albeit they should have some on-site storage). If hydrogen is used for power (co-)generation and
providing flexibility to the electricity sector, this could increase the variability of overall hydrogen
demand in certain Member States.

Therefore, there is still uncertainty on 1) the market, system and security of supply value of
storage in future hydrogen and more broadly energy systems, and 2) the ability of future hydro-
gen storage operators to capture this value. Those factors lead to uncertainty on the business
case of storage, strongly impacting investment decisions. While uncertainty regarding storage
needs and its contributions to the energy system will remain, energy policy and regulation can allow
storage operators to capture a greater share of the value of storage, thereby improving the business
case of storage. Therefore, policies and measures to provide a clear regulatory framework and de-
sign hydrogen markets and network regulation which allows storage to capture the different con-
tributions to the energy system will be necessary. These are detailed in section 4.6.

4.43.1 Regulatory uncertainty concerning the conversion of currently
regulated gas storages

Since the current regulatory framework for natural gas does not cover hydrogen, there are also no
EU-level rules to guide the process of storage assets repurposing from natural gas to hydro-
gen. The most relevant EU legislation for this case is the Offshore Safety Directive®®, which estab-
lishes rules for decommissioning of natural gas and oil offshore infrastructure. Although it concerns
mainly the environmental impacts of decommissioning, it also contains provisions on identifying
the parties responsible for the decommissioning and defining their liability.

The regulation of storage infrastructure repurposing is currently largely missing also on na-
tional level, with the exception of Germany, where a revision of the Energy Industry Act (EnWG-
E)>*" was adopted recently (see Textbox 6). It contains the definition of hydrogen storage facility, as
well as of hydrogen storage operators. However, the draft act only defines a mechanism for repur-
posing of hydrogen networks, not storage infrastructure (and this mechanism mainly concerns re-
acquiring permits).

240 EC (2021). Directive 2013/30/EU of the European Parliament and of the Council of 12 June 2013 on safety of offshore oil and gas operations
and amending Directive 2004/35/EC. Available at: http://data.europa.eu/eli/dir/2013/30/0j

241 Bundesanzeiger Verlag (2021). Gesetz zur Umsetzung unionsrechtlicher Vorgaben und zur Regelung reiner Wasserstoffnetze im Energiewirt-
schaftsrecht. Available at: https://www.bgbl.de/xa-
ver/bgbl/start.xav#__bgbl_%2F%2F*%5B%40attr_id%3D%27bgbl121s3026.pdf%27%5D__1631886760865
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Textbox 8 Hydrogen storage aspects in the German Energy Industry Act

In July 2021 the German Energy Industry Act (EnGW)?** was amended by the “Law for the imple-
mentation of EU legal requirements and for the regulation of pure hydrogen networks in energy
law".*** The new provisions establish an ‘opt-in’ system for the regulation of hydrogen infrastruc-
ture, where operators may choose to be subject to regulation including aspects such as unbun-
dling, third-party access and requirements on a demand assessment to demonstrate there is suf-
ficient demand for individual hydrogen projects.

While many new provisions are focused on hydrogen networks, a number relate to hydrogen
storage. The new EnGW includes now definitions for hydrogen systems and hydrogen storage
operators (art. 3). If hydrogen storage operators declare to the regulator BNetzA they wish to be
subject to regulation, then:

e Regulated hydrogen and storage operators “are obliged to work together to the extent
necessary to implement cross-operator network and storage infrastructure for hydrogen and
its use by third parties” (art. 28j(4));

e Regulated hydrogen and storage operators should publish by September 2022 a joint report
on the current state of the hydrogen network and the development plan to 2035, in-
cluding “possible criteria for the consideration of hydrogen projects as well as requirements
for the determination of expansion measures”. Criteria for consideration includes the rules for
locating electrolysers, rules for determining hydrogen supply and demand, and interfaces with
the gas and electricity NDPs;

e Storage operators are subject to connection and third-party access rules under conditions
to be defined by the federal government (art. 28n);

If the hydrogen storage (or network) operators decide to not opt-in the regulatory framework,
standard regulatory framework (based on EU law) still applies to them. This means that if they
participate in other regulated activities (e.g. natural gas network operation), these activities have
to be separated at least by accounts unbundling (to prevent cross-subsidisation).

Moreover, regulated hydrogen network operators should be unbundled from hydrogen
storage (and also hydrogen production and supply).

From a technical point of view, repurposing hydrogen storages can take anywhere from 1 to 7 years
and developing new storage assets can take from 3 to 10 years.?** According to an interview with
a gas storage operator, the minimal time to refurbish a salt cavern is 18 months from a purely
technical perspective, but permitting issues might prolong it unnecessary (there is a need to obtain
new permits even though nothing has changed in reality — e.g. land-use permits). Another problem
is that a storage site typically consists of multiple caverns that cannot be converted at the same
time. Although this can allow for the parallel exploitation of caverns for methane and hydrogen gas
storage and gradual conversion, given the estimated conversion time of 1-7 years, there is cer-
tain risk that it won't be possible to convert enough storage capacity to cover the system
needs in 2030.

For the storage operator, the conversion of natural gas facilities has an impact in terms of
lost revenues while enduring significant capital investment costs at the same time. This claim

242 https://www.gesetze-im-internet.de/enwg_2005/BJNR197010005.html

243 Bundesanzeiger Verlag (2021). Gesetz zur Umsetzung unionsrechtlicher Vorgaben und zur Regelung reiner Wasserstoffnetze im Energiewirt-
schaftsrecht. Available at: https://www.bgbl.de/xa-
ver/bgbl/start.xav#__bgbl_ %2F%2F*%5B%40attr_id%3D%27bgbl121s3026.pdf%27%5D__1631886760865

24 Guidehouse (2021) Picturing the value of underground gas storage to the European hydrogen system. https://www.gie.eu/gie-presents-new-
study-picturing-the-value-of-underground-gas-storage-to-the-european-hydrogen-system/
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is however specific for operators of salt cavern storages — given that the aim is to convert these
facilities before 2030, it can be expected that the natural gas use (and demand for storage) will not
decrease significantly by then and they will therefore lose the potential revenues if they decide to
convert the storage. The demand for natural gas storage will probably decrease after 2030, in which
case the storage might become a stranded asset and there would be no lost revenues during con-
version. These market signals will however occur too late to influence the situation in 2030.

From an economic perspective, it is not clear whether the regulated revenues of natural gas storage
owners could and should be used for investment in repurposed infrastructure. Network operators
argue employing gas tariff revenues to finance repurposing to hydrogen would be a simple way to
provide the necessary financing. A similar argument can be applied to regulated hydrogen storages.

Leaving the regulation of infrastructure repurposing on MSs carries a risk of different treat-
ment and therefore uneven market conditions for potential storage operators. This could hap-
pen within a same Member State, but especially across borders, given the potential cross-border
impacts®* of storage facilities. For example, different rules on unbundling or on the use of gas
network revenues across borders could result in significantly different investment opportunities for
operators across borders.

Gas storage capacities are also significant for ensuring the security of supply. However, there are
no rules on assessing whether the repurposed gas storage would not pose a risk to natural
gas security of supply. The risk in this is that when repurposing natural gas storage assets, the
impacts on natural gas security of supply will be assessed only ex-post, as a part of the national risk
assessment under the Gas security of supply regulation.?*® This could be an issue especially for MSs
where the salt caverns are concentrated, and therefore a more significant part of natural gas storage
capacities would be potentially converted for hydrogen.

4.5 Policy and regulatory measures to address barriers to hydro-
gen storage

Main Take-aways of the section

e Three main recommendations are provided regarding policy and regulatory measures for the
development of hydrogen storage and addressing the barriers discussed previously

e A clear, predictable regulatory framework for large-scale hydrogen storage should be
set in place, comprising provisions for:

e Third-party access rules when needed, based on a market assessment similar to Art. 33
of the Gas Directive also indicating the appropriate TPA regime (regulated or negotiated)

e Horizontal accounts unbundling with methane gases activities to ensure cost-reflectivity
and avoid cross-subsidisation, with EU rules allowing Member States to support storage
investments when these are demonstrated to be commercially unprofitable

e Some level of vertical unbundling between storage and competitive activities, when and
if regulated access regime for storage is in place

e Cost-benefit assessment for regulated hydrogen storage investments, to ensure the in-
vestments (new or from repurposing natural gas infrastructure) are aligned to energy &
climate objectives

245 Determined e.g. by the uneven geographical distribution of storage potential.

246 Regulation (EU) 2017/1938 of the European Parliament and of the Council of 25 October 2017 concerning measures to safeguard the security
of gas supply. Available at: http://data.europa.eu/eli/reg/2017/1938/0j
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Rules regarding repurposing of existing gas storages, when beneficial from societal per-
spective

A potential role for the Commission disseminating best practices and providing guidance
on permitting procedures

Designation of small-scale above-ground storage in tanks as a competitive activity given
1) low barriers to entry; 2) lower relevance for system planning; and 3) that end-users and
rail / ship / transport operators will need to operate such storages.

e Integrated planning (of hydrogen, methane and electricity systems) should be promoted,
including the following provisions:

Having minimal requirements for cross-sectoral planning in NDP processes carried out
by the network operators, including the requirement for NRAs to assess or approve hy-
drogen NDPs and the involvement of electricity, gas and hydrogen storage system op-
erators as well as market operators in the TYNDP and NDP processes

Requiring NDPs be based on hydrogen demand and supply forecasts defined or ap-
proved by policy makers or NRAs, in order to ensure planning is aligned to energy &
climate objectives as well as on firm market need for hydrogen infrastructure

Increasing the time granularity of network models and CBAs for the TYNDP process (es-
pecially for electricity system modelling) to properly estimate the flexibility value of stor-
age

Requiring hydrogen adequacy assessments to be conducted by system operators

e Design hydrogen markets design and network tariff structures to adequately value the con-
tributions of storage and other flexibility resources, by:

Ensuring market parties bear their own balancing costs as much as possible as the hy-
drogen system develops. However, in the beginning hydrogen system operators may
play a larger role in managing imbalances, being responsible potentially also for primary
balancing. It will be particularly important to ensure the procurement of balancing ser-
vices is conducted in a objective and non-discriminatory manner.

Requiring non-discriminatory market-based congestion management procedures. Initial
hydrogen networks could be significantly over-dimensioned, but as the systems develops
and become more interconnected, the importance of congestion management will in-
crease

Adequate product characteristics such as temporal and locational granularity, especially
based on interactions with electricity markets and the type and availability of hydrogen
storage.

Gradually build the liquidity of hydrogen markets, including by assigning balancing re-
sponsibilities to market participants as much as possible

Setting hydrogen storage tariffs, if regulated, through market-based mechanisms like
auctions

Ensuring network tariffs do not unduly burden storage, e.g. setting tariffs considering
only marginal costs or using network discounts. However, any network tariffs designed
to value storage should also value system contributions from other flexibility resources,
to avoid negatively discriminating these

This section presents the main policy and regulatory measures designed to address the barriers
identified in section 4.5. The measures presented focus on energy and hydrogen market design and
infrastructure regulation — therefore, removing barriers to the development of hydrogen and de-
rivatives storage will require complementary measures addressing e.g. taxation and technology
standardisation issues which are out of scope of this chapter.
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Figure 44 recaps the main barriers and presents the policy and regulatory measures to address
them. All measures are designed to address several barriers simultaneously and therefore there is
not a one-on-one relationship between the barriers identified. Nonetheless, the main effects of the
measures on the barriers can be summarised as follows:

Providing a clear regulatory framework for hydrogen storage employing a target model
for the gradual evolution of the framework should reduce regulatory uncertainty (barrier
3), thus promoting storage investments by reducing regulatory risk. Storage investments should
enable a faster development of hydrogen markets (addressing barrier 1). Moreover, A clear
storage regulatory framework should be based on a clear regulatory need as proven by a mar-
ket assessment, and account for the fact that storage technologies, needs and potentials in
EU Member States will vary considerably (barrier 2);

Promoting integrated planning should address barriers not only in the hydrogen sector, but
the overall energy sector. It should allow to better value the contributions of storage - especially
the system and security of supply contributions as indicated in barrier 3. Integrated planning
should enable the development of the necessary infrastructure (not only storage, but also net-
works and import terminals) at least cost and aligned to energy and climate objectives, thus
accelerating the development of hydrogen markets (barrier 1);

Designing hydrogen markets and network tariff structures should ensure the market, sys-
tem and security of supply contributions of storage are adequately rewarded (barrier 5).
By better valuing the storage contributions, this (coupled with other measures) should increase
the available revenue streams to storage and thus improve its business case, accelerating the
deployment of hydrogen storage and thus also accelerating development of the overall hy-
drogen market (barrier 1).
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Figure 49 Main policy and regulatory measures to address hydrogen storage barriers

Barriers Measures

1. Hydrogen markets will mature slowly Provide a clear regulatory

framework for hydrogen

storage
2. Different regulatory approaches for
large/small scale storage may be warranted
3. Regulatory uncertainty concerning the
conversion of currently regulated gas Promote integrated planning
storages

4. Energy sector planning may not consider
fully storage

Design hydrogen markets and

network tariff structures to
5. Market design and network tariffs may value storage contributions

not reward the benefits of storage

4.51 Provide a clear regulatory framework for hydrogen storage

As shown in sections 1.5.2 and 1.5.5, it is critical to provide a clear, predictable regulatory framework
for hydrogen storage, also in order to reduce perceived policy and regulatory risks presented in
section 1.4. Such a regulatory framework would provide certainty to the potential investors in
hydrogen storage, and could include provisions on the following aspects for large-scale storage in
some or all markets:

e Third-party access rules based on a market assessment

e Horizontal accounts unbundling with methane gases activities

e Some level of vertical unbundling between regulated storage and competitive activities
e Rules regarding repurposing of existing gas storages

e Cost-benefit assessment for regulated hydrogen storage investments

e Permitting best practices dissemination and guidance by the European Commission

Small-scale above-ground storage in tanks could be designated as a competitive activity, without
third-party access rules being in place, given 1) low barriers to entry; 2) lower relevance for system
planning; and 3) that end-users and rail / ship / transport operators will need to operate such stor-
ages.

