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METIS 1
(2015 - 2019)

|  Power and gas system/market
modelling

|  First delivery and training of
METIS to the EC

|  Publication of the METIS
database and documentation

History of the METIS project

METIS 2
(2018 — 2022)

| Integration of transmission and
distribution grid modules

| 2050 scenario development and
assessment

| Web-based results sharing

| Assistance to Impact Assessment
for the Fit-for-55 Package

METIS 3
(2020-2024)

| Integrated multi-energy, multi-
sector modelling (power, gas,
hydrogen),

| Enhanced demand-side
representation

| Pathway optimisation

| Web-based interface

METIS 4

(2024-2027)

| Enhanced representation of
electricity markets:
| Short-term market
sequence
| Price formation
| Cross-border capacity
calculation

| Representation of global H2 trade

dﬁ\rtelys IR | Enhanced representation of
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The METIS pilars

Multi-Energy< Multi-energy rr]odel with detailed representation
of sector coupling

AArtelys | ey

Hourly < An hourly time resolution, that is well adapted to
capturing flexibility needs

User-friendly< V\.Ieb-basec-i mterfa-ce including customised KPI T S
views and interactive maps T —

Open-book approach including extensive data
Transparency< and study publications on the European
Commission website

METIS interfaces. Interactive maps & main KPI views

METIS builds upon the Artelys Crystal Super Grid platform!
Learn more on the Artelys website:
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https://www.artelys.com/crystal/super-grid/

The current METIS tool

A4 Since then, METIS has become a key asset to inform EU policymaking,
combining strong analytical capabilities with a high level of
transparency.

| 10+ studies using METIS published by the JRC to date

| 40+ studies conducted by Artelys for DG ENER and DG CLIMA over the years,
including around thirty METIS 1-2-3 studies and a dozen additional studies.

| Supporting the impact assessment of key policy packages: Clean Energy
Package, Hydrogen and Decarbonised Gas Package, 2040 GHG target.

| Extensive datasets and documentation available on the European
Commission website.

4 Today, the METIS tool and associated datasets include:
| The EU-27 perimeter and neighbouring third countries (CH, UK, NO, Balkans)

|  The possibility to focus on specific years (e.g. 2030, 2050) or perform
pathway optimisation over several decades (e.g. 2030-2035-...-2050)

European Engiish S
M| ® e o

Energy, Climate change, Environment

Energy

Home | Topics [BECRUNPURYSSIRVE Siudies v | Publications | Consultations | Energy explained v | Events | News

METIS

METIS is an energy system modelling software for the European electricity, gas, heat and hydrogen
sectors.

Used for simulating the shortterm operation of energy systems across the EU and neighbouring

PAGE CONTENTS countries, the METIS model helps inform the EU's evidence-based energy policy making

METIS 3 s energy systems for up to one year,
METIS 2
METIS 1

METIS at the Joint Research
Centre

Documents

METIS page on the European Commission website

o

More METIS contents are available on
the European Commission website!

| A comprehensive range of energy vectors through an extensive modelling of
the electricity, gas, hydrogen and heating sectors.
A Artelys | owmosowos 22 Fraunhofer TRACTEBEL METIS 3 — Final Dissemination Event 3-Jun-24 6
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https://energy.ec.europa.eu/data-and-analysis/energy-modelling/metis_en

Agenda

A Artelys

Time Duration Topic Speaker
Welcome and introduction
14.00 - 14.15 15’ Opening remarks DG ENER
14.15-14.30 15’ Objectives of the METIS project Artelys
Insights from the METIS studies
14.30 - 15.10 40’ 2050 insights on the industry transition Fraunhofer & Dante Powell (ENTSOG)
15.10 - 15.55 45’ Assessing 2030 hydrogen infrastructure needs under REPowerEU Artelys & Stefano Astorri (ACER)
ambitions
15.55 - 16.05 10’ Coffee Break
16.05 - 16.35 30 Impact assessment of 2040 climate targets Artelys & Francesco Ferioli (DG ENER)
16.35-17.20 45’ Outlook on short-term EU gas and power adequacy Tractebel & Andreas Zucker (DG ENER)
Live demo & Concluding remarks
17.20 - 17.50 30 Live demo of METIS Artelys
17.50 - 18.00 10’ Concluding remarks DG ENER
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Agenda

Introduction: Overview of Methodology and Modelling Framework
Scenario definition: Industry and Energy sector key assumptions
Results: Key results from the models (FORECAST and METIS3)

Conclusions: Summarizing key findings

[ ]
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Methodology

Input parameters Computation Results analysis

_ Modelling Modelling
Data Collection & Scenarios Industry sector Supply sector
Analysis Definition Simulation Optimization
(FORECAST) (METIS 3)
Study

Drivers: Production, value added, employment, end-userenergy prices
Energy-intensive Space heating &
Processes cooling

Electric motors
& lighting

T—
£ \
- - {

A

Results by sub-sector, energy carrier, temp. level, end-use, country

Interfaces and add-ons

—
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Model and scenario setup

Definition of scenarios

Model Set-up Scenario H2+ (Focus hydrogen): Hydrogen as major decarbonisation option for
feedstocks and process heating, while electrification of process heating also

Primes Mix-H2 scenario as basis for framework data and . .
has a role, particularly in lower temperature supply of process heat.

energy demand of transport and buildings sectors

Sensitivity H2+_lim.Potential (Supply side, limited renewable
potentials): Only 70% of wind and solar potentials available, with 20%

minimum deployment of rooftop PV
FORECAST-Industry to calculate detailed scenarios for

industry transition and required energy demands Scenario Elec+ (Focus electrification): Stronger focus on electrification for
decarbonisation of process heat, where technically mature at least at TRL5.

