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ABBREVIATIONS

BEV Battery Electric Vehicle

CGMES Common Grid Model Exchange Standard

DCLF Direct current load flow

DCM Distribution Core Model

DCOPF Direct current optimal power flow

EU27+UK+6 EU27 + United Kingdom, Bosnia and Herzegovina, North Macedonia,
Montenegro, Norway, Serbia, Switzerland

EV Electric vehicle

HV High voltage

HVDC High voltage direct current

Hydro RoR Hydro Run-of-River

LV Low voltage

MV Medium voltage

OCGT Open cycle gas turbine

PHEV Plug-in-Hybrid Electric Vehicle

PHS Pumped hydro storage

PST Phase shifting transformer

PV Photovoltaic

RES Renewable energy sources

TYNDP Ten year network development plan

V2G Vehicle-to-grid

VRES Variable renewable energy sources

METIS CONFIGURATION
The configuration of the METIS model used in the present study is summarised in Table 1.

Table 1 - METIS Configuration
METIS Configuration

Version METIS v2.0 Beta (non-published)

Modules Power system and demand modules

Scenario METIS EUC03232.5

Time resolution Hourly (8760 consecutive time-steps per year)
Spatial granularity Nodal



1. INTRODUCTION

1.1. CONTEXT

The decarbonisation of the European energy system is entailing a massive integration of
Renewable Energy Sources (RES) in the power system, in particular of solar PV and wind
energy. For instance, the targets that have been agreed in the Clean Energy Package aim
at achieving an energy efficiency target of 32.5% and a renewable energy target of at least
32% by 2030. These objectives are being revised as more ambitious 2030 GHG emissions
reduction objectives have been agreed to (-55% compared to 1990 levels from a previous
target of -40%). This leads to a significant increase in renewable power generation which
comes with several challenges, due to the specific characteristics of these sources. A first
well-known challenge is the compensation of the variability of RES, which requires
important flexibility means such as storage, demand response, flexible power plants, etc.
A second challenge is linked to the fact that the transmission grid was initially designed to
connect centralised generation systems based on thermal and hydro power plants with
load centres and distribution grids dimensioned to ensure power supply meeting peak
demand. Also, in many countries the grid was designed to ensure transmission to
distribution power flows. RES are partly decentralised and often not located close to the
historical power plants they are displacing. Current transmission and distribution systems
are thus not fully adapted for a massive integration of RES: they can be subject to
congestions, leading to curtailment of RES and requiring thermal generation (notably based
on fossil fuels) combined with other flexibility solutions (batteries, demand-response, etc.)
to maintain the load-generation balance, as it is already the case during windy days in
Germany. Flexibility solutions and assets provide an opportunity to solve simultaneously
these two challenges: if they are properly located, they can help to unlock grid congestions
while compensating for the variability of renewable energy sources on all relevant
timescales, from intra-hourly to seasonal time horizons. Additionally, an optimal
management of grid-related flexibility solutions will ensure the extraction of maximum
value from the investments made on the grid assets that are foreseen in the
decarbonisation scenarios envisaged by the European Union (investments in power grids
reach circa 100B€/y over the 2030-2050 period in the pathways of the Long-Term Strategy
reaching net zero in 2050).

1.2. OBIJECTIVES

The need for enhanced flexibility in power systems due to the variable production pattern
of RES is not a new question, and several studies already tried to quantify how much and
what kind of flexibility would be needed to optimally compensate this variability [1].
However, the consideration of congestions in the European power system is usually limited
to cross-border congestions, i.e., to congestions between different countries (or between
different bidding zones). The congestions appearing within national transmission grids or
within distribution grids are analysed only to a limited extent. It is expected that the
limitations imposed by grids will become more and more important with the increased
penetration of RES. If not accompanied by an appropriate portfolio of flexibility solutions,
an increase of RES could result in high integration costs and sub-optimal use of the existing
infrastructure

In this situation, it becomes increasingly important for policymakers, and the European
Commission in particular, to have the capability to assess the impacts of various policy
options related to the investment in flexibility solutions and their operational management.
Thanks to the developments carried out in the context of the METIS 2 project, METIS now
has the capability to model transmission and distribution grids in more details, leading to



better modelling of grid congestions. For more details on the modelling of the transmission
and distribution grids, refer to the relevant METIS Technical Notes®.

The general objective of this study is to identify and characterise flexibility solutions, and
to assess their potential roles when considering power flowing through the transmission
and distribution grids.

More precisely, the study has two major objectives: (i) to provide a holistic overview of
the different flexibility options, including a description of their potentials in the EU MSs,
their techno-economic characteristics and possible fields of deployment, and (ii) to provide
a scenario-based assessment of the potential deployment of flexibility assets to avoid
distribution and transmission grid congestions, enhance the utilisation of existing
infrastructure and facilitate a cost-efficient integration of renewables. Overview of the
methodology

The study is structured into six tasks. The flexibility solutions are identified and
characterised in Task 1. This is followed by the identification of the KPIs for the assessment
of congestions in the transmission and the distribution network. Task 2 is designed to
define and analyse a reference situation in order to identify the congestions with limited
flexibility solutions, if any. Task 3 identifies the flexibility solutions that can help alleviate
congestions at the level of the transmission grid, whereas Task 4 identifies the flexibility
solutions that can help in congestion alleviation at distribution level. Task 5 is a sensitivity
analysis of the impact of higher RES penetration levels on the results of previous tasks.
The final task, Task 6, is a synthesis of the results of tasks 3 and 4 to reach a holistic
conclusion on the role and magnitude of different flexibility solutions in the alleviation of
congestions at the transmission and the distribution network.