As shown in section 1.3.4, underground hydrogen storage in salt caverns is the most economical
option for storing large hydrogen volumes. It is likely that large-scale storage in some or even
several Member States will require third-party access regulation, as low storage needs in certain
Member States, limited salt formations potential and/or the operation of several salt caverns by a
single operator could lead to a concentrated storage market (see section 1.5.2). Member States,
with low(er) salt cavern potential and lower hydrogen storage needs would require regulatory
measures to ensure non-discriminatory access, unless hydrogen markets were sufficiently inte-
grated for shippers to access competitive storage capacity in neighbouring MSs
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Minimum requirements on non-discriminatory third-party access could be warranted also in Mem-
ber States with large salt cavern potential (e.g. DE, ES) and sufficient storage needs, where storage
markets may be competitive — but requirements could be less stringent).

Small-scale above-ground storage in tanks could be designated as a competitive activity, without
third-party access rules being in place, given 1) low barriers to entry; 2) lower relevance for system
planning; and 3) that end-users and rail / ship / transport operators will need to operate such stor-
ages.

The regulatory framework should also address linepacking and unbundled terminal storage prod-
ucts by regulated network and LH, terminal operators, so that that storage capacity is offered to
the market in a non-discriminatory basis.

Given the national contexts will vary significantly, a market assessment similar to Art. 33 of the Gas
Directive is warranted to determine the need for and the appropriate TPA regime. This should be
done with the involvement of neighbouring Member States, given under some METIS scenarios
there is significant cross-border integration of hydrogen systems. Member States will need to re-
evaluate market circumstances with some periodicity (and to consider future developments), as
these are likely to change for H, storage (e.g. with increasing storage needs, cross-border intercon-
nections, and technological developments enabling storage in porous reservoirs). MSs can be given
the choice to require regulated and/or negotiated TPA regimes depending on the technical/eco-
nomic need for storage and market circumstances. Current gas storage operators’ opinions vary,
but many support regulation due to natural monopoly characteristics or benefits to facilitating
business case (exception: DE)

Vertical unbundling would reinforce non-discriminatory access, where TPA is deemed necessary.
For regulated TPA, associated revenue and tariff regulation would be in place in order to ensure
cost recovery and non-discrimination of network users. Tariff regulation could also, in certain cases,
increase the revenue certainty and thus facilitate storage investments, as discussed in section 1.4.
Cross-border competition should arise, especially if significant cross-border interconnection capac-
ity is developed and in case cross-border tariffs are eliminated or set according to marginal costs.
In this case, harmonised requirements regarding e.g. setting tariffs for storage under regulated TPA
regimes may be necessary in order to avoid market distortions. However, such risks of market dis-
tortion should arise only when hydrogen markets are sufficiently developed and integrated.

Therefore, the current gas regulatory framework may be adequate also for hydrogen storage, with
transitional measures where necessary in order to account for the incipient development stage of
the hydrogen sector.

The regulatory framework should also clarify the possibilities regarding repurposing of existing gas
storages. Considering methane gas demand are forecast to decrease significantly by 2050, reducing
the methane gas storage needs, while repurposing gas storages is an efficient way to develop hy-
drogen storage given the lower investments needed compared to developing new hydrogen stor-
ages, repurposing could be beneficial. Therefore, the regulatory framework for hydrogen storage
should explicitly allow for the repurposing of gas storages.

However, there is a possibility regulated gas storage operators may want to realise investments in
hydrogen storages in order to maintain their business activities, while these investments are not
aligned to the future development of national energy systems and the EU and national energy &
climate targets. Therefore, a cost-benefit assessment should be conducted by Member States or
someone designated by them in order to ensure planned hydrogen storage investments by regu-
lated operators are aligned to energy & climate targets. This cost-benefit assessment should be
linked to a robust integrated planning process, as proposed in section 1.6.2.
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In case repurposing is beneficial, policy makers and regulators could simplify permitting processes
where possible and when gas and hydrogen storage exhibit similar characteristics — e.g., operator
licenses land use permits could be considered valid for hydrogen storage automatically or through
a simplified process. Once such practices start to develop in Member States, the European Com-
mission could play a role in disseminating best practices, and providing guidance on which permits
could qualify for such an approach and for which it would better to require storage operators to go
through the entire permitting process.

Given the development and operation of hydrogen storages is similar in many aspects to that of
gas storages, there would be benefits in allowing combined methane gases/hydrogen operators.
This would also facilitate eventual repurposing of gas storages. However, accounts unbundling be-
tween gas and hydrogen operations should be required as a minimum to ensure cost-reflectivity
and avoid cross-subsidisation. Moreover, re-evaluation of assets should be avoided during transfer
of assets between operators in order to not unduly burden network users with increased tariffs.

452 Promote integrated planning

Based on the barriers in current regulatory framework, identified in section 4.4.2, integrated plan-
ning (of hydrogen, methane and electricity systems) should be promoted by employing the
measures proposed in the following section. From a high-level perspective, it is also necessary to
note that the principle of technological neutrality should be uphold, and therefore similar require-
ments should be employed also for planning in electricity and natural gas sectors, especially in case
they are stricter than the current regulation.

On top of the existing combined-sector scenarios for the TYNDP, minimal requirements for cross-
sectoral planning should be introduced in national NDP processes carried out by the network
operators, as well as a requirement to consider the implication NECP's targets and scenarios. This
should be introduced in EU law that defines the processes (Electricity and Gas market directives)
and would apply to both transmission and distribution system operators. However, as in the existing
legislation, MSs could have the ability to exempt DSOs with less than 100,000 customers (or other
suiting threshold) from the obligation. The obligation for NRAs to monitor network development
plans of network operators should be extended to hydrogen (including the possibility of issuing
recommendations or amendments to the plans). The role of NRAs in development of NDPs could
be also further strengthened by requiring an approval from the NRA on the final NDP. These
measures would ensure that the plans of network operators remain aligned with the overall decar-
bonisation efforts and policy priorities. As a transitional measures for countries in which the hydro-
gen sector is expected to develop only in longer-term perspective, the obligation for gas network
operators could be limited to identifying, which parts of infrastructure might become obsolete in
the future and would therefore be suitable to hydrogen conversion.?*” Based on this, decommis-
sioning of assets with potential to be used for future hydrogen networks could be avoided. More-
over, it could also limit the potential for investment in stranded assets.

Hydrogen demand and supply forecasts, used for the network planning process, should be
defined or approved by policy makers or regulators also on the national level, to avoid over-
investments in hydrogen assets. This would also reduce the risks related to the vested interest of
natural gas network operators who are currently (and according to TEN-E revision proposal) in
charge of network planning for hydrogen infrastructure. This requirement scenarios use in network
planning should be however introduced step-wise, to avoid overburdening the potential investors.

247 ACER and CEER (2021). When and How to Regulate Hydrogen Networks?. Available at: https://documents.acer.europa.eu/Official_docu-
ments/Position_Papers/Position%20papers/ACER_CEER_WhitePaper_on_the_regulation_of_hydrogen_networks_2020-02-09_FINAL.pdf
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As a first step, every new or repurposed hydrogen project could be required to demonstrate that
there is a sufficient demand to be covered (e.g. with negotiated supply contracts).

Equal involvement of electricity, gas and hydrogen storage system operators in the TYNDP
and NDP development processes should be ensured. This should, however, be part of a wider effort
to ensure technology neutrality, so other stakeholders should be involved as well. The involvement
could be ensured by introducing additional consultation requirements for ENTSOs and TSOs/DSOs.
Furthermore, in the NDP process, the involvement of hydrogen storage operators could be part of
a requirement for TSOs to consider innovative solutions®*® in network development (together with
e.g. renewable hydrogen and derivatives operators).

The storage operators could be for example involved in the development of an integrated elec-
tricity-gas-hydrogen market and network model, to help accurately determine storage needs
and contributions to the market and system. As the suitable storage sites are distributed unevenly
in the EU territory, an additional layer of detail needs to be introduced to the network models to
accurately model the potential benefits of hydrogen storage. When using zonal network models, a
greater level of detail could be used in the areas with potential for hydrogen storage, to better
capture the potential impacts. Furthermore, especially on the EU TYNDP level the time granu-
larity of network models and CBAs should be increased (especially the electricity system mod-
elling could move from hourly to 15 minutes time steps), to properly estimate the flexibility value
of storage. However, deploying advanced modelling tools such as interlinked model or greater time
granularity could be limited only to projects where there could be a reasonable expectation that
the modelling will reveal additional benefits for the CBA. For that reason, the ENTSOs are proposing
two-step approach to multi-sectoral planning. In the first step, it would be determined which pro-
jects actually need the multi-sectoral assessment (and for which sector), while in the second step
the network modelling and assessment would be conducted for the selected group of specific pro-
jects.?*?

A requirement for hydrogen system operators to conduct an adequacy assessment could be
introduced to identify potential scarcity situations, due to e.g. disruptions of renewable electricity
supply or hydrogen imports. Besides contributing to the overall security of hydrogen supply, the
adequacy assessment would help identify the need for hydrogen storage (among other measures).
This exercise could take place at the system or national level (considering the size of the system
and types and size of network users in order to determine the need for such an assessment), and
be later expanded to the EU level once hydrogen systems became sufficiently interconnected. Hy-
drogen and natural gas supply issues should be also considered more in electricity system
adequacy assessments to better reflect the integrated nature of energy systems (pilot integration
of renewable hydrogen and derivatives should be introduced in the electricity ERAA from 2023
onwards?>?).

248 As proposed in EC (2019). Do current regulatory frameworks in the EU support innovation and security of supply in electricity and gas infra-
structure? Available at: https://ec.europa.eu/energy/studies_main/final_studiesdo-current-regulatory-frameworks-eu-support-innovation-and-
security-supply_en

249 ENTSO-E (2020). ENTSO-E Roadmap for a multi-sectorial Planning Support. Available at: https://eepublicdownloads.azureedge.net/clean-docu-
ments/Publications/Position%20papers%20and%20reports/|_entsoe_RM_MSPS_09.pdf

250 ENTSO-E (2021). European Resource Adequacy Assessment: 2021 Edition. Available at: https://www.entsoe.eu/outlooks/eraa/.
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4.5.3 Design hydrogen markets and network tariff structures to en-
sure the contributions of storage are adequately rewarded

Given the different contributions of hydrogen storage to the future energy system (with market,
system and security of supply values as discussed in section 4.3), a large number of measures can
be implemented in order to allow hydrogen storage to capture a larger share of this value.

A number of policy and regulatory elements will affect the costs and revenue streams of storage
services. Taxation aspects are not addressed further here. Also, the measures indicated here focus
on hydrogen market rules and network tariff design. However, the design of other energy markets
(especially electricity) should also be very important for valuing the contributions of hydrogen stor-
age, although that is not addressed here further.

Measures should aim to provide a level playing field for all market participants and technologies,
rather than being focused at energy storage per se. Therefore, some measures may rather nega-
tively affect the business case for storage, especially those which (also) promote other flexibility
resources such as demand response or the participation of aggregators in cases where those tech-
nologies are a more cost-efficient flexibility resource. Nonetheless, overall, the measures below, by
fostering a level playing field, should enable to better value the contributions of hydrogen storage.

Given the various measures that can be recommended, they are categorised according to the
whether they are general measures or whether they aim to enable storage to capture the market,
system or security of supply values.

Ensuring market parties bear their own balancing costs as much as possible as the hydrogen system
develops will increase the incentives for those market parties to develop or contract hydrogen stor-
age services as the parties would need to deal themselves with supply or demand variability, there-
fore promoting a more liquid hydrogen storage market. However, especially in the initial develop-
ment phases of each hydrogen system, parties may have a reduced capacity to manage their im-
balances, given that wholesale, balancing and storage markets will be less developed. Therefore, in
the beginning hydrogen system operators may play a larger role in managing imbalances, being
responsible potentially also for primary balancing. In this case, it will be important to ensure the
procurement of balancing services from market operators by system operators is conducted in a
objective and non-discriminatory manner. Given the economic advantages of underground salt
cavern storages and the possibility of renewable hydrogen of providing also (upward) balancing
services, there could be from the start significant competition between technologies for the provi-
sion of balancing services, which reinforce the need for non-discriminatory rules.

