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Abstract

To fight global warming, the European Union has the ambition to tend towards zero carbon
emission by 2050. The energy transition is essential to reach these objectives. For long-term
planning, energy system models are necessary.

This master’s thesis develops a multi-regional energy model with a special focus on sector
coupling, EnergyScope MC. It studies several types of energy demands - electricity, heat and
mobility - and allows exchanges of different energy carriers - electricity, natural gas (NG,
synthetic liquid fuel (SLE) and wood.

Thanks to simple scenarios on three interconnected countries - France, Belgium and Switzerland
- the consistency and reliability of the model are verified.

Some general trends stand out from these analysis. The results demonstrate that inter-regional
energy exchange will play a crucial role in the energy transition: exchanging several energy
carriers reduces the cost of low-carbon energy systems by 21% compared to the scenario without
exchanges. The main means of exchanges between countries are [NGl SLF] and electricity.

The developed tool gives consistent results and this work is a first step for future projects.
Eventually, EnergyScope MC could be used to model the European energy system.
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Introduction

The European Union has set its objective of being carbon neutral by 2050, that is an economy
with net-zero greenhouse gas emissions. This is the major objective of the European Green Deal
and highly in accordance with its commitment to the Paris Agreement which aims to undertake
global climate actions. According to the European Union, all parts of society and economic
sectors will play a role — from the power sector to industry, mobility, buildings, agriculture and
forestry . To establish a strategy of decarbonisation, large-scale multi-sector energy models are
necessary.

To develop such a model, the following considerations have to be taken into account

— Each country has its own resources, weather and specific characteristics. To reach a low
carbon and self-sufficient energy system in Europe at least cost, it is more interesting to
work together and take advantage of this complementarity. This enhances the need for a
model able to take into account not only one country on its own but several interconnected
countries.

— Renewable energies will become the main producers in a low carbon energy system. At
high penetration, their intermittency is a real technical and economical challenge. Taking
advantage of the electrical interconnections between countries is seen as a one way to
manage the integration of intermittent renewable energies |4, |10].

— Electricity only represents only 18.9 % of the energy carriers. For instance, currently, a
large gas network can transport significant amounts of energy and is expected to take part
in the energy transition [12]. Moreover, other energy carriers such as synthetic fuels are
emerging and could play an important role.

Several energy models already exist in the literature and are compared in [26]. Each model
has its specificity in accordance with its objectives. In this master thesis, we have chosen to
work with EnergyScope TD [32, [26] for the following features:

— Multi-sector : the sectors of electricity, heat and mobility are studied with the same level
of detail and cross-sectoral interactions can occur between them,

— Optimisation of the investment and operation costs,
— Hourly resolution,
— Reasonable computational time for uncertainty analysis,

— Open source in contrast to the energy models that are commercial. It is important to
improve transparency in this context.

From this regional energy model, our work is to develop a multi-regional extension and allow
exchanges of multiple energy carriers between the regions.



Hence, EnergyScope multi-cell ([MC])E], a multi-regional and multi-sectoral energy model is
developed in this work based on the existing model of EnergyScope TD [27]. Such a model
responds to the needs mentioned above for studying the energy transition at a European-scale.

This master thesis is structured as follows :

— Section [I]offers a brief explanation of EnergyScope TD and develops the methodology
of the multi-regional extension, EnergyScope [MC]

Thereafter, the methodology is applied on a 3-cell system consisting of France, Belgium
and Switzerland :

— In Section [2| the case study of the 3-cell low-carbon system is described.

— Section |3 illustrates the verification and analysis the 3-cell scenario with electricity
exchanges.

— In Section [4, a deeper study on the 3-cell scenario with all exchanges is conducted.
In this scenario, the three countries are able to exchange different energy carriers.

— Finally, the methodology and results are discussed in Section [5]

Thorough the whole work, we will use the following conventions :

The paragraphs to inform the reader of what will be explained next are indicated with a
grey left vertical bar.

All the conclusion paragraphs are written in boxes.

! This version can be found on https://github.com/pathiran22/EnergyScope/tree/Multi_cell_2020
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Chapter 1

Model description

In this chapter, the methodology to build a multi-regional model is detailed. Our work
consists of the extension of an existing energy model : EnergyScope TD [27]. Firstly, the
context in which our thesis takes place is exposed. Secondly, the existing model will be
explained. Thirdly, its adaptation to a multi-regional model will be developed.

The details on the sets, parameters and variables of the mathematical model can be found
in Appendix [A]

1.1 Context, motivation and objective

EnergyScope is an open source energy system model that optimises the investment and
operation costs of a defined area. This energy model is based on linear programming (LP]).
Usually applied to a region, typically a country, its main objective is to help in the decision
making of energy system strategies.

It takes as inputs for the concerned area :

— The resources with their characteristics : costs, emissions, availability, etc.
— The end-use demand (EUDJ) of the different sectors : electricity, heat and mobility.

— A set of the existing conversion technologies with their characteristics : investment costs,
operation and maintenance (O&M) costs, emissions, capacity limit, etc.

To study the energy transition, the model is used optimising the total annualised cost
(investment, maintenance and operation) while setting a constraint on the greenhouse gas (GHGI)
emissions.

Two main versions already exist : EnergyScope Monthly and EnergyScope typical day (TDI).
Those two are regional models, that is, the optimisation takes into consideration one region and
considers its surroundings as an external whole.

These versions allow exchanges - import or export - of electricity with the outside of the
system at a fixed price. The price of this imported electricity is difficult to define because the
price of electricity in one region depends on other regions that are also part of their electricity
market. It is also quite volatile.

In the existing versions of the model, the exchanges of electricity are constrained by a
maximum capacity but they do not take into account the fact that some other country should
be able to produce/absorb this electricity.



The aim of this work is to develop a new multi-regional version taking into account multiple
interconnected regions with different characteristics. The particularity and evolution between
the Monthly, and multi-cell (MC]) versions of EnergyScope are summarised in Table .
They will then be presented in more details to lay out clearly the context in which this thesis
arises.

Model EnergyScope EnergyScope TD EnergyScope MC
Monthly

Multi-Sector v v v

Total Cost v v v

Optimisation

Multi-regional X X 4

Time step 1 month 1 hour 1 hour

Motivation Strategic planning of Integration of inter- Exchanges of energy
energy systems mittent renewable en- carriers in  multi-

ergy sources ([RES) regional systems
and storage technolo-

gies

Table 1.1: Particularity and evolution between the different versions of EnergyScope.

The origin of EnergyScope takes place in the public debate in 2017 in Switzerland over the
future energy system. After this, a first version of EnergyScope that optimises the energy system
is born and has a monthly resolution to allow strategic planning studies on multi-energy systems
at a regional scale [32].

With the energy transition, countries are heading towards a more sustainable and fossil-free
energy system. Renewable energy, such as photovoltaic (PV]) panels and wind turbines, has
become a major topic of interest this last decade. Their integration is challenging as they are
intermittent. The stochasticity of the renewable energy sources leads to a structural change
of the energy system : more storage capacity is needed and electrification of the heat and the
mobility will become a necessity [26]. This need of flexibility leads to a new version with hourly
resolution, EnergyScope [26]. Tt allows to manage the constraints brought by intermittent
energies and study more precisely the storage assets 28| 25].

The Figure represents the structure of EnergyScope TD. The model has three different
parts : the input data, the selection of the (Step 1) and the energy system optimisation
(Step 2).

e The Input Data consists of time series, parameters defining the scenario and characteris-
tics of the technologies.

Firstly, the time series of the energy demand and the weather conditions represent the
hourly demand of the different sectors (electricity, heat and mobility) and the hourly
potential production of the renewable energy technologies (PV] onshore and offshore wind
turbines, hydro dams, hydro run-of-the-river, thermal solar panels and concentrated solar

power (CSD).



Input Data: STEP 1: Selecting typical days

Optimisation

Time series (h)

Time series (h)
Number of typical days
Weights

Energy demand Minimize: clustering error

Weather conditions

Qutputs: Typical days

List of TDs

Scenarios Sequence

Number of typical days
RE share
CO2 reduction target

STEP 2: EnergyScope TD

Input for LP Optimisation
Minimize: Cost

Time series (h,td)

Technologies Subject to: Balance, storage,
Scenarios ... scenario
Technologies
Fossils and renewables Outputs: Strategy
Investment and O&M cost
Efficiencies, emissions Technology sizing (F) &
Storage ... operation (F;)

Cost, GWP,...

Figure 1.1: Structure of EnergyScope typical days (TD) [2§]. (abbrev. : renewable energy

(RE),

operation and maintenance (O&M), mixed integer linear programming (MILP), linear

programming (LP), global warming potential (GWP))

Secondly, the scenario in which the optimisation takes place is defined by the renewable
shareﬂ the emission limit, the number of [TD] etc.

Thirdly the existing technologies are given with their investment cost, O&M (operation
and maintenance) cost, their respective emissions of construction, efficiencies, etc.

Step 1: The selection of the typical day (D]). To reduce the computational cost of
the optimisation, 12 daysE| that represent well the profiles of the different days of the year
are selected and are called the typical days (TDk) |19, 26]. This is realised by clustering
the 365 days of the year in 12 clusters and defining for each of them a representative day.
The output of this step will be the selection of the typical days, as well as their attribution
to each day of the year.