o Sensitivity Elec+_VC (Industry sector, new global value chains):
METIS to optimize S.Upply system bfased on energy demand Import of sponge iron, ammonia and green ethylene and other HVCs,
from FORECAST for industry and Mix-H2 for other sectors everything else remains as in the Elec+ scenario. Substantially lower

hydrogen demand

\
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FORECAST tool in a nutshell

Bottom-up modelling of energy demand & GHG emissions

Macro

Drivers: Production, value added, employment, end-userenergy prices

-

Input data Results

yHigh technology resolution

yConsideration of all important abatement

. Energy-intensive Space heating &
options

Processes cooling

Electric motors Furnaces
& lighting Steam & hot water

Results by sub-sector, energy carrier, temp. level, end-use, country

yEnergy and greenhouse gas balance

yAnnual results
until 2050

-:FORECAST

FORecasting Energy Consumption Analysis
and Simulation Teol

Interfaces and add-ons

https://www.forecast-model.eu

—
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Industry and Energy sector key assumptions
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Overview of key scenario assumptions for industry
Assumptions

Elec+_VC

GHG target 2050 At least 95% GHG reduction compared to 1990 for the industry (in line with overall GHG neutrality)

GHG target 2030 Reduction similar to Primes Mix-H2 scenario meeting overall 55% GHG reduction target

Economic growth Continued long-term growth of industry GVA ~0.8%, recovery of Covid-crisis with higher growth before 2030

No particularly strong role / limited use of biomass

Energy and material efficiency and
circular economy

CCS and CCU Included for cement and lime plants only

Process, fuel and feedstock switch RdaleliisAn e [{e):E]) Priority electrification But: Import of sponge iron, green
ammonia and green HVCs like ethylene

Ambitious progress

Priority Electrification

\
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Process switch: Full diffusion of low-carbon processes by 2050

Assumptions
|
Elec+ H2+ Steel Cement
100% 100%
[ Secondary
o 75% Steel o 75% B Cement
. 5 5 ’ witout CCS
100% of H-DR share of primary steel by 2050 £ 2
E 50% @ Blast furnace E 50%
S and converter | g
= . =
25% 25% B Cement
Cement and Strong diffusion of CCS reaching ~90% of production @ DR RES H2 + with CCS
lime capacity by 2050 0% EAF
I N T = 0%
R RIRIKKR S 8 83 8 8 8 3
(a\] o~ o~ ~N (a\] o~ (a\]
Chemical 100% Feedstock H2 for Methanol, ethylene/HVCs,
feedstocks ammonia and other feedstocks Ammonia Ethylene
100% 100%
. o @ Ethylene
Q . . E 75% A NG — 75%
70% Electric furnaces by Higher share of hybrid 5 [ Ammonia g
2050 furnaces ) e
©  50% £ 50%
Aé ©
‘E" =
25% 25%
Co H2 boilers, hybrid boilers i B Ethylene
Steam Electric boilers and heat . » NY = B Ammonia H2 methanol-
. . . electric heat pumps, limited
generation pumps, limited biomass bi 0% 0% based
IOI’naSS OO\OLDOI-DOI-DO o O n O n O wun o
R (] o o o < < n
s o8 3383 3 8 222322828 2.8 2.
~ ~ ~ ~ ~ ~ ~ ~ (o] (o] o~ (o] (o] (o] (g\] (o]
|~
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Industry sector results

03.06.2024 © Fraunhofer ISI
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Industrial transformation requires high quantities of CO2-neutral energy

Results: Total industrial energy demand

Energy demand in 2050 is dominated by electricity and
hydrogen (with some role for ambient heat, biomass,
district heating, solar and geothermal)

Electricity increases from ~1000 TWh in 2020 to ~1855
TWh (Elec+) and ~1520 TWh (H2+)

Hydrogen increases to 1785 TWh (H2+) and 1340 TWh
(Elec+)

The scenario Elec+_VC shows substantial imports of
green interim products reducing direct H2 demand to
~416 TWh

(imports: 14 Mt ammonia, 20 Mt green ethylene and 32
Mt iron sponge)

Page 18 03.06.2024 © Fraunhofer ISI

Final energy demand [TWh]
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Elec+_VC

2020

2030

¥ Hydrogen
Naphtha
EE-Methane

B Other RES

B Ambient heat
Solar energy
District heating
Biomass

| W Waste non-RES

B Other fossil
¥ Natural gas

| M Coal

Fuel oil
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Hydrogen demand is dominated by chemical industry in all scenarios
Results: Hydrogen

Hydrogen - demand by sub sector

Elec+ H2+ Elec+_VC

Hydrogen plays an important role in feedstock supply and for process 1750
heating in all scenarios ranging from ~450 to 1750 TWh in 2050

1500

Largest demand sector is the chemical industry with up to ~1100 TWh for
feedstock use for high value chemicals (e.g. ethylene). However demand for
hydrogen as a feedstock is prone to uncertainty

1250 i

1000

750

Final energy demand [TWh]

Changing value chains with import of H2 derivatives (ammonia, naphtha,
iron sponge) can reduce H2 demand substantially (~95 TWh)

500

Hydrogen demand as a reducing agent and energy carrier for steelmaking
(~150TWh)

250

msm ‘
5 H- |

2025

2030

2040

2050

2040

2025

2030 F
2040_
2050

H2 demand as energy carrier for process heating adds about ~170 to 650
TWh depending on take-up of direct electrification

Year

B Paper and printing i Non-ferrous metals I Engineering and other metal
© Other non-classified B [ron and steel ¥ Chemical industry
B Non-metallic mineral products B Food, drink and tobacco

—
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Conclusions for industry sector
Conclusions

1.GHG reduction of at least 95% is possible in the industry sector by 2050: a fully net-zero industry might require compensation for
remaining smaller sources of process emissions from diverse processes.

