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Abstract

Renewable energies are going to become the dominant means of electricity generation during
and after the energy transition. In Europe, wind and solar energies are the main sources to
be exploited. Their production being inherently intermittent, more frequent unbalances are
expected on the grid. In order to balance it, the flexibility of the remaining power plants, imports
and exports, the storage and the curtailment of renewable energies will all have an important
role. This study analyses the case of Western Europe and determines the types, the locations
and the sizes of the storage needed, taking into account the power exchange capacities between
countries, the curtailment and the flexibility of the power plants. A model, in the form of a large
optimisation problem, has been specifically developed for this study. It balances the grid every
hour while maximising the Energy Return On Investment (EROI) of the electricity production
and storage. It also optimises the renewable energy and storage assets. The EROI is used as a
metric because it is not biased by subsidy policies, interest rates or lobbies. The study highlights
the key role of storage in Western Europe. To reach an EROI-optimal 100% renewable electricity
system, 4.8 TWh of batteries and 152 TWh of gas storage coupled with a PtG power of 522 GW
are needed. From the total production, 38% is stored before being consumed leading to a loss of
17% of the production. A doubling of the transmission capacities between countries leads to a
decrease of 2.5% of the total energy invested with a decrease of 17% of the energy invested in
the storage.
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Introduction

The electricity sector of the industrialised countries is going through a phase of change and
uncertainty. Indeed, to face climate change and the dependency on limited energy resources,
governments encourage the increase of renewable production. Wind and solar powers will play
an important role in this transition. However, the inherent intermittent behaviour of such energy
sources raises new challenges in ensuring production and consumption adequacy. Energy storage
appears as a promising solution allowing to balance supply and demand.

Different types of energy storage are available for different timescales and applications. Some
of the most promising storage means are gathered in Figure

Storage duration

Power output °<$°
’
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\
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v
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Legend :
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, p , p Energy stored
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Figure 1: Fields of application of the different storage techniques according to energy stored and
power output for a typical unit [71].

Three main categories are highlighted based on the timescale of the storage. These are short,
mid and long-term storage corresponding respectively to periods of less than one day, between
one day and several weeks and bigger than one month. In the short-term category, one can
find flywheels, batteries and Compressed Air Energy Storages (CAES). Flywheels and CAES
both consist in mechanical storage using respectively inertia and gas potential energy to store
energy. Batteries, on the other hand, are chemical storage means involving a wide range of
technologies used in the fabrication of accumulators (lithium-ion, sodium-sulfur,etc.). The other
three technologies, i.e. Pumped Hydroelectric Energy Storage (PHES), Power to Gas (PtG) and
flow batteries, can be used to achieve mid-term storage. Flow batteries allow an increase of the
energy stored with respect to power output compared to standard batteries, enabling higher
storage capacity. PtG uses electrolysis phenomenon to produce hydrogen. This hydrogen can
then be transformed under various forms (e.g. ammonia, methane, methanol) for better storage
properties. It must be noticed that the terms "power to gas" and "gas storage" are used here



in a wide sense representing both gaseous and liquid fuels. PHES is a gravity-based storage
using the potential energy of a water column. Only PtG allows long-term storage (i.e. seasonal
storage). Indeed, PtG offers the possibility to store a significant amount of energy. Among all
these different technologies, the optimal storage mix to allow the integration of intermittent
renewable energy sources will have to be determined.

This study will focus on the Western Europe electricity system. This area allows to analyse a
system with numerous countries being important electricity consumers and well-interconnected
with various energy mixes. In addition, the different geographical configurations as well as
the discrepancy between the north and the south define diversified consumption profiles and
renewable potentials.

The European Union has the objective to cut its greenhouse gas emissions to 80-95% below
1990 levels by 2050 . Different milestones have been set to reach this objective: a reduction
of 40% below 1990 levels by 2030 and 60% by 2040. European authorities highlighted in their
Roadmap to 2050 the key role of the electricity sector for decarbonising the European economy
. Moreover, focusing on their national territory, several agencies reported that a 100%
renewable electricity system is, by 2050, technically as well as economically feasible .
The current share of electricity production covered by renewable generation is presented in Figure
It appears that several countries such as Norway, Denmark, Austria or Switzerland have
already a high share of renewable in their electricity production due to strong hydroelectric or
high wind production. However, most of the other countries of Western Europe still have a
production mainly based on fossil fuels or nuclear power.

Interconnection
M 6%-10%

RE share 0 11%-15%

C — I 16%-29%

15% 98% M >30%

Figure 2: Share of electricity production Figure 3: Level of interconnection of the
covered by renewable generation in 2016. countries under study as a percentage of their
Adapted from [48-62]. production in 2017. Adapted from .



Moreover, as stated by the European Commission in [19] and detailed in [87]: "To achieve
its climate and energy goals, Europe needs to improve cross-border electricity interconnections.
Connecting Europe’s electricity systems will allow the EU to boost its security of electricity
supply and to integrate more renewable into energy markets'. For this reason, the European
Council called in October 2014 for all the EU countries to achieve interconnection of at least
10% of their installed electricity production capacity by 2020 which was extended to 15% by
2030. Figure [3| shows the level of interconnection of Western Europe in 2017 in percentage of
their installed production capacity and most of them still have a low interconnection (between
6-10 % of their production capacity).

In order to analyse the electricity system of Western Europe, a model has been developed
based on [71]. The tool developed in Python models the electricity system of a given area (city,
countries, continents) for a given period (day, month, year). The area is divided in several cells
presenting their own characteristics (e.g. production mix, renewable potential, policies) and
interacting with each other through energy exchanges. This tool uses linear programming to
determine the quantity and type of storage and renewable energy (RE) assets that have to be
implemented in order to optimise the global electricity system for a given transition scenario. In
opposition to numerous other studies about the power system of tomorrow which are based on
economic factors as the Levelized Cost of Energy (LCOE) or the money Return On Investment
(ROT) [1}, |12} [15, 22 (72} |85], this study uses the Energy Return On Investment (EROI) metric as
objective function, which has to be maximised.

The EROI is defined as the ratio of the useful energy delivered from a process to the energy
required to get it [43]. This metric is here applied to renewable electricity production. In the
following lines, the term curtailment is used. "Curtailment is a reduction in the output of a
generator from what it could otherwise produce given available resources" [13]. A difference
is made between gross and net EROI. The gross EROI corresponds to the energy that could
have been produced by the renewable sources (including the energy curtailment) divided by the
energy invested for those sources. On the other hand, the net EROI corresponds to the energy
consumed by the end users coming from renewable sources divided by the energy invested for
the RE and storage assets.

Ener ossibly produced
EROIyyoss = gy p yp

Energy invested in RE assets

EROL,., — Energy consumed

Total energy invested

In comparison with the gross EROI, the net EROI considers the curtailment, the energy
cost of the storage and the storage efficiency. Therefore, the gross EROI is higher or equal to
the net EROI. Taking a wind turbine as an example, the gross EROI is the ratio of the energy
possibly produced during its lifetime if no curtailment was performed to the energy invested in
the asset (manufacturing, commissioning, maintenance and dismantling). On the other hand, the
net EROLI is the ratio of the energy consumed from the wind turbine by the end user (considering
curtailment and storage losses) to the total energy invested in the turbine and the storage. In
this study, it is the net EROI that is maximised.

The EROI metric enables to avoid the influence of economic factors which are greatly impacted
by policies, subsidies, lobbies, etc., while still taking into consideration present prices and future
availabilities [43]. Moreover, the EROI is an interesting indicator because it is linked to the
society welfare and the economic development [44} 67, [75]. Table [1I| shows the average EROI of
some renewable energy sources.

In order to model the Western Europe electricity system, different means of production are
represented. Two intermittent renewable sources are implemented: wind turbines (WTs) and



Power generation system Average gross EROI

Hydroelectricity 85
Photovoltaic panels 10
Wind Turbines 18

Table 1: Average gross EROI of renewable sources. Derived from [68].

photovoltaic (PV) panels. WTs as well as PV panels installed capacity is optimised by the model
to maximise the net EROI. The other means of production are hydroelectric power stations,
Combined Cycle Gas Turbine (CCGT), coal and nuclear power plants whose installed capacity is
fixed. The choice of these assets is based on the actual European production mix where they
represent the major part of the available electricity production. Three different means of storage
are implemented: batteries, PHES and PtG. These cover all the defined time scales with batteries
for short-term, PHES for mid-term and PtG for long-term storage. This storage mix is based on
[71] and used in other studies [27, 40, 63, |72].

The goal of this analysis is to determine the optimal quantity and type of RE and storage
assets that have to be installed in the case of a 100% RE electricity system. Moreover, the
impact of the transmission line capacity on the optimal solution is studied. This work focuses
on time scales ranging from one hour to one year. It has to be noticed that the tool developed
has been implemented in a modular way, allowing to analyse many more study cases than the
ones developed in the following lines (e.g. varying number of cells, transition scenarios, other
electricity systems).

The work is organised as follows. First, a description of the model developed is introduced and
the different production and storage assets implemented as well as the mathematical description
of the optimisation problem are presented (Chapter . Second, a validation of the model is
conducted based on the results of [71] (Chapter . Then, the definition of the cells representing
Western Europe is presented as well as the data collection and processing achieved to characterise
these cells (Chapter . Afterwards, the first study case on France, Germany and Benelux is
analysed (Chapter . Finally, the second study concerning Western Europe is presented (Chapter

5.



Chapter 1

Model description and
implementation

In this chapter, the model used to represent the system under study is detailed. First, the article
[71] over which the tool developed is based is presented. Second, the model itself is introduced
as well as the structure of the program. Finally, the mathematical description of the model is
explained.

1.1 Basis

The model developed is based on the work of G. Limpens and H. Jeanmart presented in the
article "Electricity storage needs for the energy transition : an EROI based analysis illustrated
for the case of Belgium" [71]. The purpose of this research was to quantify the storage needs
for the energy transition of Belgium. To do so, an hour-based model of the Belgium electricity
system has been developed in order to optimise the RE and storage assets by maximising the
EROI, while respecting power fluxes constraints.

A tool was provided under the form of a MATLAB program, using the linear programming
solver linprog. Belgium electricity system is represented by two cells interacting with each
other. The first cell corresponds to Belgium inland territory and the second corresponds to the
offshore wind parks. These two cells are connected through a power line limiting the exchange
between them. Several production sources and storage systems are implemented which can be
found in Table L1l

The goal of the new model elaborated is to extend the analysis to the case of the Western
Europe. To do so, a new program in Python has been developed. This program allows a variable
number of cells, while for the previous one it was fixed to two. Furthermore, new production
sources had to be introduced to represent the European energy mix. These can be found in
Table Coal is still highly used in lots of European countries, when in Belgium it has nearly
disappeared [3]. It is then necessary to introduce it in the model. Hydroelectric production was
neglected in the previous study, since dams and run-of-the-river power plants are marginal means
of production in Belgium. In the actual model, this assumption is no longer possible since it
represents approximately 16% of Western Europe electricity production [3].

1.2 Model description

The model studies the electricity system of a given area (city, countries, continents) for a given
period (day, month, year) and time step. The area is divided in several cells. For the following,
the term "System" refers to the complete electricity system under study, gathering all cells. Each
cell includes producers, consumers and storage systems. The different cells can exchange energy



Production MATLAB Python
Nuclear

CCGT

Coal

WT

PV panel

Dam
Run-of-the-river
Storage
Batteries

PHES

PtG
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Table 1.1: Production type in the MATLAB and Python program.

(electricity/gas) through transmission lines and pipelines, and the cells located at the border
of the system can import electricity and gas from outside the system. The RE and storage
assets of each cell as well as the production of the flexible generation means, the RE curtailment,
the energy exchanges and the storage inputs and outputs are optimised in order to maximise
the global EROI of the system for the period of time studied through a linear optimisation. A
minimum percentage of renewable production compared to the total production is set at the
level of the system and at the level of each cell. Furthermore, a given maximum percentage of
electricity import from outside the system compared to the total electricity consumption is set,
for the global system and for each cell.

Figure represents a three-cell system. In this example, each cell is connected to all the
others and only Cell 3 has an external electricity and gas connection. A cell is defined by a
good interconnection for electricity and gas: the producers, consumers and storage systems are
supposed well-connected. These three exchange energy without losses and with an unlimited
transmission capacity. The cell is then seen as a copper plate. The cell is studied as one entity
and defines then the spatial resolution of the model. Figure represents a cell. The presented
cell is connected to one other cell and to the outside of the system. As detailed hereafter, the
production park of a cell is composed of RE assets (PV, WT and hydroelectric power plants) as
well as conventional means of production (nuclear, coal and CCGT). Electricity can be stored in
three different storage systems: batteries, PHES and gas storage (composed of a PtG unit and a
storage system). CCGT units can consume gas from the storage or from the import. Finally,
electricity is consumed inside a cell by local consumers.

The electric system can be divided in four components consumption, production, storage and
transmission.

1.2.1 Consumption

One electricity consumption profile is defined for each cell of the system.

1.2.2 Production

The renewable electricity sources implemented are

e Photovoltaic panels

e Wind turbines (onshore and offshore)
e Dams

e Run-of-the-river power stations

The installed capacity of the PV panels and W'Ts is optimised by the system, while the
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Figure 1.1: Representation of a three-cell system. Adapted from [71].
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hydroelectric capacity is not. The hydroelectric installed capacity is considered as a fixed quantity.
Indeed, it is considered that the actual hydroelectric capacity of Western Europe is close to its
maximum potential and is not expected to increase drastically in the coming years. Certain
studies state that the European hydroelectric capacity represents only half of its potential |69}
84], but most of the remaining potential is located in Eastern Europe. The cells can have different
PV and WT parks in order to take into account the different meteorological conditions inside
the cell. The meteorological conditions are indeed considered identical throughout a given park.

The WT parks are characterised by a WT model (cut-in, cut-off and rated wind speed, rated
power, lifetime and energy cost), wind speed data for the period studied, an average load factor,
an already-installed capacity and a technical potential. The PV parks are characterised by a
PV panel model (efficiency, lifetime and energy cost), irradiance data for the period studied, an
average load factor, an already-installed capacity and a technical potential.

The Dams production type gathers all hydroelectric power plants possessing a water reservoir.
This reservoir is filled by a water inlet with a given profile. The dams are summarised for each
cell by a total installed storage capacity, local inflow data for the period studied and a total
installed output power. The Run-of-the-river power stations represent hydroelectric generation
plants with little or no water storage. The production of these is directly linked to the local
inflow profile, since no water storage can be achieved. The run-of-the-river power stations are
summarised for each cell by a total installed output power and local inflow data for the period
studied.

The non-renewable (conventional) electricity producers are

e CCGT power plants
e Coal power plants
e Nuclear power plants

The CCGT and coal power plants can have a variable production over time, while nuclear
plants have a constant production fixed at the installed power. The CCGT category groups the
production of CCGT and other flexible plants such as biogas power plants. Those three energy
generation systems are characterised by their total installed power for each cell and the fuel to
electricity efficiency of the CCGT is also specified. The assumption of a non-flexible nuclear
production is not respected for all countries. For example, in France, nuclear represents the
major power supply and flexible nuclear units are available [10]. Concerning coal production, no
ramp rate is taken into account, which implies that coal production can vary instantaneously.

1.2.3 Storage

The storage system used in the current model is inspired from the previous work focusing on
Belgium presented in Section "An ideal storage mix is composed of an efficient daily storage
and a large energy reservoir seasonal storage. A mix of PHES, batteries and PtG is promising
with high efficiency batteries for short-term, PHES depending on geography for mid-term and
PtG for large energy storage and seasonal needs" [71]. Moreover, this kind of storage mix is also
used in numerous studies |27}, 40, 63, 72].

The electricity storage systems implemented are thus:

o Batteries

o Gas

e PHES

Batteries and gas storage installed capacity are optimised, while PHES capacity is not. As
for the hydroelectric power plants, PHES already-installed capacity is considered close to its
maximum potential and is not expected to increase drastically in Western Europe in the near
future. However, studies state that potential can still be used in Europe for PHES [42]. The Gas
storage system is composed of a PtG unit and a gas storage. The electricity is transformed into
gas by the PtG unit, stored in the gas storage and then transformed in electricity via the CCGT



power plants. As stated in [71]: "The nature of the fuel and its chemical state (gas or liquid) are
not specified in the model because only the quantity of chemical energy matters, independently
of the fuel (natural gas, methanol, gasoline...)". It must be noticed that the terms "power to gas"
and "gas storage" are used in a wide sense and could refer to both gaseous and liquid fuels, as
mentioned in the introduction. Battery storage can be divided in different battery parks in a cell
in order to have different types of batteries.

The storage systems are characterised by a storage capacity (Emaz), a charge (a;,) and a
discharge () rate, an input (1;,) and an output (1,,:) efficiency, a depth of discharge (DoD)
and a leak () (see Figure [1.3)).

P in P out
DoD

Q

Figure 1.3: Representation of a storage system. Adapted from [41].

In addition to those parameters, the battery parks are characterised by the cost of the
batteries, their maximum number of cycles, the already-installed capacity and a technical
potential. The PtG and the gas storage are characterised by an energy cost and lifetime. The
PHES is characterised by its Energy Stored On Investment (ESOI). "ESOI is the ratio of electrical
energy stored over the lifetime of a storage device to the amount of primary embodied energy
required to build the device" [11]:

ESOI — Energy stored

1.1
Embodied energy (1.1)

1.2.4 Transmission

The transmission lines and pipes allow electricity and gas exchanges between neighbouring cells.
The border cells can import electricity and gas from outside the system as well. Those electricity
and gas exchanges are limited by a maximum exchange capacity and supposed without losses.
The total electricity imported from outside the system is limited to a given percentage of the
total consumption at the level of the system and at the level of each cell.

1.3 Implementation

In this section, the implementation of the model is detailed. This explanation is intended for
people who would like to get familiar with the way the program is implemented and eventually
reuse it. The source code of the program can be found in an online repositoryﬂ

First, the programming language and the tools used are introduced. Afterwards, the structure
of the program is explained.

1.3.1 Programming language and tools

The model is implemented using the Python programming language. This choice has been made
for several reasons. First, Python, as opposed to MATLAB, is an open source language. This
allows a wider spread of the study and a high reusability. Second, Python proposes high level

!The repository is hosted on github at the following url: https://github.com/sramelot/memoire2018
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libraries to solve linear optimisation problems in a simple and efficient way. MATLAB only gives
access to a matrix-based interface when Python offers more user-friendly interfaces such as Pulp,
PyMathProg or PySCIPOpt. Finally, these Python modules sometimes give the possibility to
use different solvers, allowing a comparison between their computational times. That is why
Pulp is used to interface the linear problem, allowing to use different free-access solvers such as
CBC and SCIP or even commercial solvers such as CPLEX.

Because of the high computational power needed to run the simulations and to the number
of different cases studied, clusters have been used. These computational resources have been
provided by the Consortium des Equipements de Calcul Intensif (CECI).

1.3.2 Program structure

In this section, the structure of the program developed is explained. First, the structure of the
system is introduced, followed by the structure of the cell with its means of production and
storage.

System

The structure of the system can be seen in Figure The system gathers all the cells, as well
as the grid structure and the policies defined at the level of the system. The grid is a unique
structure gathering all the parameters of the electricity and gas networks characterising the
exchanges between cells and with the outside of the system. The cell can be instantiated multiple
times, meaning that the system can be composed of one or more cells. The other structures of
the system are unique.

System

\ Time step

k4

[ pPolicies | [ " Grid )

Cell

- RE share - Electricity maximum import
- Electricity import - 3as maximum import
share - Inter-cells electrical capacity

- Inter-cells gas capacity

Figure 1.4: Main system structure, with each element of a list representing an input of the model.
Bold boxes represent structures that can be instantiated more than once, other are unique.

Cell

The structure of a cell is detailed in Figure In the same way as for the system, cells are
characterised by policies acting at the level of the cell. As stated in Section a cell has different
production and storage assets. Moreover, each cell has a unique consumption profile.

Production and storage

Figures |1.6| and represent the production and storage assets of a cell respectively. One can
observe all the means of production and storage defined in Section 1.2} Each production asset is
unique apart from WT park and PV park which can be instantiated multiple times. Looking at
the storage assets, all are unique except battery park.
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Cell

¥

¥

h 4

Storage

( Policies

w Consumption

- RE share
- Electricity import share

J - Consumption profile

Production

Figure 1.5: Cells structure, with each element of a list representing an input of the model.

Production

1.4 Mathematical description of the problem

Nuclear

- Installed capacity
N 2 - J

Y
Coal

- Installed capacity

( ccar )

- Installed capacity
- Efficiency (Gas to Elec)

WT park

- Wind profile
- Load factor
-Wind turbine mode

- Installed capacity
- Technical potential
—

PV park

- Irradiance profile
- Load factor

- PV panel model

- Installed capacity

- Technical potential
—

Hydro Dam w

- Local inflow
- Installed capacity
\(storage and output power)

Hydro ‘
RunRiver

] N
- Local inflow

- Installed capacity

Figure 1.6: Structure of the production as-
sets of a cell, with each element of a list
representing an input of the model. Bold
boxes represent structures that can be im-
plemented more than once, other are unique
structures.

Storage

( PHES )

- Storage parameters

- Installed capacity
(pumping and output power)
- Energy cost (ESOI)

e

Gas storage

- Storage parameters

h

- Installed capacity
- Technical potential
- Energy cost

( PIG )

- Minimum load factor

- Installed capacity

- Technical potential

- Efficiency (Elec to Gas)
- Energy cost

Battery park

- Storage parameters
- Installed capacity

- Technical potential
- Energy cost

Figure 1.7: Cell storage implementation,
with each element of a list representing an
input of the model. Bold boxes represent
structures that can be implemented more
than once, other are unique structures.

In this section, the mathematical representation of the problem is detailed. For the first of the
following subsections, most of the parameters and variables are defined in the main text in order to
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facilitate the comprehension of the reader. For the other subsections, the variables and parameters



non-defined can be found in the list of symbols at the beginning of this document. Each one of
these variables and parameters includes subscripts, defining a specific type of generation/storage
in a specific cell. The cell is referred by the subscript ¢. When multiple sub-parks of a generation
type can be installed, it will be indexed by a subscript 4, j or k corresponding to a given PV,
WT or battery park respectively. For more information on the subscripts, see Table

The problem is divided in three main parts: the objective function, the constraints and the
variables limits. In the following lines ¢ is an element of a time vector discretised with a time
step At covering a period T, all expressed in hours. The powers P(t) correspond to the average
power over the time step [t;t + At].

1.4.1 Objective function

The objective function is the function the solver has to minimise or maximise in order to reach
the optimal solution. In the present case, the net EROI is maximised. As a reminder, the net
EROI corresponds to the ratio of the end user consumption from renewable to the energy invested
in renewable and storage assets:

End user consumption from renewable

EROInet ==

1.2
Energy investment of RE and storage assets (12)

Since the RE production share of the system is fixed as an input of the problem, the
numerator in Equation [L.2]is constant. Maximising the net EROI is then equivalent to minimise
the denominator that is to say minimise the sum of the energy invested in RE (Ejn, rr) and in
storage (Einy,stor) assets.

The energy investment of one unit of a RE asset corresponds to the total energy invested
throughout the lifetime (production, installation, maintenance and dismantling) of this unit
weighted by the fraction of its lifetime used during the period of study. For the following, the
total energy invested throughout the lifetime of an asset is referred as the energy cost of that
asset. With /¥ the energy investment per unit, Ecost,rE the energy cost of one unit of RE asset,
T the period of study and LTgrg the lifetime of the asset, one can write:

T

RE
=F 1.

£ cost,RE LTrE ( 3)

The total energy investment of the RE assets corresponds to the sum of the energy invested in
PV panels and WTs in the system. As mentioned earlier, no cost is applied to the hydroelectric
production. The energy investment per square meter of PV panel (¢©'V) and per unit of WT
(e"'T) are given by:

T
ePV = Eeost/ﬂ“ﬂm (1.4)
wT T
€ = Ecost/WTTVVT (1.5)

with E,ye/m2 the energy cost of the PV panels expressed in Wh per square meter of panel and
Ecostywr the energy cost of the WT expressed in Wh per WT. The total energy investment for
the RE assets in a cell (Ejny rE,) is then given by the sum of the energy invested in PV panels
and W'T in each park of the cell:

PV park WT park

Einv,RE,c = Z (areapv,i,cszl‘/) + Z (nWT,j,c€ij2T> (1.6)

( J

The storage assets implemented in the model are batteries, PtG units, gas storage and PHES.
The energy invested in the storage assets for the system (Ejp, stor) corresponds thus to the
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sum of the energy invested in each assets for each cell. The energy investment of one unit of a
storage asset corresponds as well to the total energy invested throughout the lifetime of this unit
weighted by the fraction of its lifetime used during the period of study. However, this investment
can either be taken into account at the installation or at the utilisation. For the first option, the
fraction of the lifetime used corresponds to the ratio of the period of study to the lifetime of the
asset expressed as a period of time and is fixed no matter the amount of energy entering the
storage. For the second option, the fraction used is expressed as the ratio of the energy stored
during the period of study to the total energy storable by the asset throughout its lifetime. For
batteries and PtG units, the energy investment is split between installation and utilisation by
the mean of a weighting factor in order to avoid unrealistic behaviours such as a huge park of
batteries only used once or a small park used all the time.
Regarding the batteries, the energy investment per Wh of battery installed accounted at the
installation (g2, ,,) is written as:
b b T

Einst = Ecost/Whﬁ

(1.7)

with E® st/Wh the energy cost per Wh installed and LT} the lifetime of the batteries. In order to

CO.
compute the energy investment accounted at the utilisation, one has to express the total energy

storable throughout the lifetime of the battery per Wh installed (EY,, /Wh). As detailed in [41]:

DoDyn®

b 1

B iwn = — cycle (1.8)
AN

with DoD, the depth of discharge, n®  the number of cycles that can be performed by the

cycle

battery during its lifetime and n,;, the input efficiency. The energy invested per Wh entering

the storage (%) is thus:

b b
b Ecost/Wh Ecost/Whnb,in
Eut = - Eb = - DoD b (19)
LT/Wh o bncycle

A minus sign is placed because the energy entering the battery is considered negative. The total
energy invested per Wh installed (Ejp, p/wp) is then given by:

installation utilisation

b b b
Einv,b/Wh = WE&nst + (1 - w)gutEin/Wh (110)

with Eﬁ’n IWh the energy entered in the battery per Wh installed for the period of study and
w the weighting factor between installation and utilisation with 0 < w < 1. This weighting
factor is fixed at % in order to give an equal weight to installation and utilisation. Eg’n Jwp can
be rewritten as:

Ezbn/Wh => Pz'l;z/Wh@)At (1.11)
t

with PP /Wh(t) the average power entering the storage over the period [t;t + At].
The same method is applied in order to determine the energy investment of the PtG unit.

