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The Penta 2050 vision project in a nutshell

A Objectives of the project
| Develop a common understanding and vision on a decarbonized Penta electricity system
| Identify “likely developments and remaining uncertainties” in transition pathways

A Approach
| Review and comparison of scenarios and literature = Observations
| Translation of observations into = Convictions
| Convictions build the basis for the = 2050 vision building

: SISl an.d Observations Convictions Vision building
literature review

A The actual vision building will take place in 2023
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Shortlisted publications

4 Literature review relies on national scenario reports, technical reports and international studies

.~ | e/

* BNT(2019): Langfriststrategie 2050 * Elia (2021): Roadmap to net zero * SFOE (2020): Energy perspectives
e BMK (2021): Erneuerbares Gas in Osterreich 2040 * DGE (2021): Scenarios for a climate 2050+
Federal Ministry Republic of Austria (2019): Integrated National neutral Belgium by 2050 * PSI(2020): Long-term energy
Energy and Climate Plan for Austria (not a net-zero scenario) transformation pathways
>k R
*  BMWi (2021): Langfristszenarien fiir die Transformation des * RTE (2021): Energy Pathways to 2050
Energiesystems in Deutschland «  ADEME (2022): Transition(s) 2050

* Agora Energiewende (2021): Klimaneutrales Deutschland 2045
* Agora Energiewende (2022): Climate-neutral power system 2035

* CREOS (2020): Scenario Report 2040 * Netbeheer NL (2021): The Energy System of the Future
e LIST (2021): Luxembourg in transition

A Short-listed scenarios feature a high level of regional cooperation and meet net-zero objectives in 2050
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Overview of convictions

Category Conviction Penta lever Urgency

CO2 CO2 Power sector decarbonisation by 2035 @ @ R K| X

RES Supply Renewables are the main pillar of decarbonisation @@ XXX

EE “Energy efficiency first” releases pressure from the power system @ ®IK XK

Elec _r% Direct electrification comes with immediate benefits Q@ ®IK XK
H2use § Decarbonised molecules will play a limited but crucial role @ x| XK

H2infra Hydrogen economy needs to be established now @@ XXX
Grids & % Power grid capacities need to increase substantially @ x| XK

= O

Planning = g A coordinated approach to energy system planning el XXX
Flex o Flexibility - a key element of the energy transition Q@@ X|X

DSF % Additional power demand can and must be flexible @ R IR K

Storage ? Energy storage facilitates RES integration @ @ =

Market Market The transition requires a future-proof market design @@ K R
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Planning

Flex
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Storage

Market

Power sector decarbonisation by 2035

@ | @) EIE X

Conviction

4 Decarbonisation of the power sector required as early as
possible, ideally by 2035

4 The role of the power sector will increase as it enables the 500
decarbonisation of other sectors 400

300

200

CO2 intensity of power production (gCO2eq/kWh)

g

Uncertainties 100

4 CCS not foreseen for power generation, yet might be o &
required in the long-run, in particular for negative emissions 2015
(BECCS)

2020 2025 2030 2035 2040 2045 2050

Source: own analysis
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Renewables are the main pillar of decarbonisation

o2 @ | @ £ XX
RES e e
Conviction
e 4 Significant domestic power production from wind and solar
PV will play a vital role = requires accelerated installation
.. . . Share of wind and solar in total power production
Elec 4 Important amounts of renewable electricity will be imported 100% “BE
= requires additional cross-border capacities 20%
H2use ’ NL
60% —_ FR
H2econ
40% Y
; . . CH
Grids Uncertainties 20% s
- 4 Long-term role of immature technologies (small modular 0% g
anning . . 3
nuclear reactors, tidal, wave, ultra-deep geothermal , fusion) 2020 2025 2030 2035 2040 2045 2050 |9
Flex A Import ratio between electricity and green molecules
DSF
Storage
Market
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“Energy efficiency first” releases pressure from the power system