2.Energy and material efficiency and circular economy are important strategies to reduce the need for carbon-free secondary energy
carriers. A moderate reduction in FED is possible, but energy efficiency potentials are limited energy efficiency alone is not a sufficient
strategy

3.Green electricity, hydrogen and/or clean gas are needed in large quantities to enable low-carbon production

4.Direct use of electricity becomes most important energy carrier; electrification of process heating overcompensates efficiency gains
in other end-uses

5.Hydrogen and/or derivatives are required for low-carbon production in chemicals and steel, If parts of the chemical value chain are
offshored and products like green methanol, ammonia or ethylene are largely imported, the demand for domestic hydrogen from
Europe's industries could be drastically lower

\
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Energy Supply: Metis results

03.06.2024 © Fraunhofer ISI
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Wind and solar energy Cost-potential curve, EU 27 + UK

From METIS 3 data collection

Dedicated METIS assessment of RES potentials shows: 25000

Europe has a significant amount of renewable energy. with
technical potential of 10,000 TWh below 50€ / 20000

MWh, primarily onshore wind and utility-scale PV g
The assessment has: g 15000
= High regional resolution (hectare-level) %
Q
= Technology assumptions for 2050 (costs, land-use restrictions,..) s 10000
* Three weather years (2010, '12, '15) E
o
0
-> See data report 5000
0
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Renewable sources will contribute about 90 % of overall electricity production, thereof 82%

are wind and solar

= Hydrogen is emerging as a key energy carrier it could potentially make up
28-32% of final energy demand.
Outsourcing of feedstocks like green ethylene/HVCs and green
ammonia as well as iron sponge reduces domestic EU demand for
hydrogen by ~1000 TWh

= Differences between Elec+ and H2+

Electricity generation is 400 TWh higher in the H2+ scenario, due to
lower efficiency in the hydrogen energy chain

The increase is mainly supplied by wind onshore (+200 TWh)

In Elec+ VC the generation from onshore and offshore wind decreases

by 60%.

Page 23 03.06.2024 © Fraunhofer ISI
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UtiIity—scaIe PV is the most widely Wind and PV capacities and potentials (NO capped) [GW]

. . H2+

installed technology with about 44% of =

. . Utility-scale PV A ) f 15.0} I
installed capacity W Rooftop PV ! 70] | g Ll

W Onshore w!nd | & b Hj i 231 L
Supplying all European energy demand domestically is M Offshore wind fixed = " 5l 5 T T
possible in an optimal scenario )N\ Wy o — Wi
It requires ambitious RES deployment: i
>
= All countries use full utility-scale PV potential, except Nordics e
= Onshore and offshore wind is strongly deployed in all North-Western
countries with good wind potential
= Rooftop PV is only used in southern Europe with the highest solar
radiation
** Hatched bars show each country’s potential for the respective RES technologies ‘/1\’}
270
46 1m =
© mapbox . ©‘t:Aapbox.©OpenS(reetMap, ©‘éurostat
|
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B Electricity [TWh] 500

i i ; i 14 0 f
Hydrogen production is allocated close to 8 ke | } I\ _—
W Electrolysis [GW] /; gt

large RES potentials

The entire European hydrogen demand is produced domestically, requiring
significant amounts of renewable electricity, a total of 810 GW and 915 GW
of electrolysis capacity installed in the Elec+ and H2+ scenarios

From a cost-optimization perspective, long-distance transport of hydrogen tc
central demand centers is more efficient than local production

* Countries with large chemical and steel industry import most of their hydrogen
demand, see Germany, Netherlands and Belgium

* Hydrogen production is allocated in countries with high RES potentials and exporte«
see France, Spain, UK, Norway, Denmark, Finland, Baltics

e Electricity transport infrastructure is deployed to its maximum defined constraint af
most interconnectors

\ (7
) v
‘/

\/\

% ) )
Q@mapbox  © Mapbox © OpenStreetMap, ©Eurostat o~ — I

\
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A pan-European hydrogen network supplies a low-carbon industry in central Europe

The pan-European hydrogen network connects demand centers in

central Europe with large, low-cost potentials for renewable generation

Important transport corridors are: Baltics, Scandinavia, UK,
Iberian/France

Also the scenario Elec+ shows a high demand for pan-European
hydrogen transport

The additional H2 demand in the scenario H2+ is mainly supplied via
Baltics

In H2+ Limited potentials the higher cost for domestic hydrogen
production make non-EU imports cost-competitive

First imports can be seen: 166 TWh of hydrogen are imported from

Morocco

Page 26 03.06.2024 © Fraunhofer ISI
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Conclusions

* Massive increase in demand for electricity and hydrogen shapes the system

* Results show a system based on cost optimisation, form a technical perspective Renewable energy sources have the potential to
meet all of Europe's energy demand at competitive costs

* Solar and Wind potentials are deployed massively and allow fully domestic production of hydrogen and electricity

* Domestic hydrogen production is available at lower cost than assumed H2 import prices; only when RES deployment is sub-
optimal/constrained, imports of hydrogen become cost-competitive

* The European hydrogen system supplies industrial clusters in central Europe by connecting to large-scale RES potentials in other EU
countries

