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Abstract

The grid infrastructure is critical for meeting the EU’s energy and climate objectives. This study
evaluates the transmission requirements for interconnection of the European electricity network for
the years 2030 and 2040. Using the capacity expansion module of the METIS model, calibrated to
the TYNDP 2024 National Trends scenario, we identify beneficial interconnector expansion for the
European system. The analysis is limited to two years, which simplifies the dynamics of investment
cashflows. Moreover, generation capacities and demand are taken as exogenous inputs from the
scenario, aggregated to one node per zone, restricting the optimisation to a local point and largely
neglecting the need for intrazonal grid reinforcements. Our results indicate substantial potential for
additional exchange capacity: 45-48 GW for 2030 and 69-83 GW for 2040, on top of the reference
grid that already incorporates several TYNDP candidates. The model also identifies additional
electrolyser capacity as beneficial for 2040, whereas no further battery storage is required beyond
the large capacities already assumed in the scenario. Despite the methodological constraints, the
findings highlight groups of borders at which the benefits of interconnection expansion should be
investigated in more detail. For 2040, the results reveal strong interactions between the electricity
and hydrogen sectors, suggesting that future integrated analyses should explore these in greater
depth. While increased exchange capacities improve price convergence, they will not fully equalise
electricity prices across Europe. The study was commissioned, co-designed, co-developed with the
Directorate-General for Energy (DG ENER), which also provided essential data inputs.
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Executive summary

This study contributes to the identification of beneficial interconnector expansion in the European
electricity system. Although it does not replicate the Ten-Year Network Development Plan (TNYDP)
process carried out by ENTSO-E every two years, it provides valuable insights into complementary
sensitivities regarding the costs and location of increased exchange capacities, and into how carbon
pricing mechanism in the electricity markets of neighbouring non-EU countries are represented in
the modelling. The results serve as an indication on where benefits of transmission infrastructure
expansion should be investigated in more depth.

Policy context

The study focuses on the electricity component of the Trans-European Networks for Energy (TEN-E)
policy, which aims to interconnect the EU’s energy networks, strengthen cohesion and develop
solidarity and cooperation across the EU. It was prepared at the request of, and in close
collaboration with, the Directorate-General for Energy (DG ENER).

A well-integrated electricity grid is a fundamental prerequisite for achieving Europe’s energy-policy
and climate objectives. Enhanced interconnection improves security of supply, facilitates the
integration of renewable generation, and reduces electricity costs for end-users. Nevertheless,
expansion projects are time-consuming and yield the greatest benefits when they are coordinated
at the European level.

The uncoordinated expansion of grid and renewable generation capacities and increased
interconnection capacities can lead to a shift of bottlenecks form the zone boundaries into these
zones leading to an increase of expensive congestion management needs . The efficiency of the
zonal design is evaluated in bidding zone technical reports by ENTSO-E and ACER’s market reports.
A potential amendment of the bidding zone configuration is assessed in the ongoing pan-EU bidding
zone review.

Key conclusions

The analysis clearly demonstrates that the European electricity system could benefit from a
substantial increase in exchange capacities by 2030. Consequently, policy makers should recognize
the urgency of accelerating the grid expansion process. Nevertheless, the transmission capacities
identified at cross-border bottlenecks should not be interpreted as a deterministic requirement for
the construction of lines of the exact magnitudes projected by the model. Alternative flexibility
measures, such as enhanced system operation, and demand response programmes, can alleviate
the need for new infrastructure or reduce the required capacity.

The high storage capacities embedded in the reference scenario limit the model’s identification of
additional storage needs. This outcome underscores the importance of a realistic appraisal of future
storage deployment: if actual storage rollout falls short of the scenario assumptions, the
incremental storage requirement will increase and should be accounted for in planning decisions.

L To analyse the intra-zonal congestions and needs for congestion management would require a detailed grid model
and is beyond the scope if this study.
4



Even in a simplified representation, the hydrogen sector exhibits strong interdependencies with the
electricity system. The expansion of electrolyser capacity in 2040, together with the associated
hydrogen demand, creates feedback loops that influence transmission planning. Moreover, the price
formation mechanisms and the willingness-to-pay of end-users in both the electricity and hydrogen
markets become tightly coupled in a fully integrated energy system. Ignoring these price- and
demand-interlinkages could lead to sub-optimal investment decisions and to a misallocation of
resources across sectors.

Main findings
What is the optimal electricity grid expansion for 20307

The study identifies significant needs for additional exchange capacities to connect zones with low
prices and high shares of renewables to markets with higher prices. This is especially relevant to the
UK’s connection with continental Europe, the connection of the Nordic countries with central Europe
and the integration of the Iberian Peninsula. Needs for higher exchange capacities among eastern
European countries are less profound due to a high degree of price convergence even before
infrastructure expansion. Figure 1 and Figure 2 present the results of the expansion run for 2030

and 2040 respectively.



Figure 1. Additional exchange capacity on top of the reference grid in 2030 2 The expansion in MW is
indicated per interconnector. The colours correspond to the average electricity prices after the expansion, also
indicated as labels in black. The difference of the average prices after the grid expansion minus the average
prices before expansion are shown in brackets below the prices, in blue for a price reduction and red for a
price increase.
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Source: JRC analysis.

The 2040 results demonstrate that the reference grid * additions proposed in the TYNDP scenario
already address some of the expansion needs identified for 2030. This is illustrated in the reduced

2 The zonal setup is a compromise between the modelled market zones in the input scenario and a representation on
country level, explained in more detail in section and Annex 1.

3 On top of the existing transmission infrastructure, the reference grid includes several expansion candidates marked in
the TYNDP, which are assumed to be realised until the years 2030 and 2040 respectively, see further section 2.2.
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needs identified for 2040 compared to 2030, for example, between Great Britain and France or
Germany and Sweden. However, new borders are also identified, where increased exchange capacity
is beneficial. The price reductions due to interconnection expansion are often larger than in 2030.
Countries in eastern Europe show large price decreases even as expansions identified between

them are relatively low.

Figure 2. Additional exchange capacity on top of reference grid for 2040. The expansion in MW is indicated
per interconnector. The colours correspond to the average electricity prices after the expansion, also indicated
as labels in black. The difference of the average prices after the grid expansion minus the average prices
before expansion are shown in brackets below the prices, in blue for a price reduction and red for a price
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Source: JRC analysis.

For both 2030 and 2040, even after exhausting all economic expansion options, price differences
between regions remain, because further capacity expansion is too costly. For example, after the
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optimal expansion, a price difference of 14 EUR/MWh remains between Spain and Italy in 2030 and
a difference of 17 EUR/MWh in 2040. High grid expansion costs limit the effect that interconnection
expansion can have on price deltas which exist because of the different generation mix or demand
patterns of the zones and remain when the cost for increased exchange is larger than the benefit of
reduced system cost.

Can additional storage or flexibility contribute?

For both 2030 and 2040, the analysis shows little need for additional battery storage capacity
beyond that already assumed in the TYNDP National Trends scenario, even when a sensitivity
analysis with higher costs for the expansion of the exchange capacities is performed. However,
because the scenario’s storage capacities are not challenged for their economic viability, and the
analysis does not consider additional revenue streams * for battery storage or their potential
benefits for market segments outside the scope of this study >, this conclusion remains tentative.
The results are highly dependent on the underlying input scenario, in particular, the TYNDP National
Trends scenario. The storage capacities assumed in this scenario are considerably larger than those
in other European scenarios, such as the POTEnCIA CETO 2024 scenario (Neuwahl et al,, 2024).
Consequently, altering the assumed storage levels could lead to different results. Indeed, the JRC
identified growing flexibility needs in the CETO 2024 scenario and highlighted battery storage as a
key provider of the short-term flexibility (Terca et al,, 2025). In the National-Trends scenario, the
high baseline storage capacities already satisfy much of this flexibility requirement, which explains
why the present study finds little room for further battery deployment. Thus, the findings of the two
studies are complementary rather than contradictory.

4 Additional revenue streams besides the spot market arbitrage could come from e.g. balancing, where battery storage
might play a very important role.

5 The setup of the study is that of a single market clearing, neglecting the reality of sequential markets (day-ahead,
intraday, balancing) and also the uncertainty between these stages, which might provide an additional business case
for battery storage.
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1 Introduction

The electricity grid infrastructure is a crucial building block for achieving Europe’s energy policy and
climate objectives. A better integrated electricity system and market increases security of supply,
improves the integration of renewable generation technologies into the energy system and makes
electricity for all citizens more affordable.

To achieve this, the EU has set the target that each country should have an interconnection capacity
with neighbouring countries corresponding to 15% of electricity produced by 2030. However, new
infrastructure projects take, on average, many years to be realised. To accelerate this investment,
the EU Regulation on trans-European energy infrastructure (TEN-E) introduced Projects of Common
Interest (PCls) and focusses on geographic priority corridors to facilitate permitting and
construction. Each new interconnector under the regulation is subject to a cost-benefit analysis and
only implemented if the costs are outweighed by the potential benefits.

Projects are identified and analysed based on scenarios of the future energy system which are
compiled and published by the European Network for Transmission System Operators for Electricity
(ENTSO-E) and the European Network for Transmission System Operators for Gas (ENTSOG) in the
Ten-Year Network Development Plan (TYNDP). Given the pace of the energy transition and
considering current developments, these scenarios are updated every two years, with the latest
published edition being the TYNDP 2024. A new set of scenarios, the TYNDP 2026 edition, is
currently under development (ENTSO-E et al., 2025b).

A primary challenge in the future energy system is balancing energy demand and supply over time,
when generation from renewables and demand from electricity consumers are not synchronised.
This can be managed with energy storage and the flexible response of consumers to the fluctuating
supply from wind and solar power plants. Another challenge is balancing demand and supply across
geographical regions, connecting areas with an energy surplus, for example because of high wind
infeed, to those with a deficit. This can be addressed by strengthening grids and increasing
transmission capacity between these regions. These spatial and temporal flexibility options are
interdependent, with the deployment of storage potentially reducing the need for grid

expansion (Goke et al,, 2022; Roth et al,, 2023).

Studies that model the European energy grid face a dilemma. The scope of the European existing
grid, let alone the future expanded one make it very difficult to model (expansion) scenarios with a
realistic grid representation, i.e. represent physical bus bars and lines or pipelines and the actual
power flows through them. The solution lies in spatial or temporal aggregation of the model
resolution or both. (Newbery et al., 2016) state that “Tractable models [of the electricity markets]
inevitably simplify the grid representation, generation costs, market power and modelling flows ...".
Moreover, they require “massive data (much of it unavailable even to ACER or ENTSO-E)” (Newbery
et al, 2016). Consequently, studies often rely on models with a spatial resolution aggregated to
country nodes (Brown et al., 2018; Roth et al., 2023), with sometimes higher spatial resolution in
focus areas (Durakovic et al.,, 2023) or even further aggregation to macro regions (Child et al.,
2019). Even the most recent and arguably most sophisticated openly available modelling
approaches specifically developed for grid expansion analysis make use of both a slight temporal
reduction and grid node clustering to reduce computational burden (Hofmann et al., 2025; Neumann
et al,, 2023; Pickering et al., 2022). For this study, we use an hourly resolution and apply a spatial
aggregation mainly determined by the input data we use that is published with the TYNDP 2024.