1.3. STRUCTURE OF THIS DOCUMENT

This document presents the methodology and the results of the assessment of the role of
flexibility solutions in the integration of renewables in EU27 and neighbouring countries. In
addition to the characterisation of the flexibility solutions, Section2 discusses the KPIs for
the congestion assessment at the transmission and distribution levels. Section 3 describes
the methodology developed under Task 2 for the definition and assessment of a reference
situation. Sections 4 and 5 analyse the role of flexibility solutions in alleviating transmission
and distribution grid issues, respectively. Section 6 analyses the impacts of flexibility
solutions in accommodating an increased penetration of renewables compared to the
reference situation. Section 7 synthesises the results that have been obtained in this study.

2. TASK 1: IDENTIFICATION AND CHARACTERISATION OF FLEXIBILITY
SOLUTIONS AND DEFINITION OF KPIs

In Task 1, a literature review has been carried out to identify and characterise the different
flexibility options with respect to their general functioning, their (MS-specific) potentials,
technical constraints and related costs for investment and activation. This task provides a
holistic overview of the different flexibility solutions and an assessment of the potential
deployment of flexibility solutions to alleviate distribution and transmission grid
congestions. The flexibility solutions analysed comprise of demand response in terms of
load shifting and load shedding, that cuts or allocates demand at a later point in time to
balance demand or local generation peaks; generation curtailment to reduce local RES
peak generation; centralised or decentralised stationary storage like batteries; mobile
storage from electric vehicles, considering vehicle-to-grid energy feed-back into the grid;
flexibility provided by power-to-x (i.e. power-to-heat, power-to-gas, power-to-mobility,
power-to-industry); flexible power generation (e.g. open cycle gas turbines or steam
turbines); etc.

! https://ec.europa.eu/energy/data-analysis/energy-modelling/metis_en



The literature review is complemented by the introduction of a set of metrics that allow to
characterise congestions (overload percentage on lines/transformers, number of hours per
year, etc.) and thereby to measure the benefits of flexibility solutions.

2.1. CHARACTERISATION OF FLEXIBILITY SOLUTIONS

This section characterises the flexibility solutions in order to reach the objective of
alleviating grid problems. In this document, “flexibility solutions” shall be understood as
one or more of the following: a technology, asset or measure that offers flexibility services.
The list of technologies that are considered in this study is given in Table 2.

In the context of this study, the considered scenario is the METIS-EUC03232.5, which is
based on the PRIMES EUCO03232.5 scenario? for the year 2030. It includes 34 zones
corresponding to the EU27+UK (scope of PRIMES scenario) and is complemented with data
for 6 additional countries® (referred to as EU27+UK+6), which enables a better
representation of power exchanges within Europe. The derivation of the scenario is based
on a standard methodology applied in numerous METIS studies [2]. The main parameters
(installed capacities, availability, RES load factors, fuel prices, etc.) are adapted to be
consistent with the original scenario from the European Commission [3]. The exchange
capacities between zones are sourced from ENTSO-E’s TYNDP 2018 reference grid for the
year 20274,

The identification of the flexibility solutions includes the analysis of the various technologies
that are included in the EUC03232.5 scenario, followed by an assessment of their capability
to offer flexibility on different timescales and their characteristics. Additional flexibility
solutions are included below, based on a literature review and on previous METIS studies.

Table 2 consists of 10 columns which are described as follows:

¢ Technology / Asset/ Measure type: the assets or technologies or measures that
are present in one or more countries in the EUCO3232.5 scenario are listed in this
column. For example, solar fleet, wind offshore, nuclear, Open cycle gas turbines
(OCGT), heat pump, stationary batteries, pumped hydro storage (PHS), Electric
vehicles (EVs), etc. Note that the hydrogen fleet (electricity generation hydrogen
turbines), electrolysis and methanation (production of electrolytic hydrogen and
potential subsequent methanation) are not included in this list, as they are either
absent or insignificant in the considered scenario [3].

e Category: each of the solutions listed in column 1 is mapped to a broader list of
categories namely generation, demand, stationary storage and electric vehicles. This
in turn is done for a better understanding of the characteristic of flexibility of that
particular asset. For example, the asset mapped under generation has the flexibility of
being shed whereas an asset mapped under stationary storage has have the flexibility
of acting as a load (charging) at times and as generation at another time (discharging).
The generation assets in turn are classified into generation based on variable renewable
energy source (VRES), RES and non-RES generation. Yet another list of assets/solutions
are grouped into demand category. The stationary storage category encompasses
several assets for example, pumped hydro storage (PHS) and batteries. EVs are
considered as separate category as depending on their charging strategies they can be
treated as inflexible load, flexible load or as storage. Additionally, there are three more
special assets/technologies that fall into the category of network assets namely
interconnections, HVDC lines and phase shifting transformers. The last two types of
flexibility solutions are not strictly speaking included in the EUC0O3232.5 dataset itself

2 https://ec.europa.eu/energy/sites/ener/files/technical_note_on_the euco3232_final_14062019.pdf

% Bosnia (BA), Switzerland (CH), Montenegro (ME), FYROM (MK), Norway (NO) and Serbia (RS).

