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Abstract

Ambitious climate goals and the paradigm change in energy trade policy caused by Russia’s inva-
sion of Ukraine call for radical changes to the current energy supply of the EU. While widespread
decarbonisation is envisaged through direct electrification of end uses with renewable electricity, in
‘hard-to-abate’ sectors this is often not an economically viable solution. In this context, low-carbon
hydrogen offers promising opportunities to complement direct electrification in the energy transition.
Therefore, despite only playing a minor role in today’s economy, hydrogen consumption is expected
to increase significantly in the coming decades.

To meet demand, supply must ramp up quickly. The variety of production pathways and trans-
port and storage options for hydrogen opens a wide range of supply possibilities. These offer op-
portunities for the economically efficient development of supply, but also pose uncertainties. In
the case of a disorganised ramp-up, there is a risk of economic inefficiencies. Against this back-
ground, numerous questions arise as to how hydrogen supply can be developed in a targeted and
economically efficient manner and whether the current instruments ensure an organised ramp-up.
It must be ensured that failures in the ramp-up of the hydrogen economy are minimised. Policy-
makers are currently creating the framework for the hydrogen economy. Given the long lifetimes
of investments in hydrogen technologies, poorly designed policies can have long-lasting economic
impacts and hinder the energy transition. This dissertation contributes to the existing literature
and policy discourse by addressing three of these aspects. Multiple models, primarily based on linear
optimisation techniques, are developed to approach the topics.

The first part adds to the discourse on a suitable definition of green hydrogen. As it is argued that
the production of electrolytic hydrogen comes with a trade-off between environmental integrity and
economic viability, the introduction of regulation is proposed to avoid undesirable effects. It is found
that the proposed regulatory solution affects hydrogen costs, COs emission and welfare. To avoid
hindering decarbonisation or creating economic inefficiencies, policy-makers must therefore strike a
careful balance between environmental and economic aspects when designing regulation. This entails
balancing out strictness to ensure CO5 emission abatement and flexibility to allow electrolysers to
help promote the integration of additional renewables. The requirements introduced by the European
Commission in the delegated act for monthly balancing of the additional renewables installed in
the same bidding zone seem to be an appropriate regulatory decision. As the trade-off is mostly
dependent on the relative costs of renewable and fossil-based electricity, the need for regulatory
intervention vanishes with continued declining costs for renewables, as renewable electricity is both
the best economic and environmental option.

The second part contributes to the thinking on how existing power market rules fail to address
grid congestion, and the extent to which electrolysers could provide a viable solution. System-

beneficial installation of electrolysers can help to better integrate renewables and thereby reduce
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Abstract

grid congestion, total system costs and CO5 emissions. The lack of locational signals to incentivise
system-beneficial installation in current power markets thus calls for a revision of their design.
Market-based options like local flexibility markets, dynamic grid tariffs and market splitting are
not generally considered viable in the short-term for reasons such as implementation complexities.
However, regulatory relaxation of current unbundling rules, which allow system operators to be
involved in the placement and operation of electrolysers, offer solutions that can lead to short-term
economic benefits until more advanced market-based instruments become available. The possibility
of granting regulatory exemptions to system operators to unlock system flexibility of electrolysers as
given by regulatory sandboxes might therefore be further assessed as they can serve as a non-wire
alternative to alleviate congestion.

The third part focuses on developing appropriate EU import strategies and identifying suitable
trading partners for clean hydrogen and ammonia. Russia’s invasion of Ukraine has made security of
supply a much higher priority, triggering a paradigm change in EU energy trade policy. New partner-
ships and investments in low-carbon hydrogen trade should therefore be directed towards achieving
not only economic and sustainability objectives, but also ensuring secure and timely supply options.
As hydrogen pipeline transport offers competitive advantages to neighbouring countries of the EU,
import strategies entirely based on costs therefore pose risks of supply concentration and excessive
dependencies. The findings, however, show that putting greater focus on political, economic, and
social conditions of trade partners only has a moderate impact on supply costs. This supports the
notion that it is worthwhile to not only look at costs when assessing potential partners. Despite
recent trade or cooperation agreements being signed between widely acknowledged hydrogen actors,
some of the most promising countries are not yet part of hydrogen trade negotiations. Therefore,
there is still room for assessing the potential of new uncharted hydrogen trade routes across the

globe.

Keywords : Renewable hydrogen, European energy transition, Sector coupling, Optimisation,

Regulation, Hydrogen partnerships
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Résumé

Les objectifs climatiques ambitieux de I’'Union Européenne et le changement de paradigme dans la
politique énergétique provoqué par I'invasion de I’'Ukraine par la Russie exigent des changements rad-
icaux de 'approvisionnement énergétique européen. Si la décarbonation de ’ensemble des secteurs
économiques est envisagée grace a I’électrification directe des utilisations finales et le déploiement
d’électricité renouvelable, cette solution n’est souvent pas viable sur le plan économique dans les
secteurs dits 'difficiles a décarboner’. Dans ce contexte, I’hydrogéne bas-carbone offre des possibil-
ités prometteuses pour compléter I’électrification directe. Bien que celui-ci ne joue qu’un réle mineur
dans I'approvisionnement énergétique actuel, la consommation d’hydrogeéne est appelée & augmenter
de maniére significative au cours des prochaines décennies.