The purpose of this study is to identify future cross-border infrastructure required for Europe’s
electricity system for the years 2030 and 2040, with the goal to minimise system costs. It has been
conducted at request of, and in close collaboration with, the Directorate-General for Energy. To
achieve this, the National Trends scenario from the TYNDP is modelled ® using the METIS model. The
capacity expansion module of METIS is used to identify infrastructure expansion needs for these
future years, going beyond the specific investment projects in the TYNDP.

6

There are several differences in the model setup and model input data, which make a one-to-one comparison of the

results difficult. These are described in the relevant section of the report and discussed in more detail in Annex 3 and
Annex 4.
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2 Background for the study: TYNDP National Trends scenario

For this study, the European energy system is modelled based on the data published with the
TYNDP 2024. The TYNDP 2024 consists of several data and studies, among which are the scenarios
methodology report (ENTSO-E, 2025f), the offshore network development plan reports (ENTSO-E,
2025a), the Infrastructure gaps reports for Electricity (ENTSO-E, 2025b) and Gas (ENTSOG, 2025),
the Implementation guidelines for the Identification of System Needs (ENTSO-E, 2025c), and
individual project sheets for transmission candidates (ENTSO-E, 2025e). These are used to
parametrise the METIS model in instances for 2030 and 2040, called METIS contexts, following in
large part the input data of the National Trends scenario.

This study refers to the ‘TYNDP results’ as the modelling results published with the scenario outputs
for the TYNDP 2024 National Trends scenarios for 2030 (ENTSO-E, 2024d) and 2040 (ENTSO-E,
2024f). These numerical results are also the benchmark against which the parametrised METIS
contexts are compared before the expansion optimisation (see, for a further comparison between
the TYNDP scenario outcome and the METIS contexts, Annex 3 for 2030 and Annex 4 for 2040).

2.1 Scenario data

The TYNDP scenario inputs contain most of the numerical data necessary to parametrise the METIS
contexts according to the TYNDP scenario. These are, in particular, the ‘Electricity and Hydrogen
Reference Grid & Investment Candidates After Public Consultation’, aggregated data from the Pan
European Market Modelling Database (PEMMDB) in version 2.5, the Pan European Climatic Database
(PECD) in version 3.1, information on hydro inflow and storage constraints, the list of nodes,
commodity prices, CO, emission factors, parameters to model the EV fleets, Information regarding
the hydrogen modelling: H, import and storage properties, steam methane reforming (SMR) plants
and parameters regarding heat pumps and demand profiles. These have been obtained from the
download page of the TYNDP 2024 scenarios (ENTSO-E et al., 2025a).

The TYNDP input data for the National Trends scenario also includes data for some non-EU and
non-ENTSO TSOs as well as some offshore hub nodes, which do not resemble any administrative
areas. More details about their inclusion in the METIS context is described in Chapter 3 and Annex 1.

2.2 Reference Grid

The reference grid describes the assumed existing interconnection configuration on which the
expansion study is built. For the electricity reference grid in the METIS contexts, the nodal
configuration used in the TYNDP (which relies mainly on electricity market zones ?) are matched to
the nodes used in the METIS contexts. The starting point is the reference grid published with the
TYNDP 2024 scenario (ENTSO-E, 2024c). As the METIS contexts only contain TYNDP nodes or
aggregations of such nodes, the line capacity can be either directly matched or accumulated for the

7 Italy and Sweden are modelled resembling today’s electricity bidding zones. Luxembourg is modelled in several zones
instead of the shared bidding zone with Germany. Norway is modelled in three instead of the existing five bidding
zones.
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aggregated nodes. In some cases, where borders disappear through the aggregation, the respective
connections are discarded.

The METIS contexts represent the exchange capacities based on Net Transfer Capacities (NTCs) as
an abstraction from the physical grid constraints. The scenario input data from the TYNDP includes
the NTC reference grid required for this study. On top of the existing transmission infrastructure, the
reference grid includes several expansion candidates from the TYNDP, that are assumed to be
realised until the scenario years. Given the proximity of the first scenario year, a few candidates are
removed from the METIS reference grid 2030 because their timely realisation is perceived to be
unlikely. These candidates are reintroduced to form the reference grid for the 2040 expansion

case &,

The hydrogen reference grid is also introduced in the METIS contexts, see Section 3.4.

2.3 Removal of candidates from the reference grid

Candidates identified by DG ENER as unlikely to be realised until 2030 are removed from the
reference grid published by ENTSO-E. The removed candidates are listed in Table 1.

Table 1. Expansion candidates removed from the reference grid 2030.

TYNDP Project Name Commissioning Border NTC NTC

Project ID Year Direction 1 Direction 2

47 Westtirol - Vohringen 2030 AT - DE 600 600

121 Nautilus 2029 BE - GB 1400 1400

260 New Great Britain — 2030 GB - NL 2000 2000

Netherlands Interconnection

1041 GREGY Interconnector 2028 GR - EG 3000 3000

1106 Bornholm Energy Island 2030 DE - 2000 2000
DKBH

1106 Bornholm Energy Island 2030 DKBH - 1200 1200
DKE

1153 PST Romands 2030 CH-FR 800 800

Source: TYNDP 2024 Implementation Guidelines (ENTSO-E, 2024a).

The reference grid 2040 includes projects from the implementation guidelines that are in the TYNDP reference grid
2040 but not in the reference grid 2030. The reference grid 2040 thus also includes the connection to the offshore
nodes EEOF, DKNS and LTOF that only have generation capacity in the NT 2040 scenario and connections that have
active flows in the TYNDP scenario results, e.g. EEOF-LV.

12



2.4 Expansion candidates

Explicit expansion candidates are available from TYNDP project sheets. These include start and end
node as well as capacity increase on the respective border, along with relevant costs. Additional
data on interconnection investment are available from the investment datasets from the TYNDP
scenario input data. These include generic candidates with costs for grid reinforcements. On some
borders, multiple candidates are listed with increasing costs. On other borders, no candidates are
available.

The offshore zone topology is displayed in the scenario methodology report. Corresponding installed
capacities are included in the input data set (offshore hubs) but do not necessarily correspond to
the scenario data °. The node nomenclature is consistent with the offshore profiles included in the
PECD and generation profiles are also available.

Hybrid interconnectors combine cross-border transmission lines with connections to one or more
offshore wind farms. The offshore-hub input dataset provides cost figures that do not match
project-sheet values '°, and for candidates lacking capacity in the reference grid it omits the
associated transmission capacity, rendering it unusable for this study. The
implementation-guidelines list supplies costs and capacities (OPEX is zero for all but one candidate),
but its nodal mapping to PECD/PEMMDB is unclear, leaving offshore-wind capacities and infeed
profiles unspecified. Consequently, the study can only examine hybrid interconnectors in a limited
way.

The determination of parameters for the candidates in the investment cases are described in the
next chapter.

° For example, the PEMMDB lists 1.4 GW of wind offshore connected to the BE offshore hub (BEOF) for 2030 and 4.36
GW connected to the BEOO zone, in the offshore hub data the total generation capacity of 5.76 GW is aggregated at
the offshore hub.

10 For example, the connection Bornholm Energy Island to Denmark East has CAPEX of EUR 988 m from the project
sheets while the cost in the offshore hub data set is 581.2 without unit.

13



3 Methodology

3.1 The METIS 3 model

METIS is an energy system modelling software for the European electricity, gas, heat and hydrogen
sectors ' (European Commission, 2025). In its current version 3, the model is parametrised for this
study in large parts with the input data for the TYNDP National Trends scenario for the years 2030
and 2040. The METIS model has been used for several studies '2 by its developers, commissioned
by DG ENER as well as by the JRC, which produces model contexts to address questions related to
the current and future energy system.

The METIS contexts for most applications cover the EU 27 and neighbouring countries (CH, UK, NO,
Balkans) and represent each country as a single node, where all assets of a given country node are
aggregated per technology. This is, however, dependent on the input data provided to the model. For
this study, specific contexts have been developed to more closely match the model setup of the
TYNDP scenario. This includes extending the geographic scope from the regular setup as well as
adjusting the technology classes to resemble the TYNDP setup closely. These adjustments are
described in more detail in the following sections.

Two different features of the model are used in the study, referred to as ‘simulation’ and ‘capacity
expansion’. For a simulation, the capacity and (price inelastic) demand profiles are exogenous input
data and the model can determine the hourly operating point of the system through the dispatch of
generation resources, flexible assets such as (battery) storage or the dispatch of (price sensitive)
flexible demand assets. In the capacity expansion mode, the model has additional degrees of
freedom and can invest in additional capacity. In this study, the expansion is limited to additional
transmission capacity of the electricity grid **, keeping everything else as exogenous inputs.

In both cases the problem is formulated as a linear problem with the objective function to minimise
system cost including investment and operational costs, to determine the optimal set of
investments combined with the optimal operation of each modelled component of the energy
system.

11 The focus of this study is the electricity system. The other sectors are only modelled with their interdependencies to
the electrical system. In particular, natural gas supply for power plant operation is available at a specific cost without
volume constraints. Heating demand is only represented as the share of demand that is satisfied by (hybrid) heat
pumps - electric heat pumps with a backup gas-fired boiler. For hydrogen, the demand can be satisfied by the
electricity system (electrolysers), steam methane reforming (SMR) or can be imported along the routes from the
TYNDP scenario. Additionally, hydrogen can be exchanged through the reference grid between the nodes and where
the scenario includes hydrogen storage, it is introduced to the METIS contexts.

12 Recent applications of the model have been on Short-term sector coupling and gas adequacy (European Commission,
2024), energy infrastructure configurations (Kupper et al., 2024), industry transition (Fleiter et al., 2023) and
hydrogen infrastructure needs (European Commission, 2023).

13 Lower bounds are introduced to represent the reference grid. On top of this, depending on the setup cost/ capacity,
pairs are introduced as investment candidates from which the model can choose to improve the objective function.
14



Equation 1. METIS objective function

min Z (InvestmentCosts, + ProductionCosts, ) + LossOfLoadCosts

producersp

Source: METIS documentation (Artelys, 2023).

InvestmentCosts, represents the annualised investment costs and fixed operational costs and
ProductionCosts, represents the production costs of producer p comprising fuel costs, costs for

CO; emission allowances and variable operational costs. LossOfLoadCosts represents the costs
associated to the loss of load. These costs are calculated as the product between the total load not
served (for all nodes and all time steps) and the value of lost load defined by the scenario.

For every node n and every timestep t, the following supply-demand equilibrium constraint is
defined. Each node represents a geographical zone and the nodes can be linked together with
transmission assets (power lines or hydrogen pipelines).

Equation 2. METIS supply-demand equilibrium

Supply,, = Demand,, ,

With
Supply, . = Z Production,, + Z Flow,_, . + LossOfLoad,
producers p at node n neighbours n'of n
Demand,, , = Z Consumption,, + Z Flow,_ .
consumers ¢ at node n neighbours n’of n

Source: METIS documentation (Artelys, 2023).

The consumers at node n typically represent the aggregated consumption, the consumption of
storage assets and the consumption of other assets converting the energy to another vector (e.g.
heat pumps).

3.2 Introducing TYNDP power plant classes to METIS

As one adjustment to the regular METIS context, the power plant fleet classes from the database
used for the TYNDP (PEMMDB) have been introduced. Most technologies are divided into age groups.
For lignite, additional cost levels are introduced in four country groups **. Each fleet contains a
range for the assumed efficiency, and a standard value displayed. This standard value is applied in
the METIS contexts. The resulting cost range and variable costs are displayed in Figure 3.

