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Abbreviations
AC Alternative Current
ACER European Union Agency for the Cooperation of Energy Regulators

BioSNG  Synthetic Natural Gas from biomass
CBCA crossborder cost allocation
CCGT Combined cycle gas turbine

CCs Carbon Capture and Strorage

CCu Carbon Capture and Use

CE Scenario "CE" (Crosssectoral and European view)
CEFE Connecting Europe Facilit Energy

CHP Combined Heat and Power

CN Scenario "CN" (Crosssectoral and National viey
CO, Carbon dioxide

COP Coefficient of Performance

DC Direct Current

ENTSGE European Network of Transmission System Operators for Electricity
ENTSGG European Network of Transmission System Operators fGas

EV Electric Vehicle

H2 Hydrogen

NRAs National Regulatory Agencies

OCGT Open-cycle gas turbines

PEls Projects of European Interest

PHS Pumped Hydro Storage

PtX Powerto-X

PV Photovoltaics

PyPSAEuUr Open-source energy system model

RESE Renewable Energy Sources (Electricity)
RFNBO Renewable Fuels of NomBiological Origin
RRF Recovery and Resilience Facility

SAF Sustainable Air Fuel

SE Scenario "SE" (Sectoral and European view)
SMR Steam Methane Reforming

SN Scenario "SN" (Sectoral and National view)
TENE TransEuropean Energy Networks

TransHyDE German National Flagship ProjectroHydrogen Infrastructures ifttps://www.wasserstoff-
leitprojekte.de/projects/transhydg

TSO Transmission System Operator
TYNDP TenYear Network Development Plan
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Summary

Objective of the Study

The report analyseghe role that integrated infrastructure planning plays in the transformation
of the European energy system into a climate -neutral energy system by 2050 . The focus is on
energy infrastructures and their role in the transformation process, notably:

9 Electricity infrastructure

1 Gas infrastructure (including both natural gas anduture hydrogen infrastructures)

9 Infrastructure related to CQ from carbon capture, transport, storage and use.

1 Heat infrastructure andits contribution to sector coupling'.

Themain objective of this study is toquantitatively developan integrated infrastructure planning
procedure in Europe that considers the different energy vectors of electricity, natural gas,
hydrogen and CO », their dynamic interaction and the geographical dimension across the EU.
Instead of deriving individualcost-optimal infrastructure for one energy vector or country, the system
derived using this integrated approachresults from anoverall optimisation based on common frame-
work conditions across all Member States and energy vectors this approach the endogenousopti-
misation concentrateson energyinfrastructuresincluding storage and flexibility options while implic-
itly consideringdistribution infrastructuresfor electricity and heat.

Thes t u dtgriing point is the hypothesis that deeper levels of integrat ed plan ning of energy
infrastructures, both  geographically across Europe and between the different infrastructure
sectors, are required to put Europe on track to net -zero emissions by 2050 .

Electricity infrastructures are highly developed budace new requirementsconcerningchanging energy
generation and storage technologies and the need to cope with high shares of fluctuating energy
sources andrising electricity demand. Gas infrastructures are also highly developed, bigissil gasde-
mand is expectedto decrease substantiallyThis decreasewill only be partially offset by a shift from
fossitbasednatural gas to hydrogen. Finally, C@related infrastructures are new anawill be driven by
the contribution they can make to climate neutrality through Carbon Capture, Use and Storagén our
analysis, these infrastructuresire characterizedas sectors and fully modelled on the transmission
level As these infrastructures are closely interrelated, the questide whether coherent planning
and development processes across all infrastructures  could be beneficial to the transfor-
mation process, which already requires substantial investment s in new technologies

Thestudy covesa large part ofthe European continent (33 countriesn total, including EU27, Norway,
UK, Switzerland,and Energy Communiy Parties on theBalkars), considering countriesat national
level and Europe as a whole.

Benefits of Integrated Infrastructures and Present State

Theintegrated planning of energy infrastructures is expected to lead tomultiple benefits . These
include lower capital expenditureson generation and backup capacityin the energy system dueto
better cooperation between Member States and more efficient use of different energy vectors in the
energy system. Furthermoreit might be possible to avoidcapital expenditureson energy infrastruc-
tures and sectorcoupling technologiesthrough improved coordination and integration of infrastruc-
tures. Other potential benefits include the reduction of operational expenditures in the overall energy
system alsadue to a more efficient combination of energy vectorsaand better use of renewable energy
potentials. Ultimately this can help to increase the acceptance of infrastructure projects and the energy
transition in generaland reduce challenges with respect toskills andthe shortage of rare materialsin
sum, these effects are expected tareduce total energy system costs. Tis study aims to assess the

i.e. integrating the energy consuming sectors buildings (heating and cooling), transport, and industry with the power producing sector.
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impact of differing degreesof sectoral and geographic integration onsystem costs and physical invest-
ment needs for energy supply, storageand transmission

Although current planning approachesin the TenYear Network Development PlangTYNDPshave

evolvedto include some crosssectoral and European elements, they argtill based on national energy
strategies, e.g. on national renewable energy plans, national definitions of generation adequa@and

national grid development plans.The nputs and assumptions in the TYNDRherefore stem from a
national perspective Thisreliance on national plansalso limits thecrosssectoralintegration of system
development strategies as integrated grid planning is onl its infancy atthe Member State level.ln

short, the current crossborder grid planning regime can be characterised asonsideringonly limited

integration of sectoral and geographic dimensions

Approach of the Study and Main Scenarios

Based onthe infrastructures (sectorg and the geographicdimension introduced above, we consider
two main policy dimensions for the scenarioanalysis of integrated infrastructureswhich is per-
formed using the PyPSAEur opensource energy systemmodel in line with climate neutrality ambi-
tions:

a. Cross-sectoral view <« » Sectoral view

Infrastructure planning in sectoral silos does not considehe interaction of electricity, gas, hydrogen

and CQ; infrastructuresin a consistentor harmonized way and therefore involves the risk of unneces-

sarily high energy system costdue to grid bottlenecks and/or overcapacities (both igeneration and

storage technologies and infrastructures)implementation: To account for the sectoral policy dimen-

sion in the energy system modelling, weyo beyond current infrastructuresto include future electricity
transmission linegnd natural gas and hydrogen pipelines that have been proposed in frameworks like

the TYNDP2022, the H2 I nfrastructure Map and?Baseg@donGer man
the existing grid and these projects, we setimitations for endogenous model-based transmission

capacity expansionuntil 2040 in the scenarios with a strong sectoral viewvhile allowing for fully
model-based transmission capacity expansian the scenarios with a strong integrated view

b. » National view

The secondpolicy dimension builds on the observation thaimany EU member statesim to minimize
significant energy import dependencies (from within the Elas well) by implementing policies that
striveto establishsufficient domestic generation and storage capacitie® largely meet domestic elec-
tricity demand, at least on an annual basisThis approachcould lead to unnecessarily high system cast
of the overallEuropean energy supplylmplementation: In our model, we imposea maximum share of
hydrogen and electricity importedon an annual basissompared to national generation.A strong focus
of policy making on national selfsufficiency can be modelled by requiring a higér share of national
generation. This is contrasted wh scenarioswhere national polides do not aim to meet any self
sufficiencythresholds

2 Detailed explanation of the scenario design and the TYNDP process are given in chapgand 4.

FraunhoferlEGIS| d-fine Seite8



—
~ Fraunhofer
IEG

~ Fraunhofer

dTine

IS

These two policy dimensiongield a matrix of four scenarios, whichform the core of our analysis of

European infrastructure

EUROPEAN VIEW

NATIONAL VIEW

CROSSSECTOR PLAN-(1) CE:

»

(2) CN:

NING Cross-Sectoral, Cross-Sectoral, National
view
SECTORAL GRID PLAN||(3) SE: (4) SN:
NING Sectoral, Sectoral, National view

1)

2)

3)

4)

v

Scenario "CE" (Crosssectoral and European view) Model-basedgeneration, storage and inte-
grated grid expansion across Europe for achieving a climateutral energy system by 2050.

Scenario "CN" (Crosssectoral and National view). Crosssector ntegrated grid expansion with
limited coordination and expansion of interconnection capacities across Europg constraining
the model with maximum levelsof annual imports (including those from within Europe).

Scenario "SE" (Sectoral and European view) Sectoral grid planning in silos with simultaneous
Europeanwide optimisation of capacity expansion for energy supply.

Scenario "SN" (Sectoral and National view) Sectoral grid planning in silos with limitedexpan-
sion of interconnection capacities across Europgy constraining the model with maximum levels

of annual imports.

Infrastructure Model for the Analysis and Main Data Inputs

The PyPSAEuUr model is used for the analysisof European energy infrastructuresAs a compromise
between calculation time and precision, the regional resolution was set to 62 regional cluster points,
which cover allthe European countries considered (larger countries and case study regions with a
higher geographical resolution) Similarly,the temporal resolution focuges on seven milestone years
between 2020 and 2050 in steps of five years and dividethe year into 2190 increments with a flexible
time segmentation. The width of these increments is determined by an algorithritihat considers exog-
enous time series like renewable energsupply and demand profiles and groups adjacent time steps
that do not significantly differ from each other. As a result time periods with high fluctuation can have
an hourlyresolution, compensated by larger intervalfor times with little fluctuation. A test on a smaller
model showed that discrepanciescomparedto a full hourly resolution are keptto a minimum with this
method. By doing sq we can incorporate important features in the time series of supply and demand

throughout the day while drastically cutting down the runtime.

The main scenarios are built on modelling assumptions within the PyP&Ar framework. The detailed
input parameters can be found in the repository and additional information published with this report
Two overarching remarks on the input dataand scenario assumptions

1 Energy demandis modelled based on the structure already provided by PyP&ArSec[1]. A
key source to build the demand in PyPSEur-Sec isJRGIDEES?2], see the PyPSA&urSec li-
cense documentation[3] for a full list of input data. The exogenously set energy demand de-
velopments in Europe are then configured and validated based on recently published dd#§

from the TransHyDE study5].

1 In addition, our approach ensures that thetransformation of the energy system towards cli-
mate neutrality can be optimisedreely, considering innovative technologies anthe modelling
assumptionsstated above Notably, the model provides a novel and useful approach to han-
dling adaptable Powerto-X technologies, hydrogen and its derivativesand flexible optimisa-

tion of grid infrastructure.
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Quantification of the Benefits of Integrated Infrastructures

The analysis of the four main scenarioevealedthe following benefits of strengthening the Euro-
pean and cross-sectoral infrastructure planning processes

1. Reduction in the energy supply and sector -coupling capacity required , notably:

0 Reduction in the Europearwide renewables generation capacityequired (e.g. 15%
less onshore wind capacity required in the CE scenario than in the SN scenario)

0 Reduction in the backup capacity required (e.g. 505 GW less in the CE and SE sce-
narios than in the SN scenario)

0 Reduction in the H-electrolyser-capacityrequired (e.g. 9% less capacity in theSE sce-
nario than in the SN scenario)

2. Reduction in overall infrastructure investments, but a mixed picture regarding infra-
structure capacity needs:

0 Sectoral integration leads to an important decrease of hydrogen transport capacity
and to some decrease of national electricity transmission capacity, some increase of
electricity interconnection capacity and enhanced capacity use of hydrogen infrastruc-
ture.

o0 European integration leads to some increase of electricity interconnection and of hy-
drogen transport capacity

0 Interms of storage infrastructure, European integration leads to a substantial decrease
of hydrogen storage needs and an increase of electric batteries, whereas sectoral in-
tegration leads to an important increase of hydrogen storage and a decrease of etdc
batteries.

0 In combination, sectoral and European integration leads in most cases to a reduction
in infrastructure needs and enhanced capacity use of hydrogen infrastructure, but def-
initely to substantial increases in battery and hydrogen storage capacities, as wedl a
some increase in electricity interconnection capacities.

3. Reduction in (annual and cumulative) investment  s/energy system cost s, composed of:
0 Reduction in technologyrelated investmens
0 Reduction in infrastructurerelated investmens
0 Overall reduction in energy system cost

Note that the categories 1and 2 above contribute in combination to the benefits in category 3 but

may not showimmediately benefitsin 1 and 2. For example European integration leads taa reduction

of investments inrenewable energy capacitybut to increased investments inelectricity interconnection
capacities.However, overall total system costswhich are the sum of the annuities of all capital and
operational expenditures of the energy systerrare reduced by European androsssectoral integra-
tion.

Compared to the SN scenario (Sector and National view), i.e. the scenario with  the least de-

gree of European and sector integration , the main findings in qualitative terms from the scenarios
with partial integration (SE, CN) and the fully integrated scenario Cigclude the following observa-
tions.

1. Reduction in the energy supply and sector -coupling capacity required :

o0 Allthree integrated approacheqCE, CN and SH)avebenefits (reduction in technology
capacityrequired) in most casesBenefits are limited ih the shorter term (2030), except
for back-up capacities but increas thereafter.

% These capacities refer todispatchable peaking plantghat allow a country to meet its domestic demand in every situationin a functioning European
market and based on a European definition of generation adequacsubstantially lower capacitieare needed

FraunhoferlEGIS| d-fine Seite10
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Towards 2050, CN and CEyield the highestreductions in PV technology required,

while CE has the largest reductions for onshore wind. In the caseof crosssectoral
integration only (without European integrated planning processes}he reduction of

PV capacityis strongly linked to a reduced need for hydrogen electrolyses, while the

reduced need for wind-onshore capacityin the scenarioCEis a result of the least cost
installations at best locations in Ewpe due to the fact that selfsufficiency constraints
are lifted.

Backup power generation capacities are strongly reduced in the European scenarios
(SE and CE)s Member Statesrely on each other forthe security of power supply

There are nomajor differences between the scenario$or offshore wind.

The integrated scenarios lead t@ reduction in the H, electrolyser capacitiesrequired.
The highest reductionsof 9% are reachedby Europeanand crosssectoralintegration
(CE scenario)}due to more efficient regional allocation of electrolyser capacitieand
larger imports from outside of Europe.

2. Reduction in infrastructure required (including transmissiontransport, and storage capac-
ities), notably hydrogen and CG-related infrastructures, andenhanced utilisation of infra-
structure .

(0]

Crosssectoral and European integrationhave alimited impact on the overall size of
electriaty infrastructure needed While there is a reduction ininternal transmission
infrastructure (between clusters defined in the national context), interconnection ca-
pacities (between countriespre increased under both sectoral and European integra-
tion. Furthermore European integration leads to a expansion ofrenewable energy
capacity in countries withlow-cost renewables and increased storage capacity in these
countries.

Our crosssector integrated scenarios(CE and CN)have a significantly reducecheed
for H infrastructure (H transport capacities andtheir utilisation). This isdue to the
fact that current sectoral planningapproaches lead to overcapacities of Hnfrastruc-
ture. European integrationresults ina reduced need forH, storage capaciy (SE vs SN
and CE vs CN)

For CQ infrastructure, the benefits of European and crosssectoraly integrated plan-
ning processesre linked to a reduction in sequestration capacitied his is driven by a
lower primary energy demandfor natural gas due to infragructure integration at Eu-
ropean and crosssectoral level

3. Reduction in (annual and cumulative) investment  s/energy system costs: cumulative for
the period 2030-2050 (see overview table below)

(0]

Overall, all three scenariowith sectoral and European integration lead to a reduction
in investmentgenergy system cost compared to the scenario SNwhich in itself is
already apartially optimised approach compared to a pure bottoraup approach to
energy infrastructure developmen). The largest benefitsfrom European integration
are the reduction in energy supplyinvestment, but crosssector integration substan-
tially reducesinfrastructure-related coss.

The largest benefits interms of the cumulative overall system costare from scenario
CE ¢rosssector and Europealy amounting to over 560 billion euros for the pe-
riod 2030 -2050.

This result is affected by integrating both the crossectoral and the Europewide per-
spectiveinto the planning processesIntegrating a European perspective reduces the
total system costs byl%, while integrating a crosssectoral perspective reduces the
costs by2% in 2050. If both effects are combined, the total cost reduction amounts
to 3% in 2050.
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Benefits ofintegrating European and sectoraperspectives- reduction in cumulative investmeng/en-
ergy system cost (compared to the SNScenariob Sector/Nationalview).

c
K=l

w

c

]

E

°

2 (9 (d)

©

o

g (a)sN SE

kv] Sectoral, (b) Sectoral,

@ .

W National view European view

National policy dimension

(a) SN (b) SE (c)CN (d) CE
Reference (compared to SN)
(bn Eurog 2030-2050 2030-2050 | 2030-2050 | 2030-2050
Cumulative investment s/energy system cost s (2030-2050)
[EU274, Norway, UK, Switzerland, Balkan -EnC’]
Technologyrelated investment® 11773 -230 -145 -506
Infrastructure-related investmens’ 1465 -14 -191 -169
Operational & fuel costs 4115 124 -70 114
Overallenergy system cosf 17353 -120 -406 -561

Note: A negative value (in green) meana reduction in investment/energy system coss compared to the SN Scenario,
i.e. a benefit from the integration. A positive value (in red) means more investmesienergy system coss than in the

SN scenario.

All results are stated compared to the fragmented SN scenario (but which can already be considered

more optimised than a less ceordinated bottom-up planning and development processand which

dominates the early stages of this scenario). The stated cost savings could therefore be even higher

than evaluated compared to the SN scenario.

Based on the optimisation approach applied ithis study, the electricity and hydrogeninfrastructures
on the transmissiortransport level are planned and operated in strong coordination with flexibility
technologies on the transmission and distribution grid levelnd the heat sector. Strong-cross border
coordination with electricity imports and exportsprovide the majority of flexibility resources of the
energy systemlf this coordination can be achievedn practice only moderate additional storage ca-
pacity of battery storages and hydrogen at the transmission levelre required If this cannot be
achieved higher storage capacity would be needed.

The scenariosthat focus on meeting domestic demand with domestic supply (SN and CNjcreasel
the technology costsfor energy supply andstorage buthad little impact on transmission infrastructure
costs. This is because countries achieve higher ssilifficiency in these scenarios as an annuaterage

4 EU27:European Union excluding Cyprus and Malta

® BalkanEnC: Energy Community Parties on the Balkanalbania, Bosnia and Herzegovina, Montenegro, North Macedonia, and Serbiexcluding Ko-

SOVO0)

® Power generation, heat generation and transformation technologies (e.g. H2 electrolysis)

" Electricity, hydrogen, methane and C®network

& Capital, operational and fuel costs
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but still rely heavily on international trade in many hours of the year, which makes strong transmission
infrastructure necessary

The scenarioswith differing degrees of crosssectorintegration showed large differencesin the costs
for infrastructure.

The largest differences appear in the hydrogen sectoCurrent grid plans developed at Member State
level overestimate theoverall need for H, pipelines butlead to incomplete hydrogen infrastructurein
certain regionsat the same time The hydrogen grid in the CEscenariofeaturesmore diverse connec-
tivity with lower capacities. This means that in total, a higher interconnectivity with less overcapacity
results from the crosssector scenarios

Natural gas infrastructuresare partly repurposed for hydrogen uses but otherwise follovthe large

reduction in natural gas uses foheat and electricity generation purposes. Notably decentral uses of

natural gasto heat buildingsi s reduced t o | e susesodfrataral gag fdr thedepur-od ay b s
poses.Modelling options to reduceto zero the - already largely decreasedremaining (fossil) methane

uses in the scenarioshow that fossil fuels still find a way into netzero energy systems (through blue

hydrogen coupled with CCS orsupported by carbon removal technologiesas long as the deployment

of cheap renewables, especially wind power and solar PV, is constrained by liniitshose technologies

currently implemented in the mode] unless they could be overcoméy adequate measures

In short, the transformation to a climateneutral energy system without an integrated planning ap-
proach is associated with higher costs and material us@hese costs aremainly due to the higher
demand for renewable energy generation backup capacities, electrolysersand hydrogen infrastruc-
ture. An integrated approach makes it possible to operate a system that uses and combines the prop-
erties and strengths of the different energy carriers and infrastructurefor example the capacityfac-
tors of electrolysers aréhigher in the case of crosssector integration becauseelectricity and hydrogen
infrastructures are better alignedA system planned in an integrated manner can link sinks and sources
costeffectively.

