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Starting from the annual normalised energy demand and renewable energy capacities hourly
profiles are created for different climate years. To this end, a forward-looking climate database
with 200 synthetic climate years under constant climate is used. These forward-looking
climate years are then used to create electricity consumption profiles. It should be noted that
given the nature of this exercise the amount of simulated climate years could be chosen to be
lower than the amounts set forward in the Adequacy and Flexibility study (a lower amount is
usually chosen in development plans as distribution tails are mainly affecting adequacy results
and less economic and dispatch results). The proposal for the simulations is to use the climate
dataset for 2050 RCP4.5 from Météo France.

A description of the forward-looking climate database including the process used to translate
weather variables into generation variables and ultimately time series can be found in
appendix J of Elia’s latest adequacy and flexibility study 2026-3036.In the same study, the
modelling of electricity consumption is described in appendix B. The same methodology is
proposed to be used for the upcoming 10-year network development plan for electricity.

To solve an economic dispatch a general approach to model thermal generation needs to be
defined including how combined heat and powers are operated and how outages are considered.
In addition, several other technical parameters should be defined including but not limited to
whether the unit is dispatchable, whether it has a minimum stable power, what its efficiency is...
It is proposed the same modelling approach for thermal units is used for the upcoming 10-year
network development plan for electricity.as the one used in Elia’s adequacy and flexibility study
2026-3036

A description of the general approach of thermal generation in Antares simulator can be found
in appendix C of Elia’s latest adequacy and flexibility study 2026-3036. The same
methodology is proposed to be used for the upcoming 10-year network development plan for
electricity.

Given the assumed uptake of heat pumps and electric vehicles in the scenarios, given their
potential to provide flexibility to the system and their specificities tailored modelling approaches
are proposed for the modelling of these capacities in Antares. In addition, the behaviour of
batteries themselves can depend strongly on whether they react to local or market signals.

A description of the general approach proposed to modelling electric vehicles, heat pumps and
batteries in Antares simulator can be found in respectively appendix D, E and F of Elia’s latest
adequacy and flexibility study 2026-3036. The same methodology is proposed to be used for
the upcoming 10-year network development plan for electricity.




Belgium’s central location in Europe means that the country’s import and export capabilities are
defined following the principles of flow-based capacity calculation and capacity allocation within
market coupling. The flow-based methodology makes it possible to model accurately these
interactions between cross-border market exchanges and the transmission grid. Another method
which is often used to model the grid, is the NTC methodology. It should be noted that the
methodology which will be used for the modelling of the grid still needs to be defined (NTC, flow-
based...). Such discussion will be held in the Comité de Collaboration of the study and will
depend on the choice of the amount of scenarios, sensitivities and projects to be assessed.

A description of the general approach proposed to cross-border exchanges using flow-based
modelling in Antares simulator can be found in appendix L of Elia’s latest adequacy and
flexibility study 2026-3036. If it is chosen to perform flow-based modelling the same
methodology is proposed to be used for the upcoming 10-year network development plan for
electricity.
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A. UNIT COMMITMENT AND
ECONOMIC DISPATCH

As TSO, Elia must answer complex questions about the elec-
tricity market and, in a wider scope, the energy system.

To answer these questions, one of the main analyses consists
in modelling the whole electricity market for future years.

In this appendix, the model and different elements of the
problem (the inputs, outputs, and constraints) are described.
The software used (Antares Simulator) is also detailed and his
formulation shortly described. Finally, the modelling approach
of the main elements of the model is detailed.

A.l. DESCRIPTION OF THE PROBLEM

At any time, supply must meet demand. Modelling this hap-
pens to be challenging as the system is greatly intercon-
nected in Europe, meaning one must model all market zones/
countries in Europe, with their interconnections, composed of
a large number of units (generation, storage, demand flexibil-
ity..); made of different type of units with significant different
costs and constraints on the way they produce or store power
and penetrated more and more with renewables whose pro-
duction depends on the weather.

The Unit Commitment problem is very technical as it contains
non-convexities (e.g. startup costs) as well as some binary var-
iables (e.g. whether a unit is in use or not). Several methods
[KUL-1] could be used to solve the latter, but these being very
complex they will not be described here.

The Economic Dispatch can however be more intuitively
approached as the decision making of the power plants pro-
duction is based on well-known concepts in the electricity
market: the merit-order and the demand curve.

The problem is defined as a grid with different areas and links.
Each area is defined as a bidding zone. In these, the demand
curve is extracted from the consumption profiles and the sup-
ply merit order is determined based on the hourly marginal
cost of each unit. Figure A-1 gives a visual representation of the
merit order and demand curves although such representa-
tion is a simplification of the problem for one area (without
interconnections). Indeed, the model takes also into account
storage or hydro units which are not easily represented in the
figure, since their placement in the merit order is defined
during the simulation as their output will be optimised by the
model to minimise the costs of the system.

FIGURE A-1— DIDACTIC ILLUSTRATION OF THE SUPPLY
AND DEMAND CURVES
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Regarding the supply side, the decision variables of this opti-
misation problem are the dispatchable generation (including
both centralised thermal production facilities and dispatcha-
ble hydro reservoirs) and the storage technologies (including
batteries and pumped-storage plants). The interconnections
(represented either with a Net Transfer Capacity (NTC) or with
Flow-Based constraints) are also key constraints of the prob-
lem. Wind, solar, run-of-river hydro and decentralised thermal
production facilities are considered as non-dispatchable and
‘must-run’. The modelling of the problem is more extensively
described in Section A5.

Regarding the demand side, the model takes into account dif-
ferent kinds of demand flexibility (demand shedding, demand
shifting) or can also optimise ‘power-to-X' consumption based
on a predefined strike price or other constraints.

The resulting price of the model for a given node (also called
‘marginal cost of the system’) is the cost resulting from an
additional MW consumption that would be added to the sys-
tem node. The resulting price takes into account the merit
order and the grid constraints. An example is given in BOX A-2
for the specific software used at Elia, where the price forma-
tion in a ‘flow-based’ context is explained.
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A.2. INPUTS AND OUTPUTS

The model requires a set of specific information for each coun-
try within the simulated perimeter. These are either input
parameters or constraint to the problem to solve. Figure A-2
gives an overview of the input and output data of the model:

— the hourly consumption profiles for each climate year
(see dedicated Appendix B on the subject), consisting of
hourly/daily temperature;

— the centralised thermal production facilities with their
technical parameters and costs;

— the hourly generation profiles associated with
decentralised thermal production facilities;

— the hourly generation profiles related to each climate year
(consisting of hourly load factors) for renewable energy
sources (RES) supply;

— the hourly generation profiles of out-of-market devices
that are optimised on the residual load (computed based
on consumption profile and RES generation profile for
each climate year), such as residential out-of-market
batteries;

— the hydro facilities type, installed capacity and their
associated technical and economic parameters;

— the installed capacity of storage facilities with their
associated round-trip efficiency and reservoir constraints;

— the installed demand flexibility capacity, its type (e.g.
demand response, batteries, vehicle-to-grid...) and their
associated constraints (if any);

— the ‘power-to-X' capacities (e.g. power-to-gas, power-to-
heat...) with their associated constraints.