Ensuring non-discriminatory market-based congestion management procedures will also be re-
quired. Initially, due to economies of scale and especially where repurposing of gas pipelines is
significant, hydrogen networks could be significantly over-dimensioned, reducing the needs for
congestion management. However, as the systems develops and become more interconnected, the
importance of congestion management will increase.

Adequate product characteristics such as temporal and locational granularity in all markets will be
essential to value the contributions of storage. This applies not only to hydrogen markets, but also
to electricity markets. For example, locational granularity may not be as relevant initially for hydro-
gen, as hydrogen systems may be rather small at the start, but adequate locational signals to elec-
tricity wholesale prices and tariffs will foster the optimal localisation of electrolyser capacities. Thus,
adequate definition of pricing zones reflecting any (future) structural network will be important.
The right temporal granularity of hydrogen market products will be determined especially by the
interactions with electricity markets (as gaseous hydrogen and derivatives variability will be a major
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driver of overall hydrogen system flexibility needs, at least initially, given the less variable demand
profiles of the initial industrial consumers) and the type and availability of hydrogen storage.

In order to promote the market value of storage, it will be important to gradually build the liquidity
of hydrogen markets. Initially, as discussed in section 4.5.1, bilateral long-term supply contracts will
play a central role in providing the certainty necessary for investments in hydrogen supply,
transport, storage and demand. However, short-term hydrogen wholesale markets can play a com-
plementary role to these long-term supply contracts, by enabling suppliers to sell hydrogen sur-
pluses and consumers to contract additional hydrogen needs. Hydrogen storage could increase the
liquidity of this wholesale market by increasing arbitrage possibilities. However, as initially hydrogen
storage development will also depend on long-term contractual agreements, storage requirements
such as use-it-or-lose-it could maximise storage utilisation and gradually develop short-term mar-
kets, while still allowing long-term contracting of storage services.

To adequately value the system contributions of storage, hydrogen storage tariffs (if regulated)
should be set through market-based mechanisms, such as capacity auctions. This should allow tar-
iffs to be set according to the true value of storage, and avoid that storage be ‘outpriced’ by other
flexibility solutions due to the setting of storage tariffs at levels that do not reflect storage costs.
This would better enable the participation of storage not only in ancillary services procurement
processes, but also wholesale markets. Eventual revenue gaps for regulated storage can be recov-
ered through means such as charges to network users or direct subsidies.

Hydrogen network tariffs should also not unduly burden hydrogen storage given its system contri-
butions. Therefore, it could be considered to require or allow that network tariffs for storage are set
considering only marginal costs, or that, alternatively, network tariffs discounts for storage are im-
plemented. Especially in the initial phases of development of the hydrogen sector, this could be an
issue as the storages would not be depreciated. Moreover, initially hydrogen networks could be
over-dimensioned for the existing demand, leading to high tariffs on a EUR/MWh base, even if only
variable costs are to be recovered through tariffs. However, any network tariffs designed to value
storage should also value system contributions from other flexibility resources.

Coupled with the high investment costs, these are main reasons for existing gas infrastructure op-
erators to argue that subsidies (for capital expenditures) would be necessary to develop hydrogen
storage. However, to avoid distorting the energy market and discriminating other energy technol-
ogies, if any subsidies are made available to hydrogen storage, these should focus on RD&I projects
(including large-scale demonstration) or use non-discriminatory financing mechanisms open to
other infrastructure projects which also potentially contribute to energy & climate goals, such as
the Connecting Europe Facility. Planning for the development of hydrogen infrastructure could,
based on the estimated necessary investments and storage utilisation, assess the tariff impact on
the initial customer based and the need for recovering part of the investment costs from hydrogen
network users in general or taxpayers more broadly.

Regarding the valuation of the security of supply contributions of storage, as hydrogen markets
develop measures can be investigated so that market prices better reflect hydrogen value at times
of scarcity. This could be done by requiring Member States to conduct a hydrogen adequacy as-
sessment (in coordination/integrated with similar assessments for the electricity and gas systems)
and allow them to implement market-based measures in case adequacy risks are identified.
Measures so that suppliers ensure supplies in scarcity moments could be explored if warranted to
protect small consumers (if such consumers eventually are connected to hydrogen networks), in
case curtailment measures are not foreseen in contractual arrangements with customers.
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5 Prospective analysis ‘domestic’ vs. ‘external’ Hz production

The aim of this chapter is to combine the findings and data from the previous chapters in order to
build complete pathways from production to end-use, and assess and compare these pathways. It
connects EU Hz/derivatives demand and Hz/derivatives supply, being domestic or import.

The first step is therefore to fix the demand scenario, based on chapter 1 research and ongoing
workstreams within the EC. The second step assesses all steps and elements along the supply chain
(infrastructure, transport, production, ....), to connect supply to demand. The third step describes
plausible and potential supply pathways to comply with the demand. Several supply pathways are
explored, to allow qualitative and quantitative comparison.

5.1 Demand scenario

Renewable hydrogen and derivatives will be likely deployed firstly for replacing existing hydrogen
use in the industry, and then extend to the transport sector. Looking at the current use in the dif-
ferent industrial sectors, ideally by MS will help identify where the demand for “green” hydrogen
use will be pulled.

The demand scenario will ensure it reaches at least 10 million metric tons renewable Hz per
year®' as demand across EU27. To facilitate the comparison between different fuels and carriers,
we convert this target of 10Mt Hz into 28,600 ktoe?*.

Regarding the future demand for renewable hydrogen and derivatives, it is important to consider:

1) The demand per sector, as each sector would probably be localised differently across the EU.

2) The demand per fuel type, as each fuel has different cost along its entire value chain (including
infrastructure and conversion).

3) The maritime sector (alternative fuels) will be an important player in developing the demand
for the transport sector.

4) The aviation sector is easily supplied from the main oil industries (e.g. the CEPS®>* pipeline is
supplying most of the airports in Western Europe, mainly from the ARA®** area).

5) The existing infrastructure will most likely be partially repurposed:

o for the transport of gaseous hydrogen, using the existing gas infrastructure;

o for PtL, repurposing petroleum products handling infrastructure will be at very low cost?>;

e forammonia and methanol, the first potential consuming sectors would be those replacing
fossil-based ammonia by imported renewable-based ammonia. New terminal infrastructure
would be required.

251 H, strategy “In a second phase, from 2025 to 2030, hydrogen needs to become an intrinsic part of an integrated energy system with a strategic
objective to install at least 40 GW of renewable hydrogen electrolysers by 2030 and the production of up to 10 million tonnes of renewable
hydrogen in the EU”

2521 metric ton of hydrogen contains 2.86 toe
253 https://www.nspa.nato.int/about/ceps
254

ARA = Amsterdam, Rotterdam and Antwerp is a major cluster of oil industries, supplying large part of the region

2% https://fetsa.eu/wp-content/uploads/2021/07/Implications-of-energy-transition-FINAL-REPORT.pdf
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5.1.1 Current situation

According to the FCH JU Observatory, total hydrogen production capacity in the included countries
(EU27) at the end of 2019 has been estimated at 10.8 Mt per year.>*® The corresponding consump-
tion of hydrogen has been estimated at 8.4 Mt (~280 TWhhhv), which means an average capacity
utilization of 80%. The biggest share of hydrogen demand comes from refineries, which were re-
sponsible for 49% of total hydrogen use, followed by the ammonia industry with 31%. About 13%
was consumed by the chemical industry including methanol production constituting 5%. Emerging
hydrogen applications, like the transportation sector comprised a small portion of the market at
0.02% as of 2019.

These data come from the FCH JU Observatory and as such are not considered official statistics, but
give a clear baseline and understanding of the current hydrogen market. These data cover hydro-
gen use of only 2019 (and does not take into account a yearly average).

Metric Refinery Ammonia Other chemicals Other Methanol Energy H202 Transport Total metric

tons H2 tons/y
EU27 4.080.239 2.580.520 688.062 444.376 417.461 103.367 61.463 1.545 8.377.033
49% 31% 8% 5% 5% 1% 1% 0%

Source: https.//www.fchobservatory.eu/observatory/technology-and-market/hydrogen-demand®’

The location of demand will be a key consideration for industrial clusters and valleys to deploy,
while connecting large demand centres to supply, which can be either local or imported.

The following figures show the location of fertilizer plants and refineries across the EU.

2% https://www.fchobservatory.eu/sites/default/files/reports/Chapter%202%20Hydrogen%20Supply%20and%20Demand%202021.pdf

257 Specific 2020 data are available in the followoing report https://www.fchobservatory.eu/sites/default/files/reports/Chapter%202%20Hydro-
gen%20Supply%20and%20Demand%202021.pdf
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Figure 50 Location of major fertiliser plants in Europe

Source: https.//www.fertilizerseurope.com/fertilizers-in-europe/map-of-major-fertilizer-plants-in-europe/

This map illustrates that an important number of fertiliser industrial plants are located near coastal
areas, especially in North-Western Europe. In order to complement this, the next map illustrates the
distribution of main hydrogen production hubs in EU27 (and UK).

156


https://www.fertilizerseurope.com/fertilizers-in-europe/map-of-major-fertilizer-plants-in-europe/

Report Hydrogen

Figure 51 Main hydrogen production hubs
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Source: Green Hydrogen in Europe — a regional assessment: substituting existing production with electrolysis powered by renew-
ables, JRC 20212%8

These coastal areas, showing an important hydrogen demand, could become EU trading points,
also due to their proximity to some refineries (as illustrated by the next map).

2% The article is available at https://reader.elsevier.com/reader/sd/pii/S0196890420311766?to-

ken=E9ETE898831361E14F4040D1F693B4B60CECC74A6AF70377EADEO7CF7D87175AB21D1B17272D75174435A6113E08E88A&0riginRe-
gion=eu-west-1&originCreation=20220118044338
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Figure 52 Captive hydrogen production units at refineries in Europe

Source: https.//www.fchobservatory.eu/sites/default/files/reports/Chapter%202%20Hydrogen%20Supply%20and%20De-
mand%202021.pdf

This map illustrates that many of the refineries are located near coastal areas, which can be consid-
ered as EU entry points. A well-developed pipeline network (especially in Western Europe) connects
the inland refineries to the current costal import terminals (entry points).

These maps will be used when addressing the regions and areas where renewable hydrogen could
be supplied, via pipelines and shipping.
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5111 Current demand per MS

Figure 53 Total demand for hydrogen in 2019 by country
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Source: Fuel Cells and Hydrogen Observatory (2021 Hydrogen supply and demand, September 2021%%)

This gives a broad view on where the current hydrogen consumption spots are located across the
EU, and where a possible switch to renewable hydrogen could happen first.

51.2 Renewable hydrogen demand scenario

The demand scenario is based on the literature review, and especially on the different studies ana-
lysed under chapter 1, including the MIX-H2 scenario.

One 2030-2035 scenario is fixed as baseline, comprising

e The direct use of hydrogen (13,400 ktoe), consumed locally (on-site) or transported via pipeline
(gaseous) or via tanks (liquefied);

e The conversion of 4,400 ktoe (1,500 kt Hz) of renewable hydrogen to 8,630 kt e-ammonia®®’;

e The conversion of 4,800 ktoe of renewable hydrogen to e-diesel, of 1,500 ktoe of renewable
hydrogen to e-fuel oil, 1,100 ktoe of renewable hydrogen to e-gasoline, and 2,500 ktoe of re-
newable hydrogen to e-kerosene, to be transported via the existing (repurposed) liquid infra-
structure, for the use in transport;

e The conversion of 800 ktoe of renewable hydrogen to synthetic methane (or SNG) for injection
in natural gas networks.

29 https://www.fchobservatory.eu/sites/default/files/reports/Chapter%202%20Hydrogen%20Supply%20and%20Demand%202021.pdf
260 On average, 1 ktoe H, produces 1.96 kt NH3 (or 0.51 kt H, are needed to produce 1 kt NH3)
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Table 30 Hydrogen demand scenario
2030-35
kt H: Hydrogen Ammonia PtL PtL PtL PtL SNG Total
direct use diesel fuel oil gasoline kerosene
H: production for
the se/conversion 4.700 1.500 1.700 500 400 900 300 10.000
of...
Hz production 13.400 4.400 4800 1500 1.100 2500 800  28.500
(in ktoe)

Source: own elaboration, based on several scenarios (cf. chapter 2)

A total of 28,500 ktoe (or 10,000 kt H22%") of hydrogen must be produced to supply the direct use
of 13,400 ktoe of renewable hydrogen, to convert 4,400 ktoe of renewable Hz to ammonia, and to
convert 10,700 ktoe Hz into 7,700 ktoe PtL & SNG (4,800 ktoe Hz to 3.400 ktoe e-diesel; 1,500 ktoe
Hz to 1,100 ktoe e-fuel oil; 1,100 ktoe H2 to 800 ktoe e-gasoline; 2,500 ktoe Hz to 1,800 ktoe e-
kerosene; 800 ktoe H2 to 600 ktoe SNG).

