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Abstract

This Master’s Thesis examines sector coupling as a means to defossilise the secondary
economic sector for the energy transition of the economy as a whole. It includes the
heating and cooling, gas and electricity sectors and assesses their defossilisation
potentials. The research investigates the different existing technologies and P2X
pathways for sector coupling. It includes direct and indirect electrification, as well as
sources of renewable energies and renewable energy conversion solutions like hydrogen-
based technologies. It finds that sector coupling holds particular potential for the

defossilisation of the heating and cooling industry.

Historically, it examines the origins of each of the energy vectors and draws conclusions
regarding their potential of systems integration. The hydrogen vector, in particular holds
potential but lacks infrastructure and technological development, inter alia, regarding

storage solutions. Thus, electrification is emphasised in the course of this work.

Geographically, it focuses on coupling strategies within greater Europe, and compares it

with the status quo of other internationally relevant energy systems where applicable.

New concepts are emphasised like the holistic LINK-based paradigm for smart grids as
well as other smart solutions. By systemically reviewing literature, analysing policy
implications, and addressing technological challenges, this research aims to provide
valuable insights that can drive the adoption and implementation of sector coupling
strategies, ultimately contributing to the understanding and implementation of integrated

energy solutions.



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Table of Contents

List Of ADDYEVIALIONS ....cuuuuuuvvveueeiirveeniiiiirniiinriiniiiirissiisnsssiisssssssssssssisssssssssssssssssssees iii
0 B 171 71 1 7 e 1 1/ 1
1.1. Background .........cccoviiiiimiuniiiiiiiiiiiiniiiniiressssnesssssssss s sssssssssssssssssssssas 1
1.2. MOtivation ..occovviiiiiiiiiiiiiiiii e 3
1.3. ODjJECTIVES ittt 3
1.4. SCOPE ettt s e 4
1.5. SEPUCLUIE ..ueneeiiiii s e 4

2. MethOdology.......uueueueeeneniriiiiiiiiiiiiiiiiiiiiiiiiieieneneeieeeieienensesisssssmssssssssssssssssnsssnon. 5
S ) 1 O R 7777 ) 6
3.1. General structure of countries’ €eCONOMIES .........cceeeeerieeeeiriienreirirererreeneeereennnens 6
3.2, Historical overview of energy Systems.......cccceeieiiinieiniiinininiiiiiieiiieneieneeeeeeeeeeeeen 12
32000 GAS bbbttt s b e bt e sht e bt e eaae e b e e be e reeea 12
3.22.  Heating & CoOliNg...........cccoiiiiiiiiii s 14
323, EICCHIICIEY ..o s 18
324, HYAIOZEN.....c.oiiiiiiiiiiii e e e 21

3.3. Enabling concepts.......cceeuueiiiiiiiiiiiimiiiiiiiiiinirsinnninnressssessnnsessssssessssseesa 24

4.  Energy Systems INteGration ...........uuvvvsvssssssssisisiisiiissssssssssssnssenessneesnenssssssssnens 26
RN Y6 1 6717 1] | 1R 30
5.1. Brief historical OVerVIeW ........cooiiiiieeeiiiiiiiiiiiininiiinninrenersssssssssssnnenee 30
50010 DEfiMtiONS ....oooveeiiiiiiiiieee e e 31
5.1.1.1. Cross-Vector Sector COUPING..........c.cooeviiiiiiiniciieeceeeeee e 33

5.1.1.2. End-User Sector COUPING ............ccceoieiiiiiiiiiiinieieseeeee et 35

50.2. EU LeGISIAtiON ......cc.ooiiiiiiiiiiiiiiecee ettt s 35
5.1.3. Technical develOPIENtS .............ccooiiiiriiiiiiiiiieie et 42
5.1.3.1. Power-to-Heat ...........cocoooiiiiiiii e 46

5.1.3.2. POWEI-t0-GAS ....c..ooiiiiiiiiiii e 47

5.1.3.3. Power-to-Liquid ... 50

5.2. State of the Art.........ciiiiiiiiiiiiiiiiiirr e 51
5.2.1. OPPOITUNILIES .....c.ooiviiiiiiiiiiiieice e 51
5.2.1.1. TeChIICAL.........ooiiiiiiee et e aee e aaee s 51

5.2.1.2. MarKket-0riented.............oooriiiiiiiiiiiiece e 54

5.2.1.3. S0CI0-CCOMOIMIC.........coeiiiiiiiiiiieec e 55

5.2.14. Environmental.............cocooiiiiiiiiiiiieee e 55

5.2.20 BAKTIETS ..ooiiiiiiiecceeee et e e 56
5.2.2.1. TeChNICAL. ... e e 57

5.2.2.2. MaAarKet-0riented...........c.coooirieiiiiiiieeeee e e e 59

5.2.2.3. SOCI0-CCOMOMIC.........cceiiiriiiiieieeetee e 61

5.2.2.4. Environmental.............cocoooiiiiiiiiiiiiiiee e 63

5.2.2.5. Energy trilemma ............coccooiiiiiiiiiiie e 63

6. Recommendations for Sector Coupling Strategies.............uuuuuueeeevvvervvveesivennnns 64
WA 01 Tl | 7R 7 ) 68
00217110 ) 7 72
LiSt Of FIQUFES u.uovveuueivrveriiriviiiiirrisiisinisiiiiiisssiissssssiisssssssssmsssiissmssssssssssssssssssssssssns 78

il



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

List of Abbreviations

BEV
CCUS
CEP
CHP
DC
DG
DH
DSO
EC
EEC
EP
EU
FF55
GHG
GIE
IEA
LNG
IPCC

IRENA
IRES/RES
MS
NECP
NIMBY
P2G
P2H
P2L
SDG
TES
TSO
VRE

Battery Electric Vehicle

Carbon Capture Utilisation and Storage
Clean Energy For All Europeans-Package
Combined heat and power

District Cooling

Directorate-General

District Heating

Distribution System Operator

European Commission

European Economic Community
European Parliament

European Union

Fit-for-55

Greenhouse gas

Gas Infrastructure Europe

International Energy Agency

Liquefied natural gas

Intergovernmental Panel on Climate
Change

International Renewable Energy Agency
(Intermittent) Renewable Energy Sources
Member States (of the European Union)
EU National Energy and Climate Plans
Not in my backyard

Power-to-Gas

Power-to-Heat

Power-to-Liquid/Fuel

Sustainable Development Goals
Thermal Energy Storage

Transmission System Operator

Volatile Renewable Energy

il



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Acknowledgements

I would like to thank my supervisor, Professor Dipl.-Ing. Dr.techn. Albana Ilo for her
guidance and continuous support throughout the process of conducting this Master’s
Thesis.

Moreover, I want to express my gratitude to Professor Hans Puxbaum, our Programme
Director who made sure I was on the right track and provided me with literature.

I would further like to thank Mr DI Oliver Dworak from the Energieinstitut der Wirtschafi
for his offering his time, expertise and valuable insights into the sector coupling landscape
in Austria and beyond.

Given the limited timeframe for completing this Master's Thesis, I was fortunate to
receive swift assistance and valuable connections to experts in the field.

Finally, I could not have achieved this milestone without the unwavering support from

my family and friends throughout this Master’s programme.

v



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1. Introduction

1. Introduction

The defossilisation of the economy, on a regional and global scale constitutes a key pillar
in climate change mitigation. Europe has become a key player in leading the energy
transition. As described by the European Network of Transmission System Operators for
Electricity (2019, 4), ENTSO-E in short, Europe is experiencing a shift away from a
fossil-fuelled and supply-centred energy sector ‘to a clean, digitalised and electrified
consumer centric system with many distributed resources It lays out that future system
operations will ‘rely upon a system of systems that should work as one’ that ensures the
integration of growing shares of Volatile Renewable Energies (VREs) and distributed
resources. This allows ‘ for alignment with needs of all grid connected assets and be
further coupled with other sectors’ where innovation and cooperation are ‘key enablers’

(European Network of Transmission System Operators for Electricity 2019, 8).

This Master’s Thesis examines various aspects of sector coupling as a means for
defossilisation, while exploring the opportunities there are at the European level. The
persisting challenges and barriers that are technological, market-oriented and socio-

economic are assessed. It is aimed at reflecting on the following research question:

How can sector coupling enhance energy resilience and security in the face of
disruptions, and what strategies should be prioritized to achieve these goals (on

the example of Austria)?

The conclusion rounds up this thesis by integrating the findings on the defossilisation
potential of sector coupling. It comprises an outlook in the future and perspectives for

Europe looking at potential means of application and implementation.

1.1. Background

The global primary energy consumption is continuing to grow by roughly 1-2% each year

despite a small downturn in fossil fuels that are still the dominating share with over 80%.
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1. Introduction

This increasing energy demand is posing significant challenges to stakeholders that are
among others, governments, energy providers and grid operators around the world

(Energy Institute 2023).

The European Union has taken a leading role in the energy transition, with the “Fit-for-
55” package aiming to reach carbon neutrality by the year 2050 and cutting overall
greenhouse gas emissions by 80-95% compared to the year 1990. To that end, the
complete defossilisation of Europe’s energy system is essential while maintaining
affordability and secured energy supply (European Parliament. Directorate General for
Internal Policies of the Union. 2018; European Commission, Directorate-General for

Energy 2022).

Through the growing penetration of VREs the distinct need for smart grid stability
solutions as a result of increasing fluctuations in the output of renewables and coinciding
closures of conventional power plants continues to arise (Khajeh, Shafie-khah, and

Laaksonen 2020).

At the same time, due to growing electrification and increased reliance on EVs and
electrical appliances, challenges regarding operation and planning of the electricity grid
today can already be observed. According to Lai and Locatelli (2023), large-scale energy
storage capacities are essential in maintaining the power grid’s energy balance.
Notwithstanding this distinct need for storage solutions, the scale and amount throughout

Europe is still insufficient despite rapid growth.

In this context, the DG for Energy of the EC is calling for the prompt upscaling of
available technologies and investment stimulation through incentive-based regulations
such as carbon pricing via ETS in order to further foster economic competition with
conventional technologies while minimising administrative hurdles. Regarding the
necessary skills and skilled workers for the energy transition, the EC recognises the
problem that different sectors are competing for ‘the same competencies’ which in return
requires EU-wide coordination efforts as well as the allocation of sufficient education and
training facilities for the desired skills (European Commission. Directorate General for

Energy. 2022).
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1. Introduction

1.2. Motivation

The energy transition is becoming an increasingly pressing issue and sustainable solutions
are needed in order to achieve net zero by the year 2050 and the SDGs. Sector coupling
potentially represents one of the pivotal approaches in mitigating the climate and
associated energy crisis. The consequences of the latter parts of the world are already
experiencing to a large extent. This research aspires to contribute valuable insights that
can help shape the transition towards a cleaner, more interconnected and sustainable
energy future. It aims at providing a holistic overview of sector coupling in Europe and

beyond.

1.3. Objectives

The main objective of this Thesis is to provide a holistic understanding of sector coupling
dynamics and recommendations for sustainable energy integration in the future. For this,

the following research question has been identified as:

How can sector coupling contribute to enhancing energy resilience and security
in the face of disruptions, and what strategies should be prioritised to achieve

these goals?

Further questions that this Thesis aims to explore are what the role of sector coupling in
the defossilisation of the economy actually is and provided positive outcomes, whether it

could be applied to other regions and economies in the future.

Since the state of the art regarding sector coupling is at times unclear in terms of
terminologies and different understandings, this Thesis aims to provide a uniform
definition through thorough assessment of the historic developments and status quo.
Providing clarity in terms of the understanding of sector coupling and associated
technologies is essential for further research and future deployment of sector coupling
technologies. This holistic view on the topic is a key objective of this Thesis which aims

to provide a basis for future, in-depth research on all of the associated technologies.
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1. Introduction

1.4. Scope

The scope of this Thesis encompasses the assessment of history and overview of the status
quo of sector coupling and its defossilisation potential. The opportunities and respective
challenges and limitations of the sector coupling concept will be elucidated as well as the

future perspectives.

Geographically, the focus of this Master’s Thesis is limited to Europe. Nonetheless,
Chapter 7 Conclusion further explores the applicability of the assessed sector coupling

strategies to other geographic regions.