+ Input Data for TYNDP 2018:
https://www.entsoe.eu/Documents/TYNDP%20documents/TYNDP2018/Scenarios%20Data%20Sets/Input%20
Data.xlIsx
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as the modelling approach of underlying PRIMES model does not include grid-specific
details on this level.

¢ Presence of the flexibility assetis in T/D/T&D: This column indicates whether the
asset/flexibility measure is present in the transmission network only (T), distribution
network only (D) or both in the transmission as well as the distribution network (T&D).
It is worth noting that this is a general broad classification. The exact segregation of
transmission level voltage and distribution level voltages varies from country to
country.

¢ Flexible: This column indicates whether flexibility services can be delivered by the
corresponding asset in order to participate in congestion alleviation (“x” indicates a the
presence of this feature). For example, EVs that have smart charging functionality
enabled can provide flexibility services whereas EVs with immediate charging enabled
do not provide any kind of flexibility to the network. In addition to the immediate
charging of EVs, the ‘thermo sensitive remainder’, the ‘non-thermo sensitive’ [4] and
air conditioning do not provide any kind of flexibility to the network. The other columns
in Table 1 give more details about the type of flexibility services that can be delivered
by a given asset. This is described as follows:

e Generation curtailment alone is the flexibility possible and Generation
redispatch: These columns are dedicated to the category of generation assets. It
indicates whether the generation can provide flexibility by means of redispatch (that
is, adapt its behaviour compared to the outcome of the market model) which includes
generation shifting as well as curtailment (column 6) or whether generation curtailment
is the only flexibility possible (column 5) out of the asset. For example, when it comes
to VRES, curtailment is the only possible flexibility. However, for gas turbines (GT),
generation redispatch is also possible. Similar to the previous column, “x” in the column
indicates a “yes”.

¢ Redispatch of interconnections/HVDC/phase shifting transformers: An “x” in
the column indicates that a redispatch of the load for interconnections, HVDC and
transformers, different from the one recommended by the market model, is possible
for congestion alleviation.

¢ Redispatch of load or storage with recovery at another point of time
mandatory: This column is dedicated to the redispatch of the load or storage asset
where a shift in the dispatch is possible. However, a recovery at another point of time
is to be ensured. This is true for heat pumps, sanitary hot water, EVs that are charging
from home or office with smart charging possibility with or without vehicle-to-grid
(V2G) functionality.

¢ Redispatch of charging & Redispatch of discharging: these columns are dedicated
to those assets where charging and discharging takes place. Therefore, these columns
are pertinent to the assets such as PHS, hydro reservoir, stationary batteries and EVs.
Within these categories some of the assets can provide flexibility in the charging but
not in the discharging. For example, EVs that are charging at home or office but with
no V2G functionality enabled. Some other assets can provide flexibility in charging as
well as discharging for congestion alleviation. For example, EVs that are equipped with
V2G functionality.

Table 2:The list of technologies that are considered within the S1 study

Technology Category Presence Flexible? Generation Generation Redispatch Redispatch Redispatch Redispatch
/ Asset Of The Curtailmen Redispatch of Of Load Or of of
/Measure Flexibility t Alone Is (Note: Interconne Storage Charging Dischargin
Type Asset Is In The Implies ctions/ With [¢]
T/D/T&D Flexibility Gen. HVDC/ Recovery
Possible Curtailmen Phase At Another
t And / Or Shifting Point Of
Redispatch Transforme Time
Oof r Mandatory
Generation
Solar fleet VRES T&D X X
Wind VRES T&D X X
onshore
Wind VRES T X X
offshore
Hydro RoR VRES T&D X X

fleet
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Technology
/ Asset
/Measure
Type

Other RE
fleet
(Tidal)
Waste fleet
Biomass
fleet
Geotherma
| fleet
Nuclear
fleet
oil
Lignite
fleet
Coal fleet
young
Coal fleet
old
OCGT
young
OCGT old
Derived
gases fleet
CCGT fleet
old
CCGT fleet
medium
Interconne
ctions
HVDC

Phase
shifting
transforme

r
Heat
Pumps
Sanitary
hot water
Airconditio
ning
Thermo
sensitive
remainder
Non
thermo
sensitive
remainder
PHS

Hydro
Reservoir
Batteries

2-hour
Batteries

4-hour

EV at

home with
smart
charging
but non-
V2G
EV at office
with smart
charging
but non-
V2G
EV at
home with
V2G
EV at office
with V2G
EV at
home with
immediate
charging
EV at office
with
immediate
charging

Category

VRES
RES
RES
RES

Non-RES

Non-RES
Non-RES

Non-RES
Non-RES
Non-RES

Non-RES
Non-RES

Non-RES
Non-RES
Network
assets
Network
assets
Network
assets
Demand
Demand

Demand

Demand

Demand

Stationary
Storage
Stationary
Storage
Stationary
Storage
Stationary
Storage
EV

EV

EV

EV

EV

EV

Presence
Of The
Flexibility
Asset Is In
T/D/T&D

T&D
T&D

T&D

T&D

T&D

T&D

Flexible?