5.2 Supply chain description

The supply chain from production to delivery to the final consumer can be decomposed according
to the steps depicted in the following figure.®® As the aim is to compare different supply pathways,
the focus will be on primary storage which can be a terminal or a storage facility. The downstream
of the chain, from primary storage to end-use, would be similar between the different supply con-
figurations.

Figure 54 Supply chain steps and scope
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261 Conversion factor: 1 kt hydrogen contains 2.8571 ktoe of energy, but figures in this study are rounded

%2 https://fetsa.eu/wp-content/uploads/2021/07/Implications-of-energy-transition-FINAL-REPORT.pdf
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The 4 steps covered in this section are

e Production of hydrogen, based on local electricity cost; including conversion in the case de-
rivatives are considered;

e Exporting infrastructure, including production storage, to store products before loading
ships;

e Transport, by ships;

e Importinfrastructure, such as terminals and import storage facilities. These entry points to EU
when imported from non-EU are located

e Mainly in seaports (when supplying countries are ARG, AUS, CAN, CHL, MEX or USA)

In Chapter 3, the cost of producing hydrogen and its derivatives was calculated for the top 10
countries with the greatest renewable hydrogen and derivatives potential. The calculations in chap-
ter 3 are based on the PtX Atlas of Fraunhofer IEE, which provides a cost-optimized system design
and cost-optimized fuel production cost. It includes the following components and assumptions:

e Electricity production by wind, solar or hybrid (wind and solar)
e Intermediate storage of electricity

e Transport of electricity

e Water treatment (sea water desalination and/or purification system)
e Hydrogen production by electrolysis

e Buffer for hydrogen

e Heat storage system

e DAC for CO2 generation

e Derivatives production and

e Transport cost.

e Country specific WACC

These data from PtX Atlas should enable comparability between imported hydrogen and hydrogen
produced within the EU, as the latter one is calculated with completely different tools (based on
METIS). Results from these two different calculation tools cannot be compared directly. This is why,
for the purpose of this chapter 5, a very simplified tool was developed that calculates LCOE and
LCOH, using specific EU and non-EU data with the same simplified tool.

The calculations are carried out using the same assumptions on CAPEX, OPEX, WACC, efficiency
and lifetime of the system. The simple tool only considers the electricity generation and the hydro-
gen production. The varying factors are the full load hours of renewable energies (wind) and the
resulting full load hours of electrolysis. In the following, the differences in the hydrogen production
costs thus result exclusively from the resources of the countries considered. The following EU as-
sumptions are based on REF2020 - technology assessment.

The results in chapter 3 are a lot more precise, specific and realistic than the following figures, which
have only been calculated to compare European renewable hydrogen and derivatives production
to imports.

5.2.1 Production cost of renewable Hz and its derivatives

Hydrogen production cost calculated using the simplified tool comprises
e CAPEX and OPEX of wind turbines
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e CAPEX and OPEX of electrolysers®®®
e FLH of wind and resulting FLH of electrolysis (varies depending on the country considered)

With the simplified tool it is not possible to calculate the production costs for derivatives, because
the design is very complex. The configuration of hydrogen storage, partial load capability of syn-
thesis, capacity ratio of electrolysis to synthesis, etc. must be taken into account, which the tool
cannot represent.

The calculation of the LCOE and the LCOH is made based on a simplified modelling. The tool cre-
ated for the comparison of European production with imports of hydrogen is based on the annuity
method?®**. The LCOE is calculated according to the following formula:

i*(1L+0)" CAPEX
LCOE =

A+)m—1 FLH

The parameters are valid for wind energy and come from REF2020 - technology assessment. For
the generation of electricity only wind energy was considered, because in this case no further stor-
age or design optimization (for hybrid plant configuration) is required. The electricity can be fed
directly into the electrolyser.

Table 31 LCOE calculation parameters (EU data at 2030)

Parameter Value

i (interest rate) 0,07

life of system n (a) 30

CAPEX of wind (€/kW) 1,000

O&M (% of CAPEX) 0,0165

FLH of RE (h) depending on the resources of the country considered

(~2,300h)

The hydrogen production costs are then calculated according to the following formula:

Lcon < Y (z «(1+ )" N O&M) CAPEX LCOE
o \\@+dr-1 FLH

The parameters are based on REF2020 - technology assessment:

263 purification costs are included in the CAPEX of the electrolyser. These are typically higher for alkaline electrolysers than for
PEM (PEM ~ 99,995 % purity; AEL ~ 99,999 % purity)

264 With the annuity method, the non-periodic payments and periodic payments with changing amounts are transformed over an observation pe-
riod T into constant periodic payments, by use of the annuity factor a. The annuity as the determined common constant periodic payment can
be allowed for as an interest share or repayment share for capital to be repaid up to the amount of the capital value.
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Table 32 LCOH calculation parameters (EU data at 2030)

Parameter Value

LHV (kWh/kg) 33,3

Efficiency of Electrolysis n 0,81

i (interest rate) 0,07

life of system n (a) 30

CAPEX of electrolysis (€/kW) 670

O&M (% of CAPEX) 0,022

FLH of electrolysis (h) depending on the resources of the country considered

The results from this simplified model deviate from the numbers calculated from the PtX-Atlas. The
assumptions on CAPEX, OPEX, interest rate, efficiency and lifetime are different and this leads to
lower LCOH using the simplified model. This approach is only introduced in order to compare the
cost for hydrogen production within the EU with the LCOH from other countries in the world.

The results for hydrogen production within EU and for the countries where there are wind sites are
listed in the following table.

Table 33 LCOH for different regions, EU and non-EU

LCOH from simple tool Feedstock
[€/MWh]

EU 85,7 Wind only
ARG 34,4 Wind only
AUS 42,4 Wind only
CAN 41,1 Wind only
CHL 31,8 Wind only
MEX 45,7 Wind only
RUS 40,2 Wind only

The results in chapter 3.3 are based on much more precise and specific analyses with the PtX Atlas.
The following statements are made based on optimized system configurations at specific sites. In
addition, statements on derivatives and transport costs based on detailed analyses are also made
in the following. These are not representable with the simple tool.

The following table shows the production cost for hydrogen, based on the simple tool calculating
hydrogen production costs for EU and non-EU countries (imported renewable hydrogen and deriv-
atives). In addition, hydrogen, methanol, liquid derivatives and SNG production costs are presented
based on the PtX Atlas from chapter 3.
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Table 34 Fuel production cost

Fuel cost (€/MWh) Hydrogen Methanol PtL (diesel, SNG

(1 kg = 33.33 kerosene)
kWh)

from EU countries 86

(simple LCOH model)

fr?m non-EU countries 30 - 46

(simple LCOH model)

from non-EU countries 66 - 105 132 - 198 140-208  126-190

(PtX Atlas)
Source: DG ENER for DE, NL, PL, GR, PT, DK, FR, ES, RO and Task 2-3, for ARG, AUS, CAN, CHL, EGY, MEX

5.2.2 Transport cost

Transport cost comprises

e Investment in assets (ships and pipelines, possibly trucks)?®>

e Operation of the assets (opex and fuel costs), depending on the average distance

e Conditioning of renewable hydrogen and derivatives product for transport (liquefaction, com-
pression)

The following table shows the transport cost for hydrogen, methanol, liquid derivatives and SNG
based on the figures for “Pipeline” and “Storage” of scenario B_optimised from DG ENER (produc-
tion within EU) and the calculations carried out in chapter 3 (imported PtX products). The transport
of ammonia and its cost is described in chapter 3.2.2.1, but not considered in the PtX atlas. In
addition to the transport costs from the PtX Atlas and the data from DG ENER (based on METIS),
figures for pipeline-bound imports of renewable hydrogen and derivatives from Africa and Asia are
provided below.

For transport cost, it is assumed that PtX Atlas (non-EU), Hydrogen Backbone (pipeline-bound) and
METIS (EU) costs can be compared as their calculations are simpler than for the production, where
a simple tool was used for the comparison and less influential in terms of total cost.

Table 35 Fuel transport cost

Transport costs (€/MWh) Hydrogen Methanol PtL (diesel, SNG

kerosene)

from EU countries (from gaseous: 1.0-15

METIS) 7-29

Shipping from Top 10 coun- liquefied: 46-153 23-76 liquefied:
tries to EU (from PtX Atlas) 11.2 - 39.2 3.7-123
Pipeline transport from Africa gaseous: - 0.8 gaseous:
/ Asia to EU (3 000 km)?2¢¢ 6.3-135 52-77

Source: T2-3, for ARG, AUS, CAN, CHL, EGY, MEX; DG ENER, for DE, NL, PL, GR, PT, DK, FR, ES, RO; European Hydrogen Backbone
and Energy Brainpool

265 The cost for quality adaption after transport is not taken into account

266 Adapted from Hydrogen Backbone
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A generic overview of the options for transporting hydrogen and the associated costs depending
on the transport distance are provided in the following figure.

Figure 55 Costs of different options for the long-distance transport of hydrogen de-
pending on transport distance
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Source: Okoinstitut; 2020; Wasserstoff und wasserstoffbasierte Energietrager bzw. Rohstoffe

The transport cost for different end products increase depending on the transport distance, but
also depending on the derivative under investigation. While the cost of hydrogen transport by
pipeline increases with the distance, mainly because of intermediate compression, for LHz transport
liquefaction is the cost-intensive part of the chain. Once the hydrogen is liquefied, it can be trans-
ported over long distances with few boil-off losses. Transporting ammonia is less expensive than
transporting liquid hydrogen. Conditioning of the end product is less complex and boil-off losses
are lower.

The transport costs in the following chart are based on data from the PtX Atlas and from DG ENER.
A direct comparison is not possible, since the costs for imported hydrogen are based on liquefac-
tion and the intra-European transport is pipeline-bound, i.e. compression was taken into account.
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Figure 56 Hydrogen transport cost
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The transport costs for liquid derivative products are cheaper than the costs for hydrogen trans-
portation. The results of the transport cost analysis and a comparison between imported liquid
derivatives and liquid derivatives produced within the EU are presented in the following figure.

Figure 57 Liquid derivatives transport cost (Fischer Tropsch)
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5.2.3 Importing infrastructure

Importing infrastructure would comprise especially handling infrastructure (offloading) and termi-
nal storage infrastructure (usual medium scale storage, whose costs are presented in the following
section). Typical sizes which can be expected for importing terminals is presented in the next table.

Unfortunately, due to the significant differences in terminal construction costs and the lack of con-
crete examples, cost information for Hz and derivatives import terminals is scarce. Information gath-
ered in chapter 2 indicates that the CAPEX for ammonia terminals, including storage and cracking,
would amount to 1,400 — 2,150 €/t NHs.

5.2.4  Storage infrastructure

Regarding storage costs for hydrogen and derivatives, the table below presents a comparison of
the costs and sizes of new storages, based on the overview of chapter 4 as well as additional
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sources for PtL and SNG. These primary storage infrastructure (located upstream prior to distribu-
tion to final consumers) would be located at import terminals, EU production sites or, in the case
of underground storage, in available locations connected by a hydrogen backbone.

Table 36 EU storage infrastructure costs’®”

Storage infra Hydrogen Liquid Methanol Ammonia PtL (diesel, SNG (un-

costs (salt cav- hydro- (tank) (refriger- kerosene - der-
erns) gen ated tank) tanks) ground)
(tanks)
Averagestor- cstwn %999 giesTwh 0328 TWh 045 TWhZE > 5 TwhS
age size TWh
Stored in
Costs of new 2700 113 Stored in existing
storage 200 €/MWh €/;\/|Wh €/MWh 194 €/MWh existing infra-  under-
(CAPEX) structure ground fa-
cilities

5.2.5 Production and transport cost comparison

The comparison of production and transport cost is a mixture of production cost from the simple
tool and transport cost from the Atlas as well as from the data provided by DG ENER.

Table 37 Production, Transport and Total cost for European-produced Hydrogen
[€/MWh] Production Cost Transport Cost Total Cost
EU 86 € 7-35 € 95-123 €

Source: Simple tool and DG ENER

The cost of imported hydrogen are based on the simple tool (production) and the Atlas (transport).
The more realistic cost for imported renewable hydrogen and derivatives products are presented
in chapter 3.

Table 38 Average Production, Transport and total cost for imported hydrogen (up to
EU border)
[€/MWAh] Production Cost Transport Cost Total Cost
ARG 34,4 21,2 € 55,6 €
AUS 42,4 38,1 € 80,5 €
CAN 41,1 11,6 € 52,7 €
CHL 31,8 239 € 55,7 €

27 DNV GL study, 2020-09-09 - DNV GL - GIE database Liquid Renewable Energy (draft final).xIsx

268 Assuming an average tank size of 50 000 m?, based on https://www.vopak.com/terminals/vopak-terminal-europoort-rotterdam?language_con-
tent_entity=en

269 Based
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[€/MWh] Production Cost Transport Cost Total Cost
MEX 45,7 18,8 € 64,5 €
RUS 40,2 14,1 € 54,3 €

Source: simple tool and PtX Atlas

The direct comparison of hydrogen production cost using the simplified model leads to far lower
production cost of hydrogen in non-EU-countries because of better resources. The transport costs
for imported hydrogen are in turn higher than the costs for intra-European transport. European
hydrogen costs 95 to 123 €/MWh and imported hydrogen costs 53 to 81 €/MWh at the import
terminal. However, the hydrogen landed at the terminal also still has to be distributed in the EU,
which leads to additional distribution costs.