In addition to the importance of integrated approacheswithin the EU27, the connections to non-EU
countries will be essential for an efficient transition. In particular, the UK will be very important fahe
stronger integration of electricity and hydrogen infrastructuresThe EU27 stand to benefit from the
wind energy potentials in the UKenabling a low-cost transition.

While integrating the national and sectoralperspectivesin planning processeqCE scenario)leads to
substantial savingst the level of overall system coss, the allocation of costs and benefitsvaries com-
pared to the more fragmented national and sector scenario SN. Thisrianceis illustrated bytwo
regional case studies (on the larger PolishBaltic region and the larger NorthWest Germany/Benelux
region) performed in this study, which show that the countries develop more specialised technology
and infrastructure portfolios in the CEscenario For example in the fully integrated scenarioCE, low-
cost decarbonisation options like offshore wingplay a stronger role inthe PolishBaltic region whereas
hydrogen importsare more important inthe North-West Germany/Benelux region. While thinterplay
of different solutions yields overall Europewide benefits, it does raise the question of how the
costs and benefits can best be distributed among countries  (including non-EU countries, such
as the UK, Norway, Switzerland and Western Balkans). Policy could be designed to compensate
those countries that would be better off in the SN scenario, so that the benefits of the integrated
approach are shared by all

Intwo sensitivity studies we investigate uncertainties with respect to several assumptions entering the
modelling analysis:

9 Theindustrial sector could transition in such a way that either large parts of the industrial value
chain related to and building on the hydrogen economy are located in Europe or angartly
relocated to other regions with low-cost renewable energy potentials. To understand the im-
pact of such a development of the industry sector in Europe, we introduce a sensitivity analysis
to the crosssectoral, European scenariol he additional demand for hydrogen in the sensitivity
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analysis (mainly for larger amounts of sponge iron, methanol and ammonjaroduced in Eu-
rope than in the main scenarios) is covered first by steamethane reforming as blue hydrogen
and from 2040 onwards by green hydrogen from imports from outside of Europe. In 2050,
46% of the additional industrial hydrogen demand in the sensitivity is suppliethy European
production via electrolysis. The increase in the hydrogen demand in some regions due to more
local industrial activity along with the increased usage oélectrolysis and imports to provide
the hydrogen affects the grid architecture in the EWD yet more in the longer run only. The
additional electrolyser capacity is directly installed in regions with high renewable potential
and coincides with additional renewable capacities. Therefore, there is no need to transmit the
electricity between clusters to electrolyserdlot surprisingly, for the hydrogen network capac-
ity, however, we see a strong increase in needed pipeline capacity with higher industrial hy-
drogen demand. As a result, the total EUbs hydrog:
to the network resulting from lower industrial hydrogen demand as per the CE scenaritVhen
incentivising industrial energyintensive processes to convert fully to a hydrogen economy in
Europe, certain regions might become more reliant on hydrogen imports, and planners also
must account for the increase in need for more hydrogen infrastrucie. Such a shift in the
energy system would increase system costs.

Another area of interest is the usage of flexibility options to handle the large renewable ca-
pacities in the system. Here, local distribution grids might play an essential role with the use
of electric vehicles and the electrification of the heating sectorTo analyse the effect of less
availability of flexibility options in the local grid, we compard the main scenario assumptions
for a high level of flexibility with a lower flexibility case for the crossectoral, European (CE)
scenario. Specifically, wéalved the share of district heating and the ability of electric vehicles
to participate in demand-side management and vehiclg¢o-grid activities and increased invest-
ment costs for flexibility options like water tanks and heat pumps in the heating sector. As a
result, the heating sector remains more reliant on gas and oil boilers than in the main scenarios
that feature high local grid flexibility. The reduced availability of vehiclo-grid results in a shift

in storage technologies from the distribution gid to the transmission grid but alsoin a shift
from electricity to hydrogen storage. This implies increased need for an electricity infrastructure
(additional 7.7 TWkm installed in 2050 compared to the main scenario with high flexibiliy
Conversely, due to the shift from electricity to hydrogen storage, less infrastructure is needed
for hydrogen transport. As such, the hydrogen network would be 5% smaller in 2050 com-
pared to the main scenario with high flexibility in the local grids.
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1 Introduction and Objective of this Study

The E U Igreenhouse gas emission reduction targetthat are enshrined in the European Climate Law
(-55 % by 2030, net-zero by 2050 at the latest) as well as the intermediate target proposed for 2040
(-90% by 2040) imply a fundamental shiftof t he EUDbs awagefrom yossihfuels towards
renewables clean electricity,and increasedenergy efficiency. At the same time, the Russian war
against Ukraine hagevealedthe severe effectghat a high dependence onenergy imports can have in
terms of energy security A climate-neutral Europe is no longer seen asnly vital to ensuringa liveable
environmentin the future but is also understood asessentialfor a sustainable, secure and affordable
energy system and economy. Achieving a climateeutral Europe by 2050 requires a fundamentally
different energy infrastructure:

1 Unprecedented expansion of electricity transmission is required to match renewable energy gen-
eration sites with load centres and smooth output across national borders. A major share of new
renewables will be connected to the distribution grids, whiclposesinvestment and operational
challengesfor the power system (grid investments, flexibility provision, reverse power flows, ad-
vanced system management needs), while expansion plans for offshore wind require the devel-
opment of a European offshore grid

I With a view to the need for gas networks,the role of natural gaswill shrink with the reduction
in demand (notably in buildings and industry) while electricity andhydrogen (and derivatives)
will partly replacethe current uses ofnatural gas

9 Parts of the currentnatural gas network will be repurposed to transport hydrogen, linking do-
mestic generation, storage sites, import terminals and demancentres.

1 Expanding current leat networks is an important option for decarbonizing buildings and indus-
trial heat demand

1 As part of an effective carbonmanagement strategy, it will become necessary toonstruct Euro-
pean CQ infrastructure and develop rules on access to GQransport and storage sites.

While there is growing consensuon the options and obstaclesinvolved, the planning processes for

the associated transport infrastructures of electricity, methane, hydrogemand carbon dioxideare not

yet up to the challenges aheadPlanning procedures for carbon dioxidend hydrogenare not estab-

lishedor arein theirinfancy. The r egul at or y f r aumentyanblndlddenergyEnira-o pe b s
structures(gas and electricitywas constructedfor incremental adapation of fully developed networks

and not for the radical changesrequired by the transformation of infrastructures tosupport climate

neutrality.

Electricity and natural gas are still planned and developed national silosto a large exent, notwith-
standing efforts and steps to link the processesvolved Within the power system, planning proce-
dures for electricity distribution grids are still relatively detached frormansmissionlevel planning with
respect to the challenges raisebly climate neutrality There is insufficient consideration of the potential
interplay between heat networks with their potential for storing energy and the electricity system.
Furthermore, national approaches to energy policy and regulation only partially account for the poten-
tial of an integrated Europeaninfrastructure. Infrastructure planning and energy strategy remain
largely national while European energy and climate policis becomingincreasingly relevant

Any approach to infrastructure planningmust deal with uncertainties. Infrastructures typically have
long lifetimes and cannot be built reactively in the face of the structural changes ahead. Due tibe
chickenor the egg problem, waiting for certain energy demand or supplies to arise would either mean
that they will not emerge due to the lack of infrastructure, or that network expansion will be extremely
expensive due tostepwise short-sighted expansion.

Failing to address these uncertainties could prevent the emergence of a futupeoof resilient energy
infrastructure in Europe that, in turn, would limit widespread deployment of RE& and hinder invest-
ments in storage and energyintensive industries Accordingly, there is a need toprioritise energy in-
frastructure and its governance, planning, and regulation on the political agenda, increase transpar-
ency and promote a more integrated approach.
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This study aims to estimate the benefits of a more integrated, forwartboking and long-term planning
of energy infrastructureto meet the 2050 climate neutrality targets It creates a set of scenarios with
varying degrees of European integration in energy infrastructure planning and compares the results
and costs of the approaches.

Chapter 2 discusseghe benefits of integrated infrastructure planning and the risks and costof frag-
mented approaches

Chapter 3 describesinfrastructure development procedures and scenarios in Europe, with a particular
emphasis on crossorder projects. National best practices are also reviewed where possible to offer
additional insights.

The approach to our study and the main scenario philosophgre laid out in Chapter 4.

To perform the scenario analysis and model calculations, a comprehensive input dataset has been
created and is summarised in Chapteb. This dataset incorporates key variables such as technology
costs andenergy demandprojections up to 2050. Thiswas designed for publication, ensuring that the
code and datacan be shared upon the study's completion.

The project further establishes an analytical foundation for integrated European infrastructure plan-
ning. In Chapter6, quantitative assessments are conductefcusing on the transmission and transport
levelsand employing a geographically disaggregated approachhis is complemented by two regional
case studies in Chapte?. All PyPSA optimization runs for this project were performed with the Gurobi
Optimizer. We thank Gurobi for supporting the research of this project by providing an academic
license.

The two sensitivity analysesn Chapter 8 explore the impact ofa strong industrial value chain linked
to the hydrogen economy in Europeand the impact of forfeiting flexibility in the energy system.

Finally,Chapter 9 providesa quantified summary of the benefits of integrated infrastructuresn terms
of the technologies and infrastructures required, as well as imports. Italso includesan outlook to a
future-proof European energy infrastructureidentifies potential risks associated with stranded assets,
and highlightsthe implications of infrastructure planning thatisnot in line with long-term sustainability
goals.
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2 Benefits of Integration on Infrastructure P lanning and the

Risks and Costs of Fragmentation

2.1 Why New Challenges Require an Updat e of Infrastructure
Planning Approaches

Energy infrastructure is the foundation for asecure, affordable, and sustainablenergy system There
are very detailed panning proceduresfor the unbundled and regulatedenergytransport infrastructures
in place In the past, the rules and procedures have arguaplserved us well, as security of supply
remained high, the cost for infrastructure manageable andhe clean energy supply grew substantially.

Nonethelessthe new challenges on the horizon raise the questionf whether the established practices
for infrastructure planning are suited for whatlies ahead.The rapid transformation of the energy sys-
tem createssignificant uncertainties in terms of its design and infrastructure.Several factorshave
contributed to th ese uncertainties:

Changing International Dynamics and Security Threats

Geopolitical shifts and changing energy import routes create new dependencies. The secuafygupply
threats, which started in 2022 with the Ukraine war,underline the need for Europeto have flexible,
resilient and efficient infrastructures. Thigpplies toelectricity grids, gaseous energy carrieinfrastruc-
ture, and energy storage. Only with robust infrastructures in place cawe make use of the strengths
of the internal energy market. Furthermore, the efficient use of infrastructures also impacts on th-
nology and material needs in the transformation processes: the present dominance of imported PV
modules highlights the need for an efficient use of such technologies and a rational utilisation of often
scarce input materials such as copper or steel needi¢o build infrastructure. Infrastructures may also
be subject to security threats (as illustrated by recent damage infrastructure in the Baltic Sea) which
raises questionsegarding the robustness and resilience of the infrasuctures to be developed for the
future.

Economic and Industrial Changes

The transformations required to meet climate targets may lead to shifts in industrial activity, such as
relocating energyintensive production (e.g.,green ammonia or green methanol) abroad if compara-
tive advantages exist. Similarly, major process changes like replacing blast furnaces wigdrogen
baseddirect reduction steelmaking mayaffect the choice of location, according to the availability of
renewable energy. Conversely, new industries producing energy transition technologies, such as bat-
teries hydrogen electrolysersand transport/storage systems for hydrogermay emerge domestically,
though this depends on infrastructure availabilityfor hydrogen in this caseand remains uncertain All

in all, it raisesthe questionsof where Eirope can position itself in the changingor nascentindustrial
value chainsby capitalising on itscompetitive advantages in those fields.

Increasing shares of renewable energy

The accelerated growth and contribution of renewable energy sources witirovide the basisfor the
most costeffective transition to a climate neutral energy system. As the majority of the renewable
energy generation will be based on variable sources like wind and sol&urope will need reliable and
integrated infrastructures in order toincorporate and transport the generated energy to the final cus-
tomers. The fluctuating nature of these energy sources can be accommodated for, bthis requires
further adjustments to the market rules and regulations as well asto the infrastructures and their
planning procedures.

Technological Innovations

Decarbongation relies onboth existing and establishedechnologies butwill also require the rampup
of options not yet widely implemented or commercially viable. Examples include advancements in elec-
trolysis, hydrogen power plants, and batteries for heavy transport. Technological progress in areas like
chemical recycling of plastics or alternatives for cement and lime production is crucfal reducing
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energy demand. Seasonal hydrogen storage is another cornerstone for decarbonization, but large
scale solutions, such as repurposing natural gas storadegve yetto be implemented. Solutions related
to carbon capture, use, transport and storagevill need to be developed for certain applicationsArti-
ficial Intelligence (Al) and digitalisatiorwill be central building clocksin the development of flexible
power grids and virtual power plants as well as for new business models. On the othdrand, they will
lead to a strong increase in energy demand for Iflata centres

Political Decisions and Private Sector Behaviour , Competitiveness and Affordab ility

Political strategies and private sector actions play pivotal roles. Policy outcomes influence market actors,
while private investments, such as in home battery systems, may diverge from systemptimisation
models. This unpredictability complicates infrastructure planning, asfto some extentb needs to
include not only a prediction of market decisions, but also a forecast about the regulatory framework
and support policies. For example, building a hydraen network needs to implicitly assume a continu-
ing and growing financial support for hydrogen production and usage; the support policies of the
future will determine where hydrogen will be needed, and are consequentially vital for theevelop-
ment of hydrogen infrastructures.

Aside from the increasing uncertainty, planning infrastructures becomes increasingly challenging in the
face of growing interdependencies , as decarbonization increases the integration othe energy sys-
tem. One could argue that there has always been some degree of connection between the infrastruc-
tures, as for example gas power plants had to be connected to both the electrical grid and the gas
pipeline network. Still, the interdependencies are bound to in@ase many timesover due to small and
large-scale hat pumps, electrolyses, and H2-ready gas power plants switching to hydrogen at some
point in the future. These interdependencieswill make it increasingly difficult to plan networks for
electricity, gas, hydrogen and heatwithout having a reliable forecast about the future of the other
energy carrierslt also means that the uncertainties in one subsystencan ripple across others, magni-
fying their effects. For example, misjudging the demand for hydrogen or heat coulgut a strain on
the electrical system and vice versa.

Finally,the need for transformation of our infrastructures in parallel with the overall transformation
necessary to achievelimate neutralitywill challenge the competitiveness of industrieand the afford-

ability of energy through their growing impact on energy prices (notablyfrom increasing network
charges, taxes and levigs

All of these challengesare being faced and tackledin every Member State. However, there is a
wider, European component to th  is dilemma . For many, if not all of these questions , it be-
comes increasingly difficult to give appropriate answers from a solely national view point .

The challenges, buespecially theopportunities for integrating renewableschange whenviewed from

a Europeanwide perspective. When planningprocurement of hydrogen or green fuels on the emerg-

ing international markets, a strategy in which each countr pursues its own goals without a unified
strategy might be both costly as well as unnecessarily risky. A European hydrogen network will require
a substantial amount of alignment as wells astrategy for sharing costs and benefits. There has been
remarkable success in the past decades in aligning European energy strategies. Nonetheless, energy
policy remains theresponsibilityof each Member State, and infrastructure planning is still rather

a Bbowp®&mprocess, in which Sfratandforempst ensthindhe®end evel ope
ber States and afterwards compared and Bwhere possible Paligned . Thissituation raises ques-
tions about therisks this approachbears,and what benefits alternative, more holistic approaches could
achieveif implemented.

2.2 Benefits from European Infrastructure Integration Policies

As discussed in the previous sectioseveralnew developmentsmean that the suitability of the infra-
structure planning procedures in Europe in thie current state, must be reconsideredwith regard to
the challenges aheadTo dissect this complex question, we could start by imagining an abstract, fully
integrated planning of energy infrastructure for the European Union covering all energy forms and
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their interdependencies. In this state, the infrastructure would be cosfficient; building more or dif-
ferent infrastructure would increase the overall costs of the energy systemas would building less
infrastructure than needed The internal market can fully operate in this (theoretical) situation and
deliver energy at the lowest cost.

The question now is: What reallife bottlenecks, challenges and obstacles hinder fully integrated plan-
ning, and what are the consequencesThe consequences of lacking integratio®or looking at it from
the other side Bthe benefits of successfully integrated approaches, can lmategorized in three di-
mensions:

1. Integrated assessment of uncertainties (Dimension 1)
2. Spatially integrated pla nning (Dimension 2)
3. Sector integrated planning (Dimension 3)

2.2.1 Integrated Assessment of Uncertainties (Dimension 1)

As discussed in the previous sectipmany of the new challenges arise from new or increasing uncer-
tainties. This is especially challenging for regulated, unbundled energy infrastructurésder both na-
tional and EU regulatiors, infrastructure operators cannotsimply build infrastructure at their own dis-
cretion but have to acquire permits in procduresin which the necessityof the new infrastructures
must be demonstrated. The question in the face of the new uncertainties is: What makes infrastructure
necesary?There is a spectrum of necessityanging from the need for a new industrial site with build-
ing permits and afinalized investment decision, to more uncertain infrastructure needsrhose urcer-
tain needs includeregions with good renewable energy conditions that are likely to be used in the
future, or a hydrogen network that enables the production and usage of hydrogen despite these in-
frastructure demandsremaining unfulfilled. It might be useful orevennecessary to shift the perspective
f rom Bn e crityb whenblannimy and authorising infrastructure. Probabilisticcost-benefit
analyses could be the basit decide if the potential utility of an infrastructure justifies its costs even
in the face of uncertainty.

The integrated assessment of uncertainties , despite being very import ant, is only briefly
mentioned here because the modelling  approach is not capable of quantify ing the impact of
failures in this dimension. The opportunity costs offailure to invest in infrastructure depend heavily
on the specificinfrastructure decisionand the scenario.

2.2.2 Spatially Integrated Planning (Dimension 2)

Thenext deviation from a fully integrated EUwide planning procedureis that Bas discussedbplanning
proceduresremain|l ar g e | y-u B Becaudetbay aredeveloped at MemberState level Planning
a larger area in subregions hasadvantages butcan cause very substantial and costly inefficiencies.
Oneexamplewould be an attempt to develop a decarbonization plan for a small, isolated island system
without infrastructure connection to the outside. Whilethis ispossible, a solution will require extensive
renewable energy capacities (which have to rely on the weather cortitins at this location alone) and
large storage systems. Adding demand for hydrogen osynthetic fuels at this location would further
complicate the solution.

The consequences of thisype of planning for electricity infrastructuresare discussed in Zachmann et
al. (2024) [6], the authors conclude that significant techneeconomic benefits can be secured from
optimizing the design and operation of several national electricity systems jointly, rather than individ-
ually. The authors emphasize that the value of these benefits will increase wittigher shares of re-
newables. Benefits detailed if6] include lessfossitfuel combustion and less volatile shorterm prices,
cost savings through harnessinghe advantages ofregional renewables, reduced need for expensive
back-up capacity and flibility, enhanced resilience to shocks and lower grid investment$hese ob-
servations apply even more when several interlinked infras  tructures (a system of infrastruc-
tures) are developing dynamically, which is the heart of the prese ntstudy (see Dimension 3).
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In essence, the optimal solution for a larger system is almost always substantially less expertbiane

providing a solution for all the subsystems. Larger energy systems chanefit from renewable energy
potentials and complementaryweather patterns, lower simultaneity (meaning not all consumers will
demand energy at the same time) and to some extent sharing certaiassets e.g. backup power

plants.