* A pan-European hydrogen network is feasible the results show a robust hydrogen corridors are connecting Nordics, Baltics, UK
and Iberian Peninsula and France with Germany, Benelux, Austria and Italy

* The hydrogen system provides seasonal storage and short-term flexibility and facilitate integration of volatile renewables -
Electrolysers are operated flexibly and combined with large-scale storage

—
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Q&A Session

2050 insights on the industry transition
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Study context

A Following the Russian invasion into Ukraine in February 2022, the REPowerEU Plan aims to phase-out natural gas
imports from Russia by 2027

A REPowerEU foresees an accelerated uptake of hydrogen compared to Fit-for-55 target for 2030
| Increased hydrogen demand: 16 Mt + 4 Mt hydrogen derivatives
| Hydrogen imports: 6 Mt and additional 4 Mt as hydrogen derivatives
| Accelerated RES development: 45% RES share compared to 40% under Fit-for-55

H2 use by sector in 2030 (Mt H2)

A The study aims at: 200
| Assessing hydrogen storage and transport infrastructure needs in the - Am:onia/derivativesimports
. . M Blending
beglnnlng Of the 20305 m Power generation
| Considering the cost-optimal allocation of electrolysers and RES capacities 12.0 m Synthetic fuels

® Blast furnaces

| Adopting the REPowerEU scenario as main framework of the modelling
assumptions

45 M Petrochemicals (Ammonia)
® Transport
® Industrial Heat
® Refineries

| Based on a capacity optimization approach using the METIS model 4.0

M Bunker fuels

0.0 -
REPowerEU Fit for 55

Source: REPowerEU communication

A Artelys
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Overview of the methodology

4 The analysis is based on the METIS model:

Input parameters } Computation } Key results

= Electricity generation: installed capacities for RES, = |nvestments

nuclear, hydropower, existing infrastructure, etc.
Similar inputs for gas infrastructure and supply.

= Catalogue of investment options

= Hydrogen infrastructure
= Electrolysis
= Hydrogen pipelines (including repurposing) Objective

= Hydrogen storage . :
= Additional RES capacity (up to 2035 scenario Optl mise investments and

capacities) operations (cost-
=  Gas-to-power peak capacity minimization approach)
= Electricity interconnectors Leling e oty dne = Operational management of the power,
resolltftlon in o(;der todmeet gas and hydrogen systems (hourly
CLHENSI CISnnElnors dispatch, flows, etc.)

= Battery storage

=  Technical and economic characteristics

= Demand projections

= (O, price and commodity prices
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Modelling framework

4 Modelling scope:
| Hourly supply and demand modelled for hydrogen, electricity and gas

| EU 27 + neighbouring countries

A Hydrogen demand:
| 16 Mt for EU 27 following REPowerEU scenario

| 4 Mt additional hydrogen derivatives imports are not modelled (derivatives are consumed as such and not converted back to gaseous hydrogen)

4 Hydrogen imports:
| 6 Mt hydrogen imports
| Imports available from Norway, North Africa, Ukraine, and via shipping to the Netherlands

| Optimization of the geographic allocation of imports, not the volume of imports

L. The overall level of hydrogen imports is fixed to that of the REPowerEU scenario

A Part of RES capacities can be reallocated compared to the REPowerEU 2030 scenario
| Co-optimisation of the geographic allocation of electrolysers and part of RES capacities

| Maximum capacities based on REPowerEU 2035

A Artelys
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Key result 1

A pan-European hydrogen network allows to produce hydrogen in the most favourable sites and
to distribute hydrogen imports to where they are most needed

A4 Central Europe is the main importing zone

hydrogen imports/ maximum available volume
| Driven by high hydrogen demands in Germany, Poland, the Netherlands and Belgium

ﬁ' 40
4 Most of hydrogen production is located in the Iberian peninsula and France 43/ 45TWh 30 g
| Driving significant hydrogen flows towards Germany, the Netherlands and Belgium g _20:§
—40 8
4 Extra-EU hydrogen imports are most needed in Central Europe ! : _602
51/ 113 TWh
-80
The aggregated capacity of the hydrogen network reaches 83 GW "
| Almost 50% of pipelines capacities result from repurposing of existing pipelines 60
50 £
140 &
120 30 2
_ 100 202
T 80
S 60 10
~
40
20 ‘ ‘ | ‘ Pipeline capacity
_I [ I ] 1 III- I-_ -II_I <2GW
k20088 LlTEFER=EE22352a82655
— -6 GW
Hydrogen production [TWh] B Hydrogen demand [TWh] — G
. 34/ 163 TWh
Hydrogen production and demand per member state
Hydrogen flows through Europe
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Key result 2

Hydrogen system flexibility allows to benefit from low carbon electricity potentials and
accommodate RES variability

A EU 27 electrolysis capacity reaches 85 GW H2 LHV / 127 GW electricity

A Electrolysers showcase relatively low load factors, reflecting a flexible
operation
| Average electrolyser load factor is approximately 47%

| Load factors are higher in countries which rely mostly on nuclear and hydro capacities

Electrolysers load factor across EU member states

Electrolysis load factor
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Key result 2

Hydrogen system flexibility allows to benefit from low carbon electricity potentials and
accommodate RES variability

A From a total system cost perspective, it is cost-efficient to oversize electrolysers and to operate them when low-
carbon and cheap electricity is available

A Flexibility of the hydrogen system allows to integrate renewable energy sources:
| The share of RES in the electricity mix consumed by electrolysers is higher than that of the average mix available from the grid
| Hydrogen is mostly produced in countries showcasing low electricity carbon contents

