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ABSTRACT



Climate change is one of the major global challenges of our time. According to
the World Meteorological Organization there is a 50% probability that global
temperatures will increase by 1.5°C as soon as 2026. At the same time, we are
facing a paradigm shift triggered by the Russian war on Ukraine. The vulnerability
of our energy and resource supply has become particularly obvious this spring.
The high energy prices are having a dramatic impact on society and the econo-
my, on top of the already difficult economic situation due to the pandemic.

To address these challenges, the role of the European Union is of utmost import-
ance. With these political uncertainties and the impact of climate change, time
is running out. The transition to clean energy has already brought about tremen-
dous changes in our society and economy, while at the same time fostering the
development of new technologies. However, if we do not reduce our emissions
quickly enough in Europe and worldwide, tipping points will occur in the Earth
system. This will cause feedback loops of irreversible increases in global tempe-
ratures, leaving catastrophic consequences in their wake.

This confirms the need for planning ambitious actions, which this study supports.
To present a clear vision of the future of the energy system and create a basis
for discussions, TransnetBW has published the study Energy System 2050 - to-
wards a decarbonised Europe. The study considers European climate neutrality
in 2050 as a target scenario and uses a detailed model to compare two cost op-
timal paths to reach the ambitious goals. The first path relies on a global market
with gas imports from outside the EU, and the other develops an increasingly
energy resilient Europe. The results show in detailed analyses how to achieve
climate neutrality by 2050 by taking measures in each sector - renewables, hea-
ting, transport, industry and particularly the electricity and gas grids. The main
outcomes are as follows:

/ The energy transition can only be implemented efficiently if it is planned
and performed jointly at European level. The energy transition gives Europe
the chance to become significantly more independent of energy imports. The
EU27 will need an installed power plant capacity of around 3,500 to 4,000 GW.
To achieve this goal, we need to start building this capacity today.

/ Electricity must be understood in a new way. The concept of “demand deter-
mines generation” can no longer be applied to an energy system with variable
renewables. In the future, temporal flexibility must be guaranteed through sto-
rage facilities and demand management in all connected sectors.

/ Electricity and gas infrastructure as the backbone for the energy transition.
Cross-border energy trading is becoming increasingly important. Therefore,
a massive expansion of 2.8 times the current electrical grid is necessary. By
contrast, the development of the hydrogen and gas system is dependent on
the path taken for the energy system.

The energy transition is not a national task - it must be implemented across na-
tional borders. Therefore, TransnetBW does not limit the energy transition to its
own control area or Germany but examines it for the European Union and be-
yond. We hope that the new study will provide a basis for going beyond national
strategies to begin the international planning of a "European energy transition
thought through to the end”.

ENERGY SYSTEM 2050 - Towards a decarbonised Europe
ABSTRACT
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TWO SCENARIOS
TO EUROPE'S CLIMATE
NEUTRALITY

ELECTRIFICATION LEADS
TO A GROWING DEMAND
FOR ELECTRICITY

ENERGY SYSTEM 2050 - Towards a decarbonised Europe
EXECUTIVE SUMMARY

In this study we assume that the European Green Deal is established, which
means that Europe’s energy system must become climate-neutral by 2050. To
achieve this goal, we present two central scenarios, Global Markets (GM) and
Energy Resilient Europe (ERE), which consider different developments in boun-
dary conditions for climate neutral hydrogen production and availability. The
modelling covers most European countries and considers almost all energy de-
mand from the electricity, heating, transport, and industry sectors. The electricity
sector is the first to reach full decarbonisation. Already in 2040, the share of
emissions from the power sector is negligible small. The heating and transport
sectors experience a linear decline of emissions over the period. However, de-
carbonisation of the industry sector is more challenging and cost-intensive than
other sectors. It should be noted that this study does not cover the complete
decarbonisation of the international transport sector (aviation and navigation).
Therefore, additional steps are needed for complete climate neutrality. These
steps include producing and importing climate-neutral hydrogen or climate-
neutral synthetic hydrocarbons.

A fundamental transformation of the energy system is necessary to achieve a
reduction in energy-related greenhouse gas emissions in Europe. This comprises
the expansion of renewable energies such as wind energy and photovoltaics in
the electricity sector, the partial electrification of the heating and transport sec-
tors and the development of demand for power-to-X technologies to produce
hydrogen or other synthetic hydrocarbons. Sector coupling will lead to a strong
increase in electricity demand. In the European Union, we expect the total electri-
city demand to increase between 2020 and 2050 from approximately 2,491 TWh
t0 5,190 TWh (GM) and 5,833 TWh (ERE). Up to 18% of this will be needed for the
electrification of the heating and transport sectors, and up to 32% will be needed
for power-to-X applications. In our scenarios, Germany is the largest consumer of
electricity with 937 TWh (GM) to 1,087 TWh (ERE).

Flexibility of electricity demand for an innovative power system. To build a sus-
tainable and cost-efficient system, flexible consumers and storage facilities must
integrate electricity generation from variable renewables. The heating, transport
and gas sectors have enormous potential for demand side management and for
storing electricity, heat, and gaseous energy sources. By coupling the sectors, fle-
xibility in electricity demand can be substantially increased. For example, batte-
ries of electric vehicles can be charged when renewable energies are abundant,
and discharged in shortage situations to provide electricity. We observe that
missing flexibility to and from the transport sector calls for alternative flexibility
options, which are characterised by much higher cost. It appears that V2G and
DSM may play a relevant role in efficient future energy systems. To tap at least a
share of this potential, a forward-looking policy framework and market incentives
need to be established. In addition, we also see stationary battery storages with
a capacity of up to 161 GW in 2050 in the EU27. Through these flexible consu-
mers and storages, the maximum simultaneous electricity demand in the EU27
will increase more than three times from today up to 1,508 GW (GM) and 1,745
GW (ERE). Of this, a total of 934 GW (GM) to 1,114 GW (ERE) is flexible demand
(battery storages, pumped hydro storages, 50% BEV demand, electrolysers, heat
pumps, resistive heaters). This flexibility corresponds to 62% to 64% of total the
total demand. The largest flexibility comes from power-to-gas with 24% (GM) to
31% (ERE) of the total demand. The smart charging of electric cars accounts for
16%. Battery storages and pumped hydro storages have a share of around 11%.
The flexibility ratio differs depending on the available technologies in each coun-
try. In Germany, the maximum simultaneous electricity demand increases from
around 80 GW in 2020 up to 302 GW in 2050 (ERE) with a 54% share of flexibility.
Due to this high flexibility, the electricity generation of renewable energies can
be integrated effectively.

07



ENERGY SYSTEM 2050 - Towards a decarbonised Europe
EXECUTIVE SUMMARY

MASSIVE EXPANSION
OF WIND AND PHOTO-
VOLTAIC NECESSARY

GROWING INTEGRATION
OF THE EUROPEAN
ENERGY MARKETS

HYDROGEN AS BASIS
FOR EUROPEAN INDUS-
TRY AND FUELS FOR THE
TRANSPORT SECTOR
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The foundation for a climate-neutral energy system is the expansion of renewa-
ble energies in the electricity sector. Onshore and offshore wind turbines as well
as rooftop photovoltaic power stations and utility-scale photovoltaic farms need
to be expanded drastically going forward. We considered the impact of onshore
wind expansion on people (acceptance) and environment (species protection)
by limiting the land use to a maximum of 5% per country. For the EU27 countries,
we calculated that the installed wind power capacity needs to be expanded from
177 GW in 2020 to 844 GW (GM) and 969 GW (ERE), or up to 5.5 times more.
From a linear perspective, we therefore need an expansion rate of at least 23
to 27 GW/year from today to 2050. At the same time, the installed capacity of
photovoltaic systems needs to increase from 139 GW in 2020 to 2,136 GW (GM)
and 2,462 GW (ERE) in 2050. This is up to 17.8 times more than today, with an
expansion rate of at least 69 to 80 GW/year. This makes PV the most important
energy source in our scenarios.

The potential of renewables impacts the energy mix on a national level. There
will be strong regional variations in wind and PV generation due to specific local
meteorological conditions in Europe. Italy and the Iberian Peninsula will predo-
minantly generate electricity from PV (over 75% of power generation), where-
as the British Isles, Denmark and the Netherlands will largely use wind turbines
(over 70% of power generation). Wind and PV generation will be more balanced
in large electricity producers like France, Germany, and Poland. In addition, hy-
dropower plants will be used for electricity generation and seasonal storage,
especially in Scandinavia (44.6 GW storage capacity) and the Alpine countries
(29.7 GW storage capacity).

To balance out temporary and regional variations in supply and demand, and
connect solar and wind generation locations with high-load centres, the electri-
city grid interconnection capacity in the EU27 needs to almost triple to 200 GW.
This is fairly consistent across both scenarios. As a result, international electri-
city trade will also triple (gross electricity trade in 2050 of around 1,600 TWh).
Germany, which imports around 14% of its electricity demand (132 TWh to 165
TWh) and Italy, which imports around 24% (104 TWh to 129 TWh) are the largest
net importers in absolute terms. The largest net exporters are France, which ex-
ports around 9% of electricity generation (91 TWh to 111 TWh) and Denmark,
which exports around 32% (57 TWh to 78 TWh). The energy market in Denmark
is optimised for about 40 GW to 60 GW of wind turbines. During peak times of
electricity generation from renewables, Denmark exports more than 50% of do-
mestic electricity generation to Germany and other countries. As a country with
considerable electricity generation from photovoltaics, France uses demand ma-
nagement for load shifting and other flexibility options such as stationary bat-
tery storages, which have an installed capacity of 38 GW (ERE) to 47 GW (GM).
Around 9% of electricity generation is temporarily stored.

Hydrogen will play a key role for the climate neutral energy system in 2050. It
will be intensively used as an energy carrier or feedstock in industrial processes
and as a fuel for the transportation sector. In addition, hydrogen will be used as
input for the synthesis of hydrogen derivatives such as synthetic hydrocarbons.
In the GM scenario, 57% of hydrogen production takes place in Europe, while
the remaining 43% is imported via hydrogen pipelines from countries outside
the EU27 (such as North Africa, via Spain or Italy). By contrast, in the ERE scenario,
100% of the hydrogen production is in Europe. This means that depending on
the scenario, 376 GW (GM) to 560 GW (ERE) of electrolyser generation capacity
and 150 GW (GM) to 219 GW (ERE) of hydrogen grid interconnector capacity
will be needed in the EU27 by 2050. In all modelled regions, including the UK,
we calculated an electrolyser capacity of up to 660 GW (ERE). Poland, Spain, and
France have a total of 205 GW (GM) and 268 GW (ERE) electrolyser capacity,
which is approximately half of the electrolysis capabilities in the EU27. In the
ERE scenario, the capacities are almost double in Germany (up to 60 GW) and
Denmark (up to 33 GW) compared to the GM scenario, due to the lack of imports
from outside the EU.



EUROPE WILL BECOME SIG-
NIFICANTLY MORE INDEPEN-
DENT OF IMPORTED ENERGY
CARRIERS

GRID ANALYSIS SHOWS
MASSIVE CONGESTIONS
THROUGHOUT EUROPE

EXTENSIVE DEVELOPMENT
OF THE ELECTRICAL GRID IN
EUROPE NECESSARY

AS AN ELECTRICITY
IMPORTER AND ELECTRICITY
HUB OF EUROPE, TRANS-
NETBW'S CONTROL AREA
NEEDS A RELIABLE HIGH-
PERFORMANCE GRID

ENERGY SYSTEM 2050 - Towards a decarbonised Europe
EXECUTIVE SUMMARY

Development of a European hydrogen market. According to the ERE scenario,
the following EU27 countries are the leading exporters of hydrogen: Denmark
(25 TWh), Poland (84 TWh), Greece (25 TWh) and the Netherlands (39 TWh). In
Spain, hydrogen is mainly used locally to produce synthetic gases and fuels. On
the other hand, Italy imports 70% (ERE) to 95% (GM) of its hydrogen demand,
and Germany 34% (ERE) to 80% (GM). In the ERE scenario, imports are from other
European countries and in the GM scenario, also from outside of Europe.

As a result of the increasing electrification of the energy system and the expan-
sion of renewable power plants, the energy transition results in fewer imported
energy carriers. Comparing our study results for 2050 with 2020 values, we ob-
serve that the demand for oil is around 72% lower. Demand for gas is between
63% and 83% lower depending on the scenario. Synthetic energy carriers partly
cover this demand. In the ERE scenario, 72 TWh of synthetic oils are imported to
the EU. The EU could import this oil from the USA or Canada, for example. The
emissions resulting from the use of natural gas or mineral oil are compensated
by direct air capture and carbon capture and storage.

The grid infrastructure planned today in the Ten-Year Network Development Plan
is just the first step of the grid expansion requirement for a successful energy
transition. The planned grid for 2035 does not meet the large transmission requi-
rements of the 2050 scenario in any of the countries considered. The system will
be critically affected by grid congestions throughout Europe. The power supply
system in 2050 requires a further development of the transmission grid. Italy,
for example, has significant congestions due to high energy flows between the
northern and southern parts of the country. In France, there are substantial con-
gestions from the southwest towards the northeast. These are due to the large
PV feed-ins.

A study of Germany shows the substantial need for grid expansion. The grid
confirmed in the German NEP 2035, Version 2021, shows heavy congestions
when confronted with the 2050 scenario. The length of the German extra-high
voltage AC reference grid is approximately 36,000 km, of which around 55%
has unacceptable grid congestions, particularly in the north-south direction. For
a better understanding of the most critical tasks for the transmission grid, we
analysed different situations. These included a strong wind and high load situa-
tion on a January evening with a north-south transit flow, and a sunny high load
situation with a south-north transit in July at midday.

Despite the numerous planned and ongoing enhancements in the TYNDP, AC
grid expansion measures will reach their technically reasonable limits. It is thus
not effective to manage overloads by extending the AC grid only. This is mainly
due to the increasing distances between the sources of renewable generation
and future load centres. To meet this need in an efficient and targeted manner,
we see an interconnected and power flow optimising European HVDC overlay
grid as the best solution. In addition, the interconnection of offshore wind farms,
regardless of national borders, offers greater potential for efficiently increasing
offshore wind integration to meet long distance transmission needs.

In the future, Baden-Wiirttemberg, a state in southwest Germany and the con-
trol area of TransnetBW, will increasingly need to import electricity from other
German states or from abroad. Less than half of the electricity demand will be
generated locally by 2050. In addition, Baden-Wiirttemberg serves as an import-
ant hub between Germany and Austria, Switzerland, and France. Therefore, a re-
liable and high-performance electricity grid integration is essential for our future
energy system.

Additional HVDC links in TransnetBW's target grid. In order to reduce the ex-

tensive overloads in the grid, we identified three additional north-south connec-
tions, one west-east connection, and interconnectors to France and Switzerland
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DIGITALISATION AND INNO-
VATION TO CREATE A SMART
ELECTRICITY GRID

INCREASING NEED FOR
SYSTEM INERTIA & IMPORT-
ANCE OF GRID FORMING
INVERTERS

INCREASING NEED FOR
STATIC AND DYNAMIC
REACTIVE POWER COMPEN-
SATION TO GUARANTEE
VOLTAGE STABILITY

as well as the confirmed HVDC connections (SuedLink and Ultranet). Due to fur-
ther technical developments, we assume HVDC cables with a rated voltage of
800 kV and current of 2,300 A to be ready for operation in 2050. Therefore, the
rated power of the HVDC links increases to 3.5 GW. As a result, Baden-Wiirttem-
berg’s HVDC converter capacity will amount to 18 GW, including the capacity to
France and Switzerland.

Further expansion of the AC grid needed. The AC measures planned by Trans-
netBW for 2035 confirmed in the German NEP 2021 are necessary for the energy
economic developments until 2050. Furthermore, over 830 kilometres of Trans-
netBW's extra-high voltage AC grid, which is over 25% of the transmission cir-
cuits, must be additionally reinforced.

Besides making electricity demand more flexible through sector coupling and
use of storages, innovative electrical equipment enables an optimised utilisation
of the electricity grid. HVDC converter stations and phase-shifting transformers
allow a higher degree of utilisation of the future grid through the targeted con-
trol of power flows. Weather-dependent dynamic line rating will facilitate a sig-
nificant increase in grid utilisation, thanks to real-time measurement of weather
conditions. Combining these power flow optimising measures results in huge
potential for shifting power flows from overloaded circuits. If these measures are
applied to the German grid, the congestions seen in the reference grid will de-
cline by around 25% without any further grid expansion.

System splits are the main challenge for frequency stability within the ENTSO-E
Continental Europe Synchronous Area. Potential active power imbalance in case
of a system split corresponds to the active power transmission before a system
split. In Germany, this potential active power imbalance increases significantly
between 2035 and 2050, leading to an increasing need for system inertia. Also,
the widespread installation of grid-forming inverters (instead of grid-following
inverters) is necessary to protect the power system from blackout in case of se-
vere system splits.

Increasing trade in electricity, accompanied by higher utilisation of the electricity
grids, leads to massive power flows through the AC transmission systems. The-
se widespread power flows result in a substantial need for overexcited reactive
power, which is more than 2.5 times higher in 2050 than 2035 as calculated in the
German NEP. Therefore, we highly recommend new reactive power compensa-
tion (for example, new compensation devices such as capacitors and STATCOM)
to guarantee voltage stability and thus a stable, secure energy supply.



ENERGY SYSTEM 2050 - Towards a decarbonised Europe
EXECUTIVE SUMMARY

11



1.0

INTRODUCTION

: ’ \‘ C . \«\

T ~\“/l‘“|/“\ \?N.:... AN RN
i <. |

/ ’/H

(7

VETR
~N \ \ “ \‘ !“\ \\ ///‘ \ .! V! ‘ ‘ \
\ ‘\‘.m\ T 1) (e PN 14/ 1,7 Ve
SO AR ! RN



1.1 MOTIVATION

EUROPEAN GREEN DEAL

The European Green Deal is a package of initiatives and
measures approved by the European Commission in 2020
that aims to make Europe a climate-resilient society by
2050. The measures include reduction of greenhouse gas
emissions as well as investments in research and innovation.
The Green Deal includes several climate actions such as

the New EU Strategy on Climate Adaptation and the 2030
Climate Target Plan.

DECARBONISATION

In the energy system, decarbonisation refers to the reduction
of use of energy sources based on hydrocarbons such as oil,
coal or natural gas.

What role does sector coupling
play in the future energy system?

How much infrastructure does the
energy transition need? And when
do we have to start planning?

What challenges does the energy
transition create for the operability
of the power system?

FIGURE 1:
What will the future energy system look like?

1.2 OBJECTIVES AND
PROCEDURE

ENERGY SYSTEM 2050 - Towards a decarbonised Europe
1.0 INTRODUCTION

The European Green Deal sets out the framework for achieving a sustainable
economy in the EU. Europe is aiming for a climate-neutral energy system in 2050.
Some countries are even planning to be climate neutral before 2050. For exam-
ple, Germany decided on a stricter climate protection law in 2021 to achieve
climate neutrality by 2045. In this context, the electricity grid plays a key role in
enabling the energy transition and the development of the future energy system.
It is exactly this electricity grid that connects renewable energy sources and the
consumers of tomorrow. However, planning a sustainable and efficient power
grid is a costly and time-consuming process. Moreover, the power system is be-
coming increasingly complex, due to the growing interaction of the power sector
with other energy sectors, as well as the more active role of decentral actors (pro-
sumers). With this in mind, we want to find out which challenges for the transmis-
sion grid are included in the energy transition and climate protection goals and
what we must do to meet them. Topologies, technologies, markets, and system
operation principles will change. It is our aim and ambition to understand the
impact of these changes on the future European Energy System and ultimately
to plan a demand-oriented electricity grid infrastructure. With the study Energy
System 2050 - towards a decarbonised Europe we want to provide perspectives
for Europe’s energy transition and a basis for this discussion.

The main questions we aim to investigate are summarised in the following figure:

What will the economic path of the EU
energy system up to 2050 look like in
terms of generation capacities,
technologies and grid development?

Which trade-offs result from flexibility
measures (storages, e-mobility,
demand side management,
electrolysers, grid expansion)?

What are the necessary investments
related to the energy transition?

With a focus on Germany and based on the climate protection goals at the time
(90% CO2 reduction in Germany), we presented a realistic picture of the future
energy system in our study “Electricity Grid 2050" (published in April 2020). We
developed this picture of the future by applying comprehensive, high-quality
data in scientific models and have achieved robust results. However, we did not
want to stop there. We wanted to define our vision for the energy system in 2050
even more precisely and think further ahead.
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FIGURE 2:
[terative procedure to the target vision for the energy system.

We pursued this mission in our new study. Our main objectives were to model a
scenario of full climate neutrality and to extend our approach to a European level.
We also know that developments in the energy system until 2050 are prone to
a high degree of uncertainty. We believe that the future role of green hydrogen
including its derivatives is still not clear and needs to be studied by means of more
than one single scenario. In this study, we present two main scenarios, which con-
sider different possible developments for boundary conditions regarding green
hydrogen production and availability. We show the impact of such boundary con-
ditions on the future location and capacities of electrolysers within Europe as well
as on the required transport infrastructure for power and gas. To test the uncertain-
ty of some crucial parameters and challenge the robustness of the results, we also
performed a series of additional sensitivity analyses.

We also examined many scientific sources for defining the input data and deve-
loped our models accordingly. As in the previous study, we developed our target
picture of the future energy system in iterative and evolving drafts. The following
figure (Figure 2) schematically shows the iterative procedure. In each draft, the

Description of key
technologies and policy
framework conditions

Configuration of the Configuration of the
energy system model energy system model

’

Discussion with Discussion with
advisory board 8 ﬁ advisory board

§ J

Plausibility check and
detailed analysis of the
results

Definition of
input data

Optimisation of the
energy system

(electricity, heat,
transport, industry)

key technologies and the policy framework conditions were defined, and the
energy system model (ESM) was configured accordingly. Next, we determined
the input data for modelling. These come from several external sources and were
provided by our experts in each discipline. Then, we optimised the energy sys-
tem including the electricity, gas, heat, and industry sectors (in a one-to-three-
hour resolution). In the next step, we analysed and assessed the results together
with our steering committee and the external advisory board. We went through
this process several times, allowing us to repeatedly check and adjust various
sensitive parameters. The process results in a robust and resilient pathway for the
energy system that is conclusive from an expert point of view.

Based on this result for the energy system, we further disaggregated our data in
the process of regionalisation. This gave us a detailed view of the distribution of
producers and demands in Europe. Subsequently, a highly detailed simulation
of grid utilisation was carried out. Grid congestions in Central Europe were iden-
tified and grid measures were defined for the future grid of TransnetBW. Along
with grid development, we also conducted an evaluation of the operability of the
future power system in terms of frequency and voltage stability.

Due to the high complexity and expenditure, regionalisation and grid develop-
ment was only carried out for one scenario of the energy system. Our goal was
to determine the need for grid expansion “at the lower end”. Nevertheless, the
main messages of the chapter on grid development can be transferred from one
scenario to another.

Some relevant aspects for the design of the future energy system are outside the



1.3 LIMITS OF THE
METHODOLOGY

Figure 3:
Limits of the methodology.

NOTE ON GENERATION ADEQUACY ANALYSIS

This type of analysis is primarily used to design a power
system that guarantees electricity demand in all situa-
tions, even in exceptional ones. Therefore, a variety of
extreme weather years and unplanned unavailability

must be analysed.

1.4 ADVISORY BOARD

ENERGY SYSTEM 2050 - Towards a decarbonised Europe
1.0 INTRODUCTION

scope of this study and are not considered in the scenario modelling. Below, we
summarise what is covered by the results of the study and what is not:

What is covered in this study v What is not covered X

/ Pan-European energy systemsina / A generation adequacy analysis
one-hour time resolution that work and so a full dimensioning of
for an average weather year (2012) balancing power (such as thermal

power plants)

/" Macro-economic cost-optimised
paths towards a climate-neutral /A detailed consideration of
energy system individual country targets

/ The role of sector coupling and /A consideration of optimal
flexibility options in the future investment strategies for individual
energy system stakeholders

/ Aregionalised view of the European / Specific locations of power plants
energy supply and consumption
/ The complete decarbonisation of

/ An evaluation of the robustness of the international/global transport

the cost-optimized energy system sector
to specific parameters through a
sensitivity analysis / Model endogenous optimisation
of industry demand (assumptions
/ An assessment of the future grid uti- source-based)

lisation and needs in Central Europe
/ An evaluation of market design
/ TransnetBW's target grid for achie- options
ving the energy transition

/ An evaluation of the needs for a
stable system operation in 2050

Europe still has a long way to go until 2050. From today's perspective, there are
many different approaches to achieve climate neutrality. That is why we have set
up an advisory board consisting of European scientists, political representati-
ves, and experts. Our ideas and solutions were constantly challenged. Questi-
ons, suggestions, and discussions among the advisory board have enriched our
knowledge and greatly improved the quality of the study. Our cooperation with
the advisory board provided us with a wide range of information on political,
scientific, and technical aspects.

The advisory board was assembled as follows:

Ralph Bahke (ONTRAS Gastransport)

Katrin Flinspach (terranets bw GmbH)

Prof. Dr. Veit Hagenmeyer (Karlsruhe Institute of Technology)

Prof. Dr. Dogan Keles (Technical University of Denmark)

Dr. Martin Konermann (Netze BW GmbH)

Dr. Felix Christian Matthes (Oko-Institut e.V.)

Helmfried Meinel (Ministry of Environment, Climate Protection and the

Energy Sector Baden-Wirttemberg) (until 2021)

/- Dr. Michael Minter (Ministry of Environment, Climate Protection and
the Energy Sector Baden-Wirttemberg)

/ Leonardo Meeus (Florence School of Regulation)

/" Dr. Philipp Ostrowicz (Copenhagen School of Energy Infrastructure)

~N N N N N N~

We would like to thank the members of the advisory board for the interesting
and constructive discussions and their competent advice during the preparation
of the study. TransnetBW is fully responsible for the results of this study.
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2.0

ENERGY SYSTEM
MODELLING




2.1 SCENARIOS

2.1.1 COMMON SCENARIO
ASSUMPTIONS

PERFECT MARKET CONDITIONS

Under perfect market conditions, we ssume that each energy
system agent has complete information (past, present, and
future) about cost. In addition, we assume that the market is
not distorted by any kind of regulation or subsidy.

2.1.2 GLOBAL MARKETS
SCENARIO

ENERGY SYSTEM 2050 - Towards a decarbonised Europe
2.0 ENERGY SYSTEM MODELLING

Below, we describe the scenario settings within the framework of this study. First,
we describe the assumptions that apply to all scenarios. Second, we present the
main constraints that apply to the two central scenarios, Global Markets (GM)
and Energy Resilient Europe (ERE), in 2.1.2 and 2.1.3 respectively. Finally, in 2.1.4
we present an overview of the sensitivities.

All modelled scenarios assume the same carbon dioxide (CO2) reduction path
towards 2050. Such a reduction path is based on the European Green Deal (EC
2021). The European Climate Law prescribes the goal set out in the European
Green Deal for Europe's economy and society to become climate-neutral by
2050. The law also stipulates the intermediate target of reducing net greenhouse
gas emissions at least 55% by 2030, compared to 1990 levels. Climate neutra-
lity by 2050 means achieving net zero greenhouse gas emissions for EU count-
ries. The model assumes a linear decrease of CO2 emissions between 2030 and
2050. Finally, we decided to avoid setting individual country targets for CO2
emissions. Instead, we propose an EU-wide CO2 constraint. This means that the
model can be used to determine the investment decisions with minimal energy
system cost. In addition, perfect market conditions are assumed, so real-world
market dynamics are not considered. With regard to the power plant and ener-
gy transport infrastructure, existing system components in the first year of the
simulation have been considered (MaStR 2021) (IRENASTAT 2021) (OPSD 2020)
(ENTSOG 2015) (diw 2017).