Therefore, onekey downside of insufficiently integrated planning is (unnecessarilyhigh cost. Further-
more, unaligned solutions mightin some instancesalso lead to conflicts or even technical problems
and a less then optimal security of supply.

A central obstacle to more integrated infrastructurgplanning lies in the fact that costs and benefits of
energy infrastructure are often distributed unevenly. To some extent, this already occurs wihy cross
border activity that takes placebetween two countries, for which the cost might be higher in one
country, while the other country benefits more. The problem becomes even mongronounced in the
meshed network of European infrastructure. Here, several countries might reap some fruits of a
strengthened transport infrastructure, while the costs and effort occur only inisolated casesIn an
extreme example, twonon-neighbouring countries might want to transport hydrogen or CQ, but the
pipelines would need to cross the territory of a third statewhich does not profit directly from the
infrastructure.

Consequently,a better and more systematidinking of costs and beanefits could be an important part
of a strategythat pavesthe way towards amore integrated approach to Europeaninfrastructure.

Thisgoal could be aligned with the current ACER recommendation®n Cross Border Cost Allocation
Thesechanges to cost and benefit allocatios should be integrated into thefirst steps of the infrastruc-
ture planning process andbe based on energy system modelling as conducted in the present project.
This would allow the assessment of theost-benefit-allocation of individual infrastructures on the com-
mon European energy system.

Box: Proposed methodology for evaluation of  the costs and benefits of energy infrastruc-
ture based on the ACER recommendations on Cross Border Cost Allocation

Effective methodologies for sharing costs and benefits for European energy infrastructure projec
exist Examples can be foundn the ENTSGE Guideline for Cost Benefit Analysis of Grid Develop-
ment Projects[7] and the ACER cros$order cost allocation (CBCA) methodology based on the
regulation on guidelines for transEuropean energy infrastructure (TER Regulation)8].

Both contain current approaches to asseshe benefits of infrastructure projects and to allocate
the cost based on the calculation of national net impacts for alhe affected countries. Thereby the
allocation of crossborder costs is typically based on casey-case agreements betweerNational
Regulatory Agencies (NRAS).
For each countryconcernedthe calculation ofthe net impacts is based on the following formulae:
Gwp, .

0y Q@ 0o

v 0w
sa P !
Where,

1 fis the first year where costs are incurred

c is the first full year of operation of the project (or project cluster)
x is the year considered for the assessment time horizon
y is the year of the analysis (i.e. the year of the submission of the investment request)
r is the discount rate used to discount benefits and costs
B are all the benefits assessed by the projespecific CBA
F are all the benefits assessed in the analysis of other crdmsder monetary flows
C is the sum of costs.
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When building on the modelling framework presented in this studythe approach to analyse the
possible crossborder distribution of costs and benefits of individual infrastructure projects could
be as follows:

1 The optimal target infrastructure for the years 2040/2050 is deriveth a similarfashion to
the scenariowhich assumesghe crosssectoralEuropeanview of this study.

I Based on areferenceinfrastructure, which can be defined similaly to the TYNDP process,
individual infrastructure componentsof the target infrastructure are added and a new
crosssectoraloptimisation run is conductedfor each new topology.

1 Thebenefits and expense®f each infrastructure projectare calculated for each country
affected.

I Becausethe result also depends orthe sequence of addingnew infrastructure, the se-
guence needs to be variedor different realistic infrastructure development optionsand
the distribution of the impacts evaluated.

Figure 1: Benefits of market integration of ~ European electricity infrastructures . [6]
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Sector Integrated Planning (Dimension 3)

Thethird dimensionof benefits from integrated planning approachesconcerns the integrationof the
different sectoral infrastructures , notably electricity, natural gashydrogen, heatand carbon diox-
ide infrastructures Historically the planning of the European infrastructures was mostlglone on a
sectorby-sector basiswith a few exceptions, such agjas power plants which were based onscenarios
developed byprivate actors from a bottomup perspective (i.e. arising from the Member Statesind
enhancedby some Europeansectoral characteristics (sethe TYNDP process described shapter 3.2).
Common scenarios can be a good starting point but might fall short of tackling the compleinterde-
pendenciesthat will arise from ongoing sector coupling. In the next yearsfor example, different op-
tions with respect to deployment dynamics and location choicefiave to be weighed up for Hp-ready
gas power plants andelectrolyses. The role of carbon management wilheed to be formulated, with
wide-ranging implications for many other options and infrastructures. Ultimately, energy arolr car-
bon will have to be transported over increasing distances. Failure to plan the infrastructures for this
task in an integrated manner can either lead to costly ovemvestment, or to underinvestment Either
outcome can slow the energy and industry transitions dowror cause high costs when second or third
best options have to be used due to insufficient infrastructureln some cases, different infrastructure
options existfor the same or similar taskand we need planning procedures that carefully weigh the
costs and benefits while at the same time beingmanageable and pragmatic.

Focussing onelectricity, natural gas and hydrogeninfrastructures, the infrastructure of each of the
three sectors interacts with the infrastructure ofthe other sectortypicallyin the following manner:
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1 Competition between carriers to serve demandhence, demand-side assumptions (per vector
per sector) must be defined in a consistenivay and determined based on technical and eco-
nomic considerations(e.g. regarding the role of hydrogenfor cars or inlow-temperature-heat-
ing). Some of thesedecisionswill be based on purely economic considerations and will be
taken endogenously in themodel; others will be based on complex techneeconomic consid-
erations and will be taken exogenously to the mdel (seechapter 5).

T Optimisation of the | oc agadanthhydoofen werplaptd danchg poi n
electrolysers using electricity to producéydrogen.

1 Competition for flexibility provision between battery storage anchydrogen power plants. The
more batteries, the lesdydrogen power plants are needed.

In summary, the first of the three dimensions (uncert  ainty) related to integrated infrastruc-
ture planning cannot be dealt with in this study,  despite its importance, as the approach does
not allow for it. The two other dimensions (geographical and sectoral integration) are the
focus of this study.
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3 Current Status of the Integration of European Energy Infra-

structures

3.1 Overview of Ongoing European Infrastructure Integration
Policies

The integration of European energy infrastructure is a process with a long history. In Europe, energy
infrastructures started to become transnational in the early 20th century when the first national elec-
tricity grids became interconnected between countrig. In 1951, the Union pour la coordination de la
production et du t WUGRTE)wasredtablidhed, whitlbidtes lsetame thgiioh for
the Co-ordination of Transmission of ElectricityUCTE).

The EU began planning its energy infrastructure in a coordinated way in the 1990s. In 1993, the Maas-
tricht Treaty created the legal basis for energy cooperation and introduced Tra&siropean Networks
(TENS) as EU policy. In 1996, the EU launched the Trénsopean Energy Networks (TEHN) to support

crosshborder electricity and gas networks and already established Projects of European Interest (PEIS).

In parallel, the First Energy Package (1996 and 1998) started opening electricity and gas markets to
competition. The creation of ENTSEE in 2009 and ENTSES in 2010 aimed at facilitating more coor-

dinated planning by electricity and gas transmission operators across Europe. The European Union

Agency for the Cooperation of Energy Regulators (ACER) was establistie®011 to improve coordi-
nation between national energy regulators and support the implementation of a unified EU energy
market.

In 2013, the new TENE Regulation accelerated the integration of infrastructure planning. Interestingly,
one can see its stronger focus on londerm strategy and security of supply as a reaction to the 2009
gas crisis, which started after Russia cut off gadeliveries to Ukraine. In 2015, the Energy Union Strat-
egy aimed at better electricity connection to isolated markets, diversification of gas supply, and more
regional cooperation. The Fourth Energy Package of 2019 contained a minimum interconnection tar-
get of 15% by 2030, ensuring better crossborder electricity flow. The European Green Deal of 2019
and the Fit for 55 package shifted TENE priorities from fossil fuels to clean energy. REPowerEU, a

reaction to Russiabs at t ah; dspedatly byfecusing onestrengthenimg i nu e d

electricity and hydrogen projects. In the revised TER Regulation of 2022, natural gas projects are no
longer eligible as PCI projects, while hydrogen and Getworks are.

Considering all these policiesogether a clear tendencyis revealed The EU gradually strengthens its
cooperation in infrastructure planning and energy policy alignment. However, the EU only has compe-
tence in the common energy policy areas, setting the framework for crodsorder coordination, market
integration, and climae goals. Member States retain sovereignty over national energy decisions, like
the energy mix (as long as it is in line with climate goals) and national infrastructure. These distributed
competences create certain tensions:

1 National Priorities vs. EU Priorities in the Energy Mix:  The EU promotes a swift transition
to renewables and decarbonization, along with the strengthened transport infrastructures this
transition requires. There are national differences in both energy mix strategies and the speed
of transitions.

1 Strong Interconnections vs. National Energy Independence: The EUbs push

strong crossborder interconnections, e.g. the 15% electricity interconnection target by 2030,
is met with reluctance from some stakeholders, as each strengthened interconnection can
create disadvantages for some national players théenefit from bottlenecks. Furthermore,
electricity infrastructuresin particular are regularly faced with opposition from people in the
affected regions.

1 Planning inconsistencies: Lastly, the existing approach to energy infrastructure planning can
be described as bottomup, being rooted mostly in planning at the Member State level, which
then has to be reconciled at the EU level. While it is important to align crodsorder projects
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harmonizing the different puzzle pieces of national energy and infrastructure policies only at
the borders has substantial limitations.

The following sections describe the key regulations and instruments that drive forward the coordina-
tion of infrastructure planning in the EU.

3.2 Ten-Year Network Development Plans

The TenYear Network Development Plans (TYNDPSs) were introduced under the Third Energy Package
in 2009 as part of the EUD sterminffastructure planning fraenavtokk a
for electricity and gas networks. The TYNDP process reqsra panEuropean energy infrastructure
plan every two years. ENTS@, the European Network of Transmission System Operators for Electricity,
prepares the TYNDP for electricity, while ENTSOG, the European Network of Transmission System Op-
erators for Gas,prepares the one for gas, which since 2020 also includes hydrogen. The TYNDP pro-
cesses are extensive and complex; they are summarized and discussed here ainllge level of detail
relevant to the scope of this study.

The processes begin with scenario developmentnodelling future energy supply and demand. The
data is rooted in bottom-up data collected from gas and electricity TSOs, especially for the first scenario
years up to 2040. It also includes the NECPs of EU Member States, as well as further nationally deter-
mined ambitions, e.g., the hydrogen strategies. Different scenarios are developed in the process:

1 A central scenario in the TYNDP 2024 is thNational Trends+ (NT+) scenario, which serves
as a baseline scenario. It builds upon existing national policies and strategies, reflecting the
perceived current trajectory of energy transition efforts.

1 TheDistributed Energy (DE) scenario focuses on a decentralized approach to energy gener-
ation and consumption.

1 TheGlobal Ambition (GA) scenario emphasizes largecale, centralized solutions to achieve
climate goals.

The scenarios are developed by ENTEOand ENTSOG with input from national TSOs, the European
Commission, ACER, industry representatives, and NGOs. The draft scenarios are published and con-
sulted.

The TSOs then submit infrastructure projects for evaluation based on their own scenanmdelling.
These proposed projects undergo a cogienefit analysis (CBA) assessing market integration, security
of supply, and climate impact. After public consultation and regulatory review by ACER and the Euro-
pean Commission, the final TYNDP is published, and thHeéommission selects Projects of Common
Interest (PCIs) for EU funding and streamlined permitting.

Assessment of the Role of the TYNDP Process for Linking Infrastructure Planning in the EU

The TYNDP is the central and most important process planning for crdssrder infrastructure and
linking electricity, gas, and hydrogen. It also has to be noted that the process has evolved substantially,
and many points of critique to previous iterationshave been addressed. Nonetheless, the process still
has aspects in which it could be improved:

1 Electricity and gas infrastructure planning are still too siloed . Despite joint scenario de-
velopment, ENTSEE and ENTSES still publish separate TYNDPs based on separatedelling
exercises. The scenarios, while being described as harmonized, seem to differ between elec-
tricity and gas modelling. This has been addressed by ACER, alongside other aspects, like a
certain lack of transparency. It has to be acknowledged that harmonization of the TYNDP
processes is very challenging.

1 Limited scenario diversity. While the current scenario setinalyses the future along the cen-
tralization vs. decentralization axis, other key uncertainties are not fully explored, such as:

o The level of electrification vs. the use of energy carriers like hydrogen.

o The extent to which the "efficiencyfirst principle” reduces energy demand.
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o The degree to which energyintensive preproducts are imported.

1 Room for improvement in Cost -Benefit Analyses (CBA). The European energy system is
complex, making CBAs for individual infrastructure projects inherently challenging. ACER has
addressed this issue to ensura more integrated treatment of electricity and gas infrastructure
as well astransparency and fairness.

1 Lacking consistency of the TYPDP scenarios with national trajectories. ACER has criti-
cized that the TYNDP scenarios are not fully in line with national data and scenarios.

The evolution of the TNYDP processes towards better integration is clearly visible and successful. Siill,
it is not a top-down processanalysingwhat infrastructure necessities arise from strategic goals of the
EU, but a bottom-up process trying to align national energy and infrastructure strategies to EU goals.
Like with any highly complex process, there is room for improvement in the TYNDP process. Nonethe-
less, there is a natural limit on the level of integration and cohesion that can beeachedwhen the
process remains anchored to this degree in bottorup methods. As long as the overall strategy and
targets of the EU are mostly a benchmark and not the starting poirfor infrastructure planning, achiev-

ing the required level of cohesion by croskorder projects alone does not seem realistic.

3.3 EU Projects of Common Interest (PCI)

Projects of Common Interest (PCIs) are key crdssrder energy infrastructure projects selected by the
EU to achieve its energy policy and climate goals. PCI projects aim to facilitate market integration,
security of supply, and the transition to a lowcarbon economy by improving interconnections between
Member States.A project must first be submitted and assessed in the TYNDP process. The European
Commission then, in consultation with ACER and Member States, selects projects from the pool of
TYNDP project based on their strategic importance. The criteria for PCl are defined in the HENeg-
ulation. Among other aspects, the projects must have a significant crodsrder impact, must contrib-

ute to EU Energy policy goals and must be compatible with EU climapelicy. Furthermore, the benefits
must outweigh the costs.

PCI projects receive faster permitting, regulatory support, and access to EU funding under the Con-
necting Europe Facility (CEFJThe CEF supports the development of trarBuropean infrastructure in
energy, transport, and digital sectors. The CEF 20B2027 has a total budget of 33.7 bn. EUR, with
5.8 bn. EUR allocated to energy9]. The CEF covers up to 50% of eligible costs of PCI, but in cases of
projects with exceptional benefits (e.g. highimpact security of supply projects), funding cate as high

as 75%. However, national governments also support PCI, through direct subsidies, the approval of
higher transmission tariffs, or the of use statowned TSOs to investlt should be noted that since the
2022 revision of the TENE Regulation, fossil gas projects are no longer eligible as PCI.

Assessment of the Role of PCI Projects for Linking EU Energy Infrastructure

PClI are a cruci al t eaordereheogy infiastmpciure,iniegraging Engrigysmarketsp s s
and enhancing security of supplyNonetheless, the process is not without challenges. Projects often
delayeddue to permit proceduresat the national level,in particular for electricity projects. ACER has
also identified room for improvement regarding the transparency of the evaluation and selection pro-
cess[10].

However, like in the case of the TYPND, PCI specifically addresses ebmgder connections.The pro-
cess cannot adequately address mismatches of the national energy and infrastructure strategies and
policies.

3.4 Electricity Interconnection targets of the EU

The EU has set an interconnection target of at least 15% by 2030 to encourage Member States to
integrate their electricity production capacity across bordefd1]. This means that each country should
have electricity transmission capacity allowing at least 15% of its generated electricity to be trans-
ported to neighbouring countries.
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As of 2021, 16 countries reported being on track to meet this target by 2030 or had already achieved
it. However, further interconnections are still needed in certain regions to ensure a more integrated
and resilient European electricity market. The 15% taet is defined as the import capacity over a
countrybs installed electricity generation capacit

Due to the significant expansion of renewable enerd® particularly wind and solar, which have lower
load factors than traditional generation sourceB the installed capacity in the EU has increased consid-
erably, while new interconnection capacities have notgpwn at the same pace. To account for these
changes, the 15% interconnection target has been supplemented with additional urgency indicators,
including:

1 Wholesale market price differentials, reflecting bottlenecks in crodsorder electricity flows.
1 Nominal transmission capacity of interconnectors in relation to peak electricity demand.

1 Interconnection capacity relative tdhe renewable generationinstalled ensuring that electric-
ity surpluses from renewables can be exported efficiently.

Additionally, under EU regulations, each new interconnector must undergo a soegconomic and en-
vironmental costbenefit analysis to ensure that the potential benefits outweigh the costs before im-
plementation.

3.5 European Commission's Grid Action Plan

The EU Grid Action Plarf [12]), introduced in November 2023, brings concrete changes to electricity
infrastructure planning and development by accelerating permitting, improving crodsorder coordi-

nation, mobilizing funding, and modernizing grids. It streamlines approval processes $peed upper-

mit approval for new projects, reducing bureaucratic delays that often stall infrastructure expansion.

By requiring better coordination between EU Member States, the plan ensures that grid investments

align with an integrated European strategy, rather than being planed in isolation. To address the

1600 billion investment gap by 2030, the plan enha
financing, making it easier to secure capital for largecale grid expansions. Additionally, it mandates

the modernization of aging infrastructure, integrating smart grid technologies that improve energy

flow management, reduce congestion, and support the growing share of renewables.

The Grid Action Plan primarily serves as a strategic framework to enhance and expedite the develop-

ment of Europe's electricity infrastructure. While it outlines several key actions and recommendations,

it does not, in itself, enact immediate regulatory oregislative changesThe planalsodoes not intro-

duce additional funding. It instead aims to optimize the use of existing financial instrumentamong

these are the Connecting Europe FacilitpEnergy (CEfFE) , whi ch al | ocat-bosdert 5. 8 bi
energy projects between 2021 and 2027, and the Recovery and Resilience Facility (RRF), which provides
approximately +13 billion for grid imprgvngthdeeeyg- and di
ulatory frameworks to attract both public and private investments necessary for modernizing and ex-

panding the EU's electricity grid.

3.6 Indirect Incentives for Infrastructure Integration through
Market Integration

The integration of EU energy infrastructure is also driven indirectly through measures that increase
market integration; a welkfunctioning internal energy market requires seamless crog®rder electricity
and gas flows. By removing regulatory barriers, meonizing market rules, and increasing competition,
the EU creates a natural incentive for infrastructure expansion. As energy markets become more inter-
connected, the need for crossborder transmission capacity, storage facilities, and network upgrades
grows to ensure efficient price signals, energy security, and grid stability. Policies that liberalize and
integrate markets indirectly push for greater infrastructure development, as market forces demand
more interconnectors, hydrogen corridors and storageagutions to balance supply and demand across
regions.
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The Electricity Market Regulation (EU 2019/943) and Electricity Market Directive (EU 2019/944) en-
hance EU energy infrastructure integration by ensuring a harmonized and competitive electricity mar-
ket. They mandate regional coordination of grid operationsset the abovementioned minimum 70%
crosshorder capacity rule to facilitate electricity trade and establish markdtased congestion manage-
ment. The Gas Market Reform (2023) and the Hydrogen and Decarbonized Gas Market Package drive
infrastructure integration by creating a regulatory framework for crossiorder hydrogen networks,
enabling the development of European Hydrogen Backbone corridors and improving gas market inter-
connections to support decarbonization. Meanwhile, the Gas Security of Supply Regutati (EU
2017/1938) strengthens regional energy security by requiring emergency gas storage levels, imple-
menting joint gas purchasing and introducing solidarity mechanisms for gagharing among Member
States. Together, these policies create a more interconcted, secure and decarbonized EU energy
system byfacilitating seamless electricity and gas flows, stronger market integration and resiliente
supply disruptions.