— the cross-border capacity between countries. These
constraints can be modelled in two ways: (i) flow-based
constraints (with Standard or Advanced hybrid coupling
and with flexibility devices if any) or through fixed bilateral
exchange capacities between countries (NTC method) -
see Appendix L;

FIGURE A-2 — INPUT AND OUTPUT DATA FOR THE UNIT COMMITMENT/ECONOMIC DISPATCH MODEL
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For each of the simulated areas

« Consumption

« Centralised thermal production facilities

« Decentralised thermal production facilities
* Renewable production

« Hydro

« Storage

« Demand flexibility

« Cross-border capacity between countries
(NTC/FB)

» Power-to-X

SIMULATIONS

Hourly dispatch

Based on the inputs provided to the model, market simula-
tions provide the results of the hourly dispatch optimisation,
which aims to minimise the total cost of operation of the
whole simulated perimeter. When this optimum cost is found,
the following output can be extracted:

— locational marginal prices based on market bids (locations
are usually market zones);

— hourly dispatch of all the units in each market zone;

— hourly commercial exchanges between market zones.

optimisation to minimise
total costs of the system

MODEL OUTPUT
« Hourly dispatch for all units in each area
« Commercial exchanges between areas
« Hourly marginal prices

« Adequacy indicators
- LOLE, EENS
« Economic indicators

- Market welfare, total costs, unit revenues,
running hours

« Sustainability indicators
- Emissions, RES share
«» Dispatch indicators
- Imports/exports, generation per type

This output data provided by the model allows a large range
of indicators to be analysed:

— adequacy indicators (LOLE - Loss of Load Expectation,
EENS - Expected Energy Not Served);

— economic indicators (e.g. market welfare, total costs, unit
revenues, running hours);

— sustainability indicators (e.g. emissions, RES shares);

— dispatch indicators (e.g. imports/exports, generated
energy per fuelftechnology).
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A.3. SOFTWARE ANTARES SIMULATOR

The Antares Simulator (herein after ‘Antares’) is an open-
source hourly electricity market simulator developed by RTE
[ANT-1], and used by Elia to perform the simulations for both
adequacy and economic assessments. In addition, the output
of the tool is also used as input to assess the flexibility means.
Antares is a UC/ED model as it calculates the optimal unit
commitment and generation dispatch from an economical

ANTARES SIMULATOR

antares
simulator

Antares Simulator is an open-source software developed
by RTE. It is a sequential ‘Monte Carlo’ simulator designed
for short- to long-term studies related to large intercon-
nected power grids. It simulates the economic behaviour
of a given transmission-generation system, across the peri-
od of one year and on an hourly basis.

Elia is using the software for more than 10 years and it is
the tool used for performing the simulations used in the
framework of capacity mechanisms calibration in Belgium
(Strategic Reserves and more recently the market-wide
CRM) but also for the Adequacy and Flexibility studies
since the first edition in 2016.

Antares has been used in several studies across Europe,
including studies undertaken by ENTSO-E, which uses it
as one of the market modelling softwares. These ENTSO-E
studies include:

— the pan-European Resource Adequacy Assessment
(ERAA) that ENTSO-E publishes every year [ENT-11];

— the assessment related to the 10-year network devel-
opment plan (TYNDP, [ENT-13]) that ENTSO-E publish-
es every two years.

Moreover, Antares Simulator is used as the reference mar-
ket modelling software in many other European projects
and national assessments. Besides adequacy studies per-
formed by Elia and the economic assessment of the Bel-
gian federal grid development plan, the tool has been used
for (non-exhaustive list):

— The ‘Bilan Prévisionnel’ by RTE [RTE-3], assessing the
adequacy for France covering the years from 2023 to
2035;

perspective, i.e. minimising the generation costs of the sys-
tem while respecting the technical constraints of each gen-
eration unit. The dispatchable generation (including thermal
and hydro generation, storage facilities and demand side
response) and the resulting cross-border market exchanges
constitute the decision variables of the optimisation problem.

— RTE's analysis of trends and perspectives in the energy
sector (transition to low-carbon hydrogen in France or
integration of electric vehicles into the power system)
[RTE-3];

— RTE's Energy pathways 2050 (‘Futurs énergétiques
2050') [RTE-5];

— The OSMOSE project [OSM-1];

— The Cigré Working Group C1.35: Global Electricity Net-
work Feasibility Study [GLO-1].

— E-Highway 2050, aiming at developing a grid planning
methodology [ENT-12];

— MedTSO studies [MED-1];

— Litgrid Adequacy Assessment [LIT-1];

— APG (Austrian TSO): Electricity stress test for the secu-
rity of supply in winter 2022-23 [APG-1]

For the creation of annual scenarios, Antares Simulator
can be provided with ready-made time series or can gen-
erate those through a given set of parameters. Based on
this input data, a panel of ‘Monte Carlo’ years is generated
through the association of different time series (random-
ly or as set by the user). Then, an assessment of the sup-
ply-demand balance for each hour of the simulated year is
performed by subtracting wind and solar generation from
the load, by managing hydro energy and by optimising
the dispatch and unit-commitment of thermal generation
clusters, storage and demand side response. The main goal
is to minimise the total cost of generation on all intercon-
nected areas.

Finally, RTE international (RTE-i) has developed a collabo-
rative approach around Antares Simulator, gathering dif-
ferent users to enhance the application, provide training,
support, and development. TSOs amongst RTE-i Antares
Simulator Users Club are: APG, Elia, EMS, Swissgrid, SEPS,
IPTO, ELES, MAVIR, MEPSO, ESO, OST.
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Antares simulates a year by solving fifty-two weekly optimi-
sation problems in a row along the whole European perim-
eter for each ‘Monte Carlo’ year. This results in an hourly dis-
patch over the whole year for all technologies implemented

in the model, considering all generation, storage and market
response capacities as well as interconnection flows. Figure
A-3 illustrates such a dispatch for every hour of a single week.

FIGURE A-3 — EXAMPLE OF A SIMULATION DISPATCH OUTPUT FOR A WEEK IN BELGIUM
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A.4. FORMULATION OF THE PROBLEM

In Antares, the ‘elementary’ optimisation problem of the
so-called Economic Dispatch (ED) problem is the minimisa-
tion of the overall system operation cost over a given period
(e.g. a calendar year or winter period), taking into account all
proportional and non-proportional generation costs, as well
as transmission charges (i.e. hurdle costs) and other ‘external’
costs such as that of the unsupplied energy (generation short-
age) or that of the spilled energy (generation excess).

The common rationale of the modeling used in Antares is to
decompose the general problem into series of coupled stand-
ardised weekly optimisation problems.