Unless otherwise specified, cost assumptions and the techno-economic parame-
ters of technologies only vary over time (for more details see Appendix). For the
European countries, no geographic differentiation is made for those parameters.
This also applies for fossil and synthetic energy carriers such as natural gas, coal,
oil products and hydrogen. For hydrogen imports from outside the model region
(EU), a yearly import price based on several external sources has been assumed
(Hampp 2021) (Langfristszenarien 2021) (GasForClimate 2021). The interest rate
(7%) for investments is assumed to be constant over time and space.

To consider social acceptance and environmental protection, the land use for
onshore wind expansion was limited to a maximum of 5% for every modelled re-
gion. An additional sensitivity analysis was performed to evaluate an even lower
level of acceptance for onshore wind. All scenarios - except for a single dedica-
ted sensitivity - have been calculated based on the complete meteorological
year 2012. This year, which can be considered as a typical meteorological year
from a historical perspective at European level, is also used as a reference me-
teorological year for the German Grid Development Plan. Details about the input
data used in the ESM optimisations can be found in Chapter 2.2.3.

The Global Markets scenario (GM) is one of the two main scenarios of this study.
Due to the original setting of the study, this scenario has been selected as the
basis for the sensitivity analyses and the grid development analyses described
in Chapter 3.0.

The basis of the scenario is that hydrogen can be freely traded on the global
market without significant political boundaries or restrictions, while an optimistic
development of investment cost for renewables and electrolysers is assumed.

Hydrogen transport is assumed to occur via pipeline from non-EU countries clo-
se to European borders (such as North Africa and Eastern Europe). Accordingly,
costs for hydrogen transport via pipeline are estimated to be lower than for inter-
continental transport via shipping. Additional details about the used techno-eco-
nomic assumptions can be found in the Appendix.

In this scenario, the hydrogen price is estimated to range from 82 €/MWh in 2030
to 55 €/MWh in 2050. The estimated costs are within the range of values found in
the available literature. The study “Langfristszenarien” (Langfristszenarien 2021)
estimates high costs for hydrogen in 2050 (81 €/ MWh), while a recent scientific
study estimates much lower costs (40 - 46 €/ MWh) (Hampp 2021).
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NOTE ON H, IMPORT COST

Under the assumption that renewables will continue reducing
their cost, we expect that local hydrogen production cost,
such as in North Africa via PV and electrolysis, may fall to
approximately 40 €/MWh in 2050. Further assuming the
dedicated construction of a large-scale hydrogen pipeline
from North Africa to Europe’s borders (such as Spain or Italy),
additional 15 €/MWh should be added to allow for hydrogen
transport. The expected hydrogen cost at Europe’s borders
would amount to 55 €/MWh. Further transport costs within
Europe are calculated endogenously by the model, so that
final supply cost for imported hydrogen in Central Europe
would be higher.

2.1.3 ENERGY RESILIENT
EUROPE SCENARIO

2.1.4 SENSITIVITY ANALYSES

BUILDING RENOVATION RATE

This indicator refers to the percentage of buildings which
undergo a renovation within one year. To calculate the cor-
responding heat demand reduction, the building renovation
rate must be multiplied by the renovation efficiency, the
average heat demand reduction after a conducted renovation
measure.

SMART CHARGING

Smart charging refers to a charging system in which electric
vehicles, charging stations, and charging operators share
common data. In the context of energy system optimisa-

tion, we assume that electric vehicles use such a system for
charging batteries, which helps minimise energy system costs
under the consideration of future driving profiles.

VEHICLE TO GRID (V2G)

Vehicle to Grid describes a system in which electric vehicles,
such as battery electric vehicles (BEV), plug-in hybrids (PHEV),
or hydrogen fuel cell electric vehicles (FCEV), communicate
with the power grid by feeding power back into the grid.

In addition, the 55 €/MWh applied in the GM scenario only includes transport
costs up to the model boundaries (Europe’s borders). All H, pipelines within the
model boundaries are modelled and calculated, and included separately in the
cost optimisation function. So, in the model, transporting hydrogen from North
Africa to Germany would be more expensive than 55 €/MWh.

Also, in this scenario the maximally installable electrolyser capacity for Europe is
limited to 450 GW in 2050. This value as a fixed upper limit was based on the EU
hydrogen strategy. The detailed results of this scenario are presented in 2.3.1.

The Energy Resilient Europe (ERE) scenario is the second central scenario of this
study. This scenario describes a situation where energy imports from outside Eu-
rope - particularly hydrogen - are less economically competitive than in the GM
scenario, or where trade partners outside Europe are less willing to cooperate
than in the GM scenario. In this scenario, we assume that hydrogen is imported
to Europe via shipping. Additional details on techno-economic assumptions can
be found in the Appendix.

In this case, it is assumed that no limitation applies to the installable electrolyser
capacity in Europe. All other model assumptions remain unchanged. The results
will show that in this scenario Europe will reach a higher degree of energy resi-
lience than in the GM scenario (2.3.1).

The central scenarios describe two of many possible developments of the Euro-
pean energy system until 2050. Other pathways towards climate neutrality are
possible. Moreover, some of the key input parameters are prone to a relatively
large degree of uncertainty. A recognised method to test the robustness of the
results of a scenario is by performing sensitivity analyses. Within the framework
of sensitivities, key parameters or drivers of the model are varied within a certain
range. The main advantage of sensitivities is the variation of a single parameter,
so that the impact on the results can be analysed individually. This is important
due to the complexity of energy systems. Sensitivity analyses cannot be inter-
preted as fully independent scenarios; they must always relate to a reference
scenario. Accordingly, we do not rank or value sensitivity analyses in terms of
probability of occurrence. Sensitivities also help avoid possible model artifacts
(for example, due to issues related to the linear optimisation methodology).

All sensitivities assume the Global Markets scenario as the reference scenario.
However, the core messages from the sensitivities can also be applied to the
Energy Resilient Europe scenario. We focussed on the following sensitivities:

/ Low Building Renovation Rate (HEAT).

The central scenarios assume moderate renovation rates (1.9% per year after
2030, coupled with a renovation efficiency of up to 57%), particularly when com-
pared with dedicated studies (UBA 2021) (agora 2021). This sensitivity assumes
lower values for both renovation rates and renovation efficiency of 1.1% per year
and 35% respectively. The main purpose of this sensitivity is to determine the ad-
ditional amount of renewable energy needed to meet the higher heat demand.

/ Inflexible Mobility (V2G/DSM).

The central scenarios assume that a certain share of private electric cars (25%
of the total fleet) is willing to contribute to the flexibility of the power system
through smart charging and vehicle-to-grid (V2G). For example, the resulting
flexibility potential for Germany is around 100 GW in 2050, even considering
the limited availability of vehicles over time. However, it is questionable whether
private individuals are willing to help stabilise the power system this way. Here,
too, a regulatory framework should be created to determine what type and level
of economic incentives are sufficient to mobilise this flexibility potential. For this
reason, this sensitivity analyses the impact of the lack of such flexibility for the
energy system. In this case no smart charging and no vehicle-to-grid are consi-

dered.



DARK DOLDRUMS

Dark doldrums is a term used to describe a period of time

in which little to no energy can be generated with the use of
wind and solar power. Dark doldrums events are common in
the North of Europe from October to February, typically 50 to
150 hours per year.

2.2 THE ENERGY SYSTEM
MODEL

2.2.1 PYPSA
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/ Low RES Expansion Acceptance (WIND).

The acceptance of the energy transition towards climate neutrality is high among
the population. However, when citizens are directly affected, the acceptance of
wind turbines often decreases. Within the framework of this sensitivity, we redu-
ce the land availability for wind onshore to a maximum of 2% of the total area in
each of the model regions.

/ Extreme Meteorological Year (WY96).

The meteorological data of the year 2012 have been used for both central sce-
narios. In this sensitivity, we examine the robustness of the results based on a
variation of the meteorological data. The focus of the evaluation is the capacity
of required balancing flexibility and thermal power plants. For this analysis, we
chose the year 1996, which was characterised by low yield of PV and wind, as
well as a pronounced “dark doldrums” for about 10 days in January.

/ Nuclear Renaissance (NUCLEAR).

In the central scenarios, we assume that new nuclear plants can be only built in
countries with operational nuclear power plants in 2020. Further, in the GM and
ERE scenario we assume a substantial reduction of nuclear power plant capacity
in Europe until 2050 (11 GW in France, 42 GW in the EU). In this sensitivity, we
take the global ambition scenario of the Ten-Year Network development Plan
(TYNDP) 2022 as a basis (102 GW nuclear plants in the EU in 2050) and allow for
the phase-in of nuclear plants in countries that currently do not publicly support
a nuclear phase-out.

/ Limiting grid expansion (ACDC).

In this sensitivity, we examine the potential impact of limiting power grid de-
velopment to the planned expansion projects until 2035 only. In the results, we
highlight the differences in comparison with the reference scenarios.

In this section, we briefly describe our energy system model and its fundamental
features. In addition, we present the main input data required by the ESM and
additional key boundary conditions related to the scenario setting.

Within the framework of this study, the ESM PyPSA has been used (Brown 2018).
PyPSA stands for “Python for Power System Analysis” and is an open-source
toolbox for simulating and optimising complex energy systems. The adopted
model version is PyPSA-Eur-Sec (PyPSA 2022). This version optimises the future
European energy system under consideration of sector coupling. Supply and
demand in the following sectors are considered as well as the power sector:
transportation, heating, biomass, and industry including industrial feedstock. A
list of all technologies included in the model is documented in the Appendix. All
relevant CO2 emitters are considered, except waste management, agriculture,
international aviation, and international navigation. For the latter, we assume that
additional synthetic fuels will be produced in non-European countries in regions
with good conditions for renewables and imported into Europe.

In addition, we extended the basic model by adding features to help answer
research questions related to the focus of the current study. The main develop-
ments include the consideration of concurrent alternative technologies in the
private road transport sector and their endogenous optimisation, a more detai-
led characterisation and diversification of wind power, photovoltaics, and con-
ventional technologies.

The optimisation procedure aims at minimising the sum of operational expendi-
tures (OPEX) as well as capital expenditures (CAPEX) for capacity expansion of
all technologies and for each model region within the year of analysis. The model
takes on the perspective of a central system planner, which minimises macro-
economic expenditures under consideration of given boundary conditions (for
more details, see 2.2.3). Accordingly, the economic competitiveness of single
power plants (such as balancing power plants) is not explicitly considered. This
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2.2.2 REGIONAL AND
TEMPORAL RESOLUTION

COPPER PLATE

Itis assumed that there are no grid congestions within
a market area and thus homogeneous electricity
prices. The grid expansion required for this purpose
is then determined and planned in a subsequent step.

FIGURE 4:
Modelled regions in Europe including temporal resolution
for each country.

W 1h-time-res.
B 3h-time-res.
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means that the model may decide to invest in unprofitable power plants (or any
other energy system component) if it is beneficial from the energy system point
of view. The model further assumes perfect market conditions, so there is no
consideration of real market mechanisms.

The energy system model is applicable for the long-term planning of the Euro-
pean energy system as a whole, with consideration to sector coupling. The mo-
del addresses the role of flexibility options such as power and gas grids, energy
storage and key technologies such as electrolysers, and heat pumps including
e-mobility. The model results deliver recommendations not only for 2050, but
also for a cost-optimised path towards climate-neutrality.

The geographical focus of the present study is limited to the territory of Euro-
pean Network of Transmission System Operators (ENTSO-E), excluding Iceland,
Turkey, and Cyprus. The smallest spatial entity of the model is defined by national
states. The development of the transmission grid within national states is there-
fore not covered (copper plate approach). An exception is the subdivision of
Denmark East and West, to consider the separation of the continental European
interconnected grid and the Nordic synchronous area. In addition, the Balearic
Islands and Sardinia have been modeled as separate regions in the ESM. Figure
4 shows the modelled regions.



MYOPIC APPROACH

In concrete terms, myopic approaches assume limited know-
ledge about the future, which means that optimisation in each
year is based only on the results of the previous year and the
constraints of the current expansion phase. For this reason,
myopic models are well suited to simulate decisions under
real economic conditions.

NOTE ON “HIGH COMPLEXITY” COUNTRIES

Countries with a high energy transition, a complex grid infras-
tructure and high storage capacities. The one-hour resolution
is especially important for storage management.

2.2.3 INPUT AND OUTPUT
DATA

INPUTS:

/ Final energy demand per hour
for each sector* in the modelled
regions in Europe

/ Cost assumptions and technical
parameters for assumed technolo-
gies (such as power plants and
power-to-X technologies)

/ Availability, yield profiles and costs
of energy sources

/ Grid restrictions between
countries/regions and costs for
grid development

/ Installed capacities and political/
social framework conditions

FIGURE 5:
Summary of inputs and outputs of the energy system
model (TransnetBW PyPSA).

NOTE ON FINAL ENERGY CONSUMPTION MOBILITY
The final energy consumption for private mobility (cars) is a
result rather than a model input. The reason is that this share
of the mobility sector is optimised. The optimisation takes
place among a series of drives (BEV, PHEV, FCEV, CNG, ICE),
each characterised by a specific energy consumption.
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Model runs are carried out in the period between 2020 and 2050 with 10-year
time steps. The optimisation approach is myopic, that is without foresight regar-
ding the future. To find a compromise between result accuracy and computatio-
nal time, we apply an iterative optimisation procedure: first, whole-EU conside-
ration in three-hour resolution and second, one-hour resolution for selected EU
countries with a "high complexity” in Central Europe. The high time resolution
and the consideration of a complete meteorological year (8,760 hours) allow us
to capture the typical daily and seasonal power production patterns for wind and
photovoltaics.

The open-source model version of PyPSA-Eur-Sec uses only publicly available
datasets and includes calculation routines to prepare the data for modelling.
TransnetBW has reviewed all datasets of this version and replaced a large part
of the datasets. Different datasets that were used in the process are as follows:

/ Internal datasets include datasets of TransnetBW that are not publicly availa-
ble. These refer to data for the power sector (such as power plant data and
power grid data).

/ Open-source datasets are based on publicly available sources (studies and
data from the Federal Statistical Office). It should be noted that the input data
are based on public datasets, which were further processed by expert teams
at TransnetBW (such as gas grid data, development of transport demand, and
transformation of the industrial sector).

OUTPUTS:

/ Optimised installed capacities for
all technologies (such as power
plants and power-to-X technologies)

/ Additional grid expansion
(electricity/H,) needed between
regions

/ Energy flows between sectors and
modelled regions

/ Hourly and regional dispatch of
generation and demand (incl. storages)

/ CO2 emissions

/

/

e

[---
TransnetBW

PyPSA

System costs (investment and
operational costs)
H, import needs from outside Europe

Objective function:
Minimisation of energy supply

for the consid

and region

As shown in Figure 5, the main inputs of the model are:

/ European Climate and energy policy goals

/ The existing energy infrastructure (power plant and energy storage fleet,
transport infrastructure for electrical power and natural gas, vehicle fleet)

/ Final energy consumption per hour for each sector in the modelled regions
in Europe

/ Potentials, availability and yield profiles for each renewable technology and
model region

/ Technical and economic parameters of technologies for conversion, storage,
and transport of energy (power plants, power-to-X technologies, etc.)

/ Grid restrictions between model regions and costs for grid development
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NETZENTWICKLUNGSPLAN (NEP)

Following the European Single Market Directive, all European
TSOs must create national Grid Development Plans. The
basis of the German “Netzentwicklungsplan Strom” (NEP)

is the Energy Authority Law (EnWG). The grid development
plan defines the future transmission requirements for energy
between various starting and end points in a period of 10 to
15 years. It thus does not yet include actual route corridor
plans of the federal states’ planning authorities. The last NEP
was created in 2021 focussing on 2035 (NEP 2021)
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The key results of the optimisation are:

/ Installed capacities for all energy system components (such as power plants,
power-to-X technologies, and e-mobility) as well as their hourly dispatch and
operation for each year and each model region
Energy flows and imports/exports between modelled regions and sectors

/ Grid expansion between model regions (power, natural gas, hydrogen) as well
as energy flows (whole year in one-hour or three-hour time resolution) bet-
ween sectors and model regions

/ CO2 emissions investment and operational cost

Capacities and Potentials

The sources for the evaluation of existing capacities as well as future renewable

potentials are as follows:

/ For the first year of simulation (2020), we use the Core Energy Market Data
Register (Marktstammdatenregister) (MaStR 2021) for Germany. For European
countries, we utilise the Irena Database (IRENASTAT 2021).

/ Between 2030 and 2050, the model optimises the capacities of wind and PV in
each region. In addition, we set lower and upper boundaries for each techno-
logy and country:

/ Lower boundaries are set to capacities of existing plants with considera-
tion of their technical lifetimes. In addition, data from the 2019 German
Grid Development Plan (NEP, Netzentwicklungsplan) (German TSOs
2019)and 2020 TYNDP (ENTSO-E 2020) are used for Germany and other
European countries respectively.

/ Upper boundaries, the potentials of wind and PV in terms of maximally
installable capacities, are set by the available land area in each model
region (CLC 2018). In addition, user-defined maximum boundaries can
be set for dedicated sensitivities, such as social acceptance.

Meteodata

Meteodata and corresponding normalised renewables generation profiles are
derived from the Atlite PyPSA-package (Atlite 2020). Atlite is the lightweight
version of Aarhus RES Atlas for converting weather data to power system data.
Within this package, meteodata are available in hourly resolution and for several
years with a geographic resolution of 30 km x 30 km. The data are then aggrega-
ted for the modelled regions and transformed to normalised power generation
yields.

For the main scenarios and most of the sensitivities, we assumed the meteorolo-
gical conditions of 2012 for the entire modelling period without considering the
potential impact of climate change. The year 2012 can be regarded as a typical
meteorological year due to the following characteristics:
/ Average full load hours of PV all over Europe
/ Average full load hours wind power in Germany, rather high in Southern Eu-
rope
/ Average to partly colder temperature profiles
The coldest week was very cold, which should be considered in the context of
power plant investments.

In addition, in a dedicated sensitivity, we examine the impact of selecting a diffe-
rent historical year characterised by low renewables availability (1996).

Techno-Economic Assumptions

Model results are very sensitive to even relatively small differences in technical
and economic assumptions. On the other hand, the cost development of single
technologies is typically characterised by a high degree of uncertainty. Given
these premises, in the preparatory stage of this study, we conducted a compre-
hensive review of existing literature. Furthermore, we developed an approach
to assess possible capital expenditures (CAPEX) developments of key techno-
logies from 2020 to 2050. Technologies examined in detail are PV, wind ons-
hore, wind offshore, Li-lon batteries, low-temperature electrolysers, as well as



DAC

Direct air capture (DAC) technologies extract CO2 directly
from the atmosphere. The CO2 can be permanently stored in
deep geological formations (achieving negative emissions or
carbon capture) or it can be used, for example in food pro-
cessing or in combination with hydrogen to produce synthetic
fuels (Direct Air Capture - Analysis - IEA).

CCS (CARBON CAPTURE AND STORAGE)

Carbon capture and storage, sometimes also CCUS (Carbon
Capture, Utilisation and Storage) refers to a suite of techno-
logies that can play an important and diverse role in meeting
global energy and climate goals. CCUS involves the capture
of CO2 from large point sources, including power generation
or industrial facilities that use either fossil fuels or biomass
for fuel. The CO2 can also be captured directly from the
atmosphere. If not being used on-site, the captured CO2 is
compressed and transported by pipeline, ship, rail or truck to
be used in a range of applications, or injected into deep geo-
logical formations (including depleted oil and gas reservoirs
or saline formations) which trap the CO2 for permanent
storage (About CCUS - Analysis - [EA).

NOTE ON USED ENTSO-E GRIDKIT

In the version of the GridKit used in this study, following in
2021 developed links are missing: Celtic DC Link (FR-IE), SI-
HU Link, PL-LT Link and FR-LU Link.
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Fischer-Tropsch and Sabatier reactors. The approach is based on the learning
curve method (Samadi 2011). Operation and maintenance expenditures (OPEX)
are typically expressed as share of investment per year. The OPEX values and
efficiency trends are based on the literature. More details about the method and
results can be found in the Appendix.

Prices for energy carriers such as hard coal, lignite, natural gas, and oil are as-
sumed to vary over time. No geographical differentiation among model regi-
ons has been considered. The prices have been derived from a literature review
(ENTSO-E 2020) (DLR 2020) (FZJ 2020) (LUT 2018) (agora 2021).

Prices for hydrogen imports from outside the modeling region were assessed,
considering learning curves for renewables and electrolysers. In addition, costs
for hydrogen transport were considered (GasForClimate 2021). The assumptions
are within the range of values found in the literature. The study “Langfristszena-
rien” (Langfristszenarien 2021) assumes high costs for hydrogen in 2050 (81 €/
MWh), while a recent scientific study assumes much lower costs (40 - 46 €/MWh)
(Hampp 2021). Within the framework of the study, 55 €/ MWh has been assumed
for 2050 in the Global Markets scenario. With the goal of not importing hydro-
gen from outside Europe, the price has been set to 81 €/ MWh for the Energy
Resilient Europe scenario.

Storage Potentials

Regarding storages, we make the following assumptions:

/ Hydropower potential in Europe is fully exploited. Data about existing plants
are taken from (Geth 2015) (EIA 2014) (PyPSA 2022) and TransnetBW's internal
database.

/ Hydrogen underground storage potential is limited by the geographical avai-
lability of suitable geologic formations (Caglayan 2020).

/" No limitation for Li-lon battery storages. Possible bottlenecks due to potential
lack of raw materials are not considered.

Energy Infrastructure

Data about existing thermal power plants - including information about decom-
missioning - are taken from TransnetBW's internal database as well as from the
open power system database (OPSD 2020). The model optimises the future
need for thermal power plants in the years after 2020.

We assume that there will be a phase-out of coal-fired power plants by 2038 in
Germany. For other European countries, an explicit coal phase-out is not set;
rather, the main driving force for reducing coal consumption is the decreasing
CO2 emissions budget towards 2050.

Concerning carbon sequestration technologies, DAC is allowed without any
geographical restrictions, provided this technology is economically competitive.
CCS is allowed in all modelled regions, except Germany.

The cross-border trading capacities for electricity are equivalent to the speci-
fications in the ENTSO-E GridKit for the period 2020-2035. This information is
supplemented by data from TransnetBW's internal database.

The international gas grid and gas storages are fixed at the 2020 level (ENTSOG
2015) (diw 2017). After 2030, there is also the option of repurposing a share of
the existing gas grid into a hydrogen grid (GasForClimate 2021). In order not to
further increase the complexity of the model, specific CAPEX for new hydrogen
pipelines are assumed to be independent of capacity. Instead, an average value
has been adopted.
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SYNGAS

Syngas is a fuel gas mixture consisting primarily of hydrogen,
carbon monoxide, and very often some carbon dioxide.

The name comes from its use as intermediates in creating
synthetic natural gas (SNG) and for producing ammonia or
methanol.

COMBINED HEAT AND POWER

Combined heat and power (CHP) is the simultaneous conver-
sion of primary energy into mechanical or electrical energy
and usable heat within a thermodynamic process. The heat
produced in parallel with electricity generation is used for
heating and hot water supply or for industrial processes. The
use of cogeneration reduces the energy input and carbon
dioxide emissions. (Federal Environment Agency, 2020)

PROTON-EXCHANGE MEMBRANE FUEL CELLS (PEMFC)
Also known as polymer electrolyte membrane fuel cells,
PEMFCs are a type of fuel cell being developed mainly

for transport applications, as well as for stationary fuel

cell applications and portable fuel cell applications. Their
distinguishing features include lower temperature/pressure
ranges (50 to 100 °C) and a special proton-conducting poly-
mer electrolyte membrane. PEMFCs generate electricity and
operate on the opposite principle to PEM electrolysis, which
consumes electricity.
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Electricity Sector

The energy system model encompasses all main technologies for power genera-
tion. These include thermal power plants such as coal power plants, gas turbines,
combined cycles, and nuclear power plants. The use of syngas in gas turbines is
possible. In addition, combined heat and power (CHP) plants fed by coal, gas
or biomass are considered.

Regarding renewables, wind power (onshore and offshore), photovoltaics and
hydropower are considered. For onshore wind, a technological differentiation in
four classes is considered. Such differentiation is based on wind power poten-
tials in the model regions. PV is classified as utility scale and rooftop plants. For
rooftop, separate techno-economic conditions apply: their investment cost is
higher than for utility scale PV, but interest rates are lower (see Appendix, Table
10). To some extent, this allows for the lower return on investment expected by
private investors in this market segment. Neither floating offshore wind nor floa-
ting PV are covered in this study.

In addition, different hydropower plants are considered: reservoirs, pumped hy-
dro storages and run-of-river plants.

Two battery storage technologies are included in the energy system model be-
side hydro storages. These are utility scale batteries and electric car batteries.
The availability of the latter is constrained by the scenario settings. Fuel cells are
another option for power generation.

Heat Sector

The ESM includes the following technologies for modelling the heat sector: boi-
lers fed by biomass, natural gas, syngas, oil and coal, air-source and ground-
source heat pumps, solar thermal, heating rods, CHP plants and proton ex-
change membrane fuel cells (PEMFC). An overview of the technologies in the
model is given in the Appendix. The technology parameters and costs are based
on a systematic literature review (dena 2018) (DEA 2020) (acatech 2018).

The model assumes that the heat sector operates in a system-supporting mode.
This means that heat storages allow a certain degree of demand side manage-
ment (DSM). In the heat sector, hot water storage tanks are available for DSM. It is
assumed that heat can be stored for up to 180 days in central regions and 3 days
in decentralised regions.

For heat pumps, the energy system model distinguishes between air-source heat
pumps in urban regions and ground-source heat pumps in rural regions. The
model can freely optimise the capacity of the heat pumps. The coefficient of per-
formance is calculated using hourly weather data.

Transport Sector

The transport sector in the energy system model includes road, rail, national wa-
ter transport and aviation. International aviation and navigation are not included.
Depending on the subsector, different technological options are available to the
model. We consider the road transport sector in detail, particularly the priva-
te road sector. For the latter, the following vehicles are modelled: conventional
internal combustion engines (ICE), compressed natural gas (CNG) cars, hybrid
electric vehicles (HEV), plug-in hybrid electric vehicles (PHEV), battery electric
vehicles (BEV), and fuel cell electric vehicles (FCEV). Each car drive is characteri-
sed by its own techno-economic parameters such as investment and operational
cost, efficiency, and lifetime. ICE cars can be fueled by either fossil or syntheti-
cally produced oil. The same applies to CNG cars. The share of the private road
transport sector in the years studied is optimised by the model.

However, no optimisation takes place for the remaining transport subsectors.
Instead, the share of conventional and alternative drives is given as an input to
the model.



NOTE ON MOBILITY DSM

DSM in the mobility sector means that within each model
region car batteries are assumed to act as an energy-sys-
tem-supporting virtual storage. We assume that each electric
car in 2050 has a charging capacity of 11 kW and a storage
capacity of 50 kWh. We also assume that at 5:00 AM, the state
of charge of the battery storage must be at least 75%.

FIGURE 6:
Modelled final energy consumption of the industry
sector, EU27, 2020 to 2050.

NOTE ON FINAL ENERGY CONSUMPTION
For oil and gas, only the energetically used energy
share is represented.
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The private road sector is also assumed to play an important role as an additio-
nal flexibility option in future energy systems. Two types of flexibility are con-
sidered: demand side management (DSM) and vehicle-to-grid (V2G). Depen-
ding on vehicles’ availability and minimum battery state of charge in the early
morning hours, the grid is assumed to have control over the storage function
to minimise overall energy system cost. However, this assumption represents
a system that is not in place - from neither a technical nor regulatory point of
view. Therefore, we assume that DSM only applies to a limited share of electric
cars (50%). V2G is an additional flexibility measure. In this case, we assume that
a share of the electric car fleet can feed power to the grid when it is required.
Here the same limiting factors as for DSM apply. In the current modelling as-
sumption, no incentives are provided to car owners to participate in flexibility
measures.