Pour répondre a ’accroissement, de la demande, 'offre doit augmenter rapidement. La diver-
sité des moyens de production et des options de transport et de stockage de I’hydrogene offre de
nombreuses possibilités d’approvisionnement. Celles-ci offrent ainsi 'opportunité d’un déploiement
efficace de l'offre, mais présente également des incertitudes. Dans le cas d’un déploiement non co-
ordonné de offre, des risques d’inefficacités économiques émergent. Afin de les limiter, plusieurs
questions se posent afin de comprendre comment 'offre d’hydrogene peut se développer de maniére
ciblée et économiquement efficiente, notamment si les instruments actuels permettent un une montée
en puissance organisé. Il est primordial de minimiser les défaillances lors de cette phase d’émergence
de I’économie de I’hydrogene. De fait, les décideurs politiques travaillent actuellement a la création
du cadre de développement de 1’économie de 1’hydrogene. Etant donné la longue durée de vie des
investissements dans les technologies de production d’hydrogene, un cadre réglementaire mal congu
peut avoir des conséquences économiques de long terme et ralentir la transition énergétique. Cette
these contribue a la littérature existante en abordant trois de ces aspects. Plusieurs modeéles, princi-
palement basés sur des techniques d’optimisation linéaire, ont été développés dans le cadre de cette
these afin d’étudier différents sujets liés au développement de I’hydrogene.

La premiere partie contribue a ’analyse du cadre actuellement débattue, portant sur la défi-
nition de ’hydrogene vert. Notamment, un compromis existe entre ’empreinte environnementale
et la viabilité économique de la production d’hydrogene électrolytique. Ainsi, I'introduction d’une
réglementation est proposée pour éviter les effets indésirables, réglementation qui influe sur les cofits
de ’hydrogene, les émissions de COs et le bien-étre social. Pour éviter d’entraver la décarbonisation
ou de créer des inefficacités économiques, les décideurs politiques doivent donc trouver un équili-
bre entre les aspects environnementaux et économiques lors de 1’élaboration de la réglementation.
Cet équilibre porte sur la rigueur a adopter permettant de garantir la réduction des émissions de
COg et la flexibilité pour permettre aux électrolyseurs de favoriser I'intégration d’énergies renouve-
lables supplémentaires. Les exigences introduites par la Commission européenne dans I'acte délégué

pour I’équilibrage mensuel des énergies renouvelables supplémentaires installées dans la méme zone



Résumeé

d’appel d’offres semblent étre une décision réglementaire appropriée. Etant donné que le compro-
mis dépend principalement des cofits relatifs de ’électricité d’origine renouvelable et de 1’électricité
d’origine fossile, la nécessité d’une intervention réglementaire disparaitra au fur et a mesure de la
baisse des cofits des énergies renouvelables. En effet, I’électricité d’origine renouvelable apparait a
la fois comme la meilleure option économique et la meilleure option environnementale.

La deuxieme partie contribue a la réflexion sur les défaillances actuelles des marchés de I’électricité
a remédier aux congestions du réseau. Or, les électrolyseurs pourraient constituer une solution viable
afin de limiter celles-ci. En effet, I'installation d’électrolyseurs opérés par les gestionnaires de réseau
peut contribuer a une meilleure intégration des énergies renouvelables et réduire ainsi les conges-
tions du réseau électrique, tout en limitant les coflits totaux du systéme et les émissions de COs.
L’absence de signaux locaux incitant a un déploiement prenant en compte les contraintes de réseaux
dans les marchés actuels de 1’électricité appelle donc & une révision de leur conception. Les approches
fondées sur le marché, telles que les marchés locaux de flexibilité, les tarifs de réseau dynamiques et
la scission du marché, ne sont souvent pas considérées comme viables & court terme étant donné la
complexité de mise en ceuvre associée. Toutefois, ’assouplissement des regles de marché actuelles
afin de permettre aux gestionnaires de réseau d’étre impliqués dans le placement et 'exploitation
des électrolyseurs, permettrait de conduire a des avantages économiques de court terme, jusqu’a ce
que des mécanismes de marché plus complet soient implémentés. Ainsi, la possibilité d’accorder
des dérogations réglementaires aux gestionnaires de réseau afin de bénéficier de la flexibilité des
électrolyseurs, comme le prévoient les bacs a sable réglementaires, devrait donc étre évaluée. Les
électrolyseurs peuvent constituer une alternative pour atténuer les congestions de réseaux.

La troisieme partie se concentre sur 1’élaboration de stratégies d’importation appropriées pour
I’UE et sur I'identification de partenaires commerciaux adéquats pour I'importation d’hydrogene et
d’ammoniac bas-carbone. L’invasion de 'Ukraine par la Russie a souligné 'importance de la sécurité
d’approvisionnement européen, déclenchant un changement de paradigme dans la politique commer-
ciale de 'UE en matiere d’énergie. Les nouveaux partenariats et investissements dans le commerce
de I’hydrogene a faible teneur en carbone devraient donc viser non seulement a atteindre des objec-
tifs économiques et environnementaux, mais aussi a garantir un approvisionnement siir et opportun.
Etant donné que le transport de ’hydrogéne par pipeline offre des avantages concurrentiels aux pays
voisins de 'UE, les stratégies d’importation entierement basées sur les cotits présentent des risques
de concentration de l'offre et de dépendances excessives. Les résultats montrent toutefois que le fait
de mettre davantage 1’accent sur les conditions politiques, économiques et sociales des partenaires
commerciaux n’a qu'un impact modéré sur les cotits d’approvisionnement. Cela confirme I'idée qu’il
est primordial de ne pas s’intéresser uniquement aux cotits lors de I’évaluation des partenaires po-
tentiels. Malgré la signature récente d’accords commerciaux ou de coopération entre des acteurs de
I’hydrogene largement reconnus, les pays les plus prometteurs ne semblent pas s’étre véritablement
engagés dans la conclusion d’accords commerciaux jusqu’a présent. Par conséquent, il est important

d’évaluer le potentiel des nouvelles routes commerciales de I’hydrogene a travers le monde.