14 Group 1: BG, MK, CZ; group2: SK, DE, RS, PL, ME, UKNI, BA, IE; group 3: SI, RO, HU; group 4: GR, TR.
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Figure 3. Cost range of variable cost for power plant technology groups derived from the fuel cost, efficiency
(range and standard value) and other variable costs modelled in the METIS contexts, based on PEMMDB. In
most cases the standard value is applied.
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Source: JRC analysis based on (ENTSO-E, 2023a).

From the TYNDP scenario results, it becomes obvious that the fleets do not uniformly follow the
standard efficiency assumptions. For the 2030 contexts, some fleet efficiencies have been
calibrated to more closely match the prices published in the TYNDP results (see Annex 3 for more
details on replicating the 2030 scenario in METIS). For the 2040 contexts, the values strictly follow
the standard value (see Annex 4 for more details on the replication of the 2040 scenario).

Furthermore, the PEMMDB includes information about monthly must-run constraints that are
included in the METIS contexts. For some power plant fleets, which are co-fired with biofuels, an
individual fuel price is included. In general, these power plants are modelled in METIS with the
underlying technology. Where additional information about the biofuel shares and prices for the
fuels are available from the PEMMDB, the effect is captured in METIS through adjusted CO, factors
and production costs. The PEMMDB also includes information on the average availability of the
fleets although no information is provided on the temporal structure beyond the share of
unavailability in the winter months (see next section).
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3.3 Power plant availabilities

A challenge arises from the temporal availability of power plant fleets. The PEMMDB includes
information about the annual rate of ‘Forced outage’, the average time to repair, as well as the
number of days for maintenance, including the share of these to be planned in winter. However, the
METIS contexts require hourly profiles for availability and the current workflow does not include a
method to derive such profiles based on the parameters published with the TYNDP.

A similar challenge is the modelling of nuclear power plants. Given their position in the merit order,
the dispatch in the model is mainly availability driven. Figure 4 shows the dispatch of the French
nuclear fleet in the TYNDP results (left) as an example. The seasonal availability profile is clearly
visible. Additionally, in the summer months, there are hours in which the electricity price drops
below the variable cost of nuclear and the fleet is pushed out of the market. From these results, it
becomes apparent that the nuclear fleet is modelled fully flexible without general minimum load
requirements; this approach is also adopted in the METIS contexts. For some countries, a must-run
share is defined, which is also included in METIS. As these availability profiles are not part of the
input data set, they are derived from the TYNDP results with the following approach: the daily
maximum dispatch is identified considering hours where prices are equal or above the production
cost of the nuclear fleet '°. The result is daily availability profiles (the example of the French nuclear
fleet displayed in the right part of Figure 4) which serve as input to the METIS contexts.

Figure 4. Deriving availability profiles from the TYNDP dispatch.
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Source: JRC analysis based on (ENTSO-E, 2024d).

For the fleets of the other power plants, a mixed approach is applied. The simplest approach is to
calculate an average availability (from the PEMMDB data) and apply this throughout the year.
However, this is not feasible for all power plant fleets as this would lead to loss of load events. This
becomes more relevant as the seasonality of the residual load will increase in the future system
due to the seasonality of solar PV and the temperature dependent demand. The availability of
power plants is parametrised to follow a generic profile derived from the dispatch results of the

15 For whole days where the nuclear fleet is out of the market, the weekly maximum dispatch is applied.
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TYNDP scenario illustrated in Figure 5. A monthly profile is calculated based on the maximum
dispatched value to derive the shape. This profile is then adjusted by reducing the values in times
when not the full capacity is dispatched to match the average availability reported in the PEMMDB.

Figure 5. Dispatch of CCGT fleets as basis for availability profiles.
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Source: JRC analysis based on (ENTSO-E, 2024d).

From the figure, it is evident that the German CCGT is available at nominal capacity almost
throughout all winter months, with a drop in summer. For Egypt, the maximum availability lies in
late summer, and the lowest availability in spring and autumn. The difference can be explained by
the fact, that the availability of power plants is dominated by the scheduled unavailability due to
periodic maintenance. This is often performed in times of low (residual) load, when less generation
capacity is needed. In Germany, the winter months typically show a higher (residual) load than the
summer months, because of increased heating needs and reduced solar generation. In Egypt, the
peak demand is triggered by high temperatures in the summer months and the increased utilisation
of air conditioning.

3.4 Hydrogen and Electrolysers

In addition to the electricity demand and infrastructure, the hydrogen infrastructure is also
modelled, detailed further below. This becomes necessary as one of the goals of the study is to
assess the potential of additional electrolyser capacity and the impact on electricity transmission
infrastructure. To incorporate these effects into the METIS contexts, the hydrogen representation
has been extended. The electrolysers are in many studies represented with an exogenous electricity
strike price, below which they produce hydrogen or have to satisfy an exogenous demand. The
METIS contexts for this study include the reference hydrogen grid as well as the scenario hydrogen
import, alternative production routes (steam methane reforming) and the hydrogen storage beyond
the exogenous hydrogen demand profile. This approach enables us to model the effect of the
hydrogen demand on the electricity system in a more detailed way. On the one hand, it can
encompass situations where electrolysers do not produce at very low electricity prices because
demand is satisfied, and hydrogen storage is full. On the other hand, the electricity prices can be
driven by the willingness to pay of the hydrogen demand, if all other supply routes are exhausted
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and producing hydrogen with electrolysers remains the only alternative even at (very) high
electricity prices.

Following the rationale laid out in the TYNDP Scenarios Methodology Report, “the electrolysis is in
the market model assumed to be fully flexible”, the electrolysers are modelled without gradient or
minimum operating constraints.

A distinct feature of the National Trends scenarios is that the hydrogen CCGT fleets seem not to be
connected to the hydrogen nodal energy balance, which means the fuel cost for this power plant
technology is an exogenous production cost and not the marginal cost of hydrogen. This leads to
situations in the TYNDP results where the hydrogen CCGT fleet is dispatched above must-run levels
in hours when the marginal price of hydrogen is higher than the price of electricity or even
situations when hydrogen CCGTs and electrolysers are dispatched at the same time. The METIS
contexts avoid this behaviour by linking the hydrogen-fuelled power plants to the model-
endogenous hydrogen price.

3.5 Additional nodes and technologies

For this study, the usual modelling scope of METIS is expanded to cover most countries for which
data is available from the TYNDP National Trends scenario. This includes Morocco, Algeria, Tunisia,
Libya, Egypt, Israel, Moldova, Ukraine and Turkiye. Palestine ¢ is modelled as electricity demand and
supply profiles to Israel, as is the exchange between Egypt and Sudan. Georgia is not modelled, as it
constitutes an isolated region unless the investment candidate ! were to be realised. Additionally,
crucial input data for modelling, namely the hydro inflow time series, are not available from the
input data set, although hydro plays an essential role in the Georgian power mix. The nodal setup is
further described in Annex 1.

Furthermore, the TYNDP includes several asset classes that need to be introduced to the METIS
contexts. Some of these can be modelled to resemble those used in the TYNDP model, and for
others, additional assumptions or simplifications are introduced. This regards, for example, the
flexible demand response price-capacity band, which is parametrised as such, but the additional
constraint of maximum continuously activated hours of these assets is not directly implemented.
They are approximated by dimensioning the storage capacity of the asset to accommodate the
corresponding amount of energy per day 2.

The National Trends scenario does not include explicit data on electric vehicles and heat pumps but
includes these in the input demand profiles. These technologies potentially play an important role
and are thus parametrised in the METIS contexts based on the parameters for the Distributed
Energy scenario. To keep overall energy demand in line with the scenario assumptions, the demand
profiles of these assets are determined in the simulation with the reference grid. These profiles are
subtracted from the exogenous demand profiles before the expansion study. The assets can thus

& This designation shall not be construed as recognition of a State of Palestine and is without prejudice to the
individual positions of the Member States on this issue.

17" Project 1105 from the TYNDP 2024 would connect Georgia to Romania.

8 This relaxes the formulation, introducing some additional flexibility into the model.
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dispatch their flexibility '° based on the endogenous price information in METIS without major
deviation from the demand assumptions from the scenario. This does, however, provide additional
flexibility to the scenario.

Another adjustment to the usual METIS setup is the introduction of additional nodes. This enables
the modelling of investment decisions which regard hybrid interconnectors with higher granularity.
Of most relevance are nodes that are part of hybrid offshore interconnectors, where these nodes
have active connections to the mainland in the TYNDP scenario results (ENTSO-E, 2024d). For the
2030 timeframe, this affects the split of the Danish market node into several price zones (Denmark
West, Denmark East, Denmark Kriegers Flak and Denmark Bornholm Energy Island), as well as the
introduction of dedicated offshore nodes which allow for hybrid interconnection 2°. The nodal setup
for the METIS contexts is a trade-off between replicating the TYNDP setup and the complexity of
the model to reduce calculation time and ensure solvability.

The PECD infeed profiles published with the TYNDP data are aggregated for the METIS contexts, or
the relevant profile is used for the installed capacity at the offshore node reported in the PEMMDB.
As described in section 2.4, the authors were not able to extract all the necessary information
regarding the hybrid offshore candidates from the input data. Consequently, the nodes included are
limited to those in the TYNDP scenario results which list offshore generation capacity (see also
Annex 1).

3.6 Investment candidates and cost

To assess infrastructure expansion needs beyond the explicit TYNDP candidates, generic parameters
are calculated. Specific investment costs in EUR/MW are calculated as an average over the
candidates in the TYNDP data sets (ENTSO-E, 2024b), (ENTSO-E, 2024q). For borders without a
TYNDP candidate, which can be expanded in the METIS contexts, the costs are calculated as the
average of the projects connected to the nodes on both sides of the border. The resulting costs for
the initial investment are presented in Annex 2. A limited capacity is available at these initial costs.
Additional capacity entails increased costs. The exact rationale is explained in the results section for
each expansion run.

19 There is not yet a scientific consensus about the flexibility potential of (domestic) heat pumps that will be available
to the energy system or market as this depends not only on the technical and economic potential but also personal
preferences of the users. ENTSO-E in the European Resource Adequacy Assessment applies a time frame of six hours
in which the demand can be shifted based on (Haas et al., 2022). Other experts quantify this flexibility window more
conservative for space heating applications (around two hours) and more optimistic for water heating applications
(up to twelve hours) (Crawley et al., 2024; CREDS, 2023). Applying an average ratio between space heating (80%)
and water heating (20%) (based on the 2020 average for the EU (EUROSTAT, 2025), one arrives at a flexible time
window for 4 hours that is applied in this study. It should be noted that this probably overestimates the flexibility
potential in times of peak demand (which might coincide with peak flexibility demand) as the heating devices most
likely will be continuously operated at nominal capacity for several hours. EVs are modelled as fleets with an
availability profile derived from the TYNDP scenario report and parameters regarding the number of EVs, charging
and discharging capacity and efficiency, storage size and average energy demand upon arrival.

20 The modelled market nodes are described in the Annex 1.
20



METIS employs a single year capacity optimisation 2%. The investment costs are therefore annualised
to make investments with different lifetimes n and discount rates § comparable. The annualised
costs are calculated according to Equation 3.

Equation 3. Calculation of annualised cost depending on lifetime n and discount rate & for the investment
assets.

)
annualised costs = OPEX + CAPEX X — 1
T+ 5)

Source: TYNDP 2024 Implementation Guidelines (ENTSO-E, 2024a).