Source: RTE (2021), Futures énergétiques

co2 @ 2 XX
RES . L.
inal energy demand, FR, , reference evolution
Conviction Final d d, FR, 2019/2050, ref lut
oe A Order of priority in demand side decarbonisation: energy 900
.. . . g . . +324 TWh -200 TWh
efficiency, direct electrification, green/decarbonised - -----
Elec molecules 800
4 Energy efficiency allows to cap the expected increase in 700 - _ |
H2use power demand = reduced investment needs and import -
heating cooling
dependency 600
H2econ +47 TWh
500
Grids
U tainti 400
ncertainties
4 Magnitude of accelerating building renovation O A R
2019 Volume Electri- Energy Climate
Flex A Feas|b|||ty and effectiveness of circular economy, consumption  effect fication efficiency change  consumption
. effect effect effect
behavioural changes (rebound)
DSF B Residential® Tertiary B Industry ETransport, energy, agricultureMHydrogen
Storage
Market
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COo2

RES

EE

Elec

H2use

H2econ

Direct electrification comes with immediate benefits

Grids

Planning

Flex

DSF

Storage

Market

@ | @ X X X
Conviction

4 We face a significant increase in electricity demand.

4 The direct use of electricity is the preferred solution over
green molecules if technically feasible and cost-competitive.

A Direct electrification needs to be put in place already now
where undisputed = immediate net emission reductions
Uncertainties

4 Feasibility of direct electrification vs hydrogen (derivatives)
vs sustainable biomass/biogas: short/medium-haul aviation,
heavy road transport, high temperature industrial heat

A Role of hybrid heat pumps, lowering power system stress

but requiring gas infrastructure

Well-to-wheel efficiency by drive-train (%)
i o o pe

Power to liquid

fuel cell vehicle conventional vehicle

=
Transport, sto
Lz,
Fuel production
efficiency

Inversion AC/DC

Battery charge
’7 er}’ﬁcien:y

Life cycle emissions in gC0,eq/km

Life cycle emissions of passenger cars (gC0O2eq/km)

250

—— CO, emissions

200 in 2030
-37% o

Recycling 1 l

150 savings”
-61% | -62%

Driving 1 -69%

10 W 1 -75% l
- -82%  _g394

50 Vehicle
production
Battery
roduction
o produ
]

") = ip =Z |10 | =

Petrol Worst case BEv  Poland Germany Italy Spain France Sweden  BestcaseBEV  EU-27

Recycling savings apply to the production phase

Source: T&E (2022), Lifecycle analysis

Source: T&E (2022), Lifecycle analysis
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Decarbonised molecules will play a limited but crucial role

co2 @ X X
RES e e
Conviction
oe A Decarbonised/green molecules (syngas, biomethane) will
play a limited but important role.
. . . . o N Liebreich
Elec A4 Hydrogen use (and its derivatives) should focus first on hard- Clean Hydrogen Ladder: Competing technologies .. . .
to-abate sectors (feedstocks, steel, deep-sea shipping, Unavoidable Key: (SR ocictybateres (Sonassm
H2use aviation).
. AUY -_-Meman« __
A4 Short-term: replace grey by green hydrogen in industry ﬂ\‘ (Stipping”)(Off0ad ves) st (Chemiclfeedstoo] (Long-tem storage
H Zecon [Long-haul aviation* ][Remote trams] [Coastal and river vessels] [Vntage vehicles* ] [Loea| co2 remedlauon]
\ J—v Long di trucks and h High: p industrial heat
Grids . . B Short-haul aviation Local ferries Commercial heating Island grids ~ Clean power imports  UPS
Uncertalntles _“ Light aviation Rural trains Regional trucks =~ Mid/Low-temperature industrial heat Domestic heating
Planning 4 Feasibility Of hydrogen (derivatiVES) vs direct E|ectrificati0n _‘{ Metro trains and buses H2FC cars Urban delivery 2 and 3-wheelers Bulk e-fuels Power system balancing
vs sustainable biomass/biogas: short/medium-haul aviation, Uncompetitive
Flex heavy road transpo rt’ hi gh tempe ratu re industri al he at => * Via ammonia or e-fuel rather than H2 gas or liquid Source: Liebreich Associates (concept credits: Adrian Hiel/Energy Cities & Paul Martin)
long-term role/magnitude of hydrogen?
Ds? 4 Sustainable biomethane vs hydrogen in (peak) power
generation; need for hydrogen as seasonal power storage
Storage
Market