Industry sector

The following industries are considered in the ESM: iron and steel, non-ferrous
metals, chemical industry, non-metallic mineral products, pulp, paper and prin-
ting, food, beverages and tobacco, transport equipment, machinery equipment,
textiles and leather, as well as wood and wood products.

For the steel and paper industry and other industrial sectors, the energetic and
feedstock demands are fixed within a scenario, so no optimisation takes place. In
the case of the chemical industry, the final energy consumption is an input, while
the usage of feedstock (such as imported fossil or synthetic fuels, hydrogen and
Fischer-Tropsch products) is an optimised model result.

The development the industrial energy demand as well as its breakdown by
energy carriers is a model input. The values are based on a meta-analysis of diffe-
rent available studies (such as dena Leitstudie). An overview of the final demand
breakdown by energy carrier is given in Figure 6. According to the setting, the
share of electricity increases from approximately 29% in 2020 to 53% in 2050.
The share of biomass slightly increases from 9% to 17% in the same time span,
while gas declines drastically from 1,063 TWh/year (36%) in 2020 to 421 TWh/
year (16%) in 2050. The overall demand just slightly decreases from 2,988 TWh/
year in 2020 to 2,604 TWh/year in 2050.
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FIGURE 7:
Modelled final energy consumption of the industry sector,
Germany, 2020 to 2050.

NOTE ON CONVENTIONAL ELECTRICITY DEMAND

For classical electricity demand, we assume a decrease due to
increasing efficiencies. Such decrease is based on the scena-
rio C of the German NEP, 2019 version (German TSOs 2019).
We additionally subtract the electricity demand for heat
generation from the conventional electricity demand, as this is
optimised endogenously by the model.

GRID LOSSES

The term grid losses refers to the total energy that is lost
during the transmission or transformation of electricity. Grid
losses are the differences between the metered energy feed-
in and consumption over all grid access points.
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Industry sector - Germany

In comparison to other sectors, total energy consumption in the German industry
sector is assumed to remain relatively stable over the years, declining slightly
from 744 TWh to 710 TWh, as shown in Figure 7. However, the energy mix is
a result of the optimisation of all modelled sectors (and not an input). Indeed,
we see no difference between the ERE and GM scenarios. The most obvious
development is the increase in direct electricity use from 246 TWh in 2020 to
408 TWh in 2050, or 33% to 57% of the total energy consumption. Another no-
ticeable increase can be seen in the share of biomass. It becomes the second
most important energy source for German industry in 2050 with an energy use
of 149 TWh or 20% of the total demand. Hydrogen plays an importan role in the
industry sector, too. It contributes 62 TWh to the total energy demand in 2050. In
contrast, the share of fossil fuels, especially gas and coal, falls dramatically. Gas
decreases from 281 TWh in 2020 to 69 TWh in 2050, and oil completely disap-
pears at the end of the studied period.
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Demand Development

Electricity Sector

The development of electricity demand in each model region is partly defined
exogenously and partly optimised by the model. The development of conventio-
nal electricity demand is a model input based on scenario C of the German NEP,
2019 version (German TSOs 2019). Values after 2035 are extrapolated until 2050.
The same trend as for Germany is assumed for the other European countries. In
2020, conventional electricity demand amounted to 461 TWh/year in Germany
and 2,739 TWh/year in the complete model region. In 2050, these values drop to
404 TWh/year and 2,599 TWh/year.

Transmission grid losses are calculated as a share (5.5%, empirical value) of cons-
tant electricity demand (classical and industry). Distribution grid losses are not
explicitly accounted for in the model, but included in conventional electricity
demand.

Mobility Sector

The data for current mobility demand is derived from aggregated transport de-
mand and daily profiles. As a central reference for the base year calibration in
the transport sector, a dataset from the Joint Research Center (JRC) is used. This
includes other demand sectors besides the transport sector, including the in-



2.3 OUR FUTURE VISION OF
EUROPE IN TWO SCENARIOS

2.3.1 RESULTS OF CENTRAL
SCENARIOS (EU27)

NOTE ON ESM ASSUMPTION ON CLIMATE NEUTRALITY
In the ESM, the CO2 emission reduction path has been set

as an input (upper limit) in each of the modeled years, while
the model optimises the allocation of the share of emissions
among concurring energy sectors. The CO2 emission upper

limit has been set at EU level. A linear reduction of CO2 emis-
sions is assumed between 2030 and 2050 for both scenarios.

FIGURE 8:
European CO2 reduction pathway, GM and ERE scenario,
1990 to 2050.
B Heating
Electricity
W Industry
Transport
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7. DAC

7 Industry CC

ENERGY SYSTEM 2050 - Towards a decarbonised Europe
2.0 ENERGY SYSTEM MODELLING

dustrial sector in the EU-28 (JRC-IDEES 2018). This database includes transport
demand (in pkm or tkm) and energy demand by energy source, transport mode
and country.

In addition, data from the German Federal Highway Research Institute (PyPSA
2022) (BASt 2018) have been used for the definition of daily demand profiles in
the road transport sector. It is further assumed that differences between seasons
are negligible and that profiles are representative for all countries.

The main data source for the mobility demand development until 2050 is the EU
Reference Scenario 2020 for traffic forecasts (EC 2021).

Heat Sector

Germany's energy policy target includes a 20% reduction of final energy con-
sumption for heat supply compared to 2008, which corresponds to an efficiency
increase of 1.84% per year. In PyPSA, we define the reduction of heat demand
(useful energy), while the reduction of final energy consumption for heat supply
is a model result. The current heat demand per region and sector, as well as the
current technology stock, are based on the European JRC-IDEES database “In-
tegrated Database of the European Energy Sector” (JRC-IDEES 2018). The heat
consumption profiles per region and sector are based on the EU study "Hotmaps
2050 - Heating & Cooling outlook until 2050 (hotmaps 2020).

Future development of heat demand (thermal insulation, efficiency) is assumed
according to the BCG and Prognos study “Climate paths for Germany” (prognos
2018). In both central scenarios as well as in most of the sensitivities, an average
heat demand reduction of 1.08% per year has been assumed for Germany. This
value is based on an assumed renovation rate of 1.9% per year and a renovation
efficiency of 57%. A more pessimistic scenario is considered in the sensitivity
"Low Building Renovation Rate”.

In this chapter, we present the main results of the energy system modelling. First,
the results of the two central scenarios are presented, compared, and critically
discussed (2.3.1). In the subsequent section, the key findings of the sensitivity
analyses are described (2.3.2). In Chapter 2.3.3, we describe the results of the
main scenarios with a focus on Germany.

Compared to the reference year, in which the total CO2 emissions in Europe
amounted to 4.4 Gt, a reduction target of 55% by 2030 and climate neutrality by
2050 will be achieved in accordance with the EU Green Deal (Figure 8).
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NOTE ON MODELLED SECTORS

The complete decarbonisation of the intercontinental trans-
port sector (aviation and navigation) is not modelled in this
study (see Chapter 2.2.3).

NOTE ON INDUSTRIAL CC

Industrial carbon capture and DAC are used to balance re-
maining CO2 emissions in the energy system. As explained in
2.2.3, the industrial energy demand as well as its breakdown
by energy carriers is a model input. The values are based on a
meta-analysis of available studies (dena Leitstudie)

FIGURE 9:
Energy flow diagram, GM scenario, EU27, 2050.
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Electricity

The reduction of CO2 emissions occurs in all modelled sectors, which are hea-
ting, electricity, industry and transport. The electricity sector is the first to reach
full decarbonisation. Already in 2040, the share of emissions in the power sec-
tor is almost negligible (0.12 Gt/year, 3.6%). The heating and transport sectors
experience a linear decline of emissions throughout the period. Decarbonisa-
tion of the industry sector appears relatively challenging and more cost-intensi-
ve than for other sectors. In 2020, industry gross emissions account for 0.74 Gt/
year (22.3%), but in 2040 they still reach 0.70 Gt/year, which is approximately
55% of the total gross (positive) emissions. In 2050, industry still emits 0.22
Gt/year of CO2, which is equivalent to 61% of the total gross emissions, fol-
lowed by transport with 0.10 Gt/year (27.5%), heating with 0.1 Gt/year (8.0%)
and electricity with 0.01 Gt/year (3.4%). Negative emissions play an increasing
role starting from 2030. Industrial carbon capture (CC) is the only negative
emission technology used in 2030 (- 0.07 Gt/year) and 2040 (- 0.27 Gt/year),
while in 2050 an additional contribution is made by direct air capture (DAC, -
0.12 Gt/year).

Energy flows

Figure 9 depicts the energy flows of the Global Markets (GM) scenario in 2050.
The horizontal boxes represent the different sectors. For the sake of simplicity,
the sector for gas, oil, biomass and other energy carriers, which can be roughly
described as “fuels”, is divided into bio, fossil & synthetic fuels. The sectors are
linked together via conversion technologies such as CHP or PtG. Typically, when
analysing only one sector, such as the electricity sector, these links are referred to
as generation technologies or generation capacities. However, in the context of
an energy system, the term link is often used, as it better describes the coupled
aspect of the system. For some categories, such as biomass, we have simplified
the definition by excluding the underlying agricultural sector and treating it as
animport into our flow diagram. While generation technologies (links) are shown
vertically, losses are pictured as curved arrows, which are aligned horizontally
and not connected to other entities.
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PUMPED HYDRO STORAGE (PHS):

Pumped hydro storage is a type of hydroelectric energy sto-
rage. It is a configuration of two water reservoirs at different
elevations that can generate power as water moves down

from one to the other (discharge), passing through a turbine.

The system also requires power as it pumps water back into
the upper reservoir (recharge). PHS acts like a giant battery,

because it can store power and then release it when needed.

(EERE 2022)
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The energy flow diagram shows how the electricity sector is dominated by VRE
power generation. It is backed up by electricity storages, trade, generation from
hydrogen and other fuels and, in certain countries, nuclear power. In terms of
renewable energy, biomass comes from the bio, fossil and synthetic fuels sector
through the CHP link. Also, there is co-generation of power and heat via the hyd-
rogen CHP link. The biggest share of the load is shown as the demand. It consists
of conventional electricity demand, new industry appliances, grid losses and the
electricity demand from DAC. Electricity demand in the heat and transport sec-
tors is roughly equal to the demand by electrolysers (PtG). Finally, gas-fired tur-
bines provide a small amount of energy to the system. They are fed by a mixture
of bio, synthetic and fossil gas. The CO2 emissions of all fossil energy carriers
are countered with either DAC, CCS or negative emissions such as biomass CCS.
Hence, the depicted energy system remains carbon neutral.

The hydrogen sector is shown adjacent to the electricity sector because of the
strong interconnection through the PtG link. While the largest share of hydro-
gen supply in the EU comes from electrolysis, significant amounts of hydrogen
are still imported. We assumed a cost competitive import price in the GM sce-
nario, which will be most likely achieved by pipeline-based imports. Demand
for hydrogen fluctuates less, but storage usage is greater than other sectors.
This can be explained by the role that electrolysis plays in the energy system:
itis a flexible load that can be used to counterbalance varying VRE generation.
Due to the large capacity of installed storage, the energy system benefits from
its flexibility. Similar high flexibility is provided by electricity storages, which
are realised by Pumped Hydro Storage (PHS) and batteries. To a lesser ex-
tent, additional flexibility is provided by heat storages in the heat sector, and
gas storages in the gas sector for storing the surplus generation of syngas, for
example. Although it is not depicted as a storage, the combination of electric
transport and V2G has similar capabilities. Here, surplus electricity can be sto-
red in the batteries of electric vehicles, which later feed the power back to the
electricity grid.

Next, the combined sector of bio, fossil and synthetic fuels is shown. On the in-
put side, a variety of sources deliver energy to this sector. Biogas and biomass
are the renewable energy carriers for this sector. While these could also be im-
ported from outside the EU, the energy system model always chooses not to,
because of the high costs. Oil and gas are also fed into the energy system, while
counterbalancing their CO2 emissions to keep the system carbon neutral. Besi-
de fossil and biogenic fuels, synthetic methane and oils are also present. In the
GM scenario, these are all produced in the EU by methanisation processes or
Fischer-Tropsch synthesis. Comparing the sizes of the outputs in this sector, it
is clear that the feed-in to electricity and heat is comparatively low. Most of the
demand for these energy carriers comes from the industry sector and some from
the transport sector.

From a purely technical perspective, synthetic fuels could replace fossil fuels by
means of current conversion technologies. This would need upstream processes
like electricity-to-hydrogen and hydrogen-to-methanisation conversions. While
our energy system still includes this route, it is not an economical way to cover
all energy demands. It is far more economically feasible to utilise energy in its
primal form where possible, to minimise losses and eliminate the need for ad-
ditional industrial facilities. Therefore, direct electrification of industry processes,
heating appliances, and transportation needs are dominant in the electricity sec-
tor, as they make direct use of energy. They use the power generated by VRE
and nuclear plants. In the next section, hydrogen is intensively used in industry
and transport. Only one additional conversion process is necessary. The last sec-
tion consists of synthetic or carbon neutral fossil fuels, the most expensive in
this chain. Small amounts are still present because they provide flexibility to the
system and serve some loads which are not flexible in terms of alternative energy
carriers.
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FIGURE 10:
Energy flow diagram, ERE scenario, EU27, 2050.

The next energy flow diagram visualises the results of the Energy Resilient Eu-
rope (ERE) scenario for the year 2050. The demands of industry and transport
remain the same, and the end use of electricity and heat is very similar. The major
difference is the stronger interconnection between the electricity and hydrogen
sectors, which compensates for significantly lower hydrogen imports. The remai-
ning 9 TWh of imports are from non-EU27 European countries, not the global
market. Further downstream, fuel imports are different from the GM scenario,
and the direct import of synthetic oil is noticeable. As a result, with the higher
capacity of PtG, additional VRE and nuclear generation can be observed in the
electricity sector. Also, there is more import than export of electricity to and from
non-EU countries. In total, this leads to substantially lower energy imports from
outside the EU.
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feedstock usage. Fossil feedstock is not
represented in this chart as its respective
CO, content is not released into the
atmosphere. Hence, all fossil based
feedstock flows are excluded.

—
Industry 13

In general: Energy flows below 1 TWh
are not depicted. Therefore, small
imbalances between inputs and outputs
may occur.

One of the minor but notable changes is the absence of hydrogen electrifica-
tion. While electrification of hydrogen seemed cost effective in the GM scena-
rio, the higher cost of hydrogen reduces it to zero. At the same time, hydrogen
storage nearly doubles, while electricity storage is slightly reduced. This can be
explained by the stronger interconnection between the electricity and hydrogen
sectors. Much higher electrolysis capabilities allow for more effective hydrogen
storage to balance electricity generation fluctuations. Although there is no direct
feedback link from hydrogen to electricity, PtG enables a better utilisation of VRE
generation.

If we look further downstream, we notice less processing of hydrogen to higher
quality products. The energy resilience of hydrogen results in higher costs, which
affects the competitiveness of hydrogen-based fuels produced in the EU. This
occurs in the fuels sector with a shift of energy carriers. Synthetic oil imports
replace some parts of the pure fossil oil. This avoids CO2 emissions, which the
system is now able to allocate somewhere else. We can observe a higher use of
fossil gas, which is of higher energetic value than fossil oil, but has roughly the
same CO2 emissions.



FIGURE 11:

Natural energy carriers produced in EU and imported
energy carriers, GM and ERE scenario, 2020 and 2050.
Sources: (Eurostat 2022) for 2020, own calculations.
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NOTE ON DEMAND IN 2020

The 2020 demand of the EU27 is not exactly comparable with
the model results; rather, it represents the extent of demand.
Only part of the demand of intercontinental transport was
considered. Therefore, additional demand for hydrogen or
synthetic fuels in 2050 is expected.
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Comparison of energy imports

As we have shown, demand for oils and gases will decrease significantly due to
the energy transition. To visualise the extent of decrease, the following figure
compares the demand of the EU27 in 2020 with the demand in 2050, optimised
in the model. Hydrogen produced in the EU is not shown here.

EU-PRODUCED NATURAL AND EU-IMPORTED ENERGY CARRIERS [TWH/Y]
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Comparing our study results for 2050 with the 2020 values, we observe that oil
demand is over 72% lower and gas demand is between 63% (GM) and 83% (ERE)
lower, depending on the scenario. This shows that Europe will become signifi-
cantly more independent of energy carriers as a result of the energy transition.
In the GM scenario, we observe the use of mineral oil, natural gas and imported
hydrogen. The ERE scenario shows how the EU is becoming more energy resi-
lient through a large reduction in imported hydrogen. Therefore, the demand
for natural gas rises to 313 TWh, which is still significantly below the amount of
natural gas that can be produced in the EU (2020: >480 TWh). In conclusion, in
the ERE scenario, natural gas will probably not have to be imported from non-
EU countries. To compensate for lower production of synthetic fuels and higher
CO2 emissions from natural gas, 72 TWh of synthetic oils are imported to the
EU. It is conceivable that this oil could be imported from the USA or Canada, for
example. The emissions from mineral oil and natural gas are compensated by
CCS and DAC.
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Primary energy consumption

The reduction of CO2 emissions is the main driver for a deep transformation
process throughout the energy system. This development is accompanied by a
reduction in primary energy consumption, as shown in Figure 12. The data for
2020 for the EU27 are based on the Eurostat database (Eurostat 2022). The figu-
res for 2050 are model results for the GM scenario and the ERE scenario.
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FIGURE 12:

Primary energy consumption EU27, GM and ERE scenario,
2020 and 2050. Sources: (Eurostat, 2022) for 2020, own
calculations.

NOTE ON PRIMARY ENERGY CONSUMPTION

The shown primary energy consumption do not include the
raw materials of the chemical industry (feedstock - included
under oils) and international air and shipping traffic.
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In the period from 2020 to 2050, the energy content of all energy sources used
in Europe directly or for conversion into energy carriers will be roughly halved.
Indeed, primary energy consumption will decline from 15,384 TWh/year in 2020
to around 7,500 - 7,390 TWh/year in 2050. Consumption is significantly reduced
due to lower losses during energy conversion and a decrease in final energy
consumption. The key drivers for the consumption decrease are building retrofits
and increasing efficiency gains from electrification in the heating and transport
sectors, with the growth of heat pumps and electric mobility.

The expansion of renewables, particularly PV and wind power, plays a key role
in the reduction of primary energy consumption. In the GM scenario, the rene-
wable energy share increases from 18% in 2020 to around 76% in 2050. This
value may appear low in relation to the climate neutrality goals. However, the GM
scenario results show that minimum cost of supply is also achieved with energy
imports from outside Europe, including gases such as green hydrogen, synthetic



NEW INDUSTRY PROCESSES

,New industry” includes the sum of changes in demand of
all sectors relative to the base year. The following sectors
are considered: iron and steel, nonferrous metals, alumina

production, aluminium production, other nonferrous metals,

chemical industry, pharmaceuticals, non-metallic mineral
products, cement, ceramics, glass production, pulp, paper
and printing, printing and media reproduction, food and
beverages, vehicle construction, mechanical engineering,
textiles and leather, wood and wood products.

FIGURE 13:

Net electricity demand EU27, GM and ERE scenario,
2020 to 2050. Sources: (Eurostat 2022) for 2020,
own calculations.
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gases, fossil gases and biogases as well as green e-fuels. The share of gases and
synthetic fuels produced in Europe is included in renewables and not shown se-
parately. The small remaining share of European fossil fuel extraction accounted
for by gases and synthetic fuels is not considered, while DAC and CCS offset its
CO2 emissions. Nuclear power accounts for an additional 9% to 10%.

A comparison of the values of the two main scenarios for 2050 shows that a signi-
ficant shift occurs when the cost for hydrogen imports becomes more expensive
(note that the assumption for H, import cost is 55 €/MWh in the GM scenario and
81€/MWh in the ERE scenario). In the ERE scenario, the reduction of H, imports
is noticeable in the decrease in gases (from 810 TWh/year in GM to 292 TWh/
year in ERE, which is a reduction of roughly 64%). This is compensated by a pro-
nounced increase of both wind (+ 17%) and photovoltaics (+ 13%). There is also
a moderate increase in nuclear power (+ 7%). The other contributions and total
primary energy consumption remain roughly constant. In the ERE scenario, the
renewable energy share increases to 83%, with a relative increase of around 7%
in comparison to the GM scenario.

Electricity

As mentioned, the decline in primary energy consumption goes hand in hand
with the increase in electricity demand, as shown in Figure 13. Total electricity
demand between 2020 and 2050 increases from approximately 2,491 TWh/year
to 5,190 TWh/year (GM) and 5,833 TWh/year (ERE). This growth is mainly driven
by e-mobility (370 TWh/year in 2030 in both scenarios, 690 TWh/year in 2050
in both scenarios) and power-to-X technologies (90 TWh/year in 2030 in both
scenarios, 1,190 TWh/year (GM) and 1,870 TWh/year (ERE) in 2050). Among po-
wer-to-X technologies, electrolysers have the largest share. Therefore, power-to-
X is the key driver for the differences between the GM and ERE scenarios. The
main reason behind the increase of power-to-X power consumption is additional
hydrogen production in the EU to replace the more costly non-EU H, imports.
The additional electrolysers in Europe cause higher power consumption. Such
an effect is also noticeable in the following figures for installed capacities and
corresponding electricity generation (Figure 14 and Figure 15).

The overall increase is also due to electrification of the heat sector by heat pumps
(110 TWh/year in 2030, 240 TWh/year in 2050, with minor differences between
the two scenarios) as well as new industry processes (200 TWh/year in 2030, 530
TWh/year in 2050, also with negligible differences between GM and ERE). The
increase in total demand is partly compensated by a decrease in conventional
demand due to efficiency gains. This is around 390 TWh/year in 2050.
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TABLE 1:
Maximum simultaneous electricity demand in
the EU27, GM and ERE scenario.

NOTE ON FLEXIBILE/INFLEXIBLE DEMAND

The inflexible demand includes 50% BEV-demand,
conventional electricity demand, electricity road
freight, grid losses, new industry electricity. The flexible
demand includes battery storages, pumped hydro
storages, 50% BEV-demand, elektrolysers, heat pumps,
resistive heaters and helmeth.

FIGURE 14:

Electricity generation capacity EU27, GM and

ERE scenario, 2020 to 2050. Sources: (Eurostat 2022)
for 2020, own calculations.
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The maximum simultaneous electricity demand in the EU27 will increase more
than 3 times from today up to 1,508 GW in the GM scenario and 1,745 GW in the
ERE scenario. Flexible consumers account for 62% to 64% of the total demand
in the specific situations at the end of March 2050, at midday (see Table 1). This
flexibility ratio differs depending on the available technologies in the countries.
The largest flexibility comes from power-to-gas with 24% (GM) to 31% (ERE) of
the total demand. The smart charging of electric cars accounts for 16%. Battery
storages and pumped hydro storages have a share of around 11%."

Scenario ERE GM
Date 2050-03-28, 12 pm 2050-03-29, 1 pm
Inflexible demand 631 GW 574 GW
Flexible demand 1,114 GW 934 GW

of which power-to-gas 544 GW 363 GW

of which storages 181 GW 193 GW

of which smart charging BEVs 285 GW 237 GW

of which power-to-heat 104 GW 141 GW
Total 1,745 GW 1,508 GW
Flexibility share 64% 62%

As expected, there is a massive rollout of renewables, bringing installed power plant
capacity in the EU27 up to almost 3,500 GW (Figure 14). While the installed power
plant capacity in 2020 amounted to approximately 920 GW, it is expected to grow
to roughly 1,500 GW by 2030. The largest increase in installed capacity is for PV. In
the GM scenario, the results show a PV installed capacity of 2,135 GW in 2050. For
such development, an average installation rate of 67.2 GW/year would be necessary
in the EU27. The expansion of wind is also substantial, although less pronounced
than PV. Onshore wind increases to 681 GW (average installation rate of 16.4 GW/
year), while offshore wind reaches 167 GW (average installation rate of 6.2 GW/year).

Atthe same time, the capacity of conventional power plants decreases from 337 GW
in 2020 to 154 GW in 2050, after reaching a peak in 2030 (245 GW). The same ap-
plies to nuclear power plants, which decline from 106 GW in 2020 to 33 GW in 2050.
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FIGURE 15:

Annual electricity generation EU27, GM and

ERE scenario, 2020 to 2050. Sources: (Eurostat 2022)
for 2020, own calculations.
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FIGURE 16:
Utilisation of PV potentials EU27,
GM and ERE scenario, 2050.

ENERGY SYSTEM 2050 - Towards a decarbonised Europe
2.0 ENERGY SYSTEM MODELLING

An overview of power generation and trade in the EU27 in the considered time
span (A015) shows that electricity generation will roughly double. In 2020 pow-
er generation amounted to 2,670 TWh/year, but the values for 2050 will rise to
5,990 TWh/year and 5,340 TWh/year.
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As we have shown, renewable energy forms the basis for the electricity sector in
2050. In contrast to conventional fossil-based generation technologies, land use
is a critical property of PV and wind plants. Therefore, it is necessary to measure
the use of available potential, as well as the capacities needed.

The bar chart in Figure 16 shows the PV capacities of both scenarios in com-
parison. In addition, the total available potential is visualised by red dots. PV is
present in two forms in the model: as rooftop PV modules and utility scale plants
in agricultural areas. In terms of potential, six countries stand out: France, Spain,
Germany, Poland, UK and Italy. For both scenarios, France, Spain and Italy make
use of nearly all available locations of PV. Their geographical location in Europe,
the availability of suitable areas and the meteorological conditions lead to an
overall high usage of PV, independently of the scenario.

[ )
PY [ ]
[ ]
[ ]
[ ]
'Y | Niln HNn .
DK ES Fl FR G

B GR IT NL NO PL PT SE

B PV-GM M PV-ERE ® PV-Potential

35



ENERGY SYSTEM 2050 - Towards a decarbonised Europe
2.0 ENERGY SYSTEM MODELLING

In contrast to this pronounced expansion of PV, the situation in Poland, Great
Britain and Germany is different. These countries respond with a higher utilisa-
tion of PV potential in the ERE scenario than in the GM scenario. We can think
of it as a merit order of expansion. Countries with high PV utilisation in both
scenarios provide cost effective generation of carbon neutral electricity in the
European context. If the demand for electricity rises, as in the ERE scenario,
Germany, Great Britain and Poland are the next best choices for additional PV
generators. Unused potential in the Scandinavian countries can also be utilised.
In comparison to other countries, generation and provision of electricity is more
expensive in Europe. This is due to the meteorological profile and the necessary
grid expansion.

Although we focussed only on countries with major PV potentials, the conclusi-
ons also apply to countries with lower potentials. In addition to PV, this type of
analysis can also be made for onshore and offshore wind plants. The associated
bar charts are shown in Figure 17 and Figure 18.

France, Poland, Great Britain and Germany each have over 100 GW of onshore
wind turbines in 2050. France utilises approximately 50% of its onshore potential,
while Poland and Great Britain make use of nearly every suitable onshore region.
When we compare GM with ERE, we can observe that France and Germany show
significant changes in their onshore utilisation, while many other countries show
nearly no sensitivity. This seems to be independent of the degree of potential
utilisation.
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Utilisation of wind onshore

potentials EU27, GM and ERE

scenario, 2050.