1.5. Structure

After outlining the research methodology in Chapter 2, the Thesis sets out the findings
of the literature review. Chapter 3 examines the historical overview of the various energy
systems and general structure of countries’ economies today. In Chapter 4, the process
of energy systems integration is described. Chapter 5 includes assessment of the status
quo of sector coupling on the holistic level. The research question is closely examined in
Chapter 5.2, State of the Art. It reviews the benefits and opportunity areas of sector
coupling, which include an increase in flexibility and decrease of fossil dependence in
Section 5.2.1. Section 5.2.2. examines the barriers and challenges that are sub-divided
into technological, socio-economic and market-oriented. In Chapter 6 recommendations
to policymakers are presented based on the literature review. The Chapter Conclusion
contains the integration of relevant findings. Included in the conclusion, the future

perspectives and outlook are given.
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2. Methodology

2. Methodology

Figure 1 shows the methodology used in this work. It comprises a state-of-the-art
literature review, including a thorough assessment of EU legislation in the context of

energy transition and sector coupling.

The comprehensive systematic review aims to roll out the state-of-the-art effects and

potential knowledge gaps about sector coupling.

Assessment of

Comprehensive Integration of Holistic

EU legislation on
Sector Coupling

literature review relevant findings overview

Figure 1: Methodology

Through this approach, the research aims to provide a holistic understanding of sector
coupling and offer valuable insights and recommendations for sustainable energy
integration. To that end, it aims to holistically answer the chosen research question that

is:

How can sector coupling enhance energy resilience and security in the face of

climate change, and what strategies should be prioritised to achieve these goals.

Further questions this Thesis aims to explore are what the role of sector coupling in the
defossilisation of the economy is and provided positive outcomes, whether it can be
applied to other regions and economies in the future. The findings are accordingly

summarised in the conclusion.
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3. Energy Transition

3. Energy Transition

The energy transition has the aim of enabling a carbon neutral economy based on
adherence to the Paris Climate Agreement and the 2018 IPCC report with net zero
emissions by the year 2050 and the accompanying European targets by 2030. The
European Union (2019) has defined its goal to have ‘a clean, affordable and reliable
energy system’ by decreasing emissions from greenhouse gases (GHG) by a minimum

40% compared with the 1990s level.

Increasing efficiency of energy consumption and accelerating defossilisation of the
energy sources constitute essential strategies in order to achieve this transition to clean

energy (Agora Energiewende 2019).

This Chapter provides an overview of the different elements regarding the energy
transition including smart grids and the energy trilemma. It sketches the economic
structure of the overall economy and briefly outlines the historical background of the

different components of the energy system as we know it in the subsequent subsections.

3.1. General structure of countries’ economies

In macroeconomics, countries’ economies are usually divided in different sectors,

according to the share of the workforce carrying out various activities.

While some macroeconomic models consider four or five economic sectors, including
e.g. also intellectual activities and the ‘knowledge economy’, this Thesis only takes into
consideration the three main ones as the remaining others can be closely linked with the

tertiary sector.

The economy of a nation is categorised per Rosenberg (2020) into three main sectors
that are:

e The primary sector covers the primary economic activity, i.e. extractions and

harvest of raw material and staple foods.
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3. Energy Transition

It comprises the industries agriculture, fishing and mining, as well as forestry and
quarry extraction. The primary processing and packaging are further included in

the primary sector.

e The secondary sector involves all further manufacturing, construction and
processing activities like, inter alia, the construction industry, chemical and
textiles and automotive production.

e The tertiary sector covers the commercial service industry, both on a business-
to-customer (B2C) and business-to-business (B2B) level. This includes for

instance, tourism, insurance and health care, gastronomy and law practices.

This categorisation as a ‘continuum of distance from the natural environment’ starts with
primary economic activities and increasingly in distance from the natural resources to the
extent that the sectors are becoming increasingly decoupled from the processing of raw

materials.

In the scope of the energy transition, the secondary sector, and more specifically, the
energy utilities contained therein, are most relevant as they involve the production

and distribution of the various energy carriers.

Figure 2 provides an overview of the general economic structure of a country and the

links of each of the energy systems and sectors with each other.

Furthermore, it depicts the interlinkage between each of the energy systems with their

according vector and end users.

Per definition, ‘an energy vector allows to transfer,in space and time, a quantity of

energy’ (Orecchini 2006, 1952).

Thus, vectors facilitate the energy use at a temporal and spatial distance from the energy
source. The most common vectors currently include fossil fuels like oil and gas and their

derivatives, electricity and heat exchanging fluids.



3. Energy Transition

swa)sAg Jo walsAg ABiaug 0] Buipea] $s920.4d uoneibaju] waisAs

A

_m_..__n_:no 101009 ..mmb-u:ﬂ

Buidnog 10308g 10}097-SS04D)|

JI9SN-pu3y _,_Eumz \_mmj pug }o1oep Hesn-pud [l10108p)
R Z
N T weisAg

Buijoon g buljesH

Emﬁmam SED)

72
103003 Kieia) |

Z\v

10}09g Aiepuooag

_=o_um.: e Jo Awouodo3

Euumm. Aewiid

Figure 2: Overview Energy Utilities within economic structure (Source: based on Ilo 2024)

"}aylolgig Uusipy NL 1. wuud ul sjgejreAe si sisayl Syl Jo uoisiaA [eulblio panoidde ay 1 any a8pajmou| InoA

“regBnpian yayiolgig Usipn NL Jop ue 1sI IagielalSe 19salp uoisiaAfeulBbuO aponipal ausiqoldde aig AV—@F—HO__D_M



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3. Energy Transition

Hydrogen vectors do not yet exist on a broad scale, however, there are supranational
initiatives to create the necessary infrastructure like the European Hydrogen Backbone
(EHB) which is currently being established. It envisions a pan-European hydrogen
transmission system that utilises the existing gas infrastructures to construct five
hydrogen corridors throughout 28 countries from 2030 to 2050 (European Hydrogen
Backbone 2023).

Hydrogen, thanks to its long-term storage and long-range transfer attitude, is described
by Orecchini (2006, 1954) as ‘the missing vector to be integrated within the global system

for accomplishing a complete replacement of fossil fuels .

Figure 2 further evinces sector coupling that can be in the form of cross-vector and end-
user coupling, both of which are examined in further detail under Chapter 5. As can be
derived, the different energy vectors, through sector coupling, are moving towards an
Energy System of Systems, an integration process that is subsequently explained in

Chapter 4.

When looking at the energy transition, an important but limiting aspect is currently the
capacities of the electricity. As many European countries are now increasing the share of
renewable energy sources (RES) in their energy portfolios, the fluctuations in the power

system are likewise increasing, as are changes in the electricity supply structure.

Another element is the growing number of distributed generation units that are on the one
hand becoming more popular due to their small size, advancing technologies and
flexibility that can be connected to the distribution grids. On the other hand, however,
they can have adverse effects on the network operations when operating ‘in an

uncoordinated way’ (1lo and Schultis 2022, 14).

Energy utilities both manage and own the power generation, transmission and distribution
components through vertical integration, i.e. direct ownership of the various stages of the
production process. Today, the householders, that are electricity customers consume the

electricity provided by the closest supplier (Perry 1989).

This poses substantial challenges to the power industry overall and particularly, the
management of the electricity market and the use of present transmission and distribution

grids.
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3. Energy Transition

In this context, the term Smart Grid ascribes a

‘modernization of the electricity delivery system so it monitors, protects and
automatically optimizes the operation of its interconnected elements — from the
central and distributed generator through the high-voltage transmission network
and the distribution system, to industrial users and building automation systems,
to energy storage installations and to end-use consumers’ (...)

(Electric Power Research Institute 2011, 2—1).

The scope of smart grids extends from the generation (distributed and central) on all
voltage levels (HV, MV and LV) to the electrical devices in households whereas the

power systems of the past ended at the connecting point with the consumers (Ilo 2016).

Since smart grids further involve the consumers, initiated by the California electricity
crisis in 2000 and 2001, they made way for a new era of energy production and
consumption. This era includes ‘prosumers’ in the power system that are grid-owning
electricity producers with storage capacities. It can thus be inferred that all producers of
electricity, notwithstanding their technology and size, must be considered for the

successful integration of smart grid solutions.

As they represent a decentralised and deregulated system with high proportion of RES
and enabling properties for sector coupling dynamics, smart grids are an essential element
for a successful implementation of Energy System Integration (ESI) (Brauner 2022).

The ESI and according processes are discussed in more detail in the Chapter 4

underneath.

When regarding energy systems, especially in the context of the energy transition, the
importance of balance of the dimensions of the Energy Trilemma arises. In line with the
World Energy Council (2024b), ‘healthy energy systems are secure, equitable and

environmentally sustainable’.

In their annually released Energy Trilemma Report and Index, it analyses the progress of
the energy transition across more than 100 countries, appealing to policymakers and

leaders to tackle the competing requirements of the three dimensions of the trilemma.

10
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3. Energy Transition

Figure 3 visualises the energy trilemma, including its core dimensions energy security,

energy equity and environmental sustainability of the energy systems.

Energy security involves the capacity of a country to meet its population’s energy needs,
from own production to imports in a reliable and resilient way. The sustainability
dimension assesses the progress towards clean energy according to factors like innovative
abilities, governmental stability and attractiveness to investors. The last dimension,
energy equity, evaluates the extent of universal access to energy based on factors like

electricity access and access to clean cooking fuels.

ENERGY
SECURITY

ENVIRONMENTAL ENERGY
SUSTAINABILITY EQUITY

Figure 3: Energy Trilemma (Source: World Energy Council)

As per the report (2024b, 2), a balance of systems enables ‘prosperity and

competitiveness of individual countries’.
The Figure depicts the fact that individual dimensions cannot be considered indvidually

without the risk of passive trade-offs, in order to keep the system’s balance, in the

middle.

11
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3. Energy Transition

3.2. Historical overview of energy systems

In order to look at the evolvement and potential of sector coupling, a concept
subsequently explained throughout this Thesis, the historical roots of energy systems that
paved the way must first be assessed. While the term sector coupling is still rather new in
application, dating back to the year 2013, the concept finds its historical roots in as early

as the 19" century (Breeze 2018).

This Section aims to provide an overview of the historic developments of the various
energy systems, including the gas system, heating and cooling, the power system and

more recently, hydrogen.

3.2.1. Gas

The history of utilising natural gas begins with the construction of the renown Oracle of
Delphi around a natural gas source seeping from the ground in a flame in ancient Greece
1.000 years BC. Roughly 500 years BC, crude bamboo pipes were used as pipelines for
the first time in history in China to transport natural gas for the boiling of water. In 1785,
Great Britain was the first country in the world to commercialise natural gas for street
and house lighting purposes. Baltimore was the first city in 1816 to have fully lit streets
with gas lights. 20 years later, the first municipally owned gas distribution company was
established in the city of Philadelphia named Philadelphia Gas Works, the longest

operating American public gas system (American Public Gas Association 2024).

The utilisation of natural gas other than for lighting purposes goes back to the invention
of the Bunsen burner by German chemist Robert Bunsen in 1855 which made way for
new opportunities regarding gas stoves and gar furnaces. Throughout the 20™ century,
with reliable pipelines being built all over the US and beyond, the power of gas extended

from heating, cooking, industrial processes and boilers for power generation.
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3. Energy Transition

Nowadays, ‘natural gas is a vital component of the world's supply of energy’, the
American Public Gas Association (2024) claims with more than one half of energy being
consumed by residential and commercial consumers. It further points out the increased
demand in LNG, which will require future processing facilities. According to the authors,

US imports will increase to 7 or 8% compared with 1% currently by the end of the decade.

Figure 4 visualises the main historical developments regarding the history of the gas

system.

In their World Energy Outlook (2011), the IEA first mentioned the ‘Age of gas’ which
we are experiencing today. A more recent analysis by the IEA (2024), however,
acknowledges declining growth rates in natural gas which might result in a foreseeable

end of said fossil-based age.

3.2.2. Heating & Cooling

The first district heating approach was recorded in Chaude-Aigues, France, in as early as
1334, when a geothermal source was employed to transport hot water to the village

(Werner 2017).

The history of commercial district heating (DH) dates back to the 1870s, ranging over
80.000 systems worldwide (Ostergaard et al. 2022).