Step 2: EnergyScope TD From the input data and the list of [TD] the total cost of the
energy system is minimised while respecting the different energy balances and the scenario
constraints.

The output of this step delivers the optimised system with the sizing of the different
technologies (F) and their hourly operation (Fy), the costs, the CO2 emissions, etc.

lthe percentage of renewable energy produced out of the total energy produced by the system

Tt
and co
choice.

has been demonstrated that the choice of twelve typical days is an good compromise in terms of precision
mputational time in [26]. The number of typical days is thus set to 12 by default but remains the user’s



Figure [I.2] illustrates the objective of this thesis : model a large-scale and multi-regional
interconnected energy system with a focus on sector coupling.

Figure 1.2: From a regional to a multi-region model.

The new model will be developed in several steps.

Firstly, the adaptation of the clustering method to a multi-regional system will
be presented.

Secondly, the resources exchange methodology in the multi-regional model, allowing
exchanges of any type of energy carrier will be explained.

1.2 Step 1: Selection of the typical days

The choice of the typical days depends on the demand and the weather conditions. One has
to take into account the fact that the regions do not have the same weather conditions neither
the same demand. The data of the demand and weather conditions are summarised in time
series which give their value for each hour of the year.

A time series consists of 8760 elements (number of hours in a year), describing for each hour of
the year, either the demand or the relative output power of the renewable energy source (RES])
technologies that are influenced by weather conditions. In Figure [1.3] we see that a part of the
demand - lighting & ccEl, space heating (heat low T - SH), passenger and freight mobility (mob.
pass./freight) - has a different behaviour every hour of the year and requires a time series. But,
the other part of the demand - electricity (elec), high temperature heat for industries (heat
high T ind.), domestic hot water (heat low T - HW), and non—energy—useEl products - is defined
as constant every hour of the year and thus does not require time series. The intermittent
technologies, that depend on weather conditions - [PV] onshore and offshore windmills , hydraulic
dams, run-of-the-river hydro power (hydro river), thermal solar panels (solar) and (solar) -
do not provide the same quantity of energy every hour, they also require time series to describe
the output power provided at each hour of the year per unit of installed power. Usually time
series are based on the real data of a previous year.

3lighting & co category includes also other variable electricity demands
4The non-energy end-use demand represents the use of fuels (oil or[NGJ) into the industry to make non-energetic
products such as plastics.
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Figure 1.3: Existing time series in EnergyScope TD.

1.2.1 Clustering method of typical days

In the article of G. Limpens over EnergyScope , the reason for the use of typical day
is explained as follows : Due to computational restrictions, energy system models rarely optimise
the 8760 h of the year. As an example, running our model with 8760 h time series takes more
than 19 h. A typical solution in this case is to use a subset of representative days called TDs;
this is a trade-off between introducing an approximation error in the representation of the energy
system (especially for short-term dynamics) and computational time. Resorting to TDs has the
main advantage of reducing the computational time by several orders of magnitude.

The clustering method in EnergyScope TD uses a k-medoid algorithm. It is a partitional
algorithm that defines clusters of points and their centroids in such a way that the euclidean
distance between each point of a cluster and its centroid is minimal.

In this context, the centroids of each cluster represent the typical days. To compute the
distance between two days of the year, a metric is necessary. The metric chosen to define a
certain day of the year is the weighted sum of the normalised time series of that day, that is

24 n

> w(i)ts(d, h, j)

h=1 j=1

where h represents the hours of the day, ts the value of the j-th time series at hour A on day
d, and w(j) the weight of the j-th time series. Each time series has a defined weight in order to
be able to give more importance to certain time series and less importance to others.

In a multi-regional model, the metric used to define a certain day of the year is adapted. It
will be the weighted sum of each time series in each region, that is

i Z iw(j)ts(c, d,h,7)

c=1h=1j=1

A more detailed explanation of the clustering procedure can be found in Appendix [A.1]
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1.3 Step 2 : Energy model

The next step is to build a system made of multiple regions and to permit the exchanges
of different resources between them. In a first instance, the structure of the existing
model of EnergyScope TD will be presented. Then the structure of EnergyScope [MC],
our new multi-regional model will be developed.

The lists of sets, parameter and variables with their units and description can be found in

Appendix

1.3.1 EnergyScope TD model

EnergyScope [TDl uses a linear programming (LP)) to find a solution. The mathematical model
consists of linear constraints (equalities = or inequalities >, <) and a linear objective function.
The parameters defining the resources, the technologies and the demand represent the inputs

of the mathematical model.
The optimal solution defines the amount of resources used, the installed capacity of each
technology, their operation at each time step, and the total cost of the system (Capital

expenditure (CAPEX])+Operation expenditure (OPEX])).

For the sake of clarity, in this section, the concept of ’cell’ represents a region. Figure
illustrates the structure of a cell. It consists of three main parts : the available resources, the
energy conversion system and the demands.

The energy conversion system is defined by the installed capacity and operation of the
different technologies.

( Energy Conversion : \ {Demand )

Resources
2 Electricity layer Electricity
] > : _}i_ - [GW] Legend:
gt / A \ Y, Grid losses iLayer 7
Electricity [GW]
Import/ — N
Technologies
Export %
P . Storage
m Tech.
=== Space heating
EEE Tech. of EU
- R Tech. of EUT]
Heat losses \i )
Solar solar [GW] —
L]

6 tora
Passenger
Gas # Mobility
Passenger [pkm/h]
\ / Mobility layer _J \_ J

Figure 1.4: Representation of a cell [26].




EnergyScope has its own specific definition of resource. The set RESOURCES in the model
regroups the primary energies (wood, waste, fossil NGl wind, solar, hydro, etc.) and the
secondary energies (H2, electricity, synthetic [NGl etc.). The difference between these two will
be their availability. A primary energy has a certain availability, depending on the quantity
that can be extracted as a secondary energy has an availability equal to zero as they are not
found in nature and have to be produced through a technology to be used afterwards.

Before defining a technology, the concept of layer has to be introduced. A layer is either a
resource (e.g. Natural gas layer) or an end-use demand (EUD]) (e.g. low temperature heat layer)
and has to be balanced at all time. It allows to respect the energy balance at each time step.
This energy balance appears as an equation that constraints every layer, see Eq. [L.1]

> fi,0)F¢(i, h,td)

i€ RESUTECH\STO
+ > (Stoout (4, 1, h,td) — Stoi (4,1, h, td)) = EndUses(L, h, td) (1.1)

FE€STO
VieL he H tde TD
The variables, parameters and sets present in this equations are detailed below :

— f(i,]) : defines for all resources and technologies i, the output (positive) or input (negative)
of this latter on the layer [.

— F¢(i,h,td) represents for a resource i the quantity used at the hour h of typical td and
represents for a technology i the quantity produced at the hour h and typical day td.

— Stoout(j, 1, h, td) : output energy of the storage j entering layer [ at hour h during typical
td.

— Stoin(j, L, h, td) : input energy of storage j leaving layer [ at hour h during typical day td.

— EndUses(L,h,td) : for the layer balance of an end-use demand, it defines value of the
end-use demand required. For the leayer balance of a resource, this variable equals zero.

— RES : set of all the different resources in the model.

— STO : set of all the different storage technologies in the model.

— TECH : set of all the different end-use types technologies in the model.
— L : set of all the different layers in the model.

— H : set of all the hours of a day

— TD : set of all the typical days.

From this definition of a layer, a technology can be defined as a link between two layers. For
example the combined cycle gas turbine (CCGT]) technology links the natural gas layer and the
electricity layer as it produces electricity on the electricity layer with natural gas taken from the
gas layer. In the case of a storage technology, its inputs and output are linked to the same layer.

More explanations about resources, conversion technologies and in EnergyScope can

be found in the Appendix [A.2.2]



The objective function is the minimum of the annualised total cost of the system (Cyot) and
is defined in Eq. [I.2] The variables used in this equation are defined as linear constraints in Eq.
to[L.6] Other constraints complete the mathematical formulation such as maximum and
minimum size of technologies and resources availability. They are detailed in |26, [27].

min Ceoe = Y <T(j)Cinv(j)+Cmaint(j)>+ S Copli) (1.2)
JETECH 1ERES
; ; lifetime(j)

s.t. 7(j) = z@tt(z_i_tl;flt)m(ﬂ — Vj € TECH (1.3)
Cinv(J) = cino(§)F () Vj e TECH (1.4)
Cmaint(j) = Cmamt(.7>F<.7) VJ < TECH (15)
Copli) = > Cop(#)Fi (4, hy td)toy(h, td) Vi € RES (1.6)

teT|{htd}eT H TD(t)
The variables, parameters and sets present in this equations are detailed below :

— Ciot : total annual cost of the energy system [M€ /year]

— 7(j) : investment cost annualization factor of technology j
— 1t - Interest rate

— lifetime : Technology lifetime [y]

— Cinv(j) : Technology total investment cost [M€ /year]

— Chaint(j) : Technology yearly maintenance cost [M€ /year]
— Copl(i) : Total cost of resources [M€/year]

— Cinp(j) + Technology specific investment cost [M€/GW]

— Cmaint(J) @ Technology specific yearly maintenance cost [M€/GW /y]|
— ¢op(J) : Specific cost of resource [M€/GWh]

— F(j) : Installed capacity with respect to main output [GW]

— F(i,h,td) represents for a resource i the quantity used at the hour h of typical td and
represents for a technology i the quantity produced at the hour h and typical day td.

