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Founded in 2000 by its current President, Arnaud Renaud
More than 300 customers in 40 countries
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Hydrogen will be part of the future EU energy system

A Hydrogen is an essential building block of a
decarbonised future

Whilst it is recognised that energy efficiency
efforts and the development of renewables will
play a major role in the decarbonisation of the
European economy, a number of end-uses will
need to use renewables gases or renewable
fuels to abate their emissions.

Hydrogen is one of the most promising options
to decarbonise hard-to-abate sectors such as
long-haul trucking and shipping, aviation,
maritime, fertiliser industry, steel making, etc.
and could also play a role in heating and power
generation. The emergence of hydrogen could
be facilitated by the repurposing of part of the
existing gas infrastructure.

Electrolytic hydrogen is one of the solutions well
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Key question: what role for hydrogen storage?

A4 To answer that question, let’s look at the role of the infrastructure developed for methane. It is at the forefront of the provision of
flexibility services to the EU energy system, via, for instance, storage in salt caverns, depleted oil/gas fields, aquifers, lined rock caverns, etc.
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Key question: what role for hydrogen storage?

A4 To answer that question, let’s look at the role of the infrastructure developed for methane. It is at the forefront of the provision of

flexibility services to the EU energy system, via, for instance, storage in salt caverns, depleted oil/gas fields, aquifers, lined rock caverns, etc.

Drivers of hourly
flexibility needs (and
below)

Drivers of weekly
flexibility needs

Drivers of seasonal
flexibility needs (and
higher)

Methane infrastructure

Consumption

Daytime vs night-time
activities
(residential, tertiary)

Weekday vs weekend
activities
(residential, tertiary)

Thermo-sensitivity
(mostly residential)

Production

Methane production
and imports are largely
constant over these
timescales (except in
cases of maintenance)

Hydrogen infrastructure

Consumption

Daytime vs night-time
activities
(residential, tertiary)

Weekday vs weekend
Activities
(residential, tertiary)

Thermo-sensitivity
(mostly residential)

A Artelys

SOLUTIONS EN OPTIMISATION

Production
(for electrolytic H2)

RES production
variability (solar PV in
particular), network
congestions

RES production
variability (wind power
in particular) , network

congestions

RES production
variability (hydro, wind
and solar PV), network

congestions

Additional
drivers of
flexibility
needs,
specific to
electrolytic
hydrogen




A4 To answer that question, let’s look at the role of the infrastructure developed for methane. It is at the forefront of the provision of

|

Key question: what role for hydrogen storage?

flexibility services to the EU energy system, via, for instance, storage in salt caverns, depleted oil/gas fields, aquifers, lined rock caverns, etc.
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The need for flexibility will be structurally different in the case of hydrogen, as drivers differ considerably. The extent of the need for
hydrogen storage will depend on the sectors being supplied with hydrogen and the way electricity is sourced.
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Objectives of the study

4 Objective 1 - Identify and characterise the values of underground hydrogen storage, recognising cross-sectoral interactions

A Objective 2 - lllustrate these values on a selection of territorial use-cases
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How to identify the values of hydrogen storage?

4 Hydrogen storage provides different services to the energy system. In this study, we have aimed at identifying the values of storage by
asking the following question:

“What are the impacts of having access to hydrogen storage compared to a situation without

hydrogen storage, or with a regulatory regime hampering the provision of flexibility?”
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How to identify the values of hydrogen storage?

4 Hydrogen storage provides different services to the energy system. In this study, we have aimed at identifying the values of storage by
asking the following question:

“What are the impacts of having access to hydrogen storage compared to a situation without
hydrogen storage, or with a regulatory regime hampering the provision of flexibility?”

Economic considerations Environmental considerations Social considerations

Key metrics: Investments and Key metrics: GHG emissions, Key metrics: Security of
operational costs RES curtailment supply, prices for consumers
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The values of hydrogen storage

Ability of storage assets to make a better use the cheapest hydrogen sources in competitive
markets, reducing the consumers’ exposition to the volatility of prices.