Generation
Curtailmen
t Alone Is
The
Flexibility
Possible

Generation
Redispatch
(Note:
Implies
Gen.
Curtailmen
t And / Or
Redispatch
of
Generation

Redispatch
of
Interconne
ctions/
HVDC/
Phase
Shifting
Transforme
r

Redispatch
Of Load Or
Storage
With
Recovery
At Another
Point Of
Time
Mandatory

Redispatch
of
Charging

Redispatch

Of

Dischargin
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2.2. CONGESTION METRICS
2.2.1.CONGESTION METRICS FOR TRANSMISSION NETWORKS

Including a transmission network representation in METIS allows to simulate the physics
of the electricity flows on transmission networks within Member States. Technical indicators
enable to assess the level of congestions in the transmission network for a given situation
and to compare relevant snapshots (hours). The additional constraints induced by the flow
modelling on the internal transmission grids increase the overall costs for the system
compared to a situation where these constraints are absent. The comparison of different
situations can provide economic insights on the costs of congestions and the impacts of
the introduction of flexibility solutions. Below, is the list of the key performance indicators
(KPIs) related to the congestion assessment metrics that are implemented in METIS:

e Number of congested lines: the number of congested lines in the network. In
this study, a line is defined as being congested if its transmission usage is greater
than 99.9%.

« Transmission usage distribution (%): distribution of the hourly flow on each
line divided by the line rate

e Curtailment (MWh): total curtailed energy due to overloads (compared to the
outcome of the market model)

o Loss of load (MWh): total unserved energy due to overloads (compared to the
outcome of the market model)

e Production mix (MW): a change in production mix relates to the effects of
congestions on the dispatch (difference from the outcome of the market model for
a given hour).

e Total production costs (€): a change in production costs relates to the impact of
alleviating congestions on the overall operational cost.

2.2.2.CONGESTION METRICS FOR DISTRIBUTION NETWORK
The following key performance indicators were considered for distribution networks:

e Violation frequency (%): measuring the percentage time of the network’s
operation (of typically one year), during which operational values are not within the
nominal range (i.e., a technical violation is happening). Two types of metrics are
distinguished:

o Overvoltage and undervoltage violation frequency, which measures
the share of time during which maximum and minimum nominal voltage
values of the network are not respected, respectively.

o Cable and substations overload frequency, measuring the share of time
during which the electrical load exceeds the nominal capacities of cables and
substations in the network, respectively.

e Violation intensity (%): it calculates the average value of the violations’
magnitude (i.e., deviation between the actual value and the maximum/minimum
technical limit), in percentage, with respect to the maximum/minimum nominal
capacities, during the steps the violation is happening. Two types of metrics are
distinguished:

o Overvoltage and undervoltage violation intensity, which measures the

intensity of the violation with respect to the maximum and minimum voltage
values of the network, respectively.

o Cable and substations overload intensity, measuring the intensity of the
violation with respect to the nominal capacities of cables and substations of
the network, respectively.
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« Total load (kWh): yearly energy consumed by the network.
 Total generation (kWh): yearly energy produced by the network.
o Total load shedding (kWh): yearly energy shed by the network.

« Relative load shedding (%): percentage of the yearly energy shed by the
network, with respect to its initial yearly demand.

o Total generation curtailment (kWh): yearly energy curtailed by the network.

« Relative generation curtailment (%): percentage of the yearly energy curtailed
by the network, with respect to its initial yearly generation.

2.2.3.TASK 2: REFERENCE SITUATION

This task identifies issues of grid congestion at the distribution and transmission grid levels
(implying RES curtailment or loss of load) based on a situation where the power dispatch
was determined by a run of the METIS market module of the METIS EUC03232.5 scenario,
thereby demonstrating the need for flexibility and redispatch. That is, the optimal solution
as suggested by the market model (considering a copper plate within countries) is imposed
on the transmission and the distribution networks to check whether RES curtailment or
loss of load would take place when not accounting for the physics of internal networks, or,
in other words, without remedial measures being activated (e.g., redispatch).

For the transmission network that means that, in a first step, the optimised grid injections
and withdrawals are simulated disregarding grid constraints, in order to determine the
unrestrained power flow (based on the copper plate approach within countries).
Subsequently, the analysis is repeated by considering grid constraints and observing the
levels of loss of load as well as curtailment. The comparison of both simulations provides
indications regarding the location and intensity of congestions (via the indicators
introduced in Task 1) and the potential need for activation of flexibility measures such as
redispatch or different settings of HVDCs or PSTs. A similar approach has been adopted for
the distribution network.

From that reference situation, flexibility solutions at both transmission and distribution
levels are integrated one by one in Task 3 (transmission) and Task 4 (distribution), in order
to evaluate their potential role and to quantify the magnitude of the resulting impacts, and
also their limitations (for example, a saturation effect of interconnections' benefits is
expected beyond a specific interconnection capacity).

The following subsections discuss the methodologies and assumptions that are pre-
requisites for the launch of the simulations of the reference situation in the METIS platform.
Starting from the input and results of the market model simulation, the section discusses
how the generation and load data are disaggregated to build the input data required for
the transmission and the distribution network models. This is presented as methodologies
and assumptions at the transmission network level followed by those at the distribution
network level.