Figure 18 also shows the installed capacities across both scenarios. The potential
for offshore wind generators is marked by red dots. Germany, the Netherlands
and Great Britain have the highest installed capacities, closely followed by Den-
mark, which has similar capacities, at least for the ERE scenario. In terms of the
previously described "next best approach”, Denmark and the Netherlands may
provide the additional electricity for the higher power-to-gas demand in the ERE
scenario. In comparison to PV and onshore wind, offshore power plants are not
as different in our two main scenarios.
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Hydrogen

The analysis of the power sector has shown the increasing role of sector coupling
and green hydrogen for the energy system. In this section, we describe the pro-
duction and demand of hydrogen for the EU27 in the two main scenarios.

Hydrogen will mainly be used as energy carrier or feedstock in a number of in-
dustrial processes, and as a fuel in the transportation sector. In addition, hydro-
gen may be used as input for the synthesis of hydrogen derivatives such as syn-
gas and fuels, as well as for reconversion to power. The usage of hydrogen in the
heat sector is allowed in the model, but this does not seem to be a competitive
option given the techno-economic conditions.

In general, there is potential for hydrogen use in sectors where process emissi-
ons cannot be avoided by using electricity, or where it is more economical (if this
is technically possible). Examples of hydrogen utilisation in industrial processes
are found in the steel and chemical industries. The iron and steel industries ac-
count for about 60% of the total industrial hydrogen demand and the chemicals
industry for 40%.

While hydrogen demand amounts to 438 TWh/year in both scenarios in 2030, in
2050 the overall hydrogen demand amounts to 1,710 TWh/year in the GM sce-
nario and 1,540 TWh/year in the ERE scenario (Figure 19). In 2030 and 2040, the
results of the two scenarios are identical. In both years, hydrogen demand is di-
vided almost equally between industry (184 TWh/year) and the transport sector
(198 TWh/year), with a minor share for the production of synfuels (56 TWh/year).
A differentiation is visible in 2050. In this year, there is higher hydrogen demand
in the GM scenario. This is not surprising, as this scenario has relatively optimistic
expectations for green hydrogen imports. In the GM scenario, the overall hydro-
gen demand is higher due to a larger amount of hydrogen derivatives (synthetic
fuels/gases).
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FIGURE 19:
Hydrogen demand EU27, GM and ERE scenario,
2030 to 2050.
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FIGURE 20:
Hydrogen generation and import EU27, GM and
ERE scenario, 2030 and 2050.
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The differences between the ERE and GM scenarios can be better understood
by looking at the hydrogen generation structure (Figure 20). In 2030 and 2040,
steam methane reforming (SMR) with or without carbon capture (CC) remains
an important hydrogen generation technology. The share of electrolysers in-
creases over time, reaching its maximum in 2050. In 2030 and 2040 the sce-
narios hardly differ, but in 2050 there is a substantial difference. In the GM
scenario, 57% of hydrogen is produced in Europe, while the remaining 43%
is imported from countries outside Europe. By contrast, in the ERE scenario,
100% of the hydrogen production is in Europe. The reason behind this shift
is the higher hydrogen import price in the ERE scenario. The small negative
value for “Import (EU)" in the GM scenario in 2050 is the EU27 export to other
European countries.

H, GENERATION [TWH]

2000
1600
1200

800

400 .
0 - I
GM

ERE ERE GM

2030 2050

Accordingly, the installed electrolyser capacity also differs between the two sce-
narios. While the capacity of electrolysers in the EU27 is similar (24.8 GW in 2030
and 121.8 GW in 2040), in 2050 the installed capacity of electrolysers ranges
between 376 GW in the GM scenario and 560 GW in the ERE scenario. The ave-
rage full load hours of electrolysers in 2050 are around 2,700 h/year in the ERE
scenario and slightly under 2,600 in the GM scenario.
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FIGURE 21:
Electrolyser capacity per country, GM and ERE
scenario, 2050.
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Figure 21 shows the installed capacities of electrolysers for both scenarios in the
year 2050. In the GM scenario, Poland, Spain and France have a total of 200 GW
electrolyser capacity (and over 260 GW in ERE), which is approximately half of
the total capacity in the EU27. Some countries have a similar electrolysis capacity
in both scenarios. Bulgaria and Greece are such examples. On the other hand,
Germany, Denmark, France, Poland and Romania react with high sensitivity to the
increased demand for hydrogen electrolysis.

FR GR HR HU IT LT LU LV NL PL PT RO SE SI SK

H GM ERE

There is a correlation between the expansion of variable renewables and elec-
trolysers. The countries that expand renewables in the ERE scenario also invest
more in electrolyser capacity. However, this correlation seems not to be true for
the demand of hydrogen. Figure 22 shows the hydrogen demand per country
in 2050 for both scenarios. Although Germany doubles its electrolyser capacity
from 29 GW in GM to 60 GW in ERE, its demand for hydrogen drops from 400
TWh to 300 TWh. The higher cost of hydrogen in ERE influences its utilisation
in the downstream sectors, which can differ greatly between countries. Anot-
her example can be seen in Poland. Although electrolyser capacity increases in
the ERE scenario, demand remains the same. Therefore, while the generation
of hydrogen via electrolysis strongly correlates with higher local VRE capacities,
demand for hydrogen is not regionally coupled to its production. This phenome-
non shows the importance of integrated modelling of all related energy sectors
for an interconnected Europe, as the differing structures of the coupled sectors
can behave very differently from country to country.
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FIGURE 22:
Hydrogen demand per country, GM and ERE
scenario, 2050.

FIGURE 23:
Heat supply EU27, GM and ERE scenario,
2030 to 2050.
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Heating Sector

An analysis of heat supply by technology is presented in Figure 23. The total
heat demand slightly decreases from 2,254 TWh/year in 2030 to approximately
1,900 TWh/year in 2050 in both scenarios. In the heating sector, there is a trend
to direct electrification, which increases from 988 TWh/year (43.8%) in 2030 to
1,686 - 1,644 TWh/year (88.6% - 87.2%) in 2050. During this period, gas boilers
are almost completely replaced by heat pumps and resistive heaters. We also
observe a moderate increase of biomass.
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Transport Sector

Increased energy efficiency leads to a decrease in final energy consumption
across all sectors. In a comparison of the sectors, the largest decrease can be
seen in the transport sector. The energy demand for transport purposes is ex-
pected to decline by about 33% between 2030 and 2050, as shown in Figure 24.



FIGURE 24:
Energy demand for the transport sector,
EU27, GM and ERE scenario, 2030 to 2050.
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The most significant reduction is expected in the road passenger sector. In the
EU27, the energy demand for cars almost halves between 2030 and 2050 (1,350
TWh/year in 2030, 730 TWh/year in 2050). This trend is explained by the increa-
sing role of e-mobility and the related high efficiency of the electric engines. In
the remaining transport subsectors (domestic aviation, domestic navigation, rail
and road freight), there is only a moderate change in demand.
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The breakdown of the private road passenger sector (cars) by technology is also
shown in Figure 24. According to techno-economic assumptions, in 2030 there
will be a drastic reduction of conventional internal combustion engines (ICE),
which are mainly substituted by plug-in hybrid electric vehicles (PHEV). In ad-
dition, compressed natural gas (CNG) motors will fuel 4.2% of cars. The share
of PHEV declines in the following years, amounting to only 8.2% in 2050. After
2040, ICE vehicles almost completely disappear, and the dominating techno-
logies are battery electric vehicles (54.5%) and fuel cell electric vehicles (FCEV,
33.0%). The latter are mainly used for medium and long-distances.

Expansion of interconnector grid capacity

In this subsection, we present and compare the results of the power grid and hy-
drogen grid in the two main scenarios. Figure 25 shows that there is a substantial
expansion of the interconnector power grid (both AC and DC) between 2030
and 2050. The thickness of the links indicates the absolute capacity of the inter-
connector grid connections, while the colour indicates the capacity expansion
between 2030 and 2050.

Maximal interconnector grid expansion occurs between France and Spain, as
well as between Germany and Austria (both 9 GW). However, expansion occurs
in all considered regions, particularly in central continental Europe and Spain,
Italy and UK.

The need for enhanced infrastructural links is driven by the carbon neutrali-
ty goals and the subsequent massive expansion of renewables. Figure 25 also

shows the distribution of power generation and gross electricity demand in the
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considered model regions. In 2050, renewable energy technologies cover nearly
100% of power demand, a minor share of nuclear power plants. Balancing pow-
er plants are important for the security of supply in critical hours, when low avai-
lability of renewables is coupled with high loads. However, the energy delivered
from balancing power plants throughout the year is marginal. More details about
such critical situations will be described later in this chapter.

The figure also shows that regional renewable potentials play a major role in
defining the optimal share of renewables and annual power yield. PV resources
are relatively well distributed among regions of comparable latitude, while wind
power resources are concentrated in the region around the North Sea. PV is do-
minant in southern European countries including France, Hungary and the Czech
Republic. Onshore wind has larger shares in Central Europe and Greece, while
offshore has larger shares in the countries around the North Sea and the Bal-
tic Sea. Finally, as expected, hydropower remains important in Alpine countries
such Switzerland and Austria, as well as Scandinavian countries. Nuclear pow-
er plants are spread throughout France, UK, Czech Republic, Poland, and other
South-East European countries.

In 2050, the sum of the international electricity interconnector capacities in the
EU27 amounts to 200 GW in the GM scenario and 196 GW in the ERE scenario.

We can also observe that power trade occurs among European countries, as ge-
neration exceeds power demand in some countries, while other countries rely on
imports. Such figures are only annual values and it should be stressed that each
country has to rely on imports in particular situations, while exporting a share of
the domestic production in other situations. Looking at the annual values, Ger-
many and ltaly are the largest power importers, while France, the Netherlands,
Poland, Spain, and other South-East European countries have a positive annual
power balance. More details on power trade among countries are given later in
Figure 27.

Finally, in the figures for power, there is a shift towards additional VRE produced
in the EU in the ERE scenario, in contrast to the GM scenario, as discussed previ-
ously (see Figure 16 - Figure 18).

With regard to the hydrogen interconnector grid, the difference between GM
and ERE is much more pronounced than for the electricity interconnector grid
(Figure 26). In the GM scenario, the hydrogen pipeline network is well develo-
ped in Central Europe, but pipelines to the Iberian Peninsula, Great Britain, and
South European countries are less developed. The international hydrogen inter-
connection capacity in this case is 150 GW. The situation changes in the ERE
scenario, where an international hydrogen interconnection capacity of 219 GW
is expected in 2050. This is due to additional reinforcement of the interconnec-
tor grid in Central Europe, and the substantial development of a pan-European
hydrogen interconnector grid. In the ERE scenario, there are interconnections
between France and Spain, Great Britain and its continental neighbours, as
well as ltaly and South Eastern European countries. The graphs also show that
electrolysers are the only hydrogen production technology in 2050 in Europe.
Countries such as Germany, ltaly, Belgium, Austria, Czech Republic and Hungary
rely on hydrogen imports in the GM scenario. On the contrary, in the ERE scena-
rio, hydrogen is produced in the EU, so that hydrogen trade only occurs among
European states. Countries such as Denmark, Poland, Netherlands, and Romania
become net hydrogen exporters, while Germany reduces its relative dependen-
cy on imports. In some countries, such as Spain, hydrogen is partially used locally
for production of synfuels. In this case, not hydrogen but its follow-on products
(synthetic oil and methane) are exported.
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FIGURE 25:
Electricity generation, demand and AC/DC interconnector
grid expansion, GM scenario (left) and ERE scenario (right),
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FIGURE 26:
Hydrogen generation, demand and interconnector grid ex-
pansion, GM scenario (left) and ERE scenario (right), 2050.
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FIGURE 27:
Annual power trade in Eurpean countries, GM scenario, 2050.

Net import: 140 TWh

Net export: 140 TWh

All values in TWh
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As the graphs show, the European power system in 2050 is deeply intercon-
nected. Significant power transits occur between EU27 and non-EU27 countries
(see also item "Trade” in Figure 9 and Figure 10). Power transits across countries
are defined by the sum of minimum time steps between imports and exports.
According to this methodology, larger transits occur through Switzerland (ap-
proximately 60 TWh/year), Great Britain (approximately 20 TWh/year) and Ser-
bia (approximately 15 TWh/year). These figures differ just slightly between the
two scenarios. The transits amount to around 100 TWh/year in the GM scenario
and 113 TWh/year in the ERE scenario. It should be noted that the methodology
does not consider transits across two or more non-EU27 countries, such as tran-
sits from Sweden (EU27) over Norway and Great Britain (non-EU27) to Ireland
(EU27). Accordingly, the number presented in Appendix, Table 12 may unde-
restimate total European transits. However, we assume that the methodology is
suitable for identifying major transits and that the underestimation is acceptably
low. Additional details can be found in the Appendix.

Finally, we look at the annual power trade among European countries (Figure
27, GM scenario and Figure 28, ERE scenario). The graph shows the annual sum
of bilateral power trade between countries in both directions. The colour of the
countries indicates whether a country is a net importer or net exporter.

In the GM scenario, Germany and ltaly are the largest net importers in absolute
terms (132 TWh/year and 104 TWh/year, respectively). The largest net exporter is
France (111 TWh/year). The largest power flows are as follows:

Spain — France (80 TWh/year)

Austria — Germany (49 TWh/year)

France — Great Britain (45 TWh/year)

France — Italy (42 TWh/year)

Switzerland — ltaly (42 TWh/year)

South-East Europe — Slovenia (42 TWh/year)

~N N N N N~




FIGURE 28:
Annual power trade in Eurpean countries, ERE scenario, 2050.

Net import: 170 TWh

Net export: 170 TWh

All values in TWh
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In the ERE scenario, the import/export balance of most of the countries remains
constant. Germany and Italy remain the two largest European power importers
(165 TWh/year and 129 TWh/year, respectively).

South-East Europe (75 TWh/year) and Denmark (61 TWh/year) emerge as major
exporters besides France, Netherlands and Poland. The majority of the largest
flows in the GM scenario are the same in the ERE scenario, but the flow from
Spain through France to Great Britain is reduced. This is mainly due to the ad-
ditional PV expansion of PV in Great Britain in this scenario. There is an additional
expansion of PV in Denmark, which leads to an increase in power exports from
Denmark to Germany (70 TWh/year gross export).

Critical week in January 2050

To show how the EU27 countries interact with each other in our model, we sum-
marise demand and power generation for one week in January and July 2050
(GM scenario) in the following figures (Figure 29 to Figure 33). For the January
week, we present the figures for Germany, which needs very high electricity im-
ports in the selected week, and Denmark, which is a wind-dominated country.
For the July week, we present France as a PV-dominated country.

We want to highlight that the results presented below are not intended to repla-
ce an adequacy study (see Chapter 1.3 Limits of the methodology). Neverthe-
less, we believe that the results help simplify the paradigm shift required to reach
climate neutrality. Our aim is to describe the role of renewables and flexibility
options, and highlight the paramount importance of international grids and co-
operation among countries in challenging situations.

First, we discuss the analysis of load patterns for Germany (Figure 29). We iden-
tify the conventional load at the bottom of the diagram, which shows the typical
day/night cycles. As is currently the case, peak demand of conventional load is at
noon and the early evening hours during working days, while lower peaks occur
during the weekend.
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NOTE ON FLEXIBILITY E-MOBILIY
Due to the status of the model, a detailed analysis of inter-

action between transport and distribution grid is not possible,

so that a detailed analysis of the flexibility potential of e-
mobility is still pending.

FIGURE 29:
Electricity generation and trade, Germany, GM scenario,
January 2050.
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We can observe a total of four additional loads: e-mobility, power-to-X, industrial
load and storages. Except for pumped hydro storage, which is already a factor,
all other loads derive from the increase of electrification in other energy sectors.
Electrification is a constant load in many industry processes (such as steel), while
power-to-X and e-mobility are flexible demands.

In particular, e-mobility has daily peaks, while power-to-X seems to react more
smoothly. The reason for this behaviour has to be investigated in the electricity
generation patterns (Figure 30). Unlike today, in 2050 the load is defined by the
current availability of renewable energies and reacts flexibly to different meteo-
rological conditions. We observe that e-mobility peaks in the demand diagram
correlate with PV power generation, while power-to-X technologies reach their
maximum in situations of very high wind and PV power generation. During the
third day, the abundant availability of RES leads to the charging of other storages
as well as power exports to neighbouring countries.
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By contrast, there are also situations with negligible RES power generation. This
is the case in the evening hours of the first day shown in Figure 30. In this case,
a series of measures must be taken to guarantee the supply. First, controllable
electricity generation plants (must-run biomass power plants and gas turbines)
run at maximum power, while PHS and batteries are discharged. The remaining
gap is covered by power imports. It is important to stress that such imports result
from the optimisation of the European power and energy system, not from the
consideration of Germany as a stand-alone country. This means that in this critical
situation for Germany, a number of neighbouring countries can export a share of
their power generation, which is still cost-effective, given the assumptions.
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FIGURE 30: ELECTRICITY DEMAND [GW]
Electricity demand, Germany, GM scenario, January 2050.
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NOTE ON IMPORTS TO GERMANY
A detailed description of one import situation to Germany can
be found in Chapter 2.3.3.

The diagram for Denmark in the same week shows a completely different situa-
tion (Figure 31). Due to excellent power potentials for both onshore and offshore
wind, Danish electricity generation exceeds the load most of the week. The outs-
tanding availability of wind from the 3rd to the 4th and 7th days is used mainly
for hydrogen production (Figure 32) and for power exports. We can also observe
how the wind conditions here allow for a continuous production of electricity
almost regardless of day and night cycles. Due to the significantly lower capacity
of e-mobility in Denmark, there is very little difference between the load before
and after DSM.

FIGURE 31: ELECTRICITY GENERATION & TRADE [GW]
Electricity generation and trade, Denmark, GM scenario,
January 2050.
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FIGURE 32:
Electricity demand, Denmark, GM scenario, January 2050.
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FIGURE 33:
Electricity generation and trade, France,
GM scenario, July 2050.

B Flex.-Options (PHS & Battery)

B Flex.-Options (V2G)
Im-/Export

B Wind Offshore

B Wind Onshore
PV

B Controllable Elec. Gen.

B Hydro

— Demand

48

ELECTRICITY DEMAND [GW]

25

20

15

10

5

0
o oo o oo o oo o o o o o o o oo o o o
S S o S S S S S S S SO S S o S S S S S o
O N @ O A @ O A @ O A @ O N @ o A @ O N @
S = <« S = < S« « S = <« S = < S = < S« «—
24.01.2050(25.01.2050(26.01.2050{27.01.2050{28.01.2050{29.01.2050{ 30.01.2050

Looking into another European example in July in France (see Figure 33), pro-
nounced PV peaks and a minor share of controllable electricity generation
(nuclear power) characterises the power production. We can see an extreme
day and night cycle in electricity production due to PV. To use this electricity
effectively and balance the rapidly changing production cycle, battery storages
are profitable here. Around noon, large stationary batteries are charged, while
discharging occurs during the evening and even at night. It is interesting to
note that battery discharge is also partially used for power export (for example
to Germany).
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2.3.2 RESULTS OF SENSITIVITY
ANALYSIS

FIGURE 34:
Electricity demand sensitivity analyses, EU27, 2050.
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The following figures present the key outcomes of the sensitivity analyses, which
have been performed in addition to the two main scenarios. The GM scenario
served as the basis for the calculation. However, the conclusions can also be
applied to the ERE scenario. The scenario setting for all sensitivities has been
described in Chapter 2.1.4. The differences between the ERE and GM scenarios
have been discussed in the previous section; here, we will focus on the additio-
nal scenarios.

In all sensitivities, total electricity demand values range from 4,850 TWh/year
to 5,833 TWh/year (ERE). Most sensitivities have similar values as in the GM
scenario.

Conventional electricity demand and demand savings due to efficiency remain
constant in the sensitivities. The same applies to the demand for new indus-
try applications, which are not subjected to optimisation. As expected, power
demand for heating purposes is higher in the Low Building Renovation Rate
(HEAT) sensitivity. In this case, additional power demand amounts to appro-
ximately 90 TWh/year in 2050 for EU27. Additional demand for e-mobility re-
mains constant in all sensitivities, except for inflexible mobility (V2G/DSM). In
this case, the additional demand is approximately 30 TWh/year lower than in
the main scenarios.

The largest variation among the sensitivities in absolute terms is the additio-
nal demand for PtX applications. Its value is highest in the ERE scenario, mainly
driven by the additional electrolysers in Europe. The two lowest values for PtX
are in the Low RES Expansion Acceptance (WIND) sensitivity and the extreme
weather year (WY96) sensitivity. It is interesting to note that the latter sensitivity
is also characterised by low wind power yield (-220 TWh in comparison to the
GM scenario).
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A similar picture is painted by the analysis of the installed capacity of power
plants and annual electricity generation (Figure 35 and Figure 36). With regard
to installed capacity, the trend is similar to the electricity demand figures. The in-
stalled capacity is highest in the ERE scenario (3,895 GW), driven in particular by
PV, while the lowest value is in the NUCLEAR sensitivity (3,140 GW). The reduced
capacities in the NUCLEAR scenario are wind power (-99 GW), PV (-217 GW) and
stationary storages (-67 GW). A pronounced reduction of wind power capacity
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FIGURE 35:
Installed electricity generation capacities sensitivity
analyses, EU27, 2050.

B Wind Onshore
B Wind Offshore
B Hydro
Photovoltaics
B Thermal Plants
B Nuclear
Biomass

B Others

50

can also be observed in the sensitivities of WIND (-122 GW) and WY96 (-51 GW).
It has to be stressed that in the WIND scenario a shift occurs between onshore
and offshore wind (+34 GW). However, such shift is not sufficient to compensate
for the missing onshore wind energy. Finally, in this scenario, a gap of approxi-
mately 185 TWh/year VRE remains.

In the limiting grid expansion (ACDC) sensitivity, there is a partial technological
shift between PV and wind power. In this sensitivity, the installed PV capacity is
54 GW higher than in the GM scenario, while the wind capacity drops by about
72 GW. Most of this reduction is caused by onshore wind (61 GW). This underli-
nes the importance of power grid development in regions with abundant wind
resources.

There is also a noticeable increase of stationary storages in the V2G/DSM sen-
sitivity (+236 GW). In this case, the missing flexibility to and from the transport
sector calls for alternative flexibility options, which have higher costs. Therefore,
it appears that V2G and DSM may play a significant role in efficient future energy
systems. To this aim, a forward-looking policy framework may be needed to tap
at least some of this potential.
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As expected, in the NUCLEAR sensitivity, there is a significant expansion of nuc-
lear power (519 TWh/year) (Figure 36). This is much more visible than in the pre-
vious figures, with a 72 GW increase compared to the GM scenario. This is clearly
due to the base-load operation mode of nuclear plants. The equivalent full load
hours are approximately 7,000 h/year over all scenarios and sensitivities. Finally,
it can be noted that net power trade with non-EU27 countries plays a relatively
small role (+/- 30 TWh/year) in all sensitivities.



FIGURE 36:
Electricity generation including trade sensitivity analyses,
EU27, 2050.
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FIGURE 37:
Hydrogen generation sensitivity analyses, EU27, 2050.
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For a better interpretation of the results, it is worth looking at hydrogen genera-
tion trends across the sensitivities (Figure 37). The hydrogen demand varies from
1,540 TWh/year in the ERE scenario to 1,810 TWh/year in the ACDC sensitivity.
The highest value in the ACDC sensitivity is explained by the fact that freezing
power grid expansion after 2035 cannot be compensated completely by alterna-
tives in the electricity sector (such as greater exploitation of PV as a well distribu-
ted technology with more stationary batteries). Therefore, alternative measures
are needed, such as increased usage of hydrogen and its derivatives.

Except for the ERE scenario, which is characterised by a substantially different
setting (high cost of hydrogen imports from non-EU regions), hydrogen gene-
ration in 2050 consists of an almost 50-50% share of EU27 generation and non-
EU27 imports. The sensitivities with the lowest domestic hydrogen production
are WIND and WY96. In those two cases, the import share from non-EU countries
increases to 56% and to 61%, respectively.
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FIGURE 38:
Heat supply sensitivity analyses, EU27, 2050.
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Regarding hydrogen usage, the amounts of hydrogen used in the industry and
transport sectors remain the same. The relevant differentiation among the sensi-
tivities is the amount of hydrogen used for the production of hydrogen derivati-
ves such as synthetic hydrocarbons through Fischer-Tropsch synthesis and met-
hanation. The highest values for synfuel production can be found in the ACDC,
WIND and HEAT sensitivities (approx. 770 TWh/year in the three cases).

For the heat sector, the breakdown of heat supply in the sensitivities is shown be-
low (Figure 38). Here, the shares of technologies remain practically unchanged.
As expected, the only major difference is the increased heat demand in the HEAT
sensitivity. In this case, the heat demand is 21% higher than in the GM scenario. In
absolute terms, this means an increase of 323 TWh/year. The additional demand
is almost completely absorbed by the expansion of heat pumps.
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Finally, we compare the grid development for electricity and hydrogen among
the sensitivities (Figure 39). First, we observe that a considerable power grid
expansion is required in all sensitivities. In 2020 the EU27 interconnection
capacity amounted to 70 GW, but in 2050 it is approximately 200 GW in all
sensitivities, except for the ACDC sensitivity, where grid expansion has been
exogenously limited in our model. Second, an unexpected result is that grid
expansion is needed in almost equal measure in all scenarios and sensitivities.
Such an expansion demand seems to be non-sensitive to the expansion of the
hydrogen pipeline grid, for example between the ERE and GM scenarios, and
the NUCLEAR sensitivity.

As expected, there is a more extensive development of the hydrogen grid in the
ERE scenario (219 GW of interconnection capacity), where almost all hydrogen is
produced in Europe and electrolysers are distributed across the continent (see
also 2.3.1 and Figure 26 for more information). The hydrogen grid expansion is
lowest in the NUCLEAR sensitivity (137 GW).
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FIGURE 39:
Comparison of electricity and hydrogen interconnector grid
expansion sensitivity analyses, EU27, 2050.
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Conclusions

Within several sensitivity analyses based on the GM scenario settings, it has
been proved that key results, such as RES capacities and the required grid ex-
pansion for power and hydrogen, do not change drastically if the model assu-
mes a global market for hydrogen and its derivatives. We can conclude that
results for the main indicators are robust, at least on the EU27 level. The ACDC
sensitivity is characterised by a hampered expansion of the power grid, which
results in higher costs of hydrogen imports from non-EU countries. The HEAT
sensitivity shows a rather pessimistic scenario regarding building renovation
rate. In this case, lagging efficiency measures are reflected in a higher need
for heat pumps and renewables, thus putting additional pressure on land use.
The NUCLEAR sensitivity assumes the operation of a significant nuclear power
plant fleet in some European countries, based on the current TYNDP scenari-
os. This scenario should not be understood as a technological or economical
preference, but simply as a “what if” analysis. In addition is to mention, that
for nuclear - as for every technology - no detailed technological and environ-
mental impact assessment has been done in our study. The main result of this
analysis is that the expansion of nuclear power leads to less expansion of wind
and PV. In a further sensitivity (V2G/DSM) we assessed the impact of complete
lack of flexibility in the transport sector to the power sector. In this case, neither
vehicle-to-grid nor smart charging are considered. We observe that missing
flexibility to and from the transport sector calls for alternative flexibility opti-
ons, which are characterised by higher cost. Therefore, it appears that V2G and
DSM may play a relevant role in efficient future energy systems. To this aim, a
forward-looking policy framework may be putin place to tap at least a share of
this potential. Within the framework of the WIND sensitivity, we reduce the land
availability for onshore wind to a maximum of 2% of the total area in each of the
model regions to indirectly consider a lower acceptance of the energy transi-
tion towards climate neutrality among the population. In this case, the missing
energy from onshore wind is balanced by a mix of increased offshore wind and
PV capacity as well as by higher hydrogen imports from non-EU countries. Fi-
nally, in the WY96 sensitivity we examine the robustness of the results based on
avariation of the meteorological data. For this analysis, we chose the year 1996,
which was characterised by low yield of PV and wind as well as a pronounced
"dark doldrums” for about 10 days in January. This sensitivity is characterised
by low wind power yield (-220 TWh in comparison to the GM scenario), which
results in low power demand - mainly driven by lower requirements by power-
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to-X applications in Europe. The WIND and WY96 sensitivities are characterised
by the lowest domestic hydrogen production among all other sensitivities. In
those two cases, the hydrogen import share from non-EU countries increases to
56% and to 61%, respectively from the 45% in the GM scenario. It is also worth
noting that a considerable power grid expansion is required in all sensitivities,
except for the ACDC sensitivity, where grid expansion has been exogenously
limited. Such an expansion of the power grid seems to be non-sensitive to the
expansion of the hydrogen pipeline grid, between the ERE and GM scenarios.
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It is expected that primary energy consumption in Germany will go through a
structural transition in the coming 30 years. Currently, fossil fuels are still the ma-
jor energy sources and responsible for nearly 80% of total energy consumption.
This amounted to 3,387 TWh in the year 2021 (see Figure 40). The most import-
ant energy carrier was oil, followed by gas, mainly due to their use in the industry
sector. Hard coal, lignite und nuclear energy, covering 24% of total primary ener-
gy consumption, are mainly used for electricity generation. Renewable energy
has reached a share of 16% to become the third most important energy carrier
in Germany.