Arbitrage value

NB1: These values emerge for new hydrogen storage sites as well as for retroffited/repurposed ones.
NB2: The ability to stack revenue streams corresponding to the different values depends on the future hydrogen market design. This list could be used to benchmark market design proposals.
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The values of hydrogen storage

Ability of storage assets to make a better use the cheapest hydrogen sources in competitive
markets, reducing the consumers’ exposition to the volatility of prices.

Arbitrage value

Ability of storage assets to avoid over-investments in infrastructure elements, across the

System value entire energy sector, to ensure the energy demand is met in a secure and efficient way.

Ability of storage assets to ensure sufficient volumes and injection rates are available to
Insurance value end-uses subject to uncertain demand levels (e.g. H2 turbines, H2 heating technologies)
and ability to reduce security of supply risks in case of large share of imported H2.

NB1: These values emerge for new hydrogen storage sites as well as for retroffited/repurposed ones.
NB2: The ability to stack revenue streams corresponding to the different values depends on the future hydrogen market design. This list could be used to benchmark market design proposals.

SOLUTIONS EN OPTIMISATION

A Artelys




The values of hydrogen storage

Ability of storage assets to make a better use the cheapest hydrogen sources in competitive

Arbitrage value markets, reducing the consumers’ exposition to the volatility of prices.

Ability of storage assets to avoid over-investments in infrastructure elements, across the

System value entire energy sector, to ensure the energy demand is met in a secure and efficient way.

Ability of storage assets to ensure sufficient volumes and injection rates are available to
Insurance value end-uses subject to uncertain demand levels (e.g. H2 turbines, H2 heating technologies)
and ability to reduce security of supply risks in case of large share of imported H2.

0
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Kick-start value

Ability of storage assets to optimally size investments in RES capacity in order to comply
with transition targets, thereby facilitating the emergence of an hydrogen ecosystem.

NB1: These values emerge for new hydrogen storage sites as well as for retroffited/repurposed ones.
NB2: The ability to stack revenue streams corresponding to the different values depends on the future hydrogen market design. This list could be used to benchmark market design proposals.
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The values of hydrogen storage

Ability of storage assets to make a better use the cheapest hydrogen sources in competitive

Arbitrage value markets, reducing the consumers’ exposition to the volatility of prices.

Ability of storage assets to avoid over-investments in infrastructure elements, across the

System value entire energy sector, to ensure the energy demand is met in a secure and efficient way.

Ability of storage assets to ensure sufficient volumes and injection rates are available to
Insurance value end-uses subject to uncertain demand levels (e.g. H2 turbines, H2 heating technologies)
and ability to reduce security of supply risks in case of large share of imported H2.

0
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Kick-start value

Ability of storage assets to optimally size investments in RES capacity in order to comply
with transition targets, thereby facilitating the emergence of an hydrogen ecosystem.

Ability of storage assets to help avoid fossil-based hydrogen production, RES curtailment
and fossil-based electric redispatch.

NB1: These values emerge for new hydrogen storage sites as well as for retroffited/repurposed ones.
NB2: The ability to stack revenue streams corresponding to the different values depends on the future hydrogen market design. This list could be used to benchmark market design proposals.
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Quantification of values in selected use-cases

A Four territorial use-cases representing different virtual configurations of local hydrogen ecosystems have been analysed. The use-cases

differ by the hydrogen supply options, consumer profiles, connection to networks, and geographical locations.
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List of selected territorial use-cases

Hydrogen production from grid-connected
electrolysis for industrial consumer backed-
up by an alternative supply option

On-site green hydrogen production for an
industrial consumer

On-site renewables for green hydrogen
production and power
injection/consumption into/from the grid

Hydrogen production from grid-connected
electrolysis for thermosensitive consumer
backed-up by an alternative supply option
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Use-case #1 — Overview

On-site green hydrogen production for industrial consumer

Electrolysis

@G
@ @ I' % We have analysed the impacts of

gradually adding hydrogen storage into
the use-cases on (a) investments (RES,
electrolysers, etc.) and (b) hourly

=) Power flow
@ % - H, flow operations.
e

H, Storage

Industrial H,
Dedicated renewables Consumer

Power system
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Territorial use case #1 — Effects of hydrogen storage