The energy investment accounted at the installation per W installed E{;tg is expressed as:
T
PtG PtG
€inst — cost/W LTpic: (112)

with ECF; ’;f/w the energy cost per W installed and LTp;g the lifetime of the PtG. The energy
investment due to the utilisation per Wh entering the unit (55ttG) equals the energy cost of the
PtG per W installed divided by the total energy convertible throughout the lifetime of the unit

per W installed. The total convertible energy per W (Ef%c/;w) is given by:

ELiw = oo (1.13)

hour
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where nfjﬁ corresponds to the full load lifetime expressed in hours. Then, one can write:
EPtG
PG cost/W
hour

A minus sign is placed because the energy entering the PtG unit is defined negative. The total
energy invested per W installed (E;y,, psy/w) is then given by:

Einv,PtG’/W = wgi];tg + (1 - w)gzljttGEzI;t/CI;/V (115)

with Ef;t/GW the energy entered in the PtG per W for the period of study and w the weighting

factor between installation and utilisation with 0 < w < 1. As for the batteries, w is fixed at %

in order to give an equal weight to installation and utilisation. EZI;'S/GW can be rewritten as:

imfw = 2 Py (DA (1.16)
t

with Pii';%, (t) the average power entering the unit over the period [¢;t + At].
Regarding the gas storage, a cost is only given at the installation:

T
gas __ gas
€in5t - cost/Wh LTgas (117)
with €J77; . the energy investment per Wh installed, E", Jw, the energy cost per Wh and LTqs

the lifetime of the gas storage.
For the PHES, a cost is only given at the utilisation using the ESOI. The ESOI, being the
Energy Stored On (energy) Investment, the inverse corresponds to the energy cost per Wh stored:

1
PHES _ (1.18)

Sut "~ ESOIpugs

Finally, the total energy invested for the storage assets in a cell (Ejpy stor,c) is given by the
sum of the energy invested for each battery park k, for the PtG, for the gas storage and for the
PHES:

battery park

1
Einv,stor,c = Z 5 €?n5t7k7ch,max,opt,k,c + €Zt,k,c Z(Pb,in,k,c (t) At)

k t
installation

utilisation
PtG

1
+ 5 Egltg7cPPtG,mam,opt,c + 55;? Z(PPtG,in,c (t) At)
t

installation
utilisation

PHES

+ el ESN " (Pppps,e (t) At)
t
gas storage

gas
+ (Egasvmax7optvc€in8t,c)

with Ep yaz opt k,c the installed battery capacity of park k, Ppiq maz,opt,c the installed PtG power,
Pprgs. (t) the power entering the PHES at time ¢ and Egas,maz,opt,c the installed gas storage
capacity.
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As said earlier, the total energy invested of the system corresponds to the sum of the energy
invested in RE and storage assets of each cell. Thus, the objective function becomes:

Einy = Z (Einv,RE,c + Einv,stor,c) (119)
Cell ¢
PV park WT park
#ﬁ
= Z [ Z (areapv,i,cefcv) + Z (nWT,j,CE%T) (1.20)
Cell ¢ ) j

battery park

1 b b
+ Z 5 ginst,k,cE@maﬂ?,OPt,k,C + Eut,k,c Z(Pb,in,k,c (t) At)

k t
installation

utilisation
PtG

1
PtG PtG
+ 5 Einst,c PPtG,max,opt,c + Eut,c Z(PPtG,in,c (t) At)
v t
installation
utilisation
PHES

+ e TSN (Ppups. (t) At)
t
gas storage

gas
+ (Egas,mam,opt,cgmst,c) ]

1.4.2 Constraints

This section details all the constraints of the LP problem. The constraints are all the relations
linking two or more variables.

Minimum RE share in system production

At the level of the system, a minimum share of renewable production is imposed. Equation [1.21
states that the sum of the renewable production of each cell has to be greater or equal to a given
percentage of the total production and external import of the system.

Z (Z EPV,i,c+Z EWT,i,c+Ecoal,c+Enuc,c+Edam,c+Erunri'ue'r,c+ECCGT,imp,c+Ee,i'mp,c> 'REshareS (]—21)
Cell ¢

2 7

Z (Z EPV,i,c+Z EWT,i,c+Edam,c+Erun'river,c>

Celle \ i i

with

Ex =) Px(t)At (1.22)

Minimum RE share in a cell production

At the level of the cell, a minimum share of renewable production is imposed as well. Equation
states that the renewable production of the cell has to be greater or equal to a given
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percentage of the total production and import from outside the system of the cell.

(Z EPV,i,c"FZ EWT,j,c+Ecnal,c+Enuc,c+Edam,c+Erumﬂiver,c+ECCGT,imp,c+Ee,imp,c) 'REshare,c (123)
i J

SZ EPV,i,c+Z EWT,j,c+Edam,c+Erun7‘iver,c
i J

with

Ex =) Px(t)At (1.24)

Maximum import in the system

The system is able to import external electricity. However, the amount of electrical energy that
can be imported is limited to a given percentage of the consumption:

Z Eimp,c < Impshare Z Econs,c (125)
Cell ¢ Cell ¢

Maximum import in a cell

The electrical energy that the cell can import from outside of the system is also limited to a
given percentage of the consumption of the cell:

Eimp,c < Impshare,c : Econs,c (126)

Power balance

In each cell and at each time ¢, the power production and consumption must be balanced (see
Equation . Notice the convention used for the power sign: power produced in the cell and
leaving the storage is considered positive while power stored is considered negative. A particular
attention should be brought to the external import as well as the terms representing the inter-cells
power flows P czch.c,.c(t) (from other cells to the cell considered) and P eqeh c.c, (t) (from the
cell considered to other cells), which are always considered positive. Practically, the production
(left hand side term) can be greater than the consumption (right hand side term). The excess
production, if coming from renewable sources, is considered as curtailment.

Vt 2 Y Ppuic(t)+ > Pwrje(t) + Pocare (t) + Peoate () + Paueye (1) (1.27)
i j

+ Z (Pb,in,k:,c(t) + Pb,out,k,c(t)) + PPHES,in,c(t) + PPHES,out,c(t) + PPtG,c(t)
k

+ Pdam,c(t) + Prunriver,c(t) + Pimp,c (t) + Z Pe,e:cch,cn,c(t) - Z Pe,exch,c,cn (t>
n n

Z Pcons,c (t)

Storage balance

Batteries The evolution of the energy stored in the battery park k is represented by the
recurrence Equation [I.28] One can see that the state of the storage at a given time depends on
the storage at the previous time step minus the leakage, to which power is added and subtracted
with a given efficiency. Equation [[.29] reports the cyclic condition set on the battery storage. It
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means that the energy content of the batteries has to be the same at the beginning of the period
than at the end.

VE >0 1 Eype(t) =Eppe(t — At) (1 — )™ (1.28)
[ Py our ket — At
_ 7767m,k,cpb,in,k7c (t _ At) + ,out, ,c( ) At
L Tb,out k,c
t=0 : Epke(t) =Epge(tena) (1 - 7k,C)At (1.29)
[ Py out ke (tend
- nb,in,k,cpb,in,k,c (tend) + M At
L TIb,out k,c

PHES The storage balance of the PHES is similar to the one of the batteries, with the
difference that no leakage is considered. As for the batteries, a cyclic condition is set between
initial and final time step. The storage balance becomes:

Vt >0 : Epgpsc(t) =Epaps.(t — At) — {UPHES,m,cPPHES,m,c (t — At) (1.30)

PprES out.c (t — At)
TIPHES,out,c

+ At

t=0 : Epugsc(t) =Epugs,c (tend) — {UPHES,m,cPPHES,in,c (tend) (1.31)

+ PPHES,out,c (tend):| At

TIPHES,out,c

Dam The Dam storage has the particularity that it is fed by a source which is not taken
into account in the power balance. The feeding of the reservoir is the water local inflow. In
equations [1.32 and [1.33] Puam,in,c corresponds to the power inlet from the local inflow in cell
c and (negative) while Py, . to the power generated by the dams (positive). Notice that no
efficiency term appears in Equation [[.32] Indeed, the content of the storage is defined as the
energy directly available for production, with losses through the turbines already taken into
account. Again, a cyclic condition is set in Equation [I.33]

Vt>0 : Edam,c (t) :Edam,c (t - At) - l:Pdam’c (t - At) + Pdam,m,c (t - At) :| At (1.32)

t=0 : Edam,c <t> :Edam,c (tend) - |:Pdam,c (tend) + Pdam,'in,c (tend> :| At (133)

Gas balance The gas storage has several inputs and outputs. The first input is the gas
produced by the PtG unit. Then, the storage can also be filled by gas exchanged from another
cell or with gas imported from outside the system. The storage can be emptied through the
CCGT unit or by exchanging gas with another cell. This is expressed in Equation [[:34] Finally,
a cyclic condition is set on the storage in Equation [1.35)
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P, t— At
Yt >0 1 Egase(t) =Egase (t — At) — [nptgvc - Ppige (t — At) — Pecgte (t = At) (1.34)
nCCGT,c
+ Z Pgas,exch,cn,c Z gas,exch,c cn At)
n
+ ]Dimp,gas,c] At
P t
t=0 : Egas,c (t) :Egas,c (tend) - |:77PtG,c . PPtG,c (tend) - M (135)
NCCGT,c

+ Z Pgas7exch,cn7c end Z gas,exch,c,cy, tend)
n

+ ]Dimp,gas,c] At

PtG minimal use

An extra constraint is set on the PtG. Since the energy cost of this type of storage is not
well-known, it is interesting to set a minimum utilisation to be able to control the way this
storage is used. This minimum utilisation constraint defines a minimum ratio between the energy
which goes through the PtG unit and the maximum energy that could be absorbed at full load
during the period T.

Z PPtG,c(t)At > aPtG,CPPtG’,opt,ma:L‘,c T (136)
t

1.4.3 Variable limits

This section details all the variable limits of the problem. The variable limits are the mathematical
relations linking one variable with one or more scalar values.

Grids

Electricity The electric power exchanged between two cells is limited by the exchange
capacity of the line connecting these cells. This limit can be different from one direction to the
other. That is why two different limits are set (Equation and . The power that a cell
can import from outside the system is also limited by the exchange capacity of the importing
lines (see Equation [1.39)).

vt Pe,ezch,cn,c(t) < Pe,ezch,max,cn,c (137)
vt Pe,ezch,c,cn (t> < Pe,emch,max,c,cn (138)
vt o Pe,imp,c(t) < Pe,imp,maa:,c (1'39)

Gas The gas power exchanged between two cells is limited by the size of the pipelines
connecting these two cells (Equations and [1.41]). As opposed to the electricity import, gas
import is considered constant and has to be smaller than the maximal import capacity (Equation
1.42]).

vt Pgas,e:cch,cn,c(t) < Pgas,ezch,ma:c,cn,c (140)
vt - Pgas,emch,c,cn (t) < Pgas,ezch,max,c,cn (141)
vt - -ljimp,gas,c < -Pimp,gas,max,c (142)
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Cells

Non-RE Production The non-RE production gathers the nuclear, CCGT and coal gener-
ations. The nuclear power is set as a base load corresponding to the installed power. The upper
limit of the coal and of the CCGT corresponds to their already-installed capacities (Equations

.45 and [L13).

vt . 0< Pcoal,c(t) < Pcoal,max,c (143)
Vt : 0 < Pocar,e(t) < PooeTmaz,c (1.44)

WT and PV parks The number of installed WTs and the surface of installed PV panels
are bounded by two factors. The lower limits correspond to the already-installed capacity and
the upper limits to the technical potential of the cell, both defined as a number of WT and a
surface of PV panels.

areapv.min,i,c < areapv.c < areapv.mazx,i,c (1'45)

NWT,min,j,c < nwt,j.c < NwWT,mazx,j,c 146)

Dam The dam generation is driven by three limits. The first one binds the reservoir
(Equation to a minimal and maximal energy content. The second one concerns the water
inflow. The water power entering the reservoir is equal to the local inflow or smaller in case of
water spillage (Equation . Notice the sign of Pygm in,c(t) which has been defined negative.
The third limit constraints the power generation of the dams, which has to range from 0 to the
installed power capacity (Equation .

vt Edam,min,c < Edam,c(t) < Edam,max,c (147)
vt *inflowdam,c(t) < Pdam,in,c(t) <0 (1.48)
vt 0< Pdam,c(t) < Pdam,max,c (1-49)

Run-of-the-river As for the dams, run-of-the-river production depends on the local inflow.
However, no reservoir is available. It is then necessary to inject all the water through the turbines
or to spill a certain quantity of water. This is stated in Equation Similar to the other means
of production, the power generation range from 0 to the installed capacity (Equation |1.51)).

vt : 0< Prum“iver,c(t) < inflowrunriver,c(t) (150)
vt @ 0 S Prunriver,c(t) S Prum“iveninst,c (151)

Batteries Equation states that the optimal installed capacity has to lie between
the minimal and maximal storage capacity (fixed as inputs). The second and third relations
(Equations and state the maximum power input and output of the batteries respectively.
These upper bounds are directly linked to the installed storage capacity by the charge and
discharge rate. Finally, Equation [I.55] states the limit of the energy content of the batteries.
The depth of discharge (DoD) translates the fact that the battery cannot be discharged entirely.
Notice that the three last relations are not variable limits but constraints since two variables are
involved.
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Ey min ke < Ebmaz,optk,ec < Ebmaz ke

vt _Eb,max,opt,k,cab,in,k,c < Pb,in,k’,c(t) <0

Vi o 0< Pi,out(t) < Eb,maac,opuk,caout

Vt ' Ebmazoptk,e(1 = DoDyg o) < Epgo(t) < Epmaz,opt ke

PHES PHES is limited by its reservoir and its installed generation and pumping capacities.
The reservoir is limited by the reservoir size and minimal water content (Equation [1.56)) and
the generation and pumping power must be smaller than the corresponding installed capacity

(Equation and [1.58]).

Vt © EpHESmine < EruEesc(t) < EPHESmaz,c (1.56)
Vit 0< PPHES,out,c(t) < PPHES,inst,out,c (157)
vt - _PPHES,inst,in,c < PPHES,in,c(t) <0 (158)

PtG As for the batteries, the PtG installed capacity is optimised and should lie between
the maximal and minimal set capacities (Equation [1.59)). The input power (defined negative)
has to range from 0 to the optimised installed capacity (Equation [1.60]).

PPtG,inst,min,c < PPtG,inst,opt,c < PPtG,inst,maz,c (1-59)
Vit _PPtG,inst,opt,c < PPtG,c(t) <0 (160)

Gas storage Again, the gas storage reservoir is optimised and should lie between the
maximal and minimal set capacities (Equation [1.61)) and the content of the reservoir must lie
between its lower filling limit and the optimal installed reservoir (Equation [1.62]).

Egas,min,c < Egas,max,opt,c < Egas,maa:,c (1‘61)
Egas,min,c < Egas,c(t) < Egas,max,opt,c (1*62)
(1.63)
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Chapter 2

Validation

The goal of this chapter is to validate the new tool developed by applying it to the case of the
Belgium transition studied by G. Limpens in |71] and to compare the results obtained by the
new tool and by the tool used in the aforementioned study. In the following lines, the "MATLAB
tool" refers to the tool developed in [71] and the "Python tool" to the new tool elaborated.

2.1 Study cases

In order to study the Belgium transition, the country is divided in two cells: the inland territory
and the offshore WT parks. The two cells are interconnected by a transmission line. As stated
in Section the means of production used in this model are: WTs, PV panels, CCGT and
nuclear power plants. The storage systems are: batteries, PHES, and gas storage (PtG with gas
storage).

In |71], four scenarios of the transition of Belgium from today towards a 100% RE electricity
system are presented. The scenarios cover a one-year period and are studied with a time step
of one hour. In each scenario, the electricity imported from outside the system over the period
studied is fixed at maximum 10% of the consumption. The production supplies therefore 90%
of the consumption. The actual Belgian electricity generation relies mainly on nuclear (50%),
gas (30%) and renewable (20%) [49]. This mix defines the first study case. The second scenario
with 10% nuclear, 50% RE and 40% gas can depict Belgium in 15-20 years. The third scenario
presents a production mix of 0% nuclear, 80% RE and 20% gas, which may illustrate Belgium in
30 years. The last scenario is a production 100% renewable. Those four scenarios are used to
compare the two tools. The MATLAB tool has been provided by G. Limpens and all the results
presented hereunder were recomputed.

The input values and parameters are presented in Appendix [B] It was not possible to retrieve
all the same inputs than the ones used in the aforementioned study. Small differences appear
thus between the results of the MATLAB tool presented in Table and and the ones from
[71] .

2.2 Results and discussion

Table and present the results for the RE and storage assets and curtailment of the tool
developed by G. Limpens in [71] and of the new tool developed for the Western Europe study for
the four scenarios. It can be underlined that the two tools give the same outputs for the study
of Belgium. Other key indicators as the variation of the energy stored in the different storage
systems are identical for both tools with a variation of less than 1%.

In conclusion, based on these results, one can guarantee the correct functioning of the program
developed.
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Table 2.1: Results for RE assets and curtailment.

Scenario Tool WT [5MW,,] PV Curt.
RE Nuc Gas On. Off. [km?] [GWp] [%0]
MATLAB | 1190 151 40.3 4.03 0.98
0% 50%  30% Python | 1190 151 40.3 4.03 0.98
MATLAB | 2007 754 130.1 13.01 4.8
50% 10%  40% Python | 2007 754  130.1 13.01 4.8
MATLAB | 2007 754 435.7 43.57 6.51
80% 0%  20% Python | 2007 754  435.6 43.56 6.51
MATLAB | 2007 754 712.6 71.26 19.5
100% 0% 0% Python | 2007 754 712.7 71.27 19.5
Table 2.2: Results for storage assets.

Scenario Tool Battery PtG Gas Storage

[GWh] [MW] [GWh]

1 MATLAB 2.6 0 662.3

' Python 2.5 0 662.1

0 MATLAB 9.5 0 1 330.6

' Python 9.6 0 1 331.0

3 MATLAB 114.7 1000 4 378.7

' Python 114.7 1000 4 376.7

4 MATLAB 241.1 1000 2 583.4

' Python 241.3 1000 2 584.1
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Chapter 3

Western Europe model

In this chapter, the implementation of the Western Europe electricity system as well as the
different inputs are detailed. First, the objectives are introduced. Second, the definition of
the cells is presented. Then, the implementation of the cells and their input data is explained.
Finally, the limits and hypotheses of the model are analysed. The model is based on a period of
one year and allows a minimum time step of one hour.

3.1 Objectives

Western Europe electricity system is modelled in order to analyse transition or 100% RE scenarios
of the upcoming decades at a macro spatial scale. The aim is thus to represent as faithfully as
possible the actual Western Europe electricity system which can then be applied to the desired
scenario thanks to the input parameters presented in Section 1| (e.g. RE share of the system or
of the cell, import share, etc.).

3.2 Definition of the cells

The first step to model Western Europe system is to define the different cells of the system. As
explained in Section the division of the cells defines the spatial resolution of the system and
impacts directly the computational time. A trade-off has then to be found. The goal of this
study being to analyse the Western Europe electricity system on a macro scale (at the scale of
countries or group of countries), six cells are defined. These cells are:

Scandinavia: Norway, Sweden, Denmark

British Isles: United Kingdom, Ireland

Germany & Benelux: Germany, Belgium, Netherlands, Luxembourg
France

Italy and Alpine states: Italy, Switzerland, Austria

Iberian Peninsula: Spain, Portugal

The same division of Western Europe is found in other studies [15]. The cells are presented
in Figure These choices are based on multiple considerations: size of the cells, availability of
data, policies, energy mixes, interconnections, geography and climate, which are explained in
more details here under.

First, the cells tend to have an area, population, electricity consumption and electricity
production of the same order of magnitude. Those parameters are presented in Table One
notices though that the population, consumption and production of Germany & Benelux is
noticeably higher than for the other cells.

Second, the division is based on country borders. Indeed, each country has its own policies
concerning electricity production. For example, Germany replaced the major part of its nuclear
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[I British Isles
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W Germany&Benelux
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M Italy and Alpine states
[ Scandinavia

Figure 3.1: Definition of the cells for the Western Europe model.

Table 3.1: Area, population and annual electricity consumption and production of the cells

15167,

Cell Area Population Annual elec. Annual elec.
[km?] [millions] consumption [TWh] production [TWh]
Scandinavia 876 000 21 303 334
British Isles 315 000 70 370 366
Germany & Benelux 432 000 112 724 840
France 644 000 69 479 550
Italy and Alpine states 427 000 78 452 410
Iberian Peninsula 598 000 57 302 328

electricity production by renewables and biofuels and strives to be out of nuclear by 2022
while France still has a strong nuclear park and is deeply involved in nuclear research . Each
country is thus characterised by a distinct energy mix and particular goals. Moreover, most of
the data concerning electricity production and consumption as well as RE potentials are given
per country. It would then be inconvenient to create cells not respecting the political borders.
Third, as said in Section [1.2] a cell has to be characterised by a good electricity transmission
grid, so that the copper plate hypothesis can be reasonably made. This hypothesis is strong since
even at the scale of a country it is sometimes not entirely true. Germany, for example, suffers
from congestion between the north and the south in case of high winds @ Exchange capacity
between countries is often even more limited as it can be observed in . The division tends
to gather countries with reasonably good connections and to separate countries with a weak
interconnection. The analysis of the European transmission system has been led using ENTSO-E
Transmission System Map to locate existing connections between countries and the Net
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Transfer Capacity archives of ENTSOE to determine inter-countries exchange capacities.
A fourth criterion to gather or separate countries is the weather and the geography. In order
to limit the number of PV and WT parks implemented per cell, the cells have to cover an area
with similar wind and irradiance profiles. The wind and irradiance profiles of Western Europe
are presented in Figures [3.2] and [3.3] respectively. Figure [3.2] represents the mean wind speed and
mean wind power at 50 m above ground level. From this figure, it can be stressed that the north
of Europe (Scandinavia and British Isles) presents a good wind potential. This potential lowers
from north to south and is very low for the north of Italy & Alpine states. It is also noticeable
that the potential is higher close to the coast. In Figure the annual full load hours (number
of hours the generators would have to run at full capacity to produce the electricity it actually
generated over the year) of optimally inclined PV modules are represented. It can be underlined
that the annual full load hours decrease from north to south. It is thus important to have a size
of cell which is not too wide in latitude. Moreover, the geography plays a role in the energy mix.
For example, mountainous countries have a higher share of hydroelectric production and storage.

mis  Wim2 mis  Wimd mis  VWim2 mis  \Wim2 ms  Wim2

[=—=] 60 >250 >75  >500 85  >700 9.0  >800 >115  >1800

B 5040 150250 6575 300500  7.0-85 400700  8.0-9.0 €00-800  10.0-11.5 12001800
4.5-50 100-150 5.5-65 200-300 6.0-7.0 250-400 7.0-8.0 400-400 8.5-10.0 700-1200

BN 3545 50-100 4555 100200 S5.0-60 150250  5.5-7.0 200-400 7.0-85  400-700

| <35 <50 <45 <00 <50 <IS0 <55 <200 <70 <400

Vo >75

22 5575

4

Figure 3.2: Mean wind speed and mean wind power at 50 (45) m above ground level for 5
different topographical conditions .

25



Legend
Full load hours [h/a]

B -0 [ 1100- 1150
B ss0-700 [ ] 1150- 1200
B 700-750 [ ] 1200- 1250
I 7s0-800 [ 1250- 1300
[ s00-850 [ 1300- 1350
[ s50-900 [ 1350 -1400
[ 900-950 [ 1400 - 1450
[Jes0-1000 [ 1450 -1500
[ 1000-1050 [ > 1500
[ 1050- 1100

Figure 3.3: Annual full load hours of optimally inclined PV modules .

The main characteristics of the cells and the specific reasons of the division are presented

hereafter.