Source: Liebreich (2021), Clean H2 ladder
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Hydrogen economy needs to be established now

o2 9 @ @ || % K
RES Conviction Cross-border H2 flows, optimised scen.
- A The way towards a European hydrogen economy needs to
. . Not flow
be paved now = establish networks, market, regulation pa—————
Elec 4 Penta plays a central role in this process — 1030 TWh
‘ 30-50 TWh
H2use
‘ > 50 TWh
(90)
H2econ County ;%
Uncertainties it &
Net |
Grids A4 Pan-European H2 network depends on RES/electrolyser S W
- . L 5
siting and trade-off between power lines and H2 pipelines s
Planning . C . . =
A Repurposing of gas pipelines, LNG terminals, gas storage N
o
Flex 4 Magnitude, origin and form of hydrogen imports 2
(9]
S
DSF Lo
5
(o)
Storage -
Market
Common vision for a decarbonised electricity 18/12/2022 10
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Power grid capacities need to increase substantially

co2 @ X | X " : :
RES capacities by grid connection, FR (GW) 8
O
RES . . 250 &
Conviction # Transmission Wind 2
. o o . . . . . c
o 4 Sub-national electricity transmission and distribution 200 « T onshore o
=
networks face unprecedented challenges. 150 Tran;r(;'n(;s/gon - Transmission Solar E
+ % L
Elec 4 Grid capacities need to increase substantially = smarter 100 =)
.. . . . . M Distrib. Wi h
and more efficient operation and further grid reinforcement istribugiy strib. Wind onshore {3
H2use 50 +500% w
............. =
0 I Distrib. Solar y
H2econ 2020 2050 3
M23 scenario
Grids
Power demand by grid connection, DE (TWh)
Planning Uncertainties 1000 Total 918 % Industry 0
4 Role of operational optimisation (subject to technological 200 /75/*// Electrolysis §
. . Z
Flex progress) vs grid reinforcement 600 Transport - historical | =
ransmission g
BSE 400 //y- W Transport - new N
200 Distribution Tertiary sector ,,30
+60% <
SHEIEEE 0 Households S
=]
2018 2045 3
Market
Common vision for a decarbonised electricity 18/12/2022 11

A Artelys

OPTIMIZATION SOLUTIONS

system by 2050



A coordinated approach to energy system planning

co2 @@@ 2 XX

RES

Conviction
e A The future energy system and the pathway to get there is to _
be designed in a fully coordinated and integrated manner: Investment and maintenance costs,
Elec 4 Coordination on national plans and strategies EU gas system, up to 2050 (bn€)
4 Network development plans to cover electricity, gas 69
auee and hydrogen, the local, national and regional level Gas reserve ‘ N -46%
LNG terminals 0,7 W
H2econ 3,7
Pipelines 4,7 \
Grids ‘ 0.8
. L. 2,2
— Uncertainties Reverse flows 0,6 0,3
i 4 Pan-European H2 network depends on RES/electrolyser m
lox siting and trade-off between power lines and H2 pipelines Current trends
DSF 4 Magnitude, origin and form of hydrogen imports
Storage
Market

Source: ECF (2016): A Perspective on Infrastructure and

Energy Security In the Transition

Common vision for a decarbonised electricity

OPTIMIZATION SOLUTIONS system by 2050 18/12/2022

A Artelys




Flexibility - a key element of the energy transition

co2 @@@ ¥ X

Source: Trinomics/Artelys (2023), Penta-Flex study

RES e e
Conviction
e A Flexibility needs will significantly increase both on short and
long timescales.
350
Elec 4 Regional cooperation and enhanced cross-border 200 Flexibility needs, Penta countries (TWh)
. interconnection may soften the increase. oo m No cooperation
e A  Flexibility needs will be met by different technologies o ® Full cooperation
H2econ 150
100
Grids
| I |
Uncertainties 0 I I II
Planning . . .
4 Sustainable biomethane vs hydrogen in (peak) power 2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050
Flex generation Daily flexibility Weekly flexibility  Seasonal flexibility
A Need for power-to-gas-to-power (P2G2P) as seasonal