In many contexts, the different weekly problems are actually
coupled, as a result of e.g. energy constraints (such as man-
agement of annual reservoirs of hydro resources). Therefore,
the coupling of the different weekly problems needs to be
also properly handled before the actual decomposition of the
problem into several weekly problems, namely (depending on
simulation options):

— By use of an economic signal (typically, a shadow ‘water
value') yielded by an external preliminary stochastic
dynamic programming optimisation to define the
strategy for the use of energy-constrained resources
across weeks/annually.

— By use of heuristics that provide an assessment of the
relevant energy credits that should be used for each
period, fitted to accommodate with sufficient versatility
the different operational and/or market rules.

In a very simplified way, each (weekly) optimisation problem
can be stated mathematically as follows
minimisez Cj . Xj
J
subject to
Axsb
x20

In this formulation the parameters ¢ relate to (‘marginal’)
cost associated e.g. to generation costs (thermal genera-
tion costs, hydro production costs, storage production costs,
demand side response costs, flexibility assets costs), transmis-
sion charges (i.e. hurdle costs), unsupplied energy (genera-
tion shortage) costs and/or spilled energy (generation excess)
costs and pumping of energy costs.

As an example, the total production cost ¢ of a given area can
be defined as the integral (sum) over the marginal costs c(x) of
production for each available technology within the merit-or-
der of that market area, as:

C(xs) =£:XO=XS c(x)dx=Z Cs ®Xgt

st
where the label t (time) represents the period chosen (e.g.
each hour of within the weekly problem) and the label s rep-
resent the different supply technologies within that area.

The variables x; relate to the so-called decision variables of
the problem, i.e. variables to be optimised. These typically
represent the dispatched energy, the amount of energy non-
served or the amount of energy spillage. The label j above is
rather general and refers to a variety of variables or level of
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detail such as time resolution, type of technologies, geograph-
ical area, etc.

Furthermore, the x; decision variables are subject to equality
and inequality constraints. E.g. the decision variables them-
selves can either be zero or have finite value. Furthermore,
several constraints on the decision variables are defined by
the matrix A and vector b on the vector of all decision varia-
bles x.

For illustration, two examples of constraints contained inside
the expression Ax <b are:

Energy balance for area 'k’ at each hour t:

5 xkg— E dkge= E Fie
I(k)
s a

where >, dk ot refers to the total ‘inelastic’ demand to be
served in area 'k’ at hour ‘t"and ZS x ¢ denotes all the produc-
tion and pumping, or charging of batteries, in the area 'k’ as
well as possible energy non-served and spilled energy in area
'k’ at hour 't'. Finally F, refers to the total flow through each
‘link’ ‘I"in the Antares simulation connected to the area k.

PRICE FORMATION

Antares Simulator is an open-source software developed
The market price calculated by Antares is based on the
marginal cost of the different units but also on the flow-
based constraints. Indeed, the different flow factors (if con-
straining) will impact the marginal price for each zone. In
order to illustrate this, a simple example will be used as de-
scribed below and in Figure A-4.

Using an imaginary example with 3 zones as follows:

— . Zone A: no supply, load of 100 MW;

— . Zone B: 300 MW of Pmax at 20 €/MWh, 255MW of
supply at 20 €/MWh, load of 100 MW;

— . Zone C: 50MW of Pmax at 50 €/MWh, 45 MW supply
at 50 €/MWh, load of 100 MW.

The physical interconnection capacities are set as follows:

— - Line Ato B:85 MW, impedance set to1Ohm;
— - Line B to C: 85 MW, impedance set to1Ohm;
— - Line Ato C: 85 MW, impedance set to1Ohm.

Given that the branch [A,B] is limiting, the market clearing
price in zone A is not only set by the marginal unit but also
by the associated PTDF related to the branch. The price is
therefore 80 €/MWh, which can be calculated based on the
PTDF and other market prices. Antares replicates this be-
haviour as well.

Flow based constraint corresponding to the grid element
‘CNEC' at hour 't

ZPTDkaec (PK—PK)< RAM chec
k

where PTDF cnec refers to the PTDF of the zone 'k’ and the grid
element 'CNEC', RAM_p. refers to the Remaining Available
Margin (RAM) of the grid element ‘CNEC’ at hour 't', and Psk,
Pf denote the total supply and total ‘inelastic’ demand of the
area 'k’ at hour 't’ (related to some of the variables x;; and d
above) and reflecting the total balance of the area 'k’.

Several other constraints are defined inside the expression
Ax <b.

For all technical details and a complete detailed description,
the reader can refer to the ‘optimisation problem formulation’
of the Antares software simulator [ANT-2].

FIGURE A-4 — SIMPLE EXAMPLE TO UNDERSTAND
PRICE FORMATION IN THE ANTARES MODEL, IN A
FLOW-BASED CONTEXT
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A.5. MODELLING THE ELECTRICITY

MARKET

A power system is made of different type of technologies with
different set of technical characteristics setting the way they
can operate (produce electricity). Technologies today include
(not exhaustively) dispatchable generation (including thermal
and hydro generation), non-dispatchable generation (includ-
ing Renewable Energy Sources), storage technologies (includ-
ing pumped-storage plant and batteries) and demand/mar-
ket response. This section gives insights as to how every unit
and decision variable is modelled.

1\, GRID TOPOLOGY

AN\ The topology of the network is described with areas
and links. In this study, one area represents a bidding zone. It
is assumed that there are no network congestions inside an
area and that the load of an area can be satisfied by any local
capacity.

Each link represents a set of interconnections between two
areas. The power flow on each link is bound between two Net
Transmission Capacity (NTC) values, one for each direction.
Similarly to what is done by ENTSO-E, outages can also be
modelled for chosen links. This is applied for HYDCs and some
HVACs which are not in the meshed continental grid.

Moreover, in Antares, some binding constraints on power
flows can be introduced. They take form of equalities or ine-
qualities on a linear combination of flows. For instance, they
are used to model flow-based domains in the CE market cou-
pling area (for more information, see Appendix L).

,:,[:Q' WIND AND SOLAR GENERATION

oo

Wind and solar generation depends on the cli-
mate. The projection of installed capacity for each simulated
country are combined with climate years data (capacity fac-
tors based on e.g. speed of wind, solar radiation, etc.) to obtain
production time series for onshore wind, offshore wind and
photovoltaic production. More information on the synthetic
climate years that are used in this study can be found in
Appendix J.

Wind and solar generation are considered as non-dispatch-
able and come first in the merit order given their very low
variable cost. More precisely, as other non-dispatchable gen-
eration, they are subtracted from the load to obtain a resid-
ual load. Then, Antares calculates which dispatchable units
(thermal and hydraulic generation, storage and demand side
response) and which interconnection flows can supply this
residual load at a minimal cost.

e
THERMAL GENERATION

Regarding thermal generation, two modelling meth-
ods are applied:
— Dispatchable thermal generation - the unit will generate
according to the most economical dispatch. Its final
production is an output of the simulation;

— Profiled thermal generation - the production of the unit
is fixed before the simulation (must-run).