100 % - —_ == 99 ] ==
I95.90.97 ” 93 -93 TR By
80 % 78 M Wind onshore fleet
M Wind offshore fleet
Solar fleet
60 % M Biomass fleet
W Hydro fleet
W Hydro RoR fleet
40 % M Pumped storage fleet
Nuclear fleet
0 B Net imports
20 % B OCGT fleet
M CCGT fleet
o M Lignite fleet
0 % Grid M Coal fleet

Electrolysis Grid Electrolysis Grid Electrolysis Grid Electrolysis Grid Electrolysis Grid Electrolysis Grid Electrolysis
consumed consumed consumed consumed consumed consumed consumed

DE ES FR IT NL SE FI

Average electricity mix available from the grid and consumed by electrolysers in selected countries

A The ability to operate electrolysers in a flexible way also depends on hydrogen storage potentials

A Artelys
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Key result 3

Both long term and short term hydrogen storage are needed to enable flexible operation of the
hydrogen system

A Both underground (salt caverns) and above ground hydrogen storage are Uindie e [EaeEa S

considered in investment options 8 12
| Above ground storage showcases higher investment costs but higher cycling capacities (assumption of Z !
8h discharge time at full capacity vs 1000 h discharge time for salt caverns) s 0,8
| Salt caverns are not available in all countries, depending on geological potential constraints E : 0.6 %
| Other types of underground hydrogen storage not considered due to lower TRL 2 z:z
: :

41 Total storage capacity:
| 24 TWh H2 LHV salt caverns / 24 GW
| 95 GWh H2 LHV above ground / 12 GW

BA DE DK ES FR GB GR NL PL PT RO

Above ground hydrogen storage
A Salt caverns are installed mainly in countries showcasing either high hydrogen 70 g

. 60
generation or demand

50 6
A Above ground hydrogen storage is installed: g .
| In countries with significant hydrogen generation and no salt caverns potential (e.g., SE, Fl, BG, IE) © 30 Lo
| In complement of salt caverns, mostly in Spain A )
10
0 0
ES FI GR IE PT SE

Storage capacity [left axis, TWh and GWh] and Injection capacity [right axis,
GW] of hydrogen storage infrastructure
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Key result 3

Both long term and short term hydrogen storage are needed to enable flexible operation of the
hydrogen system

—— Non-flexible demand
| 0=5 of load
mmms Met imporis (Trans mission
— i ped Stofage Teet
. LiEhium fon Dattery Meet
— ] fleat
Coal fleed
| w—OCOT fest
| s CCGT fest
|| m— Hiomass fleet
— Hydio oot
Solar fect
= \find onshore fizet
e find offshare fleed

4 Storage in salt caverns displays seasonal patterns:

| Storage levels tend to increase during summer and are impacted by periods of high wind power
generation

Cumulative generation

| Salt caverns perform around 3 cycles per year (ratio of yearly output to storage capacity)

A Above-ground storage showcases rather short-term storage dynamics: wma o ans o ame  wnnooane e
| Short-term operation thanks to high cycling capacities o
| Assets perform around 100-300 full cycles per year depending on countries 50
| In correlation to solar PV production patterns "
z 530 Avzilable storage capacity
E‘ ‘r;a Storags leusl
L'% 20

-
=

Jun2 Jun s Jun B Jun 11 Jun 14
2030

Example of above ground hydrogen storage and power generation dynamics in Spain
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Conclusions

A pan-European hydrogen network is cost-efficient:

| It allows to produce hydrogen in the most favourable Member States,

| And redistribute it to main consumers.

From a total system cost perspective, a flexible operational
management of the hydrogen system is cost-efficient

| The costs of operating hydrogen infrastructure with limited load factors are
outweighed by the associated benefits, as the hydrogen system provides flexibility
to the power system.

A flexible operation of electrolysers facilitates the integration of
VRES capacities. It allows to preferably produce hydrogen during
hours of low electricity prices and carbon intensity.

Significant capacities of hydrogen storage are required to enable
the flexible operation of the hydrogen system.
| Underground and above-ground storage complement one another, the first storing

high volumes of energy with seasonal dynamics, and the latter providing short-term
flexibility thanks to high cycling capacities.

|
[=3]
o

40 <
=2
20 £ 60 =
0 5 40?,
-20 g 3
—-40 > 20 o
'E‘ =
3
o
)

|
o
o

Pipeline capacity

<2GW
— )_6 GW

N .G\

METIS3 S8 - Key results

Hydrogen storage Storage capacity Injection capacity
Underground - EU27 24 TWh 24 GW
Above ground - EU27 95 GWh 12 GW
Electrolysis Installed capacity Average load factor
EU27 85,3 GW 47,5%
Hydrogen pipelines Total capacity % of repurposed
Europe 82 GW 48%
Hydrogen production Production Imports
EU 27 355 TWh 233 TWh

Main quantitative results [Reference scenario, EU27]
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ACER

European Union Agency for the Cooperation
of Energy Regulators

The external view

Stefano Astorri— ACER

Policy Officer — Infrastructure Team
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Q&A Session

Assessing 2030 hydrogen infrastructure
needs under REPowerEU ambitions
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Time for a break!
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Agenda

A Artelys

Time Duration Topic Speaker
Welcome and introduction
14.00 - 14.15 15’ Opening remarks DG ENER
14.15-14.30 15’ Objectives of the METIS project Artelys
Insights from the METIS studies
14.30 - 15.10 40’ 2050 insights on the industry transition Fraunhofer & Dante Powell (ENTSOG)
15.10 - 15.55 45’ Assessing 2030 hydrogen infrastructure needs under REPowerEU Artelys & Stefano Astorri (ACER)
ambitions
15.55 - 16.05 10’ Coffee Break
16.05 - 16.35 30 Impact assessment of 2040 climate targets Artelys & Francesco Ferioli (DG ENER)
16.35-17.20 45’ Outlook on short-term EU gas and power adequacy Tractebel & Andreas Zucker (DG ENER)
Live demo & Concluding remarks
17.20 - 17.50 30 Live demo of METIS Artelys
17.50 - 18.00 10’ Concluding remarks DG ENER
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Impact assessment of 2040 climate targets

A Core goal of latest impact assessment was to identify interim 2040 climate target.