DSF storage
Storage
Market

Common vision for a decarbonised electricity
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Additional power demand can and must be flexible

co2 @ I XX
RES ..
Conviction
- 4 Additional electricity demand from direct/indirect
electrification requires to be flexible.
Elec A New electric end-uses (heat pumps, EVs or electrolysers) but Flexibility sensitivities, Europe, 2050, Elec pathway .
also industrial consumers feature high demand side =
. - exibility in different scenarios ‘Q-_;
H 2u5e fI exl bl I Ity Installed capacity [GW] Reservoir size [GWh] g
1,000 1,000 3,000 GWh g.
‘ 900 GwW ' Heat pumps ©
H2econ . B PUTTTS 2,500 3
00 HP/AC/DH _8
:;2 Electric vehicles =ono Electric vehicles -;]GNZ? &
GridS . . j{o)z 1500 Batteries E
Uncertainties moceecoe S
200 1 500 Il Total l?:;tegﬁsi.a g
Planning A4 Role of battery electric trucks breieye.
0 0 scale batteries Q
. o . ape High Flex [ ] 8
A Electrolysers: flexibility vs profitability Fumped o Pumpea Ty ’ DSD 5
FIex storage storage A
DSF
Storage
Market
Common vision for a decarbonised electricity 18/12/2022 14
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Energy storage facilitates RES integration

co2 @ @ X Hydrogen storage potentials: sal &
5
Jin o
RES . . Energy Density 74/ - El=
Conviction WAhms o
: o0 4 S
e A Energy storage (for power, heat, hydrogen) is a key enabler o S
of RES integration and supply/demand equilibrium. =450 E
()
Elec 4 Regional cooperation facilitates the efficient use of 3
. . . . pr—y ]
geographically unevenly distributed storage potentials ; T
H2use 4;? =
i
g o S
H2econ a
>
N >
Grids Uncertainties Share of flexibility solutions, CH 2
A4 V2G, electrolysers may decrease the need for stationary = Gas without CCS &x’
Planning batteries 300% m Gas with CCS %
. . . Nucl =5
4 Hydrogen storage potentials (depleted gas fields, aquifers, 200% :C”Ctef‘:r t 2
. o urtailmen S
Flex lined rock caverns) 100% = Hydro, other RES S
0% = PHS <
DSF -100% Battery storage and EVs %
-200% m Other demand-side =
o
Storage 2020 2030 2040 2050 ] EleCtrOlySlS §
) . m Hydrogen é
Market Daily flexibility W Interconnections §
Based on Ember (2022), Clean Power Europe 2035 n
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The transition requires a future-proof market design

@) |©) Z X

Conviction

A All these developments require a future-proof electricity
market design to integrate these technologies in the system
and to ensure resource and transmission adequacy.

A Non-exhaustive list of fields of action:
4 Market areas are to be further interlinked

4 Provide sufficient investment incentives

A Enable the participation of all flexibility sources

4 Potential reconfiguration of bidding zones
Uncertainties

4 Ability of (continuously) developing an appropriate market
design that facilitates the transition and that countries are
able to stay up-to-date with

Market

Opportunities for increases in cross-
border transmission, storage and
peaking units capacity in 2040

CROS5-BORDER CAPACITY INCREASES NEEDS IN MW
(ADDITIONAL TO THE STARTING GRID 2025)

< S0 C0.-FREE PEAKING UNIT MEEDS
— 5003 2000 MW PER COUNTRY IN MW
2,000 > 4,000 MW ot

— > 4000 MW ‘-

STORAGE NEEDS IN MW (ADDITIONAL TO BATTERY
CAPACITIES IN NT2030 AND TO 2040 CAPACITIES —_
FOR OTHER STORAGE TECHNOLOGIES) 1,000

<1,000 MW

1,000 -3 5,000 MW

5,000 -3 10,000 MW

> 10,000 MW 1400 1000

2,800

400
[~y '

2,000

ML

1,000

000 OE

BE
— :,um)l/'ﬁu-ﬁ.n; 400
Li¥

1.0

| 3,100,
1,500 /1’.551: .

b
—_— y il
— 4 3500 o 1200 1"“! e

E 1054 — Lol
6B
~Ju
L4
oo 4.snvu\
' B

iz

Source: ENTSO-E (2022), System Needs Study
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Bottom-line

There is an urgency to act. IPCC, April 2022: “The time for action is now.” Otherwise 1.5°C is beyond reach.
Power sector decarbonisation is the key to economy-wide decarbonisation.