3.7 Overall Assessment

While EU policies have significantly advanced crebsrder energy infrastructure integration, they often

do not adequately addresghe internal challenges within Member States, which can limit the full po-
tential of interconnectivity. As energy strategy and infrastructure remains largely in the domain of the
Member States, EU policies focus on intesountry links, such as interconnectorsrad crossborder ca-
pacity rules. While this is crucial for market integration, bottlenecks, grid constraints and inconsst
national regulatory frameworks continue to impede progress. According to Brueg§l 3], ensuring ef-
fective electricity interconnections requires more than just financial investméntational grid up-
grades and streamlined permitting processes must be addressed to avoid underutilized crbesder
links. Similarly, the International Monetary Fud (IMF) highlights that national interests often take prec-
edence, as countries with low electricity prices may resist integration to avoid price increases, while
high-cost countries may fear competition from cheaper imports, creating structural barriers full mar-

ket integration [14]. The IMF caif or a Bbl ueprintb for the evolution

Focusing on crossorder energy infrastructure while national strategies remain misaligned is like forc-

ing together and glueing mismatchedpuzzle pieces. While the pieces mainterconnect, the overall

picture still remainsfragmented and incoherent. There is no doubt thata sufficient number of cross

border connections arenecessaryhowever, this alone isnot sufficient. Without stronger coordination

between Eiropeanwide and national infrastructure (and energy)planning, crossborder links risk re-
maining underutilized, and internal mar ket ineffic
and decarbonization goals.
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4 Definition of the Main Scenarios

This section presend our approach to planning energyrelated infrastructures, whichintegrates Euro-
pean and sectoralperspectivego achieveEuropean climateneutrality objectives by 2050. By concisely
mapping and reviewingthe current procedures and scenarios for infrastructure development, we de-
rive a robustoutline of a future-proof European energy infrastructure and identify risks of stranded
assetswhen planning infrastructure.

For this purpose, the European energy system is analysed as a whole. Changes in energy demand and
supply requiredto achieve climate neutrality and the influence that different infrastructure solutions
have on the development of the energy system are modelledVe investigate futures for the following
infrastructures in Europe:

9 Electricity infrastructure

1 Gas infrastructure (including both natural gas infrastructur®which will have to be re-dimen-
sioned and repurposed- and future hydrogen infrastructure)

1 Infrastructure related to CQ from carbon capture, transport, storage, and use.

In the following, these infrastructures are characteriseds sectors, which will be considered in the
context of the evolving energy system. Simultaneously, this study covers the entire European continent
(countriesat national level and Europe as a whol€). The resulting high complexity leads to two major
modelling challenges. First, theno d erlnktise is substantial, and second, therare a multitude of
scenariosthat can achieveclimate neutrality. The combination of these twochallengesmakes it ap-
parent that a narrower focus is required in the scenarios investigatkin this study. We therefore con-
sidered two main policy dimensions in line with climate neutrality ambitions:

Cross-sectoral view < »Sectoral view

The first dimension represents infrastructure planning approaches ranging from a cressctoral view
to a view in sectoral silos. Infrastructure planning in sectoral silos does not considae interaction
between sectorsin a consistent harmonised way as electricity, natural gas and hydrogen networks are
planned largely independently of each other. The sectoral view therefore, involves the risk of unnec-
essarily high energy system caostlue to grid bottlenecks and/or overcapacities (iterms of technolo-
gies for climate neutrality and infrastructures) compared to integrated, cosiptimal grid expansion.
Despite these drawbacksthe sectoral siloapproach to infrastructure planning is currently applied in
the TYNDP as discussed in Chapt8&r2. Investments in gas and electricity networks are investigated
(mostly) separately and thereby enforce this sectoral view on the energy systgih].

Implementation:

To account for the sectoral policy dimension in the energy system modelling, wgo beyond current
infrastructuresto include future transmission linesand natural gas and hydrogen pipelines that have
been proposed in frameworks like the TYNDP, the Hnfrastructure Map and the German Hydrogen
BCore Networ kBb. F ofthearojents coesidateal tn the different scenagias, we refer
to Annex 2: Implementation of Current Infrastructure Planning

Crosssector view: The existing grid and already advanced TYNDP projece (viththest at us Bin co
structionb f or el eAnhex2: mplementatida bf Cidrént Ihfrastruciyra Blanning e e

form the lower boundary for endogenous transmissiorcapacity expansions. In the scenarios with

crosssector view CE and CN, the optimisation model can freely expand the transmission capacities in

addition to the existing grid and already advanced TYNDP projects.

® Note: Infrastructure for heat supply is implicitly included: heat demand for buildings is modelled as a demand for utiliseeat in PyPSAEur. The struc-
ture of the heat supply is endogenously set by the optinsation (see sectiorb.2)

2 Modelling includes the Member Statef the European Union excluding Cyprus and Maltaas well as the United Kingdom, Norway, Switzerland,
Albania, Bosnia and Herzegovina, Montenegro, North Macedonia, and Serbia
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Sectoral view: In theSE and SNscenarios, the existing grid and all projects mentioned above (TYNDP,

H, Infrastructure Map and Hydrogen Core Networkgare the only capacity expansion permitted in the

system until the end of the planning period in 2040. Therefore, up until 2040, the only expansion in

grid capacity is implemented through sectoral grid plans such as the TYNDP. The optimisation model

can freelyexpand the transmission capacities only after 2040. In the case of TYNDP projabist fea-

tureamatur i ty status, we also include | ess advanced ptr
siderationb for the el eAnbex2: mpléementation of\orrerk Infadtrocr det ai
ture Planning. This approachreflects the network capacity expansion as envisioned by grid planners.

» National view

The second dimension represents infrastructure planning approaches ranging from a créssder,
European view to a national view. While the EUDbs i
tionist tendencies can lead to minimising significant energy import dependencies (also from within the

EU) by expanding domestic generation and storage capidies. Countries with large energy generation

potentials could refrain from expandinglow-cost generation and infrastructure capacities for exports

to ensure lov domesticelectricity pricest' These national tendencies could lead to unnecessarily high

system coss of European energy supply (e.g. by building excess regional capacities despite-sphtimal

generation conditions)[15].

Implementation:

Self-sufficiency constraints can be activated in the modéb account for the national policy dimension.

If these constraints are activated, they restricthe imports of individual countries by imposing a maxi-
mum annual share of hydrogen and electricity imported compared to national generation. There is no
restriction to energy imports and exports on an hourly basis. More details on the sdlfifficiency con-
straints can be foundin Annex 1: A Short Description of the PyPSA Model

European view: The selbufficiency constraints are not activated. The system can freely optimise the
share of imported versus domestically generated electricity and hydrogen.

National view: To model a strong focus of policy making on the national energy system, the self
sufficiency constraints are activated and sdb require a high share ofdomestic generation for each
country considered in the modelling. For example, in 203Ghe minimum share of national flomestic)
generation is set to 80% for electricity and to 70% for hydrogenin each country. For hydrogen, the
share remains constant while in the electricity, countries must produce 100% of their electricity de-
mand annually by 2050. Also, countries will build capacities toenable them to export 10% of their
electricity/hydrogen demand. Details on the parameterisation can also be found Annex 1. A Short
Description of the PyPSA Model

" These views of a nationally dominated energy system are exemplified by recent discussions on transmission lines from Norwaygla phase of very
high electricity prices that sparked debates iNorway [73].
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These two policy dimensionyield a matrix of four scenarios characterised in the following table:

Table 1: Mapping of four main scenarios on two policy dimensions.

EUROPEAN VIEW NATIONAL VIEW
CROSSSECTORAL VIEW!  CE: CN:
Cross-Sectoral, Cross-Sectoral, National
view
SE: SN:
SECTORAL VIEWv Sectoral, Sectoral, National view

The four scenarios abbreviatedsBCEB, BSEB, BCNB and BSNB, respecti\
focus of the analysis of European infrastructures. Each scenario is described in the following.

"CE" Scenario (Crosssectoral, European view} In this scenario, the model can freely expand the
transmission capacities for the different sectors (electricity, gas, hydrogen, §Orhe existing grid and
advanced TYNDP projectform the lower bound. The model can also freely set the share of imported
versusdomesticallygenerated hydrogen and electricity, i.e. the sel§ufficiency constraints are not ac-
tivated. This scenario is expected to yield coesptimal generation, storage and sectoralhmtegrated
grid expansion across Europ® achiew a climate-neutral energy system by 2050.

"CN" Scenario (Crosssectoral,National view). This scenarioalso represents sectoralintegrated grid
expansion by allowing free further expansion of transmission capacities. However, it also assumes a
focus on national selfsufficiency.In contrast to the previousCEscenario, the selfsufficiency con-
straints are activated. This is expected to manifest as a trend towardsigh level of national supply
and a low level of import dependence (including from within Europe).

"SE" Scenario (Sectoral, European view) This scenario assumes sectoral grid planning in silos. Up
until 2040, transmission capacity expansion is fixed based on TYNDP, theikfrastructure map and
the German Hydrogen Core Network. However, the selufficiency constraints are not activated, al-
lowing the model to freely determine the annual national sharesf imports. Thisis expectedto
achievegood EUwide coordination but fail to integrate sectorcoupling approaches in the planning
processes.

"SN" Scenario (Sectoral, National view) This scenario assumes sectoral grid planning in silos by fix-
ing the transmission capacity expansion as in the previous scenario. Howevefuither assumes a
focus on national selfsufficiency, i.e. the selfsufficiency constraints are activated. As a result, unco-
ordinated expansion of generation and grid infrastructure is expected.

These four scenariosshould generate findings that can be usedo inform policies in the context of
policy and regulatory frameworks.

Box: The National View: Self -sufficiency and autonomy

The distinction betweenself-sufficiency and autonomy in national electricity systemss determined
by the role of net imports versus domestiagyeneration capacity . A country is considered sefsuffi-
cient when it has a low share of net energy importsit relies primarily on domestic generation but may
still engage intrading electricity, importing and exporting as needed to optimize costs and grid stability.
Autonomy, on the other hand, which could also be referred to as energy independenc¢eneans that a
country has enough domestic power plant capacity to always meet its electricity demand, even in the
absence of imports. While seksufficiency reflects a balanced energy trade position, autonomy ensures
that a country isstructurally independent of external electricity supplyunder any circumstance, in-
cluding crises or geopolitical disruptions. However, an autonomous system does not necessarily imply
optimal efficiency or costeffectiveness, as maintaining surplus capacity without utilizing imports can
lead to higher infrastructure and operational costs. Many EU countries aim for a mix of sed@ifficiency
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and strategic interconnections, leveraging imports for flexibility while ensuring they have sufficient
domestic backup capacity for emergencies.

Both self-sufficiency and autonomy are addressed in the scenarios with a national view:

1 Self-sufficiency is implemented as a boundary limiting eacltountry's maximum net imports
over the year.

1 Autonomy is implemented by constructing additional power plants that allow a country to
meet its domestic electricity demand in every situation, even if these capacities are not fully
usedin a functioning market.| n our scenari os, t hease carpecridfiersr
This means that the demand in each country can be covered by domestic power plants in every
hour of the year without reliance on other countries.
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5 Main Input Parameters for the Scenarios

This section presents the maimodelling assumptions that are common to each of the four scenarios.
The modelling is based orthe PyPSAEur framework[3] with the version 0.10 (adapted to the present
project through a number of stakeholder interactions)While detailed input parameters can be found
in the repository and additional information published with this report, herewe summarise some of
the key assumptionsFirst the regional and temporal resolution of the model is presentedThe follow-
ing sectiondiscusesthe energy demand distinguishing between demand for industry, transport and
heating. Thirdly, we discuss parametersignificant to this studysuch as the CQ reduction pathway,
technology parameters, exogenous capacity expansion limits and hydrogen import parametrisation.

5.1 Regional and temporal resolution

Regional resolution

To be able to review the current state of infrastructure planning in Europe, our model needs to reflect
the main transport and transmission pathways in the electricity grid and gas network. However, mod-
elling at full spatial resolution isunfeasible, since therun-time scales with the number of regional
points that are considered. Therefore, in the model, we cluster the energy system to a limited number
of points. While the minimum number of clusters is given by the number of countriés considered in
this study, we identified a maximum of 80 cluster points in terms ofun-time concerns. Still, a lower
number is advisable to reduce computationatomplexity. Thus, we decided on a clustering comprising
62 points, which were distributed basedon the following strategies:

1 Each country must have at least one cluster.

1 Automatic clustering basedon the regional electricity demand gives the number of clusters per
country.

1 Countries relevant for the regional case studies (see Chaptéy receive a higher spatial resolu-
tion.

1 Expansion pathways must be included in the clustering.

In Annex 1: A Short Description of the PyPSA Modelve elaborate in more detailabout which criteria

l ed to each count rHRgbre2a showniheresultnd clustdring sideckin tisis. study. A
higher resolution clustering is set for central Europe. The centres of the clusters are then connected by
the transmission lines and the transport pipelines of the electricity and gas infrastructurehérefore,

we map the existing electricity grid according to ENTSE, as well as future projects from the TYNDP
2022, to the clustering, resulting in the model for the electricity grid in Europe depicted ifrigure2b.
Each of the 62 nodes has also an offshorevind power generator assigned to it. The costs of this
generatorinclude connedion costs, while the grid connection to these offshore regions is not explicitly
modelled.

Similarto the electricity grid, we implement existing gas pipelines from the database SciGrid GHK5]
by assigning them to the corresponding cluster and add transmission projects from the TYNDP 2022,
resulting in the gas network inFigure2c. The existing gas infrastructure can also be used for repur-
posing to hydrogen pipelinesas required byendogenous optimisation or by exogenousonstraints
depending on the scenario assumptionsThishydrogen network is still in the planning phase. There-
fore, in our model it is first initialised without transport capacity. In addition, we add the hydrogen
pipeline projects as summased in the H, Infrastructure Map and the German Hydrogen core network
[17, 18]. Altogether, the routes available for hydrogen pipelines are shown ifigure 2d. Depending
on the scenarios described above, we then allow the model to optira¢ the hydrogen network freely
or restrict it to existing infrastructure plans.Additionally, Figure 2d alsoindicates entry points for hy-
drogen imports from outside the modelling region via ship or pipelineA more detailed description on
the modelling of hydrogen imports can be found inChapter5.3.

2 The modelling includes the countrie®f the European Union excluding Cyprus and Malta as well as the United Kingdom, Norway, Switzerland, Alba-
nia, Bosnia and Herzegovina, Montenegro, North Macedonia, and Serbia
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Lastly CGO; infrastructure is also optimised within the model. As plans for a COpipeline network are
not yet mature, we do not set exogenousconstraints here but instead allow the fully endogenous
expansionof CO; pipelines along the routesdepicted in Figure2d.

Figure 2: Clustering used for infrastructure modelling.

7 “'i?:.—

(a) Cluster outlines (b) Simplified electricity grid

(c) Simplified CH, network (d) Possible H, or CO, network with
H,-import entry points

Temporal resolution

For the analysis of future scenarios, it would of course be most favourable to model multiple milestone
yearswith an hourly resolution. Yet again, such a high resolution ignfeasible in terms ofrun-time.
Instead, we focus on seven milestone yearfom 2020 to 2050 in five-year steps, andthen subdivide
the year into 2190 incrementswith a flexible time -segmentation . The width of these increments
is determined by an algorithm in the tsam packagé¢19]. It considers most exogenous time serietike
the profiles for renewable energy and demangand groups adjacent time steps with the least differ-
ence. Thereby, time periods with a high fluctuation can have an hourly or twourly resolution, com-
pensated by larger intervals in times with little fluctuations. A test case on a smaller model has show
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that discrepancies are kepto a minimum with this method with a full hourly resolution (seeAnnex 1:
A Short Description of the PyPSA Modgl Thereby, we are still able to incorporate important features
in the time series of supply and demand throughout the day while drastically cutting down the run
time.

5.2 Energy Demand Development

The overview of theenergydemand detailed in this section distinguishes between demand for industry,
transport and buildings (households and tertiary sectpr

The energy demand is modelledusing the structure already provided byPyPSAEurSec[l]. A key
sourcefor the energydemand in PyPSAur-Secis JRCIDEE$2], seethe PyPSAEurSec license docu-
mentation [3] for a full list of input data. The energy demanddevelopmentsin Europewhich are ex-
ogenously determined are then configured and validated based orrecently published data[4] from
the TransHyDE studjb].

The resulting exogenous energy demandigures are detailedand discussedelow for eachsector, as
well as the selected TransHyDE scenarios and corresponding assumptidiie demand discussed in
this sectionrefers to the entire modelling region'2.

Industry

A key source for industrial demand assumptions in our study is thEransHyDE studyCompared to
other sources TransHyDEbuilds on a very recent assessment of hydrogen demand imdustry,
transport and the building sectorand makes it possibleto consider the differentsub-sectors of hydro-
gen demand individually.Based ona detailed energy system analysisfocuseson developing a better
understanding of future hydrogen demand in the EU by assessing different scenarios ranging from low
to high hydrogen demand using a bottomup energy demand model. The following key assumptions
are common to all scenariogn TransHyDEA climate neutral European energy system is reached in
2050. The supply and use of biomass is limited and there is no migration of energytensive industries.
In the industry sector, a switch to hydrogerbased processes is modelled, which are all located within
the EU. The only exception ithe TransHYE Scenariowith the lowest hydrogen demand (S1) in which
parts of the value chain take place outside of the EU. Heré},-derivatives such as methanol and am-
monia as well as iron sponge are imported.

Additionally, the TransHyDE scenarios differ in theursage of hydrogen invariousindustry processes,
resulting in differing industry demandfor hydrogen. An in-depth description of the scenarios can be
found in Fleiter et al.[5]. As the basis of the industry demand in our study, we choose an intermediate
between scenario S2 and S1. Botassume a switchto hydrogen for high temperature processheating

in furnaceswith temperatures above 500°C Similarly, theyassume a high demand for hydrogen as a
feedstock since there is little or no competition from other technologies. Thishift includes the hydro-
gen-based direct reduction of iron ore in steel production, the production of ammonia, and the pro-
duction of High Value Chemicals (HVGQ)here synthetic naphtha is produced from green hydrogen or
via the Methanokto-Olefins (MTO)Methanol-to-aromatics route. In the TransHyDE demand scenario
S2, itis assumed that these materials are produced within the EU rather than being importdd.con-
trast, the TransHyDE demand scenario $Esumessignificantimports of those materials in particular
of ammonia and 50% of the sponge iron. In our intermediate demand scenario S1.1 this study
assumes that 60% of methanol and ammoniawill be imported as green naphtha derivatives and fur-
ther processed using an electric steam cracker in the EU. The remaining 40% will be produced using
the MTO route. For steel production based orhydrogen, similar to S1, it is assumed that only a partial
relocation of production outside of the EU will occur.This is based on the assumption that aignificant
part of the industrial value chainbased on green hydrogen and derivativewill arise outside of Europe
while partly attracting such industriesin the EU, notably wherethere isa strong grey industrial value
chain (e.g. for steel production)assuming that future industrial value chains wiltake advantage of
currently existing structures within the EUThe logic behind thesedecisionsis that the industrial value
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chainwill be partly rebuilt or expandedwhen switching to hydrogen and derivatives, with aredistribu-
tion of production both within and outsidethe EU, taking advantage of better conditions for renewa-
bles production outside the European UnionThisproduction is not industrial leakage(industriesrelo-
cating) but the reconstruction of a new value chain which takes into accountnergy partnerships with
partner countries to develop common interests.