Whether it is for dispatchable or profiled thermal generation,
the thermal generation of each node in the model is divided
into clusters. A cluster can be a single power plant or a group
of power plants with similar characteristics.

The profiled thermal generation is used in this study for the
generation of smaller aggregated CHP, biomass and waste
units (for instance units usually connected on the DSO grids).
They are considered as full must-run according to a prede-
fined profile, meaning that the production is to be considered
fixed whatever the most economic dispatch.

The dispatchable thermal generation is usually used to model
units individually. Their dispatch can also be bounded to a
partial must run in order to account for the production at low
electricity prices related to the need of side processes.

More information on the general approach and the modelling
for Belgium and other EU countries can be found in the ded-
icated Appendix C.

@l HYDRO GENERATION

NN
""" Three categories of hydro plants are defined:
— pumped storage;

— run-of-river;

— inflow reservoir power production.

The first two types of hydroelectric power production are pres-
ent in Belgium, whilst the last type is more common in coun-
tries with more natural differences in elevation.

Pumped-storage plant (PSP) whose power depends only
on economic data. Pumped-storage plants can pump water
which is stored and turbined later. Antares optimises the
operation of PSP alongside the other dispatchable units while
making sure that the amount of energy stored (taking into
account the roundtrip efficiency of the PSP, usually set at 75%)
equals the amount of energy generated during the week.
Pumped-storage plants are divided in two categories: open-
loop and closed-loop. Open-loop pumped-storage plants
have a reservoir associated with a free flowing water source
whereas closed-loop pumped-storage plants have a reservoir
independent from any free flowing water source. Dispatch of
the pumped storage reservoirs can depend on the size of the
units as well as their operating mode.

Run-of-river (RoR) plants which are non-dispatchable and
whose power depends only on hydrological inflows. Run-
of-river generation is considered as non-dispatchable and
comes first in the merit order, alongside wind and solar gen-
eration. It is therefore subtracted from the load of each area in
order to obtain a country-specific residual load.

Storage plants which possess a reservoir to defer the use of
water and whose generation depends on inflows and eco-
nomic data. For storage plants, the annual or monthly inflows
are first split into weekly amounts of energy. The use of this
energy is then optimised over the week alongside the other
dispatchable units. Each hydro unit can generate up to its
maximum turbining capacity. These plants often follow sea-
sonal trends (i.e.: charging in summer and discharging in win-
ter) which are not well represented by the unit commitment
model. To that effect, the value of water (“water values”) at
each time of the year can be inputted and considered in the
economic dispatch, to best represent reality.
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(47D IN-THE-MARKET BATTERIES

Electricity can be stored in the batteries to be dispatched later.
Batteries are defined by a set of parameters including loading
and unloading capacity, a duration of availability related to the
reservoir size and a roundtrip efficiency (set at 85% in the mod-
elling). Antares optimises the operation of batteries the same
way as pumped-storage plants, making sure that the amount
of energy stored (taking into account the roundtrip efficiency
of batteries) equals the amount of energy generated during
the week. The different storage parameters for each country
are collected through bilateral contacts or within the context
of ENTSO-E.

(%] OUT-OF-MARKET BATTERIES

A share of residential batteries can be considered to not be dis-
patched by the market but can be optimised based on a local
signal, often linked to the domestic load of the house and a
local production of solar panels. Hence, the production of these
is defined ex-ante based on the residual load of each day.

\J/7) DEMAND SIDE RESPONSE SHEDDING

One way of modelling demand side response shedding in
the tool is by using expensive generation units (mimicking
a reduction of demand). Those will only be activated when
prices are above a certain price (and usually after all the avail-
able generation capacity is dispatched). This makes it possible
to replicate the impact of demand side response shedding,
which is assumed to be mostly industrial load that can reduce
part of its consumption when prices are above a certain acti-
vation price, as considered in this study. Duration of availabil-
ity as well as activations per day and week can be set for this
capacity as binding constraints.

These units are modelled in the same way as for individually
modelled thermal production. Additional constraints are inte-
grated in the tool to represent the limits of each category of
market response shedding, such as the duration of availability
or the number of activations per day or per week.

=
POWER TO MOLECULES
00¢g

The model can integrate the use of electricity to gener-
ate other energy carriers or heat. For instance, the consump-
tion of electricity to produce hydrogen can be modelled. Dif-
ferent rules can be applied such as turning on electrolysers
if (i) there is excess electricity (i) the marginal unit is either a
source of renewable energy or a nuclear power plant (iii) as
baseload consumption. For the (i) and (ii), this is modelled via a
dedicated node in the model. This node contains a load, which
corresponds to the Hydrogen production. When the marginal
price drops below the marginal price of nuclear units, the
excess electricity is consumed by this node. Note that this is
modelled for all countries in Europe with public plans to install
electrolysers.

=
POWER TO HEAT IN INDUSTRY
il

Similarly to hydrogen, generating heat in the indus-
try most often happens through combustion of fossil fuels.
To decarbonise the industry, more and more players plan to
electrify their heat production. For this, industrial players will
invest in either heat pump or e-boilers to produce respectively
low (< 200°C) or high temperature heat (> 200 °C).

These power-to-heat units will likely run when it is financially
more advantageous to use electricity than fossil fuels. In other
words, if the marginal price of electricity falls under a cer-
tain threshold, any excess electricity will generate heat. This
threshold price of activation depends on the gas price, the
price for CO,, as well as the expected efficiency of the appli-
ance (which differs for a heat pump or an e-boiler). These units
are modelled in the same way as the description of the elec-
trolysers’ modelling above. More information on this is given
in the Appendix B on hourly electricity consumption and Sec-
tion B.3 on electrification of industry.

Q)c—%)'c ELECTRIC VEHICLE (EV)

There are different ways to model EVs to define their load on
the grid, and all of them fall in two categories: (i) pre-defined
load time series and (ii) dispatch it via the model. For the
interested reader, more details are given on EV modelling in
Appendix D.

Pre-defined time-series represent best natural EV charging,
or in other words, a sub-optimal way to charge EVs for the
electricity market. Other time-series can be defined to take
into account a different network tariff (e.g. time-of-use tariff),
or emulate PV self-consumption for consumers.

The other way to model EV consists of defining two constraint
and let the model dispatch the load following these con-
straints. This way, the model ensures to dispatch the load in
a way that minimises the system cost. These constraints con-
cern (i) the maximum power at which EVs can charge and (ii)
the energy needs that the EV needs to fulfill. For the latter, the
energy needs can be defined either on a daily or weekly basis.

Note that with the proper technological and infrastructure
developments, EVs are able to inject electricity back into the
grid. This is also modelled for a share of the EV fleet, which size
depends on the scenario.