In both scenarios, total energy consumption will be reduced dramatically. This
is results from rising efficiency and, more importantly, the fuel switch due to wi-
despread electrification in the heating, transport and industry sectors. The key
difference between the scenarios is the role of gas in the future energy system.
In the GM scenario, gases, mainly renewable gases, still have a notable share
of 23%. However, in the ERE scenario, they contribute only 11% to energy con-
sumption, as the import of gases from outside Europe is very limited. In the ERE
scenario, the reduced import of gases is largely substituted by the expansion of
renewables in Germany.
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FIGURE 40:

Primary energy consumption Germany, GM and ERE scenario,
2021 and 2050. Sources: (AGEB, 2021) for 2021, own calcu-
lations.

NOTE ON PRIMARY ENERGY CONSUMPTION

The shown primary energy consumption do not include the
raw materials of the chemical industry (feedstock - included
under oils) and international air and shipping traffic.
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FIGURE 41:

Electricity demand Germany, GM and ERE scenario,
2020 to 2050. Sources: (Eurostat, 2022) for 2020 values,
own calculations.
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TABLE 2:
Maximum simultaneous electricity demand in Germany,
GM and ERE scenario.T

NOTE ON FLEXIBILE/INFLEXIBLE DEMAND

The inflexible demand includes 50% BEV-demand,
conventional electricity demand, electricity road freight,
grid losses, new industry electricity. The flexible demand
includes battery storages, pumped hydro storages,

50% BEV-demand, elektrolysers, heat pumps, resistive
heaters and helmeth.
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The development of electricity demand in Germany in Figure 41 is similar to the
trend in Europe. From a 2020 perspective, we expect electricity demand to dou-
ble by 2050. Until 2040, the GM and ERE scenarios are comparable, in terms of
both total demand and the share of different types of demand. In 2050, the total
demand in the ERE scenario (1,087 TWh/year) is much higher than in the GM
scenario (937 TWh/year), primarily due to the more intensive use of power-to-X
technologies, mostly for the domestic generation of hydrogen. Independent of
the scenarios, new applications in the industrial sector are becoming more pro-
minent. Their demand for electrical energy increases from 32 TWh/year in 2030
to 193 TWh/year in 2050. Efficiency gains and additional conventional demand
balance each other out, which results in a constant demand (507 TWh/year) over
the modelling period in both scenarios.
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The maximum simultaneous electricity demand in Germany will increase more
than 3 times from today (in 2020 around 80 GW) up to 248 GW in the GM sce-
nario and 302 GW in the ERE scenario. Flexible consumers have a total share of
50% to 54% in specific situations at March 2050, midday (see Table 2). In the ERE
scenario, the largest flexibility comes from power-to-gas with 20% of the total
demand. With less power-to-gas capacity in the GM scenario, smart charging
of electric vehicles with 14% and controlled heat generation with 20% have the
largest share of total demand.”

Scenario ERE GM
Date 2050-03-28, 12 pm 2050-03-07, 12 pm
Inflexible demand 138 GW 124 GW
Flexible demand 164 GW 124 GW
of which power-to-gas 60 GW 29 GW

of which storages 9 GW 9 GW

of which smart charging BEVs 50 GW 35GW

of which power-to-heat 45 GW 51 GW
Total 302 GW 248 GW
Flexibility share 54% 50%




FIGURE 42:

Installed capacity for electricity generation in Germany,
GM and ERE scenario, 2020 to 2050. Sources: (Eurostat,
2022) for 2020 values, own calculations.
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Starting from 2020, generation capacity will more than double by 2050. In this
context, we see a decrease in the capacity of thermal plants and a strong in-
crease in renewables. The generation capacities in Germany are expected to
increase the most during the last ten years of the modelled period. The de-
velopment in Figure 42 is aligned with the capacity expansion of photovoltaics,
which becomes the generation technology with the highest capacity after 2030.
The higher need for hydrogen production in 2050 in the ERE scenario is also
reflected in the noticeable generation capacity. The main differences to the GM
scenario are onshore wind and photovoltaics. In accordance with the climate
targets, the capacity of thermal plants is reduced to a minimum. This is primarily
for the security of supply and based on renewable gas. Nuclear will only be
operated in 2020.

Until 2040, both scenarios show the same development in the generation capa-
city, which increases from 340 GW to 385 GW. In 2050, the capacity in the ERE
scenario amounts to 576 GW, whereas in the GM scenario it is 498 GW.
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Electricity generation in Germany will rise dramaticallly compared to 2020. At the
same time, the share of thermal power plants decreases and in 2050 generation
from renewables meets almost all of the electricity demand. The pattern of elec-
tricity generation in both scenarios is similar to that of electricity demand and
generation capacity. From 2030 to 2040, total generation is identical in both sce-
narios, increasing slightly from 658 TWh to 672 TWh. In 2050, higher capacity in
the ERE scenario results in total generation of 959 TWh, which is 107 TWh higher
than the GM scenario. Despite the very different capacities of onshore, offshore
and photovoltaics, all contribute to generation with fairly balanced shares. Anot-
her major difference to 2020 is that Germany must increase its import steadily to
cover domestic electricity demand. This rises from 32 TWh in 2030 to 166 TWh
(ERE) and 132 TWh (GM) in 2050, respectively.
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FIGURE 43:

Annual electricity generation incl. trade in Germany,
GM and ERE scenario, 2020 to 2050. Sources: (Eurostat,
2022) for 2020 values, own calculations.
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NOTE ON DIFFERENCE GM/ERE HYDROGEN DEMAND

For a detailed analysis of the different hydrogen demands in
the GM and ERE scenarios, see European analysis in Chapter

2.3.1.

FIGURE 44:
Hydrogen demand in Germany, GM and ERE scenario,
2030 and 2050.
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Hydrogen

An extended utilisation of hydrogen in Germany is expected by 2050, as shown
in Figure 44. In 2030, in both scenarios, the total demand for hydrogen is 94
TWh, of which around two thirds comes from the transport sector, and the re-
maining third in the industry sector. In 2050, the total demand for hydrogen in-
creases to 302 TWh in the ERE scenario and 398 TWh in the GM scenario. The
difference between scenarios is due to its use in generating synthetic fuels and
gases (94 TWh hydrogen in the ERE scenario and 190 TWh in the GM scenario).
The direct use of hydrogen in the transportation sector and industry sector is an
exogenous input and independent of scenarios. We assumed 146 TWh and 62
TWh demand for hydrogen in these sectors in 2050.
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Up to 2030, the domestic demand for hydrogen in Germany is mainly covered
by SMR. Only a minor share is provided by electrolysis. A systematic change is
expected by 2050, when electrolysers will mainly be used for hydrogen produc-
tion. This domestic production amounts to 200 TWh in the ERE scenario and 82
TWh in the GM scenario. Imports play an important role in the GM scenario: a



FIGURE 45:
Hydrogen generation and import in Germany,
GM and ERE scenario, 2030 and 2050.
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FIGURE 46:

Heat supply in Germany, GM and ERE scenario,

2030 to 2050.
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total of 320 TWh are imported from outside Europe. The possibility of import-
ing non-European hydrogen enables the higher demand in this scenario. In the
ERE scenario, imports are only from European countries such as Denmark (see
Chapter 2.3.1).
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Heating sector

We also expect a high electrification rate in the heating sector due to limited
alternative options for CO2 reduction. Due to efficiency improvement in the buil-
ding sector, in both scenarios total heat supply decreases from 602 TWh in 2030
to 493 TWh in 2050, shown in Figure 46. In 2030, gas still dominates in the hea-
ting sector in Germany with 298 TWh, followed by heat pumps with 190 TWh. In
2050, gas can largely be replaced by heat pumps, which generate a total of 338
TWh in 2050. The use of biomass and resistive heaters is nearly constant over the
years, with a slight increase in the GM scenario in 2050.
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FIGURE 47:
Energy consumption in transport sector in Germany,
GM and ERE scenario, 2030 to 2050.
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Transport sector

Energy consumption in the German transport sector is expected to decline sub-
stantially by 2050. This is mainly due to the road passenger sector, with energy
demand decreasing from 271 TWh in 2030 to 128 TWh in 2050, as shown in
Figure 47. Furthermore, currently dominant ICE technology is first replaced by
PHEV, and then by BEV and FCEV. Electric vehicles account for an energy de-
mand of 115 TWh in 2050, and ICE decreases from 89 TWh in 2030 to only 5
TWh in 2050.

For other transportation purposes such as freight, liquid fuels are the main tran-
sitional technology until 2030, similar to PHEV for the road passenger sector. The
demand for liquid fuels is progressively replaced and their energy use declines
from 144 TWh in 2030 to 49 TWh in 2050. Therefore, electricity and hydrogen
become increasingly important. Their energy uses rises from 35 and 31 TWh in
2030 to 67 and 71 TWh in 2050, respectively.
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Critical Week in January 2050

In Figure 29 and Figure 30, we looked at a critical week, during which Germany
must meet up to half of its electricity demand with imports. It is worth investiga-
ting the power trade situation in the hour with the highest import, 7:00 pm on
24 January. During this hour, Germany imports from all neighbouring countries.
Furthermore, we can observe energy flows from almost all directions to central
Europe, especially to Germany. The largest import contributions are from Austria
and Switzerland, primarily with hydro storage. Denmark acts as a transit count-
ry for hydropower from Scandinavian countries to Germany. France exports to
Germany with a major contribution of battery storage and wind energy. On the
other hand, it allows a substantial transit energy flow from Spain and Great Britain
to other central European countries, particularly Germany and the Netherlands.



FIGURE 48:
Import to Germany, GM Scenario, 7:00 pm
on 24 January 2050.

Unit: GWh

2.5 REGIONALISATION OF
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The results of the ESM show that interconnection and cooperation are needed
in Europe to transport carbon neutral electricity to the future load centres from
regions that are geographically and meteorologically suitable for renewable
power generation. However, the spatial resolution of energy system models only
allows for simulations on countries or regions of equivalent size, as the comple-
xity of such models reach their computational limits. This level of detail may be
sufficient for determining national targets and guiding policies. However, it lacks
the necessary depth for resolving technological challenges such as the transport
demand in national grids.

Therefore, model results need to be further spatially disaggregated. This can be
done by integrating statistical data, which are usually available in much higher
spatial resolution. Also, market data such as power plant locations can be used
to further enrich the data set with spatial information.

The methodology and results of this disaggregation will be discussed in the fol-
lowing two subsections. This spatially enhanced data set will then be used to
conduct sophisticated technical analyses of the national and European levels.
Referring to the initial methodology of this study, the Global Markets scenario
has been chosen as the basis for the following analysis.
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2.5.1 METHOD OF
REGIONALISATION

VARIABLE RENEWABLE ENERGY (VRE)

VREs are electricity generation technologies whose primary
energy source varies over time and cannot easily be stored.
VRE sources include solar, wind, ocean, and some hydro-
power generation technologies. (National Renewable Energy
Laboratory 2015)

NUTS3

The NUTS classification (nomenclature of territorial units for
statistics) is a hierarchical system for dividing up the economic
territory of the EU and the UK for the purpose of:

the collection, development and harmonisation of European
regional statistics; socio-economic analyses of the regions;
framing of EU regional policies. (EUROSTAT, 2022)

GIS

A geographic information system (GIS) is a computer system
for capturing, storing, checking, and displaying data related
to positions on Earth'’s surface. GIS can show many kinds of
data on one map, such as streets, buildings, and vegetation.
(National Geographic 2022)
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For an adequate regionalisation of the model results, we used a twofold ap-
proach:

/ Scaling based on regional and sectoral models of higher spatial resolution
/ Adaption of existing scenario data from regulatory processes

Variable Renewable Energy (VRE) sources and new flexible demand applian-
ces play a central role in the future energy system. Their temporal and regional
profiles have a significant impact on electricity transportation needs. We used
the models and data from two projects conducted by the Forschungsstelle fir
Energiewirtschaft e. V. (FIE), "eXtremOS" (FfE 2021) and “Versorgungssicherheit
2021" (not publicly available).

The spatial distribution of the following model data is calculated using the mo-
dels and data from the projects mentioned above: onshore and offshore wind
generators, solar rooftop and utility panels, conventional electricity load, load of
new electricity appliances in the industry sector, electricity demand of transpor-
tation, grid losses, electric heating technologies such as heat pumps and resisti-
ve heaters, and the consumption and generation of battery storages.

While the model consortium of these projects can enhance spatial and tempo-
ral aspects of the ESM results, only the information on spatial distribution has
been used here. Based on data availability and level of detail, we have chosen
to use NUTS3 regions as the target spatial resolution. These regional clusters
are defined for all European nations and roughly correspond to municipalities,
provinces, or districts.

As an illustration of the method, the example of onshore wind generators is gi-
ven below. First, a GIS based analysis was conducted to identify suitable loca-
tions with expansion potential. Nature reserves, settlements, infrastructure, and
regional buffer zones were excluded. Then, wind farm models were used to clas-
sify suitable areas. Typical technical characteristics of wind powered generators
such as the type of turbine, its dispatch characteristics, and the height of the
system were considered. Also, additional weather data from European weather
models were used. With this information, a hypothetical wind power generation
capacity was calculated per region. Regions with especially low electricity yields
were then excluded in case of insufficient profitability. For the regionalisation of
the model results, a distinction between existing and invested plants must be
made. Using publicly available data such as existing locations and wind turbine
specifications, we allocated existing plants to the previously quantified potential
areas. Next, we added the additional investment proposed by the model. For
a more realistic result, we calculated the expansion considering two indicators:
"existing plants” and “"generation potential” in each region. A ratio between the-
se expansion indicators was defined over the 10-year steps of the ESM. For the
year 2030, we assumed 50% of the newly built plants to scale with the existing
capacity per area (disregarding other technical characteristics). The remaining
new plants were then distributed based on the potential electricity yield. This
approach ensures a more realistic expansion, which is not only driven by the
hypothetical electricity yield of an area.

A similar approach was used for the other technologies, both VRE sources and
demand side technologies. In each case, specialised models were used toge-
ther with statistical and meteorological data of high spatial resolution. The results
were then used to downscale the ESM results to the NUTS3 regional resolution.
While this approach would also allow for spatially diverse generation profiles,
only the regional information was used. This is due to further technical restricti-
ons. The creation of regional differences in the generation profiles would inevita-
bly lead to deviations in the overall generation profile, which then would deviate
from the model results. For the further analysis of grid stability, a 100% consistent
model result is necessary. This cannot be achieved with reshaped generation
and load profiles.



ELECTROLYSER

An electrolyser is a system that uses electricity to break water
into hydrogen and oxygen in a process called electrolysis.
Through electrolysis, the electrolyser system creates hydro-
gen gas. The oxygen that's left over is released into the
atmosphere or can be captured or stored to supply other
industrial processes or even medical gases in some cases.
(Cummins 2020)

SYNTHETIC NATURAL GAS (SNG)

SNG describes a variety of natural gas alternatives that are
as close as possible in composition and properties to natural
gas. SNG can be derived from coal, (waste) biomass or syn-
thesized using renewable energy. (MAN-ES 2022)

2.5.2 RESULTS FOR
REGIONALISED EUROPE

FIGURE 49:
Total yearly electricity demand for EU27, GM scenario,
2020 to 2050.
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For conventional technologies, or technologies that can be built on old conven-
tional sites, we used a different approach. The technologies we included were
coal, lignite, natural gas and biomass power plants, pumped hydro storages, run
of river plants and hydro reservoirs. We used internal data from the German Grid
Development Plan 2021, scenario B2040 (German TSOs 2022), which forecasts
the central European grid topology in the year 2040 including its power plant
sites. On this basis, we manually adapted the grid topology to the system confi-
guration of the ESM results.

Finally, power-to-gas appliances were regionalised. We distinguished between
hydrogen production via electrolysers and synthetic natural gas (SNG) produc-
tion. We further assume that hydrogen production will be predominant in re-
gions with high surplus renewable generation. The electrolyser expansion data
from the model results is therefore scaled according to the amount of surplus
renewable generation of each NUTS3 region. A different approach was used for
the synthesis of SNG. The underlying process needs a source of carbon. Because
we assume syngas will be exclusively green in 2050, we allocated the SNG sites
near biomass plants, which can provide green carbon.

This chapter will present selected insights into the Global Markets scenario in
the year 2050, which highlight the regional aspects of our vision. As described
in the previous section, all results are calculated and visualised on NUTS3 level.

TOTAL ELECTRICITY DEMAND

Administrative Boundaries: Europe: © OpenStreetMap Contributors | Germany: © GeoBasis-DE / BKG 2017 | Generalization: FfE eV.
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FIGURE 50:
Yearly electricity demand of power-to-gas facilities, GM
scenario, 2050.
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One of the key results of the regionalisation process is the regional distribution
of the total (yearly) electricity demand shown in Figure 49. The ESM estimates
that sector coupling technologies will play a dominant role in the energy system,
which not only leads to a higher overall electricity demand, but also changes its
regional profile. In 2020, we can clearly identify the capitals of Europe as well as
some additional regions with high industry density. Over the decades, existing
hotspots remain, but new high-density areas develop as well. This can be ob-
served at locations near the sea, where abundant offshore wind energy is avai-
lable. Some notable regions are northern England, Scotland, northern France,
Denmark, northern Germany, and northern Poland. These new high-density load
centres resulted from an integrated planning of the energy system. Our future
energy system relies heavily on power-to-gas commodities like hydrogen. To re-
duce the load in the heavily utilised electricity grid and to use existing infrastruc-
tures for gas or other fuels, it is advisable to produce these products in regions
where local electricity is readily available and transport them in their gaseous or
fluid forms. Accordingly, conversion infrastructure is allocated to regions with a
large surplus of renewable energy. Offshore wind farms are the main drivers for
these regions, which serve as the main landing points for the power generated
offshore. The regional distribution of power-to-gas facilities is shown in Figure
50. We can clearly identify the correlation between newly formed high-density
load centres and the demand of power-to-gas facilities.
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FIGURE 51:
Yearly electricity demand of power-to-heat (left) and
power-to-mobility (right), GM scenario, 2050.

PtH ELECTRICITY DEMAND
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In addition to the newly formed high-density load centres, numerous low-density
areas increase their demand. These are found in France, Spain, Poland, Czech
Republic, and Greece. This effect is also driven by power-to-gas appliances. In
contrast to the high-density areas, the newly formed medium-density demand
areas depend more on mainland VRE such as solar and onshore wind plants,
which are more widely distributed throughout these countries.

While power-to-gas plants have the greatest effect, power consumption is also
driven by the remaining sectors, mobility and heating. Figure 51 shows the effect
of those sectors. Both sectors have a similar regional profile. Big cities are visible
as medium to high-density areas and rural regions have a slightly increased de-
mand for power.
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From the perspective of power delivery, distances between generation and load
are crucial. Because our vision of the future incorporates a significant number
of VRE sources, focussing on installed capacities alone is not sufficient. As the
time of day and weather conditions determine the availability of generation, it
is more useful to study single situations of high system stress (in terms of power
transport).
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FIGURE 52:
High solar generation (left) and high wind generation (right),
GM scenario, 2050.

PV GENERATION AT
«High PV & Low Wind"
25.07.2050 13:00
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Figure 52 shows the broad profile of regional differences. The map on the left
depicts an hour with very high solar power generation, which is combined with
rather low wind generation. Solar power is a vital component of the power
system. In terms of regional distribution, we note that although solar power
is present all over Europe, generation capacity varies greatly within countries.
This is especially true for Germany and to some extent for France, Italy, Spain,
and Austria.
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The map on the right in Figure 52 shows the opposite pattern: wind power ge-
neration is high and solar low. In contrast to the solar profile, areas of wind ge-
neration are highly clustered around offshore generation sites in the North Sea
and in the coastal regions of Poland, Germany, Denmark, the Netherlands, and
North-East France. This inevitably leads to additional international differences.
While Figure 52 shows only the extreme values of this meteorologically driven
phenomenon, similar profiles are likely to occur on multiple occasions per year.
Our model results show that system stress is faced with demand flexibility and
grid expansion. These two situations illustrate how differently wind and PV are
distributed in Europe, thus demonstrating the benefits of planning an intercon-
nected Europe.

Highlighting the extent of system stress, Figure 53 shows the development of the
residual load over the course of the years. Today, the residual load is mostly posi-
tive, as the power system still consists of a combination of VRE and conventional
plants. Led by the decreasing carbon budget, northern and southern regions
of Europe switch from positive to negative residual load, which is clearly visible
in 2030 and later. While a positive residual load indicates that additional power
generation is needed, a negative residual load indicates that surplus energy is
available. This energy must be either stored (temporal flexibility) or transported
to a region with demand (spatial flexibility).



FIGURE 53:
Development of the residual load in EU27, GM scenario, 2020
to 2050.
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To depict the residual load, we transferred the generation of offshore wind farms
to their corresponding feed-in points on land. Hence, regions with surplus ener-
gy at the northern coasts obtain the wind power from offshore plants, as well
as onshore plants. Between 2030 and 2050, VRE expands from northern and
southern regions towards central parts of Europe. This is due to the potential dif-
ferences. Roughly, we can assume high solar potentials in the south, decreasing
further towards the north, and vice versa for wind. This pattern does not apply to
rooftop solar panels, which form high-density solar generation in big cities, as
the number of roofs is high and the distances to the loads are short.

While some countries such as Spain and Italy seem to have a balance of regi-
ons with positive and negative residual load in 2050, other countries such as
Denmark, the Netherlands and France have mostly negative residual loads. Like
the stress highlighted in Figure 52, the distribution of the residual load indicates
the need for a robust transport grid. Imbalances inside a country can be mana-
ged with storages, demand flexibility and the transport grid, while imbalances
on international levels can only be managed with an effective, interconnected
transport grid in Europe.
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FIGURE 54:
VRE generation (left) and electricity demand (right)
during low VRE phase, GM scenario, 2050.
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In terms of absolute numbers, we can clearly identify a significant rise in demand
and transportation needs all over Europe. The issues we currently face such as
the growing need for congestion management are only a fraction of the challen-
ges that are still ahead of us. The changes in 2020 to 2030 and beyond indicate
that we need to increase our rate of adaption.

Our analyses focussed on the stress induced by the regional differences of VRE
sources. Nevertheless, we should also emphasise the challenges of the availabi-
lity of VRE. Critical situations, like a cold day with high heating demand but low
wind and solar generation, put the system under extreme pressure. Figure 54
shows the system reaction to such a weather situation in the year 2050.

TOTAL ELECTRICITY DEMAND AT
+Dark Doldrums”
17.11.2050 03:00

.y
. 4
et
kW/km?
S S L S © S

Administrative Boundaries: Europe: © OpenStreetMap Contributors | Germany: © GeoBasis-DE / BKG 2017 | Generalization: FfE eV,

The generation from VRE sources is pictured on the left map. This situation oc-
curs in the winter, very early in the morning, in the hours before sunrise. Those
are the typical hours when battery electric vehicles are charging, and heating sys-
tems are active. Also, some industry processes and power-to-gas plants would
normally run overnight. However, the map on the right in Figure 54 shows that
the demand is relatively low. There are still some hotspots in densely populated
areas, but the system proves to be flexible enough.

In contrast to the very low VRE generation status, there is a point during the year
when maximum VRE generation occurs over all regions. Then, not even neig-
hbouring countries are available for the “disposal” of surplus energy. Again, the
flexibility of the demand side is the key to stability, as shown in Figure 55.



FIGURE 55:
VRE generation (left) and electricity demand (right) during
high VRE phase, GM scenario, 2050.
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Power generation from wind and solar plants is simultaneously available over all
European regions (left). The regional pattern roughly matches the electricity de-
mand, pictured on the right. This demonstrates that despite the integrated plan-
ning approach, where the expansion of power-to-gas plants is completely driven
by grid compatibility, increased power still needs to be transported throughout
Europe to reach units with flexible demand.

In summary, the Global Markets scenario pictures a European continent where
topological and meteorological synergies connect via sector coupling and inter-
national cooperation in the form of market coupling. The challenges are visible
on two dimensions: intranational flexibility and international trade. The drivers
are clearly the spatial distribution of VRE potentials and the additional demand
resulting from sector coupling. Except for power-to-gas plants, these generation
potentials and electricity demands remain bound to their geographical location.
From the perspective of the energy system, temporal flexibility must be provided
through storages and demand flexibility of all interconnected sectors, coupled
with an effective power grid, which serves as a backbone. To stay cost efficient,
grid friendly expansion of new loads must be considered. Also, if feasible, ener-
gy transport via other energy carriers should be used intensively.
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3.1 GRID UTILISATION &
DEVELOPMENT

3.1.1 METHODOLOGY FOR
THE DEVELOPMENT OF THE
ELECTRICAL GRID 2050

PLANNING PRINCIPLES OF GERMAN TSOs

Initially published by the four TSOs in 2012, this publication is
continuously updated to align with framework conditions for
network planning. Technical and economic principles of grid
expansion planning are described to transparently present
the underlying methodology and needs.

FIGURE 56:
Steps of the development of the target grid 2050.

Energy Regio-
system nalisation
model of results

Scenario and

framework conditions
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As several national und European legislative packages have shown, political de-
cision-makers are determined to achieve a carbon-neutral energy system as soon
as possible. The energy transition comes with profound changes in the genera-
tion structure in the electricity sector, thus creating new and challenging tasks for
the transmission grid. While a speedy implementation is welcomed, adapting
the infrastructure to the new demands takes time. Therefore, it is important to
quickly determine a transmission grid to meet the expected needs. This is what
we will discuss in the following chapters, based on the Global Markets scenario
described in Chapter 2.3.1.

We will carry out grid analyses for the year 2050 and evaluate the utilisation of
the extra-high voltage grid based on outage simulations. First, Chapter 3.1.1
introduces the methodology used. Then, we present the initial situation in the
European transmission grid without additional grid extension measures in 3.1.2.
In 3.1.3 we focus on the initial grid utilisation in Germany. Next, we explain how
congestions can already be reduced by optimising power flows (3.1.4). Final-
ly, Chapters 3.1.5 and 3.1.6 present the necessary measures developed in the
HVDC and HVAC transmission grid to solve overloads. Together, these measures
result in the target grid presented in Chapter 3.1.7. This is the transmission grid
envisioned by TransnetBW for 2050.

According to the planning principles of the four German transmission system
operators, the (n-1) criteria must be observed when planning the extra-high vol-
tage grid (German TSOs, 2020). If the utilisation of the grid equipment exceeds
100%, this is reported as a grid congestion or overload.

Figure 56 shows the steps from the definition of the framework conditions to the
definition of necessary grid expansion measures for the 2050 grid. In the follo-
wing, the iterative procedure is described in detail.