Compared to the import cost figured out in Chapter 3, the range of hydrogen costs from European
production is quite similar.

In summary, it can be stated that the costs for imported hydrogen is lower than for hydrogen pro-
duced within the EU. There are countries in the world where the derivative products can be pro-
duced at lower cost because of outstanding wind and PV resources, as highlighted within the EC
Long Term Strategy?’®. However, as the cost of the products increases with increasing transport
distance, products from the EU can remain competitive. To ensure that all options are available in
the long term, the relevant import infrastructures as well as the European ramp up of derivatives
production facilities should be considered at an early stage. Furthermore, the factor of additionality
of renewable energies is decisive for the advantageousness in terms of climate effectiveness. Thus,
derivative production can only succeed sustainably on a large scale if it is accompanied by a massive
expansion of renewable.

Therefore, the availability of renewable sources becomes a key factor for the massive production of
renewable hydrogen. The recent IRENA study?’" illustrates the technical potential of producing re-
newable hydrogen under 1.5USD/kg Hz in 2050, showing the main regions.

Textbox 9 Geopolitics of the Energy Transformation: Hydrogen Factor, IRENA 2021

Geopolitics of the Energy Transformation: Hydrogen Factor - main takeaways

Driven by the climate urgency and countries’ commitments to net zero, IRENA estimates hydrogen
to cover up to 12 per cent of global energy use by 2050.

“It is green hydrogen that will bring new and diverse participants to the market, diversify routes and
supplies and shift power from the few to the many. With international co-operation, the hydrogen
market could be more democratic and inclusive, offering opportunities for developed and devel-
oping countries alike.”, Francesco La Camera, Director-General of IRENA said;

IRENA estimates that over 30 per cent of hydrogen could be traded across borders by 2050, a higher
share than natural gas today. Countries that have not traditionally traded energy are establishing
bilateral energy relations around hydrogen.

270 See the LTS page 64, footnotes 187, 188, available at https://ec.europa.eu/clima/system/files/2018-11/com_2018_733_analy-
sis_in_support_en.pdf

27 Geopolitics of the Energy Transformation, the Hydrogen Factor, IRENA, 2022, available at https://irena.org/publications/2022/Jan/Geopolitics-
of-the-Energy-Transformation-Hydrogen
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Cross-border hydrogen trade is set to grow considerably with over 30 countries and regions plan-
ning for active commerce already today. Some countries that expect to be importers are already
deploying dedicated hydrogen diplomacy such as Japan and Germany. Fossil fuel exporters increas-
ingly consider clean hydrogen an attractive way to diversify their economies for example Australia,
Oman, Saudi Arabia and the United Arab Emirates.

Countries most able to generate cheap renewable electricity will be best placed to produce com-
petitive green hydrogen. While countries such as Chile, Morocco, and Namibia are net energy im-
porters today, they are set to emerge as green hydrogen exporters. Realising the potential of re-
gions like Africa, the Americas, the Middle East, and Oceania could limit the risk of export concen-
tration, but many countries will need technology transfers, infrastructure and investment at scale.

The geopolitics of clean hydrogen will likely play out in different stages. The report sees the 2020s
as a big race for technology leadership. But demand is expected to only take off in the mid-2030s.

Countries and regions with high renewable potential and low levelised cost of electricity can use
their resources to become major producers of renewable hydrogen. The ability of different regions
to produce large volumes of low-cost renewable hydrogen varies widely, as illustrated by the figure.

Flgure 3.4 Technlcal potentlal for producing green hydrogen under USD 1.5/kg by 2050, In EJ

Europe ) Northeast Asia
) Middle East and
North America North Africa Rest of Asia
54

Southeast Asia

Latin America Sub-geeAn Africa Oceania

Source: IRENA (forthcoming-a). Map source: Natural Earth, 2021
5.3 Plausible supply pathways

5.3.1 Selection of plausible supply pathways

To supply the forecasted EU demand for hydrogen and derivatives, several options are possible,
through domestic production (with intra-EU trade) and/or by importing from non-EU countries
and regions. Production and transport costs have been extensively assessed under chapter 3, but
the assessment was isolated and not addressed in potential pathways considering all parts of the
hydrogen value chain.

The different supply pathways described in this section are first defined based on the following
considerations:
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e Transport over very long distances (around 2,000 km and above) through ships can often be
economically more advantageous (and sometimes the only alternative) to transporting gaseous
hydrogen through pipelines, leading to imports of liquefied hydrogen and/or derivatives being
favoured over imports of gaseous hydrogen. Depending on aspects such as the availability for
repurposing and quality of existing natural gas pipelines, pipeline transport over 2000 km could
be considered. Therefore, a gaseous hydrogen import pathway is considered only from North-
ern Africa (e.g. Algeria, Morocco) or Eastern Europe (Ukraine, Russia);

e The re-conversion (from any derivative back to (gaseous) hydrogen) significantly decreases the
total efficiency, and is therefore currently not considered as a plausible pathway (this does not
mean such configuration will not happen or does not make sense, but rather that it would
probably not be deployed at large scale). Therefore, the PtL and ammonia supply pathways (in
the case of imports) are seen as delivering final products to the EU (e.g. replacing fossil ammo-
nia, or delivering PtL to the transport sector).

The baseline for the pathways is to comply with the EU Hydrogen Strategy, meaning a total demand
of 10 Mt Hz, and a domestic production with 40 GW of electrolysis capacity (producing ~5Mt Hz272).
The gap will be covered by import of renewable hydrogen or its derivatives, or a mix of both. The
different pathways vary on the basis of the imported Hz form, to compare the impacts on the sys-
tem.

The following 4 plausible supply pathways are assessed.

Hydrogen Ammonia PtL (die- SNG
sel, kero-
sene)
Pathway 1 — imported liquids EU Non-EU Non-EU EU
Pathway 2 — NH3 domestic EU & non-EU EU Non-EU EU
Pathway 3 — PtL domestic EU & Non-EU non-EU EU EU
Pathway 4 — NHs & PtL domestic non-EU EU EU non-EU

The assessment aims to describe and compare the following aspects for each supply pathway:

e All steps until hydrogen or the derivative is available in the EU (i.e. production in the case of
domestic production, or production, conversion and shipping in the case of import pathways);

e Terminal infrastructure (import/export infrastructure in maritime ports), when applicable;

e Impact on storage and transport infrastructure (pipelines, but also trucks equipment, and even
barges and rail), with entry points in EU (localisation of primary storage infrastructure);

e Summary description of the pathways;

e Advantages and disadvantages.

5.3.2  Overall plausible supply pathways description focusing on
2030/2035

Figure 58 details the supply volumes of hydrogen and derivatives for the different plausible path-
ways according to the origin (domestic or imported).

272 Each electrolysis GW is expected to produce around 250 kt of H, per year, therefore 40GW would produce 10Mt H,, https://ec.europa.eu/en-
ergy/sites/ener/files/hydrogen_strategy.pdf
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Figure 58 Hydrogen and derivatives supply pathways to 2030/2035

(kT H2-equiva- Hydrogen Ammo- PtL die- PtL PtL gaso- PtL kero- SNG Total
lent) nia sel fuel oil line sene

Pathway 1 - Imported liquids
Domestic 4690 282 4971
Import 1543 1652 562 390 883 5029
Pathway 2 - NH3 domestic
Domestic 3176 1543 282 5000
Import 1514 1652 562 390 883 5000
Pathway 3 - PtL domestic
Domestic 1233 1652 562 390 883 282 5000
Import 3457 1543 5000
Pathway 4 — NH; & PtL domestic
Domestic 1543 1652 562 390 883 5029

Import 4690 282 4971

The following table summarises the main characteristics of each plausible pathway, and their im-
pacts on all supply chain steps.
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Table 39

High-level de-
scription

Cost competi-
tiveness of im-
ported hydro-
gen/ derivatives

Im- Hydro-
port gen
routes
Deriva-
tives

Pathway 1 - imported liquids

Renewable hydrogen produced in the
EU to supply the direct use of hydro-
gen, produced close to end-use, trans-
ported through the hydrogen backbone
or through ships (intra-EU) to main
ports.

A small share of the domestic renewa-
ble H; is converted to methane (SNG),
close to gas network infrastructure, for
injection. Alternatively, the hydrogen
could be blended directly in gas net-
works.

Derivatives (PtL and NH3) are produced
close to H; production in partner coun-
tries and exported to the EU.

Summary of the supply pathways characteristics

Pathway 2 - NH3 domestic

Renewable hydrogen is mainly pro-
duced in the EU, but with some im-
ports (1.5 Mt) of hydrogen.
Renewable ammonia is fully pro-
duced in the EU, close to chemical
plants mainly in Central-Western and
Eastern Europe. A small share of the
domestic renewable H; is converted
to SNG, close to gas network infra-
structure.

PtLs are produced close to H; pro-
duction in partner countries and ex-
ported to the EU.

Pathway 3 - PtL domestic

Domestic renewable hydrogen is
used mainly for power-to-liquids
production. A small share is used
for production of synthetic natu-
ral gas, which is injected in gas
networks.

Up to 1.2 Mt of domestic hydro-
gen is used in pure form, espe-
cially close to end-uses in coastal
areas or distributed through lo-
cal/regional networks, trucks or
barges.

Most of the hydrogen used in
pure form is imported from part-
ner countries.

Pathway 4 - NH3 & PtL domes-
tic

Domestic renewable hydrogen is
used fully for ammonia and power-
to-liquids production.

All hydrogen used in pure form is
imported. Part is consumed near en-
try points while the rest is distrib-
uted through the hydrogen back-
bone.

A small quantity of SNG is imported
through existing LNG terminals.

As stated above, the costs for imported H; is lower than for H, produced within the EU, and the same cost difference would apply to derivatives. However,
import cost does not include the cost of import infrastructure (terminal & storage), and transport cost increases with increasing transport distance, both

leading to situations where EU production would remain competitive.
For liquid derivatives, the existing import infrastructure would be used with very limited or no investments. Therefore, for those products, the import (pro-
duction & transport) cost difference will certainly remain an important factor,

N/A

NHs imports via ships to use existing
infrastructure.

PtL import via ships due to limited vol-
umes for pipeline transport & to use
existing infrastructure.

H. transport via pipelines (from Eastern Europe or North Africa) and/or ships from other countries (liquefied H,).
Lower pipeline transport costs from neighboring regions potentially counterbalanced by lower production costs

in other regions.

PtL import via ships due to limited
volumes for pipeline transport to use
existing infrastructure.
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and/or LNG terminals).
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Entry points

Impact on im-
port infrastruc-
ture

Impact on stor-
age

Pathway 1 - imported liquids

Imports of ammonia through ships to
any of the coastal MSs using existing
facilities.

Imports of PtLs distributed in current
fuel terminals.

Hydrogen trade mainly between EU
Member States, no need for LH; termi-
nals or import pipelines.

Ammonia imported via ships using ex-
isting port facilities, likely only limited
new infrastructure needed.

Imports of PtLs distributed in current
fuel terminals, no adaptations neces-
sary. 3-4 terminals could satisfy needs.
No need for additional NHs or PtL stor-
age in import terminals or downstream
of the value chain (besides existing
storage for fossil derivatives).

Pathway 2 - NH3 domestic

Import of CGH, through pipelines
from Eastern Europe / North Africa -
1 to 2 pipelines to be repurposed.
Alternatively (but less likely), import
of liquefied H, in CWE.

Imports of PtLs distributed in current
fuel terminals.

Import through pipelines would use
1-2 pipelines. Otherwise, 1-2 LH; ter-
minals (less likely).

Imports of PtLs distributed over cur-
rent fuel terminals, no adaptations
necessary. 3-4 terminals could satisfy
needs.

No additional need for H, under-
ground storage capacity compared
to domestic pathway in case H; im-
ported by pipelines. At least 1.25
TWh of liquefied H, tank storage ca-
pacity in terminals if H, imports sup-
plied by ship.

No need for additional PtL storage in
import terminals or downstream of
the value chain (besides existing
storage for fossil derivatives).
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Pathway 3 - PtL domestic

Import of CGH, through pipelines
from Eastern Europe / North Af-
rica — 3 to 6 pipelines to be re-
purposed. Alternatively (but less
likely), import of liquefied H; in
CWE, ES, IT.

Imports of ammonia through
ships to any of the coastal MSs
using existing facilities.

Import through pipelines would
use 4-5 pipelines. Otherwise, 5-6
LH, terminals (less likely).
Ammonia imported via ships us-
ing existing port facilities, likely
only limited infrastructure
needed.

No PtL imports, thus no terminals
required.

No additional need for H, under-
ground storage capacity com-
pared to domestic pathway in
case H, imported by pipelines.
Localization might change with
higher number of salt cavern
storages in ES/PT, RO, PL. Around
3 TWh of H; tank storage capac-
ity in terminals if Hy imports sup-
plied by ship.