2030 2040 2050
|

| | N
| | | -

-55% GHG vs 1990 ? Climate neutrality

A Robust energy transition pathways were identified via multi-model analysis.

consortium led by Artelys

EU-TIMES POLES-Enerdata | | PRIMES

A Artelys

Pp— FASMA I@=

Impact
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Soft-linking AMADEUS and METIS models

-

1\
AMADEUS (Engie Impact)

Model provides demand projections:
e for each year

e atcountry level

* by energy carrier

* by sector, sub-sector, end-use

Model is bottom-up, accounting for:
e  Macro-economic conditions
e Substitution trends

e Efficiency gains

-
m
Final demand for energy carriers

Emissions Model optimizes capacity and dispatch:
* for energy carriers & commodities

e atcountry level

e on hourly basis

* by technology

Model accounts for various constraints:

* netimports limit

Prices for energy carriers * transmission

Emissions factors of energy carriers e renewable deployment

* emissions quotas

\
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Pathway optimization modelling

Pathway Optimization Problem

B T =) T e I - I
[

Same Capamtles

mlﬂmm

Hourly dispatch
optimization

A Optimization problem is formulated as follows:
| Investment and decommissioning decisions can be taken in each stage.
| In each stage, short-term decisions are optimized (e.g., hourly dispatch for full year).
| All stages are coupled (e.g., via capacity deployment or emissions constraints).
| Pathway optimization problem is solved for all stages at once.

TRACTEBEL
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Application to 2040 climate target analysis

4 |n this case:

| Multi-commodity model (electricity, methane, hydrogen, CO,, biomass, ...).

| Full European energy system along with major neighboring countries (e.g., UK, Norway).
|

|

Capacity expansion planning between 2025 and 2050, in 5-year steps (represented via single year)
Investment decisions taken based on hourly operational decisions in each step.

4 Artelys ‘ OOOOOOOOOOOOOOOOOOOOO % Fraunhofer TRACTEBEl'/-\
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FEC decreases massively, driven by electrification of end-uses

Final energy consumption over 2019 — 2050 (Mtoe)

1000 @
S 900
s © AMADEUS - METIS
800 o
700 O o OEUTMES
600
5 8 oroLEs
500
400 ©POTENCIA
300 @ PRIMES
200
100 @ Historic
0
2019 2030 2040 2050

Source: 2040 climate target impact assessment, Annex 8, Figure 35
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Power generation grows strongly, partly driven by e-fuels use

Electricity generation over 2019 — 2050 (TWh)

8000
=
= 7000 8  ©AMADEUS - METIS
6000
0 o OFUTIMES
5000 E
OPOLES
4000 .
©POTENCIA
3000 @
2000 @ PRIMES
1000 @ Historic
0
2019 2030 2040 2050

Source: 2040 climate target impact assessment, Annex 8, Figure 26
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European

Commission
The external view
Francesco Ferioli— DG ENER
Policy Officer — Chief Economist Unit
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Q&A Session

Impact assessment of 2040 climate targets
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Study context

A In 2022, Europe faced extreme price volatility caused

mainly by the collapse of Russian gas imports -
combined with the lower nuclear availability in France %
and water levels in Europe. ey
o0 | I n
A These events are expected to have a lasting impact, ] = =
hence there is a need to understand how the energy -y = =
system can adapt in the short to medium term. o = =
A This study is the demonstration of METIS tool to ol N §
evaluate several potential short-term evolutions of the CleTelelelolalolulalealalolelale

European power and gas sectors and assess the impact
of different policies.

mRussia mNorway mAlgeria mlibya mLNG mUK balance mTAP

Evolution of the gas imports for the EU27 (European Commission (DG Energy), 2022)

\
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Key result 1

A simultaneous occurrence of various risk factors would call for sourcing additional gas supply to
meet the demand in winter 2024

3800

4 Around 60 TWh (6 bcm) of additional gas supply* would havetobe " _ _ _ _ _ _______ _
secured for the winter 2024 in case of combination of multiple 2600
factors in play (“stress scenario”):

|  Colder weather than expected
| Non-compliance with gas reduction measures - 3400

| Additional gas demands (e.g. support to
Ukraine and Moldova)

3300

3200

4 Structural gas demand reduction measures
will be key to avoid gas shortages and/or price

Supply Base case No savings case Cold case Stress case

spikes in the short term. -
-
Je00 Gas for powerr §
4 A colder year would increase the gasdemandand . r—
the import needs, with limited impact on the e g
electricity generation mix. o0 o =

#NO

Demand

EU gas supply-demand balance in 2024

* Available gas supply based on IEA, How to avoid Gas Shortages in the European Union in 2023

\
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https://www.iea.org/reports/how-to-avoid-gas-shortages-in-the-european-union-in-2023/baseline-european-union-gas-demand-and-supply-in-2023

Key result 2

Around 24 bcm additional gas would be required to meet the demand if further renewables
capacity expansion is restricted in 2024 under the stress case

4 The gas shortage could reach around 240 TWh (24 bcm) if
further expansion of renewables is restricted, under the
stress case.