Literature distinguishes between the first, second and third generation of DH with
different features such as heat carriers and within the different periods in history. The
first generation of DH spanned from the 1880s to the 1930s and involved high-
temperature steam that was transported through the pipes. With the invention of Thomas
Edison’s first power station for lighting located on Pearl Street in New York, heat was
used to supply hot water and heating for residential as well as commercial spaces (see
Section 3.2.3). At the time, the whole system was fuelled by coal. These DH constructions
can still be seen in New York today, with hot steam rising from manhole covers, and were

soon to expand to other major cities in the world (Breeze 2018).
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3. Energy Transition

Following World War I and the Great Depression, district heating experienced an
upswing throughout some European cities inter alia in Germany and the US in the 1920s.
The second generation was established in the 1930s and lasted for roughly 30 years. The
heat carrier was pressurised hot water, fuelled by oil and coal. By 1950, Russia as well as
Germany and Scandinavia had established DH systems, while in other countries like the
UK, ‘there was never any great enthusiasm for CHP’, the combined heat and power
production, also known as cogeneration. According to the author, ‘CHP is seen as a key
emission control strategy for the 21st century’ thanks to high efficiencies, despite its

growth having remained stagnant in recent years (Breeze 2018, 5; Werner 2017).

Starting in the 1970s, the third generation used for the first time pre-insulated pipes that
were directly buried into the ground, making possible the operation with lower
temperatures below 100 degrees Celsius. This drastically improved their efficiency,
which constituted a major objective at the time after the oil crises in 1973 and 1979. DH
concepts are widely implemented in the geographic zones of Russia, China and the EU
amounting to over 80% of the globally delivered heat through DH systems. With
reference to Werner (2017), 8% of the global end-user heat demand are accredited to DH

supplies.

As they allow for fuel-and cost-efficient utilisation, DH play an important part in EU

legislation on energy as well as on regional levels (Ostergaard et al. 2022).

Today, the fourth generation of DH is well underway, which aims to integrate high
amounts of RES while at the same time providing flexibility to the power system. Modern
systems are demand-driven, while ensuring there is sufficient water pressure and

temperature to be delivered to the consumers by the suppliers.

Regarding the history of district cooling, its history is likewise separated into four
generations. Early district cooling (DC) concepts in the form of collective pipeline
refrigeration systems were put in place towards the end of the 19" century in the US,
mainly in New York. This period is referred to as the first generation of DC, comprising
‘central condensers and decentralised evaporators with the refrigerant as the distribution

fluid’, which survived until the 1960s (Lund et al. 2014, 2).
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By the time, DC systems were also introduced in France and later Germany. Starting with
a shift towards ‘comfort cooling’, the second generation of DC began with water as

distributing fluid and large-scale compression chillers (Ostergaard et al. 2022).

The third generation started in the 1990s with a diversification in the cold supply by
utilising new cooling sources like natural cold sources and absorption chillers. The
concept of heat recovery found some interest from compression chillers as did short-term
cold storages. The adoption of the Montreal Protocol in 1987 and its entry into force in
1889 further initiated the beginning phase-out away from refrigerators containing ozone-

depleting substances, mainly CFCs.

The fourth generation, starting with the turn of the century is described by @stergaard
et al. (2022, 1) as to be ‘combining cooling with other energy sectors sometimes into a
renewable energy-based smart energy systems context, including combined heating and
cooling’. Nowadays, estimates regarding the total global cooling demand amounts to
almost 20% of the overall electricity demand, in the form of air conditioning and electric
fans. While the exact number of DC systems on a global scale has not been identified,
roughly 150 European systems are in operation, in comparison to over 5.000 DH systems
in Europe. Many metropoles like Vienna, Paris, Stockholm and Middle Eastern and
American cities have DC systems in place (Werner 2017; Ostergaard et al. 2022).

With rising temperatures and the formation of heat islands in cities as well as increased
living standards, this share is expected to rise further. DC is less widespread on a global
level compared with DH, however, in line with Ostergaard et al. (2022), it ‘could provide
a more efficient and low-cost option for covering cooling demands’ due to flexibility in

conversion and naturality of cooling.

Figure 5 illustrates the historical developments of heating and cooling systems until

today.
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Figure 5: Timeline of relevant historical developments of district heating and cooling vectors
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3.2.3. Electricity

The history of electricity finds its roots in the studies of Thales of Miletus, around 600
BC in ancient Greece. By rubbing amber with clothes, for the first time in history, static
electricity was discovered. Benjamin Franklin in 1752 succeeded at his famous kite
experiment, proving that lightnings are electric phenomena. In 1800, Alessandro Volta

invented the electric battery.

Throughout the course of the Industrial Revolution in the 19™ century, electromagnetism
was discovered by Oersted as well as the principle of electromagnetic induction, by
Faraday. Thomas Edison developed the first incandescent lamp for residential lighting
purposes in 1879, a true turning point in the history of lighting. The end of the 19" century
marks the beginning of the electricity vector as we know it today with the construction of
the first low-voltage central power plant located on Pearl Street, New York City under
Edison’s instructions in September 1882. Its establishment marked a pivotal moment in
the history of centralised and large-scale industrial power plants — the ‘forerunners’ of
today’s electricity generation and distribution systems. A former employee of Edison,
Nikola Tesla, conceptualised the Tesla coil which facilitated long distance transporting
by its transforming from LV to HV capacities. He was to later set in place the first electric

system with alternating current (Erenoglu, Erding, and Tascikaraoglu 2019).

The first hydroelectric power plant was installed at Niagara Falls and was to electrify the
city of Buffalo by 1896. The Buffalo plant and Edison’s Pearl Street plant marked the
beginning of the electrical era in which the residential sector experienced significant
electrification starting in the United States and soon to be seen in the whole world.
This era, until the year 1910 is classified as legacy distributed power era, characterised
by small and distributed power plants that supply electricity to nearby consumers (Owens

2014).

During the start of the 20" century a surge in electrical household appliances such as
electric stoves, washing machines and lamps took over especially in the US. With the
start of this ‘all-electric American home’, the demand for CHP, for which the main

application constitutes DH, was slowed down again (Ramsebner et al. 2021, 4).
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This furthermore marked the beginning of the ‘central power period’, where economies

of scale led to ever larger power production plants (Owens 2014).

Battery electric vehicles attained popularity in the US after their initial demonstration at
the World's Fair in Chicago in 1892. However, with the introduction of the ICE by Henry
Ford in 1908, battery electric vehicles (BEVs) lost in market share and interest again. The
first practical photovoltaic cell was developed in 1954 by Bell Laboratories in the States.
In power systems history, large-scale decentralisation happened towards the end of the
20" century, when many vertically integrated utilities were transformed into different
legal entities such as generation, transmission and distribution companies, policy makers
and so forth. Since then, unprecedented technological developments have had a lasting
impact on power systems today such as the development of storage solutions. This also
changed the view on the system’s components today, making storage an integral part of

the architecture (see also Chapter 4).

The term Smart Grid, as defined in the Section above, was first mentioned after the major
blackout in the US and Canada in 2003. The electricity crisis that preceded the blackout
gave rise to distributed power with exhaustive small-scale PVs and the era of prosumers.
This ‘integrated energy systems era' includes distributed as well as centralised systems

that may work together and provide novel services like for instance, CHP (Owens 2014).

Today, marked by technological progress particularly in communication between the
different stakeholders in the power system, customers can take active parts in local
markets, by bidding and basing their demands on the market prices. With smart meters
connected to the households’ appliances and demand response programs, load
management and simultaneous profit maximation become possible, paving the way for
‘the new age of smart digital grids’ where the customers may participate as sellers and/or

buyers (Khajeh, Shafie-khah, and Laaksonen 2020, 1).

[llustrated in Figure 6 is the historical overview of the electricity or power system as we

know it today.
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3.2.4. Hydrogen

With regard to the history of hydrogen, it has to be noted that the energy vectors do not
yet exist despite its discovery dating back to the year 1766 by British scientist Henry
Cavendish. By reacting zinc with hydrochloric acid, hydrogen was separated and
Cavendish’ later demonstrations led to the finding that water is made out of hydrogen and
oxygen. In 1800, the British scientists Sir Anthony Carlisle and William Nicholson
discovered the electrochemical process of electrolysis, separating water into hydrogen

and oxygen.

Swiss pharmacist Christian Schonbein observed the fuel cell effect in 1839, producing
water and an electric current from hydrogen and oxygen. Six years later, sir William
Grove finalised Schonbein’s findings, developing the world’s first ‘gas battery’ for which

he was later named ‘Father of the Fuel Cell’.

On May 6 1937, the Hindenburg airship disaster happened over New Jersey in the course
of a transatlantic flight from Germany to the US, after ten successful prior flights. The
incident was followed by a wave of negative publicity, and marked for the time being, an

abrupt end of the passenger-carrying zeppelin era.

The next breakthrough was achieved in 1959 when Sir Francis Bacon invented the first
hydrogen-based fuel cell battery. Later experiments included the first hydrogen-powered
car, however, efficiencies up to this are not economically feasible. In 1973, induced by
the oil embargo, the search for alternative fuels was officially commercialised marking
the beginning of development of conventional hydrogen fuel cells. Four years later, 1977
marks the year of establishment of the IEA, with the aim of advancing, inter alia, energy
from hydrogen and other technologies. The following decades were marked by numerous
experiments and prototypes such as hydrogen-powered fuel cells for buses, cars and

freight vehicles.
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1999 was the year where Europe saw the first fuel stations for hydrogen in German cities,
Hamburg and Munich. In 2001, the first proton exchange membrane fuel system was
established by Ballard Power Systems for the integration into industrial and end-
appliance applications (Office of Energy Efficiency & Renewable Energy, Metropolitan

Washington Council of Governments, and Hydrogen Association 2004).

Today, hydrogen is used to a large extent in the industry but only 0.1% account for the
fabrication of fuels containing hydrogen, power generation and storage, ‘the key for the

clean energy transition’ referring to the IEA (2023).

China represents the global leader in hydrogen production and consumption, accounting

for almost 30% of global hydrogen use (International Energy Agency 2023).

According to a survey conducted by IRENA, in 2020 the hydrogen consumption in China
amounted to roughly 24 million Mt as opposed to some 120 million Mt on the global
scale. The world’s second largest consumer is the United States with above 10 million
Mt. The national space agency, NASA in particular is using liquid hydrogen for rocket
propulsion systems and developing alternative fuel solutions (IRENA 2022).

The TEA (2023) lays out that the global hydrogen usage increases continuously.
Nonetheless, this increase is ascribed to traditional applications that are, among others,
the chemical industry and refining. In 2022, the global production of hydrogen amounted
to roughly 95 Mt which represents an increase of 3% compared with the previous year.
Nonetheless, Europe’s growth has been stagnant in recent time, especially in the chemical
sector, in consequence to the Russian invasion of Ukraine and the resulting energy crisis.
The US and Middle East on the other hand, observed strong growth around 7%,
compensating by far for Europe’s drop in hydrogen consumption from 2022 to 2023. The
IEA subsequently recognises that the increased demand in hydrogen is not a result of
policies but rather one of worldwide energy trends. It follows that thus far, the growth
regarding hydrogen demand has had ‘no benefit for climate change mitigation purposes’

(International Energy Agency 2023, 21).

The future vision in accordance with the IEA’s Net Zero Emissions Scenario by 2050

includes predicts annual growth in hydrogen use by 6% until 2030.
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Figure 7: Timeline of relevant historical hydrogen developments
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3. Energy Transition

Figure 7 provides a timeline of relevant historic developments regarding the hydrogen
system that date back to the 18™ century, despite hydrogen being the ‘youngest’ of all

energy utilities.

3.3. Enabling concepts

In this context, a distinction is drawn between the term decarbonisation and the
defossilisation. Decarbonisation, per definition, is the process of ‘reducing carbon
intensity in energy sources, that is, the carbon emissions per unit of energy generated’

(Donthi 2020, 127).

While it describes the efforts to remove carbon through an economy’s activities,
defossilisation can be described as the process of replacing fossil-based feedstock with
renewable sources. Defossilisation is indispensable for industries that are carbon-based
like the chemical industry as well as fuels in the transport sector as they comprise bound
carbon which will, at some point in the future be released, i.e. emitted. Examples for such

include the incineration of waste plastics as well as ammonia in fertilisers.

However, Kullmann, LinBen, and Stolten (2023) point out that most scenarios only
consider decarbonisation rather than the substitution of fossil-based fuels or feedstock
that is defossilisation. According to the authors, insufficient alternatives are proposed
other than renewable hydrogen. This in consequence poses a challenge regarding the

achievability of the aforementioned climate goals of the EU and beyond.

Electrification, the process of electrifying conventional sectors or processes is an
essential lever for cutting carbon emissions and thus, the sustainable energy transition.