Predicted grid utilisation
and congestions in the grid

Evaluation
and review

Grid [terative
analysis procedure

Load flow
simulation
with optimisation
of HVDC and PST N

Target grid

2050

Definition of HYDC and
HVAC measures
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WEATHER-DEPENDENT DYNAMIC LINE RATING (DLR)
The transmission capacity of the power grid varies depending
on the season and weather. With colder temperatures and
cooling by wind, more power can be transmitted than on

hot summer days. With the help of weather dependent DLR,
it is possible to increase the load of the electrical grid signi-
ficantly. Using live measurement data, the maximum power
flows acceptable under the current weather conditions can
be calculated precisely, so that the sag of the conductor lines
remains within the technical specifications.

PHASE-SHIFTING TRANSFORMER (PST)

Grid equipment which is a specific form of a transformer. The
phase-shifting transformer enables control of power flows in
the alternating current grid.

HIGH VOLTAGE DIRECT CURRENT (HVDC)

In contrast with the more common alternating current (AC)
systems, HVDC transmission links use direct current (DC) for
the transmission of electrical power.

HIGH-TEMPERATURE CONDUCTOR (HT/HTL)

Line conductor that, due to the materials used, can function at
a higher operating temperature than traditional aluminium/
steel conductors (> 80°C). HT conductors offer a higher

current capacity with comparable cross section and geometry.

These are available as thermal resistant aluminium (TAL)
conductors with a maximum operating temperature of up to
150°C.
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Based on the energy system optimisation for 2050 (see Chapter 2.3) and the
regionalisation of the results for the electricity supply system (see Chapter 2.5),
the grid analysis simulates the hourly load of the extra-high voltage grid and
identifies grid congestions. The next step is to define grid construction measu-
res to eliminate congestions and validate their effectiveness. The aim is to fulfil
the transmission function, while meeting the requirements of the power supply
system in 2050. The result of the proposed portfolio of measures is the plan for
the 2050 grid. To define the measures, the NOVA principle, which is also va-
lid in other planning processes like the German NEP, is applied. This procedure
minimises the impact on the public and the environment by evaluating if grid
congestions can also be solved by optimising or enhancing the grid instead of
building new lines.

For grid optimisation, weather-dependent dynamic line rating (DLR) is gene-
rally applied. This method is also used for planning in the German NEP. Active
elements for power flow control in the transmission grid, such as phase-shifting
transformers (PST) or controllable high voltage direct current (HVDC) transmis-
sion links, are used for further optimisation. The possibility of higher utilisation
of individual circuits in (n-1) cases with up to 4,000 A is also being examined on
a case-by-case basis.

For grid enhancement, existing grid elements are replaced by more powerful
components. Transmission capacity can thus be increased, for example, by using
high-temperature conductors (HT/HTLS conductors) or by installing new circuits
on existing routes.

If these measures do not relieve congestions, as the final step the grid can be
expanded. For this purpose, new lines, new substations or HVDC transmission
links for long-distance transmission can be planned.

In our grid analysis, we focussed on the TransnetBW transmission grid and desig-
ned countermeasures to cope with overloads on these circuits. However, since
our grid is in the heart of Europe, it connects regions of high wind or PV ge-
neration and the Alpine hydro-storages. Furthermore, Baden-Wiirttemberg will
be strongly dependent on imports. Hence, further long-distance transmission
links are evaluated and planned, which necessarily include possible connecting
points outside Baden-Wiirttemberg.

This is also the case for interconnectors from Baden-Wirttemberg to neighbou-
ring countries. For interconnectors to other German TSO or between other Eu-
ropean countries, no additional measures are implemented beyond the ones
described in 3.1.2. The grid development process is based on the results of the
energy system model including congestions in the grid. However, it does not ne-
cessarily implement the additional transmission capacity identified by the ener-
gy system model into certain measures in the grid (see Figure 25).

Overloads of transformers within the transmission grid or to the distribution grid
are out of the scope of this study. Therefore, countermeasures are not proposed
here, and these overloads are not considered in the OLE calculation. This is also
the case for possible topological restrictions due to an insufficient short-circuit
resistance at substations. For investigations into these issues and the develop-
ment of necessary measures, further studies with detailed regional concepts will
be needed.



3.1.2 ANALYSIS OF THE
INITIAL SITUATION

REFERENCE GRID
The reference grid is the assumed expansion status of the
electricity grid as the starting point for the grid calculations.

MULTI-TERMINAL-HVDC

Today's HVDC-links are mainly designed as point-to-point
connections. This is due to the technical challenge of
switching off direct current, which is a substantially needed
development for fully meshed DC-grids. Multi-terminal links
represent an intermediate state with very few, but more than
two directly connected converters.

ENERGY SYSTEM 2050 - Towards a decarbonised Europe
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Reference Grid

The starting point of our grid analysis is the preparation of a reference grid, which
represents the initial situation for the extra-high voltage grid in 2050. It is derived
from the dataset used by the four German TSOs in the German NEP 2021. Hence,
it includes several additional measures beyond the existing transmission grid.

/ The reference for the German grid includes all measures that are being imple-
mented as well as those recently confirmed by the national regulatory authori-
ty (NRA) in the current German NEP 2021 (Bundesnetzagentur fur Elektrizitat,
Gas, Telekommunikation, Post und Eisenbahnen, 2022).

/' The European grid is based on the TYNDP 2020 (ENTSO-E, 2021). It includes
all projects with a status that is more advanced than “under consideration”,
unless not confirmed by the German NRA (based on a cost-benefit-analysis
according to the German NEP). Additionally, for relevant foreign areas ad-
jacent to the German TSOs grids (observability area), information about the
development until 2035 was exchanged with these TSOs within the German
NEP process.

/ All congestions within substations that limit the connected circuit’s full trans-
mission capacity were assumed to be relieved throughout the German trans-
mission grid by 2050, hence enabling currents up to 3,600 A.

HVDC Reference Grid

The transport of electricity with high voltages is possible at low cost using three-
phase current (AC) technology. This technology is particularly relevantin regions
where there are many substations to supply the distribution grid, or where regio-
nally generated electricity is integrated.

For long distance transmission, HVDC technology offers many advantages
compared to AC technology. It has lower grid losses than transmission with
three-phase current. In addition, HVDC converter stations offer additional flexi-
bility for the electricity grid. Power flows can be controlled in a targeted manner
by adjusting the HVDC converter station. This enables higher system security
and stability. HVDC transmission lines can also be constructed underground
using cable technology without the need for large compensation systems. The
disadvantage of HVDC transmission links is the comparatively high cost. This
is due to the necessary converter stations that connect the HVDC transmission
lines to the AC grid. For this reason, the technology’s economic advantage of
low grid losses only takes effect in the overall costing when bridging long dis-
tances. For Germany, this means the north-south links, which connect power
generation areas in the north that have a surplus of electricity with load centres
in the south.

HVDC transmission links can also be used to transport power from south to
north when there is high solar radiation and little wind. These links thus play a
major role in the planning of the TransnetBW transmission grid. They allow Ba-
den-Wirttemberg to be connected to distant power generation centres, making
them essential for the security of supply of the TransnetBW control area.

The German HVDC reference grid consists of ten connections within four corri-
dors in a north-south-direction. Three connections end in Baden-Wirttemberg
or close to it, three in Bavaria, three in North-Rhine-Westphalia, and one in Meck-
lenburg-Vorpommern. Some of them are designed as multi-terminal HVDC-
links, which adds flexibility through intermediate stations. As per law, all but one
will be realised as underground cable. Usually, the connections have a rating of
2 GW, and the use of 525 kV HVDC cable technology is planned. Furthermore,
several HVDC onshore and offshore interconnectors are planned or already in
operation. These are also part of the reference grid but not shown in Figure 57.
The connections shown illustrate the reference grid, but do not represent the
planned routes.
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OVERLOAD ENERGY To evaluate grid capacity, non-transportable energy (overload energy (OLE)) is
The overload energy is calculated for each individual circuit determined in the (n-1) case. A circuit with a high value of OLE is often overloa-
from the sum of the hourly power that cannot be transmitted ded | Ci . h | f | loaded h |

in the (n-1) case due to an overload. ed to a large extent. Circuits that are less frequently overloaded have a lower

value. Figure 58 shows the circuits in the reference grid with their respective
overload energy in the year under review. HYDC connections are not shown, as
these do not register any overloads due to their controllability.

FIGURE 58:
Overload energy (non-transportable energy) in (n-1) case in
the reference grid, GM scenario, 2050.

Overload energy, GWh
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FIGURE 59:

Standardised overload energy for selected countries, GM

scenario, 2050.
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The figure provides an overview of critical overloaded sections or regions in the
transmission grid. As the figure shows, the grid infrastructure planned in the re-
ference grid is not sufficient to meet the large transmission requirements of the
scenario for 2050 in any country. ltaly, for example, has substantial congestions
due to high energy flows between the northern and southern part of the country.
In France, there are major congestions from the southwest towards the northeast.
These are due to the high PV feed-ins (see Chapter 2.5).

To compare the dimension of overload in the national transmission grids, we
standardised OLE values by dividing them by the total length of the correspon-
ding extra-high voltage transmission grid (Figure 59). Since the national trans-
mission grids are modelled in less detail when further away from Germany, only
selected countries are shown. It is important to note, however, that OLE is sen-
sitive to the specific grid structure (such as average circuit length) so this only
provides a rough comparison.

To use a common data base, the grid data are derived from the ENTSO-E facts-
heet 2018 (ENTSO-E, 2019). Hence, grid projects that were put into operation
since then and projects planned until 2050 are not included. Nevertheless, the
figure suggests the additional transmission demand in the scenario under con-
sideration.
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As Figure 59 shows, the standardised OLE differs significantly between the
countries. While the absolute OLE is highest in countries with a long transmis-
sion grid, like Germany, France and ltaly, the standardised OLE paints a different
picture. Especially the wind dominated North Sea coastal countries such as Bel-
gium, Denmark or the Netherlands are faced with high relative grid congestions.
This is also the case for PV-dominated countries such as Slovenia and Slovakia,
which are faced with transits due to their location between central Europe and
PV-dominated Eastern Europe and the Balkan countries. ltaly, as a PV-dominated
and partly importing country, also has very high OLE values. Here, a significant-
ly higher transport between the load centres in the south and northern ltaly is
expected. Also, it can be seen in Figure 58 that even in countries with a lower
average standardised OLE there are routes that need substantial reinforcements.
For example, the axis in an east-west direction in Austria, or the north-south di-
rection to Spain in France are such routes. The high variability and geographical
distribution of renewable power generation plants and consumers lead to large-
scale overloads in all countries.

75



ENERGY SYSTEM 2050 - Towards a decarbonised Europe
3.0 GRID DEVELOPMENT

3.1.3 GRID UTILISATION IN
GERMANY

FIGURE 60:

Renewable generation and demand for electricity in
different regions in Germany (annual quantities), GM
scenario, 2050.

Wind energy offshore
Wind energy onshore
Photovoltaics

Electricity demand incl. PtG
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This is also the case for Germany. Firstly, although the standardised OLE is in the
middle range, it indicates a significant need for grid enhancements. Secondly, it
must be considered that the German reference grid includes all measures iden-
tified in the last German NEP 2021 (2035).

Figure 60 provides a closer look at the drivers for additional transmission de-
mand in Germany until 2050. It shows the electricity demand and generation

from renewable energy sources (wind and photovoltaics) in regions in Germany
for the year 2050.
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Figure 60 illustrates that, due to the high potential for the expansion of wind
energy in the North Sea, the feed-in considerably exceeds the regional de-
mand, especially in Lower Saxony and Schleswig-Holstein. These regions are
particularly suitable for the localisation of electrolysers to store the surplus re-
newable energy and thus reduce the need for grid extension (see Chapter 2.5).
The demand shown in Figure 60 includes the demand of power-to-X facilities.



TABLE 3:
Strong wind and high load situation with north-south
transit flows, GM scenario, January 2050 evening.

PMAX
Maximum power generation or demand for electricity

in 2050 - to be distinguished from installed capacity.

FREQUENCY OF THE STRONG WIND AND HIGH LOAD
SITUATION

In more than 450 hours of the year 2050, mainly in the winter
months, similar strong wind and high load situations will
oceur, resulting in corresponding extreme situations for the
transmission grid.
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In contrast, the west of Germany and the southern states of Bavaria and Baden-
Wirttemberg have a large electricity deficit. This results in a very large trans-
mission requirement from northwest to west and south Germany, which leads
to widespread critical overloads in the electricity grid. Moreover, the electrici-
ty deficit varies significantly over time. The large installed capacity of 300 GW
photovoltaics in Germany also results in a renewable surplus in the south, but
only in sunny daytime hours. For this reason, a few power-to-X facilities are also
located in the south, and power flows from south to north or west can also result
in overloading of the transmission grid.

These explanations are not only applicable to overloads in the German trans-
mission grid, but also to those in other countries with large coastal areas and
remote load centres, such as France. As shown in Figure 58, it is not possible to
transport and distribute electricity from renewable energies in Germany without
reinforcing the transmission grid.

Evaluation of selected power flow situations

To gain a better understanding of the utilisation of the German transmission grid
and develop appropriate countermeasures, we evaluated the effects of charac-
teristic power demand and power generation situations on grid utilisation. Cri-
tical situations were identified based on a comparison of electricity generation
from renewable energies, electricity demand and cross border power exchanges
in Germany. The following results are the maximum utilisation of power circuits
inthe (n-1) case.

Situation 1: Strong wind and high load situation with north-south transit flows
in January 2050, in the evening

Key figures Power P/Pyax
DE offshore wind, feed-in 58.0 GW 100%
DE onshore wind, feed-in 106.7 GW 98%
DE photovoltaics, feed-in 0.0 GW 0%
DE electricity demand 172.4 GW 71%

In this situation, the feed-in from offshore wind power plants in the coastal re-
gions of Poland, Germany, Denmark, the Netherlands, and north-east France
reaches the maximum values. In Germany, the maximum power generated by
offshore wind energy, amounting to 58.0 GW, is reached. At the same time, the
combination of high electricity demand and extremely low regional electricity
generation by photovoltaics leads to an extreme shortfall of electricity in sout-
hern countries such as Spain and ltaly. Hence, there is a strong need for trans-
porting surplus energy in the north-south direction.

The resulting utilisation of the German transmission grid in the (n-1) case can be
seen in Figure 61.
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FIGURE 61:
Utilisation of the extra-high voltage grid in (n-1) case in the
reference grid in the strong wind and high load situation with

north-south transit flows, GM scenario, January 2050 evening.
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TRANSIT FLOW

Transit flows are the transmission of electricity through a
dedicated grid area. Transits are the balance of imports and
exports of this grid area.
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DE north-south power flow
51 GW

As shown in Figure 61, the high transport demand causes congestion on circuits
in a north-south direction. In addition to the internal power flows from the con-
nection points of offshore wind to the load centres in the west and south of Ger-
many, there are significant imports on the northern borders of Germany. Here,
Germany imports 35.5 GW in total. Over 0% of this is provided by neighbouring
coastal countries: Denmark, the Netherlands, Poland, and Great Britain. As elec-
tricity generation and total demand in Germany are well balanced, the 35 GW
is transported further to Austria, Switzerland, France, and the Czech Republic,
resulting in the strong north-south transit flows throughout the German trans-
mission grid.

Looking at the utilisation of the German transmission grid, these transit flows can
be clearly identified. The maximum import from the Netherlands and Denmark,
combined with the large export to Switzerland and the Czech Republic, causes
140% overload of the interconnectors on the respective borders. The planned
German internal HVDC transmission lines are used to capacity with 20.4 GW.
Nevertheless, in this situation the transmission grid lacks sufficient transport ca-
pacity, so the north-south and north-west AC transmission lines are overloaded.

Situation 2: Sunny high load situation with south-north transit flow in July 2050,
midday

On the other hand, the expansion of generation capacities of photovoltaics in
the southern areas of Europe increases the power flows in the opposite direction
- from south to north. Especially in the sunny hours with little wind in the north,
regional congestions in the transmission grid may occur.



TABLE 4:
Sunny high load situation with south-north transit flow, GM
scenario, July 2050 midday.

FREQUENCY OF THE SUNNY HIGH LOAD SITUATION
The selected situation is representative for more than 300
hours of the year 2050.

FIGURE 62:

Utilisation of the extra-high voltage grid in (n-1) case in the re-
ference grid in the sunny high load situation with south-north
transit flow, GM scenario, July 2050 midday.
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Key figures Power P/P iy
DE offshore wind, feed-in 8.3 GW 14%
DE onshore wind, feed-in 2.6 GW 2%
DE photovoltaics, feed-in 156.3 GW 88%
DE electricity demand 178.4 GW 74%

In the considered situation, due to the high level of solar radiation, the total ge-
neration in France, ltaly, Austria and in the Balkan region exceeds the total de-
mand for electricity. This coincides with a deficit of electricity in the Netherlands,
Germany, Poland and the Scandinavian countries because of high demand and
low wind power generation. Looking at the frequency of this situation during the
year, we can see that this characteristic power demand and power generation
pattern also occurs in spring and autumn, not only in summer.

As a result, in this situation Germany imports a total 42.6 GW of power from
France, Switzerland, Austria, and the Czech Republic. 31.4 GW are transit flows
through Germany to the northern borders. The congestions that results can be
seen in Figure 62 below.

DE south-north power flow
39 GW

Compared to the high wind situation, line utilisation in the southern states of Ba-
varia and Baden-Wirttemberg is more critical in the low wind situation. The AC
lines from the southern borders towards load centres in North Rhine Westphalia,
Hesse and Rhineland Palatinate are extremely overloaded. In the northern part of
Germany, only single overloaded AC circuits occur. Also in this case, a major role
is played by the planned internal HVDC transmission links, which overlay the AC
transmission grid to relieve widespread congestions.
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TABLE 5:
Low RES generation with west-east transit flow, GM scenario,
July 2050 morning.

FREQUENCY OF WEST-EAST OR EAST-WEST TRANSIT
FLOW SITUATIONS

The situation with low RES generation and transit flows in the
west-east or east-west transit flows is representative for more
than 400 hours of the year 2050.

FIGURE 63:

Utilisation of the extra-high voltage grid in (n-1) case in the
reference grid in the low RES generation with west-east transit
flow, GM scenario, July 2050 morning.

Utilisation in (n-1) case in %
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Situation 3:
Low RES generation with west-east transit flow in July 2050, early morning

The following is an overview of changes in the direction of power flows across
Europe when there is no extreme generation from wind power plants or photo-

voltaics.

Key figures Power P/Pyay
DE offshore wind, feed-in 23.9 GW 41%

DE onshore wind, feed-in 22.1 GW 20%

DE photovoltaics, feed-in 24.8 GW 14%

DE electricity demand 101.3 GW 42%

Due to low feed-in from onshore wind power plants and photovoltaics, Germany
and some eastern countries such as Poland are highly dependent on imports
from other countries. The electricity deficit in Germany amounts to 28.4 GW. In
this situation the main electricity suppliers are France, Netherlands, Belgium, and
Denmark, with over 60 GW generated power from offshore wind power plants.
The resulting transport demand in the west-east direction leads to high imports
on Germany's western borders and transit flows of 17.6 GW towards Poland. The
(n-1)-utilisation of the German transmission grid is shown in Figure 63.

20GW

DE west-east power flow



3.1.4 GRID OPTIMISATION

FIGURE 64:
Locations of Phase Shifting Transformers included
in the study.
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The line utilisation in the German transmission grid is much less critical in this
situation compared to the above situations of high north-south transit flows. As a
result of the high cross-border flows, the main critical congestions occur on the
lines connecting Germany with the Netherlands, France, Denmark, and Poland.
Regarding the interconnectors, this situation shows that the exchange capaci-
ties on the German borders in the reference grid are not sufficient for the cross-
border exchanges expected in 2050. Since the potential for further AC reinforce-
ments in the existing routes is limited, new cross-border transmission corridors
must be evaluated.

It is important to stress that there are a wide variety of other critical situations du-
ring the year, resulting in major overloads in the transmission grid. These could
not be clearly assigned to one of the described power demand and generation
patterns, which only represent a small selection. The analysis of each characteris-
tic situation is crucial for developing appropriate counter-measures on specific
transmission lines to reduce grid congestions.

For grid optimisation, several measures were applied as follows:

/ Weather-dependent dynamic line rating (DLR): DLR is a method that is also
used for planning in the German NEP, further described in the planning prin-
ciples of the four German TSOs. It is generally applied on the circuits of the
German transmission grid, allowing utilisation of up to 150% of the rated cur-
rent. Generally, within the control area of TransnetBW, the maximum allowed
current is limited to 3,600 A to account for voltage stability problems (see
Chapter 3.2.2).

/ The possibility of higher utilisation of individual circuits in (n-1) cases with up
to 4,000 A'is also being examined on a case-by-case basis.

/ Active elements for power flow control in the transmission grid, such as phase-
shifting transformers (PST) or controllable HVDC transmission links, provide
further optimisation.

While hourly DLR has already been implemented in the planning processes, its
implementation in the grid operational processes is much more complex. There-
fore, it has not yet been used for interconnectors, neither in planning nor in ope-
rational processes. Since DLR is an effective means of relieving grid congestions,
we assumed this optimisation measure to be in operation in 2050, not only within
the German grid but also on the interconnectors from Baden-Wirttemberg to
Austria, France, and Switzerland.
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FIGURE 65:

Overload energy in the German transmission grid
after optimising power-flows, German NEP 2021 and
GM scenario.

3.1.5 HVDC MEASURES FOR
2050

EXTRUDED CABLE
In contrast to longer established MI (mass impregnated) ca-
bles, the younger technology of extruded cables offers lower

weight, higher current carrying capabilities and lower environ-

mental impact, thus making it the preferred technology for

underground transmission. It is the most frequently used tech-

nology for HVAC and HVDC underground cables in recent
transmission links and further development towards higher
transmission capabilities and reliability can be expected.
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The OLE calculation can also depict the degree of overload in national transmis-
sion grids, for example by comparing total OLE to the corresponding value in the
national development plan. Doing so for Germany, we see an immense increase
from 19 TWh (confirmed grid in the German NEP 2021) to 785 TWh (reference
grid 2050) (see Figure 65). This grid shows heavy overloads when confronted
with the scenario for 2050 - highlighting the need for comprehensive grid exten-
sions. The length of the German extra-high voltage AC-reference grid is approxi-
mately 36,000 km, of which around 55% shows unacceptable grid congestions,
particularly in the north-south direction.

Figure 64 shows all PST that are used to control the power flows within the Ger-
man grid on interconnectors and to reduce loop flows through neighbouring
countries. Together with the controllable HVDC links of the reference grid they
supply a huge potential of shifting power flows from overloaded circuits to re-
duce congestions. If applied to the congestions in the reference grid, OLE is
reduced by around 25% without additional grid extension (Figure 65). However,
this approach is only reasonable if there are circuits situated nearby with free
capacity. Another disadvantage in the long run is that this shift means a detour
for the power flow, resulting in higher grid losses.

OVERLOAD ENERGY IN TWH

German NEP 2021 (2035)
confirmed grid

reference grid (2050)

Reference grid (2050)
optimised

o

100 200 300 400 500 600 700 800

The aim of the grid analysis is to develop long-term grid concepts to reduce grid
congestions efficiently and economically, which are expected because of chan-
ges in the energy system. In the future, the energy supply in Baden-Wiirttemberg
will increasingly depend on imports from other German states, as well as from
other European countries. Located in Europe’s centre, Baden-Wiirttemberg is in
a strategic position to ensure security of supply by linking itself to regions of
high wind as well as high solar potential and the Alpine region. Power flows not
only transit other states and countries on their way to Baden-Wiirttemberg, but
also transit through this state. This is a contribution to a secure and cost-efficient
energy supply for Baden-Wirttemberg, Germany, and Europe.

These challenges require an efficient electricity grid. However, despite the nu-
merous planned and ongoing enhancements, AC grid expansion measures will
reach their technically reasonable limits. It is thus not effective to handle overlo-
ads by extending the AC grid only. This is mainly due to the increasing distances
between the sources of renewable generation and load centres. As the referen-
ce grid’s overloads show, further long distance transmission capacity is urgently
needed. HVDC technology meets this need in an efficient and targeted manner.
The advantages described in Chapter 3.1.2 are likely to become even more sig-
nificant due to technical improvements. It is expected that increased conductor
size and voltage levels will reduce the losses in extruded HVDC cables by two
thirds until 2050 (ENTSO-E, 2019). Based on this, we assume HVDC cable with a
rated voltage of 800 kV and current of 2,300 A to be system tested and ready for
operation in 2050. Therefore, the rated power of a standard HVDC link increases
to 3.5 GW (deduction of expected losses for inverter and cable included). Fol-
lowing the German grid planning principles, in case of failure the loss of power



METALLIC RETURN CONDUCTOR

Abipolar HVDC connection consists of two conductors opera-
ted at nominal voltage in opposite polarity. A metallic return
conductor (MR) is basically a third conductor. If voltage and
current ratings are chosen adequately, the HVDC connec-

tion can still be operated with full or half the transmission
capacity in (n-1) cases (e.g. cable faults) by using the MR. This
switching can be realized automatically without interruption

in most cases, thus significantly reducing the impact on the
power transmission system.

FIGURE 66:
HVDC target grid in 2050.

— 2GW
— 3.5GW

NOTE ON SHADED CIRCLES

The shaded circles indicate grid connecting points that

are not the responsibility of TransnetBW, as well as points
that could not be established for this study due to complex
planning and coordination. For the subsequent modelling,
provisional locations were determined for the HVDC con-
verters. Shaded circles are deliberately drawn overlapping
national borders as, with regard to the overloads seen on the
interconnectors, an extension could be reasonable.
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is to be limited to a maximum of 2 GW. This requirement can be met by adding
a metallic return conductor. By this means, the HVDC link can still be operated
with half the power in case of failure on one cable. Thanks to this development,
the required area for HVDC cable routes will drop significantly as the power ra-
ting increases. According to the current German legal constraints, HVDC links
are to be realised as underground cable.

HVDC Target grid

\\\\\*

Figure 66 shows the additional HVDC links identified in this study to solve grid
congestions in the control area of TransnetBW, thus enabling power exchange
to adjacent regions. To meet the high transmission demand, several connec-
tions must be added linking Baden-Wirttemberg (load centre and connection
to France, Switzerland, and Austria) and north Germany (wind power generation
centre and connection to the countries around the North Sea such as Denmark).
The suggested projects are also based on existing or planned projects in the
German NEP, the TYNDP or previous studies.

Particularly in the north-south direction, these HVDC connections help to relieve
congestions significantly. This can be illustrated by looking at the utilisation of
the added HVDC link Lower Saxony (Rastede) - Baden-Wirttemberg (Point south
of Stuttgart). In 5,500 of 8,760 hours of the year, the connection is used to capa-
city for transporting power to the south - or in the opposite direction.
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NOTE ON LINKS OUTSIDE BADEN-WURTTEMBERG

The aim of the study was not to plan measures outside the
TransnetBW area, but a meaningful optimisation of the grid
utilisation and definition of a target grid for TransnetBW is
only reasonable if there are no excessive congestions in the
rest of the German grid.
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The measures set out in this study are not intended to solve congestions in other
TSO control areas. Grid connection points are only set outside Baden-Wdrttem-
berg when they are part of a link to Baden-Wirttemberg. However, because of
the heavy overloads, it was necessary to anticipate the construction of two pos-
sible HVDC links outside Baden-Wiirttemberg to determine countermeasures in
the TransnetBW AC grid based on reliable and realistic grid utilisation.