— TECH : set of all the different end-use types technologies in the model.
— T : set of all the periods of the year (8760 hours)

— T _H _TD(t) : set of typical day of periods ¢.

1.3.2 Adaptation for the multi-regional version

EnergyScope is build as a global system composed of several cells which can interact
with each other (black arrows in left part of Figure . A generic model allowing any resource
exchanges has been developed. Each cell within the global system has the same structure as a
single cell system (right part of Figure . However, in the [MC| version, the resource layers
of the cells are connected to one another and can interact. Hence the [M(] extension adds the
dimension ’cell’ to the system.
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Previously, in the EnergyScope TD model, the variable Fy was defined for a resource and
for a technology. Fy of a resource was the quantity used at time step in [GWh]|, and Fy for a
technology was the output of this latter at each time step in [GW]. In this [MCl version, as cells
exchange resources, a special attention shall be given to the resources to clarify their origin.
Indeed, a resource can be "extracted from the cell’s soil", can be the output of an infrastructure
technology, imported from another cell of the system or imported from the exterior of the system.
In order to clarify these sources, the variable Fy will be left to the technologies output and new
variables for resources will emerge :

— Ry jocar(c,r,h,td) @ resource 7 extracted locally in the cell ¢, used at time step (h, td) [GWh)]

— Ry exterior(C,1;h,td) : resource r imported by cell ¢ from outside of the global system, used

at time step (h,td) [GWh]

— Ry, import(¢,1,h,td) : resource r imported by cell ¢ from the other cells of the system, at
time step (h,td) [GWh]

— Ry export(c,1,h,td) : resources r exported from cell ¢ to the other cells of the system, at

time step (h, td) [GWHh].

In order to find the net consumption of a resource of a cell, one must compute :
Rt,local + Rt,exterior + Rt,import - (1 + GCUChGng@S_lOSSeS) * Rt,export

where the parameter exchanges losses represents the share of losses [%] during the exchange.
Thus in the layer balance equation, Fy is only summed up for technologies (and not on the
resources anymore) and the new variables are added in the layer equation as follow :

Z <f(’l“, l) (Rt,local(ca T, h, td) + Rt,exterior(ca r, h, td)

reRES

— (1 + exchanges_losses(r))Ry export (¢, 7, by td) + R import (¢, 7, h, td)))

+ Y F DR htd) + Y (Stoout(c, j.1h, td) — Stom(c, j,l,h,td))

i€ TECH\STO JESTO
= EndUses(c, [, h, td)
V ¢ € COUNTRIES, | € L, h € H, td € TD (1.7)

The choice of the exchangeable resources is given to the user. A new set NOEXCHANGE
has been added to the model and groups the resources that are not allowed to be exchanged.

(" Energy Conversion: Y (Demand )

A
Resources;

@ ) Electricity ‘(/L———"< E[?él\;’\ilclily Legend:
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Figure 1.5: Structure of the multi-cell model (left) and zoom on a cell (right).
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In this global system, the resources exchanged every hour between countries (black arrows
in Figure are added to the mathematical model as a variable. The system optimises their
value at each hour in order to minimise the global annualised cost of the system. For a global
system composed of n cells, the variable will be defined as:

Exchanges(cy, ¢, 7, h, td) (1.8)
Y ¢1,¢o € COUNTRIES, r € RES, h € H, td € TD

The variable Exchanges describes the quantity of the exchanged resource between two cells at
each time step, that is for every hour of each typical day. One should read Exchanges(cy, ¢, 7, h, td)
as the quantity of resource r imported by cell ¢; from cell ¢y, at hour h of typical day td.

Some constraints on the variable Exchanges need to be added to the model :

1. The reciprocity of exchange : if cell A is importing from cell B, then cell B is exporting to
cell A:

Exchanges(cy, ¢z, 1, h, td) = —Exchanges(cs, ¢1, 1, h, td) (1.9)
YV ci,c0 € COUNTRIES,r € RES,h € H,td € TD

2. A country does not exchange with itself:
Exchanges(cy, c1,r, h,td) =0 (1.10)
V¢, € COUNTRIES,r € RES,h € H,td € TD

3. Link between variable Exchanges and the existing mathematical model

Exchanges(cy, ¢a,1, h, td)
c2€ COUNTRIES

= Rt,import(cla i, h, td) - Rt,export(cla ia h> td) (111)
YV cy,co € COUNTRIES,i € RES,h € H,td € TD

4. The non-exchangeable resources defined in the set NOEXCHANGE will have their exchange
variable forced to zero.

Exchanges(cy, ¢2,4, h,td) =0 (1.12)
Ver,c0 € COUNTRIES,i € NOEXCHANGE,h € H,td € TD

Remark:

— The Eq. links the new Exchanges variable with the importation and exportation
variables, Rt import (C1,1,1,td) and Ry, export (C1,5,h,td), of each country at every hour of each
[TDl Those two variables are defined positive in the model, while the variable Exchanges
is not. Thus if the total exchange of a country at a certain hour is positive, it will be
allocated to the importation. On the contrary, if the total exchange of a country at a
certain hour is negative, it will be assigned to the exportation. Those two variables are
then taken into account into the electricity layer balance presented previously (Eq. .
This is why Eq. allows to link the new variables and parameter with the already
existing model.
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In a first time, to model the losses of exchange, each exchange was supposed to have fixed
losses computed as a certain percentage of the exchanged energy (parameter exchange losses).
For instance, if a country A wants to import 1 GWh of wood from a country B, the latter
needs to send 1GWh plus the losses. This formulation lacks of precision. An analysis using
this method has been done on a 3-cell case in Appendix This method does not take into
account the fact that the main mean of exchange is for some resources a network (e.g. electricity
and [NGJ) and for others freight (e.g. [SLF] wood and waste). Also, losses are of different nature
and amount according to the energy carrier and the means of exchange. For exchanges using
freight, the losses represent the energetic cost of transporting the energy carrier by freight from
one country to the other. For exchanges using a network, it depends more on the energy carrier.
For electricity, losses contains the classical grid losses which are mainly due to joule effect. For
[NGI network, losses represent the need for re-compression stations in order to keep the pressure
of the [NGlin the proper range. For networks, most of the re-compression is done with [NGl

As mentioned above, a resource can be exchanged in two ways: through a network or with
freight. The implementation of the limitations and the energy cost of these exchanges
differ and will be detailed in the two following sections.

Resources exchanged through networks

The resources exchanged through networks are defined by the set NETWORK R. They are
limited by the size of the installed interconnections. The parameter transfer capacity (tc(cy,ca,r))
contains all the installed cross-border capacities between the different cells. This parameter is
used to define an additional constraint limiting the maximum exchange these resources :

— te(eg, e1, 1) < Exchanges(cy, co, 1, b, td) < te(eq, o, 1) (1.13)
Vei,c90 € COUNTRIES,r € NETWORK R,h € H,td e TD

One has to notice that sometimes, the transfer capacity (fd) of some interconnections are not
identical depending on the direction of the flow, that is:

te(er, co, 1) # te(eg, eq,1)

This occurs with the electrical transmission lines and the natural gas pipelines for example. The
reason of the asymmetry is different in both cases. In the context of the electricity transmission
lines, this asymmetry may be due to different causes :

— the capacity and limitations of the local grid of each cell,

— the type of transmission lines: if the transmission lines are high-voltage direct current
(VD) lines, the needed electronic converters at each end of the transmission line are
sometimes designed to favour one direction more than the other. In this case, the capacity
limit in the two opposite directions is not identical.

In the context of gas pipelines, the asymmetries are due to the existence of preferred
directions.

Concerning the losses that occur during the transport of these resources, a certain amount of
the exchanged resource is lost. This loss will be characterised by the parameter exchange losses.
This parameter will be applied on the exported quantity : to export a certain quantity, the
exporter will have to give (1 + exchange_losses) times the desired quantity so that the right
quantity arrives to destination (see Eq. . This parameter is set to zero by default and the
user has to define a certain value for each of the resource exchanged through a network.
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Resources exchanged with freight

The resources exchanged through freight are defined by the set FREIGHT _R. All of them are
liquid or solid fuels having a high energy density. A new variable representing the additional
freight due to the exchanges of energy carriers to the model is introduced :

Exch_ Freight(c)

This variable is computed over the whole year for each country and is added to the end-use
demand (EUD)) of freight. Knowing the lower heating value (LHV]) [GWh/Mt] of a resource,
it is possible to convert the quantity of energy exchanged over the whole year from giga-watt-
hour (GWHI) to Mt. Then by multiplying it by the distance [km] it has to cover, the additional
freight demand generated is obtained (see Eq. .