Since electric appliances oftentimes exhibit greater efficiency than fossil alternatives as
well as recently, more competitive production costs for renewable electricity sources,
electrification constitutes one of the key concepts for the defossilisation and respective
decarbonisation of the energy sector (European Parliament. Directorate General for
Internal Policies of the Union. 2018; European Commission, Directorate-General for

Energy 2022; Bloomberg Finance L.P. and BloombergNEF 2020).
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There are two types of electrification that are direct and indirect electrification as

illustrated in Figure 9.

e Direct electrification refers to electrifying processes via electric technologies

such as heat pumps and BEVs.

e Indirect electrification, on the other hand, involves processes that exhibit the
conversion of electrical energy to chemical energy. This involves intermediary
synthetic or electro fuels that are based on, most prominently but not limited to,

hydrogen (Schreyer et al. 2024).

In the understanding of Ramsebner et al. (2021), indirect electrification also includes
power-to-heat (P2H) technologies like heat pumps as well as electric boilers, which is

also applicable for district cooling (DC).

The latter becomes particularly important in sectors that are hard to abate or hard to
electrify respectively such as industry, shipping and heavy duty road freight.
(Agora Energiewende 2019).

In this context, carbon-neutral energy carriers as well as other renewable forms of energy
may provide complementary solutions and support the decarbonisation of these sectors.
Particularly for high-temperature demanding industrial processes, renewable or emission-
neutral gas can provide a feasible form of indirect electrification (European Parliament.

Directorate General for Internal Policies of the Union. 2018).

Figure 9 illustrates the energy flow including direct electrification for the different sector
coupling pathways. Chemical storage options for hydrogen and methane can enable the
long term storage and possibility of feeding the gas into the existing gas grid. The process
of re-electrification is possible at times of low availability, however, exhibits low
efficiency (round trip efficiencies of below 40 %) and thus considerable losses

(Ramsebner et al. 2021; Biichi et al. 2014).
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Figure 8: Comprehensive high-level overview of sector coupling pathways from a technological
view (Source: based on Ramsebner et al. 2021, 18)

Reconversion scenarios with highest possible efficiencies in the first place can
nonetheless achieve round trip efficiencies greater than 50%. With reference to Biichi et
al. (2014), the direct conversion of hydrogen into electricity (G2P) is substantially more
efficient as opposed to its further conversion into synthetic gas and respective

combustion.

The hydrogen generated from this process may further be used for power-to-gas (P2G)

technologies in sector coupling in the future, as examined in Chapter 5.

4. Energy Systems Integration

According to Ilo and Schultis (2022, 133), the defossilisation of the economy throughout
all sectors is ‘one of the most significant challenges of this century’ and thus, integrating
the energy systems of the different economic sectors is considered the ‘most suitable way

to decarbonise them and reduce CO2 emissions’.
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This is further reflected in Ramsebner et al. (2021, 17) who mention an ‘increased focus

on the overall integration of power, heat, industry and mobility’.

The Energy Systems Integration process ‘coordinates the operation and planning of
energy systems across multiple pathways and geographical scales to deliver reliable,
cost-effective energy services with minimal impact on the environment’ (O’Malley et al.

2016, 6).

The maximisation of energy use, as well as minimisation of emissions and waste are
underlying paradigms. With reference to a briefing paper from the Imperial College

London,

‘ESI could be a potentially cost-effective way to decarbonise the multiple facets
of our energy sector, use limited resources in a sustainable way and produce a
more resilient system by incorporating greater flexibility and diversifying energy

sources’ (Hanna et al. 2018, 3).

ESI, per definition, encompasses the economy in its entirety, that is made up of the three
main economic sectors: the primary, secondary and tertiary sector as elaborated in

Chapter 2 above.

Figure 10 depicts the integrated energy systems through sector coupling based on the
holistic LINK-architecture by Ilo (2019, 20) which considers ‘the entire power system
from high, medium and low voltage levels, including plants and the market’ to facilitate

‘the description of all power system operation processes .

The LINK-solution considers the optimisation within the power system as a whole by

coordinating and adapting the locally optimised Links’ (Ilo and Schultis 2022, 60).

Sector coupling, according to the EC (2022), can be realised through the same principle
regarding the optimisation of the power system and other systems. This is assessed in

more detail in the subsequent Chapter 5.
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4. Energy Systems Integration

The architecture allows for the formation of energy communities and sector coupling as
it encompasses all the different components of the system, i.e. the market, grid, storage,
customer plants and electricity producers and takes into consideration their respective

relations.

If managed properly, sector coupling can further ameliorate the way ancillary services,
1.e. services that ensure reliability and support the transmission of electricity from
generation sites to customer loads (electrical appliances), are delivered and traded in the

market.

Illustrated in the Figure are the different partially bi-directional conversion processes that
are, inter alia, P2G and P2H/P2T which are examined in more detail in Chapter 4. It

distinguishes between the producers and end users that are consumers and prosumers.

Producers

Renewable

Gas condensing boiler

. Heat&Cooling
Gas Storage Storage

| Gas Networks|

Electrolyzer
Methanation reactor

Households Tﬂnw Industry Agriculture Ground Transport Maritime, Aviation
or

End users(prosumers and consumers)

Figure 9: The integrated energy systems through sector coupling, as given by the holistic LINK-
Solution (Source: European Commission. Directorate General for Energy. 2022, 33)
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4. Energy Systems Integration

The LINK-solution comprises three main elements in its architecture that are the

producers, including all sizes of energy production plants, the grids including

transmission and distribution levels (TSOs and DSOs) and the storages, counting all

storage sites notwithstanding technological development and size.

It further sets out three conversion stages that are categorised as initial, intermediate and

final. The different stages are comprised as follows:

In the initial conversion stage, the primary energy sources that include inter alia
solar and wind are converted into the energy carriers i.e. electricity, heating or

cooling. For this generation technologies like generators or CHP are utilised.

For the intermediate conversion stage, the energy is converted between the
different sources of energy in order to balance out the surplus electricity in the
electricity grid. Coupling components, as examined in Section 5.3.1, represent the
conversion technology that enables the coupling across vectors. This conversion
process can be unidirectional or bidirectional when for instance, an electrolyser is

combined with a fuel cell.

The final conversion stage usually comprises the conversion with end-user
appliances. In this stage, the energy is converted among the different energy
sources such as heat for DH grids and electricity (European Commission.

Directorate General for Energy. 2022).

Furthermore, ESI can be categorised in three ‘opportunity areas’ being: Streamline,

Synergise, and Empower, determining how different ESI strategies can contribute to

tackling climate change related problems (O’Malley et al. 2016).

In this context,

Streamlining refers to improvements made within the existing energy system by

leveraging institutional power and respective investments in the infrastructure.

Synergising implies the process of connecting energy systems through ESI

solutions.
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4. Energy Systems Integration

e Empowering involves customer-related ESI actions like changes in energy
consumption and shifting energy modes through investments in RES and
participation in energy communities, as well active citizen involvement in the

regulatory frameworks e.g. through citizen initiatives.

The LINK-architecture further derives that storage may no longer be seen as part of the
power plant as it cannot be used to construe P2X processes (see Section 5.1.3. for more
detail) but that is to be viewed as one of the new main components (Ilo and Schultis 2022).

This aspect is explained in more detail in Chapter 5, Section 1.3. below.

5. Sector Coupling

This Chapter examines the necessary underlying concepts for sector coupling by
providing the historical overview as well as status quo. Understanding the historical
development is essential for a holistic understanding of where we stand today in the face
of the renewable energy transition. Firstly, the historical overview of sector coupling is
elaborated on including the relevant definitions, EU legislation and technical
developments. Subsequently, the state of the art on sector coupling encompasses a

thorough analysis of the opportunities and barriers.

5.1. Brief historical overview

While the concept of sector coupling is still rather new in application, dating back to the
year 2017 in Germany, the concept finds its historical roots already in the early 19

century (Breeze 2018).
Underlying concepts like electrification and district heating historically go back a lot

further which is elaborated in Section 3.2. This Section aims to illustrate the developments

of sector coupling dynamics since their first mention up until today.
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5. Sector Coupling

The term ‘sector coupling’ originates in Germany where it was first mentioned in 2013
regarding the electrification of end-use sectors such as heating and cooling in the course
of the German energy transition, often referred to with the German term ‘ Energiewende .
It subsequently gained popularity through the use in German ministries in 2017
(European Parliament. Directorate General for Internal Policies of the Union. 2018;

Ramsebner et al. 2021).

Although there are many early applications of sector coupling in electricity generation
like CHP plants dating back to the end of the 19" century (Breeze 2018), most approaches
in the past involved fossil fuels, mainly oil, gas and coal rather than RES. This further
reflects the ambiguity of definition that still exists today, as laid out by Ramsebner et al.
(2021). This aspect is further discussed in Chapter 7.

Nonetheless, the knowledge of respective implementation of past applied concepts and
deployed technologies like CHP may be taken as reference for the defossilisation in the

21% century.

5.1.1. Definitions

The Oxford English Dictionary (2023) defines the act of coupling as to ‘connect, conjoin,
or link one [thing] with another or together’. This indicates an activeness of action also
in the term sector coupling, indicating that the economic sectors are actively being

conjoined (see also Chapter 7, Conclusion).

Regarding the scope of sectors, Ramsebner et al. (2021) recognise broad variations in
definition of sectors throughout literature depending on the perspective of research. In
line with the authors, for the scope of this work, the energy-economic (or techno-
economic) approach is chosen, in comparison to a more technical approach based on the

energy carriers that would include also heat or gas.

The chosen approach is more ‘technology-neutral’ and ‘allows for a broader range of
solutions independently of the energy carrier applied’ as it sets out the classified through

the end-consumption as the following:
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5. Sector Coupling

e the industrial sector,
e the trade and commerce sector,
e the transport sector, and

o the residential sector, i.e. households and their appliances.

The residential sector does in this case include the heating demand of the households, as

does the trade and commerce sector for heating in buildings.

The lack of a uniform definitions to this day for sector coupling as a concept constitutes
a major problem regarding the implementation and analysis thereof, as observed by

Ramsebner et al. (2021).

In the beginning, the term sector coupling was predominantly used to describe
electrification of end-use sectors such as households, commerce and transportation,
aimed at increasing the renewable energy share of the overall electricity supply. In recent
years, the concept has been widened to the supply-side through emerging technologies

like Power-to-Gas (P2G).
The European Parliament (2018, 8) defines sector coupling as

‘a strategy to provide greater flexibility to the energy system so that

decarbonisation can be achieved in a more cost-effective way’.

Some literature like a major report published by Bloomberg Finance L.P. (2020), refer to
sector coupling and electrification interchangeably. It has to be noted, however, that this
understanding is not comprehensive as electrification is a mere part of sector coupling
with other accompanying coupling processes such as methanation, electrolysis and

storage.

Moreover, there are several mentions of ‘sectorial integration’ throughout literature,
which as defined by the Gas Infrastructure Europe association, GIE (2019, 1), is ‘the
integration of different sectors across the energy system’ (...) where ‘the aim is to make

optimal use of the potential of each energy carrier across all sectors (...) .

32



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5. Sector Coupling

In the understanding of GIE, the terms sector coupling and sector/sectorial integration are
mutually used where affordability and energy supply security are key elements of the
transition. For purposes of clarity, this Thesis exclusively uses the terminology sector

coupling.

Sector coupling is usually categorised in Cross-Vector Sector Coupling and End-Use or

End-User Sector Coupling which are explained in detail in the subsequent sections.

Figure 11 depicts an overview of the different options, as part of the LINK-solution.
It visualises the different storage links that are P2X pathways for the coupling across
vectors, that are examined carefully under the subsequent Section 5.1.3., Technical

developments.

End-use sector coupling involves the coupling of the different economic sectors like
transport within the customer plant, i.e. with the end users that are consumers and
prosumers. This is for the most part implemented through existing Power-to-Heating and

Cooling technologies.

5.1.1.1. Cross-Vector Sector Coupling

Cross-vector sector coupling refers to the coupling across the different energy vectors,
i.e. the integration of different energy carriers and vectors which can be supply- or
demand-sided. This includes particularly the electricity, heat and gas as well as
potentially in the future a hydrogen carrier. Cross-vector sector coupling can for instance
be leveraged from electricity surplus conversion or using waste heat from industrial
processes or power generation for district heating purposes, as well as through Power-to-
Gas approaches.