The energy demand including feedstocks,for industry processess summarsed in Figure3. Here, we

see an increasen the demand for electricity and hydrogen. At the same timethe demand for fossil

fuels is decreasing, especially thdemand for methane. Due to TransHyDEDbDs syste
gas demand also includes thenethane that is needed for steammethane reforming plants at specific

industrial sites Therefore, the hydrogen demand forindustry here only includes hydrogen that is not

produced onsitebut rather can be viewed as part of the overall energy systerithe remaining hydrogen

demand from onsite production is reflected in thefigures for methane gas in Figure3. Note that the

demand for hydrogen is irrespective of thénydrogen colour since themodel is free to decide endoge-

nously how to produce (or import) hydrogen to satisfy the demand

For more detail on the implementation of the TransHyDE demand scenario into our PyPSA model, we
refer to the Annex 1.

Figure 3: Industry energy demand, incl. feedstocks, according to carrier in Europe.
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Transport

Overall ransport demand[20] is modelled in PyPSAurSec bydetermining the annual energy de-
mand for land transport, aviation and shippingfor the different countries sourced from the JREDEES
dataset. The evolution of transport demand is configured as follows:

For land transport, both road and rail transport are combined. The mix of propulsion technologies is
adjustable, allowing for battery electric vehicles (BEV), hydrogen fuel cell vehicles (FCEV), and internal
combustion engine vehicles (ICE). BEVs and FCE¥dssume electricity and hydrogen respectively. Ve-
hicles running on ICEs demand cibased fuel Until 2050, nearly complete electrification of all vehi-

cles in road and rail transport is assumed. However, in the long term, hydrogédyased propulsion
technologiesare expected to become more widespreadoarticularlyto some degreein heavy-duty
transport, to achieve complete defossitation of the sector. It is assumed that hydrogen will cover

about 10% of land transport in 2050 due to heavy-duty vehiclesfuelled by hydrogen. The direct hy-
drogen demand in transport in 2050corresponds to 184 TWh.Thisamount corresponds to about
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half the hydrogen demand in land transport in TransHyDE Scenario S4 and is in line with the
Transport&Environmen{21] study.

Note that oil-based fuels can be eitheobtained from fossil reserves oare of synthetic origin. The lat-
ter case requires the modekndogenousconstruction of FischefTropsch plantswhile emissions from
fossil fuels need tobe compensated or captured to achieve Coneutrality. The use of fossil or syn-
thetic fuel is determined endogenously.

Table 2: Changes in shares of propulsion technologies and fuels in transport sector

Propulsion technology shares in land transport Fuel shares for shipping
Year [%0] [%]
BEV FCEV ICE Ol Green methanol

2020 0 0 100 100 0

2025 15 0 85 85 15

2030 30 0 70 70 30

2035 45 0 55 50 50

2040 67.5 5 27.5 30 70

2045 80 7.5 12.5 15 15

2050 90 10 0 0 100

The maritime transport mode(shipping) accounts for domestic demand and consumption of interna-
tional bunker fuels. Theexogenously determinedfuel mix comprises oil and methanal The latter can
be produced in dedicatedmethanol production plants based on hydrogen and carbordioxide from
carbon capture or direct air captureIn 2050, all maritime transport usesthis green methanol.

The fuel demand of aviation isnodelled as oil demand due to kerosene consumption for both interna-
tional and domestic European flightsSimilarto overdand transport and shipping, themix of fossil and
synthetickeroseneis determined by optimisation.

Thanks tothe efficiency gains for the modalities of the land and maritime transport, the switcho
alternative fuels results inlarge savings in final energy demand of the transportation sector. As pre-
sented inFigure4, the energy demand in transporation amounts to 2133 TWh in 2050, compared to
around 3600 TWhexpectedin 2030.
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Figure 4: Final energy demand in transportation sector  in Europe .
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Heating Demand for Residential and Service Building s

The heat demand forbuildings is modelledin PyPSAEurSecas a demand for utilised heatOne benefit

is the independence fom pre-defined energy sources tacoverthe demand for space and water heat-
ing, i.e. the structure of the heat supply is endogenously by the optimisatiorThe nstalled capacity of
heat generation technologiestaking into account the technology stock the expansion of heat storage
facilities, and the operation of generation and storage technologieare optimisedto satisfy the de-
mand for utilised heat Theapproachdifferentiates between decentralsedand centraised heat supply
and can select from arange of technologies (boiler, heat pumps, CHPs, solar thermal, waste heat).

The exogenously set demand for utilized heas based onthe annual heat demand from JRC IDEES per
country. The heat demand is distributed among the clusterconsideringthe population per cluster
and subsector Seasonabnd daily variations in heat demandre driven by the temperaturg(see PyPSA
EurSecl[1]). The evolution of total heat demand is configurable and modelledased on the LTSCN
scenario for buildings in the EU CALC To¢22], resulting in a demand reductionby 14% in 2050 with
respect to 2030due to improved building insulation.

The evolution of heat demand over the planning horizons for Europe is shown iRigure 5, where a
distinction is madebetween centraisedand decentralsed heat demand. Here, centralsed heating co-
versthe district heating demand both from the residential and service sectsin urban areas.
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Figure 5: Evolution of heat demand in the residential and service buildings sector in Eu-
rope.

residential rural Bl services urban decentralised
residential urban decentralised BN urban centralised
B services rural

3500 -

3000 -
2500 -
2000 -

1500 ~

Heat demand (TWh)

1000 -

500 -

0

2040 -
2045 -
2050 -

2030 -
2035 A

5.3 Main Scenario Assumptions

In addition to the scenariespecific assumptionsn Chapter 4 and the exogenous demand modelling
in Chapter 5.2, the scenarios are defined by the basic, overarching configuration of the model. The
model configuration thus forms the foundation of the scenario analysisThe main assumptions are
closely linked to the general functionality of thePyPSARIr model. Detailed information on the model
that goes beyondwhat is presented inthis report can be found in the documentation[23] and various
publications[24, 25, 26]. Several different types of configuratios can be distinguished:

General Configuration of Model Topology and System Boundaries

The general configuration of the model determines the topology ofhe energy systems to be analysed.
Thisconfiguration is based on the definition of the geographical boundaries of the model introduced
in Chapter 4 and the spatial resolution of the countries depicted.

For these regionswe first define the technologies availablefor electricity and heat generation (RE
generation plants, conventional power plants, CHPs, etc.), for energy storage (battery and pumped
storage, gas and hydrogen storage, shoiterm and seasonal heat storage, etc.), for energy conversion
(H. electrolysis, methanation, steam reforming, etc.) and for supfreegional energy and material
transport (electricity, gas, hydrogen, C@networks). Subsequently the technologies for which CQ
capture is pemitted and the potential for CO, storage, are specified.

In addition to the technologies, the basianodel configuration also includes all relevant energy sources
that are important in today's energy systemfossilfuels (coal, gas, oil) renewable fuels (biomass, bio-
methane), renewable primary energy sources (wind, solar, hydropoweand nuclear energy Synthetic
energy sources will beof great importance for the decarbonisation of the energy systemin particular
hydrogen and its derivatives (methanol, ammonia). The model also includes synthetic oils and synthetic
methane.

In addition to modelling the energy carriers, it is also relevant which energy carriers can be imported
from outside the model boundaries and to what extent. For the current energy systerimports include
hard coal and oil products as well as natural gas via pipeline or liquefied via LNG terminals. In the
future, the import of hydrogen (pipeline, LH2) and its derivatives will also have a significant influence
on the energy system.
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Our setup has been designed to fully cover the current energy system. In addition, our selection of
technologies ensures that the development of the energy system towards climate neutrality can be
optimised freely, taking into account innovative technologies and reliable assumptions. Especially rel-
evant for this optimisation are adaptable Poweitto-X technologies,import, generation and the distri-
bution of hydrogen and its derivatives as well as the flexible optimisation of the grid infrastructure.

The transition of the European energy system frorits current status to greenhouse gas neutrality is
largely driven by the CQ reduction pathway. In the modelused a maximum CQ budget is set that
may be emitted into the atmospherefor each milestoneyear. This budget is based oa CO, reduction
pathway, which covers significant milestones defined by the Europea@ommission to reach CQ neu-
trality by 2050. More specifically, targes fromthel Fi t package &enietwith its 55% reduction
by 2030 andthe proposed target of 10% remaining annual emissions by 2040[27] This CQ reduction
pathway is equivalent to a CQ budget of 40.3 Gt for our entire modelling region.

Meeting this CO, budget is defined as a binding constraint in the model. The energy system is opti-
mised to ensure that the energy supply ér all sectors is guaranteedwhile complying with the maxi-
mum CO; budget at minimum overall system cos The model offers three different options for re-
ducing CG; emissions:

1. Reduction of emissions into the atmosphere through the expansion and use of leearbon or
COs-neutral technologies and energy sources: The model can invest in technologies to reduce
emissions into the atmosphere by increasing energy efficiency or using less&@ensive en-
ergy sources. The exogenous capacity corridors for the technologies, described later, have to
be adhered to.

2. The model can invest in technologies that capture emissions from industrial or power plant
processes from exhaust streams and make them available for synthesis of synthetic hydrocar-
bons or sequestration.

3. Carbon capture from the atmosphere: The model can extract CCrom the atmosphere by
direct air capture or nature-based removal from the atmosphereand make it available for
further use or sequestration.

Each country has individual potentials for the permanent storage of GOAdditionally, the model is
bound by a pan-European restriction for CO, sequestration, limiting the annual storage to 500Mt per
year, which is well withinthe assumptions of other studieg§28].

Capacity Limits and Expansion Potential

The optimisation of technology expansion in the model is constrained by exogenous configurable ca-
pacity limits and capacity limits determined by endogenous methods.

The overall capacity limits for renewables, in particular solar and wind, are determined by the Atlite
software package[29] for the individual regionsbased on technologyspecific space requirements and
land-use restrictions These capacity limits are independent of the optimisation yeawhich capacities
are then actually installed is part of the model simulation and can be optimally determined within the
limits. The methodology can be found in the Atlite documentation[29] and in the Reference[30].

In addition to the endogenous capacity limits, exogenous limits are set to represent scenabased
assumptions as well as political and regulatory specifications. In this way, corridors can be specified for
the expansion of the generation, conversion, st@age and infrastructure technologies optimized by the
model. These include technical framework conditions, such as upper limits for the expansion of elec-
trolysers and heat pumps, which incorporate factors such as the evolution of the technologies and the
practicable installation of the systems. In addition, the corridors can contain assumptions from national
grid development plans and the TYNDPs for electricity and gas. Furthermore, political targets and reg-
ulatory requirements are set as additional constiats. These targets are supplementary to the scenario
assumptions on grid expansion and national selufficiency discussed in Chaptet.
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Forrenewable energy carriersn particular, we implemented country-specific capacity expansion path-
ways to avoid countries exploiting their renewable potential at an unrealistic rate. An exampté such
an expansion corridor is provided ifFigure6.

Figure 6: Capacity expansion corridor for offshore wind power in Denmark based on
Reference [31] and Atlite [29].
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Theplants actually installed in 202(32] are marked with a red triangle.For 2030, we select data from
the Emberstudy [31], which summarises expansion targetaccording to national policy makers and
transmission system operators (TSO3)hese targets are used to define an upper and lowdmit for
the capacity in 2030 with an additional10% for the data of the national scenarios (CN, SN) and 15%
for the European scenarios (CE, SE).

The 2050 data represent thetotal available potentialaccording to Atlite's calculations, whereby some
data were adjustedafter expert consultation, as they did not appear to be achievable for geological
and/or political reasonsThe corridor for the years 2035 to 2045 was determined by linear interpolation
of 2020 and 2050.

Timed Load and Generation profiles

In addition to static constraints, timevariable profiles are specified for the optimisation of the model
differentiating between time-variable, exogenous energy demand profiles and tiraeariable maximum
generation profiles.

A time-variable demand profile is applied to the exogenous electricity demand and the demand for
space heating and hot water.

The exogenous electricity demand is determined from historical consumption time series in combina-
tion with assumptions on efficiency gains ands givenas an hourly profile for each model regionThese
are taken from the Open Power System Data (OPSD) based on EN‘ESOansparency33].

The heating demand described in Chapteb.2 is characterised by an hourly profile in a routine that
depends on the weather data usedbase year 2013)For space heating, the heating degree days are
first determined for each model region depending on the temperature profile. On these days only,
there is a demand for space heating. In a subsequent step, the hourly heat demand is determined for
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the identified heating degree days on the basis of the intraday temperature profile. Hot water demand,
on the other hand, is much more constant and is especially affected by usdependent intraday fluc-
tuations.

The renewable electricity generation technologies and solar thermal energy are attributed a tirar-
ying maximum generation profile. An individual profile is determined for each technology in each
model region based on the weatherdatabases ECMWF ERAB4] and CMSAF SARAF3 [35]. As for
the maximum technology exparsion potentials this is computedin the tool atlite [36]. Details on the
method can be found in the documentation linked above.

Technology Parameter

The technology parameters of all model components are specified exogenously for eaafithe (mod-
elling) milestone years considered in the optimisationand can be adjusted individuallyThe initial data
set originates from the public input data repository{37], in which the primary data sources and the
computation of the individual technology parameters are transparently describeéor our modelling,
version0.9 of the technology data was used.The model input data contains details on all modelled
technologies, as well as additional technologies that are not included in the model used. This latter
data is therefore not relevant for the calculations in this project.

The data set contains the key assumptions on costs for the technologjegpresented by investment
costs as well as fixed and variable operating costs. The lifetime and conversion efficiencies are also
included for each technology. The data also includes the prices of importable energy sources such as
oil or hard coal. Figure7 show exemplary cost trends for wind and PV systemAlso, the development

of investment costs for heat pumps and the development of theoefficient of performance COB of
heat pumpsis displayed inFigure 8. Along with the data on heat pumps, it also shows investment
costs of H electrolysers, which differ from the PyPSA technology data in consultation with experts
from the TransHyDE research proje¢88] to avoid too optimistic cost assumptions in this important
technology. The full set of technology parameterghat was used in this studyis availableas an addi-
tional file.

Figure 7: Exemplary cost trends for wind and photovoltaic systems.
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Figure 8: Exemplary cost trends for the development of investment costs for heat pumps
and electrolysers and the development of the COP of heat pumps

—8— Air-heat pump -®- Ground-heat pump @+ Electrolysis
1600 -
1400 -
)
(&)
G
= 1200 - £
S s
= g
é 1000 - us
2 =
) Q¢
2 800 - S
—_ Y=
Q
o
U
600 -
400 A

2020 2025 2030 2035 2040 2045 2050

Import of Energy Carriers from Outside Europe

Apart from producing the energy to cover Europebs
imported from outside Europe, includingfossil fuels uranium, hydrogen syntheticmethane and liquid
hydrocarbons.

Uranium, oil and synthetic liquid hydrocarbons are imported to the European zone as a whole and not
with specific import locations in the PyPSA&ur framework. This is based on the assumption that their
distribution is lossless and that the cost of their dtribution is assumed to be negligible. For the import
of natural gas, on the contrary, different import locations via pipeline and LNG terminals are modelled.
This import infrastructure can also be used for the import of synthetic methanén Figure9, the costs
for the import of these conventional energy carriersire displayed

FraunhoferlEGIS| d-fine Seite42



)
i

Z Fraunhofer ~ Fraunhofer

IEG IS

Figure 9: Fuel costs for the import of conventional carriers.
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From 2030, the model also has the option to retrofit the LNG terminals to liquid hydrogen terminals
with underlying costs estimated by Neumann et al[24]. Similarly, the gas import pipelines entering
Spain and Italy can also be repurposed. In addition to the usage of existing gas import infrastructure,
new import terminals are built according to the H infrastructure map[17].

The model considers the import of hydrogen via terminals in different states (liquid, LOHC) as well as
derivates.Only the gaseous state of hydrogen is consideredithin the model, therefore the different
import methods are only distinguished by the cost of the terminals and the price of the hydrogeithe
import costs for liquid hydrogen, hydrogen derivates, synthetic methane and liquid hydrocarbons are
taken from the meta study of Genge et al.[39], whereas the cost assumptions for hydrogen pipeline
import are given byFleiter et al.[5].

An overview of the cost assumptions for hydrogen imports anémport infrastructure is given inTable
17 in the Annex 3: Supplementary Figures

To do this, the model allows various optionsto import energy carriers from outside the model regions
if it is cost optimal.

Options of hydrogen supply

Generally PyPSA allows for hydrogen mduction in Europebased on electrolysis ofthe mix of renew-
able, nuclearand fossil based electricityor steam methane reformingwith or without carbon capture
or the import of green hydrogen. Thereby the costs of hydrogen imports are given exogenously (see
above) The optimal combination of these production optionsis result of the optimisation within the
study. Hydrogen based onpyrolysisor gasification of coalis not considered.

Repurposing of CH 4 Pipelines

Besides repurposing existing natural gas import infrastructure to hydrogen needs, retrofitting the me-
thane network within Europeto hydrogen pipelines can also be an option. While challenges such as
material strain may arise, the repurposing of existing Chpipelines is assumed to be more cost effective
than building new pipelines in many case$40]. In our model, repurposing takes place both endoge-
nously and exogenously. Ihe case of the sectorakilo scenarios, where pipeline capacities are taken
from the German hydrogen core network and the H infrastructure map, exogenous retrofitting takes
place according to the capacities given in these grid plan¥Vhen the model allows for endogenous
optimisation of the hydrogen network, it can also choose to repurpose parts of the methane network.
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Due to the geographical resolution most routesreflected in our modelactuallycombine multiple pipe-

lines. Therefore, the model is also allowed to repurpose only parts of the pipeline capacity connecting

two clusters. In terms of costs, repurposing is 57% less expensive thamstaling a new hydrogen
pipeline ata cost of 129+ / MW/ k m. To take into account technical
can only use 60% of the original CH-pipeline capacity.
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6 Overview of Scenario Results

This section presents the analysis of the four scenarios. The results focus on energy systérastruc-
tures, including electricity, hydrogen and CG; infrastructure:

1 As a starting point, section6.1 present the results of planning infrastructure from a sectoral,
national perspective i.e. with a low degree of integration ("SN" Scenario- Sectoral, National
view). Thisidentifies the major drawbacks of norrintegrated planning and development

1 We then analyse the benefits of European integration in the&SEScenario(Sectoral, European
view) in section 6.2 and the benefits of sectoral integration in the CNScenariob (Crosssec-
toral, National view) in section6.3.

1 Finally, sectiorb.4 presents theresults of the CEScenario(Crosssectoral, European viey and
shows the advantages of infrastructure planningthat integrates both a European and a sec-
toral perspective

Methane uses were not constraint while modelling the scenariogonsideringthe strongly decreasing
role of methane gas demand There could, however, be arguments to reduce the use of methane
further to zero. In section6.5, we deal with an approachwhere the remaining (fossil)methane usesn
the scenariosare explicitlyreduced to zeroand analyse in detaithe question of why the unconstrained
main scenarios in our modelling analysis sthlave a gas network in 2050.

6.1 Sectoral & National View

This sectionpresentsthe results of the "SN" Scenario (Sectoral, National view), which assumessec-
toral grid planning in silos with a focus on national resilience, i.e. limited interconnection capacities
across Europe (trend towards high level of national supply/low levels of import dependence).

6.1.1 Electricity Generation, Infrastructure and Consumption

With the phase-out of fossil energy carriers, the role of electricity for energy supply becomes increas-
ingly relevant with electrification taking place in many sectors, such as industry, transpand heat.