2.3. METHODOLOGIES & ASSUMPTION FOR TRANSMISSION
2.3.1.MARKET MODEL DISAGGREGATION FOR TRANSMISSION MODULE

The zonal market model included in METIS simulates the country-level optimal dispatch of
power generation in each zone (usually a country) and the exchanges between zones using
an hourly time resolution, on a one-year horizon (8760 consecutive time-steps). For each
zone, a description of the production capacities, including flexibility solutions, the
commodity prices, and the non-flexible and flexible demands is given with a high
technological granularity. Every technology is characterised by a set of techno-economic
parameters and operational constraints. The market module computes the optimal hourly
dispatch of each asset to meet the balance between electricity demand and production,

13



while minimising the overall cost of the system. The zonal market situation is used as an
input to create the transmission reference situation, based on a methodology that is
described in the following paragraphs.

Disaggregation process

Transmission grid modelling in METIS has the purpose to extend the scope of power system
modelling from a pure market-based approach to a more holistic assessment. The newly
developed transmission module aims at explaining how the results of the pure market-
based approach (which is also called “zonal market model” in the following sections) differ
from a simulation at nodal level that takes into account internal transmission network
constraints. These constraints are not considered in the initial zonal market model that
only models the commercial exchange capacity between zones (NTC), where each bidding
zone is considered as a “copper plate”. The overall framework relies on the assumption
that the market drives the process of dispatch for each bidding zone of the system.
However, since the markets do not take into account the physical constraints of internal
networks, the outcome of the market clearing can include unfeasible dispatches. To
overcome this issue, TSOs have mechanisms to avoid congestions on transmission
networks through a set of measure, including re-dispatching part of the production and/or
demand, which comes at a certain cost. The transmission module aims at better capturing
the techno-economic stakes of this process.

The METIS transmission module simulates a projection of the “zonal market model” on a nodal model
of the transmission network for each European country. The nodal model includes internal
transmission lines, interconnections, transformers, aggregated generation capacity per technology
per node and aggregated demand per node. The “nodes” of the network are aggregated per voltage
level and represent the network substations. They are linked either to an asset (generation, demand)
or to another node via a transmission or a transformer. The process of projecting a market model
scenario onto the transmission grid is called “disaggregation”. The disaggregation allows the user to
switch from a zonal approach to a nodal approach based on the same scenario. The information
related to the dispatch of the zonal market model is also inherited by the nodal model so as to enable
the simulation of the outcome of the market clearing (without any redispatch or remedial action).
Once the disaggregation is performed, a Direct Current Optimal Power Flow (DCOPF) model is run
on the nodal transmission model, which computes the optimal re-dispatch to minimise the overall
costs of the system, while considering the dynamics of the flows of electricity on the transmission
network.

A commonly used network model is the AC Optimal Power Flow but its computational complexity (the
problem is non-linear and non-convex) makes it difficult to solve at the scale of the European
network. The approach that has been chosen in the METIS transmission module is therefore a DC
Optimal Power Flow, which is a linearisation of the AC Optimal Power Flow. This established industry
approach offers a trade-off between the complexity of the computation and the accuracy of the
results. DC power flow only considers active power flows, assumes perfect voltage support and
reactive power management, and neglects transmission losses.

Additional optimisation constraints can be added to simulate specific re-dispatch processes,
for example a re-dispatch by zone that respects the net-positions (exports - imports) for
each zone given by the zonal market model simulation.

How does the transmission disaggregation work?

Figure 1: Zonal market model (left) - nodal transmission model (right) for France
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The disaggregation from the zonal market model to the nodal transmission model is done
in 4 steps:

a) Mapping from zonal technologies to nodal technologies

b) Disaggregation of installed capacities of generation technologies for
each node

c) Disaggregation of demand for each node

d) Disaggregation of commodity prices and production costs.

The disaggregation principle relies on a projection of the zonal market model to a nodal
transmission model. This nodal representation of the grid is further described in the
following section (2.3.2). The nodal description of the grid is composed of the
following elements:

Transmission lines (internal and interconnections):
o Maximum capacity in MW
o Reactance in Q
Transformers:
o Maximum capacity in MW
o Reactance in Q

o For Phase Shifting Transformers: minimum and maximum phase
shift angles in degrees

Generation assets per node and per technology:

o Disaggregation capacity in MW

o Minimum load in % of available capacity - if applicable
Demand assets per node:

o Disaggregation demand in MW

The outputs of the disaggregation process are the results of the projection of the
characteristics of the zonal scenario on the nodal transmission model. More precisely, the
disaggregation process outputs are:

Installed capacity in MW per generation asset per node, disaggregated from zonal
modelling (based on an initial “"Disaggregation capacity” assumption in the nodal
representation that serves as a disaggregation key, enabling the user to e.g.
change assumptions in the market model, for example by adding solar PV in a
country, and re-running the disaggregation process, resulting in a consistent
update of the transmission-level assumptions)

Commodity prices from zonal modelling (CO2 emissions costs, fuel costs)

The availability timeseries that set the available capacity for each timestep of the
simulation per asset, derived from zonal modelling

Production costs for each nodal technology derived from the results of the zonal
market model.

Net-positions (exports — imports) for each zone given by the zonal market model
simulation, as inputs in some constraints

Power production by asset and by zone, resulting from the zonal market model
simulation
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Description of the disaggregation steps

a) Mapping zonal and nodal technology

This first step is important because the description of the technologies might vary
from one zone or from one dataset to the other. Thus, the mapping process enables
to link the zonal market model conventions (in our case, the METIS list of
technologies), with the nodal transmission model description. In this study, the
nodal datasets are partly based on ENTSO-E's TYNDP 2018 CGMES dataset > (see
section 2.3.2).