Exch_ Freight(c) =

b

reFREIGHT _RteT|[t,td)e T_H_TD(t)
Ve € COUNTRIES

Rt,import<c7 r, h7 td) + Rt,export(c7 r, h7 td)
lho(r)

> x dist(c) (1.14)

This formulation introduces two additional parameters into the model:

— The new parameter dist(c) is the typical distance that the imported and exported energy
carriers travel into each country ¢ [km|. Hence, each country gets additional freight for
each imported and exported resource. This means that both countries exchanging a
resource contribute to the freight. In the model, the exporter covers the freight of the
energy up to the border, and the importer from the border to inside of its country. The
choice for the value of this parameter is given to the user. By default, it is set to the half
of the distance between the two furthest big cities of each country.

— The new parameter [hv(r) defines for each resource r of the set FREIGHT R its lower
heating value (LHV]) [GWh/Mt]. However, an exception occurs for resources that are not
expressed units, such as CO2_CAPTURED in [tco,]. In this case, the parameter
lhv is a conversion parameter from [tco,] to [Mteo,].

In Eq. the additional freight is computed as a yearly value for each cell. This additional
freight is not added to the precise hour of the exchange. Indeed, the transport with freight is
not immediate and can take several hours. As the resources exchanged by freight are all liquid
or solid fuels, it is supposed that they are easily stored. Hence the transport can be done in
advance. The additional freight will be uniformly dispatched over the whole year.

To add this in the [LP] model, we faced a problem of non-linearity. The method found to
tackle this problem is explained in Appendix

Summary of the multi-cell modelling

In summary, the adaptation of the mathematical model of EnergyScope TD to a multi-
cell (MC)) model is done in several steps. Firstly by adding the set COUNTRIES to all the
variables and parameters that are country-dependent. Secondly, by giving more precision
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on the utilisation of resources by adding the variables Ry jocal, Rt exteriors Rt import and
Ry export- Thirdly, by adding the variable Exchanges, and three constraints (Eq. ,
to the model. And finally, by modelling the different limitations and energetic costs
with on one side the parameters exchange_losses and ntc for resources exchanged thanks
to a network and through additional freight (Exch_ Freight) for resources exchanged with
freight.

15




Chapter 2

Definition of the 3-cell system : France,
Belgium and Switzerland

A scientific method requires testing and validation a posteriori before ideas are accepted [29].
To demonstrates the accuracy and reliability of the methodology implemented, a validation
through comparison to a known reference case is necessary. For our multi-cell model, we don’t
have such a reference. We thus have to proceed to a verification of the consistency of the model.
This is achieved by verifying two results on a multi-cell (MC]) simple case. Firstly, verifying the
balance of exchanges. Secondly, analysing the system to find out if our intuitions are confirmed
by the results.

A 3-cell interconnected model composed of France, Belgium and Switzerland has been chosen
to carry out this task. We have chosen those countries for two reasons. The first one is the
availability of the data from our colleagues [6] 25|, 27]. Secondly, it is a very polarised situation.
As it will be presented in this chapter, France has a very big energy demand and a lot of
resources while Belgium and Switzerland have much smaller energy demands and less resources.
This makes it easier to interpret and therefore to confirm the consistency of the results.

It is important to point out that our analysis does not permit nuclear energy use in any cells.
This is quite a big hypothesis, especially for France where 71% of the electricity was produced
by nuclear power in 2019 [9] and which plans to produce still 50% of its electricity in 2035 with
nuclear power [34]. But the aim of this study is to consider a very low carbon system and its
different solutions towards the intermittency of the renewable technologies. Letting the system
use nuclear power would have been a more simple solution for the system as it would have
provided a large base load of nuclear power. Moreover, when forbidding nuclear power, the low
carbon system is constrained to head towards renewable energies.

This chapter presents the data and the main hypothesis of this 3-cell model. The data
for Switzerland is taken from [27] 32|, for Belgium from [25] and for France from Jeroen
Dommisse and Jean-Louis Tychon’s master thesis [6]. It is important to notice that for
the Switzerland case, some information was missing as it is not part of the European
Union. Sometimes, extrapolation has been done (see Appendix .

Firstly, the end-use demand of each cell is developed. Then, more details on
the availability of the resources and the cost of technologies are given. Afterwards, the
hypothesis made for exchanges modelling are explained. Finally, the scenarios studied are
defined and the emission targets are set.

Throughout the presentation of the data, some intuitions about the system will be developed.
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2.1 Energy demand

The energy demand can be expressed in different forms : in terms of final energy consumption
(FEC) and in terms of end-use demand (EUD)). On the one hand, the final energy consumption
is the total energy consumed by end users, such as households, industry and agriculture and
is defined as the "energy which reaches the final consumer’s door" |20] and thus depends on
the used technology. On the other hand, end-use demand (EUD)) is the energy needed for a
specific demand and excludes the choice of technology. In other words, in the context of the
space heating of a building : the represents the quantity of energy needed to heat the
building up to a certain temperature and the [FEC] represents the quantity of energy needed by
the technology to produce this heat. If the technology is efficient the [FEC| can be smaller than
the (using heat pump for example). In this model, the choice of using the is made.
It allows to seperate the demand from the supply and gives full freedom to the model in order
to optimise the choice of technologies.

This section presents the total [EUDI for each country and its variability over the year.

2.1.1 Yearly demand

Figure [2.1| shows the relative demand of each cell in each sector.

Relative End Use Demand & Population

Population
Non-energy Use
Freight Mability

Passenger Mobility
Space Cooling
Process Cooling
Domestic Hot Water
Space Heating

Industrial Heat

Electricity

0

8

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

M Switzerland Belgium M France

Figure 2.1: Relative share of the energy demand of the different cells.

It is clear that France is a big cell compared to Switzerland and Belgium. It’s population
is almost 8 times bigger than Switzerland, and almost 6 times bigger than Belgium. A good
reference point is to keep in mind that Switzerland’s population represents more or less 10%
of the global population, Belgium 13% and France 77%. Thus, in the different sectors, it is
logically observed that the demand mainly follows this allocation and that the major part is
from France.

However, two sectors in particular do not reflect this expectation. These are the sectors
linked to industrial activities. Firstly the non-energy useﬂ sector: Belgium’s demand in that

!The non-energy end-use demand represents the use of fuels (oil or [NGl) into the industry to make non-energetic
products such as plastics.
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sector is quite high. Indeed, almost 40% of the total non-energy use demand is consumed by
Belgium. Secondly in the Industrial Heat sector, Belgium consumes approximately 25% of the
demand. The high share of Belgium in these sectors is due to its high industrial activity.

The exact values of the total for each country and for each end-use category can be
found in Appendix

To conclude, the three systems have different sizes. One the one hand France’s demand
is about 4 times Belgium’s demand. On the other hand, Belgium’s demand is around 2-3
times the one of Switzerland. However, it depends a lot on the type of [EUD| For instance,

Belgium is a very industrialised country and has large industrial demands (industrial heat,
freight and non-energy).

2.1.2 Variability of the energy demand

The demand presented here above can be variable from one hour to another. The yearly demand
is distributed over the year thanks to the time series, explained in section [I.2] As explained
in section [I.2] and shown in Figure [[.3] a part of the electrical demand, space heating, space
cooling, passenger mobility and freight mobilityﬂ are likely to be hourly dependant. The rest of
the demand, that is industrial heat, process cooling, domestic hot water and non-energy uses is
less variable over the year. Hence, they are supposed constant during the year and are equally
distributed over the 8760 hours of the year.

The variable demand of the global system (the three cells together) is represented in Figure
[2.2] It depicts the total demand of each day of the year for space cooling, space heating and
electricity. The passenger mobility is not plotted as it has the same daily pattern for each day
of the year. It is at its peak during the day and falls down to zero at night.
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Figure 2.2: Variation of the daily electricity, space heating, and space cooling
demand of the global system over the year (beginning on January 1st).

The scale of the different demands on Figure [2.2] shouldn’t be compared to one another.
Indeed, the conversion ratio between thermal energy and electric energy depends on the
technology used (more details in Appendix |B.2.1)). However, this graph underlines that space

2Up to now, freight mobility is modelled with a constant time series dispatching its demand uniformly over
the year.
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heating and cooling have a strong seasonality. On the contrary, the electrical demand is not
influenced by the season but drops every weekend.

Figure [2.3] shows the intraweek and intraday variations of the demand. The two extreme
cases are plotted : a winter week with high space heating demand and a summer week with
high space cooling demand. It is possible to underline several patterns on this figure.

During the winter, the space heating drops at noon and is higher in the morning and in the
evening. On the contrary, electricity demand peaks during the day and drops at night. Also,
the electricity demand is slightly lower during the weekend.

During the summer, the same tendency for electricity can be observed. The space cooling
peaks at noon and is null during the night. Sometimes, the space cooling demand can be very
low. During those days, some space heating is needed at night.
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Figure 2.3: Weekly profile of electricity, space heating, and space cooling
demand of the global system over the year.

2.2 Resources and RES potentials of the cells

What differentiates one cell to another, except from their size, is their access to primary
energies and their potential to produce renewable energy.