This trend is also observable in our model run&igure 10 shows the electricity demand and supply in
the EU for each of the years modelled together with the statistical data in 202(Energy demand in-
creasesdue to the electrification of industry and other demand sectorsn addition to the need for
hydrogen production via electrolysisAs a resulf the demand for electricity triples between 2020 and
2050. To meetrising electricity demand, the renewable electricity produced in the EU also increases.
While fossil electricity production stillaccounted for 37% of total electricity generation in 2020 [41],
this drops to only 14% of the electricity produced in 2030, as many countries within the Elthtend to
phaseout their coal power plants by 2030[42], and CQ; reduction targets need to be met.In contrast,
the amount of electricity from nuclearpower plantsincreases up to 2030, as countries like France and
Poland commission new reactors, while aging reactotsave not yet been phased out[43, 44]. In later
years, the nuclear electricity produced in the EU decreases as old reactors reachirtbed-of-life and
are decommissioned. In terms of renewable energy, wind energy increases from 398vh in 2020 to
3787 TWh in 2050 in the EU Aside from this strong increase, solar energy is established as an im-
portant source of electricity in a CQ-neutral energy system with ashare of 3% in total electricity
supply. Taken together, the electrification of demand sectors and the increased demanfdr hydrogen
require the electricity supplyto more than triple and renewable energyto increase ninefold
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Figure 10: Electricity demand and supply in the EU27 for the sectoral, national view (SN sce-

nario).
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A heavy relianceon renewable energy sources also requires the energy system to react to their inter-
mittency. In terms of flexibility options,Figure 10 identifies stationary batteries and fossil gas turbines
asthe mostwidelyused fl exi bility options. Amongst the
p | wdhicleto-grid and CHPs (including gas and biomasge)ake the largest contributionwith 83 TWh
and 167 TWh, respectvely, in the EU in 2050.More detailed analysis is requiredo understand this
low need for flexible technologies.In particular,longer periods with low solar irradiation and little wind
need to be examined as they will be challengindor the energy system.The energy system model will
only build the minimum capacities required for electricity supplipased onits weather dataand needs

to find the cost-optimal solution for these periods of low renewablegenerationin this weather data.
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Figure 11: Electricity demand and supply of the entire modelling region during a period of
low renewable generation in 2050.
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For example, theweather data feature severalweeks of relatively low renewable electricity supply in
January all over Europe, whiclare displayed inFigure11. As this figure shows the electricity supply
and demand over the entire modelling region in 2050the drops in electricity supply are not as drastic
asthey would be for single countries. Still,there is a period oflow supply, which is most significant
between the 22" and 25" of January with very little production from renewables. Instead, there is an
increase in electricity generation from fossil sources, namely gas turbines. In contrast to some other
studies[45, 46, 47], there is no electricity produced from hydrogen in the form of backup fuel cells or
turbines. The lowlevel of backup power generation capacities is partly attributed to the reaction on
the demand side. InFigure 11, there is an exogenous demand from industry and the residential and
services secta@. Flexible demandssuch as H electrolysis though, are drastically reduced throughout
January. Electrolysis is kept to a minimum with hydrogen supplied from hydrogen storage during this
period. Demand from the heating sector isalsoreduced.

FraunhoferlEGIS| d-fine Seite47



\

~ Fraunhofer Z Fraunhofer dTine

IEG IS

Figure 12: Heat demand and supply for Europe in a period with low renewable electricity in
2050.
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The behaviour of the heating sector can be better understootdy looking at Figure 12, which shows
the heat supply and demand during the period of low renewable electricity generation in 2050. The
demand side shows thatin addition to the lack of solar irradiation and wind, this is also a colder period
with increased heat demand. During thisperiod, hot water storage tanks are emptied,and heat is
generated usingfossil fuels. This fossil heat generation concerns oil boilers, but more importantly gas
boilers (running on a mix of natural gas and biomethane)As these technologiesdo not capture the
CO, emissions, thg have to be compensatedby negative emissionsmost importantly from biomass
used in processes with carborcapture. Despite this the model considers this route to be more cost
effective than using hydrogen backup capacities. Therefore, the modelling results include backup gen-
eration in the heating sector in addition to gas turbines in the electricity sectoiThis outcome could
change if more extreme weather eventsvere introduced into the weather data underlying the model.
Periods of low renewable electricity generation are naturally more extremat national level than for
the entire European region.We included the electricity suply and demand for Germany inFigure49

in the Annex as an example At national level, besides demand reductions, electricity imports play a
major role in handling such a shortage in renewable energy. Even though the analysis covers the sec-
toral, national scenario, in which countries generate as much electricity as they camse on an annual
basis, imports and exports are still essential for national supply security. This findi@go underlines
the need for crossborder transmission infrastructure to facilitate this exchange.
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Figure 13: Installed capacity for electricity generation in the EU in the sectoral, national
view (SN scenario).
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As these shortterm imports and exports of electricity are permitted in our national policy dimension,
the model still optimises the reaction to such weather eventsat European level. Uncoordinated plan-
ning procedures that might occurwhen countries individually plan their backup capacities to supply
demand peaksare not reflected in the modelling results. To estimate the impact of fully uncoordinated
planning on backup capacities, we calculated the capacities needed in each country to supply its ex-
ogenous, inflexible electricity loads. This posiptimisation estimate can be interpreted as strategic
reserves being implemented in all countriegrigure 13 shows the resulting need for these capacity
reservesand the theoretical backup capacityrequired in the EU to allow each country to cover its
inflexible electricity demand. The estimated need in 203& 377 GW, and potentially 428 GW could
be installed by 2050in the EUdue to uncoordinated, national planning. This estimate amounts to 1%
of the endogenously optimised electricity generation capacities, which are also shownkiigure13.

It should be noted that the technological choice for backup capacities or peak power plants with a
relatively low utilization isBwith the chosen parametersba flat optimum. This means that while the
model must make a choice, small changes in the assumptions can leadery different results. This is
especially important in the face of high uncertainties. For the mentioned power plants, a wide range
of options is discussed: Hydrogen power plants (with and without hydrogen network access), methanol
or ammonia power plants, CCS power plants or even conventional gas power plants the emissions of
which are compensated with negative emissions. Depending on the assumptions, all these options can
be part of an economic solution but the uncertainty regarding their costs andechnical characteristics
is high. With the closeness of theutility of th e options, understanding the given solution means ac-
knowledging that in real life, the best combination of backup power plants is still to be researched
and discussed and will depend on future developments as well as local conditions.

The capacities resulting from endogenous optimisatioimdicate that the EUwould have to significantly

expand its renewable energy capacities to suppbluch large amounts of renewable energy. Whereas
the installed capacityof onshorewind turbines almost triples between 2030 and 2050, investments in
offshore wind lead to 4.7 times more installed capacitySolar emerges as an important energy carrier
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in 2050 with the installed capacity increasg from 658 to 2432 GW within the EU. Even though re-
newabl e energy sources already suppl,sgsseepisFigure f
10, there are still fossil generation capacities in the model that remain unused until their decommis-
sioning or act as backup capacities with very few running hours. Their decommissioning then decregse
the installed fossil capacity until 2050 inFigure 13. To counteract this trend but most importantly to
meet full CO; neutrality by 2050, the model sees a need for 3.5 times the renewable capacity of 2030.

Figure 14: Electricity grid (a) prior to the optimisation of 2020 and (b) its expansion between
2020 and 2050 in the sectoral, national view (SN scenario).
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This massivedeployment of renewable capacities alswequiresa corresponding gridexpansion. The
status of the electricity grid prior to optimisation is displayed ifrigurel4a with the line width indicating
transmission line capacity. It shows a strong network of AC transmission lines withfew DC lines,
most of which are submarine interconnectors. In the sectoral silo scenarios, grid expansion until 2040
is limited to TYNDP projects as described in detail Annex 2: Implementation of Current Infrastructure
Planning Therefore, grid expansion upto 2040 (compare Figure 55) can be fully attributed to the
exogenous grid expansion in the TYNDP project catalogud.ost expansion of the electricity gricbccurs

in Western Europe, for instance across the Channel to England, thre establishment ofa strong con-
nection between mainland Spain and the Baleares. As the TYNDP planning procdsgs not extend
beyond 2040, the model is allowed to endogenously build electricity transmission lines in the decade
2040-2050. The resulting grid expansion up to 2050 is shown irFigure 14b, which illustrates grid
expansion in Central and Eastern Europe that the model identifies as necessaryaddition to the
TYNDP projects. Therefore, the sectoral, national scenario foeg®n DC transmission line projects in
Western Europe, whereas endogenous optimisation identifiegke need for AC network expansion in
Central and Eastern Europe.
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6.1.2 Hydrogen Demand, Supply and Infrastructure

While the electricity network is already quite maturehydrogeninfrastructure is still ina planning stage.
Hydrogen will play an important rolein future industrial production, repladng processes that rely on
fossil fuels.It alsohas some relevance in the transport sector, where it can either be used directly in
fuel cells or in Fischeifropsch synthesis to provide liquichydrocarbons notably for ship and air
transport.

Figure 15: Hydrogen demand for different sectors and the production of synthetic fuels and
hydrogen supply in the EU27 for the sectoral, national view (SN scenario).
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3 Excluding grey hydrogen demand for industrial processes, which is included as methane demand in the model.

The resulting hydrogen demand is visualiseth Figure 15 together with the supply for the planning
horizons 2030 to 2050 in the EU for the sectoral, national scenario. In the industry sector modelled in
the TransHyDE study, which was used as the main input for the demand set exogenously for this sector
[5], hydrogen demand increases ovetime reaching 608 TWh in the EU in 2050.This hydrogen, how-
ever, only includes hydrogen sourced from the larger energy systeas explained in Chapter5.2.
Steammethane reforming at local site is included as methane gas demand for industry in our model.
On the other hand, the industrial hydrogen demand covers European production of methanol and
ammonia to cover 40% of the industrybs demand
chosen as an intermediate level. For more details on industrial drpgen demand, we refer to the
sensitivity analysis in Chapte8.1.0utside of the industry sector, nost hydrogen isused for the pro-
duction of synthetic fuels. These are needed to meet the exogenously set demand for kerosene for
aviation and methanol for shipping fuel. The steepest increase in hydrogen demand for these liquid
hydrocarbonsappears in 2040, as the ambitious C@reduction target enforces more carborneutral
technologies. In 2030, while hydrogenproduction is still low, a significant share is produced by steam
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methane reforming, mostly with carbon capture, introducing 20 TWh of grey and 120 TWh of blue
hydrogentothe EUD s  eystem. I 2050, only99 TWh of blue hydrogenproduction remain in the
EU Thesesharesof blue and grey hydrogen result from the endogenous optimisation within our study.
In all the years after 2030, most of this hydrogen demand is supplied by hydrogen produced within
the EUusing electrolysis. This hydrogen cannot necessarily be considered green hydrogen

as itis produced using the current electricity mix, which may not be all renewable. So, the higher the
share of renewable energy in the electricity supply, the greem the hydrogen is produced.In some
regions in 2050, this production becomes more costompetitive than importing green hydrogen from
outside the modelling region. Therefore, our modelling suggests that Europeould be largely self
sufficient in producing hydrogen despite high demand from industry and Powerto-Liquid processes.

Due to the fact that large shares of hydrogen demand are set exogenously based on the TransHyDE
study for industrial demand, a set share of fuel cell transpaortand exogenous liquid fuel demand,
overalldemand and supply do not differ greatly between scenarios. However, regionally, there can be
large differences in infrastructure buildup due to the scenario assumptions. In the sectoral, national
scenario presented here, the pipeline buildip until 2040 is limited to the H.-infrastructure map[17]
and the German hydrogen core network{18].

Figure 16: Hydrogen network and nodal supply mix in (a) 2030 and (b) 2050 in the sectoral,
national view (SN scenario).
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Figure 16 shows the resulting infrastructure, including production, storage, and transport in (a) 2030
and (b) 2050. The circle size indicates the hydrogagmroduced. Thiscan be producedeither through
electrolysis orthrough steam methane reforming without carbon capture (grey hydrogen) or with car-
bon capture (blue hydrogen). Imports can reach Europe via pipeline or ship. The colmade of the
cluster areaindicatesthe amount of hydrogen stored in that region in the specific planning yea(for a
more detailed view of the hydrogen storage, se€igure50). The pi pel i nesindicathst al | e
ing by their line thickness,with Figure 16a showing large capacities already in 2030, as many of the
pipeline projects included here arglannedto be finished within the next decade. However, hydrogen
production is still low (see pie charts)meaning the pipeline infrastructure depicted here has a very low
average utilisation 0f16% for the year 2030. Additionally, there is avery inhomogeneous distribution
of pipelines across Europe. Large pipeline capacities are, for example, planf@dNorth-South corridor
connecting Italy, Central and Northern Europewhereas parts of France and the Balkans have no hy-
drogen pipeline connectiors at all. When the model is allowed to endogenously build pipelines after
2040, these blind spots in the current hydrogen infrastructure planning are filled, as displayedHigure
16b for the year 2050. However, these pipeline capacities arstill smallerthan those introduced by
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the Ho-infrastructure map and the German hydrogen core network. Even though the resulting hydro-
gen network can transport hydrogen from regions with high renewable generation and storage po-
tential like the countries bordering the North Sea to the rest of Europe, the pipelines onlyave an
averageultilisation of 30%. In contrast, themo d eendogenously built pipelineshave 80% utilisation
on average.The modelling indicates how the current hydrogen grid planning overestimates the need
for H, pipelines, whik alsoresulting in an incomplete network in certain regions. This observation
underlinesthe finding that recognisingthe importance of infrastructure does not mean thatthis will
be developedefficiently and effectively.

6.1.3 The Decreasing Role of CHa Infrastructure

With the increasing use ofelectricity and hydrogen in the industry and heating sector the role of
natural gas isstrongly decreasing over the decadedrigure 17 shows the demand and supply of me-
thane gaswithin the EU in the years 2030 to 20501n 2030, still 3592 TWh of methane are needed to
supply the energy demand in theheating, industry, and electricity production.This demand is mostly
covered by natural gas imports§4%) and local production. Over the two decades until 2050, the gas
demand and supply decreas¢o 10% (as compared t02020 numbers). The small remaining gas de-
mand is covered mainly by natural gaswith biomethane playing a role as a transitional supplierand
is used forheating and electricity productionin the sectoral national (SN) scenarioAs discussed pre-
viously, theseremnantsare parts of endogenous optimisation, where the modethooseseither:

1 methane based technologesin combination with carbon capture or

1 gasbased technologies where emissions are compensatég negative emissionsrising from
biomass combined with CCS

However, it is important to keep in mind that the modelling result, which includesa small remaining
role of fossil gas is subject to high uncertainties. Under slightly differeninput assumptions the opti-
misation could opt for a solution with no endogenous methane gas demandAlso, the useof negative
emission potentals bears the risk that such potentiad are in practice not available for an increased
demand for negative emissions from the industry sector othere isa higher need to compensate for
additional emissions from the land use sector as a result of climate change

The roleof remaining smaller amounts ofnatural gasin our modelling is more generally discussed in
Section6.5.
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Figure 17: Methane g as demand and s upply in the EU in the sectoral, national (SN) scenario.
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As noted, the decarbonisation of the energy systemesults in astrongly decreasing role of methanen
the energy supply Thisstrong reduction in methane useleads to the need to adapt the size opresent
gas infrastructures ancbffers the opportunity to use the existingmethane gas network for the emerg-
ing hydrogen backbone as described in SectioB.3. Thus, due toboth repurposing and significant
decline in the demand for gas the methane infrastructurewill become considerablysmallerover the

next decades(seethe more detailed discussion in sectior6.5).
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Figure 18: Methane gas pipeline network in (a) 2025 before major repurposing to H 2 pipelines
and (b) in 2050, where most remaining pipelines are not utilised.
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Figure 18 compares the Europearmethane gas pipeline network for the years 2025 and 2050. The
thickness of the linesindicates theinstalled capacities of the individual pipeline segmentgnd the
colour indicates their utilisation - green for higher and red for lower utilisation. Two main observations
can be derived fromthis figure. Firstly, there is a general decrease imethane gas pipeline capacity
from 2025 to 2050. A significant capacity reduction can be seen isouth-West Europe, which is mainly
due to the retrofitting of methane pipelinesto transport hydrogen. On the other hand, there is a slight
increase in pipeline capacity in Eastern Europe, which is primarily caused by network expansion based
on the TenYear Network Development Plan (TYNDP) in Sodlast Europethat is exogenous to the
modelling. Nevertheless, ie endogenous reduction in capacity due to retrofittingby far exceeds the
capacityincreasein Eastern Europebdeclining utilisation of the pipeline system can be observed until
2050 due to decreasinggas demand In Western Europe, both ppeline capacity and utilisationde-
crease indicating a significant decline inmethane gas transport. Although pipeline capacity in Eastern
Europe increases due to TYNDP expansion plans, the exceptionally low utilisation of the larger pipeline
system indicates that such expansiowill not be costeffective when set againstthe generaldevelop-
ment of the European energy systemSuch low utilisation ratesraise the question of who bears the
operational costs for these pipelines. While the model carot endogenously decide todecommission
pipelines, in reality, pipeline capacitieswill likely be even lower in 2050than shown here as unused
pipelineswould be decommissioned given the significant decline inthe demand for methane gas
transport by 2050.,

6.1.4 CO, Usage, Storage and Transport

Similar to hydrogen, theconstruction of CO; infrastructure has not yet commenced. However, as there
is no planning framework in place, the model can endogenously build the necessary €@ipelines
even in the sectoral silo scenariogzigure 19 shows the CQ infrastructure for all CO, captured and
utilised resulting from optimisation in the SN scenario. The upper serrtircles for each cluster show
the source of CQ captured, identifying industrial processes, steamrmethane reforming, and biomass
CHPs as the main emitters in 2050. Tachievea net-zero CQ, balance, each cluster processanost of
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its CO, emissions, eitherusing them to produce methanol or kerosene or sequesteringhem (perma-
nently storing CQ). Mainly clusters with access to the sea havhe relevant CQ sequestration poten-
tial. Italy, Poland and Germanyherefore become the countries with the highest volumes of stored
CO; per year as they have high emissions aralhigh natural availability of sequestration sites.

Figure 19: CO;, stored, transport ed and consum ed in 2050 in sectoral silo, national view (SN

scenario).
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Figure19 shows onlylimited transport of CO, between clusters ast is expensive to installCO,-pipe-

lines. One exampleof crossborder CQ;, transport is Austrig which has no potential for long-term

storage. Instead someof the CO, capturedin Austriais transported via pipelines to Italy anthe Czech

Republic.However, there are still few remainingpipelinesoverall as by 2050 pipeline capacities are
endogenously built to transport a maximum of 21kt of CO, per hour between clusters.As a result

the model does not deem an extensive COpipeline network to be necessaryand instead favours
regional carbon management viagreen methanol productionand FischefTropsch synthesis.

6.2 Benefits of European Integration

This section discusses the results for tH&SE" Scenario (Sectoral, European view) which assumes
sectoral grid planning in silos with simultaneous European harmonisation of capacity expansion for
energy supply,i.e. relaxing the constraint onthe maximum annual import shares for electricity and
hydrogen as described in sectiort. This relaxation means thatalthough EUwide optimisation of

meeting national demand is achieveddoes not considersectorcoupling technologies in the planning
processes.
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6.2.1 Optimal Imports and Exports of Electricity and Hydrogen

When looking att oday bs p gwmst cosnyiestarelargely self-sufficient in terms of their

annual electricity production. While electricityis still imported and exportedthroughout the year on

an hourly basis,the annual balanceindicates that the majority of countries covermost of their elec-

tricity demand as shown inFigure53 in the Annex 3: Supplementary Figurefor the year 2022. When

looking at the SNscenario, the selsufficiency targethas animpact on smaller countries like Estonia
It is an exporter with 117% self-sufficiency in the sectoral, European scenario (S&)d will need to

decrease it®exports to reach an annual setkufficiency of 100% in the SN scenarioOn the other hand,

Luxembourg and Belgiumwhich areimporters in the SE scenario witf77% and 75%, have to produce

more electricity in the SN scenarido achievethe exogenous target of 100%. Larger countries in Eu-
rope like France, Spain and the UK, but also the EU itself, &khve a seltsufficiencydegree between

96 and 103% in 2050, even in the SE scenario. Therefore, enforcing 100% sediifficiency in 2050 in

the electricity sector does not significantly affect many countries.