Mots clés : Hydrogene renouvelable, Transition énergétique européenne, Couplage des secteurs,

Optimisation, Régulation, Partenariats hydrogene
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1.1 Climate ambitions and the European energy transition

One of the greatest challenges facing humanity in the 215° century is the need to mitigate global
warming (IPCC 2023). With the Paris Agreement!, the global community has made a landmark com-
mitment in the fight against anthropogenic greenhouse gas emissions. The legally binding agreement
of 196 countries, reached at the COP 2015 in Paris, sets the common goal to limit global warming
to well below 2 degrees Celsius above pre-industrial levels, with efforts to keep the temperature rise
to 1.5 degrees Celsius. In response to this commitment, the European Union has therefore set the
target of being climate neutral by 2050. With the European Climate Law (EC 2021), this ambitious
goal was legally implemented. The law is accompanied by numerous policy packages with the Eu-
ropean Green Deal (EC 2019) being one of the most prominent examples. It creates the framework
for a comprehensive roadmap which addresses a wide range of sectors in the economy, including
energy, transport, agriculture, building, and more. By introducing these new policies, the European
Union aims to lead the way in the fight against climate change and make Europe the world’s first
carbon-neutral continent.

The energy sector is the main contributor to CO4 emission in the EU, accounting for approxi-
mately two-thirds of total CO5 emissions (EEA 2023). Its decarbonisation is therefore a key element
in achieving climate goals. It is not, however, the only factor to be addressed by energy policy objec-
tives. In addition to considerations of sustainability, aspects of affordability and security of supply
are crucial in ensuring competitiveness and maintaining a high quality of life. The interplay of these
elements is often referred to as the energy trilemma, with the influence of one parameter having
implications on the others and often leading to trade-offs. While affordability aspects have long
been the focus of EU energy policy, attention is now shifting. In addition to increased sustainability
ambitions, Russia’s invasion of Ukraine and the subsequent energy crisis in Europe, which resulted
in substantial economic damages to the European economy, haven given security of supply aspects
higher priority. Since the overachieving goal is to ensure affordability as well as security and sus-
tainability of energy supply, the weighting of the three aspects in current energy policies is therefore
being readjusted as outlined by the REPowerEU policy package (EC 2022).

Over the past two decades renewables have experienced considerable growth in capacity and
demonstrated their ability to contribute to decarbonisation. From 2004 to 2021, their share in final
EU energy consumption more than doubled, exceeding 20% in 2021 (Eurostat 2023). Due to the
sharp increase in global capacity, learning and scaling effects have led to significant cost reductions
of the technologies. While costs for wind energy declined by 35% between 2010 and 2021, solar
PV saw even higher drops amounting to 80% (IRENA 2021). The decreasing trends are expected
to continue in the decades to come. The technologies not only contribute to decarbonisation, but
also enable the use of local natural resources and thus reduce dependence on energy imports. In
light of this potential, the substantial expansion of renewables such as solar PV and wind power is
considered as the backbone of the future energy supply in the EU (EC 2019).

Historically, the various sectors of energy supply were largely treated separately from each other.

While liquid fuels derived from the petroleum industry were predominantly used in transport, heating

! United Nations Paris Agreement; https://www.un.org/en/climatechange/paris-agreement


https://www.un.org/en/climatechange/paris-agreement

1.2. The role of low-carbon hydrogen

demand was met by natural gas and fuel oil. Electrical appliances, in contrast, relied on the power
system. Each of the areas has its own infrastructure and interactions between them are limited. A
holistic view of the sectors can, however, strengthen the use of synergies leading to gains in efficiency.
Their joint consideration is often referred to as sector coupling, which describes the linking of sectors
through technologies that enable cross-sectoral integration (Robinius et al. 2017; T. Brown et al.
2018; Gea-Bermudez et al. 2021).

Technologies such as electric motors in mobility and heat pumps in heating require electricity
and therefore enable coupling with the power sector. In addition to the direct use of electricity from
renewables, which can replace fossil fuels, electrification of end uses often comes with additional
benefits, such as higher overall technical efficiency or operational flexibility. The latter is particularly
relevant as it allows for the better following of generation patterns of renewables which are driven
by the variability of natural resources (Ruhnau, Bannik, et al. 2019; Ruhnau, Hirth, and Praktiknjo
2020; Thomaflen, Kavvadias, and Jiménez Navarro 2021). The possibilities offered by sector coupling
through electrification therefore opens new opportunities for using resources more efficiently and thus
contributing to the EU’s energy policy goals. Given its potential in decarbonisation, the widespread
electrification of end uses is being considered as another pillar in the European energy transition
(EC 2019).

Electrification, however, is not a silver bullet solution, as for some sectors of the economy, direct
electrification is not economically viable. These sectors, often referred to as ’hard-to-abate’ sectors,
require alternative approaches to reduce COs emissions. In this context, low-carbon hydrogen is seen
as a promising solution. The physical and chemical properties of hydrogen, as an energy carrier, offer
opportunities where direct electrification reaches its techno-economic limits. It thus complements

electrification in the decarbonisation process (Staffell, Scamman, et al. 2019; Parra et al. 2019).