Sector coupling across the different energy vectors helps to

‘decarbonise the energy supply while ensuring system security and adequacy and
enhancing the potential to utilise the available renewable energy and existing

energy infrastructure in the most cost-effective way’

(European Parliament. Directorate General for Internal Policies of the Union. 2018, 51).
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1lo and Schultis 2022, 136)
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5. Sector Coupling

5.1.1.2. End-User Sector Coupling

The latter, End-Use Sector Coupling, likewise includes the end users i.e. households and

electrical appliances in its conception.

The European Parliament (2018, 7) refers to end-use sector coupling as the

‘electrification of energy demand while reinforcing the interaction between

electricity supply and end-use’.

IRES penetration in the grid can according to this study conducted by the Policy
Department for Economic, Scientific and Quality of Life Policies of the EP (2018) be
increased through end-use sector coupling, by strengthened demand-supply interaction
and growing electrification, facilitating system reliability and efficiency.

In accordance with Ilo and Schultis (2022, 152), end-user sector coupling ‘contributes

to the effective decarbonisation of all economic sectors’.

The enabling technologies of sector coupling, often referred to as P2X technologies, are

examined closely under Section 5.1.3.

5.1.2. EU Legislation

The starting point of EU legislation regarding energy and climate-related policies in
recent years is the European Green Deal which was approved by the European Parliament
on January 15, 2020. It is set to ‘making the EU’s economy sustainable’ by covering all
economic sectors.

(European Commission 2019, 3).

Pictured in Figure 12 is an overview of the different elements concluded by the Member

States (MS) in the Green Deal in 2019.

A large part of the Green Deal is covered by the Fit for 55 legislative package proposed
by the EC, adopted on October 9, 2023.
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5. Sector Coupling

The European Climate Law, as part of the Fit for 55, was adopted in July 2021 and
obliges the EU to reduce net emissions by a minimum of 55% until the year 2030.
According to the EC (2022, 1), ‘it sets the EU on a path to reach its climate targets in a

fair, cost-effective and competitive way’.

In terms of implementation of the ESI, the EU mentions several barriers, particularly in
the field of cross-sector links to create a ‘level playing field’ for the different energy
carriers in competition. It is further necessary to facilitate a ‘cost-effective
decarbonisation’ of the EU economies by building a more decentralised and digitalised
system which provides more flexibility to consumers. Since they different starting points
and considering also different policies in place, the integration will likely take divergent
in the different MS. These are partially reflected in their national climate and energy plans

up to the year 2030 (European Commission, Directorate-General for Energy 2024).

Figure 13 underneath depicts the future energy system of the European Union as per the
Green Deal, visualising the system’s integration and decentralisation in a circular form.
In line with the legal text thereof, it facilitates reduced costs by integrating circular

economy consideration throughout the whole system.

The energy system today : Future EU integrated energy system :
linear and wasteful flows of energy, energy flows between users and producers,
in one direction only reducing wasted resources and money

@f@

AR !
=R

L\\

Figure 12: Energy System Integration (Source: European Commission, Directorate-General for
Energy 2024)
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5. Sector Coupling

The Strategy for Energy System Integration of the EU, together with the EU Hydrogen
Strategy presented in Brussels in July 2020, are cornerstones for a future defossilised
energy system in Europe. In synergy, they ‘will pave the way towards a more efficient
and interconnected energy sector’ (European Commission, Directorate-General for
Energy 2020).

Comprised of 38 action points, and an additional clean energy investment agenda, the
strategies aim to advance competitiveness, resilience and create European jobs.

The scope of this Thesis solely covers Strategy for Energy System Integration in more

detail.

As part of the EU Strategy for Energy System Integration, three main pillars were
identified.

e The first pillar aims at promoting ‘a more “circular’ energy system, with energy
efficiency at its core’.
It includes specific actions to source energy locally and effectively, specifically
mentioning waste heat from inter alia, industrial processes and wastewater
treatment plants. Circularity regarding agricultural waste is named to be
incentivised as well as the improvement of synergies between European energy
infrastructure in the course of the revision of the Trans-European Network in

Energy Regulation.

e The second pillar introduces more ‘direct electrification of end-use sectors’,
implying end-use sector coupling. Heat pumps, EVs and electric furnaces are

mentioned together with RES expansion.

e The third and last pillar of the strategy, emphasizes ‘clean fuels, including
renewable hydrogen and sustainable biofuels and biogas’. This aspect is
particularly relevant for hard-to-electrify sectors. Carbon capture, storage and use

solutions are further mentioned in this regard.
The strategy on the integration is facilitated on the legal basis of the implementation of

the eight legal act of the Clean energy for all Europeans package which was adopted in
2018 and 2019 (European Commission, Directorate-General for Energy 2024).
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5. Sector Coupling

ENTSO-E’s Vision towards 2030 (2019, 5) highlights the CEP as an ‘important stepping
stone towards a decarbonised energy system’ and recognises the change in public

discourse away from climate change to climate crisis.

In their Clean Energy for All-package, the EU (2019) has identified 5 Energy Union
Dimensions in 2019 which does not per se include sector coupling. It provides a
framework for the MS and the EU to facilitate the synergies between the trajectories of

national regulations as well as on the EU.

Figure 14 depicts the Energy Union Dimensions as contained in the CEP that includes a
full integration of the energy market, energy security and energy efficiency. Regarding
the dimension of the ‘decarbonisation of the economy’, the clarification of the usage of

terminology can be found in Section 3.3 of this Thesis.

The CEP sets out ambitious climate targets that comprise for instance 32,5% in energy
efficiency of overall energy use with a particular emphasis on the energy output in the
building sector, 32% in RES and a 40% reduction in GHG emissions by the year 2030.
The package obliges the MS to draft National Energy and Climate Plans (NECP) for the
years 2021 to 2030 that should further contain a strategy in line with the Paris Agreement
until 2050.

Energy security, Energy efficiency
solidarity and trust

5

ENERGY
UNION Decarbonisation

DIMENSIONS of the economy

A fully integrated
internal energy
market
Research, innovation
and competitiveness

Figure 13: 5 Energy Union Dimensions (Source: European Commission. Directorate General for
Energy. 2019, 11)

39



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5. Sector Coupling

While it is aimed at empowering consumers and prosumers and their rights, it also
introduces the creation of an EU DSO entity that strengthens the pan-EU coordination
between TSOs and DSOs (European Commission. Directorate General for Energy. 2019;

European Network of Transmission System Operators for Electricity 2019).

One major element included in the CEP is the reform of the European Emissions Trading
System that included, inter alia, building and road transport fuels (European Commission.

Directorate General for Communication. 2023).

In line with Schreyer et al. (2024, 234) the ETS ‘is a key driver of power sector
decarbonization’, and a prerequisite for both direct and indirect electrification for
emissions abatement. The EU ETS represents a cornerstone in combating climate change
mitigation, that encompasses a comprehensive cap and trade system with the aim of
decreasing emissions from GHG. The cap sets out emission allowances that decrease with
the climate targets, the sale of allowances generates revenues for the selling country
which feed into national budgets. It is currently in its fourth trading phase that spans from

2021 to 2030 (European Parliament 2024).

One project worth mentioning by the EU is the ITER (‘International Thermonuclear
Experimental Reactor’) energy project located in the South of France where 35 nations
are currently collaborating on the world’s largest magnetic fusion apparatus. Its aim is to
harness the potential of fusion and prove ‘the feasibility of fusion as a large-scale and
carbon-free source of energy’ (European Commission. Directorate General for Energy.

2019, 15).

According to the operators, it has already made a positive impact in Europe regarding job

creation and international corporate energy partnerships.

In response to the Russian invasion of Ukraine in February 2022, the Commission
presented a plan to reduce energy dependence, from Russian fossil fuels. The
REPowerEU plan intends to accelerate the diversification of energy imports, substitute
fossil fuels by scaling up inter alia, biomethane and frontload energy savings and

electrification.
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5. Sector Coupling

It sets out new targets regarding reduced energy consumption by an additional 13% and
increased renewable energies share of 45 instead of 40% by 2030. In line with the
Commission, the NECPs play a key role in the framework of fossil fuel reduction through
investment planning and investor confidence. The plan mentions smart investments to

facilitate timely innovation on the EU level.

Moreover, RePowerEU contains a proposal for the establishment of a EU Energy
Platform for the voluntary common purchase of gas, LNG and hydrogen as well as an EU

Solar Industry Alliance (European Commission, Directorate-General for Energy 2022).

Figure 15 visualises its ambitions, as included in the official communication of the EC.
Despite some specific studies conducted, inter alia by the DG energy, no specific policy
on sector coupling of the EU exists up to this day. This constitutes a major gap as it

hinders the way for according regional policies to be set in place.

4

ACCELERATE
CLEAN ENERGY
TRANSITION

VA

REPowerEU

PHASE OUT DEPENDENCY
ON RUSSIAN FOSSIL FUELS

@
DIVERSIFY
ENERGY
SOURCES

SAVE
ENERGY

SMART INVESTMENT
National and European plans:
reforms and investments,
faster permitting and innovation

Figure 14: RePowerEU plan (Source: European Commission, Directorate-General for Energy
2022, 1)
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5. Sector Coupling

5.1.3. Technical developments

Sector coupling is based on the different P2X technologies, some of which exhibit higher
defossilisation and decarbonisation potential than others. In literature, they are usually
divided either according to the form of energy that is converted, i.e. according to the
energy sector or according to purpose of use. The former includes the classification of
power-to-gas (P2G), power-to-liquid (P2L) and power-to-heat (P2H) whereas the latter
implies power-to-power (P2P), power-to-mobility (P2M) and power-to-fuel (P2F)
(Brauner 2022).

In accordance with the classification by Ramsebner et al. (2021), this Thesis follows the

former style of classification in accordance with the energy sector.

Figure 16 depicts an overview of the different power-to-x pathways that are classified in

the subsequent sections.

Storage management plays an important role when assessing the different energy

conversion technologies for sector coupling.

Due to extended research and developments in storage solutions, surpluses in times of
high renewable energy availability may be stored and utilised in other sectors. These P2X
pathways make it necessary to view storage as an own, key component within the

architecture of the power and energy system rather than part of the electricity plants.

The categorisation of the different storage-links is reflected in Ilo and Schultis (2022,
137) as follows:

e Under the Category A (Cat. A) storage-links, the stored energy is fed back into the
grid at the charging point. Examples include stationary batteries and hydroelectric
storage.

o C(Category B (Cat B.) is exemplified by P2G as well as batteries of electric cars
(EVs), where the stored energy is not injected back at the charging point.

e Category C (Cat C.) refers to stored energy that reduces the power consumption
at the charging point. Examples include DH and DC systems i.e. ‘consuming

devices with energy storage potential .
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Figure 15: Power-to-gas, power-to-liquids and power-to-heat routes and their energy markets
(Source: Enea consulting 2016, 9, as seen in Lewandowska-Bernat and Desideri 2018)
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5. Sector Coupling

The households, i.e. electricity customers have furthermore changed their role when it
comes to production and storage, as they may nowadays own grids, production and
storage devices like PV panels and batteries. In line with the authors (2022, 51),
prosumers may ‘be perceived as virtual vertically integrated utilities’ (see definition

above) as they are able to store surpluses via HC devices or Power-to-Thermal.

A further distinction is drawn between the coupling components and coupling processes.
Sadeghian et al. (2022, 8) define coupling components as ‘conversion systems ’that ‘relate

to different energy carriers to efficiently use the energy sources.’

The processes include for instance electrolysis and methanation. The figure below
provides an overview of each of the former and latter. Coupling components include, inter
alia, generators, PV cells, fuel cells and pumps whereas the coupling processes refer to

the conversion of energy from one sector to another.
It can therefore be drawn that with the components, the coupling processes are realised.

[lustrated in Figure 17 are the different components or links of the architecture that are
producer, grid and storage and the corresponding energy carriers as well as coupling

components that, from the grid and storage link, finally lead to consumption.

Heat pumps enable the coupling through P2H, while gas condensing boilers (G2H) and

CHPs couple gas and heating sectors with the power grid.
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5. Sector Coupling

5.1.3.1. Power-to-Heat

Power-to-Heat can be generated either directly through heating rods or electrode boilers,
or more commonly, indirectly with the utilisation of heat pumps.
Depending on the interpretation, P2H can also entail Power-to-Cold (P2C), as is the case

for this Thesis.

With regard to Brauner (2022), P2H is a ‘cost-effective and flexible way to use renewable

surplus energy in the heating sector of buildings and industry’.