Scandinavia Scandinavia is characterised by
good interconnections between Norway, Denmark
and Sweden. Moreover, it is a synchronous grid
independent in frequency from the continent
(apart from the continental part of Denmark).
The irradiance is rather uniform through these
countries and relatively low due to their high
latitude. Furthermore, Norway and Sweden have
a particular production mix in which hydroelec-
tric power provides a large part of the energy,
as it can be seen in[3.4l Scandinavia is the cell
with the highest RE share (76%). Moreover,
Scandinavia is the least-densely populated cell
with only 23 inhabitants per square kilometre
but the one with the highest annual electricity
consumption per capita with 14 286 kWh per
inhabitant which represents approximately 2.5
times the one of the other cells.
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Figure 3.4: Electricity production mix
of Scandinavia of 2017. Adapted from
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British Isles British Isles gathers United
Kingdom and Ireland. Similar to Scandinavia,
it is not synchronised with the continental grid.
The connection between these two distinct grids
is of only 2 GW according to [28]. Ireland and
Great Britain are connected by a total exchange
capacity of 1 GW [79]. Irradiance profile is rather
homogeneous and, looking at the wind profile,
one can see that the cell presents a good poten-
tial onshore and offshore. One can notice from
Figure [3.5] that British Isles presents a high share
of gas production (44%) compared to the other
cells. This cell presents the smallest area but
is also the second most-densely populated after
Germany & Benelux.

Germany & Benelux Germany & Benelux
gathers Germany, Belgium, Netherlands and Lux-
embourg which present good interconnections
between each other. The irradiance of Benelux
and of north of Germany are similar. However,
south of Germany has a higher PV potential
but still low compared to the south of Europe.
These countries also share a high wind potential
on the northern coast. Coal plays an important
role in the German mix, leading to the impor-
tant coal share in the mix of the cell as it can
be seen in Figure Germany & Benelux is
the cell with the highest population but also
the most-densely populated with 259 inhabitants
per square kilometre. This cell presents as well
the most important electricity consumption and
production.

France France is the only cell gathering only
one country. It is located at the centre of the
Western Europe system and connected to all the
cells except Scandinavia. France has a strong
irradiance deviation between the north and the
south. Similarly, wind is strongly dependent on
the proximity of the sea. France has a particular
energy mix with the highest nuclear share among
the cells under study.
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Figure 3.5: Electricity production mix
of British Isles of 2017. Adapted from
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Figure 3.6: Electricity production
mix of Germany & Benelux of 2017.

Adapted from .
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Figure 3.7: Electricity production mix
of France of 2017. Adapted from .



Italy and Alpine states This cell gathers
Italy, Austria and Switzerland. The main reasons
why these countries are grouped is due to their ge-

Electricity production mix of
Italy and Alpine states, Total : 410 [TWh]

Nuclear

Biofuel & Waste
Geothermal

Coal
8%

ographical similarities. Indeed, Switzerland, Aus-
tria and north of Italy are highly mountainous
areas. This geography has been used to install
an important hydroelectric capacity which repre-
sents 28% of the production. These countries are
characterised by a relatively low wind potential. Gas
Strong differences can be observed between the

north and the south concerning PV potential. In

fact, Sicily experiences much stronger irradiance oi
than the Alpine states. Italy and Alpine states
presents the second highest RE share, with 49%.

28% Hydro

6%
Solar

%
| Wind

Figure 3.8: Electricity production mix
of Italy and Alpine states of 2017.

Adapted from , .

Electricity production mix of
Iberian Peninsula, Total : 328 [TWh]
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Iberian Peninsula Iberian Peninsula gath-

ers Spain and Portugal. This cell presents

a relatively homogeneous and high irradiance.
Moreover, the onshore wind potential is simi- Coal
lar throughout the cell. Looking at Figure (3.9}

one can notice that Iberian Peninsula presents

a RE share of 41% with a high share of wind
production (19%).

Solar

Wind

Gas Oil

Figure 3.9: Electricity production mix
of Iberian Peninsula of 2017. Adapted

from .

3.3 Implementation of the cells and input data

In this section, the implementation of the consumers, producers and storage systems of the cells
is detailed. The input parameters characterising the cells and the global system as well as the
different input profiles are introduced. The methods used to process the inputs are explained
and discussed. All the input profiles cover a period of one year with a time step of one hour.

3.3.1 Consumption

Hourly electricity consumption profiles are retrieved from the ENTSOE database [29]. For each
cell, the profile of each country of the cell are summed to represent the total consumption for the
year 2017. This year has been chosen due to the availability of the data of the ENTSOE website.
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3.3.2 Actual production capacities

The data of the electricity production capacities are taken from ENTSOE Transparency platform
[31]. The generation systems are classified in twenty-seven production types. For each country,
the installed generation capacity of each production type is collected. Then, each corresponding
type is summed for each cell to have the generation capacity per type of the cell. This can be
seen in Table Those production types are much more detailed than the one implemented in
our model which are: Nuclear, CCGT, Coal, WT, PV panel, Dam and Run-of-the-river. The
production types are thus gathered in the seven different production assets implemented in the
model. Every by-product of coal, such as lignite, hard-coal and coal-derived-gas are compiled in
the coal type. The other fossil fuel generation types, along with the biomass, the biogas, the
wastes, the "other non-renewable" as well as the uncategorised type "Other" are gathered in the
CCGT. Solar renewable production has two different sources: photovoltaic and thermal. These
two types are gathered under the PV installed capacity. Finally, the "Other renewables" together
with marine and geothermal generation capacity are neglected.

Further research has been led to define the already-installed capacity of WT and PV in the
different countries due to some incoherent values in [31]. For PV, ENTSOE values have been
compared with [82], [23] and [78]. For WT, ENTSOE values have been compared with [37], [8],
[83], [81] and [25]. When values of ENTSOE were significantly different from the one specified
by a given country report, the last one was kept. The already-installed WT and PV capacities
represent the lower limit of these RE assets and are presented in Table

The actual production capacities of each cell are resumed in Table

3.3.3 Wind turbines

Two WT parks are implemented in each cell: one onshore and one offshore. Each park is defined
by its own load factor and wind profile. They all have the same W'T model but the energy cost
varies between onshore and offshore due to different installation, maintenance and dismantling
energy costs [24].

The wind profiles of the two parks of a cell are defined from the same initial wind speed time
series. The wind speed is then scaled for each park to reach the load factor wanted, defining
thus two distinct power production profiles.

In the following subsection, the model of the WT is presented. Then, the methods used to
determine the load factor, the technical potential and the wind profile of each park are detailed.

Model

The WT model chosen for offshore and onshore parks is the 5 MW Reference Wind Turbine
for Offshore System Development presented in [64] whose characteristics used in the model are
presented in Table The same WT model is used in [71] and [24].

Characteristic Value
Rating [MW] 5
Cut-In wind speed [m/s] 3
Rated wind speed [m/s] 11.4
Cut-Out wind speed [m/s] 25
Lifetime [years] 25
Energy cost onshore

[MWh/5MW,,] 1871
Energy cost offshore

[MWh/5MW,,| 39 818

Table 3.2: WT model characteristics.
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The energy cost of the WT depends on its location, as stated in [24]. It costs energetically
more to install, maintain and dismantle offshore than onshore W'Ts. For the onshore installations,
the energetic cost varies with the project (e.g. installation in the mountains, in a field, etc.) but
the variations are small. For the offshore installations, the cost strongly depends on the distance
to the shore and the water depth, as detailed in [24]. Average values of the energy cost were
taken from [24] and are presented in Table These values are identical to those introduced
in [71]. The energetic cost of the offshore WTs corresponds to the one of a WT located at 25
kilometres from the shore with a water depth of 30 meters.

Load Factor

Looking at the literature 35| 36|, the average load factor expected for Western Europe is around
20-25% for onshore and 35-45% for offshore. To compute the load factors of the cell, the annual
offshore and onshore load factors of each country is computed using the actual offshore and
onshore installed capacity and production from the ENTSOE website [29]:

annual production [Wh]
capacity [W] - 8760[h]

LFyea’/‘ =

The global load factor of the cell is then computed via a weighting of the load factor of each
country by its technical potential. LF}. being the load factor of the WT park j (onshore or
offshore) in cell ¢, it gives:

Z LFcountry,j " MW T, max,j,country

country
LFj. = (3.1)
NwT,mazx,j,c

where, country is one of the country in ¢, LFcountry,; is the load factor (onshore or offshore) of a
given country, nwr maz,j,country 1S the technical potential (onshore or offshore) of the country
and MW7 maz,jc is the total technical potential (onshore or offshore) of the cell.

Concerning the countries for which it was not possible to compute the load factor via the
production and capacity from ENTSOE (missing value or no installed capacity) the load factors
were based on the results from [47] and [24].

Table 3.3: WTs load factor and gross EROL

WT onshore WT onshore WT offshore WT offshore

Cell load factor EROI load factor EROI

Scandinavia 26.7% 15.6 46.8% 12.8
British Isles 25.1% 14.6 37.0% 10.2
Germany & Benelux 20.0% 11.7 40.5% 11.1
France 20.2% 11.8 43.0% 11.8
Italy and Alpine States 22.0% 12.8 33.1% 9.1
Iberian Peninsula 24.2% 14.3 38.4% 10.6

Table resumes the load factor and gross EROI of the onshore and offshore WT park of
each cell. EROI values are obtained using the load factors presented in Table [3.3| and the energy
cost defined in Table It is interesting to compare these EROIs with the wind map, Figure 3.2
Regarding the EROI of the onshore WTs, the highest are found in the northern cells, coinciding
with what is observed on the map. The value obtained for Iberian Peninsula is surprisingly high
compared to the expected value. Since load factor data come from actual production values, this
would mean that Iberian onshore parks are built in specific locations with strong winds. It is
to expect that this value could decrease with high W'T density, forcing to build in less suitable
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locations. Concerning the offshore WTs, it can again be pointed that EROI decreases from north
to south. However, British Isles offshore load factor is actually rather low, estimated at 33% by
ENSTOE [29] and at 37% by IEA [4]. This value can be expected to increase in the coming
years, with the implementation of more efficient parks replacing the older ones [34].

Technical potential

In order to compute the onshore and offshore WT technical potential, the repartition of the
available areas into land use categories with a respective suitability factor is used and taken from
[24]. The complete data are presented in Table and For offshore wind, selected
land categories are the one with a water depth smaller than 200 m. Nowadays, offshore wind
turbines rely on fixed foundations and can only reach approximately 50 m water depth [9]. To
unlock deeper water area, floating structures will be needed. These structures are still under
study and not ready yet to be commercialised. Moreover, the values given in [24] can suffer
from certain inaccuracies. Indeed, for example, sea routes have not been considered, leading to a
possible overestimation of the potential. In this study, offshore available areas are then divided
by two in order to reduce the needs of floating structures in the energy mix and to avoid an
overestimate of the technical potential.

The technical potential of park j in cell ¢ (MW7 maaz,jc) is computed as the sum of all the
available area of a given land category ¢ included in the park j of ¢ (Ag ;) weighted by the
suitability factor of this land category (kwr,.) multiplied by the capacity density of the park
(PPwr,;..) and divided by the nominal power of a WT (P,):

PPy e ZZ AE,J}C RWT /e
nNwTmaz,j,c = P (32)
n

The density ppy,r . is set to 4 MW/ km? for both onshore and offshore parks based on [46].
The results for the WT assets are presented in a number of 5 MW¢q WT. If the corresponding
area wants to be computed, one has thus to divide this number by 0.8 /km?2.

Table resumes the lower and upper limits of WTs technical potential.

Table 3.4: RE limits in number of 5MW,, WTs and km? of PV panels. The lower limit
corresponds to the already-installed capacity and the upper limit to the technical potential.

Cell WT onshore [5SMW,.,] WT Offshore [5SMW,,] PV [km?]
Lower Upper Lower Upper Lower Upper
Scandinavia 2413 234 654 294 72 936 7 5 590
British Isles 2 956 159 236 1277 111 183 127 4 461
Germany & Benelux 11 085 137 912 1441 23 839 481 3 750
France 2 709 220 877 2 24 579 7 6 532
Italy and Alpine states 2 436 144 689 0 10 404 213 3 956
Iberian Peninsula 558 227 230 1 7970 72 6 565

Wind profile

As said earlier, one wind profile is used for each cell and the wind profile of each park is scaled
to obtain the load factor defined for the park.
The input wind profile are hourly values of the wind speed at 10 m of a typical year based on
twenty years of a representative city of the cell. These data are from the tool Meteonorm [73].
In order to choose the representative wind profile of each cell, numerous wind time series
from different cities are collected as shown in Figure FEach wind data is then normalised
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such that:
wm(t)

meax(w;o(8) (3.3)

Wie(t) =
with w; .(t) a given wind time series in a given cell ¢ and @; () the corresponding normalised
time series. Afterwards, the mean wind time series is computed for each cell:

1 Qe
= X7 Z wi,c(t) (3'4)
Ne i=1

with V. the number of different time series in a given cell. For each cell, the mean square error
between each time series and the mean time series is computed as:

MSE;e = — > (ic(t) — we(t))? (3.5)

Finally, the wind profile w; .(t) with the smallest mean square error is chosen as the represen-
tative wind profile of the cell. The chosen representative locations can be seen in Figure [3.11] It
is important to notice that only the profile of the wind is of interest. Since the wind speed is
scaled to reach the load factor of the cell, the location of the representative profile does not have
any influence on the annual energy production.
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series are collected. wind time series of the cells.

3.3.4 PV panels

One PV panel park is implemented in each cell. Each park is characterised by an irradiance
profile and a load factor. As for the W5, the irradiance profile is scaled to reach the load factor
of the cell. All the PV park have the same PV panel model.
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In the following subsection, the model of the PV panels is presented. Then, the methods
used to determine the load factor, the technical potential and the irradiance profile of each park
are detailed.

Model

The PV panel model is similar to the one used in [71]. Its characteristics are presented in Table
The energy investment cost is assumed equal for all the PV installations.

Table 3.5: PV panel model characteristics.

Characteristic Value

n [7] 10
Lifetime [years] 30
Energy cost
[kWh/m?|

Load Factor

The average annual load factor for PV production is based on the database Renewable Ninja [47].
This database provides hourly load factors computed from 1996 to 2016 based on meteorological
data for each country. It results from the study in [86]. The annual load factor used for each
country corresponds to the mean load factor over the last twenty years. The load factor of a
given cell is then computed similarly as for the WT, via a weighting of the load factor of each
country with respect to their technical potential.

These load factors can be seen in Table [3.6] together with gross EROIs, which are computed
using the load factors and the energy cost of the PV panels. These values can be compared with
the PV potential map in Figure [3.3] It can be observed that EROI increases from north to south,
as expected.

Table 3.6: Load factors and gross EROIs of the PV panels.

Cell PV load factor PV EROI

Scandinavia 9.9% 6.1
British Isles 10.8% 6.6
Germany & Benelux 12.4% 7.6
France 14.0% 8.6
Italy and Alpine states 15.3% 94
Iberian Peninsula 16.7% 10.3

Technical potential

As for the WTs, the technical potential is computed using the repartition of the available areas
into land use categories and the suitability factor of each category from the data used in [24].
Those data are presented in Table [C.3}[C.4] [C.5|and [C.6] A factor of net PV surface in comparison
with the necessary surface of the installation is set to take into account the space between the
panels and is equal to 5. That is to say that on a surface of 1 km?, 0.2 km? of PV panels may
be installed. The technical surface of PV panels is given by:

YA Kpvy,
SPV,mam,c = ¢ = z (36)
QpV.c
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where Spvmaz,c is the PV technical potential of the park in cell ¢ expressed as a surface of
PV panels, Ay . is the is the available area of a given land category ¢, kpy, . is the PV suitability
factor of this land category and apy, is the factor of net PV surface in comparison with the
necessary surface of the installation.

Table [3.4] resumes the upper and lower limits of PV panels technical potential.

Irradiance profile

The input irradiance profiles are hourly values of the Global Horizontal Irradiance (GHI) of a
typical year based over twenty years of measurements of a representative city of the cell. These
data are from the tool Meteonorm [73]. As said earlier, these irradiance profiles are scaled to
reach the load factor of the cell.

In order to choose the representative GHI profile, numerous cities are cleverly chosen inside
the cell (see Figure . As for wind, the one with the normalised profile presenting the smallest
squared error with respect to the average of all the normalised profiles is kept. The chosen
representative locations can be seen in Figure Similar to wind data processing, it has to be
noticed that the location of the representative profile will not influence the PV annual production
in a cell. Indeed, the irradiance profile is scaled to reach the load factor of the cell.
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3.3.5 Hydroelectric power plants

As already mentioned, there are two different hydroelectric means of production: dams and
run-of-the-river power stations. Dams represent all the hydroelectric power stations with reservoir,
while run-of-the-river power stations gather the ones without reservoir. The profile of the local
inflow of both system is needed. First, the annual production is computed. Then, the profile of
the local inflow is determined. The water inlet of the model corresponds to the local inflow profile
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scaled by the annual production. No acceptable data have been found to define the capacity of
the reservoir of the dams. Thus, an educated guess value of the reservoir capacity is taken at
50% of the total annual production.

Annual production

Annual hydroelectric productions are fetched from ENTSO-E power statistics [29] and can be
found in Table 3.7 ENTSOE website states three different types of hydroelectric production:
"Pure storage", "Run-of-the-river and pondage", and "Mixed pumped storage". It must be noticed
that the "Pure storage" does not correspond to PHES but to a classic dam without the possibility
of pumping. The Dam category defined here gathers the production of the "Pure storage" type
and the renewable production part of the "Mixed pumped storage" type. This corresponds to
the production of the dams without PHES and the production coming from the water inlet of
the dams coupled with a PHES respectively. The Run-of-the-river category gathers only the
"Run-of-the-river and pondage".

Table 3.7: Annual hydroelectric production in Western Europe.

Cell Dam [TWh] Run-of-the-river [TWh]
Scandinavia 194.11 0.02
British Isles 2.94 5.26
Germany & Benelux 0.63 19.23
France 21.94 26.65
Italy and Alpine States 38.34 68.86
Iberian Peninsula 14.79 9.11

Local inflow

The production of dams and run-of-the-river power stations is linked to their water inlet, i.e.
the flow rate of the river over which the plant is installed. To model this inflow, data from the
Global Runoff Data Centre (GRDC) have been retrieved, giving for each river in each European
country the monthly mean discharge over the year |1§]. These river data are summed for a given
cell to obtain a flow rate profile in the cell. The normalised profiles can be seen in Figure [3.14]
It is interesting to notice two types of profile. The first one could be called "rainy winter" profile.
This is what can be observed in Germany & Benelux, France, Iberian Peninsula and British Isles.
Indeed, high river discharge are observed between October and April. The second profile could
be named "snow melt" profile. It can be observed in Scandinavia and Italy and Alpine states:
the snow starting to melt in March or April, it reaches a maximum around June and then starts
to decrease.

Then, to assess the dam and the run-of-river local inflow, annual productions are used. It
is assumed that the plant local inflow has the same profile as the flow rate of the cell, with an
integral equal to the annual plant production. Mathematically, it gives:

T
/0 inflowdam,c(t)dt = Edam@nnual,c (37)
T
/O inflowrunriver,c(t)dt = Erunriver,annual,c (38)

3.3.6 Storage systems

Three different kind of storage are implemented: battery, PHES and gas storage. All the
parameters of the storage systems are identical in each cell, except PHES installed capacities.
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Figure 3.14: Normalised monthly discharge profile of the rivers per cell.

These common parameters are taken from .

Battery

The model of batteries implemented in the model is Lithium-ion batteries. Parameters used for
this technology can be found in Table As a reminder, «;, and s represent the charge and
discharge rates, 1;, and 7,y the input and output efficiency, DoD the depth of discharge, v the
leak and E, /W, the energy cost per Wh of installed storage.

Table 3.8: Battery parameters.

Storage characteristic Value

Nin [70] 90
Tout %) 100
in [% /1] 20
Aoyt [%/h] 20
DoD [%] 80
v [%/jour] 0.1
Ecost/Wh [Wh/Wh] 132

PHES

PHES is the only storage whom parameters vary from one cell to another. The parameters
varying are the installed power (pumping and generating) and the storage capacity. These are
gathered for each cell in Table [3:9] The data are retrieved from a study of KU Leuven about
large-scale stationary electricity storage plants in Europe .
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Table 3.9: PHES pumping, generating and reservoir capacity.

Cell Reservoir [GWh] Pyypine [GW]  Ppump [GW]
Scandinavia 471.51 1.36 0.98
British Isles 28.50 3.08 2.94
Germany & Benelux 49.75 9.40 8.66
France 83.37 5.51 4.32
Italy and Alpine States 512.16 14.18 12.40
Iberian Peninsula 110.77 7.64 7.14

Parameters in common between the different cells are gathered in Table

Table 3.10: PHES parameters.

Storage characteristic Value

Nin [70] 90
Tout [%] 85
DoD [%] 100
v [%/jour] 0
ESOI [Wh/WHh] 704

Gas storage

Gas storage is composed of two parts: the PtG unit and the gas storage itself. PtG unit is
used to fill the gas storage and CCGT power plants are used to convert the gas into electricity.
Concerning the energy cost of the PtG, it is stated in [71]: "PtG being at lab scale, it has a low
readiness level. Consequently, there are not many studies for the energy invested for a PtG unit.
Hence, an educated guess value is taken for PtG at 100 MWh per installed power capacity of
1 MW", Furthermore, it is shown that this energy cost has a small effect on the results: "The
energy cost has to be a thousand times more expensive (100 [GWh/MW]) for the PtG to have
an influence on the results" |[71]. Moreover, to avoid too high PtG installed power with severely
low utilisation, a minimum utilisation factor of ap;c = 15% is set. Gas storage parameters can

be found in Table B.111

Table 3.11: Gas storage parameters.

Storage characteristic Value

nin (PtG) [%] 63
Tout (CCGT) [%] 59
DoD [%] 100
7 [%/jour] 0
apia [%)] 15
ES,,, [Wh/W] 100
EZ% v [Wh/Wh] 0.001

3.3.7 Transmission line capacities and import

The transmission line capacities are considered equal to the NTC. The Net Transfer Capacity
(NTC) is defined based on the Total Transfer Capacity (TTC) and the Transmission Reliability
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Margin (TRM). "The TTC is the maximum capacity available for the exchange of electricity
between grids in neighbouring geographical areas without jeopardising the security of the
respective grids. The TRM is the minimum reserve that system operators must have available
at their connections so that they can help other countries to which their system is directly
or indirectly connected, if necessary." . The NTC is the capacity available for commercial
transactions defined as NTC = TTC — TRM.

The NTC between the different countries used in this study are based on ENTSO-E NTC
archives . However, these values are from 2011. They could then suffer from inaccuracies
with respect to the actual line capacities. These are presented in Figure 3.15] It is interesting to
notice that the transfer capacities are not the same in both directions due to the asymmetrical
topology of the grids connecting both ends of the transmission lines.

cell

[ British Isles

M France

M Germany&Benelux

M Iberian Peninsula

M Italy and Alpine states
M Scandinavia

Figure 3.15: Net Transfer Capacity between cells [GW] .

The area under study is considered as a closed system. This means that no exchange with
other area than the six cells defined are considered. The import from outside the system of each
cell is thus set to zero.

3.3.8 Gas grid

No gas exchange between cells is considered in the model studied. No upper bound is set for the
imported gas, meaning that a cell can import any amount of gas if necessary.
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3.4 Limits and hypotheses

The data gathered for this study have been processed assuming sometimes strong hypotheses
which have to be considered for the analysis of the results. Some of these hypotheses are discussed
hereafter. Avenues for improvement are as well proposed.

3.4.1 Definition of the cells

Since several countries are gathered in one cell, the copper plate hypothesis is rough for some
cells. Indeed, for example, countries in British Isles and Iberian Peninsula are not well connected.
Additional cells could be implemented in order to take into account the possible transmission
bottlenecks inside the actual cells.

3.4.2 Consumption

The reference electricity consumption profile used in the model is based on a particular year
consumption (2017), when meteorological profiles are based on typical year and load factors
on average values over 20 years. This could suppress some correlation between weather and
consumption. Moreover, no potential increase of the consumption is considered. However,
ENTSOE forecasts show that electricity consumption efficiency is estimated to increase as fast
as the electricity consumption growth until, at least, 2025 [32]. No significant increase of the
consumption is thus expected until there.

3.4.3 Actual production capacities

A first assumption made concerning the production capacities is the restricted means of production.
Indeed, only a few kinds of means of production are represented in the model (see Table .
Thus, lots of different power plants have been gathered in a single asset. Furthermore, these
installed capacities will quickly change in the coming years. Caution is required when assessing
future scenarios.

3.4.4 Wind turbines

First, offshore load factors are not always well-known. Countries such as France, Spain and
Italy do not have a sufficient number of installed offshore WTs to determine an average load
factor. Moreover, even if available, the annual wind production can introduce uncertainties. For
example, it can be observed in Table that British Isles has a rather low offshore load factor
while higher values are expected from Figure This probably comes from the fact that old
WTs in British Isles tend to lower the global load factor. A report from the Crown Estate on the
United Kingdom offshore wind [34] states that recent WTs load factor lies between 40% and 45%.
Furthermore, load factors are assumed constant for the whole offshore and onshore technical
potential of a cell. However, in reality, all the potential installation sites taken into account in
this study, presented in will not present the same load factor. Another method would have
been to base the load factor and technical potential on [24], which defines the technical potential
of a country in function of a minimum EROI wanted.