Example of a technology mapping for the disaggregation process:

Table 3: Illustration of the assets mapping in the disaggregation process

Zonal Technology Nodal Technology

Coal fleet Other fleet
Decentralised thermal
fleet
Derived gasses fleet
Geothermal fleet
Lignite fleet
OCGT fleet
Oil fleet
Other renewable fleet
Other thermal fleet
Regulated Coal fleet
Regulated QOil fleet

Waste fleet
Wind offshore fleet Wind offshore fleet
Wind onshore fleet Wind onshore fleet
CCGT fleet CCGT fleet
Hydro fleet Hydro fleet
Pumped storage fleet Pumped storage fleet
Hydro RoR fleet Hydro RoR fleet
Nuclear fleet Nuclear fleet

In this example, 12 different zonal technologies are mapped to a generic technology
“Other fleet”, because of the difference of accuracy of the available nodal description
of the European grid. As mentioned above, this mapping can differ from one dataset
to the next, allowing the user to refine the disaggregation process when updates of
e.g. the nodal dataset is made available.

The mapping must be provided for each zone, as the accuracy of the system’s
description can vary from one zone to the next (e.g. in case different TSOs adopt
different conventions when reporting installed capacities in their respective grid
models).

b) Disaggregation of installed capacities of generation technologies for
each node

The second step of the disaggregation process is the adjustment of installed
capacities at the nodal level, for each nodal technology. The mapping realised in
the first step enables to compute the total capacity per nodal technology that has
to be disaggregated between the nodes of each zone.

Then, a nodal coefficient for disaggregation is computed for each technology, based
on the “disaggregation installed capacity” that is given in the default nodal
description of the grid (built from the CGMES dataset of the TYNDP 2018 2025 Best

5 https://www.entsoe.eu/digital/cim/cim-for-grid-models-exchange/
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Estimate scenario). This value is used as a “weight” to compute the share of a given
nodal asset over the total capacity of its zone to be consistent with the zonal
scenario. The example below is a simplified version for the “"Wind onshore fleet”
technology in the case of a 3-nodes representation of France’s transmission network
and a total zonal installed capacity of 30 GW. The left-hand side shows the to-be-
disaggregated zonal model, with 30 GW of installed capacity. On the right-hand
side, one can see in green the “disaggregation installed capacity” allocation key,
that is based on the TYNDP CGMES dataset. In order to obtain the nodal installed
capacities, the disaggregation process automatically distributes the zonal installed
capacity (30 GW) onto nodes, in proportion of the allocation key. The results are
shown in orange
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Figure 2: Illustration of capacity disaggregation (simplified model)

Disaggregation capacity Disaggregation coefficient Nodal capacity

Wind onshore 1 5 14% 4
=5/(5+ 10 + 20)

Wind onshore 2 10 29% 9
=10/ (5 + 10 + 20)

Wind onshore 3 20 57% 17

=20/ (5+ 10 + 20)

The availability (which represents the maximal “load factor”) for generation assets
in the nodal description are taken from the corresponding zonal market model
asset.

c) Disaggregation of demand for each node

The disaggregation of the demand is based on the same principle as the
disaggregation of the installed capacities of power generation. Each node has a
determined coefficient for the share of the demand of the zonal model, which comes
from the CGMES dataset. The demand is split between the nodes based on this
coefficient, which is provided in the nodal description of the grid for each zone.

d) Disaggregation of commodity prices and production costs

The last step is the disaggregation of the costs from the zonal model to the nodal
model. For CO2 emissions, and fuel costs (gas, oil, coal, lignite, biomass etc.), they
are retrieved from the zonal model and implemented in the nodal model depending
on the zone (costs might vary from one zone to another).

Methodology for nodal simulations

The previous section has described how the disaggregation process is performed, to project zonal
market model output onto a nodal transmission model. This section’s purpose is to present how
simulations are performed. The following figure presents an overview of the three models that are
available: the zonal market model, and two nodal ones that are run depending on the type of
questions being explored.
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Figure 3 - Workflow for METIS transmission modules

The reference situation is the result of a "Nodal DC Power Flow”, taking injections and
withdrawals at each node as assumptions built from the outputs of the market model. A
Direct Current Load Flow (DCLF) problem takes the net power injection at each node of a
network and determines how the power flows through the lines of this network. It is mainly
used to identify congestions as indicated above. The “Optimal Nodal DC Power Flow”
optimises the injections and withdrawals of each technology on the nodal network. It is
therefore used to adapt the dispatch in case congestions are identified. Both Direct Current
Load Flow (DCLF) and Direct Current Optimal Power Flow (DCOPF) are based on network
physical laws alongside three major hypotheses (the DC simplification of the AC model):

o The voltage magnitude is fixed for each node to its nominal value
e The voltage angle difference is small for each pair of adjacent nodes
e The resistance of transmission lines is negligible compared to their reactance

e« To perform a pure DCLF, the injection at each network node per generation asset
is required. To do this, an accurate dispatch of each production unit has to be
performed. Two methods are possible to perform the DCLF:

1. Provide as inputs of the disaggregation process technical data of each
production unit, to know for example which power plant is the most likely
to produce. This way the dispatch over individual power plants at each
node can be done following a merit order.

2. Provide as inputs of the disaggregation process a distribution key for the
nodes of each zone and for each technology.