No need for additional NH3 stor-
age in import terminals or down-
stream of the value chain (be-
sides existing storage for fossil
derivatives).

Pathway 4 - NH3 & PtL domes-
tic

Import of CGH, through pipelines
from Eastern Europe / North Africa -
3 to 6 pipelines to be repurposed.
Alternatively (but less likely), import
of liquefied H, in CWE, ES, IT.
Minimal imports of SNG injected
into existing gas infrastructure or lig-
uefied in terminals.

Import through pipelines would use
3-6 pipelines. Otherwise, 7-8 LH; ter-
minals (less likely).

SNG injected in existing NG infra-
structure

No additional need for H, under-
ground storage capacity compared
to domestic pathway in case H; im-
ported by pipelines. Localization
might change with higher number of
salt cavern storages in ES/PT, RO, PL.
Around 4 TWh of H; tank storage
capacity in terminals if H imports
supplied by ship.

No additional need for SNG storage
in existing LNG terminals.
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5.3.2.1 Possible entry points

Until 2030, entry points for imported hydrogen and derivatives through ships will most likely be
located at the main existing consumption areas for hydrogen and derivatives near the coast. On
the mid-term horizon of the pathways this seems realistic:

e Among the industry to switch from fossil-based H: to electricity-based Ha, the refining industry
is heavily present along the coasts®”

e In Western European countries (DK, DE, NL, BE, FR, ES, PT), the fertiliser sector?’* (incl. ammonia-
based) is often localised nearby the same ports as refineries (see section 5.1.1)

Next to existing hydrogen demand, new demand would be driven by the following sectors:

e Steel (map of production sites?’> and producers announcing Hz use?’®): in Sweden, the Nether-

lands, Belgium, France, Germany, Spain

e Cement: Norway?”/, Germany?’®, Spain®”® & others expected

e Transport: regions with significant users, mostly likely serving heavy duty or public transport.
More distributed use than industry

The new demand for these sectors could require additional transport infrastructure for hydrogen
and derivatives. However, it is likely that the plants located close to shore would first use hydrogen.
Thus, industry would probably deploy Hz near existing clusters (also close to the coast), while others
that are far from clusters with existing demand would probably be connected via a direct pipeline
(e.g. HYBRIT project).

Section 5.2 indicates that there is an overlap in the supply price ranges between domestic and
imported hydrogen, as well as between domestic and imported derivatives. Therefore, there is still
uncertainty regarding what the actual supply routes for liquefied hydrogen imports will be. None-
theless, chapter 3 indicates that for imports, due to the ease and lower cost of transport derivative
imports could have an advantage over liquefied hydrogen imports. Therefore, in case hydrogen
imports take place in the future, these could happen through pipelines from neighbouring regions.

Intra-EU, for transport distances of up to even 3,000 km, pipelines could remain more attractive for
Hz transport, and will be deployed by then. In case the development of a hydrogen backbone is too
slow due to e.g. coordination and planning issues, lack of gas infrastructure to be converted, or
would appear unattractive from an economic point of view for intra-EU trade for very long dis-
tances, Hz trade could take place through terminals (either repurposed LNG or new). Given the
scope of the study, the development of a domestic hydrogen backbone is not discussed further,
but several recent studies address it, among which the one supporting the impact assessment of
the Hydrogen and Decarbonised gas Market Package.?®

213 See map of refineries: https://www.concawe.eu/refineries-map/
274 See map of fertilisers in EU: https://www.fertilizerseurope.com/fertilizers-in-europe/map-of-major-fertilizer-plants-in-europe/

275 https://www.eurofer.eu/assets/Uploads/Slide1.PNG

™~

76 https://bellona.org/news/climate-change/2021-03-hydrogen-in-steel-production-what-is-happening-in-europe-part-one

217 https://www.hc-ne.com/en/hydrogen-suppliers-selected-to-the-worlds-first-zero-emission-bulkship

278 https://www.h2bulletin.com/cemex-announces-plans-for-its-european-cement-plant/

219 https://www.cemex.com/-/cemex-successfully-deploys-hydrogen-based-ground-breaking-technology

280 Artelys (2021) METIS study on costs and benefits of a pan-European hydrogen infrastructure
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For gaseous hydrogen through pipelines from non-EU Eastern European or North African countries,
the entry points should be in the majority of cases the nearest Member State. Repurposed pipeline
would provide gaseous hydrogen to the Member States they currently supply, for example Slovakia
or Germany.

The European Hydrogen Backbone?' and the METIS hydrogen?® studies can be a starting point to
identify possible terminal or import pipeline entry points from where the hydrogen could be further
distributed inland through dedicated pipelines. Here, several European ports and inland entry
points could be used to import liquefied hydrogen, while gaseous hydrogen could be imported
through Slovakia, Hungary, Italy or Spain. Small import volumes could be delivered to the main
consuming regions such as CWE, while in case of more significant hydrogen imports these could
be supplied to a larger number of Member States.

281 https://gasforclimate2050.eu/sdm_downloads/extending-the-european-hydrogen-backbone/

282 Artelys (2021) METIS study on costs and benefits of a pan-European hydrogen infrastructure
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Figure 59 Possible European Hydrogen Backbone study configuration by 2035
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Figure 60

METIS hydrogen study

Optimised cross-border hydrogen interconnection capacities in 2030 of the

o

LEGEND

Transmission

<1GW
1-4 GW
4-10 GW
> 10 GW

<15%
15-50%
50-80%
> 80%

Country
Net
== exporter

Net
we—y importer

Source : Artelys (2021) METIS study on costs and benefits of a pan-European hydrogen infrastructure

Therefore, the entry points for the different pathways could be as follows:

Table 40

Pathways assessment regarding possible entry points

Pathway 1 - imported
liquids

Imports of ammonia
through ships to any of
the coastal MSs using
existing facilities.
Imports of PtLs distrib-
uted in current fuel ter-
minals.

Pathway 2 - NH; do-
mestic

Import through pipe-
lines from Eastern Eu-
rope / North Africa — 1
to 2 pipelines to be re-
purposed. Alternatively
(but less likely), import
of liquefied H, in CWE.
Imports of PtLs distrib-
uted in current fuel ter-
minals.

Pathway 3 - PtL do-
mestic

Import through pipe-
lines from Eastern Eu-
rope / North Africa — 3
to 6 pipelines to be re-
purposed. Alternatively
(but less likely), import
of liquefied H, in CWE,
ES, IT.

Imports of ammonia
through ships to any of
the coastal MSs using
existing facilities.
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Pathway 4 - NH; &
PtL domestic

Import through pipe-
lines from Eastern Eu-
rope / North Africa - 3
to 6 pipelines to be re-
purposed. Alternatively
(but less likely), import
of liquefied H, in CWE,
ES, IT.

Minimal imports of
SNG injected into exist-
ing gas infrastructure
or liquefied in termi-
nals.
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5.3.2.2 Expected impact on import infrastructure

This section analyses the expected impact of this pathway on the import infrastructure.
The need for import infrastructure depends on the following factors:

e The type of carrier (CGHz, LHz, SNG, PtL, NHs)

e The demand/supply volume gaps at MS level

e The trade route (ship/pipeline), which is based on the existence of infrastructure and the dis-
tance

e for shipping the chain is complete and comprises export terminal, transport and import
terminal;

e for pipelines, there is no import terminal, nor export terminal, but only storage on produc-
tion side, and/or on demand side (primary storage).

Existing gas pipelines from Eastern Europe and North Africa (see the Hydrogen Backbone figure
above) can be repurposed for gaseous hydrogen imports in pathways where these are anticipated.
The average capacity for a typical pipeline of 36 inch diameters is 42 TWh / year (4.7GW at LVH) at
100% utilisation?®®, which means that there are at least 3 pipelines needed per ~100 TWh of de-
mand, assuming that utilisation is less than 100%. In high pure hydrogen import pathways (path-
ways 3 & 4), 3 to 6 hydrogen pipelines would need to be repurposed or built from scratch.

If hydrogen imports take place through ships rather than pipelines, around 4 terminals would
be needed to import 100 TWh of liquefied hydrogen. Currently operating LNG terminals across
the EU have a send-out capacity of 89 TWh/year,?®* which translates into ca. 29 TWh/year of hy-
drogen send-out capacity considering the density properties of hydrogen (one third of that of LNG).
Given that the send-out capacity at these terminals might not be fully utilized, 4 terminals at least
might be needed to import each 100 TWh of LHa.

The terminals identified in, or close to the potential importing countries that are best situated to
import the needed quantities are the following:

e Belgium: Zeebrugge
e Netherlands: Gate

e Germany: Wilhelmshaven, Brunsbuettel (both potentially built directly as Hz/derivative import
terminals)
e France: Dunkerque

These terminals are located in ‘first-mover’ regions given the existence of projects for renewable
hydrogen (domestic and imported), existing hydrogen network and (fossil) hydrogen consumption.
As renewable hydrogen consumption develops in other regions there will be an opportunity to
establish import capacities more distributed throughout the EU in the pathways with significant
hydrogen imports.

Developing hydrogen terminals through the repurposing of LNG terminals should be more advan-
tageous compared to new builds, but not as much as in the case of pipelines, due to the differences
in (re)conversion and transport of hydrogen vs LNG (see chapter 2). Below we show a map of where
existing and planned LNG terminals are located in Europe, as indication for where import infrastruc-
ture could be developed and repurposed for Hz imports.

283 Guidehouse & Gas for Climate (2021): Analysing future demand, supply and transport of hydrogen
284 TYNDP 2020 Annex C.1 - Capacities per IP of TYNDP 2020
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Figure 61

LNG terminals in Europe in 2019
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For ammonia imports, existing import facilities located throughout the EU could be used,
although some investments in additional import capacity might be needed. Ammonia can be
imported via ships in semi-refrigerated or refrigerated gas carriers to existing import facilities, or
terminals that are part of ammonia/fertilizer plants and are located at the coast and are equipped
for transhipment of fertilizers and ammonia. Ammonia imports to Europe in 2019 amounted to
around 4.4 Mt, or 0.8 Mt-Hzeq.°% Several Member States already have terminals capable of import-
ing ammonia, with Figure 62 showing over 15 ammonia import facilities in Europe. This means that
it is possible no new infrastructure would be needed to receive ammonia volumes of up to 1.5 Mt-
Hzeq in 2030, depending on the distribution of imports. But in reality, some investments in new

import capacity are already being considered, for example in the port of Rotterdam.

285 Ammonfuel — An industrial view of ammonia as a marine fuel (2020)

286 https://www.portofrotterdam.com/en/news-and-press-releases/horisont-energi-and-port-of-rotterdam-sign-memorandum-of-understanding
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Figure 62 Ammonia terminals in Europe?®’
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287 Ammonfuel — An industrial view of ammonia as a marine fuel (2020)
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For PtLs, 3-4 terminals could satisfy the needs in any pathway. An average capacity of ca. 2
million cubic meters per liquid fuels terminal (based on the VOPAK terminal’s size in Rotterdam
which has a capacity of 4 million m3) 28 would lead to a capacity of around 1.6 Mtoe?*°. There would
be no adaptations or refurbishments needed besides the purging of pipelines and containers for
the PtLs in these terminals.

There are only few concrete plans laid out for new Hz and derivatives terminals to date, one is for
the port of Wilhelmshaven in Germany which is intended to be a national hub for hydrogen. The
terminal will be equipped with an ammonia cracking facility for renewable Hz production and will
be connected to the planned German Hydrogen network?%.

For PtLs, pipeline imports would likely not take place to a significant extent. Figure 63 presents
the existing crude oil and oil product pipelines in operation in Europe in 2017. It shows there are
no pipelines for imports of oil products from non-EU Member States, except for a Hungary-Ukraine
pipeline. Moreover, there are three oil pipeline entry points to the EU for importing Russian crude
oil. However, while some of the crude oil import pipelines could be repurposed for the import of
PtLs, their capacity is significantly higher than the highest PtL import demand in any pathway (10
Mtoe, or 116 TWh, in pathways 1 and 2). In comparison, the main oil import pipeline to the EU (the
Druzhba pipeline) has a capacity of over 600 TWh.

28 \opak Terminal Europoort (Rotterdam) | Royal Vopak. https://www.vopak.com/terminals/vopak-terminal-europoort-rotterdam?language_con-
tent_entity=en

289 Assuming an energy density of 0.79 toe/m?for synthetic gasoline, similar to fossil gasoline

2% Uniper Plans to Make Wilhelmshaven a Hub for Climate friendly Hydrogen
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Figure 63 Crude oil and oil products pipelines in Europe?’
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Nonetheless, research and initial technical screening shows that oil infrastructure and existing off-
shore and onshore pipelines could also be reused for derivatives imports after a requalification
process®®%,

Based on these aspects and the fact that under any scenario the quantity of hydrogen or derivatives
imported is limited, the number of terminals necessary to enable the imports will remain limited.
The types of terminals will depend on which specific energy carrier is imported.