HEAT-PUMP (HP)

Heat pumps can provide space heating as well as
hot water. As for EVs, there are different ways to model HPs to
define their load on the grid, and all of them fall in two cate-
gories: (i) pre-defined load time series and (ii) dispatch it via
the model.

Pre-defined time-series represent best natural heating load.
Other time-series can be defined to imitate a pre-heating
period outside of electricity peak hours (i.e. 8 AM and 6 PM).

The other way to model HP consists of defining two constraint
and let the model dispatch the load following these con-
straints. This way, the model ensures to dispatch the load in
a way that minimises the system cost. These constraints con-
cern (i) the maximum power at which HPs can heat and (ii)
the energy needs that the HP needs to fulfill. For the former,
comfort of the consumer needs to be taken into account in
order to avoid having houses being heated beyond a reasona-
ble set point (e.g. over 25°C). As for the energy constraint, this
one has to be set daily and respect the energy needs defined
for each day, of each climate year, based on Heating Degree
Days (HDD).

For the interested reader, more details are given on Heat
Pump modelling in Appendix E.
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A.6. ASSUMPTIONS AND LIMITS

It is important to highlight several modelling assumptions to
correctly interpret the results. These are outlined below and
need to be kept in mind when analysing the results.

Perfect weekly foresight is considered for renewable
generation, consumption and unit availability (known
one week in advance following an ex-ante draw). This also
means that storage, hydro reservoirs and thermal dispatch
are optimised knowing all this in advance. In reality, this
is not the case, as forecasting deviations and unexpected
unit and interconnection outages can happen and
need to be covered by the system. In line with the ERAA
methodology, for each market zone, in order to cope with
such events, a part of the capacity is therefore reserved for
balancing purposes and could not be dispatched by the
model.

Simulations of the market are performed on the basis that
all the energy is sold and bought on an hourly basis.
Integrating long (i.e. capacity markets) and/or real-time
markets (i.e. balancing market) in such a model is not
straightforward. Forward markets are assumed to act as
financial instruments anticipating day-ahead/real-time
prices. Depending on the trading strategy and actual
market conditions, an arbitrage value may exist between
different time frames.

The model minimises the total cost of generation
(including energy not served) of the whole simulated
system.

A perfect market is assumed (no market power, bidding
strategies..) in the scope of the model. The optimisation
solves all the system (ie. the whole geographical
perimeter) at once.

— Energy Limited Resources (ELR) such as pumped storage

units, batteries and demand side response, modelled
as ‘in-the-market, are dispatched/activated in order to
minimise the total cost of operation of the system. In
reality, they could be used to net a certain load in a smaller
zone or to react to other signals. The modelling approach
assumes that price signals are driving the economic
dispatch of those technologies.

During times of scarcity, energy limited resources (such
as storage or demand response) could be dispatched
in different ways. In this respect, the default ‘shedding
policy’ in Antares (i.e. ‘'shave peaks' see [ANT-1]), is used in
the simulations. This ‘shedding policy’ aims at minimising
the depth of the ENS, in line with the reliability standard
calculation.

Prices calculated in the model are based on the marginal
cost/activation of each unit/technology while considering
the modelled network constraints and their shadow
prices.

The efficiency of each thermal unit is considered as
fixed and independent of the loading of the unit. Actually,
efficiency is a function of the generated power.

Each bidding zone is considered a copper plate.
Meaning, internal grid limitations within a bidding zone
are not considered. In practice, some units can be re-
dispatched in order to limit congestion on a grid.
Offshore hybrid interconnectors (ie. interconnectors
which combine both offshore wind and market-to-market
connections) are modelled assuming that the wind farms
connected to the interconnector are in a separate bidding
zone.
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B. ELECTRICITY CONSUMPTION

This appendix details additional information on electricity
consumption and the derivation of hourly profiles which are
needed to run unit commitment and economic dispatch sim-
ulations.

Firstly, the method of normalising electricity consumption is
explained. Secondly, it is explained how this yearly (normal-
ised) electricity consumption is translated into hourly profiles
for each simulated climatic year. Finally, a focus is made on
how the electrification of the industrial sector is included in
the hourly profiles.

B.1. NORMALISATION OF THE ELECTRICITY

CONSUMPTION

Normalisation is a way to look at electricity consumption while
cancelling the effect of the temperature (which currently
drives a small part of electricity consumption in Belgium).
Even in Belgium, although the impact of the temperature
on electricity consumption is still relatively limited, it can still
result in a non-negligible correction.

Therefore, it is indeed important to use normalised consump-
tion when, e.g.,

— comparing electricity consumption between different
years on a consistent basis;
— creating hourly load profiles for different climate years.

To construct hourly load profiles for different climate years,
the daily temperatures of each climate year are used as input
together with the normalised hourly load profile. This enables
to consider the temperature effect of each climate year.

In order to normalise the electricity consumption, several
parameters should be taken into account. In this study, the
temperature but also the number of days per year and the
number of working days are considered.

To perform a normalisation, Heating Degree Days (HDD) are
used. HDD is a commonly used measure of how cold the
temperature was during a given period. It is calculated as the
difference between the reference temperature (or a chosen
value) for a specific location and the average temperature
of that location, for a 24-hour period or a several days. The
higher the HDD value, the colder the temperature was over
the period.

Different definitions of HDD exist depending on the refer-
ence temperature used or the period of time and associated
weights defined. The calculation of HDD in this study for Bel-
gium is based on the Synergrid methodology and data (HDD
are primarily used in the gas sector to determine consump-
tion patterns). The HDD for a specific year is used and com-
pared to the HDD of a normal year, which is calculated as the
average HDD over the last 30 years. In this case, the HDD of a
normal year is 2252 [SYN-1]. Note that normalisation can hap-
pen on any reference amount of heating degree days. Hence,
if it is expected that these might decrease or increase in the
future, the normalised demand would decrease or increase
accordingly, but the future demand based on a given temper-
ature will stay the same.

The first step of the normalisation is to cancel out the temper-
ature effect. To normalise electricity consumption based on
HDD, the thermosensitivity of electricity consumption needs
to be estimated. In order to estimate the Belgian thermosen-
sitivity to be used in this study when scaling the historical
consumption, the total load from the ENTSO-E transparency
platform and the temperature measured at the Uccle weather
station from 2017 to 2022 are used. The weekly average load of
the weekdays in MW and the weekly average temperature of
the weekdays in °C are used to assess the thermosensitivity of
the load as shown in the Figure B-1. Only winter months are
showed and holidays are removed. Using a linear interpola-
tion, the relation between load and temperature is obtained,
with a slope of -150 [MW/°C] on average of the historical data
analysed. This indicates that the Belgian electricity load
decreases by around 150 MW when the temperature increases
by 1°C. As the HDD is expressed for a period of 24 hours, the
thermosensitivity of the load is around 3600 MWh per HDD.