On-site green hydrogen production for industrial consumer

Configuration 1 — Without access to hydrogen storage } Configuration 2 — With access to hydrogen storage
‘1‘ Electrolysis ™ Electrolysis
@ = @ f— @ — =2
@ @ Electricity @ @ Electricity @
Industrial H, Indystrial H,
Dedicated renewables Consumer Dedicated renewables Cofhsumer
=)  Power flow ﬂ Power flow
g % m=) H,flow @ % H, flow
@ @ H, Storage
Power system Power system \ )
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Territorial use case #1 — Effects of hydrogen storage

A system without UHS (left): balance between dedicated renewables and grid electricity

@ . Without storage, the electricity sourcing is balanced between investment in dedicated renewables and the costs of electricity consumption from the grid. The grid provides
the flexibility, even when electricity is expensive.

@ ‘ Surplus renewable generation is curtailed.
A system with UHS (right): better use of RES and better capture of low electricity prices

@ I I Hydrogen storage enables to increase the electrolysis capacity and to produce more hydrogen than the instantaneous demand during low electricity price periods. Surplus
renewable electricity generation is better exploited.

@ . When the grid electricity prices are high, electrolysis reduces its operations and hydrogen storage discharges to meet the hydrogen demand.

Hourly supply-demand balance over 1 week without H2 storage Hourly supply-demand balance over 1 week with H2 storage

Electricity supply Electricity supply

BT @ 150M

Total demand

| o5 of load .
mm Grid electricity purchases
Solar fleet

Aug 16 = \}/ind onshore fleet
2050

Hydrogen supply Hydrogen supply

=~ Total demand
m— Hydrogen storage
m— |ccirolysis

4 Artelys ‘ SOLUTIONS EN OPTIMISATION *The purchase of electricity from the grid (in blue on the charts) can be either renewable or fossil. The introduction of 15
storage reduces the carbon footprint of the electricity being withdrawn.
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A system without UHS (left): balance between dedicated renewables and grid electricity
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Territorial use case #1 — Effects of hydrogen storage

A system without UHS (left): balance between dedicated renewables and grid electricity

@ Without storage, the electricity sourcing is balanced between investment in dedicated renewables and the costs of electricity consumption from the grid. The grid provides
the flexibility, even when electricity is expensive.

Hourly supply-demand balance over 1 week without H2 storage
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Territorial use case #1 — Effects of hydrogen storage

A system without UHS (left): balance between dedicated renewables and grid electricity

@ . Without storage, the electricity sourcing is balanced between investment in dedicated renewables and the costs of electricity consumption from the grid. The grid provides

the flexibility, even when electricity is expensive.

@ ‘ Surplus renewable generation is curtailed.
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Territorial use case #1 — Effects of hydrogen storage

A system without UHS (left): balance between dedicated renewables and grid electricity

@ . Without storage, the electricity sourcing is balanced between investment in dedicated renewables and the costs of electricity consumption from the grid. The grid provides

the flexibility, even when electricity is expensive.

@ ‘ Surplus renewable generation is curtailed.

A system with UHS (right): better use of RES and better capture of low electricity prices

@ I I Hydrogen storage enables to increase the electrolysis capacity and to produce more hydrogen than the instantaneous demand during low electricity price periods. Surplus

renewable electricity generation is better exploited.

@ . When the grid electricity prices are high, electrolysis reduces its operations and hydrogen storage discharges to meet the hydrogen demand.
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Territorial use case #1 — Effects of hydrogen storage

A system without UHS (left): balance between dedicated renewables and grid electricity

@ . Without storage, the electricity sourcing is balanced between investment in dedicated renewables and the costs of electricity consumption from the grid. The grid provides
the flexibility, even when electricity is expensive.

@ ‘ Surplus renewable generation is curtailed.
A system with UHS (right): better use of RES and better capture of low electricity prices

@ I I Hydrogen storage enables to increase the electrolysis capacity and to produce more hydrogen than the instantaneous demand during low electricity price periods. Surplus
renewable electricity generation is better exploited.