In this study, instead of relying on a DCLF approach to identify congestions, a congestion
detection methodology that uses a DC optimal power flow (DCOPF) problem has been
designed. This choice has been made to avoid introducing complexity related to the
disaggregation of the production plan into this study. Future studies may use the DCLF
approach to detect congestions, based on its random dispatch generator which allows to
generate market-compatible nodal dispatches, based on a probabilistic allocation of
production levels of a given zonal fleet to nodal assets belonging to that technology fleet.

Reference situation specificities

o Dispatch of the production

The goal of the reference situation is to analyse how the zonal market model can be
projected on the nodal transmission network to simulate the power flows on the grid. To
ensure the consistency with the zonal market simulation, the total production of a zone
in the nodal context is constrained to be equal, for each technology, to the
resulting value of the zonal market model for this zone and this technology. The
required information is extracted from the market model via the disaggregation process.
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This constraint allows to maintain the key market outputs in the zonal model: the net
positions and the production by technology type of each zone remain equal to the
market model results.

P/ =P/, Vj € technologies,Vz € zones
ienodes_%'n_zone(z)

In the equation above, P/ is the variable representing the power injected at node i by the
technology j. Therefore, adding the above set of constraints to the nodal DCOPF model
ensures that for each zone and for each technology, the production is optimally dispatched
between the nodes belonging to the same zone. Practically, it implies that the total
production of on technology type is optimally dispatched between the nodes (subjected to
production capacity constraints) within each zone, and is compatible with the outcome of
the zonal market dispatch.

e High Voltage Direct Current transmission lines:

As high-voltage direct current (HVDC) lines uses direct current, the equations governing
the flows have to be adapted. The flow through the HVDC is considered as being entirely
controllable, that is why they can be seen as an optimisation leverage. As the HVDC lines
represent a significant proportion of the interconnection lines in our 2030 scenario, it is
necessary to consider their flows in the reference situation. The amount of power flowing
through each HVDC line is an optimisation variable of the DCOPF run in this study. It can
take any value compatible with the power limit of the line.

e Phase Shifting Transformer:

A phase shifting transformer (PST) is a specialised form of transformer used to control the
flow of real power on three-phase electric transmission networks. The phase shift angle of
each PST is set to zero in the reference situation. PSTs are considered as one of the
flexibility solutions that are investigated in the following.

Time-step selection

The METIS transmission module allows to assess the power flows on a transmission grid
description on snapshots (hours). A selection of relevant snapshots is made using criteria
based on variable renewable energy production and power demand. They aim at
representing both extreme and average situations for the grid. The key indicator used to
select time-steps of these snapshots is the residual demand of the entire system. It is
obtained as the difference between the market module optimised demand (consumption
after optimisation of flexible assets such as heat pumps or electric vehicles) and the non-
dispatchable production in the model, mainly variable renewable energies (Hydro RoR,
Solar, Wind onshore/offshore). Below are the definitions of selected snapshots:

e T1: Minimum of residual demand

e T2: Maximum of residual demand

e T3: Minimum of residual demand in winter (October 15" — April 14%")

e T4: Maximum of residual demand in summer (April 15™" - October 14%")
e T5: Average wintertime time-step

e T6: Average summertime time-step
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Figure 4: Snapshot selection based on the residual demand time-series

2.3.2. TRANSMISSION NETWORK DESCRIPTION

The main transmission network dataset has been obtained via the ENTSO-E On-Line
Application Portal for Network Datasets®. This dataset is based on the data collection from
each European transmission system operator (TSO) and uses the Common Grid Model
Exchange Standard (CGMES) format. It includes the input grid datasets for the preparation
of the TYNDP 2018 and describes the situation of the TYNDP Best Estimate 2025 scenario.
As the data is collected from various TSOs, some heterogeneity in the accuracy of the
provided data have been found and processed. In a following step, the CGMES dataset has
been analysed and converted to a format readable by the METIS transmission module.

The dataset includes a description of the network topology (lines, nodes, transformers), a
list of generating units and the results of a simulation on one time-step corresponding to
a winter hour. The current dataset describes the transmission systems of 28 countries
(including Albania) corresponding to two synchronous regions: Continental Europe and
Baltics (see Figure 5). The data of 5 remaining countries (Great-Britain, Ireland, and Nordic
countries) are not included, notably due to legal constraints in the case of the Nordic
countries.

RG Continental Eurcpe
RG Nordic
RG Baltic
RG UK

RG Ireland

Figure 5: ENTSO-E network regions. Source: TYNDP 2018 ENTSO-E dataset specification.

® entsoe.eu/publications/statistics-and-data/#entso-e-on-line-application-portal-for-network-datasets
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Network topology description

The nodal network dataset contains 14972 nodes divided into the different zones according
to the following table.