In our model, a distinction is made between local and exterior resources. Wood, waste, and
wet biomass are considered to be only local resources, while gasoline, diesel, liquid fuel oil (LEQ]),
[NG], coal and uranium are exterior resources. Indeed, Belgium, Switzerland and France mostly
import these latter. In our model, it has been considered that the exterior resources have an
infinite availability while the local resources have a finite availability which differs for every
country. These availabilities and more details on the implementations of the resources lies in

Appendix B.3.1]

The production is limited in each cell by two main factors. Firstly, the technologies
cannot be deployed infinitely and have in each cell a physical constraint that limits the installed
power. Secondly, because of the difference of weather conditions in the different cells, the same
capacity of will not produce the same quantity of energy from one cell to another. All
those considerations are explained in more details in Appendix [B.3.2]

Taking into account all those constraints, it is possible to evaluate the quantity of renewable
energy that can be produced in each cell. Then, it is compared to the yearly [EEUDI of the cell as
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follows [6] :
Potentialgrgs

EUDyo

Figure presents this indicator R. The biomass (wood and wet biomass) and the waste are
considered as renewable energies in this indicator as the potential selected is their sustainable

potential [3].
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Figure 2.4: Comparison of renewable energies potential with total end-use
demand (EUD) of each country [@

Figure[2.4]allows to evaluate a priori if a country is able to provide for its demand independently
with renewables or not. However, the potential computed is the yearly production and it does
not take into account the intermittency of some (e.g. solar, wind). Indeed, require
storage assets which induces losses and high peaks of production can be managed by curtailingEl
the overproduction. Thus, a country would most likely need to have a ratio bigger then 1
between its potential and its Nevertheless, this indicator does not take into account either
the fact that some can be provided with efficient technologies. For instance, to fulfill the
low temperature heat demand with heat pump (HP]), only 0.25 to 0.33 [GWh] of electricity is
needed to produce 1 GWh of heat. Hence, a country with a ratio a slightly lower than 1 could
be able to provide for all his needs. This is the case of Switzerland, also thanks to its high hydro

dam power providing flexibility [26] [32].

To conclude, the results of Figure allow to say that France has the highest potential
to provide its energy demands, followed by Switzerland and much lower Belgium. It doesn’t
permit to predict with certainty that France and Switzerland can achieve a 100% renewable
system on their own and Belgium not. But it gives the intuition that Belgium lacks a lot of
renewable potential while Switzerland is on the limit and France seems to have more than
enough. That intuition should be verified in the further analysis.

Futhermore, France has a high potential of wind power which is nowadays the cheapest
renewable production [23].

3National RE Laboratory defines curtailement as a reduction in the output of a generator from what it could
otherwise produce given available resources \|
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2.3 Interconnection between the cells

This section presents the data and the hypothesis used to model the exchanges between
cells. In a first time, the exchanges of electricity and [NG] which occur through a network
are developed. Then the parameter used to compute the freight of exchanges are defined.

2.3.1 Exchanges through a network

For the exchanges of electricity and natural gas (NGJ), a network is used. Figure shows
the transfer capacity of those resources between each pair of country. The data are the actual
cross-border capacities of 2020 . The asymmetry of interconnections is mainly due
to actual preferred direction of transmission. In a renewable energy system, those preferred
directions of transmission will most likely change. Thus, the network might have to experience
some changes. Figure [2.5] underlines that [NG| interconnections are bigger then electrical one.
The electrical transfer capacities vary between 1 and 3 GW and transfer capacities between
4 and 35 GW.

As this is a fictive case, Belgium and Switzerland are not neighbours. Hence, their transfer
capacities for natural gas and electricity will be extrapolated. As Germany is between Belgium
and Switzerland, the transfer capacities Belgium — Germany will be defined as Belgium —
Switzerland and Switzerland — Germany as Switzerland — Belgium. This methodology will
be applied to the electrical interconnections and gas pipeline between Belgium and Switzerland.
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Figure 2.5: Transfer capacities (in GW) of electricity and gas between
Belgium, Switzerland and France , .

The electrical transfer capacities vary between 1 and 3 GW and transfer capacities
between 4 and 35 GW. For electricity, the total capacity of import and of export of each country
is compared to their peak end-use demand (EUD) in Table 2.1} It allows to evaluate the
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importance of electricity exchanges in the electrical system of each country. For France, the
import and export capacities only represent 4.1% and 8.6% of its electricity [EUD] Hence the
electrical exchanges will have a low impact on the energy system in France. However, for the
two other countries it may have a big impact. In Belgium, import capacity can provide 28.7%
and export capacity can absorb 30% of the peak [EUDL In Switzerland, those amount to 89%
and 35% of the [EUDL

Country tCimport tCexport Peak elec. EUD
France 3.1 6.45 75.25
Belgium 4.3 4.5 14.96
Switzerland 5.85 2.3 6.57

Table 2.1: Comparison of import and export transfer capacities [GW] of each
country with its peak electricity end-use demand (EUD).

Another important parameter for energy carriers exchanged through a network are the losses.
For electricity, the transmission losses are assumed to have the same values as the grid losses of
each cell. [27] (add SFOE source). They represent 6.12% of the electricity transit. For gas, the
losses are known to represent a much lower share of the energy exchanged. In this study, they
are supposed to be of 2%. Late discussion with Fluxys revealed that the losses in [NGl network
represent 0.08% of the [NG] transit (more information in Appendix . Hence the value used
in this verification study is overestimated.

The cost of those cross-border transmission capacities is added to the model as a fixed
cost (see Table . It is expressed in million of euros per year and per gigawatt of transfer
capacity ([M€/y/GW]). This cost takes into account both the investment and the operation
and maintenance (O&M) expenditures. For the [NGl interconnections, the evaluation of the cost
can be found in Appendix [B.5| For the electrical interconnection the cost comes from [4].

Elec. NG
Relative cost [M€/y/GW] 28 [4]  0.541 [13]
Total transfer capacity [GW] 9.15 91.99
Total cost [M€/y] 256.20 49.77

Table 2.2: Fixed cost of transfer capacities of electricity and natural gas (NG).

The price of [NGl interconnections is much lower than for the electricity interconnections (50
times less expensive). It underlines the interest of exchanging not only electricity but also other
resources such as [NG

To sum up, electricity exchanges may have an important impact on Belgium’s and
Switzerland’s energy system. On the contrary, the transfer capacities are very small
compared to the size of France’s energy system.

Natural gas (NGJ) exchanges on the other hand are very interesting as they are bigger,
cheaper and have less losses then electricity exchanges. Furthermore, is easier and
cheaper to store than electricity.

22



2.3.2 Exchanges through freight

In this study case, 4 resources are allowed to be exchanged by freight : synthetic liquid
fuel (SLE]), wood, waste and captured CO,. From Section , the additional freight due to
exchanges is computed as in equation . It needs two new parameters : lhv (lower heating
value) defined for each resource exchanged by freight and dist (distance) defined for each country.

Exch__Freight(c) =

>

reFREIGHT _RteT|[t,td)e T_H_TD(t)
Ve € COUNTRIES

>*dwdd (2.1)

Rt,import (C, r, h7 td) + 1{t,export (C, r, h7 td)
lhv(r)

The parameter dist is the average distance a resource would have to travel in one country
when it is exchanged with another country. The place were this resource is collected may be
very close or very far to the border. Hence the distance can vary a lot. In this case, it has been
chosen to take the half distance between the two furthest big cities of each country (calculated
with Google Maps). Thus most of the time, the distance is overestimated. Table shows the
cities chosen and the distance computed for each country. It means that if 1 ton of resources
would have to go from France to Belgium, France would have an additional freight of 540 [tkm)]
and Belgium an additional freight of 153 [tkm)].

Country City 1 City 2 dist
France Calais Marseille 540
Belgium Oostende Arlon 153
Switzerland Geneva Chur 198

Table 2.3: Definition of dist parameter [km] and cities chosen to compute its
value.

The parameter [hv (lower heating value) allows to convert the energy content exchanged
(GWh) into mass of goods to transport (t). [SLE], wood and waste do not have a fixed [LHVL
Table presents the minimum, average and maximum value for each of them. The average
value is used as default value for all the resources.

Resources hUmin, Ihayg  hUpeg

SLF 3610 [24] 4580 5540 32, 18]
Wood 2300 [32] 3260 4220 [1]
Waste 2810 [8] 3120 3430 [32]

Table 2.4: Minimum, average and maximum LHV for synthetic liquid fuel (SLF),
wood and waste resources [GWh/Mt]. The average value is used as default value
in the model.

For each of them, the reasons why the [LHV]is not fixed differ and are explained as follows.
can either be a mix of liquid fuels produced from the pyrolysis of wood or nearly pure
methanol produced by synthetic methanolation process. Their [LHV] differ and it is not possible
to know in advance through which process the exchanged will be produced.
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Wood is an aggregate containing roundwood, forestry residues, saw-dust, etc.[6] The latter
have different [LHV] Also, the moisture content of biomass influences a lot this [LHV]

Waste refers to municipal solid waste. This is not a uniform product and its composition may
vary from time to time. Hence, different values can be found in the literature.

The additional freight due to exchanges is modelled thanks to two parameters :
— The distance travelled in each country is estimated as an average distance.