Penta is uniquely positioned to showcase the compatibility of decarbonisation and economic prosperity

LG L LG AN

Regional cooperation & coordination enables an effective, cost-efficient and sustainable transformation

Who emits the most CO.? Sy CO2 emissions per capita vs GDP per capita, 2018
Glohal carbon dioxide (CO.) emissions were 36.2 billion tonnes in 2017, M2 Thi L . ) g . )
is measures CO; emissions from fossil fuels and industry’ only — land use change is not included.
Asia North America Europ
18 billion tonnes CO, 6.5 billion tonnes CO, 25 t
53% global emissions 18% global emissions M Europe
Penta: 4% of 20t
global emissions 148
B0OM
- ” Luxembou@ Dots sized by
5 15t Population
2
d
: 10t & ﬂgiﬁiﬁgﬁvan s
o (_J}ustrla
-France
5t Switzerlangd
$1,000 $2,000 $5,000 $10,000 $20,000 $50,000

GDP per capita

Source: Our World in Data based on the Global Carbon Project; Maddison Project Database 2020 (Bolt and van Zanden, 2020)
Note: GDP figures are adjusted for inflation.
QOurWorldInData.org/coZ-and-other-greenhouse-gas-emissions/ « CC BY

Source: Our world in data (2022)
Source: Our world in data (2022)

1. Fossil emissions: Fossil emissions measure the quantity of carbon dioxide (CO,) emitted from the burning of fossil fuels, and directly from industrial
processes such as cement and steel production. Fossil CO, includes emissions from coal, oil, gas, flaring, cement, steel, and other industrial processes.
Fossil emissions do not include land use change, deforestation, soils, or vegetation.

Africa
1.3 billion tonnes CO, 1.1 billion tonnes CO, 0.5 billion tonnes CO,
3.7% global emissions  3.2% global emissions 1.3% global emissions

Common vision for a decarbonised electricity
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Thank you for your attention.

SMART CITY

TRANSPORTATION

OPTIMIZATION & MOBILITY

ENERGY

OPERATIONAL SOLUTIONS DATA

SCIENCE

SUPPLY CHAIN
& SCHEDULING

TRAININGS

ENERGY
PROSPECTIVE STUDIES

OIL & GAS

Dr. Tobias Bossmann
Project director

tobias.bossmann@artelys.com

Artelys France

81 rue Saint-Lazare
75009 Paris, France

Tel. +33 (0)1 44 77 89 00

www.artelys.com
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Overview of convictions

Category Conviction Penta lever Urgency

CO2 CO2 Power sector decarbonisation by 2035 @ @ R K| X

RES Supply Renewables are the main pillar of decarbonisation @@ XXX

EE “Energy efficiency first” releases pressure from the power system @ ®IK XK

Elec _r% Direct electrification comes with immediate benefits Q@ ®IK XK
H2use § Decarbonised molecules will play a limited but crucial role @ x| XK

H2infra Hydrogen economy needs to be established now @@ XXX
Grids & % Power grid capacities need to increase substantially @ x| XK

= O

Planning = g A coordinated approach to energy system planning el XXX
Flex o Flexibility - a key element of the energy transition Q@@ X|X

DSF % Additional power demand can and must be flexible @ R IR K

Storage ? Energy storage facilitates RES integration @ @ =

Market Market The transition requires a future-proof market design @@ K R
4 ArtelyS AT ON SOLUTIONS common ViSiOZ;gtre;dgsa;gggised electricity 18/12/2022 19
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