FIGURE B-1— ESTIMATION OF THE DEMAND
THERMOSENSITIVITY IN BELGIUM
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The second step in the normalisation process accounts for ~ FIGURE B-2 — NORMALISATION AND
the number of working days (as the load is typically higher =~ DE-NORMALISATION PROCESS TAKING INTO ACCOUNT

on working days than holidays) and leap years. To account =~ DEGREE DAYS: EXAMPLE
for leap years, which have an extra day (29" of February), the

average consumption for one day is simply removed. If a given __
year has fewer working days than a typical year, the total load e e LSBT

is adjusted. This adjustment is made by multiplying the aver- et Normalised to 2300 DD
age load difference between a working day and a holiday (cal- consumption [Twh]  Degree Pays[’cl [TWh]
culated over the previous years) by the difference between the

. ; oo 80 2000 80 - (2000 - 2300)*TS
number of working days in the specific year and the number
of working days in a typical year. a5 2500 85 - (2500 - 2300)°TS
Once the thermosensitivity and the number of working days
/ leap years have been defined, the historical electricity con- 20 SCC0 2O (GOC0LZSCOlS
sumption of a given period can be normalised.

82 2200 82 - (2200 - 2300)*TS

DE-NORMALISATION: 84 2400 84 - (2400 - 2300)*TS

In order to construct hourly profiles for different climate years,
the hourly temperatures of each climate year are given as
input. This enables to consider the temperature effect that
was isolated during the normalisation by using again the ther-

e PR A fi
mosensitivity. Based on the temperature of a specific climate ssumed future

X ! normalised For a given Degree Future consumption
year, a number of degree days is calculated. Finally, the con- consumption at Days [°C] [TWh]
sumption is then ‘de-normalised’ to account for the effect of 2L (1) [
the temperature of a specific climate year. 85 2000 =85 - (2000 - 2300)*TS
An example of nor}mallsatlon and de-normalisation is given in o5 2500 = 85 - (2500 - 2300)°TS
the table below (Figure B-2).

In this study, the 200 synthetic climate years from Météo- 2 =000 = E8= (0D -2 1S
France are used (see the dedicated Appendix J on climate

o ) 85 2200 =85 - (2200 - 2300)*TS
years). This implies that the average yearly load for the 200
climatic years is slightly different than the yearly load normal- a5 2400 = 85 - (2400 - 2300)*TS

ised on 30 historical climatic years. This is explained by the

fact that the HDD under the 200 climate years is lower than

under the 30 historical years. Due to the thermosensitivity of TS = assumed thermosensitivity in TWh/°C
electricity demand this leads to a lower annual demand. Note

that the assumed thermosensitivity is also expected to evolve

over time, e.g. due to the increasing contribution of electric

heat pumps.
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B.2. DIFFERENT DEFINITIONS OF
ELECTRICITY CONSUMPTION

What is the definition of ‘total electricity consumption’
used in this study (more generally referred to as ‘total
load’)?

Total electrical consumption takes into account all loads across
the Elia grid, as well as across the distribution system (includ-
ing losses). Given the lack of quarter-hourly measurements
for distribution systems, this load is estimated by combining
calculations, measurements, and extrapolations. The total
load includes an estimation of ‘auto-consumed’ (i.e. ‘behind
the meter’) electricity. Indeed, the model used in this study
takes all (decentralised) generation into account, hence it
also needs to take all consumption into account to avoid dou-
ble counting. This excludes pumping from pumped-storage
power stations and roundtrip offtake from batteries, which
are modelled separate-ly in this study, but includes electroly-
sis demand. This definition is also the one used for adequacy
studies conducted by ENTSO-E.

What are the differences between ‘total electricity con-
sumption’ and Elia’s consumption (more generally known
as the ‘Elia grid load’)?

The Elia grid load covers all offtake as seen from the perspec-
tive of the Elia grid. It is indirectly calculated based on the
injections of electrical energy into the Elia grid, which includes
the measured net generation of (local) power sta-tions that
inject power into the grid at a voltage of at least 30 kV, and the
balance of imports and exports. Generation facilities that are
connected to distribution systems at voltages under 30 kV are
only included if a net injection into the Elia grid is measured.
The energy needed to pump water into the reservoirs of the
pumped-storage power stations connected to the Elia grid is
deducted from the total. Decentralised generation that injects
power into the distribution networks at a voltage below 30 kV
is therefore not fully included in the Elia grid load. The signif-
icance of this segment has steadily increased in recent years.
Elia therefore decided to complement its publication with a
forecast of Belgium'’s total electrical load. Elia’s grid comprises
networks with voltages of at least 30 kV in Belgium plus the
Sotel grid in Luxembourg.

What is the link between total electricity consumption
used in this study and EUROSTAT categories?

The total electricity consumption can also be found in the
EUROSTAT database by taking into account the following cat-
egories as summarised in Figure B-3:

— ‘Final consumption’ from industry, transport and ‘other’
(commercial and public services, households, agriculture
and forestry);

— ‘Distribution losses’, including losses from distribution
and transport electricity networks;

— ‘Energy sector’, representing electricity consumption
from the energy transformation sector in Belgium (such
as oil refineries, LNG terminals etc.), but excluding the
consumption of electricity and heat plants. This definition
also includes so-called ‘auto-consumption’ from all
sectors.

FIGURE B-3 — DEFINITION OF TOTAL ELECTRICITY
CONSUMPTION BASED ON EUROSTAT CATEGORIES

EUROSTAT categories
Final consumption -
industry sector - energy use
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Final consumption -
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Final consumption - other sectors -
commercial and public services - energy use
Final consumption - other sectors -
households - energy use
Final consumption - other sectors -
agriculture and forestry - energy use
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Total electricity consumption

What is published on Elia’s website?

Two load indicators are published on Elia’s website: the Elia
grid load and the total load. The published Elia grid load and
total load [ELI-7] include the load of the Sotel grid.

What is included in the value of the total electricity con-
sumption in this study?

The projection of total electricity demand (and hence the
hourly profiles) for all years analysed in this study takes into
account the existing usage of electricity and additional elec-
trification:

— existing use of electricity that will evolve in line with
macro-economic trends and energy efficiency measures;

— additional electrification in the transport, heat, electrolysis
and industrial sectors;

— losses;

— the Sotel grid consumption.

What is excluded in the value of the total electricity con-
sumption in this study?