Second, taking one wind profile for the whole cell is a strong assumption. Indeed, it is shown
in |16] that cross-correlation coefficient of wind power production between the EU28 countries
strongly decreases with respect to the distance separating two given locations. It is shown that
already for 1000 km between two locations this coefficient can drop to a value between 0.2 and 0.4.
Moreover, only two different WT parks are implemented and with a common base wind profile.
This implies that if wind does not blow, the wind speed will be under the cut-in speed in both
parks which corresponds to a case where none of all the WTs installed is producing. This situation
is extremely rare at the scale of the cell since there is often at least one park where the wind blows

39



sufficiently to start WTs. This assumption increases the intermittent behaviour of wind power
and can be seen as a worst-case scenario regarding wind production intermittency. However, if
one observes the wind profiles used (non-scaled) and presented in Figure which correspond,
as said earlier, to typical years built on twenty years of measurements from Meteonorm , a
strong correlation between the profiles is noticeable. Figure presents the two-day average
wind profiles in order to be able to distinguish the curves. If the hourly values are compared,
one notices a strong correlation as well between the profiles. Indeed, by computing the Pearson
correlation coefficient, the minimum correlation observed is between Iberian Peninsula (wind
profile of Faro) and Scandinavia (wind profile of Halmstad) with a value of 0.91. This value
denotes a strong relationship between these two profiles. This correlation coefficient value can
reach 0.99 if France (wind profile of Saint Brieuc) and British Isles (wind profile of Norwich) are
compared. With the data used, it is thus not useful to take several representative cities per cell.

Two-day average wind speed

10 A

Wind speed [m/s]

0 50 100 150 200 250 300 350

Time [days]
Scandinavia —— Germany & Benelux —— ltaly and Alpine states
—— British Isles —— France —— Iberian Peninsula

Figure 3.16: Two-day average wind profile of each cell.

Third, taking a unique cost for the offshore WT is a strong hypothesis. Indeed, as shown in
, offshore WT cost highly depends on distance to shore and water depth.

3.4.5 PV panels

Only one park per cell is implemented for PV panels, meaning that only one load factor is used
for each cell. As seen in Figure [3.3] irradiance can strongly vary between the south and the
north of a cell. Moreover, as for wind, using only one irradiance profile worsens the intermittent
behaviour of solar power since cloud coverage in a part of a cell does not imply that the complete
cell is cloudy even if irradiance profiles in different locations of a country are highly correlated
. Looking at the Meteonorm hourly irradiance profiles used, the similar day/night profile is
noticed for all profiles with a varying magnitude in function of the latitude. However, compared
to the wind profiles, the distinct local hourly conditions are more perceived. When a decrease
of the irradiance is observed in a cell, it is not necessary observed in the neighbouring cells.
However, the Pearson correlation coefficient remains higher than 0.8 between the irradiance
profiles of the cells. An average of the different profiles of the cells presented in Figure [3.12]
could have been computed or multiple parks could have been implemented in order to obtain the
global irradiance profile of the cell but at a certain computation cost.
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3.4.6 Hydroelectric power plants

Hydroelectric power plant modelling is a tedious part. Indeed, data concerning these power
plants are sometimes erroneous or ambiguous, mixing the different power plant types or even
mixing storage (PHES) with production.

Then, the water inlet profile of the hydroelectric power plants is based on monthly water
discharge in rivers at the level of the cell. The assumption of one profile for all the plants can be
rough since some dams are located in mountains and some in lowland, having different profiles
and shifting the available production from one part of the year to another.

Finally, as already mentioned, no conclusive data have been found to define the reservoir
capacity of the dams. Reservoir capacity limits are thus set to 50% of the total annual inflow.
This assumption influences the way dams power has to be produced during the year. Since the
annual production of a hydroelectric power plant is defined beforehand and the output power is
limited by the already-installed capacity, a small reservoir capacity compared to the local inflow
will force the dam to execute multiple cycles when a high reservoir capacity will allow seasonal
water storage.

3.4.7 Storage systems

The PtG installation energy cost is based on the previous work [71]. However, this value is a
rough estimation since no study provides the energy investment cost for these kind of storage
units. Moreover, the gas synthesised with the PtG units is burnt using the already-installed
capacity of CCGT which is, in this study, a gathering of different power supply, and not only
using gas as fuel (e.g. wastes). Moreover, no utilisation costs are implemented concerning the
operation of those CCGT plants.

3.4.8 Transmission line capacities

The data of NTC between countries come from a report which dates from 2011 [28]. Since 2011,
new lines have been built between certain countries or existing lines have been strengthen. For
example, NTC archives only report one connection for UK, being the one from Sellindge (UK)
to Calais (France). However, other lines exist such as the DC line between UK and Netherlands
and the soon commissioned link between UK and Belgium. Other countries have built additional
links since then and a deeper study of the European Net Transfer Capacities should be led to
have a more accurate view of the actual import and export capacities between countries.
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Chapter 4

Two-cell analysis: Germany &
Benelux and France

A first two-cell system is studied in order to calibrate the model and to fully understand its
behaviour before the analysis of the complete Western Europe system. This first study concerns
the system composed of Germany & Benelux and France. The period of study is one year with a
time step of one hour.

First, the optimal solution of the 100% RE electricity system with no external import is
analysed by studying the exchanges between cells, the energy flows and the RE and storage
assets. Second, the impact of the variation of the exchange capacity on the 100% RE system is
evaluated. The results obtained for these two cells studied as an isolated system will be compared
with the ones of the complete Western Furope study in the following chapter. An analysis of
the variation of the RE and storage assets in function of the global RE share through transition
scenarios has also been led. This analysis is not presented in the main body of the text but can
be found in Appendix

All the inputs of the model are detailed in the previous chapter. As a reminder, Germany &
Benelux has a population 1.6 times more important than France and has an annual electricity
consumption of 724 TWh for the year considered compared to 479 TWh for France. The actual
RE production share of Germany & Benelux is equal to 27% with an important wind and biofuel
& waste production while the RE share of France is of 19% with an important hydroelectric
production share. The actual exchange capacity from France to Germany & Benelux is 6.1 GW
and from Germany & Benelux to France 5.6 GW.

The annual electricity consumption profiles are given in Figure [{.I The two profiles are
strongly different. The consumption profile of France shows a high seasonality with a strong
decrease during the summer while the consumption profile of Germany & Benelux is more or less
identical throughout the year. The seasonal variation of the French consumption is mainly due
to the intensive use of electrical heating |70]. The important decrease of the production during
the night for both profiles may also be pointed.

4.1 Study 1: 100% RE electricity system

In the present section, the 100% RE electricity system composed of Germany & Benelux and
France with the actual transmission line capacity and without external import is analysed. The
two cells are thus studied as a closed system. First, an overview of the energy investment is
made. Second, a global analysis of the annual production and exchanges is conducted. Third,
the energy flows on an annual and monthly timescale are detailed. Finally, the RE and storage
assets of each cell are presented and analysed.
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Figure 4.1: Annual electricity consumption and average of Germany & Benelux and France.

4.1.1 Energy investment

Table [4.1] summarises the energy investment of the system. The total energy investment is 152
TWh leading to a net EROI for the system of 7.88. The energy investment comes for more than
80% from the RE assets. From the 20% of the total energy investment invested in the storage,
93.5% lies in the batteries, 6.4% in the PtG and the rest in the gas storage and PHES. The
important cost of the batteries and the negligible cost of the gas storage is there highlighted.
From the total energy investment, 60% comes from Germany & Benelux and 40% from France.
This is explained by a higher energy investment in RE assets of Germany & Benelux due to its
higher consumption. However, despite the lower consumption of France, the energy invested in
storage is higher for that cell. The reason of this is explained in the following sections.

Table 4.1: Energy investment of the system and of each cell.

System Germany & France
[TWh] Benelux [TWh] [TWh]

RE assets 125 81 44
Storage 27 10 17
Total 152 91 61

4.1.2 Production and annual exchanges

Figure [£.2 resumes the production and the annual exchanges between the cells. In the arrow is
presented the annual energy exchanges as well as the net value.

France production relies mainly on offshore WTs (82% of its production) while in Germany
& Benelux the production is more diversified: 49% from offshore WTs, 33% from onshore WTs,
16% from PV panels and a negligible hydroelectric production.

One can notice that France is an electricity exporter on an annual timescale and Germany &
Benelux an importer. The net annual import of Germany & Benelux (34.7 TWh) corresponds
to 3.8% of its electricity needs and to 6.2% of the French production. It is noticeable that,
even if Germany & Benelux has an importer behaviour, it exports electricity to France as well
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Figure 4.2: RE production and annual exchanges (total exchanges and net exchange) [TWh].
The yellow arrow represents the net exchange while the sub-arrows represent import and export.

(8.4 TWh). The net EROIs of France and Germany & Benelux are 7.79 and 7.95 respectively.
Germany & Benelux takes advantage of the French production which lowers the EROI of France.

The utilisation factor of the line is equal to 98% and more than 95% of the time the line
is used at its maximum power. Exchanges are thus clearly limited by the capacity of the line.
Study 2 in Section [£.2] will focus on the impact of this parameter.

The terms "import", "export", "net import" and "net "export" are used in the following sections.
The "import" corresponds to the sum of all the energy imported and consumed in the cell over
the period defined. The "export" corresponds to the sum of all the energy produced in the cell
that is exported. The difference between "import" and "export" corresponds to the "net import"
of the period defined if this value is positive and to the "net export" if negative.

4.1.3 Energy flows

In this section, the energy flows of the system are presented and studied for different timescales:
annually in Figures [£.3] and [£.4) and monthly in Figure

Figures [£.3 and [£.4] resume the global energy flows of the cells for the period studied. They
highlight the part of production directly consumed, exchanged and stored.

Looking at Figures [4.3] and [4.4] one notices that, in order to reach the optimal solution based
on the energy cost, storage plays a key role in the electricity system. Indeed, at the level of the
global system, more than 40% of the energy production passes through the storage before being
consumed: 22% enters the PtG unit, 21% the batteries, and 0.4% the PHES. It is important
to stress that the three storage systems implemented are used. The global losses due to the
storage represent 16% of the energy produced and 37% of the energy entering the storage. These
two figures also allow to clearly highlight the storage mix installed by each cell. In Germany &
Benelux, two thirds of the energy entering the storage enters the PtG unit and one third the
batteries. On the other hand, in France, three quarters enters the batteries and one quarter the

44



Direct Consumption: 505.0 Direct Consumption: 324.9

Consumption: 723.5 Consumption: 479.0

Batt: 134.0
Batt: 164.3

Storage: 217.1
Storage: 401.2

PtG: 265.0

PtG: 50.4

PHES: 2.1 - \\‘
1 Impo;'t“:‘z3.1 =63 PHES: 227 Ex@ﬁb = |mport: 8. 12941 Export: 43.
Figure 4.3: Sankey diagram of Germany & Figure 4.4: Sankey diagram of France annual
Benelux annual energy flow [TWh]. energy flow [TWh].

PtG. The storage mix is thus dependent on the characteristics of the cell. The high losses due to
the conversion of electricity into gas and then of gas to electricity is noticeable: only one third of
the energy entering the PtG is finally consumed. For both cells, the energy consumed coming
from the storage represents 30% of the consumption. However, due to the higher utilisation of
the gas storage in Germany & Benelux leading to high storage losses, a more important part of
the production has to be stored for that cell.

From Figures [4.3] and [£:4] one can also observe the important difference of the share of direct
consumption between the different means of production. For both cells, the main part of the
PV production is directly consumed while for the WTs approximately half passes in the storage.
It is also noticeable that, for both cells, 80% of the import is directly consumed and that the
export comes mainly from direct RE production (without storage).

No curtailment is observed in the system, which means that all peaks of production are
adsorbed. Indeed, as explained later in this section, the batteries being sized based on their
storage capacity (and not by a power limit) have an oversized available input power and can thus
absorb all the short-term peaks of production. The PtG, not having a maximum power limit,
is sized in order to absorb all mid-term variations of production. Battery and PtG combined
are thus able to absorb all production surplus leading to no curtailment. On the opposite, an
important curtailment was noticed for the 100% RE Belgium analysis (19%) as presented in .
This is explained by the high solar share of the electricity system, its limited PtG capacity and
its inability to exchange energy (no import/export). A curtailment was thus observed during the
summer due to the important increase of solar production and the inability of the PtG to store
it because it has reached its limited power.

Figure displays the monthly production, consumption, net storage variation and net
exchange of the two cells. The positive bars correspond to the total monthly production, net
output of storage and net import of the cell while the negative bars correspond to net input of
storage and net export. The difference between positive and negative bars corresponds thus to
the monthly consumption, storage losses and curtailment (no curtailment here). It allows to
study the evolution of the energy flows throughout the year and underlines seasonal behaviours.
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Figure 4.5: Monthly energy flows of Germany & Benelux and France. Net exchange corresponds
to the net import (>0) or net export (<0) of a cell.

The different energy mix of the two cells can clearly be identified from Figure One
notices the strong seasonality of both wind and solar productions. The wind production presents
a drop during the summer months and the opposite is observed for solar. The complementarity
of both means of production (WT and PV) is used in Germany & Benelux such that the monthly
production remains nearly constant throughout all the year. The dependence of France on
only one technology leads to a strong seasonal variation of its production which is however
synchronised with its consumption. Considering the gas storage, in France, it is filled from
Mars to October and emptied during the months of winter when the consumption faces an
important increase. In Germany & Benelux, it is filled from May to October when solar and wind
productions are high. In both cases, a strong seasonality is observed. The evolution of the gas
storage of the two cells is presented in Figure One observes that only one cycle is performed.
Regarding the net exchanges, France has during the entire year an exporting behaviour and the
value of its exports lowers during the months of high energy needs (November to January).

Interesting observations can be made by analysing the hourly energy flows. In Appendix [D:2]
an example of hourly analysis is presented, analysing briefly the energy flows of a week of winter
and a week of summer for the two cells.

4.1.4 RE assets

A summary of the solution for the RE and storage assets of the case studied is presented in Table
D.1

Figure displays the RE assets of the 100% RE system in nominal power (Watt-peak for
the PV). The upper and lower limits of each RE asset (horizontal black lines) as well as their
domain of solutions (vertical dotted lines) are represented. If the upper limit is not visible, it is
because it is higher than 200 GW. Table [£.2] reminds of the gross EROI of the RE assets of each
cell.

The RE assets installed are strongly different for the two cells: France installs only a significant
number of offshore WTs, while Germany & Benelux installs a consequent amount of the three
proposed technologies. It reflects directly the production mixes presented in Section The
gross EROI of each RE asset presented in Table [£.2] does not fully explain the solution obtained.
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Figure 4.6: Nominal power of the RE assets. The horizontal black lines correspond to the upper
and lower limits and the doted lines to the domain of solutions.

Table 4.2: Gross EROI of the RE assets.

Cell RE asset EROI

PV 7.57
Germany & Benelux WT Onshore 11.69
WT Offshore  11.13

PV 8.63
France WT Onshore 11.79
WT Offshore 11.81

Indeed, in Germany & Benelux, the upper limit of offshore WTs is reached before the upper
limit of onshore W'Ts even though the EROI of the first is lower than the EROI of the second.
Moreover, PV panels are installed in that cell while their EROI is much lower than the EROI
of both WT parks. Finally, PV panels are installed in Germany & Benelux and not in France
while the EROI of the latter is higher than the EROI of the first. It can thus be noticed that,
even if the EROI plays a role in the optimisation of the RE assets, it is not the only influencing
parameter.

As already mentioned, the energy produced by the different technologies is not similarly
absorbed by the consumers. Part of the production is consumed directly while the rest passes
through the storage inducing additional energy costs due to the losses and to the energy cost of
the storage system itself. The assimilation of the production is thus another key parameter to
understand the optimal solution obtained. It is important to note that the absorption of the
production of a specific technology depends on the other means of production present in the
mix as well as on the power installed of that technology: the more power is installed, the less
efficient is the absorption due to the more important peaks and drops of production compared
with the consumption profile. Table details the absorption of the RE assets of each cell.
PHES, corresponding to less than 1% of the total energy stored, is not represented.

Despite their lower EROIs than onshore WTs, the installation of PV panels and offshore
WTs in Germany & Benelux is explained looking at the assimilation of the different means of
production. Indeed, the direct consumption of the solar production is of 73% and of 55% for the
offshore WTs, while for the onshore WTs it is of 45%. The lower EROI of the PV panels and
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Table 4.3: Absorption of the RE production of the two cells.

Cell RE asset Direct consump. [%] Batteries [%] PtG [%)]
PV 73 15 12
Germany & Benelux WT onshore 45 15 40
WT offshore 55 15 30
PV 76 17 7
France W' onshore 55 33 11
WT offshore 56 34 11

offshore WTs in comparison with the EROI of the onshore W'Ts is thus compensated by a more
efficient absorption by the consumption. The better absorption of the solar production is due to
its synchronisation with the consumption, both showing day/night cycles. Concerning offshore
wind, it has a higher mean production than onshore (due to its load factor). Thus, for the same
energy produced, more onshore W'Ts have to be installed leading to higher peaks of power in
case of strong winds which gives rise to a higher mismatch between production and consumption
inducing storage needs.

The fact that France does not install a significant number of PV panels in comparison
with Germany & Benelux is explained by looking at the consumption profiles of the two cells
presented in Figure [1.5] As said earlier, those two profiles are strongly different: France
consumption increases during winter while Germany & Benelux consumption profile is rather
identical throughout the year. The French consumption is thus not adapted to solar electricity
production which is higher during the summer than during the winter. An important share of
PV production in France would require a high long-term storage capacity leading to high losses.
Only offshore and no onshore WTs are installed due to the better EROI and absorption of the
offshore parks. However, these values are close. The EROI of the offshore WTs is less than 1%
higher and the absorption are nearly identical, as pointed in Table An analysis of the RE
assets in function of the EROI of the onshore WT parks of France is thus led to evaluate the
stability of the solution obtained.

Sensibility analysis of the RE assets

As mentioned hereabove, in France, the absorption of the production of both WT parks is nearly
identical with only a slightly higher value for the direct consumption of the offshore parks (56%
offshore, 55% onshore). In addition to this, the EROI of the offshore WTs is a little bit higher.
Only offshore and no onshore WTs are then installed. A small change of the value of the EROI
could thus drastically change the solution. In order to quantify the influence of this parameter, a
sensibility analysis of the RE assets installed with respect to the EROI of the onshore WTs of
France is performed.

The two parameters influencing the gross EROI of the WTs (without modifying the power
curve and lifetime) are the energy cost and the load factor. Indeed, with E_, /i the energy
cost of one WT, LTy its lifetime, E,,..q/wr the energy produced by the WT throughout its
lifetime, P, w7 its nominal power and LFyyr its load factor:

E P LTwrLF
EROIWT _ prod/WT _ n,WT wT wT (41)
Ecost/WT Ecost/WT

An increase of 10% of the gross EROI can thus be made by an increase of 10% of the load factor,
or by dividing the energy cost by 1.1. However, changing one or the other does not lead to similar
results. Indeed, modifying the load factor of the WT parks causes a change of the production
profile affecting the way power is absorbed by consumption. Figure displays the sensibility
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of the RE installations to the EROI of onshore WTs in France regarding these two parameters.
Only the variations of the RE assets in France are represented, the ones of Germany & Benelux
varying by less than 5% of their actual value.

Sensibility analysis of the RE assets in
France wrt the EROI of onshore WTs
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Figure 4.7: Sensibility analysis of the RE assets in France with respect to the EROI of onshore
WT.

It appears that the number of onshore and offshore installed WT varies strongly with respect
to the onshore EROI while the PV panels installed remain constant. Moreover, the evolution
of the assets is different if the EROI is changed by modifying the cost or the capacity factor.
The solution is more sensitive to a change in load factor for variations between 10 to 20%. As
observed, an increase of 20% of the onshore EROI by increasing the load factor is sufficient to
heavily change the results. At that point, the system replaces nearly all the offshore WTs by
onshore WTs. In the case of a variation of the investment cost, it requires an increase of 40% of
the EROI before obtaining the complete replacement of the offshore WTs. The possibly high
sensibility of the solution for RE assets with close EROI and absorption profiles has to be kept
in mind for analysing the further results. Indeed, the values found or computed to obtain the
energy costs and load factors are based on several hypotheses as detailed in Section

4.1.5 Storage assets

Figure [4.8 presents the optimised storage assets of the system. PHES is not represented since its
installed capacity is fixed. As said in Section it is interesting to stress that, to reach the
optimal solution, both battery and gas storage are installed.

Germany & Benelux battery installed capacity is equal to 1.6 TWh. In order to represent
the volume occupied by such batteries, Tesla Power pack lithium-ion technology is chosen as a
reference [88]. These batteries correspond to the technology used in the study and are already
implemented as grid storage facilities [66]. Based on the characteristics of the Powerpack,
Germany & Benelux installs the equivalent of 0.16 m? of batteries per inhabitant. France, on the
other hand, installs 3.4 TWh of batteries, corresponding to a volume of 0.55 m® per inhabitant.

Comparing the storage assets and observing the annual inputs of energy in the storage systems
presented in Figures and [£.4] one observes that France storage relies mainly on batteries
while Germany & Benelux on gas: 75% of the energy stored in France is stored in the batteries
and 65% of the energy stored in Germany & Benelux is stored in the gas storage system. In
both cells, PHES plays a minor role.
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Figure 4.8: Storage assets of the two-cell system.

In order to understand the storage assets of the optimal solution, it is interesting to analyse
their energy cycles. It is expected from the batteries to have a short-term usage, for the PHES
a mid-term one and for the gas storage a long-term one. Indeed, the distinct utilisation of the
storage systems are explained by their respective costs and efficiencies. Batteries have a high cost
per Wh installed (132 Wh/Wh), meaning that storing high energy quantities only one time will
not be interesting for the system. However, the efficiency of the batteries is high compared to
the efficiency of the gas storage. Indeed, a storage cycle has an efficiency of 90% for the batteries
compared to 37% for the gas. On the other hand, the cost of the PtG is related to its installed
power, meaning that absorbing high power peaks is costly for the system but the gas storage is
extremely cheap compared to batteries (0.001 Wh/Wh). The system will then naturally tend
to use batteries to store production peaks with a limited installed storage capacity by storing
the energy for a short period and use the gas storage as a long-term seasonal storage with a low
installed PtG power and an important gas storage. Concerning PHES, it will only store energy
after the batteries are full and before energy starts to be stored in the gas storage. Indeed, it
presents a lower efficiency (round trip efficiency of 75%) than the batteries but higher than the
gas storage.

The utilisation of the storage system is presented in Figure It presents the number of
cycles achieved by a given storage system over the year for different cycle durations. The number
of cycles is determined as follows. First, the total annual energy cycled in the given time range is
computed. The energy cycled in a storage corresponds to the quantity of energy which entered
and left the storage within a certain period. The storage is considered as a stack, meaning that
the last energy unit entered in the storage is the first one to leave. Then, this energy is divided
by the storage capacity of the technology studied to obtain the number of cycles. One has to
notice that a cycle does not necessarily happen at once. For example, 1 Wh entering and leaving
the storage in less than 24 hours 10 times on 10 different days in a storage of 10 Wh is considered
as a single cycle achieved in less than 24 hours.

From Figure [£.9] it is noticeable that the expected utilisation of the storage systems is globally
met. Indeed, in Germany & Benelux, the batteries are mainly used for short-term storage needs
(<24h) due to short-term variations of the production and demand while gas storage is used
for mid-term (one week-one to month) and long-term (>month). The mid-term storage needs
mainly come from wind production drops, as detailed hereafter, and the long-term from the
seasonality of the solar production. The seasonal behaviour of the gas storage is highlighted
in Figure One can observe an increase of the storage level in spring and summer, and a
decrease during autumn and winter, as mentioned in Section [£.1.3]

Contrary to expectations, France uses as much its battery storage for the short-term (<24
hours) than for the mid-term (from one day to one month). The distinction in the utilisation
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Figure 4.9: Number of cycles of the storage assets.

of the batteries is not as clear as for Germany & Benelux. Moreover, the number of cycles
of the batteries is much lower for France. This is explained by the fact that the ratio of the
CCGT installed power to the average power consumption is three times lower in France than in
Germany & Benelux (0.3 and 0.9 respectively). Its CCGT is thus not able to overcome the power
needs faced during mid-term drops of production and batteries are used instead. The batteries
are then used to cover the short and mid-term storage needs leading to an important battery
capacity while the gas storage is only used to compensate the seasonality of the production and
consumption.

For both cells, PHES is indeed used as a complement of the two other storage systems. It
is used for short-term storage when batteries are full and for mid-term before the gas storage
due to its better efficiency. Moreover, due to its low (and limited) capacity, it covers only a very
small part of the mid-term needs which have thus to be covered by the other storage systems.
Indeed, as detailed in Section [£.1.3] only 1% of the energy stored is stored in the PHES.

Regarding the battery storage of both cells, the storage maximum capacity is reached multiple
times during the period of study while never the maximum power. It means thus that the battery
storage is sized based on the energy need constraint which exceeds the power need constraint.
As said here above, the important battery power combined with the PtG is able to absorb all
peaks of production leading to no curtailment.