1.2 The role of low-carbon hydrogen

Hydrogen is, like fossil fuels, a chemical energy carrier. Compared to electricity, its chemical nature
offers several advantages, particularly regarding the storability of large amounts of energy over long
periods as well as its transport possibilities. Moreover, hydrogen is versatile as it can serve a wide
range of applications. Besides its potential use as an energy carrier, it can also serve as a feedstock,
which is predominantly the case today. While gaseous hydrogen is needed in some applications,
hydrogen derivatives are used in others. In these cases, hydrogen forms the basis for chemical
compounds with other elements. Common hydrogen derivatives today are ammonia (NHs) and
methanol (CH3OH). There are, however, other possible combinations, such as synthetic fuels, which
can contribute to the decarbonisation of sectors such as aviation (IEA 2019¢; Abdin et al. 2020).
In the past few decades, hydrogen has repeatedly been discussed as a potential key player in
energy supply. None of this conjecture has led to its breakthrough as a significant energy carrier
(Rosen and Koohi-Fayegh 2016). The urgency of the transformation to a carbon neutral future
and the versatility of its potential contributions now suggest that its emergence as a significant
part of the energy landscape is imminent. Global interest in hydrogen has increased significantly in

recent years underlined by numerous announcements of countries around the world on how hydrogen
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Figure 1.1: Announcements of hydrogen strategies/roadmaps in the EU

will contribute to their energy transitions. Given the compatibility of low-carbon hydrogen with
Furopean climate targets and energy policies, it is also considered a promising candidate in the
European energy transition. With the release of the European hydrogen strategy in 2020 (EC
2020), that sets out a comprehensive roadmap of a hydrogen economy, it has been assigned a pivotal
role in decarbonising the EU. Its importance in the transition is further underscored by the release
of national hydrogen strategies and roadmaps of numerous EU member states (Figure 1.1), that
further refine the European hydrogen vision at national levels. Activities in the hydrogen sector have
increased significantly since then, which is also underscored by the number of studies conducted with
the intention to provide a better understanding of the possibilities and potential role of hydrogen in

the energy transition (Guidehouse 2021; Deloitte 2021; Nunez-Jimenez and Blasio 2022).
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Figure 1.2: Projections of hydrogen demand in the EU until 2050

While there are differences in projections on how much low-carbon hydrogen is needed, when
and in which areas of the economy, there is little doubt that its use and thus its demand will increase
substantially (Figure 1.2). While the share of hydrogen in total energy demand is almost negligible
today, it is projected to increase steadily over the coming decades. In some scenarios, such as the
Fitfor55 of the European Commission, hydrogen and derived fuels could cover more than 20% of
total final energy demand in the EU in 2050 (Tarvydas 2022). This magnitude underlines once more
the considerable significance of it in the European energy transition. Its rapid uptake is therefore

expected in the coming years. The European Commission projects hydrogen demand to more than

4
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double by 2030 from today’s 10 MTPA. Apart from the substitution of existing grey hydrogen? as a
feedstock in industry, growing demand is seen in other industrial applications as well the transport.
In the mid-term, its usages in the power system and buildings might follow. The expected increase
in demand requires massive efforts, including multi-billion-euro investments, that have to be raised
collectively.

To meet rising demand, a corresponding hydrogen supply structure must be created. Unlike fossil
fuels, pure hydrogen hardly exists in nature and must therefore be produced. Various technology
routes are available for producing hydrogen from either water, hydrocarbons or biomass. These
pathways, however, are associated with different levels of COq emissions (IEA 2019¢). As one of
the key requirements for the use of hydrogen in future energy systems is its contribution to climate
goals, the set of available hydrogen production technologies is therefore limited. Two technology
routes, however, are considered promising in meeting the requirements (Noussan et al. 2020; Lagioia,
Spinelli, and Amicarelli 2023):

o Blue hydrogen: produced from natural gas through the steam reforming process (SMR), which
is complemented by carbon capture and storage (CCS) technologies. While SMR presents
today’s predominant production route, and is associated with significant CO5 emissions, the
addition of CCS enables the capture of 70-90%3 of these, preventing their release into the
atmosphere. The captured CO; is subsequently stored underground in geological formations
or used as feedstock. (IEA 2019c¢; IEA 2020)

e Electrolytic hydrogen: produced through electrolysis where water is split into its constituents
hydrogen and oxygen by using electricity. While this technology route has so far only been
used in some niche applications, current market trends suggest significant improvements in its
economics, opening new possibilities for widespread deployment. The rapidly falling costs of
renewables are key drivers in this regard, as access to low-cost electricity plays a crucial role
in determining the competitiveness of electrolytic hydrogen production (Abdin et al. 2020).
The ability to feed the hydrogen production process with renewable electricity also allows the
use of domestic natural resources, thereby contributing to energy policy objectives of reducing

imports and enhancing local energy supply (IRENA 2022b).

The different production paths, supplemented by the variety of transport and storage options,
open a wide range of supply possibilities. These offer opportunities for an economically viable
supply of low-carbon hydrogen, but can also result in inefficiencies if ill-conceived and inadequately
implemented. There are significant uncertainties in the ramp-up of the hydrogen economy. In
particular, the need for rapid development can lead to a disorganised ramp-up, which can bring
economic failures. These should be limited. In this context, numerous questions arise as to how an
economically efficient supply of low-carbon hydrogen should be developed. Three of these aspects

are presented below.

2 Hydrogen produced from fossil fuels mostly natural gas in steam methane reforming (SMR)

3 Ensuring the climate friendliness of the technology also requires the reduction of methane emissions along the
supply chains of natural gas. In this respect, there are considerable differences in the natural gas producing
countries. In many cases, methane emissions can, however, be significantly reduced through cost-effective
measures.
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1.2.1 Defining renewable hydrogen

Electrolytic hydrogen is expected to play an important part in tackling climate change around the
world. Despite years of experience in electrolysis, the technology has not yet been used at scale,
mainly due to its unfavourable competitiveness compared with other production technologies (IEA
2019¢). The European Union has set the target of installing at least 40 GW of electrolyser capacity
in the EU by 2030 (EC 2020). Since there are only a few installations in operation to date, summing
to a total of 250 MW (EC 2023b)?, a considerable expansion of the technology is needed, requiring
billions of euros in investment and offering both challenges and opportunities to the industry.