— The lower heating value (LHV]) gives the energy density of the resource. For synthetic
liquid fuel (SLE]), wood and waste it can take several values. The one of [SLE] is on
average the highest. It shows that this resource has a high energy density and will be
suitable for exchange of energy.

2.4 Definition of emission targets and scenarios

In the following chapters, three scenarios will be studied :
— No Exchanges scenario
— Electricity Exchanges scenario

— All Exchanges scenario : electricity, NGl [SLE], wood, waste and CO, captured
can be exchanged.

For the analysis of those three scenarios, an emission target has to be set. To determine it,
we optimised the annual cost of each cell independently (no exchanges) without any emission
constraints. The resulting global system emits 399 [MtCO2-eq/year], more details are given in
Appendix As stated by Elia, the growth of renewable energy production in Europe leads to
an increase of international electricity flows. Thus, in order to study a case where exchanges
are quite significant, a system with a high share of renewable energy source (RES]) should be
studied.

We will analyse in the following chapters a low carbon system, where the emissions are
constrained to 90% reduction compared to the case presented here above. This results in
analysing the three scenarios with an emission limit set to 40 [MtCO2-eq./y].

Table gives a preview of the main results with that limit on greenhouse gas (GHGI)
emissions for a three cell system : with no exchanges, with electricity exchanges, and with
exchanges of several energy carriers. The total cost (Cyo) is the sum of the annualised investment
and the O&M costs. The global warming potential (GWP)),,, takes into account all the emissions
linked with the combustion of fuels (i.e. from extraction to combustion). The [GWP},; is the sum
of the [GWP],, and the green house gases emitted during the whole lifecycle of the conversion
technologies assets.
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GWP,, = 40

Exchanges Ciot GWPyq
No 126.9 78.2
Elec. 119.4 71.0
All 110.1 60.1

Table 2.5: Total cost (Ciot) [GE€/y], operation GWP (GWP,,) [MtCO2-
eq./y], and total GWP (GWPy,) [MtCO2-eq./y| of cost minimization with
GW P,, <40 [MtCO2-eq./y].

A first insight one could have is that when allowing electrical exchange the total cost of the
system should be equal (in the worst case) or inferior to the total cost of the no-exchange system.
This intuition can be confirmed. Indeed, as detailed in Table 2.5 when optimising the total cost
with the determined emission limit, the cost of the system with electrical exchanges is 7.5 billion
euros per year cheaper. And if all exchanges are allowed, the cost decreases of 16.8 billion euros
compared to the no exchange case. That is a drop of 13.2% of the total cost.

Furthermore, the cost of the network for interconnections of electricity and [NG|, defined in
section [2.3.1] is of 0.306 billion euros per year. This is three order of magnitude smaller than
the total cost of the system.

It has to be mentioned that in the non-exchange case, and in the electrical exchange case,
the limit of PVs has been set to infinite for all cells. This hypothesis is clearly not realistic but
constraining the system to 90% of its emissions is too strict for this case. However in the all
exchange case, the PVs are not solicited to their limit.

FR BE CH
Potential 1017.51 59.23 79.68

No 4743  184.58 46.81
Elec. 2799  142.69 34.26
All 32.08 19.85  24.92

Table 2.6: Comparison of photovoltaic panels (PV) potential with installed
capacity in the three scenarios for each country [GW].

Conclusion

In this chapter, the inputs for the 3-cell system have been presented. The specificity of
each country have been pointed out.

— The energy demand of France is huge compared to the other countries.

— Belgium has an especially high industrial demand (heat high temperature and non-
energy)

— Belgium’s potential to produce renewable energies covers only 37% of its end-use

demand (EUDJ).

— France has a high potential of wind power which has become a low cost energy.

25



The electricity capacity of exchange for France is very small compared to its demand.

The capacity of electrical imports in Switzerland and Belgium represents respectively
% and ..% of the peak [EUD

The transfer capacity of natural gas (NG is much higher then that of electricity and
its exchange losses are very low.

Synthetic liquid fuel (SLE]) has a high energy density making it convenient for energy
exchanges.

Those specificities allow to developed certain intuitions about the impact of exchanges
on the system

France acts like an infinite and zero losses storage for the other countries.
France will provide abundant low cost electricity with its wind power.

The import of electricity in Belgium and Switzerland will represent an important share
of their production.

The cross-border electrical interconnections will help the integration of intermittent
renewable energy sources ([RES).

— [NQl and [SLE will play an important role as means of exchange.

The exchanges allow to take advantage of the difference between countries and bring a
certain flexibility.

The aim of the following chapters is to analyse the three scenarios - No Exchanges,
Electricity Exchanges, All Exchanges - and find out whether they follow the developed
intuitions. In other words, we will verify the consistency of the multi-cell model that has
been developed and analyse the results on a practical case.
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Chapter 3

Verification and analysis of the 3-cell
scenario with electricity exchanges

In this section, the 3-cell system with electrical interconnections is analysed. This system
is the result of a total cost optimisation with an upper limit on greenhouse gas (GHG))
emissions of 40 MtCO2-eq./y]|. This section aims to verify the consistency of the multi-
cell (MC)) modelling of electrical exchanges. Therefore, we will focus on the electrical
part of the system. However the entire system is analysed in Appendix [C]

Firstly, the electricity mix will briefly be exposed, as well as its differences with the
no-exchange case. Afterwards, a focus on the exchanges is carried out.

3.1 Electricity Mix

Figure illustrates the electricity production mix of the different cells for the no exchanges
and the electrical exchanges scenarios. It allows to see the influence of interconnections on the
electrical production in order to verify the model’s choices. For each case, the production of
the different technologies are represented. The curtailment of renewable energy source (RES)) is
also depicted in vertical striped pattern. The net exchanges of electricity are represented with
turquoise diagonal stripped pattern.

As expected, France is mainly supplied in electricity by its wind turbines. Its electrical
production mix remains quite similar in both cases. To export electricity to the other cells,
France will choose to lower the electrification of its mobility through hydrogen (H2) production.
Is is replaced with synthetic liquid fuel (SLE]) (see Table [3.1).

Belgium’s electricity is, in both cases, mainly produced by its [PVk and its onshore wind
turbines. In the case of electrical exchanges, it can be observed that [PV] production decreases.
Electricity imports becomes the third source of electricity in Belgium. They behave like a
flexible and reliable source of electricity coming from France. This allows the system to lower
the production of the combined cycle gas turbine (CCGT]).

Switzerland’s electrical energy is, in both cases, mainly provided by [PVl and hydro power.
When transiting to the scenario with electrical exchanges, Switzerland also decreases its [PV]
production to replace it with electrical imports that behave like a reliable source of electricity
coming from France. This allows to suppress the use of geothermal energy. It is an especially
expensive energy in Switzerland (data from EnergyScope TD for Switzerland [26]) but it was
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necessary as a reliable baseload. It also allows to get rid of its [CCGT] and lower its use of
combined heat and power (CHPI).
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Figure 3.1: Comparison of electricity production mix of the different cells in
the scenarios : no exchanges and electrical exchanges. (abbrev.: France (FR),
Belgium (BE), Switzerland (CH), photovoltaic panels (PV), concentrated solar
power (CSP), industrial cogeneration (Ind. Cogen) combined cycle gas turbine
(CCGT), electricity (Elec.))

One can note that the exports operated by France do not represent a big share of its electrical
production (4.3 %). Its curtailment is very similar in both cases. It can be guessed that Belgium
and Switzerland will mainly import from France during the no-sun periods. Those periods often
correspond to high wind production which is convenient for the system.

In both scenarios the heat and mobility demands are highly electrified. Their electrification
rates are represented in Table [3.0]
This electrification also plays a role offering flexibility on the demand side.

Switzerland Belgium France
Case No Exch. Exch. No Exch. Exch. No Exch. Exch.
Elec. Pass. Mobility 95 95 95 95 95 95
Elec. Freight Mobility 100 63.9 70 70 70 48.7
Elec Heat LT 70 70 63 63 63 63
Elec Heat HT 44 51 39 45 27 26

Table 3.1: Share of the electrification [%] of passenger mobility, freight mobility,
heat low temperature (Elec heat LT) and heat high temperature (Elec. Heat HT)
in each country for the 2 scenarios : No exchanges and Electrical exchanges.
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As a summary of the analysis of the electricity mix in the scenario with electricity
exchanges and its main differences with the no exchanges case, it can be stated that :

— In both scenarios, there is a high electrification of heat and mobility end-use demands

(ETD).

— When we allow electrical exchanges, the PV assets are considerably decreased in
Belgium and Switzerland and replaced by flexible and reliable imports of electricity
from France. This allows also to reduce the use of combined cycle gas turbines (CCGTE)
in Belgium and suppress it in Switzerland.

— The electricity production of France does not change. France will decrease the
electrification of its mobility and replace it with synthetic liquid fuel (SLE]) (produced
by pyrolysis of wood) in order to export electricity to the other cells.

3.2 Verification and analysis of exchanges

The former section allowed to have a basic understanding of the 3-cell system with
electrical exchanges. In this section, the analysis and verification of exchanges is carried
out. Focusing on one type of exchanges only will permit to develop tools and indicators.
They will help the analysis of the scenario with all exchanges in the next chapter.