The additional 3.5 GW connections are as follows:

/ Internal German DC links:
/ Lower Saxony (Rastede) - Baden-Wurttemberg (Point south of Stuttgart)
/ Schleswig-Holstein (Heide) - Baden-Wiirttemberg (Altbach)

/ Lower Saxony (Rastede) - North-Rhine-Westphalia (Ruhr area) - Baden-Wdirt-
temberg (Dellmensingen) - Bavaria (East of Munich) (designed as Multi-Ter-
minal HVDC)

/ DC-Interconnector links:
/ Baden-Wiurttemberg (Rhine Valley) - France (Burgundy)

/ Baden-Wirttemberg (Point south of Stuttgart) - Switzerland (around Mettlen)
(designed as Multi-Terminal HVDC with Rastede - Point south of Stuttgart)

/ Internal German DC links outside Baden-Wiirttemberg:

/ North-Rhine-Westphalia (border area to the Netherlands) - Bavaria (border
area to Austria)

/ Schleswig-Holstein (border area to Denmark) - Saxony (border area to
Czech Repubilic)

The total HVDC capacity of the converter stations in Baden-Wiirttemberg, in-
cluding the capacity of the two confirmed connections Ultranet and SuedLink,
amounts to 18 GW. It should be noted that the total capacity of cables to and
from Baden-Wirttemberg is higher, but due to the installation of the multi-ter-
minal converters, the power is limited to the input and output capacity of the
specific converter station.

Considerations for future developments and challenges

HVDC technology is likely to gain increasing ground due to the high utilisation of
the AC grid and the limited suitability of AC lines for long-distance transmission.
Furthermore, it offers the controllability of power flows, which additionally helps
to reduce overloads, as Chapter 3.1.4 has shown.

The number of currently planned HVDC connections in the European trans-
mission grid illustrates that the HVDC overlay grid is not a future possibility,
but already taking shape. However, national and international technical and
regulatory hurdles must be overcome to form a European overlay grid and
to benefit from it. Support for research and development and pilot projects is
crucial in the process.

Today's HVDC links are mainly designed as point-to-point connections. Tech-
nical challenges involve the development of all equipment needed to esta-
blish a fully meshed HVDC grid. Even though semi-meshed structures such as
multi-terminal connections are already possible, many steps are needed until
equipment such as DC circuit breakers are fully system tested and ready for
widespread use. Another important aspect is to already ensure interoperability



3.1.6 HVAC MEASURES FOR
2050
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today, to account for the future interconnection between existing point-to-
point connections. If these requirements are met, a fully meshed HVDC grid
offers several advantages:

/By combining two point-to-point connections one converter less is needed,
thus reducing converter costs.

/In case of a failure on a connection, this part can be switched off while power
flows through other connections, unless their transmission capacity is exhaus-
ted.

/ In conjunction with its controllability, a meshed HVDC grid can deal with
strongly fluctuating power flows and bypass grid congestions.

Existing regulatory challenges involve a continuous common European grid
planning as well as difficulties by establishing a HVDC offshore grid. As this study
demonstrates, an economically optimised European energy system comes with
longer transmission distances between power plants and consumers. This requi-
res efficient European grid planning processes with a strong mandate by natio-
nal stakeholders. Regarding a HVDC offshore grid, the objective is to establish a
regulatory framework that allows for the simultaneous use and development of
offshore cables as grid connections of offshore wind farms and interconnectors.
Such a framework could offer the following benefits:

/ Offshore wind farms are usually connected via one exclusive grid connection.
In case of a failure the farm must be switched off. For wind farms near national
borders, the most efficient way to establish a redundant connection could be
a link to a neighbouring foreign farm.

/ The connection of offshore wind farms enables the realisation of synergy ef-
fects, as less connections to the onshore grid are needed. This is due to the
different wind infeed within the area covered.

/By connecting offshore wind farms and using connections as interconnectors,
power flows can be optimised to reduce onshore grid congestions and impro-
ve European prosperity.

/ As Chapter 3.1.2 and Chapter 3.1.3 outline, more interconnectors are needed.
Particularly the North Sea coastal countries are faced with heavy overloads.
Accounting for public acceptance, the realisation of offshore interconnectors
by connecting offshore wind farms could help to meet the additional trans-
mission demand. However, particularly in the Wadden Sea, the environmental
impacts must be considered.

To develop the 2050 grid, the addition of several Gigawatts of power flow cont-
rolling HVDC transmission links, defined in Section 3.1.5, will be combined with
regional AC grid expansion measures in Baden-Wirttemberg.

In the following, the additional AC measures to cope with expected congestions
in the TransnetBW electricity grid are presented. Packages of measures are re-
gionally clustered. It is assumed that the planning principles of the four German
transmission system operators will be observed, as well as the NOVA principle
explained above. Therefore, the expansion measures were identified after grid
optimisation, using planned power flow controlling equipment (PSTs, HVDCs),
evaluating topological measures and considering weather-dependent DLR. As
described in Section 3.1.4, all congestions within substations are assumed to
be relieved until 2050. Hence, possible necessary enhancements in the substa-
tions or even additional switchgears are not further defined in the packages of
measures.

Electricity lines in the extra-high voltage grid in Baden-Wirttemberg, which are
not owned by TransnetBW, are considered when defining the target grid. Critical
congestions on these electrical elements will be relieved using grid optimisation
measures or reactivating projects from the German NEP.
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FIGURE 67:
Overview of the identified packages of measures in
Baden-Wirttemberg (AC).
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Overload energy is evaluated to assess critical overloads in the grid. In the case
of minor overloads (overload energy less than 30 GWh per year and circuit), it is
assumed that these overloads can be relieved sensibly by means of redispatch
- curbing power plant output. This threshold is based on the criteria used by the
German NRA (Bundesnetzagentur fur Elektrizitat, Gas, Telekommunikation, Post
und Eisenbahnen, 2022). It should also be noted that changes in neighbouring
grid structures can weaken, shift, or increase the overloads shown here. For this
reason, alternative solutions are being developed for these packages of measu-
res. These alternative solutions are not fully presented in this study and will only
be applied once meaningful long-term concepts have been developed together
with neighbouring transmission system operators. This section provides an over-
view of the measures identified in this study for the target grid in 2050. The pro-
posed measures are not intended to be the only possible solution for the year
2050. Rather we propose a solution which, under the assumptions made, meets
the expected requirements of the energy system in 2050 and is appropriate and
sensible from a grid planning perspective.

Figure 67 provides an overview of the identified packages of measures (MP) in
Baden-Wirttemberg.

Urberach Grafenrheinfeld
rberac MP8

Buerstadt
Q?

MP1

o
Asphard (CH Laufenburg (CH)

MP3

/ MP1: NORTHERN BADEN

MP1-01: Daxlanden - Philippsburg

To reduce critical overload on the lines leading to the well-developed route
along the Rhine, reinforcement of line conductors of the existing 380 kV circuits
between Daxlanden and Philippsburg is necessary to allow for operation with
4,000 A. Application of DLR is an optimisation measure to further reduce over-
load energy. Measures will be necessary on both conductors, each with a length
of 33 km.
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/ MP2: ACINTERCONNECTOR TO FRANCE

MP2-01: Eichstetten - Muhlbach (FR)

To meet the high transmission demand between TransnetBW and France, we
suggest a new HVDC connection, as described in 3.1.5, which is capable of trans-
porting most of the energy. The existing 380 kV interconnector from Eichstetten
to Muhlbach (FR) can be relieved of most of the critical overload energy by ap-
plication of DLR and operation with 4,000 A.

As can be seen in Figure 68, some overload energy on the interconnector re-
mains. Since power-flows in the border triangle are sensitive to grid extensions
and power-flow control measures of the neighbouring TSO, this remaining chal-
lenge should be addressed in multilateral grid planning studies, which will be
carried out for this region soon.

/- MP3: UPPER RHINE

The circuits in this area connect the grids of Germany, France, and Switzerland,
thus forming an important transit axis that transports energy from the north to-
wards Switzerland and Italy. In critical situations, the expected high north-south
power flows cause the overload of existing circuits. On the 380 kV interconnec-
tors to Switzerland, DLR is used for grid optimisation, which increases transmis-
sion capacity between TransnetBW, Amprion and the Swiss control area.

MP3-01: Eichstetten - Gurtweil

The measure consists of the upgrade of the voltage level between Eichstetten
and Gurtweil substations from 220 kV to 380 kV. This enhancement, which requi-
res new towers, will significantly increase transmission capacity in this area and
thus reduce overload energy. The length of each new 380 kV circuit amounts to
72 km each. Measure MP3-01 was part of MPé in the previous Electricity Grid
2050 study.

MP3-02: Gurtweil - Laufenburg (CH)

The voltage level of circuits between Gurtweil and Laufenburg (CH) substations
is upgraded from 220 kV to 380 kV. New transmission circuits and new towers are
required on a length of 22 km. DLR is used for grid optimisation. Measure MP3-
02 was part of MP6 in the previous Electricity Grid 2050 study.

/ MP4: CENTRAL NECKAR REGION

The Middle Neckar region is characterised by a very high demand for energy.
The circuits in this area are mainly used to supply the Stuttgart area and to transit
electrical energy from the northeast to the south. The existing circuits from the
substation in GroBgartach (Leingarten) to the south and further into the Middle
Neckar region lack the capacity for the expected transmission tasks, resulting in
overloads in critical grid situations.

The Western bypass is a part of the first line commissioned in 1930 connecting
the Rhenish coal-mining district with the Alpine hydro-storages. In a joint grid
enhancement measure, TransnetBW and Amprion intend to replace the 220 kV
line with a more powerful 380 kV line to reduce overloads along the Neckar val-
ley. This will strengthen the grid to the south and west of Stuttgart, thus diverting
power flows. In combination with another line replacement, the measure spans
from GroBgartach in the north to Hoheneck, further to a new substation “Point
Southwest of Stuttgart” and turning east to join the existing 380 kV line at Point
Rommelsbach and finally the substation at Metzingen. Below, only the resulting
topology in TransnetBW's grid is described in detail.

As the suggested HVDC connections to Rastede and Switzerland are provisional-

ly connected to the substation of Point Southwest of Stuttgart, an enhanced grid
near the DC converters helps to distribute incoming energy.
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MP4-01: GroBgartach - Hoheneck

An existing 220 kV line is replaced by a 380 kV line over 65 km, allowing for a new
circuit from GroBgartach to around Hoheneck. The measure is a modification of
measure P306 from GroBgartach to Pulverdingen in the German NEP 2021.

MP4-02: Western bypass, Hoheneck - Point Southwest of Stuttgart

The first part of the Western bypass is the enhancement of a 29 km line between
Hoheneck and Point Southwest of Stuttgart with two new 380 kV circuits. In com-
bination with MP3-01, the line owned by TransnetBW is used for a direct connec-
tion between the substations of GroBgartach and Point Southwest of Stuttgart.

MP4-03: Western bypass, Point Southwest of Stuttgart - Point Rommelsbach -
Metzingen

In the second section, replacement of the existing line over a length of 62 km
enables a new 380 kV circuit from Point Southwest of Stuttgart to Point Rommels-
bach. An additional 3 km of a new 380 kV parallel line may be needed to connect
the circuit to the substation at Metzingen, thus enabling an important 380 kV
connection in the east-west direction south of Stuttgart.

MP4-04: Pulverdingen - Point Southwest of Stuttgart

Both circuits between Pulverdingen and Point Southwest of Stuttgart - originally
leading from Pulverdingen to Oberjettingen - will be replaced with conductors
allowing for operation with 3,600 A. The exchange of conductors will take place
on 28 km of each line.

MP4-05: Point Southwest of Stuttgart - Oberjettingen

Both circuits between Pt. SW of Stuttgart and Oberjettingen - originally leading
from Pulverdingen to Oberjettingen - will be replaced with conductors allowing
for operation with 4,000 A. The exchange of conductors will take place on 18 km
of each line.

MP4-06: Oberjettingen - Engstlatt

Both circuits between Oberjettingen and Engstlatt will be replaced with conduc-
tors allowing for operation with 4,000 A. The exchange of conductors will take
place on 34 km of each line.

/- MP5: UPPER SWABIA

MP5-01: Herbertingen - Griinkraut

To prepare the connections to the Austrian region of Vorarlberg, which has nu-
merous pumped storage power plants, for the expected transmission demand
in 2050, new circuits capable of 3,600 A and corresponding towers between
Herbertingen and Griinkraut must be installed.

During TransnetBW grid enhancement on this route, the parallel 220 kV circuit,
operated by Amprion, could also be upgraded to 380 kV. This measure corre-
sponds to a proposal in a former German NEP, P52 M94a.

MP5-02: Griinkraut - Point Neuravensburg - Obermooweiler

Even though the southern part of the route from Herbertingen to Obermoo-
weiler features slightly higher transmission capacity, this circuit should also

be replaced on new towers, allowing for operation with 3,600 A due to high
demand. The distance between Herbertingen and Griinkraut is 41 km, while
Grinkraut to Obermooweiler amounts to another 18 km. Grid optimisation with
DLR on all circuits leading to Austria is also assumed.
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/ MP6: ACROSS THE ALB TO ULM

Power flow analysis for the year 2050, applied to selected situations in 3.1.2 re-
veals diagonal flows through Baden-Wirttemberg. Together with the suggested
HVDC links and the corresponding provisionally placed DC converters connec-
ted to the substation at Dellmensingen, the transmission circuits leading from
the Middle Neckar Region to Dellmensingen and Bavarian Swabia become more
significant.

MP6-01: Altbach - Wendlingen

The transmission capacity on the circuit from Altbach to Wendlingen can be in-
creased by replacing the conductors allowing for operation with 4,000 A. It can
further be optimised by applying DLR.

MP6-02: Biinzwangen - Laichingen

The existing circuits between Blinzwangen and Laichingen substations must be
replaced with conductors that are capable of 3,600 A. The distance from Bin-
zwangen to Laichingen is 46 km.

MP6-03: Laichingen - Dellmensingen

The existing circuits between Laichingen and Dellmensingen substations must
be replaced with conductors that are capable of 3,600 A. The length of these
lines amounts to 24 km.

MP6-04: Interconnector to Véhringen (Amprion)

To ensure the secure long-term transport of the power infeed from the new
HVDC transmission link, an additional circuit is required between the substations
at Dellmensingen and Véhringen. This will be realised by a new construction in
the existing route and installation of an additional circuit. A length of 17 km, the
same as the other interconnectors can be assumed.

/ MP7: EASTERN ALB

The extra-high voltage grid in northeast Baden-Wirttemberg between Dellmen-
singen and Kupferzell, also known as the “East Ring”, is a main transit axis for
north-south-power flows. It provides a parallel route to the highly utilised Middle
Neckar Region. Furthermore, it is connected to the grid nodes with direct con-
nection to the neighbouring control areas, where there is high demand for ener-
gy exchange in 2050.

Several of the circuits with rather weak transmission capacity will have to be en-
hanced. These measures are summarised in measure package MP7. Measures
in MP7 have already been identified as measures in the German NEP 2021, as
P304 and P305.

MP7-01: Kupferzell - Goldshéfe

An additional 55 km circuit between Kupferzell and Goldshofe needs to be in-
stalled on existing towers. Through this measure, two parallel circuits from Kup-
ferzell to Dellmensingen are created.

MP7-02: Goldshéfe - Rotensohl / Goldshéfe - Niederstotzingen

To provide higher transmission capacity, existing 20 km and 47 km circuits from
Goldshofe are to be replaced with lines capable of 3,600 A, which also require
new towers.

MP7-03: Niederstotzingen - Dellmensingen / Rotensohl - Dellmensingen

The 380 kV circuits leading to Dellmensingen with lengths of 41 km and 67 km
are to be replaced with lines capable of 3,600 A, which also require new towers.
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3.1.7 TARGET GRID

FIGURE 68:
Overload energy for the target grid of TransnetBW,
GM scenario, 2050.
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/ MP8: NORTHERN WURTTEMBERG AND FRANCONIA

One of the most important transit and transport axes for supplying the urban
and industrial centre around Stuttgart is in the northeast of Baden-Wiirttemberg.
Due to higher north-south power flows via the Grafenrheinfeld to GroBgartach
(Leingarten), further congestions are expected on these circuits in 2050 despite
the implementation of the measures planned in the German NEP 2021 (P48).

MP8-01: GroBgartach - Hiiffenhardt

Between GroBgartach and Hiffenhardt, an additional 380 kV circuit is required.
The additional circuit will be 19 km long. This measure was identified in German
NEP 2021 as P303, but not permitted.

MP8-02: Hépfingen - Grafenrheinfeld (TenneT)

From Grafenrheinfeld via Rittershausen to Hopfingen, with a length of 42 km, the
installation of a new circuit on the existing transmission towers will be required
to realise an additional 380 kV circuit. The measure was identified as P332 in
German NEP 2021, but has not been approved yet.

After implementation of all packages of measures, no critical overloads in the
TransnetBW grid remain, as shown in Figure 68, except for the TransnetBW-Fran-

ce AC interconnector (see MP2).
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FIGURE 69:

Remaining overload energy in the German transmission
grid in consideration of the target grid 2050 for Baden-
Wiirttemberg, German NEP 2021 and GM scenario.
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The target grid for Baden-Wirttemberg comprises a total HVDC capacity of
14.5 GW to other German states and further HVDC interconnectors to France
and Switzerland with 3.5 GW each. All AC measures planned by TransnetBW for
2035 and confirmed in the German NEP 2021 have proven to be necessary in
2050, too. Furthermore, additional 830 kilometres of TransnetBW's extra-high
voltage AC grid, and thus over 25% of the transmission circuits, need to be
reinforced.
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The HVDC and AC measures also lead to a significant reduction of overload
energy in the German transmission grid of around 60% compared to the opti-
mised reference grid (Figure 69). The focus of this study was to develop a target
grid for TransnetBW only. Hence, the remaining congestions within the German
transmission grid and on interconnectors and possible countermeasures need to
be evaluated by the responsible TSO.

Alternative planning options for the target grid

As transmission system operator, TransnetBW operates and plans the grid to
ensure security of supply according to the (n-1) criteria. For this purpose, in-
dependent single component outages are evaluated in grid planning and grid
operation, ensuring that an outage of electrical equipment does not result in a
critical violation of technical limits. In addition, the simultaneous unavailability
of several electrical components must be controlled to some extent. In this way,
congestions are to be regionally limited to avoid major supra-regional outages.
The failure of multiple linkage transmission routes (also called common mode
failure) would lead to a simultaneous outage of several circuits.

With the planning of the proposed target grid 2050, the connecting lines bet-
ween the control areas of TransnetBW (Baden-Wirttemberg) and TenneT (Bava-
ria) will be realised by a multiple linkage transmission route with a total of four
380 kV circuits. Thus, a failure of the route would lead to an outage of all four
circuits. In certain power flow situations, this could endanger the security of sup-
ply in Baden-Wirttemberg and Germany. For this reason, alternative planning
options are being examined for the MP8 package of measures. An additional
connector between Baden-Wirttemberg (Goldshéfe) and Bavaria (Raitersaich)
is planned for this purpose. This will relieve the existing transit lines to Bavaria
and guarantee a higher system security, avoiding a maximum occupancy of the
multiple linkage transmission route.

Since this connector would be a new construction in a new route, an expansion is
not reasonable at the current stage. However, possible changes in neighbouring
grid structures could increase structural congestion and affect the transport of
electricity along the axis between TransnetBW and TenneT. Therefore, the neces-
sity for additional connecting routes depends on the expansion plans of neig-
hbouring transmission system operators.
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3.2 OPERABILITY OF THE
POWER SYSTEM

3.2.1 FREQUENCY STABILITY
ASPECTS

FREQUENCY

Power systems are operated with alternating current (AC) at a
certain frequency. The

ENTSO-E Continental Europe Synchronous Area is operated
with a nominal frequency of 50 Hz. In general, the frequency
within a power system is an indicator of the balance between
generation and load. If the frequency drops/rises, it indicates
a load higher/lower than the generation.

POWER SYSTEM INERTIA

Power system inertia is the instantaneous active power reserve
in the system, today mainly provided by synchronous machi-
nes of conventional power plants. In case of an active power
imbalance, the inertia defines the rate of change of frequency
in the system, until the active power control becomes active.

GRID-FOLLOWING INVERTER

State-of-the-art control concept of inverters connected to the
grid (e.g. wind power plants, photovoltaic, STATCOM). The
main control target of grid-following inverters is to maximise
active power infeed coming from the primary energy source
(e.g. wind power).

92

To ensure the stable operation of the interconnected power system in 2050,
system stability aspects are of utmost importance. Therefore, a short overview
of two stability aspects, frequency stability and voltage stability, is given in the
following.

According to (Kundur, et al., 2004) “Frequency stability refers to the ability of a
power system to maintain steady frequency following a severe system upset
resulting in a significant imbalance between generation and load. It depends on
the ability to maintain/restore equilibrium between system generation and load,
with minimum unintentional loss of load. Instability that may result occurs in the
form of sustained frequency swings leading to tripping of generating units and/
or loads.”

Today, power systems all over the world are affected by decreasing power sys-
tem inertia caused by increasing infeed of non-synchronous renewable gene-
ration, in particular wind and photovoltaics, based on grid-following inverters .
In small synchronous areas temporary low system inertia already affects system
stability during normal operation. In contrast, this has not been the case in big
synchronous areas like the ENTSO-E Continental Europe Synchronous Area.
Low inertia in parts of the synchronous area is not an issue during normal in-
terconnected system operation when active power imbalances typically do not
exceed the design incident of 3 GW. However, in case of an unintentional sys-
tem split dividing the interconnected power system into two or more asynchro-
nous islands, low inertia combined with high active power imbalances (more
than the design incident of 3 GW) can have a significant impact on frequency
stability due to the resulting high rate of change of frequency (RoCoF).

Thus, system splits are the most severe system disturbances, challenging fre-
quency stability within the ENTSO-E Continental Europe Synchronous Area.

A system split occurs if an incident results in cascade tripping of transmission
lines, dividing the interconnected power system into two or more asynchronous
islands. The time and location of the splitis unpredictable. Nevertheless, typical-
ly the risk of a system split increases for a highly loaded AC transmission system
with long distance power transmission. In Germany, as part of the Continen-
tal Europe Synchronous Area, the transmission capacities from north to south
are increasing continuously to satisfy transmission demand, caused by the in-
creasing wind power infeed in the north and market needs. These increasing
transmission capacities lead to increasing potential active power imbalances
because of a system split.

As shown in Figure 70 a severe system split divided the ENTSO-E Continental
Europe Synchronous Area into three separate islands in 2006 (ENTSO-E, 2007).
The active power imbalance of the over-frequency island in the northeast (Area
2) amounted to approximately 10 GW. Today, due to the increased transits from
north to south, such a system split could result in an active power imbalance of
up to approximately 25 GW.



FIGURE 70:
System Split in 2006 (ENTSO-E, 2007)
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FIGURE 71:
Potential active power imbalance in 2050 (GM scenario)
compared to 2035 (German NEP 2021).
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GRID-FORMING INVERTERS

New control concept of inverters, able to stabilise the power
system like synchronous machines. Therefore, the main cont-
rol target of grid-forming inverters is to react according to the
system needs (e.g. provision of inertia).
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Figure 71 shows the hourly potential active power imbalance AP, (sorted in

Imb

descending order), if applying the same system split for 2035 (German grid de-
velopment plan 2021) and 2050 (this study). It clearly shows that the potential
active power imbalance continues to rise significantly.
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In the 2021 German grid development plan, the system needs for frequency sta-
bility were determined for the first time (German TSOs, 2021). The main result
was the increasing need for system inertia to stay within the permitted frequency
range and to limit the rate of change of frequency (RoCoF) in case of severe sys-
tem splits. The demonstrated increase in potential active power imbalances up to
2050 shows that the system inertia need will not remain the same after 2035 but
will increase. These results, once again, underline the urgency to act.

Besides the need for system inertia, more stringent requirements for limited fre-
quency sensitive mode (the main control scheme of the system defence plan)
are needed as well as the massive installation of grid-forming inverters (instead
of the state-of the-art grid-following inverters), to prevent the power system from
black out in case of severe system splits.

93



ENERGY SYSTEM 2050 - Towards a decarbonised Europe
3.0 GRID DEVELOPMENT

3.2.2 VOLTAGE STABILITY
ASPECTS

REACTIVE POWER

Reactive power is the need for energy for the commutation

of the electro-magnetic field due to alternating current. This
energy cannot be used and is “stored” in the electrical system,
which affects the voltage.

NATURAL POWER

At natural power, the inductive (current flowing through a coil
with one winding (overhead line)) and the capacitive reactive
power (condenser with high voltage at the overhead line and
ground on earth) of the line is the same. This is the only bias
point of a line with no voltage change over the line. There is
no need for reactive compensation.

STATIONARY NEED

The need for reactive power in an electrical system in steady
state mode. It can be compensated by devices with no Q(U)
control such as inductors or capacitors.

DYNAMIC NEED:

Dynamic need is the need for reactive power in an electrical
system due to dynamic (or quasi dynamic) events. This can
change slowly over several minutes due to changes in the
market (normally at the change of hour) or rapidly due to
failures like short circuits. This need must be compensated by
devices with Q(U) control such as synchronous machines or
STATCOM.

TABLE 6:
Maximum stationary reactive power demand of the German
grid, NEP 2021 and GM scenario.
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Every electrical line connected to alternating voltage produces reactive power
depending on the current flowing through the line. Only at the natural power of
the line, no reactive power is consumed. If the transmitted power is lower than
the natural power, the transmission line is underexcited and the voltage of the
grid increases. However, if the transmitted power is higher than the natural pow-
er, the power line is overexcited, which leads to decreasing voltage. To keep the
voltage within the given limits and guarantee a stable operation, itis necessary to
compensate the reactive power consumption of the power grid.

Due to the change caused by the rapidly increasing infeed of renewable en-
ergies, decreasing infeed from synchronous machines and the need for long-
distance transportation of electrical power, reactive power compensation is
becoming increasingly important. In the past, the synchronous machines com-
pensated the grid in their areas, but in the future the grid will lack compensation
in the high transit corridors, due to a shortage of production units with sufficient
capacity for reactive power consumption.

Therefore, the high utilisation of power lines leads to a substantial demand for
stationary and dynamic overexcited reactive power. In this study, the method
for calculating the demand for reactive power in the German grid is based on
the German NEP 2021. Depending on the utilisation of lines and transformers,
the stationary need for reactive power is calculated, based on small areas in
Germany. The method is described in the German NEP 2021. For estimating
the dynamic need for reactive power, the difference in reactive power demand
between normal condition and outage events must be considered. Because
this study does not focus on demand-actuated grid development, some line
congestions remain in the grid (see Chapter 3.1, high overload energy in the
German transmission system). These congestions can be handled in the sta-
tionary calculation (Chapter 3.1) but not in the special outage calculation to
determine the dynamic reactive power demand. Therefore, it is not possible
to make a valid estimation of the dynamic need of the system due to outages.
Therefore, only a qualitative estimation of dynamic reactive power develop-
ment can be given.

To clarify the outcome of this study, the values are aligned with the results of the
German NEP 2021. In Table 6 the maximum demand for stationary reactive pow-
er in different use cases is compared for both studies and the whole of Germany.

Underexcited need [Mvar] Overexcited need [Mvar]

German NEP 2021 (2035) 30,196 29,980

Energy System 2050 34,461 82,888

Table 6 shows that the stationary underexcited reactive power need is very simi-
lar in both scenarios. This is because only a very limited AC grid extension from
2035 to 2050 is considered. Stationary underexcited reactive power depends on
the capacitance between line and earth. Therefore, the length of all transmission
lines is determined by the need for underexcited reactive power. New AC power
lines are only planned for Baden-Wiirttemberg after 2035, with a focus on 2050.
For the rest of Germany many new DC lines are planned, but DC lines have no
effect on the reactive power demand of the grid. This only leads to slightly in-
creased needs for underexcited reactive power in 2050 compared with 2035.
In contrast, the stationary overexcited need in 2050 increases by more than 2.5
times compared to German NEP 2021. This is related to the extreme utilisation
of the grid. In some hours, many transmission lines are loaded with 4 kA, which
leads to a very high demand for overexcited reactive power.