Lines in METIS are represented with positive flows %%, so each interconnector is modelled with two
‘lines’ with the cost distributed over the two parts. To ensure that the total expansion cost is
attributed correctly, an equality constraint is introduced, which ensures that the same expansion
occurs in both directions.

The annualised costs for the different elements and the relevant discount factor 6 and the lifetime
in years n for the annualization are listed in Table 2.

Table 2. Annualised investment costs. The cost for the interconnectors is averaged per border over the
projects in the project file provided by DG ENER (ENTSO-E, 2024g) and the grids file from the TYNDP
investment datasets (ENTSO-E, 2024b). Where no project is available from these data the average over
projects from the start and end node are used. CAPEX and OPEX are taken at face value from Table AO5 in
the scenario methodology report (ENTSO-E, 2025f), with the discount rate and lifetime for the interconnectors
taken from the system needs methodology report (ENTSO-E, 2025d) , for batteries from the implementation
guidelines (ENTSO-E, 2023b) and the numbers for electrolysers assumed to be identical to the battery
assumptions, which for the lifetime is also in line with the technology datasheet from the Danish Energy
Agency (Danish Energy Agency, 2025).

Investment CAPEX Fixed operation Discount rate & Lifetime (years)
[EUR/MW/a] costs [EUR/MW/a] n
Interconnectors Varies for Varies for different 4% 25
different connections
connections Min: O
Min: 2019 Max: 37325

2L The objective of METIS is to minimise the sum of investment costs and production costs (and cost for energy not
served), subject to the supply-demand equilibrium and the asset constraints. In this formulation, the investment
decisions are evaluated against their benefit in the single year in which they are evaluated, implicitly assuming the
costs of the system remain unchanged for the entirety of the lifetime of the assets. This presents a strong limitation
of the study, especially given that the energy system is in a transition over the years that these assets would be in
use.

22 The METIS contexts use the Net Transfer Capacities (NTC) model to model grid constraints. These are expressed in
MW and do not distinguish between AC or DC technology for the underlying physical grid infrastructure.
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Investment CAPEX Fixed operation Discount rate & Lifetime (years)

[EUR/MW/a] costs [EUR/MW/a] n
Max: 170456 Mean: 5634
Mean: 45103
Li-ion batteries [4h] 2030: 56048 2030: 17912 6% 25
Electrolysers 2030: 43025 2030: 17500 6% 25
(Onshore) 2040: 29335 2040: 12000
Electrolysers 2030: 66493 2030: 18000 6% 25
(Offshore) 2040: 53194 2040: 15000

Source: JRC analysis based on (ENTSO-E, 2024a), (ENTSO-E, 2023b) and (Danish Energy Agency, 2025).

3.7 Resulting network setup in METIS

The results are the reference grid and the expansion candidates for the expansion optimisations.
Figure 6 shows the modelled nodes, and reference grid for 2030 and 2040. The width of the lines
and arrows is proportional to the exchange capacity in MW. In 2030, BEOF and DKBH are isolated
nodes in the reference grid as the connecting candidates are removed. The generation capacity
remains at these nodes without demand, this leads to zero prices in the simulation (Figure 17).
They can be connected in the expansion to analyse if the optimal connection is a hybrid setup with
connections to multiple neighbouring zones or only one.

Figure 6. Starting grid for the expansion runs in 2030 (left) and 2040 (right).
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The borders for which expansion candidates are introduced are shown in Figure 7. The expansions

are run for the weather year 2009, which is identified in the TYNDP scenario methodology report as
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‘the most representative climate year’, and is also used to run the expansion model (ENTSO-E,
2025f).

The initial expansion candidates are the same for the 2030 and 2040 expansion study. Based on
these, we define four expansion cases.

For the Base Case in 2030 and 2040, the model can double the existing interconnection capacity up
to a cut-off capacity of an additional 3 000 MW % at the initial expansion cost. Based on the results,
the borders are identified where this expansion capacity is fully utilised. At these borders an
additional expansion candidate is introduced with identical capacity and the cost increased by 10%
of the initial value #*. This is repeated until there are no new candidates to be introduced.

In the Additional Flexibility case, the model can also invest in battery storage capacity and
electrolyser capacity. To increase the competition between the technologies, the expansion cost
increase is assumed to be steeper, with an initial 3 000 MW available per border at initial costs.
Each additional 3 000 MW is available at a 50% cost increase #° of the initial costs.

23 The cut-off capacity of 3 000 MW is chosen based on the larger candidates from the candidates list (ENTSO-E,
2024q), and larger than any of the generic candidates in the investment dataset (ENTSO-E, 2024b).

24 The 10% cost increase is derived following the analysis of the TYNDP investment Candidates and Cost Assumptions.
For most borders with multiple expansion candidates, the relative cost increase for the annualised investment costs
per MW lies between 1.1 (24%) and 1.2 (16%). The initial value as the average of expansion projects at a border
reflects the different conditions for the interconnectors, e.g. the different length.

2> The 50% cost increase is derived following the analysis of the TYNDP investment Candidates and Cost Assumptions.
It is close to the average of the relative cost increase for the annualised investment costs per MW for borders with
multiple candidates.
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Figure 7. Expansion candidates for 2030 and 2040.
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Source: JRC analysis.

The nodal framework lets us align our analysis directly with the TYNDP scenario, because the
modelled nodes and interconnectors match the scenario data (or its aggregated form). However,
this approach also introduces notable limitations. By treating each zone as a single node, we omit
intra-zonal grid details, which can lead to an under-estimation of the costs associated with the
internal network upgrades that will be required to accommodate the higher exchange flows enabled
by our proposed interconnector expansions. In addition, we do not capture transit and loop flows
that arise from market transactions across zones.

To mitigate this shortcoming, we apply an incremental-cost methodology that incorporates the
reinforcement costs embedded in the TYNDP candidate projects, which already include estimates
for intra-zonal upgrades. Nevertheless, we lack a direct means of verifying how accurately these
cost figures reflect the actual additional reinforcements needed to support the extra exchange
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capacity identified in our expansion study. Consequently, the magnitude of intra-zonal grid
investment remains uncertain.

3.8 Accounting for CO. emission cost outside of the EU ETS

For the TYNDP scenarios, ENTSO-E assumes that the EU ETS price for CO, emission allowances %
applies in all modelled regions. There are parallel carbon pricing mechanisms like the UK ETS, and
there are countries, e.g. in the southern neighbours of the EU, which do not participate in an
emission trading scheme. Therefore, this study follows a different approach. While most countries
are modelled as subject to the common EU ETS price following the NT scenario, the southern
neighbour countries 2 are modelled in a way that a cost on imports of electricity are imposed
depending on the hourly carbon intensity of the country’s energy mix. Only the imports into the EU
are subject to additional cost for carbon emissions. This has the advantage of not affecting the
clearing price in the respective countries while keeping the level playing field for fossil-generated
electricity in Europe. The intensity of each country’s power mix is based on the modelled emission
factors and the hourly dispatched power plants identified in a simulation on the reference grid. For
each hour, the CO, factor for the generated electricity is calculated as the ratio of total emissions
from generation to the megawatts generated and subject to the EU ETS price. The additional cost
term is modelled as a transport cost on the import lines to the EU and shown for Tirkiye in 2040 in
Figure 8.

Figure 8. CO, emission cost term for electricity imports from Tirkiye into the EU in 2040 in the simulation.
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The price effect in the reference case simulation is very limited to the countries themselves due to
the limited interconnection level to neighbouring European countries. The difference in average
electricity prices is shown in Figure 18 in Annex 3 for 2030.

26 The assumed price for CO; allowances is 113.4 €/t in 2030 and 147 €/t in 2040 in the scenarios.

27 Algeria, Egypt, Israel, Libya, Morocco, Tunisia, Tirkiye
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The added cost term can change the dispatch decisions in each country, which in turn modifies the
calculated emission factors. To assess the robustness of our methodology, we compare three hourly
cost series: The baseline cost of potential electricity exports from Ttirkiye to the EU (reference case).
The cost obtained after recomputing the dispatch with the new export cost term. And lastly, the cost
resulting from the “expanded capacity” scenario, where increased interconnection also influences
dispatch. Figure 9 displays the hourly difference between the cost used in the expansion studies
(based on the reference run) and the updated hourly CO; cost after introducing the export charge
(solid line). For most hours the discrepancy is modest, ranging from -4.3 to 5 EUR/MWh, with an
average deviation of around 0.8 EUR/MWh (about 3%). A similar pattern appears when we compare
the cost derived from the CO; intensity of the “Additional Flexibility” expansion case with the
reference simulation: the hourly differences lie between -5.9 and 5 EUR/MWh, averaging roughly
3%. In most hours, the CO; intensity rises relative to the reference case. Without capacity
expansion, this increase stems from reduced imports from the EU, which are offset by additional
domestic fossil generation. When interconnection capacity is expanded, the higher export potential
encourages extra fossil fuel generation within Tirkiye, raising the overall share of fossil generation
and thus the CO; intensity.

Figure 9. The figure shows the difference in emission costs based on the change of the CO; intensity in
Turkiye between the reference simulation with ETS applied and after introduction of the import cost (Delta
import cost — Reference) with a solid line. The dashed line shows the difference in emission costs for exports
based on the change of the CO; intensity in Ttrkiye between the reference simulation and the grid expansion
case Additional Flexibility (Delta Add Flex — Reference).
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Source: JRC analysis.

3.9 Assessing welfare effects of grid expansion delays

In the scope of the study, we use the following welfare definition to quantify effects of delayed grid
expansions. We analyse the market outcome and do not consider the cost of the grid expansion
candidates as these are assumed to be delayed but still realised at identical cost. For each node the
welfare is the sum of the consumer surplus, the producer surplus and half of the congestion rent
for the interconnectors of the node.
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Equation 4. Welfare calculation in METIS.

welfarepyqg, = consumerSurpluspyqge + producerSurplusyyqe

1
+ 7 z congestionRent,

transmission t € node

Source: METIS documentation (Artelys, 2022).

The consumer surplus is calculated as the difference between the willingness-to-pay and the
market price of the realised demand. As the willingness-to-pay for (inflexible) demand is assumed
an arbitrary value of lost load, only the comparison between two scenarios yield meaningful values.

The producer surplus is calculated as the difference between the market price and the marginal
cost of the generating assets for each unit sold.

Finally, the congestion rent of a line between node n1 and n2 for each time step t defines the cost
saved from using a production from another node to meet local demand.

Equation 5. Congestion rent in METIS.

congestionRent,;_n2 = Z (marginalCost* — marginalCost]'") exchangedPower{*'~">
t

Source: METIS documentation (Artelys, 2022).
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4 Results of the infrastructure investment study

This section presents the results of the expansion study using the METIS model. For the years 2030
and 2040 two expansion cases are parametrised respectively. In the Base Case only interconnector
capacity can be expanded, while the Additional Flexibility investigates the effect of increasing costs
for interconnector capacity and additional investment options, described in more detail below.

For each expansion variant, three indicators are shown on maps. The average electricity price in
EUR/MWh of the zone after the expansion determines the colour fill of the respective shape and is
shown as a label. The price difference in EUR/MWh between the expansion result and the simulation
of the reference case is shown in brackets below the market price. The additional interconnector
capacity is shown at the border, where it is identified. It is important to note that the results are a
projection based on the input data from the scenario and are not a forecast.