As pointed in Table in Germany & Benelux, more than two thirds of the energy stored
from the production of the WTs is stored in the PtG and the rest in the batteries, while for
the PV panels half is stored in the PtG and half in the batteries. This is explained by the
important short-term variations of the PV panels (day/night behaviour) in comparison with the
mid-term variations of the WTs. Indeed, WTs mean production can drop under 25% of the mean
consumption during up to one week in both cells. In France, one quarter of the energy stored
from the WT is stored in the PtG and three quarters in the batteries, as well as for the PV. It
highlights again the intensive use of the batteries and their utilisation for short and mid-term
storage.
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Figure 4.10: Normalised monthly evolution of the gas storage, based on the content of the last
day of the month.

4.2 Study 2: Impact of the exchange capacity

Interconnection may play a key role in the energy transition. As stated in the introduction of
this work, the Europe Council called for all EU countries to achieve interconnection of at least
15% of their installed electricity production capacity by 2030 [19, 87].

The aim of this section is to study the impact of the exchange capacity on the energy
investment and on the RE and storage assets. As for the previous study, the electricity system
analysed is the 100% RE two-cell electricity system composed of Germany & Benelux and France
without external import. The cases studied are: without interconnection, with the actual line
capacity and with two, five and ten times the actual capacity. The energy cost induced by the
increase of the exchange capacity is not considered. The scenario without interconnection is a
theoretical scenario used to analyse the behaviour of the cells when they are isolated. One has to
note that the case with the actual line capacity corresponds to the one presented in the previous
study. As a reminder, the actual exchange capacity from France to Germany & Benelux is 6.1
GW and from Germany & Benelux to France 5.6 GW.

First, the variation of the energy investment is analysed. Second, the variation of the RE
assets is studied. Finally, the impact of the line capacity on the storage is evaluated.

In the following sections, stacked bar charts of values of the two cells are presented. The
two cells being characterised by a distinct number of inhabitants and total consumption, it is
important to keep in mind that the results cannot be directly compared. If a comparison between
the values obtained for the two cells has to be made, these differences are taken into account.

4.2.1 Energy investment

The evolution of the energy investment in function of the exchange capacity is presented in
Figure 4.11

The global energy cost being the objective function that has to be minimised, decreasing the
constraints of exchange increases the degree of freedom of the system and can only lead to an
equal or lower optimal value. Indeed, the global energy investment of the system lowers with the
increase of the exchange capacity. A decrease of 4.5% from no line to 10x the actual capacity is
observed with a decrease of 3.5% of the energy invested in RE assets and of 11% of the energy
invested in storage. From Figure [4.11] it is noticeable that, for all the cases, approximately 80%
of the energy cost comes from the RE assets. Moreover, one can notice a transfer of the energy
investment from Germany & Benelux to France as well as an increase of the energy invested
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Figure 4.11: Energy investment in function of the exchange capacity.

in storage in France from 5x to 10x the line capacity. The reasons of these observations are
explained in the following sections.

The evolution of the net EROI of the system is presented in Table [£.4] This evolution is
directly linked to the variation of the energy investment, as the consumption is identical for all
the cases. The net EROI increases thus with the increase of the line capacity. In the case with
no exchange limit, which corresponds to consider the system as one cell, the net EROI is equal
to 8.09. Regarding the energy investment, the case 10x the actual line is thus identical to the
case with an infinite line. It shows that the improvement of the EROI by the increase of the line
capacity has a limit and this limit is already reached in the last case.

Table 4.4: Evolution of the net EROI in function of the line capacity.

Case net EROI

No line 7.70
Actual 7.88
2x 8.00
5x 8.06
10x 8.09

4.2.2 Production and annual exchanges

Table resumes the ratio of the annual production to consumption of each cell and of the total
system as well as the percentage of production directly consumed in function of the line capacity.

A transfer of production from Germany & Benelux to France appears with the increase of
the line capacity, enhancing the importing behaviour of Germany & Benelux. For the cases with
5x and 10x the actual exchange capacity, Germany & Benelux is strongly dependent on France
which production represents more than 1.6 times its consumption. Such scenarios are unlikely to
happen due to the actual will of energy independence of the countries.

In addition to the results provided in Table it can be pointed that, even if the production
and net export of France increase, its annual import also increases. Indeed, this value rises
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Table 4.5: Ratio of the annual production to consumption in function of the line capacity and
percentage of production directly consumed.

German, Directl
Case & Benelui France Total consumedy[%]
No line 1.29 1.09 1.21 55
Actual 1.20 1.17 1.19 59
2x 1.10 1.28 1.17 65
5x 0.88 1.60 1.16 73
10x 0.81 1.67 1.16 73

from 8.4 TWh for the actual line to 49.2 TWh for 10x the actual line capacity. This shows
that higher exchanges in both directions are advantageous for the system. Indeed, as shown
in Table the percentage of production directly consumed increases at the same time as
the line capacity increases. It can then be stressed that being well interconnected allows more
bidirectional exchanges and thus to consume more directly the electricity produced (without
passing through storage). This leads to a decrease of the storage assets as well as of the storage
losses. A decrease of the energy production is therefore also observed. As for the evolution of
the EROI, a limit of the increase of direct consumption is observed.

Table presents the utilisation of the line. One notices that in the case of 2x and 5x the
actual line, the utilisation factor is still superior than 90%. With 10x the actual line capacity,
the utilisation factor drops to 65%.

Table 4.6: Line utilisation factor in function of the line capacity.

Case  Line utilisation [%)]
No line /
Actual 98
2x 95
5X 90
10x 65

4.2.3 RE assets

The evolution of the RE assets in function of the exchange capacity is presented in Figures [4.12
and A summary of the solutions for the RE and storage assets of the different cases is
presented in Tables and As a reminder, the gross EROI of each RE source is presented
in Table [4.2]

A transfer of RE assets from Germany & Benelux to France with the increase of the line is
clearly noticed.

With no line, France installs only offshore WTs. This is due to the fact that, as explained
in the first study (Section France does not have a consumption profile adapted for solar
production. Moreover, the offshore W'Ts present a better EROI and a better absorption than
the onshore installations. On the other side, Germany & Benelux installs the three means of
production. As for the previous study, the better EROI of the onshore WTs compared to the
offshore WTs and PV panels is compensated by the better absorption of the last two (direct
consumption of 43%, 52% and 71% respectively).

With the increase of the line capacity, the PV panels and onshore WTs of Germany & Benelux
are transferred to France. As presented in Section the meteorological data present a high

54



Germany & Benelux : RE assets _France : RE assets

2001 2001

PV PV

WT onshore WT onshore
1501 - :WT off:sh:ore 150 1 I WT offshore

O Noline Actual  2x 5x 10x O Noline Actual  2x 5x 10x
Figure 4.12: RE assets in function of the line Figure 4.13: RE assets in function of the line
capacity in Germany & Benelux. capacity in France.

similarity between the cells. The Pearson correlation coefficient between the wind profiles of
Germany & Benelux and France is equal to 0.98 and between the irradiance profiles to 0.85.
This leads to a similar absorption by the consumption for a given cell if its production is located
in that cell or in another. The system tends therefore to install each RE assets in the cells
presenting the best EROI but is limited by the exchange capacity of the line. The transfer of
the PV panels and onshore WTs of Germany & Benelux to France is thus explained by the
higher EROI of both technologies in France. It is interesting to notice that France only installs a
consequent capacity of PV panels if well-connected to a cell with an adapted consumption profile.

If the constraint of the maximum exchangeable power is suppressed (infinite line capacity),
the solution for the RE assets is identical to the one obtained for the case 10x the actual
line. In this case, an important capacity of PV panels is installed in France and the upper
limit of both offshore WT parks is reached as well as the lower limit of onshore WTs and PV
panels in Germany & Benelux. This corresponds thus to the most efficient production mix if no
transmission constraints are faced, under the hypotheses of the model.

4.2.4 Storage assets

The variation of the storage assets in function of the exchange capacity is presented in Figures
[414] [A15] [4.16] and [A17] As explained in Section [I.2] the capacity of the PHES is fixed and is
thus not represented here. Moreover, for both cells and in all the cases studied, PHES represents
a minor part of the power and capacity of the storage.

With no line, France energy storage relies mainly on batteries: 73% of the energy stored goes
to the batteries, 21% to the gas storage and 6 % to the PHES. On the opposite, Germany &
Benelux relies mainly on the gas storage: 70% of the energy stored goes in the gas storage, 29%
in the batteries and 1% in the PHES. Those distinct storage mixes are due to the low installed
power of CCGT in France leading to an important battery storage used for mid-term utilisation,
as detailed in the previous study.

As shown in Table [4.5] the fraction of the total production stored lowers with the improvement
of the interconnection leading to a decrease of the total production and of the global storage
needs. Moreover, with the increase of the line, the storage mixes in both cells tend to be more
balanced. The battery capacity decreases in France while increasing in Germany & Benelux and
the opposite phenomenon is observed for the PtG. Indeed, with higher exchange possibilities, the
system tends to place the same amount of batteries in both cells since installation costs are the
same. The variation of the PtG installed power is explained by the same reasons.

Between the cases 5x and 10x the actual line, a behaviour contrary to the evolution of the
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other cases is observed for the batteries (Figure . However, if the cost of the batteries is
increased by one percent in one of the two cells, all the batteries are placed in the other cell. The
distribution of the batteries between the cells in the case 10x the line has an unstable behaviour
because it is close to the case with an infinite line, for which it is identical for the system to place
the batteries in one cell or in the other.
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Figure 4.16: Gas storage in function of Figure 4.17: Gas storage in function of time
time and of the line capacity in Germany and of the line capacity in France.
& Benelux.

In Figures and the energy stored in the gas storage throughout the year for the
different scenarios is represented. With no transmission lines, the two cells present a seasonal gas
storage but for distinct reasons: France due to its consumption profile and Germany & Benelux
due to its important PV production.

The capacity of the gas storage is rather constant in France, since it is linked to its consumption
profile which does not change with the line capacity. On the other hand, gas storage increases
significantly in Germany & Benelux due to the increase of its consumption of solar production.
It is interesting to notice that gas storage in France decreases from 5x to 10x the line capacity
due to the important increase of batteries in France.
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4.3 Conclusion

Several important conclusions can be drawn from this two-cell study.

First of all, the aim of this study was to apply our model to a new study case comporting
the new features of the tool (run-of-the-river and dam as well as coal production for the study
presented in Section and for a bigger area in order to calibrate the model and to fully
understand its behaviour with a simple case. It can be concluded that our model delivers coherent
results for the two-cell analysis. Indeed, important but realistic RE assets and important but
not disproportionate storage assets are obtained for the 100% RE analysis. The production mix
obtained is coherent with the meteorological characteristics and potentials of the cells. Moreover,
the storage utilisation are meeting the expectations: short-term storage for batteries, mid-term
for PHES and long-term for gas storage. This confirms the inputs of the model for the load
factors of PV panels and WTs as well as for the costs and parameters of the storage.

Secondly, storage plays a key role in a 100% RE energy system with more than 40% of the
energy production stored before consumption. It is observed that the storage mix installed in
each cell depends on the production mix and characteristics of the cell. Moreover, the three
storage types are used in a complementary way. In the case of France, the CCGT installed power
is a limit for the installation of gas storage.

No curtailment is observed in the system. Indeed, the battery storage being sized based on
an energy need leads to an important power capacity. Combining both PtG and batteries, all
peaks of production can be absorbed.

In the two different studies, it is underlined that the RE assets of each cell depend on
the EROI of the technologies but also on the absorption of the production by the system. It
is for example observed that France only presents a significant solar production share when
well-connected to a cell that efficiently absorbs it, like Germany & Benelux. Looking at the
monthly production, the seasonality of WTs and PV panels is noticed. The first presents a lack
of production during the summer and the second an increase of production at that period. The
complementarity of both productions is used by Germany & Benelux.

Finally, it is observed that the exchanges between the cells influence the RE and storage
assets and are limited by the transmission capacity. Indeed, the exchanges allow to place the
RE assets in the cell with the best production characteristics and to smooth variations between
production and demand. The global energy invested in both RE and storage assets thus lowers
with the increase of the line capacity, improving the net EROI of the system. From no line to
10x the actual line capacity, the energy invested in the RE assets decreases by 3.5% and in the
storage by 11%. The important decrease of the energy invested in the storage is explained by
a net increase of the direct consumption. However, because the RE assets lies for 80% of the
total investment, the total energy invested decreases only by 4.5% and this without taking into
account the energy invested in order to increase the line capacity.
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Chapter 5

Six-cell analysis: Western Europe

In this chapter, the Western Europe electricity system described in Chapter [3] composed of six
cells is analysed using the tool developed. First, a 100% RE scenario is studied. The main
objectives are to analyse how the production is distributed between the cells and between the
different assets, how storage is used as well as how the energy is exchanged into the system to
reach the solution with the least energy invested. Second, the system with the doubled exchange
capacities is studied. The goal is to determine the impact of the interconnection on the energy
cost and to analyse how cells interact with a better transmission.

All the inputs of the model are detailed in Chapter [3] As a reminder, the area, population
and electricity consumption and production of each cell is presented in Table The period of
study is one year with a time step of four hours in order to have an acceptable running time. It
was observed with the two-cell model that the solutions for a time step of four hours or of one
hour present a variation of the energy invested lower than 0.5%.

Table 5.1: Area, population and annual electricity consumption and production of the cells
[48-62].

Cell Area Population Annual elec.
[km?] [millions] consumption [TWh]
Scandinavia 876 000 21 303
British Isles 315 000 70 370
Germany & Benelux 432 000 112 724
France 644 000 69 479
Italy and Alpine states 427 000 78 452
Iberian Peninsula 598 000 57 302

5.1 Study 1: 100% RE electricity system

In the present section, the optimal solution of the 100% RE six-cell model of Western Europe
electricity system is analysed. No external import is allowed, the six cells are thus studied as
a closed system. The study is made with the actual exchange capacities. First, the energy
investment is analysed. Second, a global analysis of the annual productions and exchanges is
conducted. Third, the global annual energy flow of the system is detailed. Then, the RE and
storage assets of each cell are presented and explained. Finally, the imports and exports of the
cells are studied.

5.1.1 Energy investment

Table summarises the energy investment and compares it with the 100% RE two-cell model of
Germany & Benelux and France with the actual line capacity presented in the previous chapter.
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The total annual consumption of Western Europe is 2 630 TWh compared to 1 203 TWh for
Germany & Benelux and France. The total energy investment for the Western Europe system
is 265 TWh leading to a net EROI of 9.9, compared to 152 TWh and an EROI of 7.9 for the
two-cell system. One can notice that even if the consumption is doubled from the two-cell to the
six-cell system, the energies invested for the storage are close. As said in Section from the
energy invested in the storage for the two-cell model, 10 TWh come from Germany & Benelux
and 17 TWh from France. For the six-cell model, 7 TWh come from Germany & Benelux and 7
TWh from France. Even if the energy invested in the storage lowers for Germany & Benelux
and France, they represent 70% of the energy investment of the storage. Indeed, Germany &
Benelux has the highest consumption of the system and thus higher storage needs while France
has an intensive use of batteries as detailed later in this chapter. From the 30 TWh invested in
the storage for the Western Europe model, 86% lies in the batteries, 13.5% in the PtG and the
rest in the gas storage and PHES. The important cost of the batteries and the negligible cost of
the gas storage is again highlighted.

Table 5.2: Energy investment of the six-cell and two-cell electricity systems.

Six-cell Two-cell
[TWh] [TWh]

RE assets 235 125
Storage assets 30 27
Total 265 152

5.1.2 Production and annual exchanges

Figure resumes the production and the annual exchanges between the different cells.

Different production mixes can be highlighted from Figure The southern cells (Italy
and Alpine states and Iberian Peninsula) have high shares of PV production and due to the low
load factor of the offshore WTs, only onshore WTs are installed. The central cells (France and
Germany & Benelux) base their production mainly on offshore WTs. The rest of the production
is covered by a mix of onshore WTs and PV. Finally, the northern cells (British Isles and
Scandinavia) mainly base their production on onshore WTs with smaller shares of offshore WTs
production. The high hydroelectric production of the mountainous cells (Italy and Alpine states
and Scandinavia) has to be underlined. It represents 60% of the production for Scandinavia and
20% for Italy and Alpine states.

It is interesting to note that all the lines are used at their maximum potential. Indeed, they all
present a utilisation factor higher than 97%, as detailed in Section[5.1.6] The actual line capacities
limit thus the electricity exchanges between the cells. All cells are net exporters on an annual
timescale, except Germany & Benelux which is a net importer. The net import of Germany &
Benelux represents almost 10% of its energy needs. France is the biggest exporter with a net
export of 48.9 TWh towards Germany & Benelux which represents 8.4% of its production but
is also the cross point of the system. Energy flows from British Isles and Iberian Peninsula to
France to reach Germany & Benelux. Only 20% of the energy entering France is to be consumed
within the cell. Ttaly and Alpine states is also used as a cross node to reach Germany & Benelux.
Indeed, from the 33.2 TWh transferred from Italy and Alpine states to Germany & Benelux,
only 15% comes from the production of Italy and Alpine states. One can also notice that even if
the energy flows notably more in one direction (towards Germany & Benelux), the transmission
lines are used in the two directions. The exporting cells import thus energy as well. Even if cells
act as exporters or importers on an annual basis, exports and imports take place at lower time
scales between cells. This is detailed in Section [5.1.6l

In Table one can observe the ratio of the annual production to the annual consumption of
each cell. All cells produce more energy than their consumption, which leads to a total production
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Figure 5.1: Productions and annual exchanges in TWh. Yellow arrows represent net exchanges

and sub-arrows represent import and export.

1.2 times higher than the consumption due to the storage losses. Moreover, one can observe the
high overproduction of British Isles and the low value of its exports, reflecting important storage
losses. On the contrary, Scandinavia presents a production close to its consumption, reporting
low storage losses. Regarding Germany & Benelux, even with imports from all its neighbours, its
production still exceeds its consumption by 10%.

Table 5.3: Annual production normalised with respect to consumption, net import and export
value and share based on the values presented in Figure [5.1] Export share is defined as

Cells

[ British Isles

M France

M Germany&Benelux

M |berian Peninsula

M Italy and Alpine states
[ Scandinavia

RE assets

O Hydro

O pv

* M WT offshore
O WT onshore

Export/production and import share is defined as Import/(Production + Import).

Exporting cells (P;Ic.)(l)l(::ll:ri;;?({ N Net Export [TWh| Export share
Scandinavia 105.2% 12.3 3.9%
British Isles 149.4% 10.9 2.0%
France 120.7% 48.9 8.4%
Italy and Alpine states 118.1% 5.1 1.0%
Iberian Peninsula 128.5% 10.2 2.6%
Importing cells gl(‘)(;(:zfrﬁ;)ot?({ N Net Import [TWh] Import share
Germany & Benelux 110.4% 87.4 9.9%

60



5.1.3 Energy flows

Figure [5.2] resumes the annual energy flow at the scale of the system. It highlights the part of
production directly consumed and entering the storage as well as the storage mix.

Direct Consumption: 1,957

Consumption: 2,630

Batt: 389

PHES:48 m

Storage: 1,206

PtG: 769

Figure 5.2: Sankey diagram of Western Europe annual energy flow [TWh].

The total production is composed of 42% of onshore wind, 30% of offshore wind, 15% of
solar and 13% of hydroelectric production. From this total, 62% is directly consumed and 38% is
stored before its consumption. In comparison, for the two-cell model, 43% of the production
passed through the storage before being consumed. From the total energy stored, 64% is stored
in the gas storage, 32% in the batteries and 4% in the PHES. The storage losses represent 17% of
the production. Table [5.4] details the utilisation of the different means of production. As for the
two-cell model, the solar production presents a high percentage of direct consumption thanks to
its day/night synchronisation with the consumption and is stored equally in batteries and PtG.
Comparing the utilisation of the onshore and offshore W'Ts, one notices that the second one is
better absorbed by the consumption thanks to its better load factor as explained in Section
Looking at wind production, more energy is stored in the PtG than in the batteries, due to its
mid-term variations. Finally, 91% of the hydroelectric production is directly consumed, explained
by the flexible behaviour of the dams and their important share compared to the run-of-the-river
(93% of hydroelectric production from dams).

One can note from Figure [5.2) that no curtailment is observed. As for the two-cell analysis,
battery power combined with the PtG are able to absorb all the production peaks leading to an
absence of curtailment.

No exchanges are represented in Figure |5.2l However, 4% of the total energy produced is
exchanged between the different cells. Still, this value is low compared to the total production.
Thus, with the actual interconnections, most of the energy produced in a cell is consumed in
that cell.
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Table 5.4: Utilisation of the RE assets.

RE asset Direct consump. [%] Batteries [%] PtG [%] PHES [%)]

PV 70 13 15 2
WT onshore 50 11 37 2
WT offshore 61 18 20 1
Hydro 94 2 3 1

5.1.4 RE assets

In this section, an overview of the installed RE assets is given. A summary of the results of the
RE and storage assets is presented in Table

Figure displays the RE assets of the 100% RE system. The upper and lower limits are
represented. In order to understand the behaviour of the system, EROI values of the different
RE assets are reminded in Table

RE assets
250 T HE
200 :
_ 1501
= :
S :
1001 :
o S L
Scandinavia British Germany France Italy and Iberian
Isles & Benelux Alpine states  Peninsula
PV WT Onshore I WT Offshore

Figure 5.3: Installed RE capacity of the different cells. The horizontal black lines correspond to
the upper and lower limits and the doted lines to the domain of solutions.

Table 5.5: Gross EROI of the RE assets.

Cell WT Onshore WT Offshore PV
Scandinavia 15.6 12.8 6.1
British Isles 14.6 10.2 6.6
Germany & Benelux 11.7 11.1 7.6
France 11.8 11.8 8.6
Italy and Alpine states 12.8 91 94
Iberian Peninsula 14.3 10.6 10.3

Table compares the installed RE capacity with the mean power consumption of each cell.
It highlights the high RE installed capacity with respect to the consumption. During peaks of
production, W'Ts reach their rated power and the production corresponds to the installed capacity.
On the other hand, PV panels will not necessarily reach their installed capacity during peaks of
production. Indeed, the capacity is expressed in Wy, corresponding to the power produced when
PV panels are exposed to an irradiance of 1000 W/m?. This irradiance is never reached in the
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cells, the maximums observed are between 850 and 950 W /m?.

Table 5.6: Ratio of the installed RE capacity to the mean consumption.

Cell WT onshore WT offshore PV
Scandinavia 1.09 0.26 0.02
British Isles 5.54 0.15 0.30
Germany Benelux 1.57 1.44 1.45
France 0.25 2.25 0.64
Italy and Alpine states 2.78 0 2.19
Iberian Peninsula 3.08 0 2.75

As demonstrated in the previous chapter, the two factors determining the RE assets installed
are the their EROIs and their absorption by the consumption. As presented in the two-cell study,
the production profiles being similar for each RE assets across Western Europe (see Section
, a similar absorption by the consumption for a given cell is observed if its production is
located in that cell or in another cell. The system tends thus to install each RE assets in the cells
presenting the best EROI but is limited by the exchange capacity of the lines. From Table it
is noticeable that Germany & Benelux presents the lowest PV EROI among the cells installing
PV and the lowest EROI for onshore WTs. PV panels are therefore installed in France, Italy and
Alpine states and Iberian Peninsula and W'Ts are installed in all the cells to supply Germany &
Benelux.

Scandinavia has an important hydroelectric production which represents 60% of its total
production, explaining why it installs far less RE assets than other cells. However, it presents the
best EROI both for onshore and offshore WTs and still has a large potential. Its wind production
is under-exploited due to its low needs and to its poor interconnection with the rest of the system.
The major part of the WT capacity is onshore which is directly linked to its high EROI and no
PV panels are installed because of the weak irradiance.

In British Isles, only onshore WTs are installed. Indeed, PV panels present a low EROI and
the fact that no offshore WTs are installed comes from the important gap between onshore and
offshore EROI. As detailed in Section a better offshore load factor could be expected for
this cell which would promote a higher use of offshore WTs. The onshore WTs installed capacity
is 230 GW, which represents more than five times its mean consumption. Important storage
capacities will then be needed in order to be able to store the production when the WTs reach
their nominal power.

Germany & Benelux and France present a distribution of their RE assets close to two-cell
100% RE study with the actual line capacity (Section . Both cells reach their upper limit
of offshore WTs which corresponds to approximately 120 GW. Germany & Benelux has an
equilibrated mix with the three technologies installed. In addition to the offshore WTs, France
only installs a small amount of PV panels. As pointed in the section referenced hereabove, if
France is disconnected from all other cells, it only installs offshore wind WTs. The PV production
appears because of its connection with Germany & Benelux.

Iberian Peninsula and Italy and Alpine states have a similar behaviour, installing only onshore
WTs and PV panels. These are the two cells with the highest PV shares thanks to their high
EROI for this asset. As for British Isles, no offshore WTs is installed due to its poor EROI
compared to onshore. It has to be noticed that, in both cells, the installed capacity of WTs is
approximately three times bigger than the mean consumption and two times bigger for the PV
panels.

Table presents the number of inhabitants per WT (no distinction between onshore and
offshore), the surface of PV panels per inhabitant, the land-use of the RE assets in percent of the
inland area of the cell as well as the population density of each cell to put into perspective these
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results. In order to compute the values presented, the capacity density of the WTs (ppWTyjyc) is
fixed to 4 MW /km? as explained in Section and the factor of net PV surface in comparison
with the necessary surface of the installation (apy,;.) is equal to 5 as introduced in Section m
For the results presented, the offshore W'Ts are considered as if they were on the inland territory.