Table 41 Pathways assessment regarding expected impacts on import infrastructure

Pathway 1 - imported Pathway 2 - NH; do- Pathway 3 - PtL do- Pathway 4 - NH: &

liquids mestic mestic PtL domestic
Hydrogen trade mainly  Import through pipe- Import through pipe- Import through pipe-
between EU Member lines would use 1-2 lines would use 4-5 lines would use 3-6
States, no need for LH,  pipelines. Otherwise, 1-  pipelines. Otherwise, 5- pipelines. Otherwise, 7-
terminals or import 2 LH; terminals (less 6 LH, terminals (less 8 LH; terminals (less
pipelines. likely). likely). likely).

291 CIEP (2017) The European Refining Sector — a Diversity of Markets?

292 DNV (2021): Study on the reuse of oil and gas infrastructure for hydrogen and CCS in Europe
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Pathway 1 - imported
liquids

Ammonia imported via
ships using existing
port facilities, likely
only limited new infra-
structure needed.

Pathway 2 - NH; do-
mestic

Imports of PtLs distrib-
uted in current fuel ter-
minals, no adaptations
necessary. 3-4 termi-

Pathway 3 - PtL do-
mestic

Ammonia imported via
ships using existing
port facilities, likely
only limited new infra-
structure needed.

Pathway 4 — NH: &
PtL domestic

SNG injected in existing
NG infrastructure.

nals could satisfy
needs. No PtL imports, thus no

terminals required.

Imports of PtLs distrib-
uted in current fuel ter-
minals, no adaptations
necessary. 3-4 termi-
nals could satisfy
needs.

5.3.2.3 Expected impact on storage infrastructure

Each pathway impacts not only the need for import infrastructure, but also storage. This section
summarises the need for hydrogen and derivatives storage, be it underground, in import/export
terminals through tanks, or other above ground storage (for example, located on-site at electrolyser
plants or end-consumers). More details on hydrogen and derivative storage can be found in chapter
4,

The localisation of primary storage depends on a number of factors, namely:

1) The hydrogen supply source, as e.g. hydrogen and derivative imports through terminals will
require storage at the terminal, while pipeline imports or domestic supply may require only
underground storage or located at end-user / transhipment (modal exchange) sites;

2) The demand for different hydrogen storage services: as shown in chapter 4, the need for
storage may arise from the need to manage the supply (and in later development stages also
the demand) variability, but also storage may be directly needed for modal exchanges;’

3) The deployment of (gaseous hydrogen) interconnectors connecting various industrial clus-
ters and other Hz2 consumption areas: as more hydrogen supply and demand is interconnected,
there will be lower correlation between supply and demand profiles reducing flexibility needs.
Moreover, interconnection will allow for integration of a greater number of flexibility resources,
including storages.

4) The potential for underground hydrogen storage, which, as demonstrated in chapter 4, is
the most economical storage option for gaseous hydrogen but whose potential varies across
the EU;

To analyse the impact on storage infrastructure, it is important to differentiate the different possible
storage types and locations. Storage of hydrogen could be located first at dedicated underground
storage facilities connected to hydrogen networks nearby (industrial) demand sites in Central-
Western Europe, which also has most of salt caverns used for gas storage currently.

Storage would also be located at import terminals, serving primarily to store hydrogen and de-
rivatives after off-loading. Any spare storage capacity not needed for the bundled product offerings
could be offered separately, i.e. as an unbundled product. Hydrogen and derivatives stored in im-
port-focused terminals could be shipped by networks, used to fuel ships, be distributed on site for
consumption in industry or distributed by trucks, barges and rail. These ports could be located in
Central-Western Europe (e.g. Germany, the Netherlands, Belgium, France).

Storage could also be located at transhipment facilities, i.e. whenever hydrogen and derivatives
are loaded into a different transport mode (e.g. into and off trains). Finally, storage could be located
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at hydrogen and derivatives supply locations, for example in electrolysis plants, to manage the
variability of supply prior to shipping the hydrogen products, or at end-user sites, to match de-
mand and supply, reduce own imbalances and increase security of supply, in case those responsi-
bilities are not placed elsewhere.

The need for gaseous hydrogen storage within the EU will depend on the level of interconnection
between national hydrogen systems, as well as availability of other flexibility sources. In the METIS
scenarios, storage capacities range from 20.8 TWh in the BAU scenario (with the lowest hy-
drogen interconnection level) to 17.7 TWh in the H2-B optimised scenario (with the highest
interconnection level). With the typical salt cavern hydrogen storage capacity used in chapter 4 of
0.2 TWhhhy, this means almost 90 salt caverns would be needed across the EU27 to meet the storage
needs from domestic production in the H2-B optimised scenario. This figure could be lower with
somewhat higher average salt cavern storage capacities, but tens of caverns would likely be needed.
These would be concentrated in the Member States with the highest storage needs due to being
significant exporters or consumers (DE, ES, FR, GR, NL, PL, PT).

Higher hydrogen systems interconnection levels decrease the total domestic storage needs,
as shown in the METIS results. The utilisation of the storages®® is rather constant, of around 2 full-
load cycles per year, for all scenarios). Given it is unlikely the storages would be simply fully filled
and emptied twice a year, the actual number of storage cycles per year would be higher, indicating
that the storages satisfy not only the need for seasonal flexibility, but also for shorter-term (weekly
and daily) flexibility.

In none of the pathways the underground hydrogen storage needs should surpass the esti-
mates of the METIS scenarios. The METIS scenarios assume a domestic production and consump-
tion of 6 Mt of pure hydrogen. In no pathway the sum of pure hydrogen domestic production and
imports surpasses this volume. Assuming the domestic production of derivatives from hydrogen
would to a large extent be conducted on-site, there would be limited need for underground storage
capacities for this hydrogen purposed for transformation. Therefore, underground storage capacity
needs should not surpass the 20.8-17.7 TWh estimated. If imports of gaseous hydrogen from East-
ern Europe or North Africa take place, this could change the localisation of the storages, with more
storages located near entry points to the EU. However, this would be constrained by the availability
of salt cavern potentials in those countries. Based on chapter 4, possible hydrogen pipeline entry
points which dispose of salt cavern potential comprise Romania, Poland, Spain and Portugal. Other
candidate entry points such as Italy, Austria, Slovakia and Bulgaria do not have potential for de-
ployment of salt caverns.

In case of liquefied hydrogen imports, storage would be needed at import terminals. Assum-
ing a LH2 terminal storage utilisation rate of 50% and a storage/send-out capacity ratio of 2.5% (i.e.
a terminal has 2.5 TWh of storage for every 100 TWh/y of send-out capacity)?**, a hydrogen terminal
with an annual send-out capacity of 29 TWh (same assumption as for section 5.3.2.3) would have a
storage capacity of 0.36 TWh. This would be equivalent to over 40 LHz tanks with an individual
storage capacity of 9 GWh?®, at a total cost (per terminal) of over 900 ME.

For the import of derivatives (PtLs or ammonia), the existing storage available in import terminals
and in the distribution supply chain could be used. Therefore, and considering the limit volumes of
PtLs compared to overall fossil-based liquid fuel consumption in the EU, there should be no need
for additional PtL storage capacity in the EU in any pathway. Likewise, given the limited

2% Calculated dividing the total hydrogen stored per the storage capacity in each Member State

2% The average LNG storage utilisation rate in 2017/2018 was 47-48% for EU LNG terminals. Source: GIE (2021) Aggregated LNG Storage Inven-
tory; TYNDP 2020 Annex C.1 — Capacities per IP of TYNDP 2020

2% See chapter 4 storage technology overview fiche
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amounts of renewable ammonia imports under the scenarios and the assumption that ammonia-
consuming industry and other end-uses would be located near terminals, the existing ammonia

import terminals’ storage capacity should be sufficient.

Table 42

Pathway 1 - imported
liquids

No need for additional
NHs or PtL storage in
import terminals or
downstream of the
value chain (besides ex-
isting storage for fossil
derivatives).

53.3

Pathway 2 - NH; do-
mestic

No additional need for
H, underground stor-
age capacity compared
to domestic pathway in
case H2 imported by
pipelines. At least 1.25
TWh of liquefied H.
tank storage capacity in
terminals if H, imports
supplied by ship.

No need for additional
PtL storage in import
terminals or down-
stream of the value
chain (besides existing
storage for fossil deriv-
atives).

Pathway 3 - PtL do-
mestic

No additional need for
H, underground stor-
age capacity compared
to domestic pathway in
case H2 imported by
pipelines. Localization
might change with
higher number of salt
cavern storages in
ES/PT, RO, PL. Around 3
TWh of H; tank storage
capacity in terminals if
H, imports supplied by
ship.

No need for additional
NHs storage in import
terminals or down-
stream of the value
chain (besides existing
storage for fossil deriv-
atives).

Pathways assessment regarding potential impacts on storage infrastructure

Pathway 4 - NH; &
PtL domestic

No additional need for
H, underground stor-
age capacity compared
to domestic pathway in
case H2 imported by
pipelines. Localization
might change with
higher number of salt
cavern storages in
ES/PT, RO, PL. Around 4
TWh of H; tank storage
capacity in terminals if
H, imports supplied by
ship.

No additional need for
SNG storage in existing
LNG terminals

Advantages and disadvantages of the pathways

This section identifies the advantages and disadvantages of the different pathways in terms of (mit-
igating) risks and the import and storage needs expected under each pathway. This should provide
indications of the likelihood of pathway materialising, although there is still high uncertainty for all
pathways. In summary, in regions where a hydrogen backbone is developed in the EU by
2030/2035, pathways importing derivatives such as ammonia or PtLs could be more advan-
tageous due to avoided investment costs in import infrastructure and storage, as the existing
value chain for fossil-based ammonia and liquid fuels could be largely used. In areas where the
hydrogen backbone is inexistent, hydrogen import pathways could be interesting as the hy-
drogen could then be used in industry and other end-uses near coastal areas, while domestic
PtLs are transported through domestic oil product pipelines or other modes. In the case of ammo-
nia, imports could also be relevant for supplying industry in coastal areas, although there are
also industries such as fertiliser plants located inland.
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Table 43

Ad-
vantages

Disad-
vantages

Advantages and disadvantages of the pathways

Pathway 1 - imported liquids Pathway 2 - NH3 domestic Pathway 3 - PtL domestic Pathway 4 - NHs & PtL do-
mestic

By opening the possibility to import hydrogen and derivatives, allows access to competitive non-EU supply sources and facilitates de-
velopment of end-use at lower cost and public support, which may decrease the overall cost of the energy transition

No additional underground H: storage needs expected compared to purely domestic pathway due to distribution of end-use con-
sumption across hydrogen and different derivatives

Uses the most economical forms  Does not require additional im- NHs import could be focused SNG imports can utilise existing

of transport according to carriers  port infrastructure for PtLim-  on existing end-uses NG infrastructure
and distances ports In case EU hydrogen backbone In case EU hydrogen backbone
Would facilitate the integration of Moderate Hz imports could be is delayed or some areas un- is delayed or relevant areas un-
EU hydrogen markets focused to supply areas un- served, could facilitate Hand  served, could facilitate Hz end-
Import infrastructure is focused served by hydrogen backbone  NHs end-use in coastal areas, use in coastal areas, while do-
on NHs and PtLs, for which termi-  waiting for its expansion while domestic PtLs are trans- ~ mestic PtLs and NHs are trans-
nals already exist By relying on both domestic ported across EU ported across EU
NHs import entry points could be and imported Hz, leads to di- By relying on both domestic
focused on existing end-uses versification of sources with and imported Ha, leads to di-

SoS benefits versification of sources with

SoS benefits

Risk of importing products with high carbon footprint in case of inadequate certification mechanism
Less secure investment climate for imports (compared to sourcing hydrogen and derivatives from EU countries), potentially increasing
cost of capital
Lower guarantee of a level playing field for the energy products, possibly hindering investments and security of supply compared to EU
supplies
Dependence on development of ~ Dependence on development ~ Focus on domestic PtLs could require larger share of EU renewa-
an EU Hz backbone of an EU Hz backbone ble electricity production, due to conversion losses

Would require new or repurposed Hz terminals or import pipelines investments, to different ex-

tents. Although this could represent the opportunity to use existing assets.
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A.1 Annexes

A11  Annex1 - Scenario description

European Commission (2021): Impact Assessment Report
Published by: the European Commission (EC), 17.07.2021
Developed by: the European Commission (EC)

Background: To implement the Paris Climate Agreement, the European Commission initiated the
European Green Deal (EGD) and, on this basis, the Renewable Energy Directive (RED) and REDII.
This report is a revision of the REDII. The overall ambition of this initiative is to ensure that the
revised REDII is fit to contribute to the target of a minimum GHG emissions reduction of 55% in
2030, in a cost-effective and sustainable way. This must be done in complementarity with the other
initiatives in the "Fit for 55" program and in accordance with other EGD targets and initiatives.

Modelling: The impact assessment builds on a well-established and proven analytical framework
for the revision of Effort Sharing Regulation (ESR), Emission Trading Scheme (ETS), CO2 Standards,
land use, land-use, change and forestry (LULUCF), RED and Energy Efficiency Directive (EED). The
core models used are PRIMES and PRIMES-TREMOVE for energy, transportation, and COz emission
projections. The characteristic of the PRIMES models is the combination of behavioural modelling
(based on microeconomic principles) with technical aspects covering all energy sectors and mar-
kets. For all non-greenhouse gas emissions and air pollution, the simulation-based model GAINS is
implemented. This also covers the health and ecosystem sectors. For LULUCF emissions, the GLO-
BIOM-G4M model is used, while the CAPRI model is used for agricultural activity protection. For
the analysis, interactions between the individual models have been taken into consideration. The
geographical scope of the model is the EU-27 plus the UK, while the focus of the analysis is the
EU-27.