4 Renewable capacity installed in 2024 significantly limit the
need for thermal generation. They allow to reduce of 18 bcm
(20%) the gas consumption for power generation compared
to a case where they are not installed.

4500

4000

120

3500 m Gas for UA & MD

3000 Gas for power

B Final gas consumption =
= 2500 . . g

£ W EU27 biogas production = 70
= 2000 mEU27 NG production g
1500 #LNG ©
“TAP %

1000

% North Africa g 20

500 % Norway 4000 E
-24 bcm = s A A > e N & N I e (@
0 - 3900 8 CEE T FEEF O EF F S
Supply Stress case Limited RES o 3[&\\\, S \,\90 2 8‘0 ‘;@ Xs) \{\Q, \‘:\ ‘{\‘a (\‘:
expansion 3800 0‘3’ ) d?’b Q (32’6' © (\bo
-6 bcm & & RN
= 3700 S &
'_
3600 80
3500 .. .
G vedi dbal Electricity generation per technology
as supply-aemana balance 3400 Difference between the “Limited RES expansion” and the “Stress case”
Supply Stress case Limited RES
expansion
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Key result 3

Around 11 bem additional gas would be required if the availability of French nuclear remains at
2022 levels while restoring to historical average would lead to surplus of around 1 bcm

100%

90%

4 Alow nuclear availability would increase the gas demand by
50 TWh (5 bcm), leading to shortage of 11 bcm under the
stress scenario.

80%

70% ¢

60%

50%

Availability (%)

s Ml A4 Onthe other hand, restoring to higher nuclear availability
o would reduce the gas consumption of 70 TWh (7 bcm),
w0x leading to surplus of around 1 bcm.
0%
2015-2019 2020 2021 2022 2023 eeee Projection 2024 B 120
High FR nuclear availability (average 2015 -2019)
100
0% [ 80
80% » 4 8 Gas
B 70% -'\L 194 ”r‘\ WV\ MW‘VM/ W"[\‘ 7 4 shortage = eo
§ 60% ¥ \ ¥ 3
5 so% T
30% 20
10% = 0
0% Gas Low nuclear Stress case ngnﬁar
TARAYRSRNEAEHNASAERERE IS AEREREHAHEEE surplus -0
Low FR nuclear availability (based on 2022 profile) Gas supply-demand balances

\

A Artelys | owmosowos 22 Fraunhofer TRACTEBEL'N/—G% METIS 3 — Final Dissemination Event 3-Jun-24 61




Key result 4

Minimum availability of LNG supply for EU in the international market can lead to gas inadequacy
under most scenarios

A There is an uncertainty of about 400 TWh™ on the LNG supply available for the EU due to various factors including the
likelihood of commissioning of new liquefaction capacities, the growth of Asian gas demand, the maintenance shutdowns of
terminals and labour strikes at liquefaction terminals.

A If the LNG supply is minimal (170 TWh less), the gas supply is insufficient in almost all the scenarios. Only the scenario with
mild weather and gas savings measures can close the gas supply-demand gap.

A If the LNG supply is maximal (230 TWh more), the gas supply is sufficient for all the scenarios.

S
E 500
o
S 400
S 300
3 200
G}
= 100 I l W Base supply
= 0 Ll = . —
[ M Low LNG supply
2 g B i i
g m High LNG supply
= -200
2
= -300
%]
1%] -
3 400
O -500

Base case No savings Cold case Stresscase  Limited RES Low nuclear High nuclear

case 1 expansion 1

Gas supply-demand balance for the EU in 2024 * Source: IEA (2022)

Sensitivities on the « Stress case »
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Conclusion

A No major adequacy issue is expected in 2024, however extreme cases due to the
simultaneous occurrence of various risk factors would call for sourcing additional supply.

A Risk on the availability of LNG supply for EU in the international market necessitates the
need to have continued support for renewable capacity expansion, ensuring compliance
of gas demand reduction measures, and maintaining sufficient nuclear availability level
remain key to maintain adequate gas demand and supply balance.
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European

Commission
The external view
Andreas Zucker — DG ENER
Policy Officer — Chief Economist Unit
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Q&A Session

Impact assessment of 2040 climate targets
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Live demo of the tool

e Basic workflow in 3 steps

Parametrization and

mapping of the energy —
system aggregated results

Analyse temporal and

AArtelys | Arin TLEX) A Artelys a""‘ " AArtelys | wimn
- [ S S — X e -
E . T - 3 = (D comtetngron @ et (J
@ © Now_Hydro_N2 (Hydro RoR flect) ‘ e / 4 + i
[R——. //' i o wfl B 1 cwme .+ s TR e wd e @ B B Q0 e - SimustionDemo-2013-eleeticty T g
p— s s 5 O ® Y - =
pos 8~ 0
7 | :
~ < 3 — =
Poi % =]
Pined Opar: ~ .
- '/’/ 8 g ’
/ c B
o vie|x|e
e S PSR S—— ———
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Live demo of the tool — Study Opening