FIGURE 72:
Stationary reactive power demand of the German grid, GM
scenario, 2050.

TABLE 7:
Maximum stationary reactive power demand in the area of
TransnetBW, GM scenario, 2050.
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In Figure 47 the stationary need for reactive power during the whole year simula-
tion is shown in descending order. The sorting of the stationary reactive power il-
lustrates the assumption of the market that there are no grid congestions within a
market area. This leads to high transits and thus highly loaded lines during many
hours of the year. As a result, the German grid exhibits an overexcited behaviour
for over 3000 hours per year.

In Table 7 we take a deeper look into the stationary reactive power demand in
Baden-Wirttemberg (BW). For the analysis, the region served by TransnetBW
is divided into three areas, representing the north, the southwest and the sout-
heast.

Underexcited Overexcited
need [Mvar] need [Mvar]
German NEP 2021 (2035) 720 1442
BW north
Energy System 2050 879 2063
German NEP 2021 880 653
BW southwest
Energy System 2050 1002 2142
German NEP 2021 533 551
BW southeast
Energy System 2050 609 1993

The results for the area served by TransnetBW are very similar to those for the
whole of Germany. The stationary overexcited need (right column) increases sig-
nificantly, whereas there are only slight differences in underexcited need in 2035
and 2050.

Finally, a brief outlook for the development of dynamic reactive power is given
below. In this study, no outages and failures in the system were considered
for the calculation of dynamic need for reactive power. However, it is obvious
that failures with outages in a highly loaded grid will cause a massive voltage
drop (see high overload energy in the German transmission system). When
4,000 A are flowing through the grid on several parallel transmission lines, this
causes a very high demand for reactive power. If one or two lines are tripping
due to a short circuit, the power from those lines commutates to the parallel
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DYNAMIC DEVICES

Dynamic devices are devices with a Q(U) controller. These can
include synchronous machines, converter from Renewables or
HVDC, as well as new built STATCOM.
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lines, which are already highly loaded. Because the reactive power demand of
transmission lines is proportional to the square of the current flowing through
the line, the commutation causes a massive additional need for reactive power.
This demand must be compensated quickly by dynamic devices to prevent
voltage collapse.

To summarise, the main outcome of the reactive power study is the significant
increase in need for stationary overexcited compensation. The results of the
German NEP 2021 are not final values, but only one step towards a complete-
ly decarbonised future in Europe. The greater stationary need will also cause a
massive increase in dynamic reactive power need. Therefore, many additional
dynamic devices for ensuring voltage stability will be needed. Therefore, the
need for dynamic devices depicted in the German NEP 2021 is also only an inter-
mediate goal on the way to a stable and secure decarbonised energy system in
Europe in 2050.
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NOTION

Building Renovation Rate

CCs
(Carbon Capture and Storage)

Combined heat and power

Copper plate

DAC

Dark doldrums

Decarbonisation

Dynamic devices

Dynamic need

Electrolyser
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INFORMATION

This indicator refers to the percentage of buildings which undergo a renovation
within one year. To calculate the corresponding heat demand reduction, the buil-
ding renovation rate must be multiplied by the renovation efficiency, the average
heat demand reduction after a conducted renovation measure.

Carbon capture and storage, sometimes also CCUS (Carbon Capture, Utilisa-
tion and Storage) refers to a suite of technologies that can play an important
and diverse role in meeting global energy and climate goals. CCUS involves the
capture of CO2 from large point sources, including power generation or indus-
trial facilities that use either fossil fuels or biomass for fuel. The CO2 can also be
captured directly from the atmosphere. If not being used on-site, the captured
CO2 is compressed and transported by pipeline, ship, rail or truck to be used in
a range of applications, or injected into deep geological formations (including
depleted oil and gas reservoirs or saline formations) which trap the CO2 for per-
manent storage.

Combined heat and power (CHP) is the simultaneous conversion of primary
energy into mechanical or electrical energy and usable heat within a thermody-
namic process. The heat produced in parallel with electricity generation is used
for heating and hot water supply or for industrial processes. The use of cogene-
ration reduces the energy input and carbon dioxide emissions. (Federal Environ-
ment Agency, 2020)

It is assumed that there are no grid congestions within a market area and thus
homogeneous electricity prices. The grid expansion required for this purpose is
then determined and planned in a subsequent step.

Direct air capture (DAC) technologies extract CO2 directly from the atmosphere.
The CO2 can be permanently stored in deep geological formations (achieving
negative emissions or carbon capture) or it can be used, for example in food
processing or in combination with hydrogen to produce synthetic fuels.

Dark doldrums is a term used to describe a period of time in which little to no
energy can be generated with the use of wind and solar power. Dark doldrums
events are common in the North of Europe from October to February, typically
50 to 150 hours per year.

In the energy system, decarbonisation refers to the reduction of use of energy
sources based on hydrocarbons such as oil, coal or natural gas.

Dynamic devices are devices with a Q(U) controller. These can include synchro-
nous machines, converter from Renewables or HVDC, as well as new built STAT-
COM.

Dynamic need is the need for reactive power in an electrical system due to dy-
namic (or quasi dynamic) events. This can change slowly over several minutes
due to changes in the market (normally at the change of hour) or rapidly due to
failures like short circuits. This need must be compensated by devices with Q(U)
control such as synchronous machines or STATCOM.

An electrolyser is a system that uses electricity to break water into hydrogen and
oxygen in a process called electrolysis. Through electrolysis, the electrolyser sys-
tem creates hydrogen gas. The oxygen that's left over is released into the atmo-
sphere or can be captured or stored to supply other industrial processes or even
medical gases in some cases. (Cummins, 2020)
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European Green Deal

Extruded Cable

Frequency

GIS

Grid losses

Grid-Following Inverter

Grid-Forming Inverter

High Voltage Direct Current
(HVDC)

High-Temperature Conductor
(HT/HTL)

Metallic Return Conductor

Multi-Terminal-HVDC
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The European Green Deal is a package of initiatives and measures approved by
the European Commission in 2020 that aims to make Europe a climate-resilient
society by 2050. The measures include reduction of greenhouse gas emissions
as well as investments in research and innovation. The Green Deal includes seve-
ral climate actions such as the New EU Strategy on Climate Adaptation and the
2030 Climate Target Plan.

In contrast to longer established MI (mass impregnated) cables, the younger
technology of extruded cables offers lower weight, higher current carrying ca-
pabilities and lower environmental impact, thus making it the preferred techno-
logy for underground transmission. It is the most frequently used technology for
HVAC and HVDC underground cables in recent transmission links and further
development towards higher transmission capabilities and reliability can be ex-
pected.

Power systems are operated with alternating current (AC) at a certain frequency.
The ENTSO-E Continental Europe Synchronous Area is operated with a nominal
frequency of 50 Hz. In general, the frequency within a power system is an indica-
tor of the balance between generation and load. If the frequency drops/rises, it
indicates a load higher/lower than the generation.

A geographic information system (GIS) is a computer system for capturing, sto-
ring, checking, and displaying data related to positions on Earth’s surface. GIS
can show many kinds of data on one map, such as streets, buildings, and vegeta-
tion. (National Geographic, 2022)

The term grid losses refers to the total energy that is lost during the transmission
or transformation of electricity. Grid losses are the differences between the me-
tered energy feed-in and consumption over all grid access points.

State-of-the-art control concept of inverters connected to the grid (e.g. wind
power plants, photovoltaic, STATCOM). The main control target of grid-following
inverters is to maximise active power infeed coming from the primary energy
source (e.g. wind power).

New control concept of inverters, able to stabilise the power system like synchro-
nous machines. Therefore, the main control target of grid-forming inverters is to
react according to the system needs (e.g. provision of inertia).

In contrast with the more common alternating current (AC) systems, HVDC
transmission links use direct current (DC) for the transmission of electrical
power.

Line conductor that, due to the materials used, can function at a higher operating
temperature than traditional aluminium/steel conductors (> 80°C). HT conduc-
tors offer a higher current capacity with comparable cross section and geometry.
These are available as thermal resistant aluminium (TAL) conductors with a maxi-
mum operating temperature of up to 150°C.

A bipolar HVDC connection consists of two conductors operated at nominal vol-
tage in opposite polarity. A metallic return conductor (MR) is basically a third con-
ductor. If voltage and current ratings are chosen adequately, the HVDC connec-
tion can still be operated with full or half the transmission capacity in (n-1) cases
(e.g. cable faults) by using the MR. This switching can be realised automatically
without interruption in most cases, thus significantly reducing the impact on the
power transmission system.

Today’s HVDC-links are mainly designed as point-to-point connections. This is
due to the technical challenge of switching off direct current, which is a substan-
tially needed development for fully meshed DC-grids. Multi-terminal links repre-
sent an intermediate state with very few, but more than two directly connected
converters.
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ENERGY SYSTEM 2050 - Towards a decarbonised Europe
GLOSSAR

In concrete terms, myopic approaches assume limited knowledge about the fu-
ture, which means that optimisation in each year is based only on the results of
the previous year and the constraints of the current expansion phase. For this
reason, myopic models are well suited to simulate decisions under real econo-
mic conditions.

At natural power, the inductive (current flowing through a coil with one winding
(overhead line)) and the capacitive reactive power (condenser with high voltage
atthe overhead line and ground on earth) of the line is the same. This is the only
bias point of a line with no voltage change over the line. There is no need for
reactive compensation.

Following the European Single Market Directive, all European TSOs must create
national Grid Development Plans. The basis of the German “Netzentwicklungs-
plan Strom” (NEP) is the Energy Authority Law (EnWG). The grid development
plan defines the future transmission requirements for energy between various
starting and end points in a period of 10 to 15 years. It thus does not yet include
actual route corridor plans of the federal states’ planning authorities. The last
NEP was created in 2021 focussing on 2035 (NEP 2021).

.New industry” includes the sum of changes in demand of all sectors relative to
the base year. The following sectors are considered: iron and steel, nonferrous
metals, alumina production, aluminium production, other nonferrous metals,
chemical industry, pharmaceuticals, non-metallic mineral products, cement, ce-
ramics, glass production, pulp, paper and printing, printing and media reproduc-
tion, food and beverages, vehicle construction, mechanical engineering, textiles
and leather, wood and wood products.

The NUTS classification (nomenclature of territorial units for statistics) is a hie-
rarchical system for dividing up the economic territory of the EU and the UK for
the purpose of the collection, development and harmonisation of European re-
gional statistics; socio-economic analyses of the regions; framing of EU regional
policies. (Eurostat, 2022)

The overload energy is calculated for each individual circuit from the sum of the
hourly power that cannot be transmitted in the (n-1) case due to an overload

Under perfect market conditions, we assume that each energy system agent has
complete information (past, present, and future) about cost. In addition, we assu-
me that the market is not distorted by any kind of regulation or subsidy.

Grid equipment which is a specific form of a transformer. The phase-shifting
transformer enables control of power flows in the alternating current grid.

Initially published by the four TSOs in 2012, this publication is continuously up-
dated to align with framework conditions for network planning. Technical and
economic principles of grid expansion planning are described to transparently
present the underlying methodology and needs.

Maximum power generation or demand for electricity in 2050 - to be distinguis-
hed from installed capacity

Power system inertia is the instantaneous active power reserve in the system,
today mainly provided by synchronous machines of conventional power plants.
In case of an active power imbalance, the inertia defines the rate of change of
frequency in the system, until the active power control becomes active.

Also known as polymer electrolyte membrane fuel cells, PEMFCs are a type of fuel
cell being developed mainly for transport applications, as well as for stationary
fuel cell applications and portable fuel cell applications. Their distinguishing fea-
tures include lower temperature/pressure ranges (50 to 100 °C) and a special pro-
ton-conducting polymer electrolyte membrane. PEMFCs generate electricity and
operate on the opposite principle to PEM electrolysis, which consumes electricity.
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Pumped hydro storage is a type of hydroelectric energy storage. It is a configu-
ration of two water reservoirs at different elevations that can generate power as
water moves down from one to the other (discharge), passing through a turbine.
The system also requires power as it pumps water back into the upper reservoir
(recharge). PHS acts like a giant battery, because it can store power and then
release it when needed. (EERE, 2022)

Reactive power is the need for energy for the commutation of the electro-ma-
gnetic field due to alternating current. This energy cannot be used and is “sto-
red” in the electrical system, which affects the voltage.

The reference grid is the assumed expansion status of the electricity grid as the
starting point for the grid calculations.

Smart charging refers to a charging system in which electric vehicles, charging
stations, and charging operators share common data. In the context of energy
system optimisation, we assume that electric vehicles use such a system for char-
ging batteries, which helps minimise energy system costs under the considera-
tion of future driving profiles.

The need for reactive power in an electrical system in steady state mode. It can
be compensated by devices with no Q(U) control such as inductors or capaci-
tors.

Syngas is a fuel gas mixture consisting primarily of hydrogen, carbon monoxi-
de, and very often some carbon dioxide. The name comes from its use as inter-
mediates in creating synthetic natural gas (SNG) and for producing ammonia or
methanol.

SNG describes a variety of natural gas alternatives that are as close as possible in
composition and properties to natural gas. SNG can be derived from coal, (was-
te) biomass or synthesized using renewable energy. (MAN-ES, 2022)

Transit flows are the transmission of electricity through a dedicated grid area.
Transits are the balance of imports and exports of this grid area.

VREs are electricity generation technologies whose primary energy source varies
over time and cannot easily be stored. VRE sources include solar, wind, ocean,
and some hydropower generation technologies. (National Renewable Energy
Laboratory, 2015)

Vehicle to Grid describes a system in which electric vehicles, such as battery elec-
tric vehicles (BEV), plug-in hybrids (PHEV), or hydrogen fuel cell electric vehicles
(FCEV), communicate with the power grid by feeding power back into the grid.

The transmission capacity of the power grid varies depending on the season
and weather. With colder temperatures and cooling by wind, more power can
be transmitted than on hot summer days. With the help of weather dependent
DLR, it is possible to increase the load of the electrical grid significantly. Using
live measurement data, the maximum power flows acceptable under the current
weather conditions can be calculated precisely, so that the sag of the conductor
lines remains within the technical specifications.
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ABBREVIATIONS

AC
ACDC
BEV
BW
CAPEX
CCGT
CCs
CHP
CNG
CO2
DLR
DSM
ENTSO-E
ESM
ERE

EU
FCEV
GM

HEAT
HEV
HT
HTLS
HVDC
ICE
MP
NEP
NRA
NUCLEAR
OLE
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Alternating current

Sensitivity Limiting grid expansion
Battery electric vehicle
Baden-Wirttemberg (German Federal State)
Capital expenditures

Combined cycle gas turbine
Carbon capture and storage
Combined heat and power
Compressed natural gas

Carbon dioxide

Dynamic line rating

Demand side management

LIST OF ABBREVIATIONS

European Network of Transmission System Operators for Electricity

Energy system model

Scenario Energy Resilient Europe
European Union

Fuel cell electric vehicle

Scenario Global Markets

Hydrogen gas (or Dihydrogen)
Sensitivity Low Building Renovation Rate
Hybrid electric vehicles

High temperature

High temperature low sag

High voltage direct current
Conventional internal combustion engines

Package of measures

German Netzentwicklungsplan (Grid Development Plan)

National regulatory authority
Sensitivity Nuclear Renaissance

Overload energy

105



ENERGY SYSTEM 2050 - Towards a decarbonised Europe
LIST OF ABBREVIATIONS

OPEX
PHEV
Imb
Pmax
PST

PV
PyPSA
RES
RoCoF
SNG
TSO
TBW
TYNDP
V2G
V2G/DSM
VRE
WIND
WY96
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Operational expenditures

Plug-in hybrid electric vehicles
Active power imbalance

Maximum power

Phase-shifting transformer
Photovoltaic

Python for Power System Analysis
Renewable energy source

Rate of Change of Frequency
Synthetic natural gas

Transmission System Operator
TransnetBW

Ten Year Network Development Plan
Vehicle-to-grid

Sensitivity inflexible mobility
Variable renewable energy
Sensitivity Low RES Expansion Acceptance

Sensitivity Extreme Meteorological Year
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LIST OF TECHNOLOGIES

TABLE 8:

Overview of model components, part 1.

Buses
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Table 8 and Table 9 presents the complete list of the technologies included in
PyPSA. Own model expansions are highlighted in bold, green.

Generators

Links

[EU-Level]

[EU-Level]

[EU-Level]

Air-Source Heat Pumps??

Atmosphere CO2

EU-Natural Gas

CO2 Ventilation

Air-Source Heat Pumps”

CO2 Storage

EU Ol

Direct-Air-Capture

Heat Storage??

Coal Green Gas Imports [Regional-Level] Resistance Heater"??)
Natural Gas [Regional-Level] Gas Turbine Gas Boiler3

Biogas / Biomass Nuclear H,-Electrolysis Micro-CHP"®
Synthetic Oil Hydro H,-Fuel Cell CHP?
[Regional-Level] Solar Thermal"?3) H,-Pipeline Gas-to-Urban

Electric Power Wind Offshore AC/DC Batteries Sold Biomass to Urban

Hydrogen Wind Onshore 1 -4 Sabatier-Process Fischer-Tropsch-Synthesis
Batteries PV Utility and Rooftop High Temp. P2G (Helmeth) Coal Power Plant (w CCS)
E-Mobility Coal Steam Methane Reforming Coal -CHP (w CCS)
Heat"2:3) Load Shedding E-Mobility Oil- und Coal Boiler
Heat Storage?? Vehicle-2-Grid Biomass-Boiler
CHP? H, Pipelines
TABLE 9: Stores/Storages Demand/Load
Overview of model components, part 2.

[EU-Level] Electricity

Atmosphere CO2 Heat"2:3)

EU Natural Gas E-Mobility

NOTE

DRural

2Urban & Central
3Urban & Decentral
“In Industry

EU Biomass

Fuel Cells Mobility

Fischer-Tropsch Synthesis H, Mobility®
[Regional-Level] Oils

Battery Storages Biomass
E-Mobility-Batteries Gas

Heat Storages?? Coal

Pumped Hydro Storage

Reservoirs
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TECHNO-ECONOMIC ASSUMPTIONS

TABLE 10:

Main techno-economic assumptions, 2030 to 2050.

Technology Unit Parameter 2030 2040 2050
battery inverter per unit efficiency 0,91 0,92 0,92
battery inverter %/year FOM 0,49 0,70 0,90
battery inverter EUR/kWel investment 160 80 63
battery inverter years lifetime 21,00 26,00 30,00
battery storage EUR/kWh investment 153 76 60
battery storage years lifetime 21,00 26,00 30,00
biomass per unit efficiency 0,30 0,30 0,30
biomass %/year FOM 5,01 5,01 5,02
biomass EUR/kWel investment 3230,35 3227,08 3223,81
biomass years lifetime 30,00 30,00 30,00
CCGT per unit efficiency 0,60 0,60 0,60
CCGT %/year FOM 3,43 3,43 3,43
CCGT EUR/kWel investment 686,54 686,54 686,54
CCGT years lifetime 30,00 30,00 30,00
CCGT EUR/MWhel VOM 4,00 4,00 4,00
DAC %/year FOM 3,83 3,91 4,00
DAC EUR/(tCO2/a) investment 650,66 541,10 431,54
DAC years lifetime 27,00 29,00 30,00
DAC EUR/t CO2 VOM 77,24 75,40 73,56
electrolysis %/year FOM 4,36 3,61 2,85
electrolysis EUR/kWel investment 333 230 202
electrolysis years lifetime 19,00 21,00 23,00
Fischer-Tropsch per unit efficiency 0,59 0,63 0,66
Fischer-Tropsch %/year FOM 7,16 8,45 9,74
Fischer-Tropsch EUR/KWH2 investment 1141,00 994,00 846,00
Fischer-Tropsch years lifetime 19,00 22,00 25,00
HVAC overhead %/year FOM 2,00 2,00 2,00
HVAC overhead EUR/MW/km investment 500,00 500,00 500,00
HVAC overhead years lifetime 40,00 40,00 40,00
HVDC inverter pair %/year FOM 2,00 2,00 2,00
HVDC inverter pair EUR/MW investment 600000,00 600000,00 600000,00
HVDC inverter pair years lifetime 40,00 40,00 40,00
HVDC overhead %/year FOM 2,00 2,00 2,00
HVDC overhead EUR/MW/km investment 2000,00 2000,00 2000,00
HVDC overhead years lifetime 40,00 40,00 40,00
HVDC submarine %/year FOM 2,00 2,00 2,00
HVDC submarine EUR/MW/km investment 2000,00 2000,00 2000,00
HVDC submarine years lifetime 40,00 40,00 40,00
hydrogen storage EUR/kWh investment 41,57 31,29 21,00
hydrogen storage years lifetime 30,00 30,00 30,00
hydrogen underground storage EUR/kWh investment 0,03 0,03 0,03
hydrogen underground storage years lifetime 33,00 33,00 33,00
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Technology Unit Parameter 2030 2040 2050
methanation per unit efficiency 0,86 0,88 0,90
methanation %/year FOM 2,13 2,21 2,30
methanation EUR/kWMethan investment 369,36 289,46 249,78
methanation years lifetime 20,00 22,00 25,00
nuclear per unit efficiency 0,33 0,33 0,33
nuclear %/year FOM 3,07 3,07 3,07
nuclear EUR/MWhth fuel 3,15 3,15 3,15
nuclear EUR/kWel investment 3259,12 3259,12 3259,12
nuclear years lifetime 60,00 60,00 60,00
nuclear EUR/MWhel VOM 2,10 2,10 2,10
OCGT per unit efficiency 0,40 0,40 0,40
OCGT %/year FOM 3,25 3,25 3,25
OCGT EUR/kWel investment 392,31 392,31 392,31
OCGT years lifetime 25,00 25,00 25,00
OCGT EUR/MWhel VOM 3,00 3,00 3,00
offwind %/year FOM 4,81 6,02 7,24
offwind EUR/kWel investment 1684,00 1516,00 1415,00
offwind years lifetime 25,00 25,00 25,00
offwind EUR/MWhel VOM 0,01 0,01 0,01
onwind %/year FOM 1,26 1,33 1,41
onwind EUR/kWel investment 1023,17 979,32 946,19
onwind years lifetime 25,00 25,00 25,00
onwind EUR/MWhel VOM 0,01 0,01 0,01
SMR per unit efficiency 0,74 0,74 0,74
SMR %/year FOM 7,03 7,03 7,03
SMR EUR/KWCH4 investment 416,74 356,62 296,50
SMR years lifetime 25,00 25,00 25,00
SMR CCS per unit efficiency 0,67 0,67 0,67
SMR CCS %/year FOM 5,15 5,84 6,54
SMR CCS EUR/KWCH4 investment 596,50 596,50 596,50
SMR CCS years lifetime 25,00 25,00 25,00
solar-rooftop %/year FOM 2,26 2,68 3,11
solar-rooftop EUR/kWel investment 784,95 660,72 536,48
solar-rooftop years lifetime 25,00 25,00 25,00
solar-utility %/year FOM 2,32 2,71 3,11
solar-utility EUR/kWel investment 462 357 335
solar-utility years lifetime 25,00 25,00 25,00
Hard Coal €/MWh - 12.85 14.28 16.99
Natural Gas €/MWh - 28.71 31.54 32.58
Qil €/MWh - 53.02 53.43 45.13
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HYDROGEN IMPORT COST FROM NON-EU COUNTRIES

TABLE 11:

Calculation of hydrogen import cost from non-EU countries in 2050.
Note: higher values for pessimistic scenarios matches with the value taken by the study Langfristszenarien, 2021.

PV optimistic avg (GM) pessimistic (ERE) ~ Comment

P installed MW 100 100 100

FLH h/y 1960 1960 1960 e.g. MENA region

spec. Capex €/kW 184 335 335 from LUT / TBW assumptions, 2050

interest % 7% 7% 7% from LUT

life time y 40 40 40 from LUT

Annual capital cost Mio. €/y 1,38 2,51 2,51

spec. Opex % inv/y 2% 2% 2% from LUT

Sum Annual Cost PV Mio. €/y 1.7 3,2 3,2

Electrolysis

P inst MW 100 100 100

FLH h/y 1960 1960 1960

Efficiency LHV % 70% 70% 70% assumption for 2050

H, prod. GWh/y 1372 1372 1372

spec. Capex €/kW 148 202 202 from LUT/ TBW assumptions, 2050

interest % 7% 7% 7%

life time y 30 30 30

Annual capital cost Mio. €/y 1,19 1,63 1,63

Opex Mio. €/y 0,52 0,71 0,71

Sum Annual Cost Mio. €/y 1,7 2,3 2,3

H, Transport - pipeline for “optimistic” and

"avg" scenario; LOHC shipping for pessimistic scenario

Distance km 1000 1000 from H, production region to Europe
boundaries

Spec. CAPEX H, pipeline €/MW/km 263 263 New pipeline. CAPEX: https://gas-
forclimate2050.eu/sdm_downloads/

Annual capital cost Mio. €/y 1,33 1,33 Zzt:knbd;:g;the_eumpean-hydmgen-

opex Mio. €/y 0,64 0,64

Sum Annual Cost H, pipeline  Mio. €/y 2,0 2,0 -

Transported H, /year GWh/y 137 137
LOHC: calculated based on:

LCOT (Transport) €/MWh_H, 14 14 43 https://www.ffe.de/wp-content/up-
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LCOH, optimistic avg (GM) pessimistic (ERE)
Sum Annual Costs PV+ Mio. €/y 3,5 5,5 55
Electrolysis

LCOH, w/o Transport €/MWh_H, 25 40 40

LCOH, incl. Transport €c/kWh 4,0 5,5 -

LCOH, incl. Transport €/MWh_H, 40 55 84

EU POWER TRANSITS

TABLE 12:

As one can observe in Table 11, there is great uncertainty for hydrogen import
cost assumptions. The range for imports is very wide (according to the used

sources between 40 and approximately 90 €/MWh in 2050).

In addition, the 55 €/MWh applied in the GM scenario only includes the

transport costs up to the model boundary (European borders). All H, pipe-
lines within the model boundaries are modelled and calculated and are thus
included separately in the cost optimisation function. In the model, transporting
hydrogen from North Africa to Germany would be significantly more expensive
than 55 €/MWh. Also, these are prices calculated from models, so there is no
political control of prices.

Electricity transits between EU27 and non-EU27 countries in 2050 in TWh

Country Transit GM 2050 Transit ERE 2050
AL 0.0 0.0

BA 0.0 0.0

CH 61.2 62.2

GB 19.8 21.7

ME 0.0 0.0

MK 2.3 4.9

NO 5.2 7.3

RS 11.8 16.6

SUM 100.4 112.7
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ENERGY FLOW DIAGRAMS FOR GERMANY

FIGURE 73:
Energy flow diagram, GM scenario, DE, 2050
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V2G Vehicle-to-Grid

* The trade also contains transit flows
across non-EU27 regions like Switzerland
and UK, e. g. power transmitted from
Germany to ltaly via Switzerland is
accounted twice. First as export, then as
import.

** The emission reduction of international
transport is outside the scope of this study
and has been only taken partially into
account. Therefore, all fossil based fuel
demand of the international transport is not
shown.

*** Even in a fully decarbonized energy
system, small amounts of fossil energy
carriers are used. Their emissions are fully
captured by existing Carbon Capture
technologies or encountered with negative
emissions.

***+% Industry” contains energetic as well as
feedstock usage. Fossil feedstock is not
represented in this chart as its respective
CO; content is not released into the
atmosphere. Hence, all fossil based
feedstock flows are excluded.

In general: Energy flows below 1 TWh
are not depicted. Therefore, small
imbalances between inputs and outputs
may occur.
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FIGURE 74:
Energy flow diagram, ERE scenario, DE, 2050.
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