The round-trip efficiency losses (pumped hydro storage, resi-
dential & large-scale batteries, V2G technology) are excluded
from the total load. Those are explicitly included in the eco-
nomic dispatch simulations as storage is opti-mised by the
model.
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B.3. GENERAL PROCESS REGARDING THE
CREATION OF HOURLY PROFILES

The general process for the creation of load profiles for a spe-
cific set of assumptions, market node, and target year is sche-
matically presented in Figure B-4. The tool used is based on
the methodology and tools developed in the ENTSO-E ade-
quacy assessments. In general, the process consists of two
main steps:

As a first step, the tool maps the historical relations between
climate and electrical load for each simulated market node:

— For each market node, the historical relation between
climate and load time series is determined (i.e. the
thermosensitivity of the load);

These observed historical relations between climate and
electrical load for each market node is then applied on a
set of 200 synthetic climate years, representing potential
climate of 2025, to obtain the load series forecast (see the
dedicated Appendix J on climate years);

The resulting load series include historical market
characteristics in terms of the amount of electrification
in industry, buildings and transport but under different
potential climatic conditions. Additional corrections are
made through the incorporation of special days (e.g.
corrections are made for holiday periods, exceptional
events, etc.) and a normalised calendar is used where the
1t of January is a Monday and consisting of 365 days;

Note that the profiles resulting from this step depend
only on the climatic inputs and the historical load and are
therefore the same regardless of the assumptions on total
demand and electrification.

As a second step, the evolution of electricity demand needs
to be taken into account. This depends on the input assump-
tions related to the simulated scenario and target year.

First, the profiles including historical thermosensitivity
(obtained after step 1) are rescaled to take into account
the scenario-specific assumptions which can impact
the historical load such as economic growth, population
growth, energy efficiency etc.;

Additionally, new forms of electrification that are not yet
existing in the historical load need to be added separately
as these can have their own distinctive profiles;

Those electrification assumptions are derived from the
estimated evolutions in the market of the different factors
driving electricity consumption (e.g. penetration of heat
pumps, electric vehicles, additional baseload, sanitary
water, air conditioning). These depend on the scenario
and target year simulated which are defined within the
scenario quantification process. Note that these cannot
simply be added by ‘rescaling’ the historical load. For
example: in the case of heat pumps this would lead to an
underestimation of the load during winter;

These additional electrification assumptions are
translated into inputs for the creation of hourly profiles for
the different electrification technologies and the different
components of which some are climate-dependent and
climate-independent;

Finally, the hourly profiles for these new forms of
electrification are combined with the rescaled load
profiles including the historical thermosensitivity to
obtain the final hourly load profiles for a given scenario
and target year.

FIGURE B-5 — SCHEMATIC OVERVIEW OF THE HOURLY LOAD PROFILE CREATION PROCESS
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Figure B-5 shows a practical example of the different steps  clearly increasing further the peak load during evenings. This
for the hourly load profile creation process for a given week  can be seen as a ‘pessimistic’ assumption, as the final profile
in January. Note that this concerns a simplified example with-  for these technologies depends on their assumed flexibility
out the inclusion of air conditioning, sanitary water and new  (which is taken into account in the simulations) and operating
industrial loads and is not used as such within simulations. In mode as explained in Appendices D and E.

this example EVs and HPs are added using a natural profile,

FIGURE B-5 — HOURLY DEMAND CONSTRUCTION - EXAMPLE WITH A WEEKLY PATTERN AND NO FLEXIBILITY
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Figure B-6 presents an example of a yearly load profile result-
ing from the above mentioned methodology for a given sce-
nario and target year under the historical climate year 2015.
The first chart on Figure B-5 shows average daily values, the
second chart of Figure B-6 zooms on the last week of Janu-
ary and shows the hourly load. For simplicity, new demand
of industry and data centres, sanitary water heating and AC
are excluded. The values are illustrative and do not necessarily
correspond to real profiles used within simulations.

As explained, the grey area ‘Existing load structure incl. ther-
mosensitivity & evolution’ is constructed based on the existing
historical relation between climate and electricity demand.
This existing demand evolves over time and is therefore res-
caled to reach the target demand of those categories, sub-
ject to the assumptions taken within a given scenario. New
heat pumps and electric vehicles need to be added ‘on top
of' these profiles as these devices do not exist in the prede-

termined relation between climate and electricity demand. As
can be seen, lower temperatures generally increase the elec-
tricity demand. This effect becomes stronger the more heat-
ing is electrified.

In this example EVs and HPs are taken into account using
a natural charging profile. As explained in the dedicated
Appendices D and E, a set of different operating modes can
be assumed, resulting in a different hourly profile for these
categories. These yearly profiles with hourly granularity serve
as an initial input into the market modelling tool, meaning
that some parts of the demand which are assumed to be flex-
ible (for example: industrial DSR, power-to-X, market-based
EVs and HPs, batteries etc.) will only be ‘activated’ based on
the market conditions in the simulations. Therefore, indicators
such as the peak load are only known after performing the
market simulations.

FIGURE B-6 — EXAMPLE OF A YEARLY LOAD PROFILE CONSISTING OF DIFFERENT COMPONENTS, DAILY (ABOVE) AND

HOURLY (BELOW)

[cw]

[ Existing load structure incl.
thermosensitivity & evolution

M new EV

M new HP

+===Temperature

Weekly average temperature of weekdays



APPENDICES ON THE METHODOLOGY _ P.393

B.4. ELECTRIFICATION OF INDUSTRY AND

DATA CENTRES

For electricity demand in industry a distinction is made
between existing electricity demand and new electrification.

Existing industrial electricity demand is assumed to evolve
with general macro-economic conditions, and energy effi-
ciency. For profiling, this demand is scaled with the total
aggregated electricity demand (as shown in step 2 of Figure
B-5 as these forms are assumed to remain structurally the
same as historically.

For new forms of industrial electrification this load is added
on top of the load profiles as those are assumed to be struc-
turally different from the existing industrial demand. In prac-
tice, these new forms of electricity demand are assumed to
power baseload industrial processes. Yet, the final related load
profile depends largely on the origin of the type of demand. In
general, new industrial demand can be split into 6 categories:
Power to heat — heat pumps: additional

electricity demand due to fuel switching, generally
from gas to electricity and for processes which require heat
<200°C. Their uptake is mostly expected in the food and drink,
chemical, and paper industry. These systems can be installed
in combination with (existing) fossil based systems. This allows
a hybrid running mode, using electricity when prices are low
and vice versa. Due to their high efficiency, these units typically

have a high amount of running hours. When coupled with a
gas back-up, the strike price is computed as: (Heat pump eff)/

(Gas boiler eff)(gas price+CO, price).
=
Power to heat - e-boilers: additional
electricity demand due to fuel switching, generally
from gas to electricity and for processes which require heat
>200°C, typically steam. Here, uptake is especially expected
in the chemical industry and for the high temperature pro-
cesses in the food and drink industry. As for heat pumps, these
systems can be installed in combination with (existing) fossil
based systems, allowing a hybrid running mode, using elec-
tricity when prices are low and vice versa. Since the efficiency
is equivalent to that of traditional gas boilers, these units will
have a lower amount of running hours than industrial heat
pumps, typically being activated when units with low mar-
ginal cost are setting the price. When coupled with a gas
back-up, the strike price is computed as: (eletric boiler eff)/
(Gas boiler eff)(gas price+CO, price).