P2H on a central level implies district heating, whereas decentralised entails the direct
energy consumption on site. The latter is also possible for small-scale applications.
Centralised P2H applications utilise either sizable heat pumps and geothermal (ground-
sourced heat), excess thermal energy or brine. Another option involves the use of electric
boilers, usually electrode boilers for centralised P2H. Decentralised P2H options
generally include the same options, however on smaller scale. Heat pumps for
decentralised approaches source air or ground-heat whereas the electric heating elements
in boilers, other than fully electric boilers are often fuelled by natural gas. These are
sometimes mentioned as ‘hybrid heating’ approaches, i.e. a heating system based on
water, with a gas-fuelled boiler and supplementary electric element (Bloess, Schill, and

Zerrahn 2018).

Generally, heat pumps exhibit higher efficiencies than electrode boilers. There are
compression and absorption heat pumps that convert low-temperature heat sources to
higher temperature levels. They usually function both ways, i.e. for the purpose of
cooling. In accordance with the Danish Energy Agency (2024), compression heat pumps
in particular, demonstrate high efficiency with heat output that is three to five times higher
than the electricity input. Electric boilers exhibit lower investment costs than heat pumps
and generate heat similarly to conventional gas or oil boiler systems. Electrode boilers
for more extensive applications can be connected seamlessly to the grid, however, at

lower efficiency than the utilisation of heat pumps (Bloess, Schill, and Zerrahn 2018).
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Figure 18 demonstrates the different P2H options for the residential sector and buildings
overall. It shows the difference in centralised and decentralised choices, ranging from
heat pumps and electric boilers that are classified as resistive to direct heating and heating

involving Thermal Energy Storage (TES).

The former, centralised concepts, encompass the conversion of electricity into heat at a
location different to the location of actual heat demand where DH networks are deployed
for distribution of heat. The latter, decentralised P2H concepts utilise the generated heat
on site or nearby the point of heat demand. Bloess, Schill, and Zerrahn (2018) lay out,

however, that these lines are in realita intertwined.

Moreover, the authors distinguish between P2H options that exhibit TES capacities and
those that do not. The latter is referred to as direct heating. In general, centralised heating
approaches involve some extent of TES, depending mainly on the size of storage capacity,

whereas decentralised options do not necessarily feature any.

To avoid confusion regarding the terminology in this context, it has to be mentioned that
some literature, e.g. Hu et al. (2020) utilise P2H for Power-to-Hydrogen, which in the
frame of this Thesis is included in the subsequent points that are P2G and P2L approaches.

5.1.3.2. Power-to-Gas

Power-to-Gas usually involves hydrogen that is produced through electrolysis from
renewable electricity sources, which can in return be stored as a gas. The gas can in times
of low availability either be re-converted (re-electrification) to electricity with a lower
efficiency or be directly fed into the conventional gas grid with a share of up to 10%.
Other sub-forms of P2G technologies are constitute inter alia, Power-to-Syngas which

involves synthetic methane.
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5. Sector Coupling

With regard to recent figures by the International Energy Agency, roughly 62% of
hydrogen are produced globally from natural gas without Carbon Capture Utilisation and
Storage applications (CCUS), seconded by coal with 21%. The remaining 16% can be
ascribed to ‘by-product hydrogen’ production, for instance at refineries and the
petrochemical industry in the form of hydrocracking and desulphurisation (International

Energy Agency 2023).

These figures demonstrate the unabated use of fossil fuels in the global hydrogen
production which constitutes a problem as they seem to respond to global energy trends

rather than renewable energy policies.

The uptake of hydrogen for new applications like in heavy industry and alternative fuels,
as well as electricity storage and generation on the other hand, only ascribes for roughly

0.1% despite projected increases through growing RES penetration.

As per the IEA (2023, 21), this share is a ‘key for the clean energy transition’ and
demonstrates that ‘growth [in hydrogen demand] has had no benefit for climate change

mitigation purposes’.

Nonetheless, the Net Zero Emissions by 2050 Scenario by the IEA project annual
hydrogen use growth by 6% until 2030, of which 40% would be accounting for such new

applications.

Referring to Ramsebner et al. (2021), electrolysers achieve efficiencies between 60 to

81% depending on the load and type of technology.

Methanation as a process may be applied in order to further convert hydrogen together
with a carbon dioxide source into methane i.e. liquid synfuels. This is especially useful
as methane may directly substitute natural gas and can be fed into the existing gas grid,
whereas hydrogen, in dependence of on-site technical conditions, may only be fed into to

up to a certain amount.
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5.1.3.3. Power-to-Liquid

Power-to-Liquid entails the liquefication of hydrocarbons (HCs) that can be gases for
easier transportation as well as the generation of electrolytic hydrogen. P2G and P2L
technologies enable the coupling of the power sector with the gas, mobility and heating
sectors. Furthermore, they make long-term storage of renewable gas and liquids possible,
in earlier conventional gas and oil storages as well as electrochemical storage sites

(Brauner 2022).

Regarding the sequence of processes, it can thus be inferred, that as a first step the
electricity is converted into gas and then for easier transportation, transformed into liquid

form, highlighting the interdependence of the different coupling processes.

Some literature refers to specific P2L procedures as Power-to-Fuel (P2F), however,
Ridjan, Mathiesen, and Connolly (2016) caution about potential misinterpretation as the
term P2F is utilised for both synthetic and electrofuels despite having entirely different
generation processes. Synfuels are generally subject to the Fischer-Tropsch synthesis',
whereas e-fuels are characterised by ‘a high share of electricity in the production process’,

as in the production of hydrogen or methanol by electrolysis.

Renewability in the former term should in line with the authors only be utilised when
‘electricity and carbon are obtained from renewable energy sources’ (Ridjan, Mathiesen,

and Connolly 2016, 3718).

For the latter, fuels from renewable feedstock should be distinguished according to
Ridjan, Mathiesen, and Connolly (2016, 3717) from ‘fossil synthetic fuels’. For processes
which generate fuel from emissions, they are considered ‘renewable’ since it exhibits a

closed emissions loop.

! The Fischer-Tropsch synthesis is a catalytic process for converting syngas (CO and H2) into a
petroleum-like product termed as FT crude readily upgradable into a wide range of
transportation grade liquid hydrocarbons (ETIP Bioenergy 2021).
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5.2. State of the Art

As per IRENA, we are currently experiencing the ‘renewable energy era’. (IRENA, IEA,
and REN21 2018).

Nonetheless, as already established under 5.7.2., there is a distinct lack of legislation or
enabling policies. While sector coupling is not yet applied on a broad scale in Europe,
there are some ongoing projects like the FEDECOM partnership with pilots in
Switzerland, Spain and the Benelux region across European energy communities

(Fedecom Project 2022).

Since this Thesis follows a holistic approach and for reasons of scope, the ongoing
European projects are not assessed in further detail. This Section tries to summarise the
different opportunities and advantages sector coupling brings, as well as corresponding

barriers or bottlenecks.

5.2.1. Opportunities

This Section aims to explore the opportunities there are regarding sector coupling
approaches, distinguished in technical, market-oriented, socio-economic and

environmental.

Figure 19 provides an overview of the classification and contained elements thereof.

5.2.1.1. Technical

Increasing the VRE sources in any energy mix can serve as an effective stepping stone
for defossilisation. By definition, the understanding of sector coupling involves for one

the substitution of fossil-based fuels with RES (see Section 3.1.).
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Opportunities
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Figure 18: Overview of the opportunities for sector coupling

In order to meet the climate goals in the middle- and long term, the defossilisation of the
space heating sector is as crucial as it is of the power sector. As per the European
Parliament (2018, 15), coupling between the electricy, gas and heating sector ‘can serve

as an additional source of energy system flexibility and security of energy supply’.

The study by the EP finds that sector coupling holds particular potential for the
defossilisation of the heat demand in buildings, that can be residential as well as industrial
and commercial. Furthermore, electric appliances oftentimes exhibit greater efficiencies

than fossil-fuelled options.

This is further reflected in Bloess et al. (2018, 1623) who declare the ‘flexible coupling of
power and heat sectors appears to be a promising strategy’ to simultaneously meet the
required additional flexibility of integration of RES by leveraging the different P2H

technologies.
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5. Sector Coupling

It is therefore of increased importance for future energy systems which may progress
defossilisation and support increased integration of VREs when they are abundantly

available.

The authors mention the need for a substantial expansion of the P2H industry to reach the
high level of deployment in the future in line with the climate targets. Despite P2H
technologies like heat pumps still holding a comparably small share in the heating sector,
thanks to more stringent regulatory requirements on energy standards and more directed
supporting efforts, their share is growing continuously. One specific field of opportunity
for sector coupling is the potential of CHP systems, by utilising waste heat for
applications such as district heating, industrial processes like paper manufacturing or for
hot water. As common heat engines that convert combustion heat into electricity exhibit
efficiency of a maximum of 60%, the remaining 40% are waste in the form of heat,
constituting great potential for wide-spread application (Bloess, Schill, and Zerrahn

2018).

Regarding the gas sector, as well as fuels in the transport sector, hydrogen and hydrogen-
derived fuels have the potential to pose an alternative in future new applications.
According to IRENA and the IEA (2018), P2G technologies can be advantageous,
considering the extensive gas infrastructure in Europe. Renewable gases like green
hydrogen could potentially substitute fossil carriers in end-use electrical appliances. The
World Hydrogen Review by IRENA (2022, 18) identifies low-emission hydrogen as ‘a

vital driver of the clean energy transition’.

Furthermore, storing electricity in the form of gas (P2G) can be a powerful means to
balance out seasonal fluctuations in RES availability and demand, and can provide
flexibility to the consumers. Further applications include the utilisation of renewable
gases in fuel cells as well as gas-fired power plants, as ‘low-carbon back-up capacity’ in
times of low RES availability (European Parliament. Directorate General for Internal

Policies of the Union. 2018, 8).
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5.2.1.2. Market-oriented

Market pricing of electricity and other commodities constitute an essential regard for
successful sector coupling strategies. Adjusted market structures through demand driven
programs can raise the flexibility of choice favouring the substitution of renewable energy
carriers while at the same time guaranteeing price stability and decreased risks due to

more linkage (Ramsebner et al. 2021; Khajeh, Shafie-khah, and Laaksonen 2020).

According to the EU, multiple studies show that the deployment of sector coupling can
be a powerful lever to decrease the costs of the energy transition overall (European

Parliament. Directorate General for Internal Policies of the Union. 2018).

The advantage is that it can be applied on a centralised level with large-scale integration
as well as on a decentralised level i.e. closer to the location of power consumption. These
two are not mutually exclusive, leaving many opportunities in terms of governmental and

directed implementation (Ramsebner et al. 2021).

Since smart grids exhibit great potential in terms of enhanced coordination, flexibility
through demand response, the enhancement of energy storage systems and the integration
of decentralised resources. While they are not technically a prerequisite for sector
coupling, they hold great complementary opportunities for the electricity market together
with sector coupling. With intelligent planning and monitoring of the grid and its
operations, fluctuations from RES can be better anticipated and acted upon accordingly

by the DSOs (Brauner 2022; IRENA, IEA, and REN21 2018).

One area of opportunity is reflected in the fact that recently, the cost of RES for electricity
has become increasingly competitive with conventional i.e. fossil energy sources. Hence,
improvements in energy efficiency through increased deployment of electric end-uses
from RES can be achieved through sector coupling. Regarding end-uses that are hard to
electrify, the European Parliament (2018, 7) suggests ‘other renewable or carbon-neutral

’ I3 . . >
energy vectors’ to ‘provide a complementary solution’.
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5.2.1.3. Socio-economic

From a socio-economic perspective, sector coupling exhibits the ability to significantly
decrease the cost of the renewable energy transition mainly due to the fact that RES are
in nature, abundant and free (European Commission. Directorate General for Energy.

2022).

Furthermore, the energy transition as we experience it now can contribute drastically to
the creation of new jobs as new specific skillsets will be in high demand. The ITER
project located in the South of France, is an energy research project funded by the EU,
with the aim to build the largest tokamak, i.e. a magnetic fusion reactor for low/zero-
carbon energy production. According to the Clean Energy for All- Report, it ‘already has
a clear positive impact in making Europe more competitive’ and harnesses partnerships
between different sized companies from 35 different nations (European Commission.

Directorate General for Energy. 2019).