3.2.1 Balance of electricity exchanges

Figure depicts the balanceE] of the net imports (positive) and exports (negative) at each
hour of each typical day (TDI). Below each [TD] the number of days of the year it represents is
mentioned in order to keep a yearly overview of the exchanges.

This graph allows to confirm that the balance of exchange is respected, that is the sum of
the imports equals the sum of the export at each hour.

On Figure [3.2] we observe that France exports electricity to the other countries during every
early mornings, evening, and night time. During a lot of [TD] it also exports electricity during
entire days (TD1, TD12) or during nearly all the day (TD7, TD9, TD10) which represents
more than 209 days a year. This confirms the intuition that France mainly acts like an exporter
towards the other cells.

However, less frequent scenarios can also occur : for example, Belgium exporting to France
and/or Switzerland, or Switzerland exporting to France.

Tt does not take into account the losses of exchange.
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Figure 3.2: Verification of the balance of electricity exchanges between countries
at each hour of each TD [GW].

The main assets installed in Switzerland and Belgium are photovoltaics (PVEK). This
technology is highly intermittent on a daily scale (day/night) and on a seasonal scale (sum-
mer/winter). It can be expected that these cells will have a high overproduction of electricity
during sunny hours and a lack of electricity during dark hours. Figure permits to confirm
these insights. It represent the hourly potential of [PVl in each country compared to the results
of Figure 3.2} As Belgium and Switzerland install a lot of [PV]it is directly linked with their
production.

The hourly potential capacity factor of Switzerland and Belgium clearly influence the directions
of exchanges. From Figure [3.3

— During days without sun or with very little sun in Belgium and Switzerland (TD1, TD12),
France exports its maximum load to the two other countries during the whole day.

These two typical days have the same combinations of exchanges during the whole day.

— France always exports electricity during evenings, nights and early mornings. Belgium
and Switzerland always import during those periods. This reflects clearly the fact that
these two countries rely mainly on solar power.

— During some (e.g. TD2, TD3, TD4, etc.), Belgium and/or Switzerland have a high
[PV production. As they have installed a lot of those assets, they overproduce around
midday. Thus they dispose of this overproduction by exporting it. This happens during
66 and 150 days a year in Belgium and Switzerland respectively.
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Figure 3.3: Relation between the hourly imports/exports and hourly coefficient
of performance of PVs (cy pyv) in Switzerland and Belgium.

From Figure [3.2] we can compute the percentage of the year during which each country
imports and exports. This is summarised in Table [3.2] The share of import and export doesn’t
add up to 100% as there are some hours when the lines are not used at all.

3.2.2

Country France Belgium Switzerland
Import 4.2 924 71.3
Export 94.1 4.8 12.8

Table 3.2: Percentage of the year importing and exporting for each country
[%hours of the year] .

Transmission lines

The exchanges of electricity can also be observed through the duration curves of the trans-
mission lines all over the year. They are represented in Figure [3.4 with the following reference:
FR — BE, BE — CH, CH — FR. The transfer capacity (fd) of the lines in each direction are
represented in dashed lines. As the references do not represent the preferred direction of the
lines, some might be most of the time negative.
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Figure 3.4: Load curve of electrical exchanges.

To study precisely how the cross-border lines are used, we need to define two concepts : the
utilisation and transit factor of the lines.

Equation defines the utilisation factor (UE]). For one interconnection, there are two
[UE], one for each direction. It represent how much this line is used compared to its full utilisation
in this direction. It expresses the ratio of the energy exchanged over the year in that direction
compared to the quantity that could have been exchanged if the line was always used at full
capacity in that direction.

However, when a line is saturated, the system sends energy transiting through one country.
For instance, the electrical line from France to Belgium is often saturated. At those moments,
if Belgium wants to import more from France, the electricity will go through Switzerland to
reach Belgium. We say that it is transiting through Switzerland using lines from France to
Switzerland and from Switzerland to Belgium. Hence it is important to distinguish when a line
is used for a "real" exchange between two countries and when it is used as a transit because
another line is saturated. It is not trivial to make this disctinction based on Figure [3.4]

However, analysing the exchanges, it is possible to compute the Transit for each line at each
hour. The transit factor ((TE]) is defined in Eq. as the ratio between the quantity of energy
which is only using this line for transit to the maximum amount that could be transported
in this direction over the year. The transit factor is always smaller or equal to the utilisation
factor. When it equals the utilisation, it means that all the energy using this line over the year
is for transit through a country.

B dote T|[htdje T_H_TD(t) Exchanges(cy, ¢y, 7, h, td)
UF(c1,¢0) = 8760 + tc(cr, o 7) (3.1)

Vi, co € COUNTRIES,r € NETWORK_R,h € H,td € TD

Ster|htder H D) Transit(cy, co, 7, h, td)
TF = : == 2
(1 2) 8760 * tc(cy, ¢y, 1) (3:2)

Ve, co € COUNTRIES,r € NETWORK _R,h € H,td € TD

In these equations, the variables and sets used are defined as follows:

— UF(cq, ¢2) : Utilisation factor of the line from country 2 to country 1 [%].
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— Exchanges(cy, ¢o, 7, h, td) : Exchanges of resource r from country 2 to country 1 at hour
h of typical day td [GW].

— TF(cq, o) : Transit factor of the line from country 2 to country 1 [%].

— Transit(cy, ca,7, h, td) : Transit of resource r on the line from country 2 to country 1 at
hour h of typical day td [GW].

— te(eg, cq,7) @ Transfer capacity of the cross-border line from country 2 to country 1 for
resource r [GW].

— T _H TD(t): matrix giving the correspond and hour for each hour of the year t.
— COUNTRIES : set containing all the countries.

— NETWORK R : set containing all the resources exchanged through a network.

— H : set of the 24 hours of a day.

— TD : set of the 12 used in the model.

Equations [3.1] and [3.2] give a general definition of the [UF] and [TEl It will allow in the next
chapter to extend it to the [NGl exchanges.

Table [3.3] presents the value of those 2 factors and their ratio for each direction of electricity
exchanges of each line. It also shows the percentage of hours of the year when the line is not
used at all (Null) and when the line is saturated (Full).

Line Direction | Null Full UF TF TF/UF
FR — BE 0.54 90.82 92.69 5.33 5.8
FR-BE BE — FR 054 46 46 074 161
BE — CH 023 225 487 392 805
BE-CH CH — BE 0.23 91.06 91.41 81.15 888
CILFR CH — FR 042 1212 1238 11.53 931
FR — CH 042 6857 7435 2593 349

Table 3.3: Comparison of electrical cross-border lines : time spend at null and
full capacity [%], utilisation factor (UF) [%], transit factor (TF) [%] and TF/UF
(%] (abbrev.: France (FR);, Belgium (BE), Switzerland (CH))

There are very few hours when the lines are not used. Three lines have high full capacity
utilisation : the link from France to Belgium, the one from Switzerland to Belgium and the one
from France to Switzerland. Those lines are also the ones with the highest utilisation factor.

Each line has a preferred direction of exchange : FR — BE, CH — BE and FR — CH. All
the lines linked with France are mostly used by France to export electricity. And when they are
used in the other direction, it is often for transit.

When the utilisation factor is very close from the time spent at full capacity, it means that
the connections is rarely used at lower capacity. This is the case for the link from Switzerland
to Belgium.
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When the ratio of the transit factor and the utilisation is high, it means that most of the
electricity exchanged on this line is in fact electricity from transit. For instance, the CH — FR
line has a very high TF/UF. Indeed, most of the electricity sent from Switzerland to France is
in fact sent by Switzerland and transiting through France. The line BE-CH is also used very
often (in both direction) as a transit line, to procure extra transfer capacity between Belgium
and France.

Adding the time spent at full capacity of the two directions of a line allows to see which share
of the year the line is saturated in one direction or the other. The interconnections FR-BE and
BE-CH are saturated more then 90% of the time while the line CH-FR is saturated 80 % of the
time.

Despite the fact that these transmission lines have a preferential direction, 9 different configu-
rations (in terms of directions of flows) of exchanges are found in this three cell analysis. The
four more frequent cases are identified in Figure [3.5( as the other 5 configurations are very rare
and represent together only 1.5 % of the hours of the year.

Case 1 Case 2 Case 3 Case 4
« BE _+ BE _« BE BE
FRe_ FR FRe FR
“ CH CH “ CH ' cH

Figure 3.5: Four main patterns of exchanges in the system

These four combinations of flows have certain characteristics and occur in typical situations.

— Case 1 : It regroups the hours when there is no sun : mornings, evenings, night time or
cloudy days (especially for Belgium). During those hours, France exports to Belgium and
Switzerland.

— Case 2 : It regroups the hours that are sunny in Switzerland and not sunny in Belgium.
Switzerland needs to evacuate its overproduction of [PV] power and Belgium can absorb it.

— Case 3 : It regroups hours that are windy in France and sunny in Belgium. Both countries
can export to Switzerland.

— Case 4 : It regroups hours that are sunny both in Belgium and Switzerland. France
absorbs their overproduction of [PV] power

The occurrence of these patterns are given in Table [3.4]

Table 3.4: Number of hours per year and share [%] of the four man patterns

of exchanges.