Table 5.7: RE assets put into perspective.

WT PV panels Population density
Cell [hab/5MW.,,] [m?/inhab.] e used [%] [Inhab./km?]
Scandinavia 2249 0.4 1.4 24
British Isles 1458 1.8 20.2 222
Germany & Benelux 2251 10.7 15.7 259
France 2528 5.1 6.4 107
Italy & Alpine states 2716 14.5 9.7 180
Iberian Peninsula 2682 16.7 5.2 98

From Table[5.7] it can be underlined that the percentage of used area is linked to the population
density of the cell. Indeed, consumption is closely related to the number of inhabitants. The
cell with the highest area utilisation is British Isles, with the equivalent of more than 20% of
its territory used to install RE assets. Scandinavia shows the lowest RE density thanks to its
hydroelectric production. It can be stressed that in the southern cells a higher surface of PV
panels per capita is encountered. This value reaches 16.7 m? in Iberian Peninsula. Concerning
W5, British Isles presents the highest density with one WT for 1458 inhabitants.

5.1.5 Storage assets

In this section, the distribution of the storage assets is analysed. First, a general analysis
regarding the storage assets is made leading to a classification of the cells into different categories.
These categories are then discussed.

Figure [5.4] presents the different storage assets of the 100% RE Western Europe system. As
presented in Section 38% of the total energy produced is stored: 24% in the gas storage,
12% in the batteries and 2% in the PHES.
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Figure 5.4: Installed storage assets of the different cells.

Three categories of storage mix can be distinguished looking at Figure [5.4l The first storage
category is Scandinavia, which installs an insignificant amount of storage. Indeed, only 0.5% of
its production is stored. It is then noticeable that all other cells have a gas storage capacity at
least forty times higher than their battery capacity, except France whom gas storage capacity is
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only ten times higher. The second category is thus France and the third category gathers British
Isles, Germany & Benelux, Italy and Alpine states and Iberian Peninsula.

In Table the volume of batteries per capita of each cell is presented. Similar to Section
these values are based on the Tesla Powerpack . It can be noticed that cells mainly
relying on wind production such as British Isles and Germany & Benelux have a higher volume
per capita compared to cells with a stronger PV share such as Italy and Alpine states and Iberian
Peninsula. France has the highest volume per capita, more than four times bigger than the other
cells.

Table 5.8: Batteries installed capacity and volume of installed batteries per capita.

Volume per capita

Cell Battery capacity [TWh] [dm? /capital

Scandinavia 0.009 )
British Isles 0.6 95
Germany & Benelux 1.0 99
France 2.7 436
Italy and Alpine States 0.3 43
Iberian Peninsula 0.3 59

Figure [5.5| presents the annual storage inputs per cell in regard to its production.

Annual energy stored

T T T T T T
Scandinavia British Germany France Italy and Iberian
Isles Benelux Alpine states Peninsula

o
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©
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Energy stored/Energy produced

Battery I Gas Storage N PHES
Figure 5.5: Annual storage input per cell.

From Figure it is noticeable that all cells (without Scandinavia) present a storage input
between 30 and 40% of their total production, except British Isles that has a storage input equal
to 55% of its total production. One can also observe that for all cells (without Scandinavia),
except France, the battery input represents approximately 10% of the energy produced. This
figure reinforces the categories defined here above. Indeed, British Isles, Germany & Benelux,
Italy and Alpine states and Iberian Peninsula have an important gas storage share (more than
60% of the energy storage inputs) in comparison with France (27% of the energy storage inputs).

Inside a cell, the utilisation of the different kinds of storage is very different. Looking at Italy
and Alpine states for example, one can see that even with a gas storage 85 times bigger than the
battery storage, there is still 29% of the energy stored in the batteries against 59% in the gas
storage. This shows that batteries are by far more frequently used than PtG. In most of the cells,
PHES represents a marginal amount of the energy stored, apart from Italy and Alpine states and
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Iberian Peninsula where a bigger PHES capacity compared to the cell production is installed. It
represents 12% of the energy stored for Italy and Alpine states and 8% for Iberian Peninsula.

Figure presents the number of cycles of the different storage systems for different cycles
duration. The method used to determine the number of cycles is similar to the previous study
and detailed in Section EL.1.5

As stated in Section [4.1.5] it is expected for batteries to be used as a short-term, for PHES
as a mid-term and for gas storage as a long-term storage. Observing the aforementioned figure,
these expectations are globally met. However, due to the low installed capacity of the PHES,
the mid-term storage needs are mainly covered by the gas storage in all cells, except France for
which it is covered by the batteries.

Looking at the number cycles of batteries in Italy and Alpine states and Iberian Peninsula, it
appears that the major part occurs in one day or less. This number is by far larger than for the
other cells. This clearly shows the link between a high PV share system and a day/night battery
storage. On the other side, looking at the PtG cycles of British Isles and Germany & Benelux,
the major part of the cycles occur within two days to one week. The production of these cells
strongly relies on WTs production which can drop under less than 25% of the consumption
of the cell during up to 9 days in Germany & Benelux and 7 days in British Isles. This can
represent a deficit of more than 6 TWh in British Isles. Battery storage is therefore not adequate
to face such energy needs. The third category is thus split into two: British Isles and Germany
& Benelux with an important wind share inducing a high mid-term utilisation of the gas storage
and Italy and Alpine states and Iberian Peninsula with an important solar share leading to a
high number of short-term cycles of the batteries.

From Figure it is also noticeable that France has a rather low number of cycles of the
batteries with a bigger utilisation in a time range of 48h to one week. France tends to use its
batteries as a weekly storage to store power during high wind periods and discharge power during
low wind weeks.

Figure presents the normalised evolution of the gas storage of each cell. The gas storage
of Scandinavia, being three orders of magnitude lower than the others, is not represented. Even
if gas storage is sometimes used as mid-term storage, it still displays a seasonal utilisation in
each cell. It is interesting to see that all the curves follow the same trend, filling the storage in
spring and starting to discharge gas in the CCGT in autumn, except British Isles. British Isles
reaches its maximum storage in May and starts to discharge it in the middle of spring season.
This behaviour is detailed hereafter.

Normalised evolution of the gas storage
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Figure 5.6: Normalised monthly evolution of the gas storage of each cell (without Scandinavia),
based on the content of the last day of the month.
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In the following subsections, the four categories highlighted thanks to the analysis of the
storage assets, the annual energy stored and the number of cycles of each storage systems are
detailed.

No storage: Scandinavia

Figure displays the monthly production, consumption, net storage variation and net exchange
of Scandinavia. As a reminder, the positive bars correspond to the total monthly production,
net output of storage and net import of the cell. The negative bars correspond to net input of
storage and net export. The difference between positive and negative bars corresponds thus
to the monthly consumption, storage losses and curtailment (no curtailment here). Similar
figures are presented in this section for several cells but, for a better visualisation, the scales
are different. It can be observed that Scandinavia consumption has a strong seasonal behaviour.
This is due to the intensive use of electrical heating systems, particularly in Norway [80]. As
already mentioned, hydroelectric production represents 60% of the production of the cell and is
nearly entirely composed of dams (99.9%). The flexible behaviour of dams allows to adapt the
production to the seasonality character of the consumption and of WT production but also to
overcome the short-term variations of these two. Only 9.6 GWh of battery are installed which
are occasionally used in case of short-term peaks of wind production to store the energy surplus,
as well as a PtG of 70 MW and a gas storage of 62 GWh used to store WT mid-term energy
surplus.

Monthly energy flows of Scandinavia
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Figure 5.8: Scandinavia monthly energy flows. Net exchange corresponds to the net import (>0)
or net export (<0) of a cell.

Battery based storage: France

Figure [5.9 displays the monthly energy flows of France. As presented in Section [4] France presents
a strong seasonal variation of consumption.

The seasonal behaviour of the French wind production is again noticed. However, this
production follows the consumption seasonality which allows to lower the long-term storage
needs.

As for the other cells with an important wind production share, France storage cycles are
mainly between 48 hours and one week. However, as illustrated in Figure these are achieved
by the batteries in France and by the gas storage in the other cells. Furthermore, Figure [5.9]
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Monthly energy flows of France
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Figure 5.9: France monthly energy flows. Net exchange corresponds to the net import (>0) or
net export (<0) of a cell.

shows that battery storage sometimes has a noticeable net variation over the month as can be
seen in December and May. Table presents the CCGT installed capacity per cell in function
of the average consumption. As it was already observed in the two-cell model, France has a
CCGT installed power much lower in comparison with its average power consumption than the
cells with a gas-based storage. Its CCGT is thus not able to overcome the power needs faced
during wind drops and batteries are needed. Its low CCGT power in comparison with the rest of
Western Europe is due to its actual important nuclear production which represents more than
70% of its production and that is not gathered in the category "CCGT" of the model. The fact
that batteries execute mid-term storage induces a high power oversizing as presented in the
analysis of the two-cell model.

Table 5.9: Ratio of CCGT installed power to the average power consumption.

CCGT power /

Cell Average consumption
Scandinavia 0.4
British Isles 1.0
Germany & Benelux 0.9
France 0.3
Italy and Alpine states 1.1
Iberian Peninsula 1.1

To confirm the hypothesis of the low CCGT power in France in comparison with its average
consumption which explains the storage mix of France, a case similar to the one studied but with
the CCGT capacity of France multiplied by three has been studied. In that case, France has the
same ratio of CCGT power to average consumption than the other cells. This experience showed
that, with a higher CCGT, France presents indeed a storage mix similar to the other cells: from
the total energy stored, two thirds is stored in the gas storage and one third in the batteries.
The increase of CCGT induces a strong decrease of the batteries (from 2.7 TWh to 0.5 TWh)
and an increase in PtG capacity (from 41 GW to 78 GW). Looking at the system, it leads to a
decrease of the total energy invested in the storage and an increase of the energy invested in
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RE assets due to the higher losses of the gas storage. Altogether, it allows to reduce the Total
energy investment of 1.2%, reaching a global EROI of 10.04 compared to 9.91 previously.

Gas-based storage with high wind share: British Isles and Germany & Benelux

In Figure [5.10] the monthly energy flows of British Isles are represented. As in Scandinavia
and in France, wind production presents a strong seasonality. Due to the extremely high wind
production share (97%), this seasonal variation has a direct effect on the total production profile
of the cell. This seasonality is in phase with the consumption, which increases in winter and
decreases in summer. However, wind production drops significantly during summer, leading to a
lack of production. This long-term shortage (from June to September) is overcome using the gas
storage and reducing the exports.

As mentioned earlier, Figure [5.0] illustrates that British Isles presents a gas storage use shifted
compared to other cells. Indeed, as can be seen in Figure [5.10] it fills its gas storage during the
month of high wind production (from January to May) and empties it the rest of the year. On
the other hand, the overproduction of all the other cells takes place during summer, either due to
the increase of solar production (Germany & Benelux, Italy and Alpine states, Iberian Peninsula)
or due to the decrease of the consumption (France). Thus, they fill their gas storage from April
to September. Moreover, British Isles produces 50% more than its consumption as presented in
Table [5.3] This huge gap is due to the high losses of the gas storage.

Monthly energy flows of British Isles

-
60
|
]
] = ] | ||

40
—_ &~ e ———te = ] | —1 o7 °
é \\"““""-——-. ----- C—— -----o-""7T i
'—
— 20

T

0““'““'““'““.““' """""""" =T e
: — ,

] F A M ] ] A S O N D

PV I Dam CCGT Il Net exchange

WT onshore Runriver Il PtG ---- Consumption
B WT offshore Battery in/out I PHES in/out

Figure 5.10: British Isles monthly energy flows. Net exchange corresponds to the net import
(>0) or net export (<0) of a cell.

The monthly energy flows of Germany & Benelux are displayed in Figure The seasonality
of the wind production is once again noticed. The production of Germany & Benelux, as British
Isles, is clearly dominated by wind production (81% of the production) but has a more significant
solar production. As for the two-cell analysis, the complementarity of the wind and solar
production is clearly observed. The lower of the wind production during the summer is nearly
completely compensated by the increase of the production of the PV panels, which allows to
lower the long-term storage needs. Indeed, the ratio of the gas storage capacity to the annual
consumption of Germany & Benelux is two times smaller than the one of British Isles.
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Monthly energy flows of Germany&Benelux
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Figure 5.11: Germany & Benelux monthly energy flows. Net exchange corresponds to the net
import (>0) or net export (<0) of a cell.

Gas-based storage with high PV share: Italy and Alpine states and Iberian Penin-
sula

Figures [5.12| presents the monthly energy flows of Iberian Peninsula. The profile of Italy and
Alpine states is not detailed due to its similarities with to the one presented. Still, it can be
found in Appendix [E]

The consumption profile of the southern cells presents an increase during the summer due
to the use of air conditioning systems . For these cells, the need of long-term storage is
due to the seasonal variation of solar production. The gas storage is filled during the summer
months and emptied during winter. The high solar share leads also to an important number of
short-term cycles of the batteries as presented in Figure These cycles correspond to the
day/night charges and discharges of the batteries due to the daily profile of the solar production.

Monthly energy flows of Iberian Peninsula
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Figure 5.12: Iberian Peninsula monthly energy flows. Net exchange corresponds to the net import
(>0) or net export (<0) of a cell.
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5.1.6 Electricity exchanges

In this section, the annual exchanges presented in Figure are detailed. First, the interconnec-
tions of the cells and the utilisation of the transmission lines are analysed. Then, the monthly
exchanges between cells are studied to understand how electricity exports and imports are used
to lower the energy investment.

As said earlier, only 4% of the total energy produced is exchanged between the cells before
being consumed. Looking at the level of a cell with Table one notices that imports and
exports play a particularly important role in the energy system of France and Germany &
Benelux. France has a net export of 8.4% of its production, while the net import of Germany &
Benelux represents 9.9% of its energy needs.

Table presents the import and export capacity in function of the average consumption
of each cell, highlighting their interconnection level.

Table 5.10: Import and export capacity in function of the average consumption.

Coll Import capacity/ Export capacity/
Average consumption [%] Average consumption [%)]
Scandinavia 6.2 7.7
British Isles 4.7 4.7
Germany & Benelux 17.3 13.8
France 23.2 30.8
Italy and Alpine states 18.4 14.7
Iberian Peninsula 8.6 9.0

France, Germany & Benelux and Italy and Alpine states present an interconnection noticeably
better than the other cells. These three cells have indeed multiples connections while the others
are only connected to one neighbouring cell. Moreover, it is interesting to note that, regarding
the actual connections, France presents an export capacity noticeably greater than its import
capacity, due to its strong nuclear power |10]. The very low interconnection of British Isles with
the rest of the system is also highlighted.

Table [5.11] resumes the utilisation factor of the transmission lines.

Table 5.11: Utilisation factor of the transmission lines.

Line Utilisation
factor [%)]
Scandinavia <+ Germany & Benelux 97
British Isles <» France 99
Germany & Benelux < France 97
Germany & Benelux < Italy and Alpine states 97
France < Italy and Alpine states 98
France <> Iberian Peninsula 98

All the transmission lines present a utilisation factor higher than 97%. The capacity of the
lines is thus clearly limiting the exchanges. The impact of an increase of this parameter is studied
in Section If imports and exports play a more important role in France and Germany &
Benelux, it is therefore because more exchanges are possible. However, Italy and Alpine states
has a good interconnection and its lines are highly used, as seen in Table but its net export
represents only 1% of its production. It is because only 40% of the energy passing through the
lines connecting Italy and Alpine states involves this cell. The other 60% are used to transmit
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energy from France to Germany & Benelux. Energy flows from France to Germany & Benelux
through Italy and Alpine states because the line joining the two cells is already fully congested.

The following subsections present how the electricity exchanges are used to minimise the
total energy invested of the system. In order to understand the exchanges between the cells,
the provenance of the energy imports and the destination of the exports is determined. The
provenance corresponds to the cells where the energy imported is actually produced and the
destination corresponds to the cell where the exported energy is consumed.

Exchanges allow to produce in the cells with the best production profiles

Germany & Benelux is the only net importing cell on an annual scale, as highlighted in Table [5.3]
and Figure but it also exports a part of its production. The monthly imports and exports of
Germany & Benelux are displayed in Figure [5.13] One has to note that, in Figure .13, Germany
& Benelux imports energy from Iberian Peninsula while there is no line connecting the two cells.
It corresponds to energy produced in Iberian Peninsula that passes through France (and possibly
through Italy and Alpine states as well) to be consumed in Germany & Benelux. Positive and
negative values represent energy imports and exports respectively. Similar figures are presented
in the following subsections for several cells but, for a better visualisation, the scales are different.

Monthly exchanges of Germany & Benelux
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Figure 5.13: Monthly imports (positive) and exports (negative) of Germany & Benelux.

As seen in Figure [5.13] Germany & Benelux has an importing behaviour all year-round. Its
exchanges are mamly in one way: it strongly imports but negligibly exports. Its exchanges are
thus not made to take advantage of a complementary of its production with the production of
other cells but are due to an annual lack of production. Indeed, due to the low EROI of its
RE assets, it is energetically more interesting to displace its production in cells with a higher
EROI and import from these, as explained in Section Germany & Benelux imports from
all cells but mainly from France explained by the important interconnection and high EROIs of
the latter.

A variation of the net import is noticed throughout the year, with a decrease during the
months of high wind production (October to January).

Compared to the two-cell scenario in the same case (100% RE with actual exchange capacities),
the net import increases in Germany & Benelux with a net import which represents nearly 10%
of the total energy needs in the current scenario against 3.8% in the previous one due to the
better interconnection of the cell (additional connections with Scandinavia and Italy and Alpine
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states).

Exchanges lower the long-term storage needs

As stated in Section British Isles faces a lack of wind production during the summer which
is overcome with the gas storage. Figure displays the electricity exchanges of this cell. The
fact that the exchanges between cells allow to lower the storage needs is clear. During the months
with an important wind production (from October to March), energy is exported with nearly no
imports while, during the months with a low wind production, the energy exports lower and
the imports increase noticeably. Imports coincide thus with the important decrease of the gas
storage (see Figure , lowering the gas storage capacity and the storage losses. The imports
come from France, Italy and Alpine states and Iberian Peninsula which all encounter an increase
of their production in respect of their consumption during those months.

Monthly exchanges of British Isles
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Figure 5.14: Monthly imports (positive) and exports (negative) of British Isles.

A seasonal complementarity between British Isles and the southern cells (Iberian Peninsula
and Italy and Alpine states) is observed in Figure During the winter, British Isles transfers
energy to the southern cells because of its important wind production and the lower solar
production of the south. During the summer, the southern cells transfer energy to British Isles
thanks to their important solar production to counteract the decrease of the British Isles wind
production. However, this effect is weakly observed since, for those cells to exchange, energy has
to flow through two or three lines at least and thus lowers the other possible exchanges. The
decrease of production of the WTs in British Isles is therefore mainly covered by the production
of the PV panels of France.

Exchanges lower the day/night storage needs

Figure [5.15] presents the imports and exports of Iberian Peninsula. Even with a net exporter
behaviour, the imports of Iberian Peninsula from France are important. Moreover, during
summer, these imports do not lower even if production is highly above consumption, as seen in
Figure In Figure a differentiation is made between the energy exchanged during the
night and the day. The day is considered from 8am to 8pm and the night from 8pm to 8am. One
notices that throughout all the year the energy is mainly exported during the day and imported
during the night. This is explained by the strong difference between its day and night production
due to its high solar share (36% of its production). Exporting during the day and importing
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during the night lowers the daily energy storage that has to be done by the batteries, lowering
their capacity and losses. Imports are thus made all the year to overcome the night needs.
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Figure 5.15: Monthly imports (positive) and  Figure 5.16: Monthly imports and exports of
exports (negative) of Iberian Peninsula. Ib. Penin. with night and day distinction.

5.1.7 EROI analysis
The EROI per cell as well as the global EROI is presented in Table

Table 5.12: EROI per cell and global EROI.

EROI
Scandinavia 35.0
British Isles 8.5
Germany & Benelux 8.9
France 8.0
Italy and Alpine States 11.3
Iberian Peninsula 9.5
Global 9.9

First, looking at France and Germany & Benelux, it can be observed that their EROIs have
increased compared to the equivalent two-cell scenario, where their EROIs were equal to 7.79
and 7.95 respectively. This increase comes from a reduction in battery installed capacity for
France and higher imports (thus lower assets) for Germany & Benelux.

Scandinavia presents an important EROI compared to other cells. Indeed, hydroelectric
production is not considered in the computation of the energy investment. Moreover, since
Scandinavia mainly bases its production on hydroelectric, no storage has to be installed.

Southern cells have the second best EROI, after Scandinavia. Thanks to their high PV
production share, their storage losses and capacities are reduced.

Germany & Benelux, as an importing cell, shows a higher EROI than France and British
Isles. Indeed, as stressed earlier, importing energy allows to decrease its energy investment but
increases the investment of the exporting cells.

Finally, France and British Isles have the two lowest EROI. In France, it is due to its high
investment in batteries and high exports. In British Isles, it is explained by its intensive use of
gas storage generating high losses.
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5.2 Study 2: Impact of the exchange capacities

In this section, the impact of the exchange capacities is analysed. The results obtained for the
100% RE Western Europe electricity system presented in the previous section are compared with
the ones obtained with the exchange capacities between the cells being doubled. The system
with the actual line capacities is referred as "scenario 1" and with two times the actual line
capacities as "scenario 2". First, the energy investment is analysed. Second, the production and
net annual exchanges are presented. Third, the energy flows are discussed. Then, the RE and
storage assets are studied. Finally, the electricity exchanges are summarised.

5.2.1 Energy investment

Figure presents the energy invested per cell and for the global system for scenario 1 and
2. The total energy invested lowers by 2.5% with the increase of the exchange capacities: the
investment for the RE assets lowers by 0.6% and the investment for the storage by 17%. This is
translated into an increase of the global net EROI from 9.9 to 10.2 as reflected in Table A
decrease of the energy invested for the RE assets of Germany & Benelux can be pointed while
an increase of this value for all the other cells is observed. This reports a transfer of RE assets
from Germany & Benelux to the other cells.
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Figure 5.17: Energy invested per cell and total energy invested for scenario 1 and 2.

Figure details the variation of the energy invested in storage. It appears that the decrease
of the energy cost comes mainly from the decrease of 40% of the batteries installed in France.
Moreover, the energy invested in storage lowers for Germany & Benelux and increases for all other
cells. The explanations of these observations are made in Section Figure underlines
again that the main cost of the storage lies in the batteries (more than 80%) and that the cost of
the gas storage is negligible (less than 1%).

In Table the net EROI of each cell for both scenarios is presented. The EROI of the
exporting cells (Scandinavia, British Isles, Italy and Alpine states) decreases mainly due to an
increase of the energy invested in RE assets. However, an exception in the exporting cells is
observed with France. Even if its RE assets increase, its EROI increases due to a strong reduction
of battery capacity. On the other hand, Germany & Benelux EROI increases due to the reduction
of RE assets and storage.
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Figure 5.18: Energy invested in storage per cell and global energy invested in storage for scenario
1 and 2.

Table 5.13: Cells EROI in scenario 1 and 2.

Cell Scenario 1 Scenario 2
Scandinavia 35.0 30.9
British Isles 8.5 8.2
Germany & Benelux 8.9 11.0
France 8.0 8.2
Italy and Alpine states 11.3 10.2
Iberian Peninsula 9.5 8.6
Global EROI 9.9 10.2

It is interesting to notice that the decrease in energy invested is higher in this situation (six
cells) than in the two-cell study (Germany & Benelux and France). Indeed, the reduction of
energy investment induced by doubling the interconnection capacity is of 2.5% for the Western
Europe model and of 1.3% for the two-cell study. The presence of multiple interconnected actors
allows thus to reach a more efficient electricity system.

5.2.2 Production and annual exchanges

Figure [5.19 displays the annual productions and exchanges for the two scenarios.

The production shares of the different cells mainly remain similar between the two scenarios.
Still, some differences are noticeable. One can observe an increase of the offshore production
share in Scandinavia as well as an increase of the solar share in France. Germany & Benelux, on
the other hand, decreases its onshore production. The production of all cells, except Germany
& Benelux, increases with an additional production from 3.4% for British Isles up to 10.3%
for Iberian Peninsula (see production increases in Table . The production of Germany &
Benelux drastically decreases with a drop of 18.5%. The total energy production of the system
remains identical but the exporter/importer behaviour of the cells is accentuated.

Regarding the energy exchanges between cells, it is noticeable that all the net exchanges
increase but with different magnitude. As can be seen in Table the southern cells experience
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Figure 5.19: RE productions and annual exchanges in TWh. On the left (resp. right), the actual
lines (resp. 2x the actual lines) capacity scenario. Yellow arrows represent the net exchanges
and sub-arrows represent imports/exports.

Table 5.14: Ratio of production to consumption, net import and net export for scenario 1 and 2.

Exporting cells Production/Consumption Production Net export [TWh] Net Export

Scenario 1 Scenario 2 increase Scenario 1 Scenario 2 increase

Scandinavia 105.2% 110.0% 4.7% 12.3 26.8 117.9%

British Isles 149.4% 154.6% 3.4% 10.9 26.6 144.0%

France 120.7% 126.5% 4.7% 48.8 717 46.9%

Ttaly and Alpine States 118.2% 127.7% 8.2% 5.1 32.3 533.3%

Iberian Peninsula 128.5% 141.6% 10.3% 10.2 39.4 286.3%

. Production/Consumption Production Net import [TWHh] Net import
Importing cells . . . . . .