The CEP (2019, 5) mentions some 400.000 additional jobs to be created related to the
energy efficiency sector and 900.000 overall in clean energy. The package furthermore
includes a plan to actively strengthen consumers and their rights, for example through
greater transparency in energy billing, more flexibility in the choice of energy supplier

and less bureaucracy.

5.2.1.4. Environmental

The environmental benefits or opportunities of sector coupling, when implemented
effectively, are numerous. Referring to the European Parliament (2018), it can lead to
CO2 reductions across the various sectors, particularly through the integration of
renewable energy generation. This way, the fossil dependence and dependence of energy
imports can be drastically reduced. This aspect is particularly important given the recent
crisis Europe has seen caused by the Russian invasion of Ukraine in February 2022

(European Commission, Directorate-General for Energy 2022).
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As laid out in the RePowerEU Package (2022), decreasing overall energy consumption
as well as decoupling from fossil fuels is an important aspect in overcoming the energy
crisis Europe is partially still facing. Some sector coupling technologies like the
abovementioned heat pumps exhibit high efficiencies which in return, lead to lower end
consumption. Since the surpluses and downphases can be handled better, seasonal

fluctuations of energy may be balanced better, thus ensuring security of supply.

Sector coupling further ensures efficient use of the energy infrastructure, which in
consequence maximises the efficiency of each energy vector on its own. By defossilising
the energy system, sector coupling may substantially contribute to the renewable energy
transition. The VREs harness renewable energy that can be solar, (geo-)thermal, wind
and hydro as well as from biomass. Through this increased deployment of renewable
energy sources, less energy in return needs to be imported which contributes highly to
mitigation of emissions. The sectors of heating and transport are particularly well suited
for sector coupling, utilising among others, heat pumps and BEVs. A combination of
liquid hydrogen and other synthetic fuels may be suitable solutions for heavy-duty
transport, especially for road freight transport, aviation and maritime shipping in line with
the EP (2018). This, despite large uncertainty due to technical developments, provides a
particularly substantial area of opportunity as the transport sector constitutes one of the

largest CO2 emitters.

Non-electrifiable or difficult-to-electrify sectors like the chemical industry can according
to future scenarios be defossilised to an extent where they do not rely on fossil sources

anymore (Kullmann, LinBen, and Stolten 2023).

This would however, in return require the according policies to be in place, which is

elaborated on in the following Section, Barriers.

5.2.2. Barriers

When looking at the status quo and current developments, it can be derived that there are

various barriers and challenges regarding sector coupling.
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The research and technology gaps need to be resolved in order to deploy sector coupling

solutions successfully. Furthermore, Ramsebner et al. (2021) mention competition among

the different technologies which constitutes a barrier regarding their complementary and

supplementary nature.

Figure 20 provides an overview of said barriers, classified from a technical, market-

oriented, socio-economic and environmental perspective.

Barriers

energy systems

Figure 19: Overview of the barriers for sector coupling
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Despite the many opportunities and advantages of sector coupling, the technological

perspective may not be overlooked. There are various technological challenges and lacks

that need to be tackled in order to facilitate successful sector coupling strategies

throughout Europe.
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One of the biggest bottlenecks of current sector coupling technologies currently may be
their lack in cost and performance competitiveness compared with fossil alternatives.
This is further interlinked with the investment attractiveness and lack thereof, for
instance, regarding the heat network compared to gas and electricity grids (Sadeghian et

al. 2022).

According to the authors, reinforcing and extending the energy networks is required for
effective coupling. The increased electrification in one system like HC has direct effects

the line flows in the power system.

Furthermore, the availability of planning and operation tools with capacities to be used
in integrated systems are crucial. While they have increased in recent years, there is still
insufficient synergy potential. In this context, the challenge of spatial and temporal
resolutions in energy infrastructure modelling and complexity of interlinkage of the
different systems arises. In line with the authors (2022, 14), a ‘fundamental

understanding’ of the dynamics is crucial to resolve this challenge.

The transmission grid expansion remains one of the biggest challenges throughout the
economies, as the conventional power grids do not yet have the necessary capacities at
their command. This hinders in return the economic feasibility as small amounts of full
load hours are not as profitable. The hard-to-abate sectors where direct electrification is

usually not possible pose a particular hurdle within the technological possibilities.

One particularly important bottleneck is infrastructure and the lack thereof. When
regarding hydrogen, it has to be noted that thus far, the vectors i.e. energy carriers do not
yet exist. When considering future scenarios of potential green hydrogen and biomethane
injections into the existing gas grid and infrastructure, it has to be clear that this is highly

limited, for instance for the gas grid currently at 5-10% (European Commission 2024).

Nonetheless, the EU Science Hub (2024) in accordance with the EU Hydrogen Strategy
sees potential to increase this share up to 15-20% by 2030. With the use of a buffer
storage and electrolysis, the article mentions blending potential of 40% of hydrogen into

the gas grid while making necessary infrastructure changes.
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Thus, technological progress in such solutions as well as storage options for hydrogen
and other renewable gases would be desirable in this context. One option that may be
taken into consideration here is the concept of re-electrification which exhibits,

however, very low efficiency yields to this day (Ramsebner et al. 2021).

The fact that direct electrification is however, not possible for all sectors and processes
constitutes a barrier, especially in the transport sector with the aim of defossilising the
heavy freight transports. Here, the development of P2L and indirect electrification
becomes particularly important, despite still in its infancy. In order to facilitate efficient
management of renewable energy systems, a minimum amount of P2G will further be
necessary. The technical conditions of which that are, among others, the hydrogen vector

and legislative framework do not yet exist.

In this respect, Ramsebner et al. (2021) mention ‘“rade-offs to consider’ between direct
electrification and P2G, as well as the expansion of the transmission grid, the system-

wide effects of which are difficult to predict.

Regarding storage solutions, the P2X pathways of sector coupling cannot be disregarded.
Storage should in line with Ilo and Schultis (2022) be treated as a main component within

the energy system’s architecture.

For the transport sector, battery capacities and their ranges constitute a barrier. The EP
(2018) mentions for the medium-term hybrid solutions involving also hydrogen, which
in return would yield rather low energy efficiency. Overall, a prerequisite for sector
coupling is the availability of adequate coupling components in the overall system which

is nowadays on the European level not yet the case.

5.2.2.2. Market-oriented

Lacking stability in market regulation is identified by the EP (2018) as a restriction since
they increase investment uncertainty. Flawed market designs especially hinder the
deployment of sector coupling and have a negative impact on their competitiveness

compared with fossil fuels.
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Moreover, when looking at sector coupling one confining aspect is the electricity grid and
its capacities. High RES penetration in the electricity grid necessitates the need for higher
amount of full load hours. Leaving this unmanaged can with reference to IRENA (2018,

93) ‘become a long- term challenge for the power system .

Another aspect which may not be disregarded is the price structure of electricity and gas:
consumers could incur consumption peaks in periods of abundance of RES when inelastic
charges make a large percentage of the power share and respective bill IRENA, IEA, and
REN21 2018).

Furthermore, transformation and conversion technologies face several ambiguities
among which are also the pricing mechanisms of electricity and the expansion of the
transmission grid and respective competition. As transformation for the most part
becomes useful in times of excess generation, the economic feasibility might suffer due

to limited hours of full load.

In respect to Ramsebner et al. (2021), keeping the price of electricity low can encourage
direct electrification over P2H and P2G when possible. Price and market coupling of
commodities within the energy systems that include, for instance electricity, heat and
hydrogen constitutes a key element for the economic success of sector coupling activities.
Since unadjusted market structures do not provide the necessary flexibility for
substitution of energy carriers to the consumers, it may also result in lower price stability
and increased price risks as there are lower interdependencies between each of the

commodities.

Looking at the hydrogen market, as laid out in Section 3.2.4, Europe is lagging behind
the global large players that are China, the US and the Middle East. This recent drop in
consumption can be attributed to the Russian war, however, effective energy policies and
policies for hydrogen in particular further hinder Europe’s position. The hydrogen
production is based almost to its entirety on unabated fossil fuels, contributing further to
global emissions. It would be crucial for Europe to establish itself as a new competitor
regarding the development and production of green or carbon-low hydrogen for

innovative applications other than in the chemical sector and refineries.
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5. Sector Coupling

One of the most pivotal elements regarding the deployment of sector coupling is the
availability of funding and investment. The EU appeals to the necessity of private funding
in addition to the amounts provided by the EU itself, as well as public funding from
national and local levels. The growing competition in manufacturing in renewables poses
significant challenges to the economic power of the EU (European Commission.

Directorate General for Energy. 2019).

As derived in this Thesis, Europe is lagging behind, especially in the field of hydrogen.
In addition, China and the US are the market leaders regarding PV cells and BEVs
(International Energy Agency 2023).

The CEP (2019, 6) mentions research and innovation as a key approach to maintain
competitiveness and become a ‘technology leader’. Investments in infrastructure should
be made to overcome the barrier of lacking grid capacities and in particular, hydrogen

infrastructure.

Finally, the need of truly accounting for externalities is underlined by the EP (2018).
Currently, there is still no comprehensive carbon pricing system in place which reflects

the true costs of fossil fuels and would in return favour sector coupling from RES.

5.2.2.3. Socio-economic

One important aspect that does not yet find as much attention in current literature is the

distinct need for skilled workers and trained personnel to be able to stem the transition.

The DG Energy (2022) describes the emergence of a ‘lack of design, planning and
installation skills’ in response to which EU-wide co-operation and coordination efforts
are recommended. Having the necessary education and training strategies in place and
attracting youth as well as staff from existing workforces in the form of retrainings to

careers in renewable energy should be emphasised in the future.

An additional challenge is that oftentimes, the competition for skills and competences
among the different sectors and industries due to the low penetration and representation

of such in the labour force.
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5. Sector Coupling

Hence, key measures and labour strategic policies should be put in place to advance this

issue (European Commission. Directorate General for Energy. 2022).

Since the different technological conditions vary vastly over European countries, the
different priorities need to be set accordingly. In Norway for instance, highly developed
P2G and P2L solutions are already applied in a broad scale as well as developments of

P2H making it easier to advance than is the case for other countries.

Most other regions of the world are faced with uncertainty regarding the economic
feasibility of the implementation of such solutions as they are highly dependent on global
energy demand and supply as well as the countries’ different climate roadmaps. However,
with regard to Ramsebner et al. (2021), in other countries it might not be as economically

feasible.

Moreover, depending on the resource availability in each MS, their options for sector
coupling in terms of technology and supply, the socio-economic consequences vary

(European Parliament. Directorate General for Internal Policies of the Union. 2018).

Areas that are limited in their access to RES are likely to be at a disadvantage and have
in consequence, less economic return on the deployment of sector coupling. This applies
in particular for land-locked areas as opposed to areas with access to waters for
hydroelectricity. The regulatory barriers for the establishment of additional power plants

from RES play an important role in this context.

When looking at social acceptance or potential resistance against the energy transition,
the not-in-my-backyard (NIMBY) syndrome comes into play. One of the first definitions
of NIMBYism was established by Dear (1992, 288) as the ‘the protectionist attitudes of
and oppositional tactics adopted by community groups facing an unwelcome development

in their neighbourhood’.

In line with Biresselioglu et al. (2024), building up public trust, inclusivity and public
participation are crucial means to overcome opposition. Moreover, the authors lay out the
unique character and complexity of resistance and cases of NIMBYism on a social,
political, and cultural level and thus, analyses should take into consideration the specific

particularities of each case.
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5. Sector Coupling

5.2.2.4. Environmental

As aforementioned under the techno-economic barriers, the variance in availability of
RES also strongly affects the environmental aspects.

The unabated use of fossil fuels in hydrogen production constitutes a major problem, also
looking at potential misperceptions among the population (International Energy Agency

2023).

The demand for raw materials, particularly cobalt and lithium for electrification as well
as the deployment of necessary infrastructure have their toll on the environment.
Additionally, metals like platinum for the construction of hydrogen fuel cells would need
to be addressed in respective sector coupling projects (European Parliament. Directorate

General for Internal Policies of the Union. 2018).

While seasonal fluctuations of renewable energies may be to a part overcome (see Section
5.2.1.4), it cannot be denied that VREs exhibit lower predictability. In face of the climate
crisis it is likely that certain events may exacerbate these fluctuations. Furthermore, due
to the increasing warming, the cooling demand is likewise rising in Europe. This could,
however, to a part be extenuated by the defossilisation of the HC sector through sector

coupling.