@ . When the grid electricity prices are high, electrolysis reduces its operations and hydrogen storage discharges to meet the hydrogen demand.
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Territorial use case #1 — Results (1/2)

LCOH (€/kgH2)

2 1,
1,5 ’ ! ’ 7 = - 1
By allowing for a better use of RES resources and
. . . 1
System value for a reduction of grid withdrawals, H2 storage
reduces the hydrogen costs by circa 25%*. 05
0
0GWhH2 1,4GWhH2 2,9GWhH2 4,3GWhH2 57GWhH2 7,2GWhH2 8,6 GWhH2 10GWhH2 11,4 GWh H2 12,9 GWh H2 14,3 GWh H2
storage storage storage storage storage storage storage storage storage storage storage
H2 share

Arbitrage value

By enabling a better use of the cheapest hydrogen
sources, the deployment of hydrogen storage
technologies results in up to 2% more renewable
H2 in the H2 mix.

100%
EEEEE
60%
40%
20%
0%

0GWhH2 1,4GWhH2 2,9GWhH2 43GWhH2 57GWhH2 7,2GWhH2 86GWhH2 10GWhH2 11,4 GWhH2 12,9 GWh H2 14,3 GWh H2
storage storage storage storage storage storage storage storage storage storage storage

M Renewable H2 ratio (%) ™ Grey H2 ratio (%)
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Territorial use case #1 — Results (2/2)

Installed capacities (MW)

600 MW
In order to exploit at best the dedicated | **""
renewables and the cheap prices of power | “omw
. . . g M Electrolysis
Kick-start value market, H2 storage is key to meet criteria related | so0mw I I R
to additionality and to facilitate the emergence of | .00uw I . I Solar
a hydrogen ecosystem. 100 MW
0 MW
O0GWhH2 1,4GWhH2 2,9GWhH2 4,3GWhH2 57GWhH2 7,2GWhH2 8,6GWhH2 10GWhH2 11,4 GWhH2 12,9 GWh H2 14,3 GWh H2
storage storage storage storage storage storage storage storage storage storage storage
Carbon footprint of
hydrogen (kgCO2/kgH2)
14 11,8
. . . . 12 10,7
By promoting the use of decarbonised electricity |
. for renewable hydrogen production, H2 storage
Environmental value . .
reduces the average carbon emissions of 3,9 3,5 33

hydrogen by more than .

0GWhH2 1,4GWhH2 29GWhH2 43GWhH2 57GWhH2 72GWhH2 8,6GWhH2 10GWhH2 11,4GWhH2 12,9 GWh H2 14,3 GWh H2
storage storage storage storage storage storage storage storage storage storage storage

A Artelys

SOLUTIONS EN OPTIMISATION

17




#1

List of selected territorial use-cases

Hydrogen production from grid-connected
electrolysis for industrial consumer backed-
up by an alternative supply option

On-site green hydrogen production for an
industrial consumer

On-site renewables for green hydrogen
production and power
injection/consumption into/from the grid

Hydrogen production from grid-connected
electrolysis for thermosensitive consumer
backed-up by an alternative supply option
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Use-case #2 — Overview

Hydrogen production from grid-connected electrolysis for thermosensitive consumer
(heating) backed-up by an alternative supply option

330M

—— Total demand

300M B Hydrogen storage

Alternative
H, source

@ () et @ oy

Electricity
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Industrial H, e ’ : o ’ ’
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Power system 350M

=) Power flow
=) H, flow
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2050
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Territorial use case #2 — Results (1/2)

LCOH (€/kgH2)

4
3,5 3,
H2 storage allows to decrease investment in ’ ' ’ ; , . )
. . . 25 ; - .
SMR+CCS by purchasing more electricity from the ,
grid. This trade-off has a positive system impactas | s
it reduces LCOH by up to 26%* 1
0,5
0
0GWhH2 1,7GWhH2 3,4GWhH2 5GWhH2 6,7GWhH2 8,4GWhH2 10,1 GWhH2 11,8 GWh H2 13,4 GWh H2 15,1 GWh H2 16,8 GWh H2
storage storage storage storage storage storage storage storage storage storage storage
Load factors of
electrolysers (%)
100%
H2 storage allows a better use of grid electricity .
by favouring the consumption during low
electricity price periods. Thus, the load factor of | **
i x2 i 40% . . 25%
the electrolysers mcr.eases (up to ), wh!ch - . o - . 1o 205 1% 23%
reduces the production share of alternative | 2%  12% ¢
hydrogen suppliers. oo
0GWhH2 1,7GWhH2 3,4GWhH2 5GWhH2 6,7GWhH2 8,4GWhH2 10,1 GWh H2 11,8 GWh H2 13,4 GWh H2 15,1 GWh H2 16,8 GWh H2
storage storage storage storage storage storage storage storage storage storage storage
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Territorial use case #2 — Results (2/2)

By securing hydrogen supply, at a low cost,
hydrogen storage decreases the capacity needs of
a back-up hydrogen supplier (here SMR+CCS) by
up to 26%.