Scenario 1 Scenario 2 increase Scenario 1 Scenario 2 increase

Germany & Benelux 110.4% 90.1% -18.5% 87.3 196.8 125.4%
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an important increase of their net export, four to six times more important than in previous
case. On the other hand, the net export of Scandinavia and British Isles is around two times
higher than in the first scenario. France presents the lowest increase of export, with an increase
of 46.9%.

The huge increase of export of Italy and Alpine states and the relatively low increase of
France are linked. Indeed, in the previous scenario, France was hogging the line of Italy and
Alpine states to send its exports towards Germany & Benelux. But since the offshore WTs of
France already reached their upper limit in the first scenario and that Italy and Alpine states
has a better irradiance than France, a stronger increase of production of Italy and Alpine states
is observed. Much more space is let for Italy and Alpine states to export its power to Germany
& Benelux through its direct line. Moreover, during peaks of solar production, the link with
France is used to reach Germany & Benelux. Only 0.84 TWh were exported from Italy and
Alpine states to Germany & Benelux passing through France in the first scenario against 2.3
TWh in the second.

The total energy exchanged before consumption represents 8% of the production compared
to 4% in scenario 1. Even with the capacities of exchange doubled, the utilisation factor of all
lines remains higher than 97%.

5.2.3 Energy flows

In Figures[5.20] and [5.21] the Sankey diagram of the energy flows of the system is represented for
scenario 1 and 2 respectively.

The production mixes of the two scenarios are close. Only small variations are observed:
onshore production experiences a decrease of 3% while PV and offshore productions increase by
6% and 1.6% respectively.

One can notice the increase of the direct consumption (1.5%) and the decrease of the energy
stored (2.3%). Regarding the storage types, less energy is stored in the batteries and PHES in
scenario 2 but the energy stored in the gas storage increases. Even though the energy stored
decreases, the storage losses increase due to a higher utilisation of the gas storage.

Direct Consumption: 1,957 Direct Consumption: 1,986

Consumption: 2,630 Consumption: 2,630

Batt: 389 Batt: 359

PHES: 42 =

PHES: 48 =

Storage: 1,206
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Figure 5.20: Western Europe energy flows Figure 5.21: Western Europe energy flows
with the actual capacities of the lines (sce-  with 2 times the actual capacities of the lines
nario 1) [TWh]. (scenario 2) [TWh].
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5.2.4 RE assets

The RE assets for the two scenarios are presented in Figure [5.22] A summary of the results of
the RE and storage assets is presented in Table

A decrease of PV panels and onshore WTs in Germany & Benelux as well as an increase of
the installed (and not at their upper limit) means of production in all the other cells is noticed.
This transfer of production from Germany & Benelux to the other cells with the increase of
the line was similarly observed in the two-cell analysis, Section As detailed earlier, the
system tends, as long as the lines allow it, to install the PV panels in the cells with the best load
factors and the WTs in the parks with the best EROIs. The solar production of Germany &
Benelux is thus transferred to the cells with a better irradiance (France, Italy and Alpine States
and Iberian Peninsula) as well as the onshore production of Germany & Benelux, presenting
the lowest onshore EROI, to all the other cells of the system. Nevertheless, its offshore WT
production remains unchanged thanks to its good absorption and EROI.
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Figure 5.22: Nominal power of the RE assets for scenario 1 and 2. The horizontal black lines
correspond to the upper and lower limits, and the doted lines to the domain of solution.

5.2.5 Storage assets

In Figure the variation of the storage assets with the variation of the line is displayed.

As observed in Section a transfer of part of the RE assets of Germany & Benelux to
cells with better EROIs occurs with the increase of the exchange capacities and this until the
lines are saturated.

During peaks of production, the production of these RE assets transferred is exported towards
Germany & Benelux using the full capacity of the lines and is, for the main part, directly
consumed. The overproduction of these RE assets, which was before stored in Germany &
Benelux, is now stored in the cells where the RE assets are installed and transferred to Germany
& Benelux during drops of production in order to use the lines at their maximum capacity all the
time. For this reason, one observes a transfer of storage from Germany & Benelux to the cells
where its RE assets are transferred. If the example of the southern cells (Italy and Alpine states
and Iberian Peninsula) is taken, one observes an increase of their PtG power and gas storage
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Figure 5.23: Storage assets for the actual line capacity and two times this capacity.

capacity. Indeed, during the peaks of solar production in the summer, the lines connecting
Germany & Benelux are saturated with the solar production and part of the overproduction
is stored directly in the PtG of the southern cells for a long-term storage. During the winter,
this energy is taken out of the gas storage of the southern cells and exported to Germany &
Benelux. The percentage of energy from the gas storage used to be exported to Germany &
Benelux passes from 5% for the scenario 1 to 17% for scenario 2 in Italy and Alpine states and
from 6% to 12% for Iberian Peninsula.

Energy cycled in batteries in France

60 - 7 — ;i

<24h 24h - 48h-  1lweek- >1month
48h 1week 1month

Figure 5.24: Energy cycled in batteries in France for different duration.

The important decrease of batteries in France is the main reason of the decrease of the energy
invested in storage, as highlighted in Section In the previous study (Section , the
low ratio of CCGT power to average consumption of France leading to a storage mix based
on batteries and their utilisation for the mid-term storage was developed. The increase of the
exchange capacities allows France to export more of its mid-term overproduction and to import
more during mid-term underproduction. In Figure [5.24] the energy cycled in the batteries for
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different durations is presented. The energy cycled in a storage corresponds to the quantity
of energy which entered and left the storage within a certain period. It is noticeable that the
mid-term utilisation of the batteries in France is highly decreased while the short-term utilisation
remains equivalent, which leads to a decrease of their capacity. The low CCGT power in France
is thus partly compensated by the exchanges with the other cells.

5.2.6 Electricity exchanges
In Table the annual import and export of each cell for both scenarios is presented.

Table 5.15: Annual import and export for scenario 1 and 2.

Annual import [TWh] Annual export [TWh]

Cell Scenario 1 Scenario 2 Scenario 1 Scenario 2

Scandinavia 4.7 7.7 17.0 34.5
British Isles 3.2 3.8 14.1 30.4
Germany & Benelux 91.5 198.5 4.2 1.7
France 10.3 16.9 59.1 88.5
Italy and Alpine States 15.1 20.2 20.2 52.5
Iberian Peninsula 8.0 6.2 18.2 45.6

In the previous sections, it has been shown that all the exporting cells increase their annual
net export and that the importing cells increase their annual net import. However, it is noticeable
from Table that most of the exporting cells also increase their annual import. Taking
Scandinavia as an example, besides the increase of its net export by 117.9% (see Table ,
it also increases its annual import by 65%. This highlights that, in addition to the transfer of
RE assets to the cells with the best EROI, the increase of the exchange capacities enhances the
exchanges between the cells to lower the storage needs and increase the direct consumption.

5.3 Conclusion

Several important observations were highlighted concerning the study of the Western Europe
100% RE electricity system and are summarised hereafter.

Regarding the production, the system can be divided in three main categories. The southern
cells, i.e. ITtaly and Alpine states and Iberian Peninsula, are characterised by high PV share
coupled with onshore WTs. The central cells, i.e. France and Germany & Benelux, mainly base
their production on offshore WTs and reach their maximum potential for this asset. In order to
cover the rest of the demand, onshore WTs and PV panels are installed. Finally, the northern
cells (Scandinavia and British Isles) are characterised by a strong production of onshore WTs
with smaller shares of offshore WTs and no solar production. As for the two-cell analysis, the
production mix is explained by the gross EROI and absorption of the RE assets. It is highlighted
that Germany & Benelux behaves like an importer. Due to its low EROIs for onshore WTs and
PV panels compared to other cells of Western Europe, its production is transferred to the cells
with higher EROIs. To reach the optimal 100% RE electricity system based on the energy cost,
cells have to deploy a significant amount of production assets. The area of the PV installations
in the southern cells represents around 15 m? of panels per inhabitant, while the area occupied
by the assets for British Isles and Germany & Benelux represents 15% and 20% of the inland
territory respectively. Looking at the global system, 42% of the production is provided by onshore
WTs, 30% by offshore WTs, 15% by the PV panels and 13% by the hydroelectric power stations.

The necessity of storage to reach an optimum integration of the renewable production is clear.
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Indeed, in a 100% RE scenario with the actual exchange capacities, 38% of the total production
is stored before being consumed leading to a loss of 17% of the energy produced. Regarding the
global system, 64% of the energy stored is stored in the gas storage, 32% in the batteries and 4%
in the PHES. The total storage capacity of Western Europe consists of a battery capacity of 4.8
TWh, a gas storage of 152 TWh and a total PtG power of 522 GW. The PHES represents a
marginal part of the storage capacity due to the low already-installed capacity.

Regarding the storage mix of the cells, particularities have to be mentioned. It is observed
with British Isles that the dependence to a single intermittent mean of production has a strong
impact on the storage mix. Indeed, relying only on onshore WTs production which presents
strong mid-term variations and an important decrease during the summer induces high mid and
long-term needs, leading to high PtG capacity and important losses. In fact, 45% of the total
production of British Isles enters the gas storage. This leads to a production equal to 1.5 times
its consumption which is necessary to balance the high losses.

Moreover, the impact of a low ratio of the CCGT power to the mean power consumption
on the storage mix is pointed with France. Due to the low value of this ratio, it has to rely on
batteries for its mid-term storage needs leading to a strong increase of the energy invested in
storage. Indeed, if this ratio is increased to be equal to the average of the other cells, the energy
invested in the storage decreases by 70% in France and the total energy investment of the system
decreases by 1.2%.

The case of Scandinavia shows the benefits of a flexible renewable mean of production coupled
with intermittent sources. Indeed, dams, representing 60% of the production of the cell, are able
to supply the demand during wind drops and to stop the production during wind surplus. No
storage is thus needed.

Finally, a high short-term utilisation of the batteries for the cells with high PV share (Italy
and Alpine states and Iberian Peninsula) is observed due to the important day/night variation
of production. Approximately 20% of the solar production is stored in the batteries during the
day and consumed during the following night.

A utilisation factor of the line close to 97% is observed for all the lines of the system. The
energy exchanges are thus used at their maximal potential to lower the energy investment. The
exchanges favour the installation of the RE assets in the cells presenting the best EROI and
allow to reduce the storage needs. The doubling of the line capacities leads to a decrease of 17%
of the storage investment but only to a decrease of 2.5% of the total energy invested. Indeed, the
energy invested in the RE assets only decreases by 0.6% representing 90% of the total investment.
The decrease of the energy invested in the storage is mainly due to the decrease of the batteries
installed in France. Indeed, thanks to the better interconnection, the impact of its low CCGT
power is reduced by the other cells covering its mid-term storage needs. Moreover, the increase
of the exchange capacities enhances the importing/exporting behaviour of the cells to take
advantage of the best EROIs and increases the exchanges between cells in order to lower the
storage needs.

Comparing the results with the ones obtained for the two-cell analysis, it is observed that
the energy invested in the storage for both system is close (30 TWh for the six-cell system and
27 TWh for the two-cell) while the consumption is more than doubled. Moreover, the doubling
of the exchange capacities for the six-cell decreases the total energy cost by 2.5% as said earlier
while, for the two-cell, it only decreases by 1.3%. This reflects that the presence of many actors
and their interconnection is a key point in reaching an optimal electricity system with high RE
share based on the energy investment.
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Conclusion

The willingness of the industrialised countries for independency towards limited energy resources
and for decarbonisation of the electricity sector is going to lead to important changes in their
electricity system. However, the optimal electricity system of tomorrow remains uncertain. Wind
turbines and solar panels are certainly going to be the main sources of production but in which
proportion and how their intermittency is going to be managed has still to be determined.
Moreover, most electric interconnections between countries were not initially developed to deal
with high solar and wind production. Therefore, it remains unclear how these interconnections
should evolve in order to integrate efficiently the renewable production. The current work tends
to answer these questions for the case of Western Europe.

A 100% RE electricity system of Western Europe has been modelled to quantify the RE and
storage assets as well as to study the impact of the exchange capacities.

To do so, a tool has been developed based on a previous model applied to Belgium presented
in [71]. It models the electricity system of a given area (city, countries, continents) for a given
period (day, month, year) and time step. The area is divided in several cells connected through
transmission lines and pipelines in order to exchange electricity and gas. The model optimises
the RE and storage assets of the electric system to maximise the net EROI. In comparison with
the previous model, the new tool can be applied to different electricity systems with different
number of cells and includes the coal and hydroelectric production. The tool has been validated
based on the results for the case of the Belgium transition presented in [71]. Finally, our model
has been applied to the case of Western Europe.

Six cells have been defined based on their energy mix, policies and meteorological conditions
in order to model Western Europe:

Scandinavia (Norway, Sweden, Denmark)

British Isles (United Kingdom, Ireland)

Germany & Benelux (Germany, Belgium, Netherlands, Luxembourg)
France

Italy and Alpine states (Italy, Switzerland, Austria)

Iberian Peninsula (Spain, Portugal)

Despite the low resolution of the cells, the system still allows to highlight the different
production and consumption profiles as well as the distinct renewable potentials. Based on this
six-cell system, two studies have been led.

The first study involves the two-cell electricity system composed of Germany & Benelux and
France and the second analyses the complete six-cell Western Europe model. For both studies, a
100% RE system has been considered and the impact of the transmission lines capacity has been
investigated. The main conclusions that can be drawn regarding the fully renewable electricity
system of Western Europe are presented hereafter.

First, it has been observed that the energy cost lies mainly in the RE assets, representing
90% of the total investment. From the 10% invested in the storage, 86% lies in the batteries,
13.5% in the PtG and the rest in the gas storage and PHES. The important cost of the batteries
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and the negligible cost of the gas storage is there highlighted.

Regarding the production, the optimal mix is composed of 42% of onshore WT, 30% of
offshore WT, 15% of PV and 13% of hydroelectric production. The important role of the WTs is
pointed. Indeed, the installations of the RE assets is directly linked to their EROI as well as their
absorption by the consumption (direct consumption or necessity of storage). The wind presents
an EROI between 9.1 (Italy and Alpine states offshore) and 15.6 (Scandinavia onshore) while
PV presents an EROI between 6.1 (Scandinavia) and 10.3 (Iberian Peninsula). Despite their
lower EROI, PV panels are still installed in all the cells except the northern ones. Indeed, it has
been shown that the absorption of the solar production (70% of direct consumption) is better
than for the WTs (50% and 60% of direct consumption for onshore and offshore respectively).
However, the EROIs are based on actual values of energy cost and load factor. This may change
in the upcoming years and maybe reverse the trend. For example, numerous methods aimed at
recycling the solar panels are under study which could strongly reduce their energy cost [39].

The complementarity of solar and wind productions is a point that has to be raised. Indeed,
the wind production presents a strong decrease in the summer when the solar production increases,
therefore allowing to reduce the long-term storage needs if both are present in the production
mix. Moreover, the impact of the day/night behaviour of the solar production and of the frequent
wind drops on the total production is decreased if the two assets are used together, reducing the
short and mid-term storage needs.

Three different production mixes have been highlighted: the northern cells (Scandinavia and
British Isles) based on onshore WTs, the central cells (France and Germany & Benelux) with a
mixed production but mainly based on offshore WTs and the southern cells (Italy and Alpine
states and Iberian Peninsula) presenting a high solar production. This trend directly follows the
distribution of the EROIs of the technologies throughout Western Europe.

The important role of the storage in an electricity system with a high RE share is pointed.
Indeed, in a 100% RE scenario with the actual line capacities, 38% of the total production is
stored before being consumed leading to a loss of 17% of the energy produced. From the total
energy stored, 64% is stored in the gas storage, 32% in the batteries and 4% in the PHES.
The total storage capacity of Western Europe consists of a battery capacity of 4.8 TWh, a gas
storage of 152 TWh and a total PtG power of 522 GW. As expected, the batteries are used for a
short-term usage (less than one day), the PHES for the mid-term storage needs (days-weeks)
and the gas storage for the long-term (months). This confirms the choice of appropriate storage
costs and characteristics. However, the current PHES installed capacity is marginal compared to
the storage needs encountered. Due to the lack of a proper mid-term mean of storage, the gas
storage is also used to cover the mid-term needs, leading to high losses. The installation cost of
PHES should therefore be investigated and its remaining potential in Europe should be further
studied to assess the energy cost-effectiveness of such means of storage. Other storage facilities
such as flow batteries presenting power/energy independent sizing could also bring a solution to
mid-term storage needs [5].

As it has been observed in the case of France, the CCGT installed power may limit the use
of the gas storage and increase strongly the energy invested in the storage by installing batteries
to cover the mid-term storage needs. It would then be interesting to investigate the profitability
of new Gas to Power (GtP) units within the model based on a given energy cost and to optimise
the installation of such an asset.

A similar optimal storage mix is observed for the cells not limited by a small CCGT installed
power and presenting a mixed production (Germany & Benelux, Italy and Alpine states, Iberian
Peninsula and France if CCGT multiplied by 3): 35% of the energy produced enters the storage,
10% in the battery and 25% in the gas storage.

The positive effect of flexible renewable means of production is noticed with the hydroelectric
production in Scandinavia reducing strongly the storage needs of this cell. In order for Western
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Europe to reach a 100% RE system, the development of flexible renewable sources may be a key
point. This could be achieved by the governments by promoting the development of hydroelectric,
biogas and biomass production but also other technologies that are less widespread like tidal
power station or concentrated solar power (CSP) plants with thermal storage. Biogas and
biomass production units are already implemented in Western Europe countries and have been
considered as a part of the available CCGT power in the model presented but remain marginal
(0.5 and 0.4% of the CCGT equivalent capacity of Western Europe respectively). A dissociation
of these renewable production units from the CCGT should be made if the installed capacities of
these sources is increased in the future. Even if less widely used, tidal power and CSP plants are
already implemented in Western Europe. A tidal power station of 240 MW and 500 GWh annual
production is for example already installed in La Rance (France) [38] and Spain has already
numerous concentrated solar power plant with storage like Astexol II (50 MW, 170 GWh/year,
8 hours storage) [76] based on the parabolic trough system, which is the most mature CSP
technology [74].

The impact of the interconnection on the Western Europe electricity system has been studied.
However, one has to remind that the energy cost of the line was not taken into account. By
doubling the exchange capacities, a decrease of 2.5% of the total energy investment has been
observed: the energy invested in the RE assets decreased by 0.6% and in the storage assets by
17%. The positive impact of the development of the grid regarding the storage has been clearly
noticed but it does not strongly influence the total energy invested. In order to determine the
role of the interconnection in the electricity system, the energy cost of the increase of the line has
then to be determined. However, no studies on the subject at the scale of the present analysis
have been made yet.

Comparing the results of the isolated 100% RE electricity system composed only of Germany
& Benelux and France with the results of the six-cell system, a decrease of 55% of the energy
investment in the storage regarding the total energy consumed has been observed. The presence
of many actors and their interconnection is therefore a key point in reaching an optimal electricity
system with high RE share based on the energy investment.

Several hypotheses have been made in this study. Some are discussed hereafter to propose
avenues for improvement.

For each cell, one PV park, one offshore and one onshore WT park are implemented with
their own irradiance and wind profile. Regarding the size of the cells, it is a strong hypothesis to
define the complete production of a RE asset of a cell based only on one input profile. However,
the study of the data used for the wind speed and irradiance distributions ("Typical years" from
[73]) across Western Europe pointed the strong correlation of the meteorological conditions
throughout the area studied. The increase of the number of parks implemented had then only a
marginal impact on the solution but led to a strong increase of the computation time. It would
therefore be interesting to use real meteorological data in order to confirm this choice.

Each park is characterised by a load factor computed based on the actual installations of
each country of the cell. However, for certain countries, values were surprisingly high or low
compared to the expectations. For some countries, offshore load factor is non-existent since no
park are installed. A more precise estimation of the future potential load factors in Western
Europe could correct the inaccuracies and inconsistent behaviours observed in certain cells.

The technical potentials of the RE assets correspond to the total area of the cell suitable for
the installation of these assets. However, for the W'Ts, these areas do not necessarily present
a load factor as interesting as the one fixed for the cell. Indeed, one can suppose that the
already-installed W'Ts are placed in the most efficient locations. It would then be interesting to
use the method developed in [24], which defines the technical potential of a country in function
of a minimum EROI wanted.

Finally, the actual exchange capacities between the cells are based on data from 2011
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[28]. It would be interesting to study the new lines implemented since then or to model the
interconnections based on expectations of the Western European grid by 2030 or 2050.

The tool developed provides clear answers to the questions raised regarding the optimal
energy system of tomorrow based on the energy investment. One can affirm that storage is going
to play a key role in the energy transition of Western Europe. Short-term as well as long-term
storage systems have to be installed in substantial quantities to reach an optimal mix. More than
one third of the energy produced will have to be stored. Interconnections between countries will
play an important role to integrate intermittent energy sources, allowing to reduce the storage
needs in the system. However, the energy cost of the lines has to be studied to determine the
real benefits of the increase of their capacity regarding the total energy investment.

The future work will focus on the analysis of the interconnections between countries in
Western Europe by investigating the potential future transmission lines. In addition, a study
will be led to determine the energy cost of the increase of the interconnections. Finally, flow
batteries will be integrated in the model and their capacity, as well as the one of the PHES, will
be optimised.

87



Appendix A

Model description and
implementation

A.1 Tables

Table A.1: Indices table.

Indices Meaning

i Refers to a given PV park in a cell

¥ Refers to a given WT park in a cell
k Refers to a given battery park in a cell
c Refers to a given cell in the system
Cn Refers to a neighbouring cell of cell ¢
b Refers to the battery parks

PV Refers to the PV parks

wrT Refers to the WT parks

CCGT  Refers to the CCGT production

coal Refers to the coal production

nuc Refers to the nuclear production
dam Refers to the dam production
runriver Refers to the run-of-river production
PHES Refers to the PHES

PtG Refers to the PtG

gas Refers to the gas

mp Refers to the import

cons Refers to the consumption

m Refers to an incoming quantity

out Refers to an outgoing quantity

exch Refers to exchanged quantity between cells
opt Refers to an optimal quantity

max Refers to a maximum quantity

min Refers to a minimum quantity

inst Refers to an installed quantity
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Appendix B

Validation

B.1 Tables
B.1.1 Grid

Table B.1: Belgian grid parameters |71].

Exchange Line capacity [MW] 2800
Maximum import power onshore [MW] 4500
Maximum import power offshore [MW] 0

B.1.2 Offshore cell
The wind file is from 2015, in the city of Zeebrugge.

Table B.2: Offshore cell parameters |71].

System Characteristic Value
Maximum power installed [MW] 1500
Minimum power installed [MW] 300
Energy invested [GWh] 39.818

Wind Turbine Cut-in wind speed [m/s] 3
Rated wind speed [m/s] 114
Cut-out wind speed [m/s] 25
Lifetime [years] 25
Maximum power installed 0

PV Panel Minimum power installed 0

CCGT Installed capacity [W] 0

Maximum installed storage capacity [GWh] 10
Minimum installed storage capacity [GWh] 0

Energy invested [Wh/Wh] 200
Input efficiency 0.9
Output efficiency 1
Battery Charge rate [W/Wh] 1
Discharge rate [W/Wh] 1
Leak [/h] 4.167e-6
Depth of discharge 1
Number of cycles 6000
Lifetime [years] 15
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B.1.3 Onshore cell

The irradiance profile is from the year 2016, in the city of Spa. The wind profile is a 5 years
average from 2011 to 2016, in the city of Spa. The consumption profile is from the year 2015.

Table B.3: Onshore cell parameters [71].

System Characteristic Value
Maximum power installed [MW] 2 000
Minimum power installed [MW] 200
Energy invested [GWh/WT] 18.713
. . Rating power MW 5
Wind Turbine Cut-in wind spEeed %m/ s] 3
Rated wind speed [m/s] 114
Cut-out wind speed [m/s] 25
Lifetime [years] 25
Maximum power [MW] 10 000
Minimum power MW 460
PV Panel Energy invested [[kWh}/m2] 428
Lifetime [years] 30
ESOI 704
Storage capacity [GWh] 5
Pumping power [GW] 1.164
PHES Turbine power [GW] 1.164
Pumping efficiency 0.9
Turbine efficiency 0.85
Maximum power installed [MW] 1000
Energy invested [Wh/W] 100
PtG Minimum charge 0.15
Efficiency 0.63
Full load lifetime [h] 10 000
Installed power [MW] 5190
CeaT Efficiency 0.59
Maximum installed storage capacity [TWh] 10
Gas storage Energy invested [Wh/Wh] 0.001
Lifetime [years] 25
Maximum installed storage capacity [TWh] 1
Minimum installed storage capacity [TWh] 0
Energy invested [Wh/Wh] 132
Input efficiency 0.9
Output efficiency 1
Battery Charge rate [W/Wh] 1/5
Discharge rate [W/Wh] 1/5
Leak [/h] 4.167e-6
Depth of discharge 1
Number of cycles 6000
Lifetime [years] 15
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Appendix C

Western Europe model

C.1 Tables

Table C.1: Cells installed generation capacity for each type of generation [MW] [29].