Number of hours Share
Case 1 7232 82.5
Case 2 750 8.6
Case 3 318 3.6
Case 4 311 3.6
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These different configurations are clearly not uniformly distributed over time. Case 1 is the
most frequent case occurring 82.5% of the time. This case is detailed in Figure It gives the
duration curve of case 1 obtained by sorting the hours in increasing order of magnitude of the
line CH — FR.

In this graph, 2 curves having the same sign means that transit is occurring through the
country present in both lines. When the two lines overlap, the country in which energy transits
does not interact in the exchange of electricity by adding or taking energy from the transited
electricity.

Load duration curve

[GW]

0 1000 2000 3000 4000 5000 6000 7000

—FR-->BE BE-->CH —CH-->FR

[hours]

Figure 3.6: Duration curve of transmission lines in Case 1.

This curve shows that Case 1 is composed of two sub-cases. The most frequent one consists
of France exporting to Belgium at full load (3.3 GW), Belgium importing from Switzerland at
full load (1 GW) and Switzerland importing from France at full load (3.15 GW). This results in
a net export of 6.45 GW for France exporting and a net import of 4.3 GW and 2.15 GW for
Belgium and Switzerland respectively. In the other sub-case, Switzerland is not importing and
just transiting electricity to Belgium.

To fully measure these quantities of imports and exports, Table |3.5| compares them to the
peak electrical demand in each cell. The electrical demand consists of the electricity [EUD] and
the fixed electrical demand in mobility (trains, tramways) and in process cooling. The other
electrical demands are a choice of the model and are flexible as they are linked with a storage
(e.g. H2 electrolysis and H2 storage).

The hourly exchanges of electricity in Case 1 represent a quite high percentage of the fixed
peak electrical demand of Switzerland and Belgium while for France, it is much lower.

Exchanges [GW]| Peak elec. demand Ratio [%]

[GW]
BE 4.3 19.7 21.8
CH 2.15 8.5 25.4
FR -6.45 91.3 7

Table 3.5: Ratio of most frequent import (>0) or export (<0) of electricity to the
peak of the fixed electrical demand.

The electricity layers of the different cells are given in Appendix [C.2]
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3.2.3 Yearly balance of exchanges

The net exchanges of electricity during the year between the different cells are represented in
Figure

= Electricity exchanges [Twh/y]

Avec Bing
© Microsoft, TomTom

Figure 3.7: Yearly balance of cross-border transmission lines.

This graph illustrates clearly that France acts like a distributor of energy towards Belgium
and Switzerland on a yearly basis. Indeed, its net export is 45.2 TWh/y, which represents about
4.3 % of its total electrical production.

Belgium clearly relies on its neighbours, importing in total 33 TWh/y. This is about 16.5 %
of its yearly electrical production.

Switzerland is a net importer from France and a net exporter towards Belgium. Summing
both fluxes, Switzerland is a net importer from France of 12.2 TWh/y. This covers 15 % of its
electrical production.

To conclude the focus on the exchanges, it can be stated that :
e The imports and exports of electricity are balanced at each hour.

e France acts like a buffer and a distributor of electricity towards Belgium and Switzerland.
It absorbs their electricity when they have too much production and supplies them
with electricity when they have a too low production.

e The imports and exports of electricity are highly dependant of the photovoltaic (PV])
production of Switzerland and Belgium as [PVk are the biggest producer of electricity
in those countries.

e Belgium and Switzerland are net importers. Their imports cover 16.5% and 15% of

their electricity mix. Belgium imports during 92.4% of the year ans Switzerland during
71.3%.
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e The electrical lines are often saturated. This generates a lot of transit in some lines :
CH — BE, BE — CH and CH — FR. Most of this transit is used to transfer electricity
from France to Belgium. It would be interesting to study a system with larger transfer
capacities between countries.

e Although many combinations of exchanges are possible, one particular case sticks out
(Case 1) where the power imported in Switzerland and Belgium can represent up to
21.8 and 25.4 % of their fixed electrical demand, respectively.

3.3 Conclusion

In this chapter, we have applied our multi-regional model on a simple scenario : a 3-cell
system with electrical exchanges only. It was compared with another scenario without
exchanges.

Thanks to the simplicity of this system, we were able to verify the results and develop a
methodology to analyse the exchanges.

The main results are the following :

— France is a net exporter to Switzerland and Belgium and acts like a buffer and a
producer of electricity for them.

— Allowing electricity exchanges doesn’t have much impact on the energy system in
France. On the contrary, energy systems in Belgium and Switzerland change a lot
with electricity exchanges. The imports cover 16.5% and 15% of their electricity mix.

— Belgium and Switzerland are heavily dependant on electricity exchanges. The direction
of exchanges are dictated by a lack or a surplus of electricity in those countries.

All those conclusions are in line with the intuitions developed in Chapter 2] Hence,
the model is consistent and reliable in the case of a multi-region system with electricity
exchanges.

A case with exchanges of more energy carriers will be verified in the next chapter.
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Chapter 4

Verification and analysis of the 3-cell
scenario with all exchanges

This chapter presents the scenario where France, Belgium and Switzerland can exchange
all the following resources : electricity, natural gas (NGJ), synthetic liquid fuel (SLE]),
wood, waste and CO4 captured. The modelling of those exchanges is explained in sections
(32 and 2.3

The aim is to verify the consistency of the developed model. This is done through
checking that exchanges follow well the constraints of balance, transfer capacity and
additional freight. We also analyse the results to find out whether they follow the intuitions
developed in Chapter

In a first time, a Sankey diagram will allow to have an overview of the system’s main
characteristics. Then, a deeper analysis of the system is carried out. Finally, we will focus
on exchanges as these are the particularity of our model.

4.1 Overview of the system

Figure presents the solution for the global system (France, Belgium and Switzerland
aggregated) in the form of a Sankey Diagram. It summarises the yearly energy flows of the
system. The left hand side of the figure represents the primary energy sources. The right hand
side of the diagram depicts the global end-use demand (EUDI) of the system. It shows how the
resources on the left are converted to provide the end-use demand (EUDI) on the right.

In this figure, the grey blocks represent layers or conversion technologies. The coloured curves
are the energy flow linking those layers and technologies. There is one colour per type of energy
flow (e.g. light blue for electricity). The following example helps to understand how to read it :
for instance, onshore wind turbines (WTk) produce electricity (green flow). From the electricity
layer (grey box Elec in the bottom) a flow of electricity goes to the heat pumps (HP). Those
[HPk produce heat low temperature (CT]) which goes to the heat [CT] decentralised (Dec) and
district heating network (DHNI) end-use demands (EUDE). A part of it is stored before use.
The [HDPS is an efficient technology converting 1 GWh of electricity to 3-4 GWh of heat. For this
reason, the size of the heat flow going out of the [HP5 is much bigger then the electricity flow
entering.
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Figure 4.1: Energy flows in the overall system from primary energies (left side) to
end-use demand (right side). (abbrev.: see list of abbreviations)

This graph allows to have an overview of the global system. In the following paragraphs,
we will analyse in more details the different primary energy sources used (left side of
Sankey diagram), the electricity layer (Elec. grey block in the Sankey diagram) and
how they satisfy the end-use demands of the different countries (right side of the Sankey
diagram).

4.1.1 Resources

The major part of the resources are renewable. Indeed, wet biomass, wood, solar, wind and
hydro represent 93.6 % of the resources. The non-renewable primary sources (6.4%) consist of
waste and fossil natural gas (NGJ).

Natural gas

A share of 27 % of the [NGl used in the overall system is fossil. This importation of fossil NGl is
only necessary for Belgium. Fossil NGl is the only resource imported from outside the system.
The rest of the (73%) is produced locally through biomethanation of wet biomass and can
be considered as renewable. Switzerland and France only use that they produce. On the
contrary, Belgium has 3 main sources for its as detailed in Table [L.1 This natural gas plays
a major role in Belgium’s energy system since it covers all its non-energy and allows to
have a dispatchable production of electricity with combined cycle gas turbines (CCGTE)
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NG used

Source Fossil Exchanges Local prod.

Belgium 46 33 21

Table 4.1: Share of different sources of natural gas (NG) used in Belgium [%].
(abbrev. : producton (prod.))

Local resources

The global system is self-sufficient at 96.7% Therefore, local resources become of major
importance. Table summarises the use of those local resources in terms of share of their
availability in each country.

The local resources of each country are fully used except waste in Switzerland which is not
used at all. Waste in Belgium and France is entirely used to produce heat high temperature (HT)
for the industry. All the countries use their whole wet biomass available to produce synthetic

natural gas (SNGJ).

The case of wood is a bit more complex as it is exchanged from France to Belgium and
Switzerland. In this overall system, wood is used in two ways : to produce[HTheat for industries,
or to produce [SLF] through pyrolysis for mobility and non-energy uses. In Table [£.2] Belgium
and Switzerland use more wood than their local availabilities while France uses 92.11% of its
own wood. Hence, the 7.89% of the wood availability left in France is exported to the others.
We also notice that Belgium and Switzerland only use wood to produce heat [HTl Thus the
only country to produce is France.

Resources Waste