4.1 Results for the 2030 scenario

In the Base Case, the model can introduce a given capacity (see the detailed description in the
respective methodology section) at the initial expansion cost. Based on the results, the borders are
identified where this expansion capacity is fully utilised. At these borders an expansion candidate is
introduced with a cost increase relative to the initial value. This is repeated until there are no new
candidates to be introduced. The results of the expansion are shown in Figure 10.

The main expansions identified by the model are used to connect cheap regions to more expensive
ones %, An expansion between Sweden and Germany and a parallel expansion between Poland and
Denmark East, which links the Nordic markets to central Europe, more than halves the price spread
between these regions. A similar effect is observed with the interconnector between Spain and Italy,
connecting the Iberian Peninsula to the more expensive Italian markets and even further to the
Western Balkan countries where additional interconnectors are built.

While the price increase in Spain and Portugal is similar to the one in Sweden and Norway (between
7 EUR/MWh and 8 EUR/MWh), the price decrease in Italy is about twice as large (12 EUR/MWh) as in
Germany. The Spain-ltaly line is favoured over the Spain-France candidate due to the higher price
spread in the reference case and the additional import potential of similarly cheap electricity into
France from Great Britain 2°. Although the price differences are not as large on that border, the
expansion between Great Britain and France is of a similar magnitude.

No large expansion needs are identified between eastern European countries. Nevertheless, this
region benefits significantly from the expansion on other borders, which leads to a decrease in
average prices of around 9 EUR/MWh (well above 10 EUR/MWh for most countries). Apart from the
interconnection between Montenegro and Italy, the region is additionally interconnected with Austria

28 The largest price increase is observed in the (newly) connected offshore nodes, (BEOF and DKBH), that were removed

from the reference grid, leading to zero prices in the reference grid simulation. With the generation capacity still
present at these nodes, the expansion of these lines not only benefits the connected market zones through
interconnection, but additionally through cheap generation.

23 The scenario produces relatively low prices in Great Britain compared to historic averages. As of summer 2025,

power futures for Great Britain for 2026 and 2027 are closer to those in Germany. It is beyond the scope of this
study to evaluate the prices from the scenario with respect to current market developments.
28



(Slovakia and Hungary) and the much cheaper Turkish market. The Bulgaria-Tlrkiye line is
attractive, even considering the carbon cost for electricity imports *, due to the large price
difference of around 40 EUR/MWh, while the adjustment costs for emissions mostly stay well below
this level.

30 The CO: intensity is affected by the expansion of the interconnector, which is not reflected by our approximation. We
analyse the change of the CO: intensity due to the introduction of the export cost term and the expansion in
Section 3.8.
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Figure 10. Base Case 2030: Expansion results, average prices after expansion and price difference with
increasing expansion costs and carbon costs for imports from countries not modelled with ETS. The expansion
in MW is indicated per interconnector. The colours correspond to the average electricity prices after the
expansion, also indicated as labels in black. The difference of the average prices after the grid expansion
minus the average prices before expansion are shown in brackets below the prices, in blue for a price
reduction and red for a price increase.
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Source: JRC analysis.

The limited expansion between Germany and its eastern neighbours, despite the high price spread,
can be explained by the high cost *! of the expansion candidates (see Annex 2 for the investment
costs). For other connections that are identified by the model, the economic feasibility is

31 Averaging over all expansion candidates leads to high expansion costs on some borders (e.g. between Germany and
Poland and Germany and Czechia from the candidates in the investment dataset (ENTSO-E, 2024b)).
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questionable, for example in the case of the additional capacity between Sweden and Lithuania of
31 MW.

4.2 Impact of battery and electrolyser expansion at increased
transmission expansion cost in 2030

In a sensitivity to the results, the investment costs for transmission expansion are increased and
more flexibility options are introduced (Additional Flexibility). The model has the additional option to
invest in batteries and electrolysers to investigate if parts of the regional balancing enabled by
interconnection expansion can be covered by domestic flexibility expansion. The results are shown in
Figure 11. The different transmission cost assumptions impact the identified interconnection
solution; for example, additional capacity on the France-Spain interconnector is realised besides the
Italy-Spain interconnector which shows a decreased expansion. Similarly, the France-Great Britain
expansion is reduced and complemented by expansion between Ireland and France. The overall
identified transmission needs decrease by 5 310 MW or 12%. On four borders, additional
transmission needs are no longer identified compared to the Base case (Albania-Montenegro,
Austria-Slovakia, Lithuania-Latvia and Lithuania-Sweden) while two borders are newly identified
(France-Spain and France-Ireland).

For the additional technology options, the different setup, has very little effect. In the solution, no
additional battery capacity is identified, and only small additional electrolyser capacities are built in
Lithuania 32. It was agreed with DG ENER to only allow for storage and electrolyser addition in the
expansion run and not to challenge the economic viability of the exogenous scenario capacities. The
lack of identified storage expansion could indicate that the scenario is not ideal to evaluate the
benefit of storage against transmission expansion. It could also indicate that other technologies, in
particular generation already provide enough flexibility. The differences in average prices compared
to the Base Case are low.

32 The lack of storage expansion in contrast to the capacities identified in the infrastructure gaps report could be
explained by the different modelling approach of electric vehicles and heat pumps. These assets are modelled as
flexible in METIS and contribute to the systems flexibility needs that otherwise would have been addressed by
additional battery storage, see also section 3.5.
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Figure 11. Additional Flexibility 2030: Expansion results, average prices after expansion and price difference
with additional expansion options for Batteries and Electrolysers and carbon costs for imports from countries
not modelled with ETS. The expansion in MW is indicated per interconnector. The colours correspond to the
average electricity prices after the expansion, also indicated as labels in black. The difference of the average
prices after the grid expansion minus the average prices before expansion are shown in brackets below the
prices, in blue for a price reduction and red for a price increase.
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4.3 Results for the 2040 scenario

The following section presents the expansion results for 2040. To identify the beneficial
interconnector expansion for the scenario year and to ensure that the results are not driven by
investment decisions (model-based or exogenously) before the scenario year, the reference grid and
expansion candidates investigated are in large part the same as for the 2030 case. It should be
noted that the METIS simulation results for 2040 are not as close to the TYNDP scenario results as
for 2030, although an approach similar to the integration of the scenario input data has been

followed. More details are presented in Annex 4.
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As with the approach for 2030, the Base Case consists of an expansion study on the reference grid
with increasing costs if the initial capacity is fully used. New candidates are introduced until the
available expansion capacity is not exhausted at any border. The results are presented in Figure
12.

Figure 12. Base Case 2040: Expansion results, average prices after expansion and price difference with
increasing expansion costs and carbon costs for imports from countries not modelled with ETS. The expansion
in MW is indicated per interconnector. The colours correspond to the average electricity prices after the
expansion, also indicated as labels in black. The difference of the average prices after the grid expansion
minus the average prices before expansion are shown in brackets below the prices, in blue for a price
reduction and red for a price increase.
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Source: JRC analysis.

Price levels in 2040 are generally lower than for 2030, which reflects the increased share of
renewables in generation and the increased demand flexibility through price sensitive assets. The
interconnection patterns are similar to 2030, connecting the cheaper regions in northern Europe, the

33



UK and Ireland as well as the Iberian Peninsula to higher priced regions in central and eastern
Europe. For the export from Spain, the lines to France and Italy are both expanded heavily. The
United Kingdom and Ireland, as well as northern European countries, are connected through
additional capacity mainly to Germany and France. Germany and Italy are further connected to
south-eastern European markets, allowing some of the imported cheap electricity to be forwarded
to these regions. Additional expansion needs are identified in the Balkans to distribute the imports
arriving from the Germany-Greece and Italy-Montenegro links. Another cluster of lines between
Austria and Hungary and Czechia and Slovakia increases interconnection between central and
eastern Europe.

4.4 Impact of battery and electrolyser expansion at increased
transmission expansion cost in 2040

In the Additional Flexibility variant, investment options in batteries and electrolysers are introduced
to the model to investigate whether parts of the regional balancing introduced by interconnection
expansion can be covered by domestic flexibility expansion. The results are shown in Figure 13. The
different transmission cost assumptions impact the identified interconnection solution. At most
borders, the expansion is reduced compared to the Base Case, and thus price differences between
regions remain larger. On the other hand, new borders are identified such as Austria-Slovakia and
Malta-Tunisia (besides the carbon costs for imports in the case of the latter and only in small
magnitude in both cases).

The increased transmission costs and additional technology options reduce the overall identified
exchange capacity expansion by 13 800 MW or 20%. On one border, additional capacity is no longer
identified compared to the Base case (Italy-Slovenia) while two borders are newly identified (Austria
Slovakia and Malta-Tunesia). In the solution, no additional battery capacity is identified and
additional electrolyser capacities are identified only for a few countries shown in Table 3 *3. While
in the case of Belgium and the Netherlands, the addition is small relative to the installed capacity in
the scenario, for Great Britain an additional 20% are installed, for Lithuania 42% of installed
capacity is added and for Luxembourg the addition is more than three times the existing capacity.

Table 3. Additional Electrolyser capacity in Additional Flexibility 2040.

Country Additional electrolyser capacity [MW]

BE 73

GB 4982
LT 972
LU 388
NL 674

Source: JRC analysis.

35 As in 2030, the lack of battery expansion compared to the results presented in the infrastructure gaps report could
be explained by the additional flexibility in the METIS contexts introduced through the different handling of electric
vehicles and heat pumps. Another reason could be the different modelling of hydrogen prices in METIS, which avoids
scarcity prices in the electricity system and hence reduces the average daily price spread, an important metric for the
economic viability of battery storages.
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Figure 13. Additional Flexibility 2040: Expansion results, average prices after expansion and price difference
with additional expansion options for Batteries and Electrolysers and carbon costs for imports from countries
not modelled with ETS. The expansion in MW is indicated per interconnector. The colours correspond to the
average electricity prices after the expansion, also indicated as labels in black. The difference of the average
prices after the grid expansion minus the average prices before expansion are shown in brackets below the
prices, in blue for a price reduction and red for a price increase.
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Source: JRC analysis.

4.5 Summary of the results

The resulting transmission capacities from the different expansion runs are summarised in Figure
14 Aggregated transmission capacity additions are shown in the left part of the figure. The right
part of the figure shows the mean of the base prices, the standard deviation of the base prices and
the coefficient of variation of the base prices as a measure for price convergences in the modelled
countries for the simulation and the expansion scenarios. For all expansion scenarios a reduction in
average price levels is observed compared to the simulation with the reference grid. The decrease is
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larger in the Base case compared to the Additional Flexibility case, which corresponds with lower
total expansion capacities. The effect is larger in 2030 than in 2040, for both, the difference in
average prices and expansion capacity. The standard deviations of the prices between the cases
follow a similar pattern as the price averages, a steep decrease between the Base case and the
expansion cases and a small increase between the Base case and the Additional Flexibility case.
From the mean prices and the standard deviation, the coefficient of variation is calculated, where a
lower value can be interpreted as higher price convergences in the modelled countries, that is, the
average prices in the countries move closer together. For both, 2030 and 2040, the expansion leads
to an increase in price convergence. The results indicate also that not all price differences between
market zones can be resolved by transmission expansion in an economic manner.