The hydrogen system, by contrast, ieas yet to bedeveloped. Thus, scenarios with European optimi-
sation can freely allocate hydrogen production in countries with high potential for the production of
cheap, renewable energyFigure20a shows the resulting seksufficiency levels for hydrogen in 2050
of countries in such a European optimisation, more specifically th8Escenario. A large discrepancy
can be observed, with some countries exporting more than their national consumption in hydrogen
and others like Belgium and Slovenia relyg almost entirely on imports.A high degree of selfsuffi-
ciency can eithelindicate that a country has very low national hydrogen demand, like Estonia or Latvia,
or that it has very high renewable potentials, and is supplyinglarge proportion of European hydrogen
demand, like Poland, Denmark or the UKThe recipients of the exported hydogen are countries with
a large consumption of hydrogen like Germany, Franceand Belgium. This widerange of self-suffi-
ciency levels is drastically constrained when moving from European to national planning in tis&
scenario inFigure 20b. When countries decide torely less on hydrogen imports, B of the total 33
countries modelled in this study have to increase their national productioaf hydrogen from electrol-
ysis or steammethane reforming. Therefore, national tendenciesvhen planning hydrogen infrastruc-
ture will lead to a significant redistribution of hydrogen production capacities away fronthe best
regionsin Europewith cheap, renewable energy.
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Figure 20: Levels of annual self -sufficiency for hydrogen (a) with out any national targets (SE
scenario) and (b) with exogenously set national targets (SN scenario) in 2050.
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In terms of hydrogen pipeline infrastructure, the sectoral silo scenarigSN and SEqre dominated by
large overcapacitiesdue to using the H-infrastructure map as an exogenous input until 2040, irre-
spective of a European or a national approach. As such, the two silo scenarios assessed in this project
SN and SEdo not revealsignificant differences in terms of hydrogen infrastructure. The same holds
for the electricity network, which isdetermined bythe TYNDP projects until 2040.
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Figure 21: Comparing electricity transmission capacity in the SN scenario with the SE sce-
nario in 2050 .
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NeverthelessFigure21 shows some differences inthe need for electricityinfrastructure between the
sectoral silo scenarios SN and SE because of the influence of -selfficiency targets. The colour and
thickness of the lines show how much more transmission capacity is installed in 20500ne scenario
compared to the other. In the SEscenario(green) larger interconnector capacities are installed all over
Europe compared to the national counterpart.In particular, the routes in the Balkan countries are
much more noticeable However, some interconnector capacities are larger in the SN scenatti@n in
the SE scenario. In total, European optimisatiaesults in5 TWkm of additional capacity in crossorder
electricity interconnectors.These differences in installed capacity are relatively sthan the context of
the total electricity network with 315 TWkm in the SN scenarioHowever, these dfferencesare much
more pronounced in the crosssectoral scenarioswith 18 TWkm of additional interconnector capaci-
ties in the CE scenario compared to the CN scenario. The$8 TWkm are equivalent to10% of the
interconnector capacities in the CE scenaridzigure54 in the Annex shows the differencesat regional
level and highlights the greater need for interconnection in the North Sea region and the Balkans.
These differences illustrate how national targets foincreasedgeneration capacity withincountriesalso
lead to a less interconnected Europe.

6.2.2 European Coordination of Generation Capacities

One essential aspect of imposing minimum annual production targets for hydrogen and electricity in
the national scenarios is the need for additional renewable capacity in countries with less favourable
renewable energypotential.

The consequence of this increased need for renewable capacity is illustratedrigure22, which shows
the total capacity installed in the energy system between 2030 and 2056 produce electricity in
Europe. TheSNscenario features higher wind and solar energy capaciti¢isan the SEscenario These
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capacitiesamount to an additional 118 GW of renewable capacity installed systemwide. This increase

is relatively low compared tothe total installed capacity because the national constraint also causes a
redistribution of generation capacites. For example, this shift canlead to reducing PV capacity in
Greece by47 GW andincreasingPV in Belgium by23 GW. However, these capacitieare still installed

in coordination among countries as the model always optimises the energy system as a whole. As
discussedin Chapter 6.1.1, in addition to these endogenously optimised generation capacities, we
estimated the backup capacity that would be needed for each country to cover its maximum residual
exogenous load. This national planning of backup capacities is only attributed to theeenariosincor-
porating the national view (SN, CN). Therefore, ifigure22, an additional 505 GW can be seen in the
SN scenario compared to the SE scenaribat results from this post-optimisation analysis.Thus, our
study indicates that integrating the European view reduces the renewable and backup capacity needed
by 623 GW.

Figure 22: Installed capacities for electricity generation in Europe for the sectoral, European
scenario (SE) and the sectoral, national scenario (SN).
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If implemented, these backup capacities would not be used athey are not required by theendoge-
nous optimisation. Even if they were used, their fullload hours would be negligible, allowing invest-
ment in the cheapest available and also flexible technolodgy gas turbines.Thesegas turbineswould
require an additional annuity of 8.8 to 9.9 billion Euros per year. These costs, along with the residual
costs compared to the costoptimal solution (CE scenario) ardlustrated in Figure 23. It shows the
annual system costs including investmestfuel and operation costs caused by notintegrated planning

in the SE and SNscenarios andhighlights the impact of a nationally focused policy dimension. The
coloured bars showthe additional annual costsresulting from non-integrated planning of 26 to 32
billion euros in the SN scenaripand 18 to 25 hillion eurosin the SE scenario. The discrepancy between
the two scenarios can be largely attributed to the increasing need for electricity generation capacity.
we also considerthe 8.8 to 9.9 billion Euros per yearfrom national tendencieswhen handling peak
loads (shown asgrey bars)in the SN senario, total additional costs of up to 17 billion euros per year
can resultcompared to European optimisationSE scenario)These results underlinéghe importance of
coordinated planning not only of transmission infrastruture but also of power-generation capacities
acrossnational borders.
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Figure 23: Additional annual energy system cost s compared to the cost -optimal energy sys-
tem in the sectoral, European (SE) and national (SN) scenarios.
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6.3 Benefits of cross-sectoral Integration

In the following, we compare the SN scenario with the crossectoral, national (CN) scenario. In #
CN scenario, infrastructuredevelopmentis optimised endogenously in each country, as described in
Chapter 4. We therefore assess the benefits of integrated infrastructure planning compared to plan-
ning in sectoral silos. The effects and benefits of this integrated planning approach are outlined in the
following sections

6.3.1 Mitigating Overinvestments due to Sectoral Grid Planning

The sectoral policy dimension contrasts endogenous optimisation with more fragmented sectoral grid
planning like the TYNDP.Up to 2040, the electricity and hydrogen networks in theSN scenario are
determined by and limited to projects in the TYNDP, the Hinfrastructure map and the German hy-
drogen core grid Only after 2040 is the model allowed to optimise the electricity and hydrogen net-
works endogenously.

FraunhoferlEGIS| d-fine Seite61



\

~ Fraunhofer Z Fraunhofer d—ﬁne

IEG Sl

Figure 24: Annualised investment s in infrastructure in different sectors in the cross  -sectoral,
national (CN) and the sectoral, national (SN) scenario s.
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Figure24 compares the annualised investmestin the CN scenariowith the SN scenarioTheseinclude
the costs for all networks optimised in the model: CQ, electricity, hydrogen and methane (transport-
ing natural, synthetic and bianethane). The investmens in the CO, network are relatively similarin
both scenarios as there are no exogenous plarfigr developing this network in the SN scenario.Con-
cerning investments inelectricity networks, they are lacking behindup to 2040 in the sectoral silo
scenarioSNwhich is driven by the TYNDP 2022 projects compared to the endogenous optimisation in
the crosssectoral scenaridCN. As soon asendogenous expansion is allowed in the last decade of the
SN scenario, the annualised investmesitn electricity transmission infrastructurare similarto the CN
scenario. For the methane networkthe investments for the last optimisation yearsare due to the
annualization of older pipelines. The additional projeststemming from TYNDP resu#tin an average
overinvestment of 0.9 billioneuros for electricity and methane infrastructure,each The largest cost
difference, however, can be seen in the hydrogen network. In 2030the endogenous optimisation in
the CN scenariodoes not yet invest in hydrogen pipelineswhile Eur opebs hydrogen gri
already foresee significant investments in earlier years as discussed in secdn2. Evenwhen the
model builds more pipelines in later years, the investmesitn the CN scenario are only24% of those
in the SNscenarioin 2050. Figure24 illustrates how the existing plans for network expansion lead to
additional investments and highlightsthat crosssectoral planning could save up to11 billion euros
annually in infrastructure investments.
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Figure 25: Methane gas infrastructure capacity installed in Europe according to TYNDP and
from existing or endogenously built pipelines in the sectoral, national (SN)
and the cross -sectoral, national (CN) scenarios.

TYNDP gas pipeline projects
Existing/endogenous gas pipelines

2030 2035 2040 2045 2050
350 o 1 1 1 1 1

N N w

o ul o

o o o
1 1 1

150 A

100 A

Installed Capacity x Length (TWkm)
w
o

T T T T T
= = = =z =

CN A

T T T T
=z = z =
g un o u
Figure25 comparesthe aggregated Europearmethane pipeline network in the CN and SN scenarios.

Its size is quantified as the product of capacitynultiplied by the length of each individual pipeline
segment, aggregated over the entire network. The graph distinguishes existing or endogenously built
pipelines, shown in grey, and expansion based on TYNDP plans, shown in orange. The endogenous
expansion of themethane network is only of minor importance the differences between scenarios are
negligible. Both scenarios show a general trend towards a decrease fimethane pipeline capacity by
2050. One notable observation is that the pipeline system in the CN scenario is consistently smaller
than that in the SN scenario throughout the observation period. The orangeoloured bars indicate
that the capacity expansion in the TYNDP is the maireason for the differences between the two
scenarios. In the SN scenario, extensive and early retrofitting ditural gas pipelines to transport hy-
drogen leads to a reduction in existing pipeline capacity compared to the CN scenario, although this
reduction is compensated for by a significant increase in capacity based on the TYNDP. An anomaly
occurs in 2040,when the existing capacity in the SN scenario (grey bar) exceeds that of the CN sce-
nario. The endogenous retrofitting of natural gas pipelinesto transport hydrogen provides a logical
explanation for this counterintuitive event. In the SN scenario, the development of the hydrogen net-
work begins earlier and is based on both retrofits and newly built pipelines. In the CN scenario, on the
other hand, the expansion of thehydrogen network starts later and is primarily achieved by retrofitting
existing natural gas pipelines. In combination with the decreasing demand for gas, this leads to a
stronger reduction of the existing capacities in the CN scenario, which ineases theoveralldifference
in the total capacity of the pipelines. An overarching conclusion is that the sectoral strategy in the SN
scenarioresults ina larger gas pipeline systenthan in the CN scenario, which does not appear to be
costoptimal given the general trends in the European energy system.
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Figure 26: Total installed capacity of the hydrogen network in Europe scaled by length to
compare the expansion in the cross -sectoral, national (CN) scenario and the sectoral, national
(SN) scenario.
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As the largest differences in the sectoral policy dimension appear in the hydrogen sector, we discuss
this in more detail here by comparing the installed capacity in TWkm of the hydrogen network in the
crosssectoral, national (CN) scenario and the sectoral, national (SN) scenario. Under endogenous op-
timisation in the CN scenario, the hydrogen network increasegradually overtime with the highest
expansion of69 TWkm in 2040, as hydrogen demand for synthetic fuelsisessignificantly in this year

to comply with the exogenous CQ reduction pathway. Despite the strong endogenous expansion in
the CN scenarioin 2040, the hydrogen pipeline capacities in the SN scenario, which are based on the
exogenous inputs of the H2infrastructure map and the German hydrogen core network, ar8.8 times
higher than in the CN scenarioEven after the SN scenario is allowed to expand the hydrogen network
endogenously in 2045 and 2050, additional capacity isstill needed to cover the areas that are un-
derrepresented inthe infrastructure network plans. Finally, in 2050, the hydrogen network planned
with sector integration (scenario CNcould bethree times smaller than the network planned in sectoral
silos based on the Hinfrastructure map and the German hydrogen core network'scenario SNand
would avoid unnecessary overinvestment in infrastructure.
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6.3.2 Developing Consistent Infrastructure Throughout Europe

Figure 27: Difference in the hydrogen pipeline capacities installed in the cross -sectoral, na-
tional (CN) and the sectoral, national (SN) scenario s in 2050.
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Looking at the geographical distribution of the hydrogen transport network (seeFigure 27) reveals
marked differences between sectoral and crossectoral planning. Figure 27 shows any additionally
installed capacityin a scenariospecificcolourThe SN scenari obs pipelines ar
of the CN scenario in orange. Te thick brown lines once againhighlight the overcapacitiesresulting
from the hydrogen network plans in the SN scenariddowever, there are alsohigher pipeline capacities

in the crosssectoral, fully endogenous hydrogen network of the CN scenario. Most prominently,
France plays a larger role ithe systemresulting under the CN scenarioln addition, the CN scenario
seeshydrogen from Norway not only exportedto Germany but alsoto Sweden and the UK. A similar
trend can be observed in Southeast Europe. While theHhfrastructure map foresees hydrogen supply
to Central and Northern Europe mainly from mainland Italy, endogenous expansigauts more em-
phasis onsubmarine pipelines through the Adriatic Sea. These examples highlight a general trend: The
existing hydrogen infrastructure plans focus on fewetransport routes with much higher capacity,
whereas the construction of a hydrogen network based on sectofintegrated optimisation features
more diverse connectivity with lower overall capacities.
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6.4 Benefits of Integrated Infrastructure Planning

The two previous sectionshowed how the integration of different sectors when planning infrastruc-
ture, and the coordination of efforts on a European level can avoid overcapacities in transmission in-
frastructure and generation capacities. These overcapacities would cause additional costs for the en-
ergy system of up to32 billion euros per year (mainly stemming from annualised investmesin gen-
eration, transformation, and transmission technology) When cumulated over the whole transfor-
mation period, the much higher cost of nortintegrated planning becomes very obvious

Figure 28: Total system costs due to non -integration, including capital and operational
costs, cumulated over the timespan between 2030 and 2050.
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Figure 28comparesthe energy system costs from optimisation (excluding baakp capacities) that are
accumulated over the timespan between 2030 and 2050 between the four scenariog.he figure shows
the total system coss, including capital costs, operational costsand fuel costs and cumulated invest-
ments in infrastructure and technology including electricity and heat generation as well as transfor-
mation processessuch as H electrolysis. For exampleyhen comparing the crosssectoral, European
(CE) scenario with the sectoral, national (SN) oneje see maximum cost savings of 5 61 billion
euros from geogr aphical and cross -sectoral integration . Technology savings makehe largest
contribution here. Note that the sum of the technology and infrastructure costs are larger than the
total savings as in the SN scenarigto which the other three scenarios are compared)ess fuels are
imported and hence less fuel costs occur compared to the C&enario Figure 28also indicates that
national tendenciesare most detrimental in an energy system that also operasin a sectorintegrated
manner, and that crosssectoral integration is most beneficialith a Europeanview. When considering
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the investment costsn unused backup gas turbines, which are not included ifigure28, an additional
188 hillion euros of overinvestmens would be added to the national dimension.This suggests that
infrastructure planningthat integrates the different sectors and a European perspective coulithieve
energy system cost savings afp to 749 billion euros in the period between 2030 and 2050including
optimisation results and postoptimisation estimates

Figure 29: Optimised annual electricity production, transport & consumption in the CE sce-
n a r igddpknning in 2050 [48].
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'End consumers and suppliers from distribution-grid level.

The electricity system plays a critical role such a costoptimal energysystem. Even though the model
can build transmission lines endogenously as needed, most clusters produce the electricity they con-
sume, aggregated overthe year. This observation can be drawn fronfrigure 29, which illustrates the
electricity produced, transported, and consumed on a regional level in the crasectoral, European
(CE) scenario in 2050. For each cluster, the upper seniicle in the pie chart shows the electricity
produced by different energy surces, while the lower semicircle provides an overview of the consum-
ers. For the transmission grid, the distribution grid can be both a supplier and a consumer by generat-
ing electricity via rooftop photovoltaic and vehicleto-grid and using electricity b meet household de-
mand and charge electric vehicles. Pie charts featuring seniicles of the same size indicate equal
production and consumption in the annual balance. However, there can still be significant transmission
of electricity between clusters dring certain periods. This is illustrated by the connecting lines, which
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show the annual average transmission and the main direction of its flow. These transmission lines show
that clusters with higher imports are mainly supplied by their direct neighbours, like in Central Germany
or South Poland.lt becomes clear when comparing transmission in 2050 with transmission in 2030
Figure50 that there has been an increase in the need for electricity exchange between certain clusters,
for example, in Spain, Poland, or the Balkan countrie®\dditionally, longer, pan-European electricity
transmission corridors can be observed transporting solar power from Greece anihd power from
Denmark. Therefore, crossectoral, European optimisation results in significant exchanges of electricity
between clusters and longer transmission routes.

Figure 30: Optimised annual hydrogen production, transport & consumption in the CE sce-
n a r igadpknning in 2050 [48].
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Hydrogen production in the CE scenario is more concentrateth regions with high renewable energy
potential. In Figure30, the upper semicirclesin the pie charts thatrepresent hydrogen production are
largest around the North Sea, where wind potentials are high and ithe Southern clusters of Spain,
Italy, and Greecethat have high solar generation potentials. Additionally, in some clusters like South
Italy and along the North Sea coast, hydrogens alsoimported via pipelines orby ship. The latter also
includes ports with import infrastructure for hydrogen derivatives which then enter our model as hy-
drogen. Unlike the electricity sector,many clusters havdarge differences between hydrogen produc-
tion and consumption. Clusters with high hydrogen consumption either haeto meet high industrial
demand, such as Western Germany, or need hydrogen for FischBropsch synthesis or methanation
to avoid CGO; emissions or expensive C{pipelines. The latter carbe observed in Finland om Southern
Germany, which have no potential for long-term storage of their CO, emissions. Here, longer pipeline
transport of hydrogen produced from inexpensive renewable energy is favoured in the modever
local hydrogen generation. Such longer supply routes are established from Denmark to Finland and as
a North-South cannection in Germany or ltaly. Everver shorter distances, high volumes of hydrogen
are traded acrossborders. This suggests that transporting hydrogen remains significamtven though
the overall pipeline capacity in the hydrogen network is lower in the CE scenarigee for the full
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resulting hydrogen infrastructure) Fully integrated planning of hydrogen infrastructureenablessensi-
ble scaling of H pipelines allowing for large transport volumes in order to profit from low electricity
prices in regions with favourable renewable energy potential. lhakes it possible to useand combine
the properties and strengths of the different energy carriers and infrastructureand to link sinks and
sources costeffectively.

The role of CCSin relation to fossil fuels, is a very limited one: In th&CE scenario 486 Mt CQ are
captured in 2050, of this only around 20% are linked to remaining fossil fuels, mainly natural gas.
Overall, CG has its most important role in thebiogenic carbon cyclg(negative emissions

6.5 Phasing out Methane from the Energy Mix

The remaining natural gas consumption in 2050 in the different scenarios was not a major focus of
the present study. For this reason, methane uses were not constrained in the scenario modellingut
Pas discussed in sectiofi.1.3 Bthere is a strong decrease in methane gas demanth¢luding natural
gas, bio -methane or synthetic methane ) happening in all modelled scenarios. There is, however, a
rational to fully phaseout fossil methane, in particular:

1 Concerns about supply security, although, already in the modelled scenarios the amount of
imports from outside the European area is much smaller compared to current imports,

Risk of increasing energy cost, as evidenced during the period 202024,
Resource considerations (which remain even for domestic production),

Concerns about the necessary compensation of direct emissions from natural gas with CCS,

= 4 A =

Concerns about upstream emissions of natural gas (e.g. from upstream methane leakage and
upstream CQ emissionsy.