Scandinavia British Isles Germany Benelux France Italy and Alpine states Iberian Peninsula
Biogas 121,96 1,00 11,00 428,25 1427,00 231,86
Biomass 4378,72 2097,00 8545,00 653,31 2354,00 1135,58
Fossil Brown coal/Lignite 0 0 20804,00 0 1055,77
Fossil coal-derived gas 0 0 0 2057,00 0
Fossil Gas 3558,37 35339,00 55838,50 11851,46 49124,00 36765,03
Fossil Hard Coal 4504,90 15000,00 29641,24  2997,00 7952,00 10704,50
Fossil mixed fuels 120,00 0 1404,30 436,00 0
Fossil Oil 3742,77 1791,00 3934,59  4098,00 15711,00 3387,71
Fossil other 0 0 0 414,00 17,80
Fossil Peat 0 228,00 0 0 0
Geothermal 0 0 37,75 963,00 0
Hydro marine tidal 0,30 0 0 240,00 0 0
Hydro mixed pumped storage Non-RE 0 0 1061,60 0 0
Hydro mixed pumped storage RE 0 1,00 0 2455,00 12603,00 5893,15
Hydro PHES 0 292,00 7818,34 4753,00 3328,89
Hydro Pure storage 47961,00 2828,00 698,00 13258,15 12740,65
Hydro Run-of-river 6,28 1230,00 3827,00 21094,69 22287,07 5562,50
Nuclear 8586,00 9248,00 15914,00 63130,00 3333,00 7117,29
Other 115,77 269,00 0 0 0
Other Non-RE 0 0 77,00 3361,00 53,20
Other RE 36,00 338,00 508,00  1727,66 316,00 16,19
Solar PV 913,54 12900,00 48112,00  7646,57 22087,00 5165,67
Solar Thermal 0 0 0 0 2299,43
Waste Non-RE 445,00 39,50 1155,45 399,00 648,14
Waste RE 387,42 40,50 1503,45 867,63 377,00 106,82
Wind offshore 1263,80 5400,00 7206,00 0 0
Wind onshore 12007,54 16030,00 55425,00 13539,35 12568,00 28095,00

Table C.2: Cell gathered installed generation capacity.

Italy and Iberian

Scandinavia British Isles Germany & Benelux France Alpine states Peninsula

Conventionnal [GW] 26.0 64.1 138.8 84.0 86.9 61.2
CCGT 49.6% 62.1% 52.2% 21.3% 84.7% 69.2%
Coal 17.4% 23.4% 36.3% 3.6% 11.5% 19.2%
Nuclear 33.1% 14.4% 11.5% 75.1%  3.8% 11.6%
Solar [GW] 0.9 12.9 48.1 7.6 22.1 7.5
Wind [GW] 13.3 21.4 62.6 13.5 12.6 28.1
WT onshore 90.5% 74.8% 88.5% 100.0%  100.0% 100.0%
WT offshore 9.5% 25.2% 11.5% 0.0% 0.0% 0.0%
Hydro [GW] 48.0 4.1 4.5 23.5 48.1 24.2
Dam 100.0% 69.7% 15.4% 10.4% 53.7% 77.0%
Run-of-the-river  0.0% 30.3% 84.6% 89.6% 46.3% 23.0%
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Table C.3: Repartition of the available areas into land use categories, and for each category the
land use factor (1) [24].

Total Onshore Total Offshore Sparse )
Total Area [km?] Area Area Vegetation Forests Croplands
40, 50, 60,
Land Cover Indexes 140, 150, 200 70. 90, 100 14
Suitability Factor Solar % 10 0 10
Suitability Factor Wind % 90 10 70
Norway 1.248.064 331.508 916.556 165.267 102.510 0
Sweden 603.721 449.831 153.890 55.205 285.776 2.485
Denmark 145.111 46.348 98.764 415 8.362 10.074
Germany 413.083 357.309 55.774 14.008 121.292 78.740
Netherlands 99.372 36.480 62.892 4.656 8.109 5.087
Belgium 33.810 30.421 3.389 791 8.817 5.947
Luxembourg 2.715 2.715 0 479 878 239
France 890.867 549.866 341.001 28.370 107.439 193.538
Ttaly 838.595 304.376 534.218 23.033 73.877 66.232
Switzerland 41.132 41.132 0 5.684 13.783 3.220
Austria 83.046 83.046 0 4.610 39.507 10.922
United Kingdom 965.818 250.034 715.785 71.513 10.171 43.480
Ireland 496.489 71.290 425.199 43.694 1.638 1.865
Spain 1.509.211 507.486 1.001.725 56.510 98.752 68.828
Portugal 1.812.683 92.893 1.719.790 10.284 22.609 5.708

Table C.4: Repartition of the available areas

land use factor (2) [24].

into land use categories, and for each category the

Mosaic Vegetation

Mosaic Grassland,

Flooded Area,

Shrubland Croplands Forest, Shrubland Urban Areas Ice, etc Water Bodies
11, 160, 170,
Land Cover Indexes 130 20, 30 110, 120 190 180, 220 210
Suitability Factor Solar % 10 5 5 0 0 0
Depends on
Suitability Factor Wind % 60 50 50 0 0 distance to coast
& water depth
Norway 0 99 24.184 269 26.877 928.858
Sweden 0 5.017 40.288 2473 29.516 182.961
Denmark 0 17.092 5.446 348 418 102.956
Germany 0 88.792 38.131 10.261 1.218 60.642
Netherlands 0 8.968 4.824 2.574 224 64.932
Belgium 0 9.519 3.709 1.404 79 3.544
Luxembourg 0 720 399 0 0 0
France 824 138.658 69.039 6.425 88 346.486
Ttaly 5.581 106.797 7.196 12.014 3.323 540.541
Switzerland 0 11.108 5.220 253 256 1.608
Austria 0 22.096 4.662 498 168 583
United Kingdom 122 17.389 87.160 12.063 138 723.783
Ireland 0 1.780 18.396 592 218 428.305
Spain 53.592 165.167 38.626 8.155 13.474 1.006.107
Portugal 14.722 26.080 7.373 2.089 1.725 1.722.094
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Table C.5: Repartition of the available areas into land use categories, and for each category the
land use factor : Offshore [24].

5 - 20 nmi <5 nmi >20 nmi 5 - 20 nmi <5 nmi >20 nmi
from coast, from coast, from coast, from coast, from coast, from coast,
depth <200 m depth <200 m depth <200 m depth <1000 m depth <1000 m depth <1000 m

Land Cover Indexes

Suitability Factor Solar % 0 0 0 0 0 0
Suitability Factor Wind % 10 33 67 10 33 67
Norway 65.498 28.312 102.409 73.203 87.042 478.383
Sweden 39.771 65.723 45.590 39.771 67.094 47.025
Denmark 23.538 31.196 43.245 23.538 31.196 44.029
Germany 14.029 15.618 26.126 14.029 15.618 26.126
Netherlands 7.701 10.602 44.589 7.701 10.602 44.589
Belgium 618 1.543 1.228 618 1.543 1.228
Luxembourg 0 0 0 0 0 0
France 28.328 48.648 81.864 31.149 54.131 100.238
Ttaly 41.412 48.442 16.547 53.511 106.025 54.217
Switzerland 0 0 0 0 0 0
Austria 0 0 0 0 0 0
United Kingdom 70.437 142.813 304.860 70.437 142.946 371.967
Ireland 18.396 36.571 91.362 18.396 36.571 175.037
Spain 33.847 36.690 4.754 40.395 78.640 42.365
Portugal 10.150 12.783 3.030 15.539 25.683 25.534

Table C.6: Land Cover Classes [24]

Value Label

11 Post-flooding or irrigated croplands (or aquatic)

14 Rainfed croplands

20 Mosaic cropland (50-70%) / vegetation (grassland/shrubland/forest) (20-50%)

30 Mosaic vegetation (grassland/shrubland/forest) (50-70%) / cropland (20-50%)

40 Closed to open (>15%) broadleaved evergreen or semi-deciduous forest (>5m)

50 Closed (>40%) broadleaved deciduous forest (>5m)

60 Open (15-40%) broadleaved deciduous forest/woodland (>5m)

70 Closed (>40%) needleleaved evergreen forest (>5m)

90 Open (15-40%) needleleaved deciduous or evergreen forest (>5m)

100 Closed to open (>15%) mixed broadleaved and needleleaved forest (>5m)

110 Mosaic forest or shrubland (50-70%) / grassland (20-50%)

120 Mosaic grassland (50-70%) / forest or shrubland (20-50%)

130 Closed to open (>15%)
(broadleaved or needleleaved, evergreen or deciduous) shrubland (<5m)
Closed to open (>15%) herbaceous vegetation

140 .
(grassland, savannas or lichens/mosses)

150 Sparse (<15%) vegetation

160 Closed to open (>15%) broadleaved forest regularly flooded
(semi-permanently or temporarily) - Fresh or brackish water

170 Closed (>40%) broadleaved forest or shrubland permanently flooded -
Saline or brackish water

180 Closed to open (>15%) grassland or woody vegetation on regularly flooded or
waterlogged soil - Fresh, brackish or saline water

190 Artificial surfaces and associated areas (Urban areas >50%)

200 Bare areas

210 Water bodies

220 Permanent snow and ice

230 No data (burnt areas, clouds,...)
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Appendix D

Two-cell analysis: Germany &
Benelux and France

D.1 Tables

Table D.1: 100% RE system of France and Germany & Benelux with actual line capcity solution.

Cell WT [5MW,] PV [km?]
Onshore  Limit Onshore Offshore Limit Offshore Inst. Limit
Germany & Benelux 32723 [11085.0 : 137912] 23 839 [1441: 23839] 1297 [481: 3 750]
France 2708 [2708 : 220877] 24 579 [2.0 : 24579] 226 [77: 6 532]
Cell Battery [TWh] Gas Storage [TWh] PtG [GW]
Germany & Benelux 1.6 40.6 152.7
France 3.4 25.1 38.3

Table D.2: RE and storage assets of Germany & Benelux in function of the line capacity.

No Line Actual 2x 5x 10x Limits

WT Onshore [5MW,,] 39140 32723 27344 15979 11085 [11085: 137 912]
Offshore [5MW,] 23839 23839 23839 23839 23839 [1441. : 23 839]

PV [km?] 1390 1297 1062 481 481 [481 : 3 750]
Battery [TWh] 1.3 1.6 2.1 2.4 0.9 /
Gas storage [TWh] 36.9 40.6 45.2 54.1 65.5 /
PtG [GW] 184.2 152.7 116.1 82.0 79.7 /

Table D.3: RE and storage assets of France in function of the line capacity.

No Line Actual 2x 5x 10x Limits

WT Onshore [5MW,,] 2708 2708 2708 7924 8629 [2708: 220 877
Offshore [EMW,] 23450 24 579 24579 24579 24 579 [2: 24 579

PV [km?] 77 226 645 1497 1715 [77 : 6 532
Battery [TWh] 3.9 3.4 2.7 2.4 3.8 /
Gas storage [TWh] 23.7 25.1 29.3 34.7 27.6 /
PtG [GW] 31.2 38.3 49.6 73.8 72.5 /
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Table D.4: RE and storage assets of Germany & Benelux for the four transition scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Limits

WT Onshore [5MW,] 11 085 12 018 11 531 32723 [11 085 : 137 912]
Offshore [5MW,] 1441 1441 23 839 23 839 [1441. : 23 839]

PV [km?] 481 481 710 1297 [481 : 3 750]
Battery [TWh] / 0 1.8 1.6 /
Gas storage [TWh] / 4.8 36.3 40.6 /
PtG [GW] / 0 48.4 152.7 /

Table D.5: RE and storage assets of France for the four transition scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Limits

WT Onshore [5MW,] 2 708 2 708 2 708 2708 [2 708 : 220 877]
Offshore [5EMW,] 2 16 804 24 579 24 579 [2: 24 579

PV [km?] 7 7 193 226 (77 : 6 532]
Battery [TWh] / 2.8 3.4 3.4 /
Gas storage [TWh] / 11.2 21 25.1 /
PtG [GW] / 0 43.6 38.3 /

D.2 Hourly analysis

In this section, hourly profiles of the energy flows of the two-cell 100% RE electricity system with
the actual transmission line capacity are analysed. In Figure and hourly production
in France and Germany & Benelux are presented for a summer and a winter week respectively.
The figures represent a stack of the different production means (in the order Run-of-the-river,
Dam, PV, Wind onshore and Wind offshore) followed by the output of the storage systems (in
the order CCGT, battery, PHES) and finally the import from other cells. In addition, a stack
of the ways to consume this energy produced is represented with the help of lines. First, the
consumption is displayed followed by the input of the storage system (in the order PtG, battery,
PHES). Since no curtailment is observed, the difference between the production stack and the
line stack corresponds to the export.

Comparing these two weeks, one can directly notice the strong difference in PV production,
which is nearly non-existent in winter and sometimes above consumption during summer in
Germany & Benelux.

In Figure day/night complementarity between the two cells can be observed during
the two last days. One can observe that during the day a surplus of PV power is produced in
Germany & Benelux. A part of this surplus (limited by the transmission line) is exported to
France during the day. On the other hand, during the night, France exports WT production to
Germany & Benelux.

Wind turbines can experience high peaks of production. Indeed, it is noticeable that
production peaks can be more than two times bigger than consumption in both cells. Looking at
the offshore wind production in France, it can be noticed that power sometimes abruptly drop to
0 to come back at rated power a few hours later. This shows the effect of the cut-out wind speed.
It can also be noticed that onshore wind does not necessarily reach its cut-out wind speed when
offshore does. This shows a complementarity between these two means of production.

Dam power plants are used in France to face mid-term production drops. In Figure one
can see that dams help to supply the load during the mid-term power deficit due to the mid-term
decrease in wind production.

Looking at the storage, one can observe that batteries are used for short-term storage and gas
storage for mid-term in Germany & Benelux. As can be seen in Figure during the summer
the batteries in Germany & Benelux are used to store the overproduction occurring during the
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day due to the solar production and to restore it during the night. When overproduction occurs,
the batteries are filled first and then the PtG is used. On the other hand, as can be seen in
Figure [D.2] after more than one day facing underproduction the gas storage is used in order
to cover the consumption. For the same week in France, one can notice that after one day of
underproduction the gas storage starts to be used as well. However, the batteries have to be used
at the same time, explained by the low power of the CCGT in France as detailed in Section
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Figure D.1: Hourly production during a summer week
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Figure D.2: Hourly production during a winter week

D.3 Study 3: Impact of the RE share

As explained previously, the renewable production share is going to increase in the following
years. The renewable sources being often characterised by an intermittent production, storage
may play a key role in the electricity system of tomorrow. This study analyses the variation of

96



the storage and renewable assets in function of the global renewable share for different transition
scenarios.

All the inputs of the model are detailed in Chapter [3] As a reminder, the actual production
mix of the two cells is presented in Figures and [D.4 One observes that the conventional
production mixes are noticeably distinct: Germany & Benelux has an important share of coal
but also a significant production from gas and nuclear while France relies mainly only on nuclear.
The RE share of Germany & Benelux is equal to 27% with an important wind and biofuel &
waste production. The RE share of France is of 19% with an important hydroelectric production
share.

Electricity production mix of
Germany & Benelux, Total : 840 [TWh]

Electricity production mix of France
Total : 550 [TWh]

Biofuel & Waste
Hydro

Biofuel & Waste
Hydro

Nuclear

Solar % 519 Solar

Wind
Wind Gas

Coal

Coal
Nuclear

Figure D.3: Electricity production
mix of Germany & Benelux of 2017.

Adapted from .

Figure D.4: Electricity production
mix of France of 2017. Adapted

from .

The energy mixes of each case studied are presented in Table The RE share is expressed
as a percentage of the total production and import, while the import share as a percentage of
the consumption. The actual line capacity is used. The first case corresponds to the actual
energy mix, the RE assets correspond then to the already-installed capacity (see Table
and no storage except PHES is installed. The actual external import of the system is equal to
3% of the consumption ( , ) The second scenario presents the society in 15-25
years with 50% of renewable production, with an electricity import of 3% of the consumption
and the installed capacities of the nuclear and coal centrals divided by two for each cell. The
third scenario presents a speculative case with 90% of total RE production, with no import and
no more nuclear or coal production. The last scenario corresponds to a 100% RE system with
no external import, which is thus identical to the case presented in Study 1. Only the global
RE share of the system is fixed, the RE share of each cell is free. In each scenario, the gas
import is not limited. The system can thus import as much gas as necessary while respecting
the RE share constraint. The electricity import capacity of the cells, not including the exchange
capacity between them, is 7.2 GW and 8.2 GW for France and Germany & Benelux respectively,
as mentioned in Figure while the exchange capacity from France to Germany & Benelux is
6.1 GW and from Germany & Benelux to France 5.6 GW.
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Table D.6: Study cases.

Installed capacity
Case RE [%] Import [%] [% of actual capacity]

Nuclear Coal
1. 24 3 100 100
2. 50 3 50 50
3. 90 0 0 0
4. 100 0 0 0

In the following subsections, the impact of the RE share on the RE and storage assets of the
system is analysed.

D.3.1 Renewable assets

In Figures and one can observe the RE installed capacities in function of the RE share
for Germany & Benelux and France, respectively. A summary of the solutions for the RE and
storage assets of the different cases is presented in Tables [D.4] and

Germany&Benelux : RE assets France : RE assets
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Figure D.5: Renewable assets in function of  Figure D.6: Renewable assets in function of
the RE share in Germany & Benelux. RE share in France.

In the 50% RE scenario, France only installs new offshore WTs. Indeed, France offshore
wind presents the highest EROI. Since the system is at low RE share, intermittent production
is still well absorbed by the consumption. The system then follows a merit order and provides
the needed extra RE share using France offshore wind. Germany also installs a small amount of
additional onshore WTs. Similar to France, the best EROI technology is installed, that is to say
onshore wind. The RE production share of France is at 83.0% compared to 29.1% for Germany
& Benelux (see Table . This is explained by the better EROI of the offshore WTs of France.

When the system has to reach 90% of RE production, a clear merit order is no more observed.
France reaches the upper of offshore WTs and installs PV panels, presenting a lower EROI than
onshore WT. Looking at Germany, the small amount of onshore WTs previously installed is
replaced by offshore WTs and PV panels. These two assets have lower EROIs but are better
absorbed by consumption as previously mentioned. Since RE share is high, well-absorbed
production means are preferred in order to lower storage needs and losses, as seen in the previous
study.

Finally, to reach a 100% RE system, an import increase of the RE assets is observed in
Germany & Benelux. This can be understood by looking at Table [D.7] which represents the RE
share in both cells for each scenario. One can observe that in the 90% RE scenario France RE
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share is nearly already at 100% while the one of Germany & Benelux is only at 82%, explained
by the better EROI of the RE assets of France. Then, to reach a 100% RE system, Germany
& Benelux has to increase strongly its RE production, when France nearly does not change its
installed means of production. This leads to a high increase of the PV panels and onshore WTs
installed capacity of Germany & Benelux.

Table D.7: RE share in Germany & Benelux and France for each scenario.

Total Germany & Benelux France
24% RE 27.0% 19.0%
50% RE 29.1% 83.0%
90% RE 82.0% 99.7%
100% RE 100.0%  100.0%

D.3.2 Storage assets
In Figure [D-7] and [D-§] battery and PtG installed capacity are represented, respectively.

Battery capacity PtG capacity
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Figure D.7: Battery capacity in function of = Figure D.8: PtG capacity in function of RE
RE share in France and Germany & Benelux. share in France and Germany & Benelux.

In the first case, with a 50% RE system, only France installs batteries. This comes from the
fact that France has a higher share of renewable than Germany & Benelux, as seen in Table
and that Germany & Benelux has a more important flexible generation capacity. Indeed, in the
50% RE scenario, CCGT and coal in Germany represent 118% of its average power consumption,
when in France it corresponds to 36% of its average power consumption. Indeed, the major
power source of France is the nuclear which has been considered as non-flexible. As seen in
Table France has a 83% renewable production, compared to less than 30% in Germany.
The stronger intermittency of the production of France also explains its battery needs. It is
interesting to notice that no PtG is needed. However, even without PtG, seasonal storage is
already implemented in France as can be seen in Figure due to its consumption profile
(see Figure . The gas stored corresponds to gas imported. As can be seen in Figure
Germany & Benelux storage does not present a seasonal shape.

In the 90% RE scenario, France installs PtG. This comes from the seasonal shape of the
French consumption and production. France needs to store its wind power during summer to use
it during winter. In Germany & Benelux, conventional production replaced by a high offshore
WT capacity and PV induces a need in storage. Batteries are used as short-term storage, when
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Figure D.9: Gas storage in function of Figure D.10: Gas storage in function of time
time for different RE share scenario in Ger- for different RE share scenario in France.
many&Benelux.

PtG is used for seasonal storage.

Finally, for the 100% RE case, no major changes are observed in France since the RE assets
are nearly the same as in the previous scenario. In Germany & Benelux, the PtG capacity is
tripled from the previous case. It is induced by the high increase in installed RE capacity, forcing
to install mid-term and long-term storage means. It is noticeable in Figure [D.7] that a slight
decrease in Germany & Benelux battery storage occurs. It is due to the high PtG installed
capacity, allowing to absorb higher RE peaks than previously. The system then decides to lower
its investment in batteries to transfer mid-term storage to the PtG.

D.3.3 Conclusion

The transition scenarios studied highlight the usefulness of flexible means of production. Indeed,
they allow to limit the storage needs while increasing the RE shares. It is also observed that, by
imposing a RE share constraint at the scale of the system and not of the cell, the cell with the
renewable assets presenting the highest EROIs produces most of the RE energy needed during
the transition. This induces a severe step of RE assets for the other cell while passing from 90 to
100% RE. However, this is a theoretical case. In practise, it is more likely that countries will
install renewable assets more or less simultaneously.
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Appendix E

Six-cell analysis: Western Europe

E.1 Tables

Table E.1: Results of the 100% RE Western Europe system with actual line capacity.

Cell WT [5MW,,] PV [km?]
Onshore Limit Onshore Offshore Limit Offshore Inst. Limit
Scandinavia 7525 [2413 : 234654] 1813 [294 : 72936] 7 [7: 5 590]
British Isles 46 741 [2956.2 : 159236] 1277 [1277 111183} 127 [127 4 461]
Germany & Benelux 25896 [11085.0 : 137912] 23 839 [1441: 23839] 1198 [481 : 3 750]
France 2708 [2708 : 220877] 24 579 [2.0 : 24579 349 [77: 6 532]
Ttaly and Alpine states 28 714 [2436 : 144689 0 [0:10404] 1129 [213: 3 956]
Iberian Peninsula 21 249 [5581: 227230] 1 [1.0 : 7970] 949  [72: 6 565]
Cell Batteries [TWh] Gas Storage [TWh] PtG [GW]
Scandinavia 0.009 0.06 0.07
British Isles 0.6 36.3 179.8
Germany & Benelux 1.0 37.5 141.1
France 2.7 26.1 41.4
Ttaly and Alpine states 0.3 25.8 77.2
Iberian Peninsula 0.3 26.2 82.7

Table E.2: Results of the 100% RE Western Europe system with actual and double line capacity.
Cell WT Onshore [5MW,] WT Offshore [SMW,,] PV [km?]

1x 2x Limit 1x 2x Limit 1x 2x Limit
Scandinavia 7525 7497 [2413:234654] 1813 2537 [204: 72 936] 7 7 [7:5 590
British Isles 46 741 48 494 [2 956 : 159 236] 1277 1277 [1277: 111 183] 127 127 [127 : 4 461]
Germany & Benelux 25896 13391 [11085: 137912] 23839 23839 [1441: 23 839] 1198 846 [481 : 3 750]
France 2708 2708 [2708:220877] 24579 24579 [2: 24 579] 349 574 [77: 6 532]
Ttaly and Alpine states 28 714 31 018  [2 436 : 144 689] 0 0 [0:10404] 1129 1287 [213: 3 956]
Iberian Peninsula 21 249 23 383 [5 581: 227 230] 1 1 [1:7970] 949 1063 [72: 6 565]
Cell Battery [TWh] Gas Storage [TWh] PtG [GW]

1x 2x Limit 1x 2x Limit 1x 2x Limit
Scandinavia 0.009 0.01 / 0.06 0.5 /  0.07 0.6 /
British Isles 0.6 0.6 / 36.3 38.0 / 179.8 1845 /
Germany & Benelux 1.0 0.9 / 37.5 36.8 / 141.1 100.2 /
France 2.7 1.6 / 26.1 25.6 / 414 502 /
Ttaly and Alpine states 0.3 0.3 / 25.8 31.6 /772 992 /
Iberian Peninsula 0.3 0.3 / 26.2 28.4 /827 942 /
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E.2 Graphs

Monthly energy flows of Italy and Alpine states

50 |
s0{ &= —_—_ - o =
BT e i-5-I-%
30+ | . I
<
= 204
=
10
0"__'—'__'_'____!_'__'.____I'__.'""."__i_____'_'__'____‘-__'_—r___
_10<
] F M A M J J A S O N D
PV H Dam CCGT Il Net exchange
WT onshore Runriver Il PtG ---- Consumption
mmm WT offshore Battery in/out B PHES in/out

Figure E.1: Ttaly and Alpine states monthly production and consumption [TWh].
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