Bty o azes Aty e et Adolys | e
ey e e = = c

anen suso Bt e
——— Ay | e

“ 4 Artelys Crystal
Name Available contexts Tags Author Actions
> .- EnergyStudy 2 0 - ACE o
AV4 - Gas_power_current_context » 3 - sdunglas inj
Base_Case_2023 2 in} SIMULATION 16/04/2024 Optimization results may not be up to date 15/04/2024
Base_Case 2024 o o SIMULATION 16/04/2024 Optimization results may not be up to date 15/04/2024
Stress_Case_2024 ¢ o SIMULATION 16/04/2024 Optimization results may not be up to date 16/04/2024
> ->e Pathway_tutorial o 6 - ggruet o
> - Power_hydrogen_local 2 2 - sdunglas o
: [ : Power_hydrog tional ) .
From the Home view, it is possible FEyeregEnnatenal 2 ’ sdunglas o
to open a study and the different
simulations it contains Gas_power_current_context
= TRACTEBEL . . P
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Live demo of the tool — Maps & Parameters

ets | o

o % 0 &2 O
& & Parameter tables & Operations @ Map st Indicators §4f Advanced options
Q
]
"

The Map view enables to access
both the structure of the energy
system and the parameters of the

different assets by clicking on
them

It is possible to modify

the parameters of any
asset from this view

@Artels | © Mapbox © OpenStreetiap Improve this'map
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Live demo of the tool — Maps & Parameters

dpy e cesas Al | ag Cewan M) e g T Bt e

-
S
A Artelys | myreysgsel onmeo
fa) & Parameter tables & Operations € Map i Indicators  $}§ Advanced options
= M XH s 4 Base_Case 2024
& a S o
~| @ Wind onshore fleet_DE (Wind onshore fleet) ® v &
o] 3 ® o)
Parameters
Production & DE, electricity MW
CAPEX 230,000 €/MW/Year
4
Eieil Oberalizg osie 45000 . The Map view enables to access
both the structure of the energy
Pmax 58,448 MW S system and the parameters of the
different assets by clicking on
Availability L Wind onshore % them

fleet_DE__availability

It is possible to modify coat 05 €MWh
the parameters of any
asset from this view

Network and assets view - Europe
The Network Assets
to produce (cost) 95 €/MW.h
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Live demo of the tool — Maps & Parameters

Attys | b
= e e

A Artelys | 7 myrelys e
&

Parameters &

General

Consistency checks
Demand

Electricity production
Gas production

Heat production
Hydrogen production
Storage

Transmission

Import and export

pply contract

It is possible to modify

the parameters of any
asset from this view

anen suso
e swen Bt e ense
Al | S = e = B < 3 Ay | e

o % 0 & O

& Parameter tables [Base_Case 2024] & Operations @ Map ol Indicators 4§ Advanced options

o unsiuie | O oo UL Gu, mECu Iy G SYILNESUD | UL, Sy IILNES L | UL TSGR | UL NS | £ d U VYV TSE U Y
[J  Wind onshere .. HR 16.67668 45.82049 HR. electricity HR. syncResUp HR, syncResDo...  HR mfrrResUp HR. mfrrResDo... | 230,000€/MW/Ye: 45,000€/MW/
[ Wind onshore ... CZ 15.91976 50.17015 CZ, electricity CZ, syncResUp CZ, syncResDo... CZ, mfrrResUp CZ, mfrrResDo... | 230,000€/MW/Ye: 45,000€/MW/
D Wind onshore ... CY 33.13773 35.24903 CY. electricity CY, syncResUp CY, syncResDo... | CY, mfrrResUp CY, mfrrResDo... | 230,000€/MW/Ye: 45,000€/MW/
[:] Wind onshore ... PL 19.73603 53.23377 PL, electricity PL, syncResUp PL, syncResDo... | PL mfrrResUp PL, mfrrResDo... | 230,000€/MW/Ye: 45,000€/MW/
[:] Wind onshore ... SK 19.91377 49.03966 SK, electricity SK, syncResUp SK, syncResDo... | SK, mfrrResUp SK, mfrrResDo... | 230,000€/MW/Ye: 45,000€/MW/
C] Wind onshore ... Fl 26.85383 66.41263 Fl, electricity Fl, syncResUp Fl, syncResDown | Fl, mfrrResUp FI, mfrrResDown | 230,000€/MW/Ye: 45,000€/MW/
<< Previous Page 1 of 3 10rows W Next
Asset temporal data ;
The Map view enables to access
wind onshore fleet Wind onshore fleet_DE
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Live demo of the tool — Launch optimization
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Live demo of the tool — Results Analysis
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Live demo of the tool — Results Analysis
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Live demo of the tool — Results Analysis
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Live demo of the tool — Sensitivity Analysis
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Live demo of the tool — Sensitivity Analysis
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Live demo of the tool — Sensitivity Analysis
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Concluding remarks

4 Since its inception, METIS has been trusted to provide valuable insights in
key policy-making processes (CEP, Revision of REDII, H2 and Decarbonised

Gases package, 2040 GHG Target). This is quite an achievement! / \
All studies using METIS are
A The METIS modelling tool is available to DG ENER and JRC modelling available online!
teams! Recent JRC studies conducted with METIS include: [Link]

| “The impact of decarbonising the iron and steel industry on European power and hydrogen
systems”, 2024.

| “Climate variability on Fit for 55 European power systems”, 2023.
| “The Merit Order and Price-Setting Dynamics in European Electricity Markets”, 2023.

A The fourth METIS project has already started and will last until 2027! The
main objectives of METIS 4 include:

| Improved representation of electricity markets:

L. Sequence of short-term electricity markets

L~ Price formation dynamics
B \ %

Integration of electricity grid constraints

| Improved representation of global H2 trade
| Improved representation of demand-side flexibility
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https://www.artelys.com/crystal/super-grid/#METIS

Thank you for your -
attention! Pk

Check-out the METIS website!
Contacts: [Link]

metis.contact@artelys.com

ener-metis@ec.europa.eu
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