Figure 14. Interconnector capacity in GW of the reference grid for 2030 and 2040 and aggregated grid
expansion for the four expansion runs (left). In the right part of the figure, for both 2030 and 2040, the
average (‘mean’, indicated with a circle marker), standard deviation (‘std‘, indicated with a diamond marker) of
the base prices in EUR/MWh are shown for the simulation on the reference grid (‘Simu‘), the Base case and
the Additional Flexibilty case (‘Add Flex). Additionally, the price convergence, the degree to which the prices in
the simulated countries move together, is indicated by the coefficient of variation (‘convergence’, indicated
with the triangle marker).
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4.6 Economic effects of delays of investment candidates in 2030

As a test case for the developed methodology, we also analyse the effect that delays in electricity
transmission grid interconnectors could have on the average electricity price, generation costs and
social welfare in 2030.

For the analysis, we build two METIS contexts and examine the simulation outputs. These contexts
are defined in the same way as the 2030 cases described earlier, with the only difference being the
representation of the grid. In the original METIS contexts, the grid is aggregated by border, which
makes it impossible to track individual projects. To overcome this, we re-insert the candidates that
were omitted in Table 1 and add every project listed in the draft Implementation Guidelines that, is
not already part of the reference grid and has a planned commissioning year before 2030. The

36



commissioning dates were refreshed using the latest data from DG ENER. After inserting these
explicit candidates, we adjusted the reference grid so that the total transmission capacity stays the
same, that is, the capacity added by the explicit projects is subtracted from the aggregated border
representation. This allows us to evaluate the delay of each candidate within the METIS framework.

Based on the analysis of the commissioning dates in previous TYNDP versions, we identify the
delayed projects to be analysed. The transmission capacity of the concerned projects is removed
from the grid in the METIS context. The results from the context with the projects removed are
compared to the context that contains all projects. A total of 38 projects with a cumulative capacity
of 38 933 MW ** are affected. The distribution of candidates on the borders is shown in Figure 15.

Figure 15. Capacity delta for the two analysed cases ‘No delays’ minus ‘All delayed’ in MW in scenario year
2030.

150

JRCI/EIGL 2025
Administrative boundaries: © EuroGeographics, © OpenStreetMap

Source: JRC analysis.
The economic impact of the transmission expansion delays is analysed with respect to the average

electricity wholesale prices, the difference in total short term generation costs and the effect on
social welfare *°.

34 This is the average MW per border. If a project increases the NTC by 500 MW in direction 1 and 300 MW in direction
2, it is accounted for here as 400 MW.

35 The social welfare is calculated for the given delivery points in the delay cases as the sum of the consumer surplus,
the supplier surplus, and the congestion rent and compared to the ‘No delay’ case. This welfare definition is very
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The electricity prices for scenarios ‘No delay’ and ‘All delayed’ are shown in Table 6 in Annex 7. The
delays lead to an increase in the short-term generation costs, which amounts to EUR 6.67 billion, or
around 3.5% (of which EUR 450 million are due to delays in permitting). To put the generation cost
difference in perspective: the annualised investment costs of the candidates in question amount to
EUR 2.79 billion. These costs are based on the TYNDP expansion candidates and, as such, are an
input to the analysis and not a result. Finally, the cumulative welfare effects, resulting from the
change in consumer surplus, producer surplus and congestion rent, add up to EUR -6.6 billion (of
which EUR 515 million are due to delays in permitting).

common in the context of electricity markets and is also used in the EUPHEMIA algorithm (All NEMO Committee,
2024) as the objective for the Single Day Ahead Coupling of the European electricity markets. The cost for grid
expansion is not explicitly included as the projects are assumed to be delayed and thus the costs are assumed to
occur in both cases.

38



5 Discussion

This interconnector expansion study, based on the TYNDP 2024 National Trends scenario, reveals
the persistence of significant potentials for benefits from interconnection expansion additional to
the reference grid in 2030 and 2040. This should however not be interpreted as needs for physical
grid expansion of the same magnitude, as the grid representation neglects expansion needs at
intra-zonal level and alternatives to the interconnector expansion not analysed in this study may
exist.

Analysing the expansion results and the comparison of the simulation results with the TYNPD
scenario results, we assume to overestimate the expansion on the borders between Spain and Italy
and Great Britain Kingdom and France in particular, because of the larger initial price spread
compared to the scenario results from the TYNDP. On other borders, in particular the Polish, the
results probably underestimate the beneficial interconnection expansion because the utilised
expansion cost is high due to the inclusion of very costly projects in calculating the average costs.

The identified interconnectors that are expanded are in many cases relevant for both scenario years
and thus indicate that it is worth analysing the potential further, preferable with a higher spatial
representation of the grid infrastructure to better account for the true cost of grid expansion. A
more detailed follow-up investigation could be in particular interesting with regard to the
interconnector expansion identified for example, in western Europe between Great Britain, France,
Spain and Italy, or between the western Balkan countries and the connection to Italy taking into
account the potential interconnection between Germany and south eastern Europe.

Although the study only includes a limited set of hybrid interconnector candidates, all of them are
expanded in the capacity expansion runs. This could indicate that these setups are beneficial
compared to offshore wind parks only being connected to a single market zone. A meshed offshore
grid could help to efficiently integrate the planned wind offshore expansion in the North and Baltic
Seas and is worth of further investigations.

Interdependencies between flexibility options should be analysed in more detail. While we find no
potential for additional battery storage capacity, this could mean several things. The results depend
on the input scenario, in particular, the TYNDP National Trends. The assumed storage capacities in
this scenario are high compared to other European scenarios, such as the POTEnCIA CETO 2024
scenario (Neuwahl et al., 2024) and changing the storage capacity assumptions in the scenario
could lead to different results. In fact, the JRC identifies increasing flexibility needs based on the
CETO 2024 scenario and finds battery storage as a key contributor to the short-term flexibility
needs of the system (Terca et al.,, 2025). These needs are partly addressed by the high capacities in
the National Trends scenario, so that the conclusions of the two studies complement each other.
Interdependencies with other flexibility providers, e.g. the EV fleet or generation could also play a
role if these (partly) satisfy the systems flexibility needs. Indeed, (Brown et al,, 2018) find that V2G
in one of their scenarios completely eliminates the stationary battery storage. This interplay should
be better understood to help design consistent policies with regard to flexibility participation from
different providers.
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Comparing the overall increase in exchange capacity, our study appears rather on the lower side of
studies in the literatures ¢, which identify expansion between three (Lotze et al., 2024) and four
times of the initial NTC capacity *” as beneficial in a 2050 scenario (Brown et al., 2018; Child et al,
2019), with the latter identifying the expansion occurring primarily before 2030.

The necessity of intra-zonal grid expansion complementary to interconnection expansion is
illustrated by (Lotze et al.,, 2024), who analyse the results of a nodal interconnection expansion in a
detailed power grid model, based on the TYNDP 2020 and the German Grid Development Plan
Electricity 2021 for the year 2035. Based on the analysed scenario for 2050, which leads to
bottlenecks on about half of the German grid’s line kilometres and overloads in many other
countries, the authors conclude that “additional grid expansion measures at national and
international levels are undoubtedly necessary” (Lotze et al., 2024).

This study, although making use of a complex model of the future energy system, is not without
limitations, described in the following.

Single year expansion problem

The chosen approach is the simulation of an isolated year (in this case 2030 and 2040) that
defines the relevant revenue streams for the investment decisions. More clearly, revenue streams
for the investment assets are assumed to be constant over the lifetime of the respective asset
when weighed against the annualised investment costs. This is questionable, given the magnitude
of change in the energy system due to the energy transition, the increasing share of renewable
generation sources as well as flexible demand resources, and the overall increase of electricity
demand due to electrification and sectoral coupling. To address this limitation, multi-year modelling
would be desirable. As a step towards that, the investigation of several scenario years resembling
different stages of the energy transition would be helpful. However, the exogenous input data for
these years are inherently difficult to obtain and make the assessment of potential pathway
dependencies that could occur in such a deterministic, multi-period investment problems more
difficult.

The informative value might be further limited by the use of a single weather year. Even though the
selected year is deemed most representative, the implicitly repeated use of the generation pattern
distorts the dispatch, and potentially price, distribution on which the expansions are evaluated.

Generic cost for border expansions without candidates

While this study is in large part based on, and heavily reliant on, the input data from the TYNDP
2024, the goal is to create an independent assessment of infrastructure assessment needs. As
such, the expansion candidates are generalised based on the TYNDP 2024 candidates, and costs for
candidates are averaged across concrete projects. Where no projects are available, they are
averaged over neighbouring borders. Given some expansion candidates have very high costs, this

3 Qur results show beneficial expansion of around 130% in 2030 and around 186% in 2040 on top of the reference
grid, which already includes some expansion of today’s grid.

37 Areason for our values being lower than the ratios identified in the literature are the different reference points. We
compare the expansion results to the reference grid, which in our case describes the exchange capacities around
2030, while the reference point in the studies is the ‘current’ level in 2018 (Brown et al,, 2018), 2019 (Child et al,
2019) and 2020 (Lotze et al., 2024).
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leads to inflated cost assumptions at some borders. Consequently, no investment in
interconnections is identified by the model, despite a prevailing price difference between the zones,
for example in the cases of Germany and Poland or Germany and Czechia.

The costs per MW resulting from the averaging lead to a clear prioritisation of borders in the
optimal expansion solution, due to the linear nature of the model. Moreover, this allows for very
small expansions, which might not be technically viable or economically feasible. To address this
shortcoming, the study relies on a stepwise cost increase of expansion candidates to account for
increasing integration costs in the internal grids of additional interconnection. Nevertheless, it
should be noted that the expansion results presented here rely heavily on these assumptions and
the underlying cost assumptions for the TYNDP candidates as presented in the documents
accompanying the TYNDP 2024.

Predefined (RES) capacity allocation

The nodal RES allocation is predetermined by the TYNDP scenario, although there are
interdependencies between (offshore) grid topology and RES expansion. This naturally has an
impact on the outcome of the expansion study. For example, the existing capacity at the Bornholm
(DKBH) and Princess Elisabeth (BEOF) Energy Islands, without connection in the adjusted reference
grid in 2030, trigger an investment to connect this energy to the market areas with demand, and
thus a positive price. An approach to address this could be to allow a reallocation of the offshore
target capacity from the country node to the dedicated offshore zone and vice versa to explore the
value added by an additional potentially meshed offshore infrastructure. While some capacity
distributions are available from the offshore hubs data set, the crucial cost information for the
expansion candidates between the offshore nodes are incomplete and could not be integrated into
the study.

Similarly to the predetermination of RES allocation, the usage of exogenous generation capacities
and energy demand without allowing in the model for an endogenous, price sensitive adjustment
reflecting investment and divestment, is a limitation to the study design. In reality, players would
react to (anticipated) changes in price levels.

Role of the modelled MENA countries and Tiirkiye

The results demonstrate the importance of the modelling assumption in the Southern
Neighbourhood of Europe for the interconnection expansion. As modelling the energy scenarios for
these countries is not a focus of this study, the assumptions have to be taken with some care.
Dedicated RES are ignored in the study, so all generation and demand is connected to a country
node, and consequently all electricity is subject either to the EU ETS price modelled at the node or
to the carbon cost for electricity imports into the EU.

The chosen approach to determine the CO; intensity in a reference simulation and apply it as a
static time series on the import lines has some limitations. The dispatch in each simulation
following the introduction of this additional cost is changed compared to the reference simulation,
which in turn effects the CO, intensity. In the analysed case however, this effect is small on
average, and the export costs are underestimated by around 3% compared to the cost resulting
from the actual emission factor.