Installed capacities (MW)

400 MW

100

300 MW 100
100
100 100 100 100
100 100

200 MW -

267

247 237 227
o 217 207 197 187 177 167
oMW

0GWh H2 1,7 GWh H23,4 GWh H2 5 GWh H2 6,7 GWh H28,4 GWh H2 10,1 GWh 11,8 GWh 13,4GWh 15,1 GWh 16,8 GWh
storage storage storage storage storage storage H2storage H2 storage H2 storage H2 storage H2 storage

M Electrolysis
B SMR

Hydrogen storages allows to decrease
investments in hydrogen production capacities,
thereby facilitating the emergence of an hydrogen
system (up to 26%)

0GWhH2 1,7 GWh H23,4 GWh H2 5 GWhH2 6,7 GWh H28,4 GWh H2 10,1 GWh 11,8 GWh 13,4GWh 15,1GWh 16,8 GWh
storage storage storage storage storage storage H2storage H2 storage H2 storage H2 storage H2 storage

e L
-5% I
-4%
Investment cost 19, “7%
comparsion with case 150 -11%
. -14%
-18%

without storage (%) ~ I
-25% -21%
o -25%
=0 -29%
-35% -32%

-40% -36%

NB: the results are presented in a low grid connection configuration
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List of selected territorial use-cases

Hydrogen production from grid-connected
electrolysis for industrial consumer backed-
up by an alternative supply option

On-site green hydrogen production for an
industrial consumer

On-site renewables for green hydrogen
production and power
injection/consumption into/from the grid

Hydrogen production from grid-connected
electrolysis for thermosensitive consumer
backed-up by an alternative supply option

A Artelys

SOLUTIONS EN OPTIMISATION

22



Use-case #4 — Overview

On-site renewables for green hydrogen production and power injection/consumption into/from the grid

Dedicated renewables

A Electrolysis
2 m—)| () I— %
@ @ Electricity
Industrial H,
Consumer
Injection
into the grid =) Power flow
% m=) H,flow
H, Storage
Power system
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Territorial use case #4 — Effects of hydrogen storage

A system without UHS (left charts) : balance between dedicated renewables, grid purchases and sells to the grid

@ ‘ Without storage, the electrolytic hydrogen production is balanced between investment in dedicated renewables and the costs of grid electricity. The grid provides the flexibility, even

when electricity is expensive.

@A\l

benefits is limited by the grid congestion due to connection capacity.

A system with UHS (right charts) : more flexibility enables a more profitable managment of dedicated RES and electricity market

O] |
O] |

©ul

The introduction of hydrogen storage brings flexibility in the production, based on grid electricity prices.

Electricity withdrawal from the grid decreases with storage and injections increase. Curtailment is lowered.

The ability to inject power onto the grid increases the penetration of dedicated renewables, valuing surplus renewable generation through injections. The importance of these

During periods of high electricity prices, the system sources hydrogen from storage assets to fully allocate the production of dedicated renewables for injection onto the grid.

Hourly supply-demand balance over 1 week without H2 storage

Electricity supply

Electricity consumption

Hydrogen supply

Hourly supply-demand balance over 1 week with H2 storage

Electricity supply

Aug 16 Aug 17
2050

Electricity consumption

Total demand

| oss of load

mmm (rid electricity purchases
Solar fleet

m /ind onshore fleet

Total demand
m— Crid electricity sells
— F|ectrolysis

=~ Total demand
— Hydrogen storage
MR

m Flecirolysis




Territorial use case #4 — Results (1/2)

By reducing the cost of the electricity being

LCOH and additional
incomes du to sell of
electricity on the market

By making a better use of the cheapest hydrogen
sources, hydrogen storage increases the
penetration of renewable hydrogen suppliers (up
to 30%).