In this section, we therefore outline results from a sensitivity where the remaining methane uses are
reduced to zero. It is important, however, to emphasise that this sensitivity reduces also bio-
methane and synthetic methane uses and represents therefore a conservative approach .

We first discuss the emaining methane supply and demand in thecrosssectoral, EuropeanCE) sce-
nario B which represents the most efficient infrastructure scenario in the modelling exercig@and
compare it with present methane usesWe then present the sensitivity where methane is excluded
from the model solution space.Finally, we carry out an irdepth discussion of the results and address
the question of why the main scenarios in our modelling analysis stilave a gas network in 2050

Remaining methane supply and demand in the CE scenario

Figure17 shows that 3592 TWh of methane" are still neededin 2030 for the EU27in the SN scenario,

to supply the energy demandfor heating in industry, as well as for buildings,and for electricity pro-

duction (mostly covered by natural gas imports and local productignin the EU Over the two decades

until 2050, the gas demand and supplRgud3bhmesentdecr eas
the same view of methane demand and supply of the EU for the CE scenario. In that case, the methane

demand in 2050 is reduced even furtheto 13.7% of the methane demand in 2030 . This remaining

gas demand is covered mainly by natural gas with biomethane playing a role as a transitional supply.

As discussed in sectio®.1.3, despite this drastic decrease in demand for methane gas, even in 2050,
some natural gas demand for heating and electricity productiomemainsin the system. The demand
part of Figure31 (lower half) shows that the remaining users of methane (including natural gas, bio-
methane and synthetic methane) are mainly:

3 Upstream emissions of fossiuels are not considered by PyPS@especially when occurring outside Europe).rly downstream, direct combustionrelated
emissionswithin the modelling region are compensated,not impacts outside the modeling region. Upstream emissions can vary strongly across the
different origins of fossil fuels.

4 Compared to 4026 TWh natural gas for the period 20262023, and 3580 TWhnatural gas in thefirst year after the start of the Ukraine war in 2022.
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1 remaining gas boilers in buildings and central headnly supply, partly converted to synthetic
methane or biomethane (8% of the methane demand in 2050);

9 gas turbines for electricity generation (substantially reduced compared to 2030)0% of the
demand), as well as CHP units &P0);

industrial processes (11%);

steammethane reforming for the production of synthetic methane from blue hydrogen (or
grey hydrogen in early years) (6%).

Some more detailedanalysis of the figures for methane uses in building&ecentraland central heat),
as well asfor electricity production:

1 Methane uses in buildings (decentral and central heathe latter from central heat-only
schemes and CHP)

o Compared to the consumption of natural gasbased heating today the absolute re-
duction in natural gas use is massive: In the EU (CE Scena80d TWh of methane is
remaining for heating purposesin buildings (which includes methane for small scale
heating in residential and service sector buildings, as well as large scale heating of
buildings through heat only and CHP plants), compared to 100-1800 TWh in the
period 2020-2023 for those purposes®. This represents 883% reduction compared
to the present. It must be emphasized that only part of the remaining methane is
natural gas; it further includes biomethane and synthetic methane: Though these dif-
ferent methane sources cannot be separated with the present model settys, the
largest part is neverthelesslinked to natural gas (we estimate the share to around
90%). With respect to decentral heat supply to buildings , only 54 TWh methane
remain in the systemin the CE scenariprepresenting lessthan 4 % of todaybs
decentral heat supply to buildings based on natural gas . The same holds fora
large EU Member Statesuch asGermany, with 80 TWh of methane remaining in 2050
(CE scenario) for thesmall and large-scale heat suppliesto buildings, while today
around 492 TWh are consumed for those purposesn the period 2020-2023. This
corresponds to a similar reduction as in the case of the W@ as a whole. Also there,
remaining decentral methane uses for heat in buildings represemnly slightly more
than 4% of todaybs natur al gas demand.

o From the modelling perspective, it must further be considered that the model does
not analyze the changed grid charges with lower load, nor decision making processes
of natural gas customers in a dynamic perspective, while the gas demand is shrinking.
Hence, potentially higher nat ural gas prices resulting from low  natural gas
grid uses, could enhance decision making of natural gas users to switch to
cheaper options.

1 Methane usesfor electricity generation

0 Table3 illustrates that in the CE scenario, only around 40.6 GW of new gas turbines
(GT) are built in Europe until 2030, and no further increase is seen up to 2050. More
than half of this investment happens in Eastern Europe. Italy also requires a large part
of this investment for backup power when solar irradiation is low. In Germany, only
3-4 GW are built in the CE Scenario (again up to 2030). These gas turbines are pow-
ered by a mix of biomethane and natural gas. The emissions from natural gas com-
bustion that are not directly captured onsite (by CCUSmust be compensated by neg-
ative emissionselsewhere(Carbon Dioxide Remoal CDR Technalgies) These nega-
tive emissions largely arise from the production of biomethane from biomass and from
the use of biomethane and biomass in processes that include carbon capture.

* Eurostat: Supply, transformation and consumption of gas [nrg_cb_gas__custom_18076088]
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Figure 31: Methane g as demand and s upply in the EU in the cross -sectoral, European (CE)
scenario.
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Table 3: Newly built gas turbines (GT) in GW in the CE Scenario by country

3.82

0.15

0.60

14.36

2.10

4.64

40.58

Note: European countries not in the list have no new gas turbines in the CE scenario. No new gas turbines are built
after 2030 (except one small increase in Finland in 2050, but which is within the error margins)
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The very moderate expansion of gas turbines until 2030 is also reflected in the evolution of the me-
thane pipeline network. The capacity of a few pipeline routes is expanded until 2030. As illustrated in
Table4, this additional capacity is mainly needed in Eastern and SouBastern Europe. Here, 9.54 of
the 24.46 TWKm are set exogenously in accordance with the TYNDP project database (semex 2:
Implementation of Current Infrastructure Planning, while the remaining 14.92 TWkm are built based

on endogenous optimisation. As explained above, the CE scenario includes only TYNDP projects in a
comparatively advanced stage. Similarly, 43% of the German pipeline expansion are exogenous TYNDP
pipelines. For the full European modelling region, 37% of expansion of methane pipeline capacity is
set according to TYNDP. Of these 14.48Wkm from TYNDP pipeline projects, most remain unused as
9.75 TWkm feature an average utilisation below 5% in 2050, even in th&€E scenario where the small-
est amount of exogenous pipelines is set in the model. Therefore, most exogenous capacity expansion
in the methane network is not required in an energy system, for which integrated, coptimised and
crosssectoral analysis of eargy infrastructures follow- as much as possible the most efficient path-

way to the expansion of energy infrastructures.

In addition, for the large majority of the already existing methane gas network, the size of the network
does not match the need for methane transport in future decades: thus, the ecreasing role of me-
thane in energy supplyoffers the opportunity to use the existingmethane gas network as well assmall
short-term additionsto the gas grid until 2030 as the basidor some emerging hydrogen backbone as
described in Section5.3 (although the backbone may be realised to a smalledegree as currently
envisaged) Table4 also shows the strong decrease in the overall pipeline capacity due to the repur-
posing to hydrogen pipelines. In 2050, 156TWkm of methane pipeline network remain in the energy
system, most of which are remai ni ngdbeforqgtedmodee s f r om
cannot decommission unused gas pipelines, even though 10BAVkm of the pipelines remaining in the
system in 2050 show an average utilisation below 30%. This observation, together with the major
retrofitting in our model, underlines the finding that, overall, natural gasplays a subordinate role in
the future of the energy system.

Table 4: Newly built methane pipelines in TWkm in the CE Scenario (major countries/re-
gions).

215.8 176.26 165.99 156.49

38.83 0.42 0.00 0.05 0.15

14.46 - - - -

24.46 - - - -
9.12 - - - -
2.05 - - - -

Sensitivity with remaining methane uses reduced to zero

The main scenario runs discussed so far included the use of natural gaessed technology in combina-

tion with negative emissions and carbon capture. This result is subject to high uncertainties: under

slightly different conditions, the optimisation could o for a solution with no or substantially reduced
endogenous methane gas demand while total system
optimumb). We therefore explore in this section se
solution space of the model.

FraunhoferlEGIS| d-fine Seite72



Z Fraunhofer Z Fraunhofer d—ﬁ'ne

IEG IS

In a first step Figure32), both natural gas and fossil oil were excluded from the power mix and from
heating.

Figure 32:.Sensitivity run (year 2NOobWRRJIGas&NoQilBe( £€&€s Smpnar
tions and results) for the full European modelling region.

Assumptions Results for 2050
.. . CE main Sensitivity
Electricity from natural gas: no expansion scenario {no gas, no oil)
. Electricity generation capacity from methane
* Heat from natural gas: no expansion PR S
Electricity generation capacity from hydrogen 0GW 82.2 GW
+ Heat from fossil oil: no expansion ’
Hydrogen generation SMR 61 TWh 550 TWh
No oil imports in 2050 ,
Hydrogen generation electrolysis 1764.3 TWh 16821 TWh
Increasing demand for synthetic Primary energy demand methane 500.5 TWh 802.9 TWh
fuels ‘ )
Increasing hydrogen demand Synthetic fuel generation (Fischer-Tropsch synthesis) 512.7 TWh 710.5 TWh
covered by SMR Primary energy demand oil 232.9 TWh 0TWh
Natural gas remains part of energy
system through blue hydrogen Annualized total system costs 807 bn € 838 bn €
Main results:

1 Phasing out gas yieldthe use ofhydrogen inthe electricitysector where hydrogenfired power
plants are then used as a flexibility option in the power sectoand an ever larger deployment
of heat pumpsprovide space heating in the buildings sector

1 Thereis an increasing demand for synthetic fuels (given that fossil oil is fully removed from the
system) as well as an increasing hydrogen demand met by steam methane reforming (SMR).

1 Consequently, natural gas remains in the system in the form of blue hydrogen and requires
compensation through CCS even though it is fully phased out in the conversion and endce
sectors.

9 This outcome highlights the impact of the uncertainties in some of the parameters:

0 There is a large amount of methane which will be used for steam reforming in 2050.
Thismethane is needed to meet the increased demand for hydrogen for Fischairop-
sch synthesiqin order to produce the necessary liquid fuels which compensate the
phasing out of fossil oil)

0 In this step of the sensitivity, steanmethane reforming with CCS will have to come
into the modelling results, as the potentials forexpanding electrolysidor hydrogen
production further, is limited. In Spain and Italy, for example, the exogenous PV ex-
pansion corridors are being fully utilizedwhich limits the expansion of furtherelec-
trolysisplants. Thus if more renewable energy expansion were possibler the model,
one would expect more electrolysis instead of blue hydrogeriThis would imply, for
example, the revision of tradeoffs between competing land-uses.

9 The annualised total system costs rise from 807 to 838 hillion Euro by excluding natural gas
and fossil oil from the system.

In a second step Figure 33), carbon dioxide removal (CDR) technologies were assumed to be more
expensiveto impede the model from picking solutions that rely too strongly on negative emissions.
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Figure 33: Sensi tivity (year 20 5Bxpensive CarbontDioxidE RRenfdwale nar i o
(CDR)t echnol ogiesb (assumptions and results)

ling region.
Assumptions Results for 2050
) i CE main Sensitivity
+  +50% capital costs for technologies scenario {no gas, no oil)
enabling negative emissions -
Electricity generation capacity from methane 752 GW 733 GW
Electricity generation capacity from hydrogen 0GW 06w
Hydrogen generation SMR 881 TWh 113 TWh
Hydrogen generation electrolysis 1773.2 TWh 1531.2 TWh
Natural gas gains irnpor‘.tanCE Primary energy demand methane 495 5 TWh 682 5 TWh
through technologies with carbon
capture Synthetic fuel generation (Fischer-Tropsch synthesis) 509.1 TWh 2252 Twh
Megative emissions remain essential e S—
even when more expensive BT Wi HOWD
Annualized total system costs 204 bn € 836 bn £

Main results:
1 Negative emissions still remain essential, even when more expensive.

1 However, increasing the cost ofCarbon Removal Technologiesnggative emissionsby 50%
leads to a similar amount of natural gas and oil as ithe main scenarios, butby replacing
natural gas in combination with CDR byGas Turbines@T) combined with CCS. Thisfurther
reinforces the message ofthe main scenarios.

1 Hydrogen conversion back into electricity will still not be part of the system. In addition, large
quantities of synthetic fuels will be imported from outside the system boundaries.

9 The annualised total system costs rise from 807 to 886 billion Euro as the costs for negative
emission technologies were raised.

A major conclusionfrom the three sensitivities isthat fossil fuels still find a way into net-zero
energy systems as long as the deployment of cheap renewables , especially wind power and
solar PV, is constrained by the limits currently implemented in the model . More deployment of
renewables canbe realised through steps such as:

A increasng the capacity corridors for RES to ensure availability of cheap hydroggor this pur-
pose competing landuses will have to be reevaluated)

A increasng the cost for gas & oil import

A decreasng the cost for hydrogen imports/ increase import capacities

Discussion: Why do the main scenarios in the modelling analysis still  have a gas network in
20507

In this section we shed more light on the questionof why the main scenarios in this modelling ap-
proach still have gas networks in 2050. This result is at first counterintuitivand therefore needs to
be explained and should not be overinterpreted. As explained above, most pipelines remain unused
and simplyare not decommissioned as the model isnot programmed to do so. But for the remaining
few pipelines that still transport methane in 2050, the shortexplanation for the resultis: Flat optimum
and uncertainties, i.e. the costs of solutions including natural gas in electricity and heat generation
are very similar to those solutions which exclude natural gas in these sectofdso, the contribution

of methane the energy system in 2050 is far from having the same importance as today
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Methane use including biomethane and synthetic methaneis six times smaller than today . Fur-
thermore, the model creates an emission budget for a small amount of fossil fuels due to the negative
emissions resulting from the production of biomethane from biomass and from the use of biomethane
and biomass in processes that include carbon capture

The flat optimum within the space of solutionsmeans that several options are so close to each other
in terms of key economicparameters in the model,at the same time that the uncertainty of these
parameters is relatively highThe flat optimum concerns the last remaining hareio-abate applications,
for which climate-neutral options are not currently used and/or are likely to be rather expensive.

An example of this outcome can be seen inthe technological choice for backup capacitiesfor peak
power plants. Several options for power supply in times of low renewable generatiorxist:

1 hydrogen power plants with access to hydrogen network,

1 hydrogen storage power plants, without network accessut with electrolysers and a cavern
storage on site

1 biogas or biomethane power plants,(currently usedin the model, although the opportunity
cost of the energy carriers will increasbecausethe model must use its climate neutral hydro-
carbons wisely)

1 methanol or ammonia power plants,
1 gas power plants with CCSwith access to the gas network and access to the Chetwork

1 unabated gas power plants the emissions of which are compensated with negative emissions
elsewherein the modelled European regionfor example by sequestering atmospheric CO

Depending on the technoeconomic assumptions, albf these options can be part of an economic

solution, but the uncertainty regarding their coststechnical characteristicand the public acceptance

of the CCS technology is high.Thus, while the model must make a choice, small changes in the as-

sumptions can lead to very different results. With the parameters chosen for ounain scenarios(e.g.

available renewables deployment potentials, industrial demandhe model finds that a cost-efficient

option for supplying residual demand includesatural gas partly without CCS, but with compensaton

of the emissionsin Europe primarily through the use of biomass and biomethane in combinatiowith

carbon capture Thisresulti s agai n somewhat counterintuitive ( BWr
power plant?b), but the peak p avde¢herefgdthe highsnvebtave a v
ment into the capturing processcannot be justified Bt is simply cheaper to capture emissions for ex-

ample from biomethane production, in a process that runs almost continuously, to offset the emission

in the few running hours of the peak power plantsfired with natural gas.

Giventhe closeness of the utility of the options, understanding the flat optimum means acknowledging

that in real life, the best combination of backup power plants still needsto be researched and dis-

cussed and ultimately will depend on future developments of the technology options as well as local

conditions. The complex questionsegarding whether, or to what extent, CCS could or should be part

of Europebs decarbonisation strat egsanmificatiendtheseo be aoc
decisiors will have on the gas infrastructure.The presentstudy simply focuses on a different question

(the integration of energy infrastructure$, rather than exploring in detail the flat optimum of a residual

amount of natural gas and consequent uncertainties

The question of gas versus hydrogen power plants will also have implications on the exte¢atwhich
the remaining natural gas network will be further repurposed to hydrogen and to whit extent a natural
gas network will be utilized. In our current model resultslarge parts of the natural gas network will
be repurposed to hydrogen and the remaining gas network will run on an average utilization rate of
well below 50% (depending on the scenario). A stronger use of hydrogen in peak power plants would
accelerag this process of decommissioning or repurposingf transport networks for natural gas. Most
parts of the distribution networks for natural gas will be decommissioned in any case as the remaining
applications for natural gas are dominantly central and therefore do not need natural gas in distribution
networks.
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7 Regional Case Studies

When analysing the transition towards a climateneutral energy system in Europe and its evolving
energy infrastructure, we see different regions taking up different roles in the transition. Looking at
regional examples helps to illustrate the interplapetween countries and sectors. While many regions
deserve a more indepth analysis, in this study we focus on the wider regions of Poland and the Baltics
in Chapter 7.1, as well as the Benelux Countries / NorthWest Germany in Chapter7.2. These cases
enable insights io a disaggregated manner, inter alia with a view to the role of wind energy and
industrial energy demand.

7.1 Poland and the Baltics

Pol and and the Baltic countries Latvi a, Lithuani a
system for Central and Eastern Europe. Thanks to their location at the Baltic Sea, the four countries
each have offshore territories that can be usetb produce wind energy.

Figure 34: Installed capacity in offshore wind turbines in Poland, Lithuania, Latvia and Esto-

nia.
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Figure 34 shows the installed offshore wind capacity on a cluster level for each year and scenario.
While in 2030, the offshore wind capacities still reflect the exogenous Polish expansion target, the
following years offshore wind power even exceeds policy targets. Thengbwe see a strong increase in
PL from OGW today to 36-40 GW in 2050. The capacities are predominately located in Poland while
1.8 GW of offshore wind power are installed in Lithuania and 3o 3.6 GW in Latvia. In the case study
region, we see the largest deployment of offshore wind power in our two European scenarios, most
significantly in the crosssectoral, European (CE) scenatrio.
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Figure 35: Electricity production, consumption and transport resulting from cross -sectoral,

European (CE) optimisation in 2050 [48].

If we look at electricity produced by these offshore windcapacities Figure35), we see that the majority
of offshore wind in 2050 stems from the Eastern Patiflbhore regions with 114 TWh, while the West-
ern territories produce 57TWh. This overview of the electricity systemnder crosssectoral, European
optimisation (CE)in 2050 in Figure35 showcasesot only the electricity produced from offshore wind
power plants but the total electricity produced in each cluster in the upper sentircle The lower semi
circle visualises the electricity consumption. In the coastal clusters of Poland and Estonia, around half
of the electricity demand comes from H electrolysis, while the other part is accumulated electricity
demand from the electricity distribution system, serving the industry and the residential sector. The
latter poses a large exogenous electricity demand in the South and East of Poland, wheraewable
potentials are comparatively low, causing it to be supplied by wind energy from Northern Poland and
Lithuania. These transport pathways are visualised by the connecting lines, with their width indicating
the amount of transported energy and the arow pointing in the direction of transport. These trans-
mission flows also show that the clusters in Southern Poland are not only supplied by Polish electricity
but also from the West via Germany and the other Baltic countries.
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