It is worthy of note that in the simulation where the EU ETS price is applied to all regions, the
interconnection between the southern neighbours and EU countries served in almost all cases for
the export of electricity from EU countries to these countries, in contradiction to the general
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assumption that these countries would potentially supply Europe with green electricity. This might
turn out differently in more sophisticated modelling approaches considering dedicated RES or PPAs,
which is beyond the scope of this study.

Furthermore, the assumption of a common commodity price for all regions may be inadequate,
especially in the case of non-EU gas producers where the fuel for gas-fired power plants might be
provided with significant discounts with regard to the TTF reference and subsequent implications for
the clearing prices in these countries when gas-fired power plants are the marginal technology.
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6 Conclusions

In this study we analyse expansion in interconnection capacities beneficial for the electricity system
in 2030 and 2040 using the METIS model. The model is parametrised along the National Trends
scenario from the TYNDP 2024. Our results show that potential for additional interconnector
capacities exist at multiple borders in Europe. Several of these expansions appear consistently
across the analysed cases for both 2030 and 2040. Thus, the study result can help to identify areas
that should be analysed in more depth to determine the costs and benefits of increase grid capacity
with a higher spatial representation of the energy system and the transmission grid in particular.

The study includes a limited set of hybrid interconnector candidates that connect offshore wind
parks to more than one market zone. In the model results, the hybrid setup is identified as
beneficial compared to the connection to a single market zone. To understand the implication for
wind offshore integration, primarily in the North Sea and the Baltic Sea, where initial planning of
meshed offshore grid infrastructure already exist should be further investigated.

Finally, the study results regarding additional battery storage capacity indicate a more
comprehensive analysis of the contribution of different flexibility providers and their interplay with
interconnection expansion is necessary to address the spatial and temporal flexibility needs of the
system effectively.
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Annexes

Annex 1. Modelled market nodes

The METIS model is in many cases parametrised with the modelling nodes representing countries. In
the TYNDP model, several of these countries are represented via multiple market nodes, mainly
resembling today’s power market zonal configuration, with some exceptions. Luxembourg is
modelled in several nodes instead of a shared price zone with Germany, Norway is modelled in
three instead of today’s five zones.

For most cases, market nodes in the parameterised METIS contexts resemble countries, while some
are partially split to more closely resemble the TYNDP setup and to be able to investigate (hybrid)
interconnector between these nodes.

The METIS contexts either make use of the nodal setup from the TYNDP or aggregate these into
nodes to reduce the model complexity. This aggregation is done with the following steps described
for the example of Wind onshore in Norway. The assets are introduced in the respective asset table
(Wind onshore fleet NOM1, Wind onshore fleet NON1, Wind offshore fleet NOSO for the three
TYNDP zones representing Norway). These are then aggregated to a single Norwegian node in the
METIS contexts by connecting them, i.e. changing the node attribute of the three assets, to NO. In
this way, the number of nodes and interconnections is reduced while the number of assets is kept
the same.

Specifics for the individual zones which are not modelled at country level are given below:
Belgium is modelled with an onshore and an offshore node as in the TYNDP.

Denmark is modelled according to the TYNDP with the onshore area divided into Denmark West
(DKW1) and Denmark East (DKE1), an offshore hub in the North Sea (DKNS - only modelled in 2040
because no capacity in 2030), and two offshore nodes in the Baltic Sea (Kriegers Flak — DKKF and
Bornholm Energy Island - DKBH).

Exchanges between Egypt and Sudan are modelled as time series, which represent an exogenous
demand in the case of export from Egypt and a supply offer of hourly price, volume pairs, which can
be imported into Egypt if they are competitive in the scenario. The exchanges between Israel and
Palestine *® are modelled similarly.

Estonia is modelled with a single node in 2030 (because there is no capacity at the offshore node
in 2030 in the NT scenario) and with an onshore and offshore node in 2040.

Georgia is modelled in the TYNDP but not included in the METIS contexts of this study. This is
because a significant share of the power mix is hydro reservoir and no input data on inflows and
storage constraints are available. Additionally, the scenario data from TYNDP only includes time
series for exchanges with Russia, while there are also interconnections with Tirkiye, Armenia and

38 This designation shall not be construed as recognition of a State of Palestine and is without prejudice to the individual
positions of the Member States on this issue.
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Azerbaijan. Finally, input times series for Wind and PV are not included in the PECD data set for
2040.

Germany is modelled with the two market zones used in the TYNDP.
Greece is modelled with the two market zones used in the TYNDP.

Italy is modelled as a single market zone. Additionally, the generation and demand assets from
Corsica are included in this market node, as Corsica is only connected to Italy.

Lithuania is modelled with a single node in 2030 (because there is no capacity at the offshore
node in 2030 in the NT scenario) and with an onshore and offshore node in 2040.

Luxembourg’s zones in the TYNDP are merged into a single zone in the METIS contexts.
Northern Ireland forms a separate node from Great Britain as it is modelled in the TYNDP.

Norway is modelled as a single zone in the METIS contexts, while the TYNDP uses three instead of
today’s five market zones.

Poland is modelled with three onshore nodes (PL, PLE, PLI), which allows the application of the
aggregated import and export limits similar to the TYNDP.

Sweden is modelled as a single zone in the METIS contexts, while the TYNDP uses four.

The Netherlands are modelled in the METIS contexts with one onshore and one offshore node. The
former contains the assets from the TYNDP’s NLOO node, the latter the assets from the TYNDP’s
NLLL node. The other NL nodes from the TYNDP (NL60, NL6H, NLAO, NLBH) are empty in 2030 and
not included in the METIS context. In 2040, only NL60 and NLEH contain wind offshore capacity and
electrolyser capacity. In the TYNDP scenario results, NL60 is on the electricity side exclusively
connected to NLOO. Both nodes are connected through the electrolyser to the Dutch H2 node, since
the H2 representation is only per country. In the METIS contexts for 2040, both nodes are merged
with the NLOO node.

Annex 2. Cost assumptions for transmission candidates

Table 4 presents the costs assumed for the initial expansion at each border. The values are
calculated as the average of the projects per border from (ENTSO-E, 2024g) and (ENTSO-E,
2024b). The capex represents the “capital cost of the interconnector, accounting for both its length
and capacity (incl. cost of internal reinforcement of transmission grid)”(ENTSO-E, 2024b). The price
difference is additionally increased because, for some borders, very expensive expansion candidates
are included that impact the average costs presented here.

Table 4. Initial investment cost assumptions for the transmission candidates.

CAPEX OPEX CAPEX OPEX
From | To [EUR/MWY/a] | [EUR/MW/a] From | To [EUR/MW/a] | [EUR/MW/a]
DE FR 170456 37326 Dz MA 126435 12286
FR DE 170456 37326 MA Dz 126435 12286
DE NL 146480 30785 LT PL 114593 13524
NL DE 146480 30785 PL LT 114593 13524
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CAPEX OPEX CAPEX OPEX
From |To [EUR/MW/a] | [EUR/MW/a] From | To [EUR/MW/a] | [EUR/MW/a]
DE MA 104410 4722 GR IT 66536 120
MA DE 104410 4722 IT GR 66536 120
cz DE 102727 33 DKE PL 63848 5608
DE Cz 102727 33 PL DKE 63848 5608
DKW NL 102090 16627 NL NLOF 60793 13412
NL DKW 102090 16627 NLOF NL 60793 13412
PL PLE 90276 5175 DKE DKW 60517 12217
PL UA 90276 5175 DKW DKE 60517 12217
PLI PL 90276 5175 DE GB 59805 16464
UA PL 90276 5175 GB DE 59805 16464
DE NO 89480 4809 AT DE 58947 643
NO DE 89480 4809 DE AT 58947 643
Dz IT 88332 19850 ES MA 57360 3663
IT DZ 88332 19850 MA ES 57360 3663
cy GRO3 87056 11750 LT SE 57110 4929
cY IL 87056 11750 SE LT 57110 4929
GRO3 cy 87056 11750 AT Sl 56998 496
IL cy 87056 11750 Sl AT 56998 496
FR IE 85685 4643 AT IT 56805 1563
IE FR 85685 4643 IT AT 56805 1563
Dz TN 84304 14438 DE DKBH 56678 3625
TN Dz 84304 14438 DKBH DE 56678 3625
MT TN 81263 12300 GB NO 55798 6741
TN MT 81263 12300 NO GB 55798 6741
DE DKW 80397 10940 cz PLI 53463 180
DKW DE 80397 10940 PLE Ccz 53463 180
LY TN 78619 11731 DKW NO 52522 9196
TN LY 78619 11731 NO DKW 52522 9196
IT TN 75976 11163 ES FR 51414 2521
TN IT 75976 11163 FR ES 51414 2521
DE DEKF 72376 7213 LV SE 51146 12000
DE PLI 72376 7213 SE LV 51146 12000
DEKF DE 72376 7213 IT Sl 49089 5000
PLE DE 72376 7213 Sl IT 49089 5000
FR IT 71359 8116 FR LU 48363 7656
IT FR 71359 8116 LU FR 48363 7656
PL SE 71255 3691 DKW GB 47608 12872
SE PL 71255 3691 GB DKW 47608 12872
NL NO 70445 10496 ES IT 47163 5000
NO NL 70445 10496 IT ES 47163 5000
DE GR 69895 13500 IT MT 46571 14222
GR DE 69895 13500 MT IT 46571 14222
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CAPEX OPEX CAPEX OPEX
From |To [EUR/MW/a] | [EUR/MW/a] From | To [EUR/MW/a] | [EUR/MW/a]
CH DE 44011 3258 GB NI 32189 10714
Fl NO 43742 0 NI GB 32189 10714
NO Fl 43742 0 IT ME 31979 667
GR GRO3 43438 1688 ME IT 31979 667
GRO3 GR 43438 1688 HU RO 31945 1664
DE DKE 43145 6823 RO HU 31945 1664
DKE DE 43145 6823 BEOF GB 31780 8929
EE Fl 41981 1257 GB BEOF 31780 8929
Fl EE 41981 1257 BE DE 31241 4000
GB NL 41947 18043 DE BE 31241 4000
NL GB 41947 18043 FR GB 30888 7419
BE NLOF 41506 8750 GB FR 30888 7419
NLOF BE 41506 8750 PLE SK 30734 484
DE CH 40672 3258 SK PLI 30734 484
AT SK 40460 676 SK UA 30734 484
SK AT 40460 676 UA SK 30734 484
AT HU 39962 1090 BE GB 30605 12500
HU AT 39962 1090 GB BE 30605 12500
AT Cz 39824 524 DE LU 30591 589
cz AT 39824 524 LU DE 30591 589
DEKF DKKF 37420 6042 HU UA 30168 1312
DKBH DKE 37420 6042 UA HU 30168 1312
DKE DKBH 37420 6042 GB NLOF 29951 8750
DKE DKKF 37420 6042 NLOF GB 29951 8750
DKKF DEKF 37420 6042 DE SE 29760 714
DKKF DKE 37420 6042 SE DE 29760 714
EE LV 37320 5170 EG GRO3 29339 4167
LV EE 37320 5170 GRO3 EG 29339 4167
GB IE 37048 4367 BE BEOF 28488 7523
IE GB 37048 4367 BEOF BE 28488 7523
HU RS 36898 1220 MD UA 27083 19757
RS HU 36898 1220 UA MD 27083 19757
CH IT 35713 467 HR HU 26685 894
IT CH 35713 467 HU HR 26685 894
AT CH 34531 1515 BE NL 26064 1883
CH AT 34531 1515 NL BE 26064 1883
EG LY 33708 5652 DKE SE 25815 4124
LY EG 33708 5652 SE DKE 25815 4124
HU Sl 32432 1655 FI SE 23809 434
Sl HU 32432 1655 SE FI 23809 434
EG GR 32371 7138 MD RO 21903 19757
GR EG 32371 7138 RO MD 21903 19757
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CAPEX OPEX CAPEX OPEX
From |To [EUR/MW/a] | [EUR/MW/a] From | To [EUR/MW/a] | [EUR/MW/a]
BA HR 21442 988 BE FR 11085 250
HR BA 21442 988 FR BE 11085 250
DKW SE 21216 714 AL GR 10750 1271
SE DKW 21216 714 GR AL 10750 1271
NO SE 21020 1103 RO RS 10380 924
SE NO 21020 1103 RS RO 10380 924
CH FR 20701 669 BA ME 10179 1139
FR CH 20701 669 ME BA 10179 1139
BG RS 20086 3632 ME RS 9033 1843
RS BG 20086 3632 RS ME 9033 1843
HR Sl 19682 1122 BG MK 8238 2139
Sl HR 19682 1122 MK BG 8238 2139
BG GR 19169 2902 AL ME 7590 1595
GR BG 19169 2902 ME AL 7590 1595
RO UA 18105 3072 MK RS 6918 1820
UA RO 18105 3072 RS MK 6918 1820
LT LV 17440 1780 AL RS 5756 1834
LV LT 17440 1780 RS AL 5756 1834
BE LU 13489 2383 ES PT 5337 454
LU BE 13489 2383 PT ES 5337 454
Ccz SK 13071 620 BG TR 5233 1106
SK cz 13071 620 TR BG 5233 1106
BG RO 12736 1350 BA RS 4942 829
RO BG 12736 1350 RS BA 4942 829
HU SK 12513 349 AL MK 4612 4281
SK HU 12513 349 MK AL 4612 4281
IE NI 12395 514 HR RS 4010 380
NI IE 12395 514 RS HR 4010 380
GR TR 12067 1500 GR MK 2019 215
TR GR 12067 1500 MK GR 2019 215