The electricity used in the electrolysis process can come from various sources, which is char-
acterised by different CO5 intensities. While electricity from both renewables and nuclear power
is COq-free, electricity generation from fossil fuels is associated with much higher CO2 emissions.
In addition to the environmental aspects, generation costs as well as availabilities differ among the
various generation types. While thermal power plants are dispatchable and can be operated at high
load factors, renewables are dependent on the availability of natural resources, which limits their
operating times (El-Emam and Ozcan 2019).

The use of electrolytic hydrogen for decarbonisation suggests the sourced electricity is to come
from COs-free power generation. While nuclear power generation faces an uncertain future, coun-
tries around the world including the EU member states have clear ambitions to substantially expand
renewables. Their strict coupling with electrolysers ensures hydrogen production being COs-free and
thus contributing to decarbonisation. The competitiveness of electrolytic hydrogen can be negatively
affected by the cost of electricity generation and low capacity factors of renewables. To compen-
sate for the lower availabilities of renewables, generation capacities need to be oversized to achieve
reasonable full load hours of the electrolyser, increasing hydrogen production costs. The hydrogen
industry therefore argues that a strict coupling of renewables and hydrogen production counter-
acts the rapid development of the hydrogen market, thereby slowing down the energy transition.
Alternatively, it is claimed that the flexible operation of electrolysers within electricity markets im-
proves its competitiveness, promoting a more effective market uptake (Frontier-Economics 2021).
In addition to reduced hydrogen production costs, the possibility of reacting to market signals can
also provide system flexibility, improving the integration of additional renewables into the system.
Such operational flexibility, however, bears the risk that electrolytic hydrogen production could also
source grey grid electricity, which causes CO2 emissions to increase (Hurtubia and Sauma 2021).

The outlined conditions indicate that electrolytic hydrogen production comes with a trade-off
between environmental integrity and economic viability. Renewable hydrogen has often been used
in the literature as a synonym for electrolytic hydrogen, without considering the associated COq
emissions. The recognition of electrolytic hydrogen as a homogeneous good is not appropriate in
this respect. Instead, designating renewable hydrogen requires a clear definition, which suggests the
introduction of regulation to achieve the desired effects.

Without clarity on what constitutes renewable hydrogen, there is also no planning certainty

for investors, which holds back investment decisions and hinders the ramp-up of the technologies

4160 MW output capacity with an assumed efficiency of 65%
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(Velazquez Abad and Dodds 2020). Politicians around the world are therefore currently in the
process of defining corresponding requirements. Various possible regulatory options are discussed in

this context mainly centering around three aspects (EC 2023a):

1. Origin of electricity: describes the type of electricity allowed in electrolytic hydrogen produc-

tion e.g., sourced from renewables that represent capacity additions to the existing system.

2. Temporal correlation: refers to the coupling in time of electricity generation from renewables
and hydrogen production e.g., renewable electricity generation must match electricity sourcing

in hydrogen production on an hourly level over a year.

3. Spatial correlation: expresses the spatial relationship between renewables and hydrogen pro-
duction e.g., renewables have to be located at the same location or somewhere in the same

bidding zone as the electrolysers.

With the Delegated Act released in February 2023 (EC 2023b), the EU has already set the
requirements for hydrogen to be considered renewable. The drafting of the regulation, however,
was a long-lasting process that required several attempts. The divergent interests among member
states and industries, along with the complexities arising from the diverse power systems across
the member states, hindered the rapid development of the regulation. With its release, the EU’s
definition of renewable hydrogen is the first of its type internationally. Other countries are about
to follow with the US being a prominent example. The ongoing debate in the US follows similar
reasonings to that observed in the EU®. Given the vast size of the market, regulation is expected to
have a significant economic impact in the trade-off between environmental integrity and economic
viability.

The production of electrolytic hydrogen is considered a key element in carbon neutral energy
supply by many countries. To achieve an efficient ramp-up of the technologies that takes into
account both decarbonisation goals and the economic viability of the production paths, target-
oriented regulation is needed. This could impact not only hydrogen production but also the broader
system, potentially affecting the progress of the energy transition. As these effects are not yet
sufficiently understood, further research in this area is suggested (Ruhnau and Schiele 2022; Schlund
and Theile 2022).

1.2.2 Power market design and renewable hydrogen production

In most European countries, electricity markets are organised in such a way that there is only one
bidding zone. From a market perspective, no distinction is therefore made in terms of the location of
producers and consumers within the zone. It is rather assumed that electricity flows unconstrained
from the generation to the demand sites, as if on a copper plate. Corresponding redispatch measures
follow the clearing of wholesale markets in the case that technical limits in the system are reached.
This market design gives electricity producers the freedom to choose the locations of their gener-

ators in such a way that they can be operated efficiently. Corresponding adaptations in the grid

5 https://www.hydrogeninsight.com/policy/us-green-hydrogen-definition-annual-rather-than-hou
rly-matching-could-cut-h2-costs-by-up-to-175-and-still-be-net-zero/2-1-1417840v
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structure should ensure that adequate transmission capacities are available to integrate new power
generation. This market scheme has proven successful in the past with one reason being the high
market liquidity contributing to economic efficiencies (A. Eicke and Schittekatte 2022), and another
the well-interconnected network in Europe.