[——]

Power to heat - e-ovens: additional
———= electricity demand due to fuel switching, generally
from gas to electricity and for processes which require heat
>200°C. Here, uptake is especially expected in the chemical,
minerals and food and drink industries. As for e-boilers, these
systems can be installed in combination with (existing) fossil
based systems, allowing a hybrid running mode, using elec-
tricity when prices are low and vice versa. Since the efficiency
is equivalent to that of traditional gas ovens, these units will
have a lower amount of running hours than industrial heat
pumps, typically being activated when units with low mar-
ginal cost are setting the price. When coupled with a gas
back-up, the strike price is computed as: (eletric oven eff)/(Gas
boiler eff)(gas price+CO, price).

ié Direct reduction Iron - electric arc

furnace (DRI-EAF): this is a technology for
making primary steel by first reducing iron ore with gas (and
potentially hydrogen) after which it is finally treated using
EAF. Especially the electric arc furnaces require a lot of addi-
tional electricity. However, it is estimated that due to build out
of excess capacity, there is a potential for load shifting within
a given timeframe while still meeting production targets. In
practice it is therefore assumed that (part of ) this load can be
shifted within a weekly timeframe, optimised based on elec-
tricity prices within that week.

Carbon capture and storage (ccs): different
options exist to capture the CO, from industrial pro-
cesses, however, all of these require additional electricity. It
is expected this technology will take of in the petrochemical,
cement and steel industry. Theoretically, it could be possible
to deliver some flexibility, either by storing the solvent and
only heat the solvent when the market prices are low and/or
to make a valve where you can choose to run the waste gas
through the CCS system based on market prices. However,
due to the high CAPEX costs and additional complexity, the
potential flexibility from these processes are estimated to be
low.
[o=]

[o=]
? Data centres: a gradual increase of data centres is

expected already in the very near term. These have
typically baseload electricity requirements and a very high
cost in case of failure and/or black-out. Hence, even though
these units have back-up generators, the value of flexibility is
considered low. When flexibility is assumed it will be assumed
that (part of this) load will be shed when the electricity price is
above a certain threshold.

Power to molecules: additional electricity
demand due to the synthesis of hydrogen and e-fuels
from H,O electrolysis. It is assumed that electrolysers can pro-
vide great flexibility and optimise their running hours based
on favourable market prices. This rationale is also supported
by existing European legislation on geographical, temporal
and additionally principles for the definition of renewable
hydrogen [EUP-1]. In practice this means that electrolysers are
assumed to never be dispatched during moments of scarcity
but produce when the marginal price within the market area
drops below a certain threshold.
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C. THERMAL GENERATION

MODELLING

This appendix details first the general approach of thermal generation in the Antares simulator
and gives then detailed information on how it is applied for Belgium and other EU countries in the

Adequacy and Flexibility study 2025.

C.1. GENERAL APPROACH

Regarding thermal generation, two modelling methods are
applied:

— Dispatchable thermal generation —the unit will generate
according to the most economical dispatch (as explained
in this appendix). Its final production is an output of the
simulation;

— Profiled thermal generation - the production of the unit
is fixed before the simulation (must-run).

The following parameters are required for both dispatchable
and profiled thermal generation in order for Antares to run
the unit commitment and economic dispatch calculation:

— the number of units, the nominal capacities defining the
installed capacities for each hour;

— the cost, including a variable cost and a start-up cost;

— Other parameters are only relevant for dispatchable
thermal units:

— the parameters associated to the availability of units,
including forced outage rate and duration, planned outage
rate and duration and the planned outage minimum and
maximum amounts for each day (see also Section 4 of this
appendix);

— the technical constraints for minimum stable power,
must-run (partial), minimum up and down durations.

Concerning the technical constraints for must-run, two values
can be used: a value considered only if the plant is switched
on (minimum stable power) and a value which, if higher than
null, forbids the plant from being switched off in the dispatch
(must-run). The latter is given on an hourly step time base,
whereas the former is a single value for the whole simulation.

The marginal cost of each unit is determined through a set of
parameters including the efficiency, the variable and operat-
ing maintenance cost and commodity prices (CO, price, fuel
price). In the model, startup costs are incorporated on top of
VOM costs, based on the number of unit starts, to more accu-
rately represent the dispatch behavior and bidding prices of
different units. The efficiency of each thermal unit is consid-
ered independent of the loading of the unit even though it
depends in reality on the generated power.

The installed capacity for each hour and the parameters asso-
ciated to the availability of units are used to generate the time
series of available capacity.

C.2. MODELLING APPROACH FOR BELGIUM

For Belgium, both dispatchable and profiled thermal gener-
ation is used:

— larger units which are usually directly connected to Elia
grid are modelled individually as dispatchable thermal
generation;

— smaller units which are usually decentralised units
connected to the distribution grid, are aggregated into
profiled thermal generation (with production fixed before
the simulation — considered as a must-run unit).

It is the same approach that is used for Belgium in this Ade-
gFlex'25 study as the one used in the previous AdegFlex'23
study.

For the dispatchable thermal generation, each unit is mod-
elled individually. Their production is determined by the eco-
nomic dispatch simulation.

Some of these units also operate to fulfill side processes. This
includes gas-fired units that act as combined heat and power
(CHP) units, as well as biofuel-fired units such as biomass and
waste facilities. Therefore, a constraint is added for individu-

ally modelled gas-fired CHP and biofuel-fired units, bounding
their production with a partial must-run of their capacity. This
is done unit by unit and based on historical data to account for
their specific behaviours.

It can be observed that large gas-fired CHP units can be
dispatched at 90% of full capacity in case of high prices but
that the average capacity factor remains lower. This indicates
that the side process associated with CHP units can poten-
tially influence dispatch decisions, leading to the possibility
of overestimating their actual contribution to adequacy if the
model allows them to operate at full capacity. This observa-
tion is illustrated on Figure C 1 which examines historical data
from 2016 to the beginning of 2024. It showed that even dur-
ing periods of high prices, the average capacity factor remains
around 70%.

The Normalised Belgian market zone price in Figure C-1 refers
to the deviation of the hourly price with the monthly average
price for Belgium.
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FIGURE C-1— COMPARISON BETWEEN ELECTRICITY PRICES AND CAPACITY FACTORS OF INDIVIDUALLY MODELLED

GAS-FIRED CHP UNITS IN BELGIUM OVER 2016-2024
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In the case of individually modeled biofuel-fired units, the his-
torical analysis has indicated that they can also be dispatched
at 90% of full capacity. However, no clear reaction to the price
is observed, which suggests that the unit has other incentives

o Baseload generation of about 20%
In case of low price, average capacity factor
of about 35%

Maximum capacity factor of about 90%
In case of high prices, average capacity factor
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to operate besides market prices. Indeed, those units receive
subsidies that encourage them to maximise their output. This
is illustrated on Figure C2.
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FIGURE C-2 — COMPARISON BETWEEN ELECTRICITY PRICES AND CAPACITY FACTORS OF INDIVIDUALLY MODELLED
BIOFUEL-FIRED UNITS IN BELGIUM OVER 2016-2024
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