Hydrogen storage also ables a least-cost arbitrage
between withdrawal and injection of electricity
from/onto the grid.

A . (€/kgH2)
withdrawn from the grid, H2 storage reduces the 25
hydrogen costs by up to 13%*, , 2 ' e LCOH (€/kg H2)
1,5
The amount of electricity sold to the market I
1 e Additional incomes
increases with storage, providing additional . : : 0,7 (¢/ke H2)
incomes to the use case including storage. ' g g g ’ ' ' '
0
0GWhH2 1,4GWh 29GWh 4,3GWh 57GWh 7,2GWh 8,6GWh 10GWhH2 11,4 GWh 12,9 GWh 14,3 GWh
storage H2 storage H2 storage H2 storage H2 storage H2 storage H2 storage storage H2 storage H2 storage H2 storage
H2 share

M Grey H2 ratio (%)

M Renewable H2 ratio (%)

100%
80%
60%
40%
20%

0%

0GWhH2 1,4GWh 29GWh 4,3GWh 57GWh 72GWh 8,6GWh 10GWhH2 11,4GWh 12,9GWh 14,3 GWh
storage H2 storage H2 storage H2 storage H2 storage H2 storage H2 storage storage H2 storage H2 storage H2 storage
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Territorial use case #4 — Results (2/2)

Installed capacities (MW)

800 MW
The electrolysis capacity and renewable | 70omw

generation capacity increase when hydrogen | "V I

. 500 MW

storage increases. The load factor of electrolysers o I I I I I  Electrolysis
drops as a consequence: storage allows for a . l

H Wind onshore

300 MW
system-level optimisation of electrolysis and | 200w soler
renewable electricity production. 100 MW

oMW

0GWhH2 1,4GWh 29GWh 4,3GWh 57GWh 72GWh 86GWh 10GWhH2 11,4 GWh 12,9GWh 14,3 GWh
storage H2 storage H2 storage H2 storage H2 storage H2 storage H2 storage storage H2 storage H2 storage H2 storage

Carbon footprint
(kgCO2/kgH2) @ H? production e H? production + carbon abatment of the electricty injected onto the power grid

12,0 9,5
By increasing the power injection from the on-site | 00— ®° 77

7,1 6,8
8,0 6,0 ! 6,0

renewables onto the grid, hydrogen storage | ., 49 51
contributes to GHG abatement in the power | “°

2,0
system. 00
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-4,0
-6,0
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storage storage storage storage storage storage storage storage storage storage storage
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-2,4 31
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Contents

A. Context and objective of the study
B. Identification and description of the values of underground hydrogen storage

C. Evaluation of the benefits brought by underground hydrogen storage in a
selection of use-cases

D. Conclusion and outlook

E. Q&A
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Conclusion and outlook

A The report is based on the analysis of the values brought by
hydrogen storage assets in a series of use-cases, using a cross-
sectoral perspective.

A The key conclusions are that hydrogen storage will be a key enabler
of the decarbonisation effort, as it allows to reduce the carbon
footprint of electrolytic hydrogen, reduce RES curtailment, increase
security of supply and help deliver the transition at a lower cost.

4 The hydrogen storage needs in Europe depend on a number of factors, notably:
Hydrogen demand levels in 2030, 2040, 2050

O Gas
4Arte|ys oPMZATON SRS Infrastructure

=~ Europe

Showcasing the pathways and values
of underground hydrogen storages

Presentation of the final report

October 2022

Dynamics of hydrogen demand (e.g. notably thermo-sensitivity of end-uses), and the evolution of the dynamics

Role of imports and exports, form of extra-EU imports (pipeline hydrogen, ammonia, methanol, etc.) and expected dynamics

|
|
|
| Composition of the portfolio of electricity generation technologies
| Level of co-location between electrolysis and hydrogen demand centres
| Ability to repurpose existing gas storage assets to hydrogen

| Off-grid vs grid-connected electrolysis

|

Regulatory framework
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Thank you for your attention!

Christopher Andrey
Artelys Belgium — Director

+32 460 96 02 87

christopher.andrey@artelys.com
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