Scenario description: This assessment focuses on three core scenarios (REG, MIX and MIX-CP),
which all achieve the target of 55% GHG reduction in 2030 and result with the cost-effective range
for renewable energy sources (RES) shares of 38-40% in 2030 (already established in the Climate
Target Plan impact assessment). These core scenarios are intended to provide consistency among
the various impact assessments for the “Fit for 55" package. Variant scenarios are developed for the
assessment of specific options, one of which is selected for the analysis in this study:

e EC MIX-H; scenario: It is one variant building on the MIX scenario, a core and central scenario
relying on carbon price signal extending to road transport and buildings and strengthening
energy and transport policies. The MIX-H; scenario helps to assess policy options regarding the
promotion of renewable fuels of non-biological origin (RFNBOs) in industry and transport. In
comparison to the core scenarios, MIX-H, illustrates a high uptake of hydrogen in final energy
demand sectors in 2030. The scenario aligned with the goal of 40 GW electrolyser capacity in
the EU in 2030 set in the Hydrogen Strategy and takes into account the national hydrogen
strategies and "Opportunities for Hydrogen Energy Technologies considering the NECPs"%°.

Hydrogen assumptions: Only green hydrogen production is considered and is produced exclu-
sively in the EU (including UK) with the electrolyser capacity of 47 GW in 2030. Carbon capture and
storage (CCS) is only implemented to a very limited extent and not for hydrogen production.

2% https://www.fch.europa.eu/publications/opportunities-hydrogen-energy-technologies-considering-national-energy-climate-plans
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Climate Action Network Europe (2020): Building a Paris Agreement Compatible (PAC)
energy scenario

Published by: Climate Action Network (CAN) Europe, June 2020
Developed by: Climate Action Network (CAN) Europe and European Environmental Bureau (EEB)

Background: The PAC Scenario is the first comprehensive climate and energy roadmap for Euro-
pean policymakers drafted by a broad range of civil society organisations. It reflects non-govern-
ment organisations (NGOs") priorities for an ambition yet credible pathway towards the 1.5°C target
of the Paris Agreement. The scenario illustrates a pathway for the transition of the European energy
system that is in line with the EU’'s commitment to the Paris Agreement.

Modelling: This study refers to a summary of an open learning process, in which the reported
statistics are based on secondary research figures from a variety of studies and models. The PAC
scenario reflects a collective bottom-up research process in which the different studies were com-
pared with each other. Up to 150 representatives from organizations, industry and science collab-
orated in this process, especially regarding the key assumptions. The Priorities of the individual
NGOs for the 1.5°C target of the Paris Agreement were considered. The geographical scope of the
study is the EU-27 plus the UK.

Scenario description: The present study assesses one scenario that illustrates a roadmap for the
transition of the European energy system and is in line with EU leaders” commitment to the Paris
Agreement. The PAC scenario shows that the current level of ambition can be raised substantially.

e PAC scenario: The results of the scenario show that the EU 2030 targets can be more ambitious.
Compared to 1990 the EU target of reducing GHG emissions can be adjusted to 65%. The cur-
rent EU energy efficiency target of 32.5% is suggested to be raised to 45%. As for the current
EU renewable energy target, the share of renewable energy sources in gross final energy con-
sumption can be increased from 32% to at least 50%, of which very limited bioenergy potential
is predefined following the feedbacks from members and experts.

Hydrogen assumptions: Exclusively green hydrogen and its derivative are considered in the study,
which is produced within the EU. Although no information regarding electrolyser capacity is given,
the supply of renewable hydrogen and its derivatives of 566 TWh discloses an electrolyser capacity
of more than 40 GW in 2030. It is assumed that neither CCS nor carbon capture and utilization
(CCU) technologies is introduced.

ENTSO-E and ENTSO-G (2020): TYNDP 2020 Scenario Report
Published by: ENTSO-E and ENTSOG, in June 2020
Developed by: ENTSO-E and ENTSOG

Background: According to the Regulation (EU) 347/2013, ENTSO-E and ENTSOG are obligated to
use scenarios as the basis for the bi-annual official publication of Ten-Year Network Development
Plan (TYNDP). The scenarios are also used for the calculation of the cost-benefit analysis, which is
used to determine EU funding for electricity and gas infrastructure Projects of Common Interest.
The European and global perspectives for these scenarios enable the user to track supply and de-
mand developments geographically as well as the temporally and to gain greater insight into chal-
lenges facing energy infrastructure during the Energy Transition.

Modelling: A core element of the ENTSO-E and ENTSOG scenario development process has been
the use of supply and demand data, collected from both gas and electricity transmission system
operators, through a bottom-up approach. By considering national and EU climate targets, in par-
ticular the National Energy and Climate Plans (NECPs), these strategies are used for the National
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Trends (NT) scenario, the central policy scenario of this report. With a view to the 1.5°C target of
the Paris Agreement, the ENTSOs have also developed the Global Ambition (GA) and Distributed
Energy (DE) scenarios that take a top-down approach based on historical energy balance data with
a comprehensive energy perspective. The geographical scope of the report is the EU-27 plus the
UK.

Scenario description: The TYNDP 2020 scenario analysis is built based on three scenarios, with two
main drivers in the storyline development being decarbonisation and centralised or decentralised
innovation. One scenario, National Trends (NT), focuses on the NECPs and further national policies
and climate targets through a bottom-up approach. The other two scenarios, Global Ambition (GA)
and Distributed Energy (DE), are compliant with the 1.5°C target of the Paris Agreement with con-
sideration of the EU’s climate targets for 2030. These two scenarios are differentiated by their fo-
cuses of centralised generation (GA) and decentralised energy transition approach (DE). For the
short- and mid-term development, the scenarios include a so-called “"Best Estimate” scenario. For
the long-term development, they are based on different storylines to reflect the increasing uncer-
tainties. Only one of these three scenarios is selected for the analysis, as the other two have less
than 40 GW electrolyser installed in 2030:

e ENTSO DE scenario: The scenario is compliant with the 1.5°C target of the Paris Agreement
and considers the EU’s climate target for 2030. A key feature for the decentralised approach to
the energy system is the role of an energy consumer, who actively participates in the energy
market and helps to drive the decarbonisation of the system by investing in small-scale solu-
tions and circular concepts. Most of the parameters used for the scenario refer to the 1.5
TECH/LIFE scenarios from the European Commission.

Hydrogen assumptions: Both green and blue hydrogen production is considered for the scenario,
which implies the implementation of CCS technology. Beside hydrogen supply within the EU, import
of hydrogen and its derivative (most likely in form of LNG from Russia and Norway) was taken into
account. The installed electrolyser capacity in 2030 in the DE scenario amounts to 41 GW.

Joint Research Centre (2021): Global Energy and Climate Outlook 2020: A New Normal
Beyond Covid-19

Published by: Joint Research Centre (JRC) of the European Commission, in 2021
Developed by: Joint Research Centre (JRC) of the European Commission

Background: This report is the sixth edition of the Global Energy and Climate Outlook (GECO). It
contributes to the JRC work in the context of the United Nations Framework Convention on Climate
Change (UNFCCC) policy process and Intergovernmental Panel on Climate Change (IPCC) assess-
ment reports. The report also considers the impact of the Covid-19 pandemic for the global energy
demand, the related GHG emissions and how it changed the efforts for the transition towards a
low-carbon economy in the coming decades.

Modelling: The GECO analysis is built on the JRC-POLES and JRC-GEM-E3 models. In addition to
the results on all energy sources, sectors, and GHG emissions, the models estimated of the trends
in international energy prices and trade used in the EC energy modelling. JRC-POLES covers the
entire globe, divided into 66 regions, including the EU-27 and the UK. GHG emissions from agricul-
ture and LUFUCF are derived from GOBIOM-G4M lookup tables. Although it is a global model,
detailed breakdown of data to the EU-27 is available.

Scenario description: Four scenarios are developed in this report. A baseline scenario
(Base_noC19) focusing the development would have been, if no Covid-1919 pandemic did happen.
Secondly, a “New Normal” scenario is built from the GECO 2019 Reference scenario, reflecting
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mainly the immediate effects on key macroeconomic parameters caused by of the Covid-19 pan-
demic. Lastly, the 2°C and 1.5°C scenarios are departing from the New Normal with additional cli-
mate policies, aiming at the compliance with the Paris Agreement. The 1.5°C scenario was selected
for the analysis in this study, as it is in line with the climate neutrality target in the EU and considers
the EU Hydrogen Strategy.

e JRC 1.5 scenario: It includes policies from the New Normal scenario and an economy-wide
carbon price. Therefore, the country-specific policies of the New Normal scenario from the 2019
GECO Reference scenario were removed to provide a homogeneous policy driver to which all
countries are subjected.

Hydrogen assumptions: The considered shade of hydrogen does not limit to green. The CCS tech-
nology is implemented mainly in the field of power generation of coal, gas and biomass. Since it is
a global model, information regarding domestic production and import of hydrogen and its deriv-
ative is not specified. As mentioned, the selected scenario considers the EU Hydrogen Strategy and
therefore it can be assumed that the installed electrolyser capacity fulfils the target of 40 GW in
2030.

195



Report Hydrogen

A12 Annex 2 - Development a European Hydrogen Backbone

In the following the development of a pipeline-bound infrastructure for hydrogen in the EU as well
as for import from neighboring countries is presented. It is based on a publication by European gas
network operators.

The hydrogen Backbone connects industrial clusters to an emerging infrastructure by 2030. Sepa-
rated hydrogen networks can develop, consisting mainly of repurposed existing natural gas pipe-
lines. The initial stretches include the proposed Dutch and German national backbones. The initial
hydrogen grid provides only two repurposed Export/Import H, pipelines.

Figure 64 Emerging European Hydrogen Backbone in 2030
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The growing network covers more countries and enables imports by 2035. It is covering more re-
gions and developing new interconnections across Member States. Pipeline transport will be valu-
able to connect regions with abundant solar PV and wind potential with energy demand centres,
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including areas which are out of reach for power transmission infrastructure. In 2035 the backbone
provides several import/export H, pipelines.

Figure 65 Growing network covering more countries in 2035
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The “Mature infrastructure stretching towards all directions” by 2040. Pan-European dedicated hy-
drogen transport infrastructure can be envisaged with a total length of around 39,700 km. The grid
consists of 69% repurposed existing infrastructure and 31% of new hydrogen pipelines. It would
also allow pipeline imports from Europe’s eastern and southern neighbours, as well as imports of
liquid hydrogen from other continents via Europe’s main ports.
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Figure 66 Mature European Hydrogen Backbone can be created by 2040

— H; pipelines by conversion of existing natural gas pipelines (repurposed)
MNewly constructed H; pipelines
== Export/import H, pipelines (repurposed)
== Subseda H; pipelines (repurposed or new)
= Helsinki
Countries within scope of study
Countries beyond scope of study

* Tadlinn

A Potential H; storage: Salt cavern
A Potential H, storage: Aquifer
Potential H, storage: Depleted field
® Energy Islond for offshore H; production
* City, for orlentation purposes

Athens =

European Hydrogen Backbone initiative 2021, supported by Guidehouse

Source: [European Hydrogen Backbone 2021]

The following figures refer to those published in Hydrogen Backbone. Cost estimates for CAPEX
and OPEX of the H; transport infrastructure in the 2040 scenario in three variants (depending on
input data) are presented.
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Table 44 Cost input ranges for estimating total investment, operating, and
maintenance costs for hydrogen infrastructure. Adapted from the original
European Hydrogen Backbone Report (2020)

o Small < 700 mm < 28 inch 1.4 1.5 18
Pipeline
Capex, Medium 700-950 mm | 28-37 inch 20 22 27
new Large > 950 mm | > 37 inch 25 2.8 34
M€ /km
L Small < 700 mm < 28 inch 0.2 0.3 0.5
Pipeline
Capex, Medium 700-950 mm | 28-37 inch 0.2 0.4 0.5
d
repHipese Large >950 mm | > 37 inch 03 05 06
Compressor station Capex ME/MW, 22 3.4 67
Electricity price €/MWh 40 50 20
Depreciation period pipelines 30-55
Years
Depreciation period compressors 15-33
Weighted average cost of capital % 57%
Operating & maintenance costs (excluding eleciricity) €/year as a 0.817%
% of Capex T
Source: [European Hydrogen Backbone 2021]
Table 45 Estimated investment and operating cost of the European Hydrogen Back-

bone (2040)

Pipeline cost € billion 33 41 51
Compression cost € billion 10 15 30
Total investment cost € billion 43 56 81
(OescEl):ding electricity) € billion/year | 0.8 11 18
Electricity costs € bilion/year | 0.9 11 20
Total OPEX € billion/year | 1.7 2.2 3.8

Source: [European Hydrogen Backbone 2021]
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