During the pre-liberalisation era of the electricity sector, when supply was organised in vertically
integrated structures, the expansion of generation capacities was efficiently synchronised with the
expansion of the grid. The placement of power plants was based on factors such as access to cooling
facilities, fuel reserves and waste heat utilisation, such that they were seamlessly integrated into the
network. Today’s generation fleet largely consists of plants from that time. As the siting of new
thermal power plants still follows similar criteria, they are often constructed at the same locations.
The electricity grid in these areas is therefore generally well-developed, and as such does not often
require additional reinforcement measures for the integration of new power plants.

The expansion of renewables, however, is now introducing new challenges to the old setup. Not
only does the siting of renewables follow different criteria compared to that of thermal power plants,
but generation is also much more distributed (Schroeder et al. 2013; Ardian, Concettini, and Creti
2018). The changing geographical location of power generation has impacts on the power flows in
the system. Due to considerable planning and administrative efforts, corresponding adaptations of
the grid configuration can, however, only slowly follow the rapid expansion of renewables. As the
networks may not be adapted to handle the new flows in a timely manner, the resulting geographical
distortions can pose new operational challenges for power systems. In some cases, this phenomenon
can already be observed (Yasuda et al. 2022; TEA 2023).

A prominent example in this context is the case of Germany. Historically, sufficient transmission
capacity has been put in place to transfer electricity from the main generation locations in the
east, west and centre of the country to the corresponding demand sites. The distribution of natural
resources, however, is now changing the locational setup of the system. As the best wind sites are
located in the north of the country, on the coasts of the North Sea and the Baltic Sea, there has been
a massive expansion of wind energy in these regions over the past two decades. Lack of acceptance
as well as significant administrative hurdles have led to considerable delays in the planned grid
expansion. As such the capacity of the transmission network between the northern regions and the
rest of the grid is not yet sufficient, which has increasingly led to grid congestion. To prevent damages
due to the overloading of system components, power generation of wind turbines in the north has
to be curtailed more frequently as part of redispatch measures. To ensure sufficient power supply
behind the congested lines, fossil fuel generation in the south of Germany has had to be ramped up
accordingly. This has not only led to additional CO, emissions, but also to considerable costs for
the compensation of the unused wind power. Within just a few years, compensation climbed from
close to zero to over EUR 1 billion in 2019 (BNetzA 2021).

Sector coupling and the expansion of electrification present opportunities to mitigate these effects.
By creating additional demand at affected locations in the power grid, the technologies can help to
relieve congestion in the system (Ardian, Concettini, and Creti 2018). The production of electrolytic
hydrogen can play an important role in this context. Due to the transportability of hydrogen, its

production is not limited to the location of demand. Instead, hydrogen production can be located at
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sites that alleviate the stress on the power system, while the produced quantities are subsequently
transported to the corresponding demand locations via alternative transport routes. By contrast, in
other cases of sector coupling such as electric mobility and electric heating, the supply of electricity
is restricted to the specific location of demand (Robinius et al. 2017; Parra et al. 2019).

Moreover, the potential for spatial decoupling in electrolytic hydrogen production can facilitate
the utilisation of synergies through improved integration of existing infrastructure within the broader
energy system. One example is the repurposing of natural gas pipelines. Due to the declining
importance of natural gas for final energy supply, the utilisation of the natural gas grid is expected
to decrease with the risk of becoming stranded (Cerniauskas et al. 2020). Hydrogen transport needs
resulting from the spatial decoupling of hydrogen production can, however, lend these capacities new
purposes and avoid their costly underutilization. At the same time, the capability of transporting
hydrogen by pipelines reduces the need for new power lines causing a more efficient infrastructure
utilisation due to cross sectoral synergies (Bgdal et al. 2020; Neumann et al. 2023). Retrofitting
the infrastructure, however, requires framework conditions from the national regulatory authorities
(DNV GL 2022).

Electrolysers can effectively tackle the challenges of integrating renewables by providing opera-
tional flexibility, addressing not only temporal but also spatial issues. This highlights the versatile
potential of electrolysers as a sector coupling technology and underlines their significant systemic
relevance. The full potential in terms of spatial aspects can, however, only be unleashed when
their installations are aligned with the grid infrastructure considerations. Placing these technologies
instead in other areas of the network may even amplify congestions.

Due to the predominant role of uniform pricing in European power markets, locational signals to
support the installation of new technologies in a system-friendly way are often absent suggesting the
need for revisions of the current market designs to incorporate such mechanisms. In this context,
several options have been proposed including local flexibility markets, dynamic network tariffs, and
market zone splitting. All of these options, however, come with advantages and disadvantages, none
being considered a silver bullet (Vogel and Bauknecht 2020). While the technical possibilities of
electrolysers as sector coupling technologies are already well understood, aspects linked to possible
adaptation of current market designs have been insufficiently addressed so far (Xiong et al. 2021;
vom Scheidt et al. 2022).

1.2.3 Low-carbon hydrogen imports

For reasons such as limited low-cost resources, competition between different land uses, and rising
acceptance concerns that might hinder a sufficient exploitation of domestic renewables (‘Not in my
backyard’ effect), it remains unclear to what extent the EU can meet its demand with domestic
resources in an economic manner (Guidehouse 2021). The transport properties of hydrogen and
its derivatives, however, make it possible to benefit from the inexhaustible global energy potential
through imports from other regions. While trade offers possibilities to supplement European do-
mestic production, it also enables the economic optimisation of the energy supply. This applies in

particular to imports of renewable hydrogen, which facilitates the benefits of not only the abundant
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global resources, but also from the best ones (IRENA 2022b).