5.2.2.5. Energy trilemma

The energy trilemma constitutes in itself a techno-economic-environmental barrier or

bottleneck which additionally needs to be taken into consideration for sector coupling
for the transition (see Chapter 3). The complexities of said trilemma are annually and

regionally analysed by the World Energy Trilemma Report (2024a) which is designed
to help governments to better understand their specific situations. In return, the annual
assessment may guide policymakers on how to move closer towards the balance

between energy security, equity and environmental sustainability (see Figure 3).
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6. Recommendations for Sector Coupling Strategies

6. Recommendations for Sector Coupling Strategies

This Chapter summarises, in accordance with the literature assessed, some relevant
recommendations for policy-making strategies on sector coupling in the European area.
In addition, an attempt is made to answer the second part of the research question
regarding the strategies for sector coupling that should be pursued as a priority.

It has to be noted that this Chapter is not exhaustive given the scope of this Thesis, but
rather aims at providing the right stimuli of elements that would need to be considered
in the future, as sector coupling represents an indispensable approach in the course of

the European energy transition.

A major point mentioned by the EC is the lack of skilled workers (see Chapter 5.3,

Barriers).

A distinct target skill level for the ‘renewable energy career path’ within the EU
competence system is mentioned in the study alongside annual EU Skills summits to
monitor its success. Stock-taking of trainings and other activities should be conducted
on the European level, as well as in each MS including the display of best practices.
Educational measures and the advancement of (re-)training facilities are important
elements to ensure sufficiently skilled personnel for the transition to renewable heating

and cooling as well as overall.

Based on the findings, the necessity of bottom-up studies and scenario modelling,
especially for the roles of electricity and hydrogen in EU policy guidance arises. In this
context, the three ‘cornerstones of a successful policy strategy on direct and indirect

electrification’ are laid out by Schreyer et al. (2024, 234).

e The first cornerstone mentioned involves the importance of carbon pricing.

The European Emissions Trading System (ETS) is referred to as ‘a prerequisite
for both direct and indirect electrification’ for emissions abatement.
In addition, the authors emphasise end-user sector carbon pricing to increase the

necessary pressure for the transition and unveil the competitiveness.
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6. Recommendations for Sector Coupling Strategies

Technology-neutrality awareness among consumers is mentioned in this regard.
Individuals’ decisions and behavioural patterns, especially in the residential and
transport sectors can be perceived as ‘myopic and subject to non-monetary
factors’. In return, the recommendation is to have complementary policies in

place to counteract against this lack of awareness.

The second cornerstone recalls the roles of hydrogen and electrification in a

way they do not contract or compete with each other.

The lack of widespread phase-out regulations for gas-powered heating systems
which bears the risk of lock-in effects into said conventional heating systems
needs to be recognised by policymakers. The importance of efforts towards the
repurposing of gas infrastructure for low-carbon gases, mainly hydrogen should

be made evident.

In addition, the ban on new ICE vehicles by the European Commission that does
in fact exclude cars powered by synthetic fuels yet might create confusion for
owners as well as manufacturers. ‘Fossil lock-in’effects that in return require a
costly ‘lock-out’ should be avoided as they can result in failure to fulfil the
European climate goals. Nonetheless, some recent regulations containing drop-
in quotas have already been proposed and adopted by the Commission like
ReFuel EU Aviation Regulation and the Fuel EU Maritime Regulation, as well as
an update on the Renewable Energy Directive with elements on green hydrogen

(European Commission. Directorate General for Communication. 2023).

An adaptive policy approach is advisable, that in the short and middle term
favours direct electrification while options with green hydrogen are being

explored.

Generally speaking, an energy system with a high degree of electrification is
superior in respect of electricity generation and the need for hydrogen imports.
Nevertheless, should hydrogen options in the future be found to be economically

feasible and competitive, policies would need to be adapted accordingly.
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6. Recommendations for Sector Coupling Strategies

The timely development of infrastructure with long lead times like hydrogen
pipelines could be favourable to further take into consideration the optimistic

scenarios towards hydrogen.

Overall, policy making is the process of balancing between redundancies for risk-
hedging and efficiency of cost, which is according to the authors ‘key for the acceptance

of the energy transition as a whole’ (Schreyer et al. 2024, 235).

Sufficient carbon pricing may further lower the number of technology-focused
regulations needed and result in a responsibility shift towards the stakeholders in the
market. The authors identify that direct electrification is the prevalent strategy with a
share of 42% to 60% of electricity in the final energy mix. Indirect electrification holds
a share of 9% to 26%, particularly in sectors that are hard to electrify. In line with this,
the distinct sectoral roles of these strategies should be respected, prioritising end-use
transformation with direct electrification and hydrogen and synfuels for new
applications where they are necessary. The integration of CCUS approaches in the ETS
1s fundamental especially when considering that carbon cycles in the future will tend to
become more complex. Lock-ins into fossil-based fuel production should be avoided by

regulations as long term defossilised production chains will be necessary in the future.

Moreover, the necessity for a new boundary in German energy system models regarding
the bound carbon in final products like plastics and ammonia in fertilisers to be able to
fully account for emissions bound in products, notwithstanding the time and place of
consumption, becomes evident. These ‘potential emissions’ are to this day not considered

in national emissions accounting approaches (Kullmann, LinBen, and Stolten 2023).

It is therefore essential to take these emissions into consideration for defossilisation
strategies and in model design analyses. The authors conclude with the distinct appeal to
policy makers for defossilisation of the chemical sector under holistic review of the
energy system. It is found that such defossilisation would lead to additional costs of the
transition of an additional 32% (212 billion EUR) in Germany, as a result of more
hydrogen imported for the most part. It is probable that these findings also apply to other

European countries as they follow similar energy accounting approaches.
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6. Recommendations for Sector Coupling Strategies

Needless to say, the future demand and supply are crucial factors for policy making

regarding the chemical sector and the energy transition on the whole.

The European Parliament (2018, 45) accentuates the need for an integrative approach
that focuses on the future of the ‘European energy system’. This would further require
stable EU energy policies that involve sufficient pricing of carbon, that in return enable
sector coupling at a large scale. Sufficient planning and funding are necessary in this
regard (European Parliament. Directorate General for Internal Policies of the Union.

2018).

Figure 21, as seen the Study conducted by the EP’s Directorate-General for Internal
Policies identifies three main policy objectives of current EU energy policies that are:
Sustainability, Security of supply and Competitiveness. It furthermore depicts how

sector coupling strategies can help enable these policy objectives.

8 29
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@ Sustainability S ©  Deployment of low-carbon energy

2 s

9 Security of supply s »  Sources

> Competitiveness ' Gas-electricity sector coupling

3 A Broad mix of energy technologies

a with technology-neutral stance
T\

Figure 20: Sector coupling strategies contributing to the EU Energy and Climate policy
objectives (Source: European Parliament. Directorate General for Internal Policies of the
Union. 2018, 15)

The DG Energy of the EC (2022) has identified the four following research and
development needs in order to progress sector coupling of the heating, cooling and
electricity sectors in a renewable energy-driven Europe. These R&D needs are classified

as follows:

1. Development of ‘adequate coupling components’ for the realisation of the

intermediate conversion stage (see Chapter 5, Section 1.3)

67



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

6. Recommendations for Sector Coupling Strategies

The coupling components are needed as to balance out potential surpluses of electricity
from RES and should take place at all voltage levels of the grid.
The EC describes rooftop PVs as particularly promising in this regard as they do occupy

additional land.

2. Development of ‘customer plant management units’ for the realisation of P2H

and P2C, optimisation of energy sources and provision of grid flexibility

The customer plant management units act as so called ‘black boxes’ that exchange

minimal data with the grid in order to ensure data privacy.

3. Development or extension of ‘real-time grid applications in all voltage levels’

The real-time application and monitoring enables price- and emergency-driven responses

to demand, that facilitate sector coupling dynamics.

4. Development of ‘appropriate market structures for all relevant vectors’

Cutting-edge business models like smart networks and investment attractiveness is
unlocked by having the necessary market structures for the various energy vectors in

place.

7. Conclusion

Circling back to the research question it can be followed that in line with the findings of
this Thesis, sector coupling does in fact contribute to both, energy resilience and energy
security in the face of the European defossilisation. The latter can particularly be enabled
through cross-vector sector coupling, as an important means of ensuring the flexibility of

the energy system and security of supply.

Moreover, sector coupling serves as an approach to on the one hand substitute fossil fuels
with renewable energy sources, mainly renewable electricity throughout the sectors that

are industry, residential, as well as transport.
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7. Conclusion

On the other hand, the coupling implies efficiency maximisation and increased flexibility
by unlocking new potential of storage and conversion of technologies, especially where

direct electrification is not possible.

While it can be stated that sector coupling is generally on the rise across Europe as well as
in other geographic areas such as the US, further research is needed on various aspects.
Different geographic conditions need to be considered when considering the applicability

of sector coupling.

For areas where not enough VREs are available, solutions through P2L facilities as well as
gas-fuelled for low carbon alternatives may be sought. However, due to vast variations
within Europe, no concrete assertions about different geographic zones can be concluded
within the scope of this Thesis. This consitutes a field where further research is necessary

in the future.

The importance of energy partnerships in Europe should however not be underestimated.
This becomes particularly important when looking at the geoeconomic implications of
future green hydrogen productions where players such as Morocco and Chile, among

others, are particularly important.

The ambiguities regarding definition of sector coupling remain to be clarified as well as
the inaccurate utilisation of terms. On the basis of this, this Master’s Thesis has examined
the different sectors as well as an attempt of a concise definition. The interchangeability

between sector coupling and sectorial integration varies.

To avoid any confusion, contrary to the opinion of the Gas Infrastructure Europe
association (see Chapter 5), it is advisable to utilise the term sector coupling. The same
goes for the over-usage of the term electrification as it is not sufficiently comprehensive
for the concept of sector coupling. Interchanging sector coupling with electrification in
consequence overlooks the difference between direct and indirect processes of electrifying
and disregards entirely sectors or areas where it is not possible. Nevertheless, increasing
the share of electricity in the European energy mix is one of the most promising strategies

to defossilisation and increasing RES penetration in the electricity grids is desirable.
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7. Conclusion

Another aspect that has been observed is the misutilisation of the word ‘decarbonisation’
as in many cases, the correct terminology is ‘defossilisation’. This Thesis emphasises that
the energy system as we know it is far from being fully ‘decarbonised’ or defossilised
respectively. Nonetheless, defossilisation measures where applicable are urgently sought
for in light of the renewable energy transition. It finds that sector coupling serves as an

approach to decouple from fossil sources.

An important element to consider is the difference in historical evolution of the different
energy utility systems. As can be observed, there were close to no overlaps or synergies
between the different utility systems in the past. This is reflected in the fact that sector
coupling represents an entirely new and disruptive approach with great defossilisation
potential. Examples of CHP can be taken as ancillary measures and reference for successful

sector coupling deployment today.

In line with the views of the EU, sector coupling is necessary for the ESI on the European
level, which in consequence facilitates the energy transition. Furthermore, this Thesis finds
that sector coupling can and will be necessary to manage the future extensive use of RES
within the energy system. The competition between the different developing technologies,
however, constitutes a barrier as well as a research gap on enabling technologies for sector

coupling.

The different components of the emerging new architecture of the power system need to
be clarified. The P2X pathways can only be described with the different conversion and
storage options, hence, they should be considered in the system accordingly. Prosumers

may further be perceived as virtual vertically integrated utilities.

In light of the progress towards the international climate and defossilisation goals, it can
be concluded that sector coupling approaches are indispensable for the European energy
future. Through the increased use of RES in the energy system, sector coupling can be
realised and vice versa. Hence, including sector coupling strategies in energy policies on

the regional and EU level represents a crucial means for future deployment.
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7. Conclusion

While the barriers are numerous, the opportunities of sector coupling bear a lot of potential,
especially in sectors that are feasible to electrify. This includes in particular the heating and
cooling as well as the transport sector to a certain extent. In Europe, the potential of district
heating and cooling approaches can be a powerful lever for the defossilisation of these
sectors. For sectors where direct electrification is hard or impossible to implement,

renewable or carbon-neutral gases will play an essential role.

The future of hydrogen especially continues to remain insecure, with Europe standing at a
crossroad in terms of proving itself as ‘technology leader’ in the face of growing or
overtaking competition. Thus, following strategies on direct electrification can be
concluded to be more promising instead. The development of long-term infrastructure and

consumers’ devices for future scenarios should additionally be taken into account.
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