Zone | Nb nodes | | Zone | Nb nodes || Zone | Nb nodes |
AL 281 HU 89 DK 246

AT
BA
BE
BG
CH
cz
DE
RS
SI

94
274
461
695
153
65
2315
1005
175

IT
LT
LU
LV
ME
MK
NL
SK

18
45
31
30
13
12
10
28

69 EE
5 ES
FR
0 GR
4 HR
5 PL
67 PT
RO

259

1012
1655

974
216
286
587
111

Table 4: Number of network nodes per zone based on the CGMES dataset

The following chart (Figure 6) shows the breakdown of the voltage nodes of the whole

dataset of the transmission network:

"< 110 kV

= 110-200 kV

= 220-250 kV

= 320+ kV

Figure 6: Distribution of voltage levels

There are 14594 AC-transmission lines in the transmission network dataset, 259 of them
are identified as interconnections between different zones. The rest of them are internal
lines divided into zones according to the following table:

AL
AT
BA
BE
BG
CH
cz
DE
S

SK

202
128
294
690
850
226
101
1393
267
45

IT
LT
LU
LV
ME
MK
NL
PL

Nb of internal lines | | Zone | Nb of internal lines | | Zone |
HU 85 DK

966
565
22

325
90

147
930
366

EE
ES

FR
GR
HR
PT

RO
RS

Nb of internal lines

291
317
1192
2172
1170
303
599
159
699

Table 5: Internal AC-line number per zone based on the CGMES dataset

There are 69 HVDC lines in the network, 68 of them are identified as interconnections
between different zones.
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The transmission network contains 7781 transformers plus 107 Phase Shifting
Transformers (PST).

Generation and demand description:

The nodal transmission description of the European transmission network is based on the CGMES
dataset for the scenario "Best Estimate 2025” for the synchronous zones of continental Europe and
Baltics. In the disaggregation process of the transmission module, the zonal market model is
projected on this representation. The original installed capacity of the generation plants located on
the different nodes are based on the scenario “Best estimate 2025” of TYNDP 2018. As detailed in
the disaggregation process, they are used as weights to disaggregate zonal installed capacities,
based on METIS EUC03232.5, onto the nodal system.

The initial dataset provides the following generating unit types:

e Generating Unit

e Thermal Generating Unit
e Hydro Generating Unit

e Wind Generating Unit

e Solar Generating Unit

¢ Nuclear Generating Unit

After processing, the nodal description of the transmission network is composed of 9 different
technologies: Nuclear fleet, Thermal fleet (gathering Coal, Lignite, Oil and Gas-powered generation
plants), Solar fleet, Hydro RoR, Pumped storage fleet, Hydro reservoir, Wind onshore, Wind offshore
and a generic type “Other fleet”. This last type is used to gather the generation units that are not
labelled in the CGMES dataset’.

The breakdown per country is as follows:

19%
180
17%
® 160
140 14%
12%
120
100
80 I
60 5°/05°/
3 /030/
40 ©3%0 2%0 290 2% 29,
2% 2% 1% 1% 1% 104
20 . = 1% 0% 0% 0% 0% 0% 0% 0% 0%
l l " E = - - -
0 — - — — — — — — — —
DE FR ES IT PL NL AT CH PT RO CZ BE GR DK BG HU RS SK HR BA SI LT LV AL EE ME MK LU
Thermal fleet m Hydro fleet
m Hydro RoR fleet Nuclear fleet
u Other fleet m Other renewable fleet
® Pumped storage fleet Solar fleet
B Wind offshore fleet B Wind onshore fleet

Share against total installed capacity

Figure 7: Installed capacities per country based on the TYNDP18 2025 BE scenario, extracted and
processed from the CGMES dataset

These installed capacities per technologies, per zone are used in the disaggregation process to weight
the downscaling from the zonal model installed capacities to the nodal description. As it can be seen
in the graph below, the share of “Other fleet” is still quite important (22% of total nodal capacity).
The challenge is to reduce this share to a minimum, with a more accurate description of the nodal
grid. Future updates of the nodal dataset may increase the technological granularity of the default
representation of the transmission model.

The demand is shared between zones based on the data extracted from the CGMES data set that
represents a simulation of a wintertime time-step over Europe:

7 An additional data request is under discussion between the European Commission, the contractors and the
ENTSO-E.
22



21%

18%
11%
9%
6%
40/03“/030/ o/

I I 3 020/u20/020/020/020/020/020/020/010/010/010/010/01°/oO°/00°/ 0% 09%00% 0%

o (] (] (] (]
NN i

FR DE IT ES PL NL BE AT CZ GR CH RO PT DK RS HU BG SK HR SI BA AL LT MK EE LV LU ME

Figure 8: Share of total demand over European countries

Thanks to this default transmission configuration, one can easily disaggregate the METIS
EUCO03232.5 scenario onto the transmission grid via the METIS transmission module.

2.4. METHODOLOGIES & ASSUMPTION FOR DISTRIBUTION

This section discusses the methodologies and assumptions for the distribution network.
This section is divided into two major parts:

o Part 1: deals with the methodologies and assumptions applied for building the
representative distribution networks by means of archetypes and climatic zones
that is elaborated in Section 2.4.1.

e Part 2: deals with the methodologies and assumptions for running the distribution
core model (Section 2.4) This section in turn has subsections as follows:

o The methodology for disaggregation of operational parameters of market
assets

o Mapping of assets to match the distribution assets as defined in the DCM
o Flexibility considerations and their impact on the DCM’s objective function

o Assumption on the current task scenarios
2.4.1.ARCHETYPES AND CLIMATIC ZONES BUILDING

“Archetypes” are synthetic networks whose aim is to be representative of the distribution
networks of a country. Three types are distinguished: urban, semi-urban and rural,
depending on the degree of urbanisation of the represented zone. Each of these three
categories are characterised by a certain number of parameters typically seen in this type
of networks as shown below:

o Topology: density of consumers and producers, density of substations, length of
feeders, number of feeders per substation, etc.

o Electrical equipment: nominal capacities and resistance of transformers, nominal
capacities and