Like the era of fossil fuels, the differences in the distribution of global resources are expected to
drive global trade in low-carbon energy. Unlike the fossil fuel in the past, however, resources are now
distributed differently, with potential effects on the roles of different actors. Former net importers
could become exporters and vice versa (Scholten, Bazilian, et al. 2020; Van de Graaf 2019). In this
context, the outstanding natural potential of the Global South could be a game changer in global
energy trade patterns. The new potential importance of these countries could act as a catalyst for
their economic development (IEA 2022a; Goldthau, L. Eicke, and Weko 2020).

As there are no trade structures for low-carbon hydrogen to date, these must be developed.
Bilateral agreements are expected to initiate global trade of low-carbon energy. Subsidised by public
money, they ensure the coverage of capital-intensive upfront investments giving investors security
to overcome the missing economic viability of the technologies. With their improving economics,
increasing trade volumes and greater liquidity in the sector, bilateral trade could then gradually
evolve into international markets (Deloitte 2023).

The global race for the best resources has recently begun. Many countries around the world,
including EU member states, are in the process of establishing partnerships to position themselves at
this early stage. Numerous memoranda of understanding have been signed with potential exporters
to the EU in recent months to build the basis for bilateral trade relations. The list of countries is
long including neighbouring countries such as Egypt, Morocco and Ukraine as well as more distant
ones such as Canada, Chile, Saudi Arabia and South Africa.

In addition to the establishment of partnerships, the first instruments have already been intro-
duced to promote the development of concrete projects. One of the most prominent examples in this
regard is H2Globa® . Initiated by the German Federal Government, the foundation aims to promote
trade in low-carbon hydrogen by providing secure funding for specific projects under bilateral agree-
ments. A competitive tendering process designed as a double auction procedure brings together
hydrogen suppliers and consumers. Both sides enter their bids into the tendering process. The most
competitive offers from each side within the tendered volumes are awarded. Public subsidies are
used to close the financial gap between the costs of the offered volumes and the willingness-to-pay for
the demanded ones. This approach ensures investment certainty for both consumers and producers
and thereby stimulates trade activities.

The first concrete projects are already in the planning stage. A pioneering undertaking is the
large-scale green hydrogen project planned by Hyphen in the Tsau-Khaeb National Park on the
Namibian coast”. The first phase of the project, consists of electrolysers with a capacity of 3 GW
that will be fed by a total of 7 GW of wind and PV plants, is planned to be fully operational by
2026. The investment volume of approximately EUR 10 billion underscores the magnitude of this
project, which is planned to be progressively expanded in the coming years. During the construction
phase, around 15000 workers will be required, with the vast majority being filled by local workers.
Once the plant becomes operational, it then creates about 3000 permanent jobs. This project gives

Namibia’s economy a significant boost and help the country position itself in the landscape of the

Shttps://www.h2-global.de/
"https://hyphenafrica.com/projects/
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1.2. The role of low-carbon hydrogen

emerging international trade of low-carbon energy.

In recent decades, there has been a growing emphasis on cost considerations in the European
energy supply, which was also reflected in EU energy trade policies. Domestic production of fossil
fuels has gradually been replaced by more competitive options from abroad. As a result of the
competitiveness of some neighbours, the market concentration of EU supply increased. In particular,
the availability of low-cost natural gas import options from neighboring areas through pipelines has
gradually resulted in a stratification of the supply structure, leading to significant dependencies on
only a small number of trading partners (Just, Wild, and Arnold 2022). Despite warnings and
signs of geopolitical tensions raising supply insecurity concerns, the EU’s cost-based procurement
strategy continued over the last decade, with the construction of Nord Stream 2 being an excellent
example (Lang and Westphal 2017). In 2022, 80% of the total natural gas needs in Europe were
imported while domestic production has halved in the past ten years (ACER 2023). The extreme
increase in energy costs in the second half of 2021, followed by Russia’s invasion of Ukraine, however,
has demonstrated that access to low-cost energy in the past came at the expense of current energy
prices. The substantial reliance on Russian energy caused considerable damage to the economy and
made it clear that the EU’s energy import strategy of recent decades has failed. The development
of hydrogen imports now offers the opportunity to learn from the mistakes of the past and create a
more resilient future energy supply. As the establishment of trade routes for low-carbon hydrogen
entails significant investments, it is crucial to have a comprehensive understanding of the potential
suppliers. This should not be limited to their cost competitiveness but should also take into account
aspects related to their reliability so that investments lead to economic, sustainable, secure and
timely supply options.

Today’s international trade is often determined by two key factors, namely economic mass and
distances between economies. The greater the economic output and the shorter the distance, the
more trade usually takes place. This relation has been confirmed many times by the use of the
gravity model (Kepaptsoglou, Karlaftis, and Tsamboulas 2010). However, this principle is only
applicable to a certain extent in the context of energy trade, as it is primarily influenced by "natural"
rather than "conventional' comparative advantages arising from the geographical distribution of fossil
resources (Van de Graaf 2019). Although geographical distances have influenced trade patterns in
the past, mainly due to physical characteristics and the ability to transport energy, their influence has
declined (Bachmeier and Griffin 2006; Barnes and Bosworth 2015; Sutrisno, Nomaler, and Alkemade
2021). As there is no international market yet, it is therefore necessary to better understand how
international hydrogen trade will develop, what the drivers are and whether there are parallels
to current energy trade to avoid misinvestment. Due to the importance of the expected role of
hydrogen and its derivatives in the energy transition, research interest in this topic has increased in
recent years (Briandle, Schonfisch, and Schulte 2021; Pflugmann and Blasio 2020; Grinschgl, Pepe,
and Westphal 2021). The existing literature focuses on various aspects such as costs, geopolitics
or country potentials. As the studies mostly stay within their respective research stream, there is
a need for more cross-sectoral approaches that enable an assessment of trade taking into account
aspects such as affordability, conditions for sustainability, reliability and urgency to enable a timely

energy transition.
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Chapter 1. General Introduction

1.3 Organisation of the thesis

This dissertation consists of three essays, each of which link to one of the three aspects introduced
above. The work aims to shed light on the development of an economic efficient ramp-up of hydrogen
supply in the EU and to contribute to the still limited existing literature on the topic. Each essay
has a dedicated chapter.