Source: JRC analysis.

Annex 3. Replication of TYNDP market prices with the METIS model in 2030

The METIS scenario is parametrised to closely resemble the TYNDP scenario, nevertheless, as
described in section 3, some differences remain. From the TYNDP scenario results, it becomes
obvious that some power plant fleets are not parametrised using the standard efficiency value. This
is illustrated by the example of the German CCGT present 2 fleet.

With a standard efficiency of 58%, natural gas price of 22.68 EUR/MWh, price of CO,- emission
certificates at 113.4 EUR/t and Variable O&M cost of 1.6 EUR/MWh the resulting short-term variable
cost is 80.82 EUR/MWh. From Figure 16, it becomes evident that the fleet above a capacity of
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6 000 MW is never dispatched below a price of 84.435 EUR/MWh. While a must-run capacity of
976.58 MW is in line with the input assumptions, there are several situations where the fleet is
partially dispatched below variable cost. This behaviour is not modelled in the METIS simulation.

Figure 16. Minimum price per distinct dispatch level for German CCGT present 2 fleet in 2030 based on the
TYNDP scenario results. Several situations appear where the fleet is dispatched above must-run levels at price
levels that are below the variable costs derived from the standard ranges for the techno-economic
parameters from the PEMMDB.

120 DE Gas CCGT present 2
- _...". - .o i 1-.. -:-.. .. - — “.-.h M’ 2 ...‘..ﬂ..
=y - 6. LI ] : 0“
':-;E-.- - L

Source: JRC analysis based on (ENTSO-E, 2024e).

The average wholesale electricity prices per market node are shown in Figure 17 for the TYNDP
scenario (left) and the model results of the METIS context (right) to demonstrate the resemblance
of both models. The METIS results are for a market simulation without expansion and the EU ETS
applied in all regions.
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Figure 17. Base prices in TYNDP NT+ 2030 scenario (left) and the parametrised METIS scenario (right). This
METIS context also simulates EU ETS prices for all markets and transmission capacities are equal to the
adjusted reference grid.

135- 157
157-174

Source: JRC analysis, (ENTSO-E, 2024e).

Figure 18 shows the impact of the introduction of a carbon cost for electricity imports into the EU
on the prices. The price difference is marginal for the countries not affected due to the limited
interconnection capacity but naturally large in the affected countries. There, the magnitude depends
on the fossil share and emission intensity of the generation mix.
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Figure 18. Difference in EUR/MWh of the yearly average prices between simulations with and without carbon
costs for electricity imports from countries not modelled with ETS for 2030 with the reference grid.
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Source: JRC analysis.

For a comprehensive overview of the generations capacities, storage assets and interconnections,
as well as electricity demand, we refer the interested reader to the TYNDP scenario results for 2030
(ENTSO-E, 2024e).

Annex 4. Replication of TYNDP market prices with the METIS model in 2040

Figure 19 shows the Base prices from the TYNDP scenario results for 2040 compared to the
simulation on the reference grid in METIS. Compared to the 2030 scenario, the remaining
differences after calibrating the model remain much larger. A notable cause for this is the different
modelling of hydrogen. In the TYNDP scenario, although a marginal price for hydrogen is modelled
and calculated, the hydrogen-fuelled power plants seem not to be subject to this price. In the METIS
scenario, this is enforced, so the hydrogen energy balance is fully accounted for. Another reason is
the price for hydrogen loss of load. In the TYNDP scenario, this is assumed to be identical to the
value of loss load for electricity. Given the additional hydrogen demand by the hydrogen-fuelled
power plants in METIS, this would artificially inflate power prices. As the focus of this study is to
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investigate the electricity transmission expansion needs, the loss of load value for hydrogen is
parametrised to 110 EUR/MWh in accordance with the logic described in the TYNDP scenario report.
However, this introduces an additional flexibility to the scenario compared to the TYNDP model and
removes scarcity signals in the electricity system that are rooted in the parametrisation of the
hydrogen system. Another reason for the differences may be the different modelling of demand
side flexibility. Electric vehicles and heat pumps can provide more flexibility in the METIS contexts as
they are explicitly modelled as technologies. The difference is larger in 2040 compared to 2030 as
these technologies find wider dissemination. Another minor difference is the modelling of the
hydropower sector. Due to the complexity of including the constraints in the METIS contexts, the
hydro inflows and constraints for 2030 are also applied for 2040.

Figure 19. Base prices in TYNDP NT+ 2040 scenario (left) and the parametrised METIS context (right). This
METIS context also simulates EU ETS prices for all markets and transmission capacities are equal to the
reference grid.
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Source: JRC analysis, (ENTSO-E, 2024f).

For a comprehensive overview of the generations capacities, storage assets and interconnections,
as well as electricity demand, we refer the interested reader to the TYNDP scenario results for 2040
(ENTSO-E, 2024f).

Annex 5. Disregard of reserve requirements

Reserve requirements are not considered in the METIS study. In linear models which only model the
energy spot markets in a single spot market, the effect reserve requirements have on the price
formation on these markets can be approximated by integrating a capacity deduction effect to the
available capacity of power plants. This generally increases price levels in zones where such
capacity is withheld. However, concrete effects depend on the temporal structure of the reserve
requirements and the design details of reserve provision and activation. As only limited data is
available from the TYNDP input data set on reserve provision needs, this effect is disregarded in the
model runs. The effect would be higher overall prices in the METIS runs. The magnitude of the
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effect, however, is difficult to quantify, as the effect interacts with the price effect of the
availability curves.

Annex 6. Transmission expansion results

This annex presents the numerical expansion results per border on top of the respective reference
grid.

Table 5. Interconnector expansion results in MW.

2030 | 2030 2040 2040

Base | Additional | Base Additional
Border case | Flexibility | case Flexibility
AL-ME 205 0 400 437
AL-RS 374 332 374 701
AT-HU 1600 | 374 1572 1699
AT-SK 392 0 0 46
BE-BEOF 1093 | 1082 0 0
BE-FR 3391 | 3000 6870 4175
BE-GB 2000 | 3000 1541 3000
BE-LU 1260 | 2085 3182 3219
BEOF-GB 193 215 0 0
BG-TR 4500 | 4806 2082 3000
CH-FR 2222 | 2171 271 1091
DE-DKBH 863 1540 0 0
DE-GR 987 1026 948 1234
DE-SE 5260 | 3207 3615 3000
DKBH-DKE | 1531 | 881 0 0
DKE-PL 1651 | 498 1944 1737
DKW-SE 858 1342 1402 1706
EG-LY 594 1108 480 710
ES-IT 7175 | 5124 14916 9000
ES-PT 1953 | 1614 8187 5760
FI-SE 1616 | 1515 0 0
FR-GB 6028 | 3000 5079 3000
GB-IE 1494 | 923 2509 2727
GB-NLOF 155 213 0 0
GB-NO 975 1560 0 0
IT-ME 1200 | 888 1650 1029
IT-MT 135 120 73 58
LT-LV 109 0 0 0
LT-SE 31 0 0 0
PL-SE 1200 | 3000 1200 1467
ES-FR 0 517 9000 7245
FR-IE 0 594 0 0
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2030 | 2030 2040 2040
Base | Additional | Base Additional
Border case | Flexibility | case Flexibility
CH-DE 0 0 823 1287
CZ-SK 0 0 1092 970
DE-GB 0 0 2327 1716
DKE-DKKF | O 0 693 683
GR-GRO3 0 0 34 54
GR-MK 0 0 1402 1417
IT-SI 0 0 365 0
ME-RS 0 0 848 194
MK-RS 0 0 1117 1113
NO-SE 0 0 6056 4683
RO-UA 0 0 403 431
MT-TN 0 0 0 66

Source: JRC analysis.
Annex 7. Additional results from the delay analysis for 2030

This annex presents the Base prices for the ‘No delay’ and the ‘Delayed’ case.

Table 6. Base Prices for the delay scenarios in 2030.

Market Zone No Delays |Delayed
AL 80.34 80.54
AT 62.72 66.09
BA 79.20 80.31
BE 5457 67.94
BG 80.94 80.84
CH 61.02 63.28
o 88.24 88.83
Cz 77.57 80.93
DE 56.42 69.35
DEKF 4761 46.84
DKBH 48.25 0.00
DKE 47.80 4799
DKKF 47.74 47.56
DKW 4831 51.69
EE 47.79 48.29
ES 40.57 38.34
Fl 38.57 38.66
FR 52.34 60.64
GB 41.25 3422
GR 8045 80.53
GRO3 81.89 86.97
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Market Zone No Delays |Delayed
HR 79.18 80.32
HU 79.33 80.44
IE 31.29 2761
IT 72.33 71.80
LT 39.53 39.78
LU 56.42 69.35
LV 4591 46.25
MD 79.34 8044
ME 78.86 80.12
MK 80.47 80.57
MT 93.93 93.93
UKNI 31.88 27.73
NL 52.10 62.63
NLOF 52.10 62.63
NO 39.68 40.25
PL 77.20 7837
PT 36.67 35.75
RO 79.03 80.14
RS 79.20 80.31
SE 40.50 40.62
SI 78.59 80.44
SK 78.92 79.15
UA 78.99 79.93

Source: JRC analysis.
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