Chapter 2 focuses on regulatory aspects of the production of green hydrogen. To support the
design of appropriate and target-oriented regulation, this chapter contributes to the understanding
of the trade-off between environmental integrity and economic viability in the production of elec-
trolytic hydrogen. By applying an electricity market model, the work looks at the impact of various
regulatory options for the operation of electrolysers, focusing on social welfare and COs emissions.
The assessed options are based on the three dimensions proposed in the ongoing regulatory debate:
(1) the origin of the sourced electricity, (2) the temporal correlation of the production of hydrogen
and renewable electricity, and (3) its spatial correlation. The analysis focuses on Germany in 2030,
which is an interesting case study due to the extensive planned restructuring of the country’s energy
sector (e.g., phasing out of coal and nuclear energy, massive expansion of renewables, bottlenecks
in the supply of natural gas as a transitional energy fuel). Despite the regional focus of the anal-
ysis, regulation at the European level, however, has much greater effects. Although regulation has
recently already been introduced in the EU with the Delegated Act, the results provide numerous
general findings, that can benefit the implementation of regulation in other countries, such as in the
US and Brazil.

The third chapter deals with the growing challenges in the operation of today’s power systems
caused by the rapid expansion of renewables and the systemic role of electrolysers in tackling these
challenges. Given the existing doubts about the effectiveness of the current market design in pro-
moting the installation of the technologies in a system-beneficial way, adaptations to the market
design are suggested that support unlocking the systemic value of supply and demand-side assets.
While options such as local flexibility markets or market zone splitting are not considered viable in
the short-term due to their implementation complexities, this chapter examines an approach that
involves the engagement of system operators in the placement and operation of electrolysers. As
this approach faces challenges under current vertical unbundling rules, it is assessed to what extent
regulatory relaxations could help to integrate electrolysers in a system supportive way until more
sophisticated market-based options are available. A modelling framework composed of an electricity
market model, a redispatch model and a hydrogen supply chain model, is applied to assess the eco-
nomic value of this option. The analysis focuses again on Germany in 2030, which is an interesting
case due to the observed geographic distortions in the power sector caused by the distribution of
natural resources, the expansion of renewables, and grid expansion difficulties.

Chapter 4 addresses aspects related to the establishment of economic imports of low-carbon
hydrogen and its derivatives to the EU. Like many other countries, the EU is currently in the
process of establishing partnerships and implementing adequate financing vehicles to initiate low-
carbon hydrogen trade. In light of the paradigm shift in EU energy trade policy caused by Russia’s

invasion of Ukraine, considerations of security of supply and reliability aspects should be given
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higher emphasis in the selection of potential trade partners. New partnerships and investments
in low-carbon hydrogen trade should therefore target not only economic and sustainable but also
secure and timely supply options supporting a successful EU energy transition and avoiding the
repetition of past mistakes. This chapter contributes to the discussion on creating appropriate EU
import strategies and identifying suitable trade partners for low-carbon hydrogen and ammonia. A
methodology is developed consisting of a detailed hydrogen supply chain model combined with a
multi-criteria analysis which allow potential export partners to be assessed both in terms of their
cost competitiveness and with respect to their suitability as reliable trades partner. The considered
soft factors include political, social, and economic aspects as well as a country’s adaptability or
technological know-how. While the analysis focuses on the EU as the import region, the developed

methodology can be adapted to other geographical areas.

1.4 Methodological considerations

1.4.1 Modelling approach

In all three parts of this thesis quantitative analyses are conducted. Appropriate models are devel-
oped to approach the research questions. Appropriate models are developed for this purpose. Their
development as well as the collection and preparation of the corresponding input data represented
an essential part of this dissertation. In addition to the findings on the addressed questions, they
make an important contribution to this work. The conducted analyses are primarily based linear
optimisation techniques. These allow the value of an objective function to be either minimised or
maximised subject to different constraints. The linear nature of the problem implies that both the
objective function and all constraints have a linear structure (Vanderbei 2014). These techniques are
used in many areas today. One key advantage of the methods is their convex character, which allows
for manageable complexity. Large problems involving a significant number of decision variables can
therefore be solved. In addition, the convexity of the problems guarantees high precision of the re-
sults as every local optimum is a global optimum. In this work, the techniques of linear optimisation
are mostly applied through network flow problems (Bertsekas 1991). These are commonly used in
the energy sector to determine energy flows in networks composed of nodes and edges that result in
minimised supply costs. Corresponding technical and economic conditions of the assessed problems
are included in the mathematical formulation by means of constraints (Pfenninger, A. Hawkes, and
Keirstead 2014; Crespo del Granado et al. 2018).

In addition to linear optimisation methods, in chapter four, techniques from multi-criteria
decision-making (MCDM) are applied. They aim to assess and rank alternative options in a consis-
tent and transparent manner with respect to their performance on a variety of assessment criteria
(Roy 1990). MCDM is widely used today. A broad set of techniques exists, all of which have advan-
tages and disadvantages. The choice of the method depends on the analysed decision process. The
idea of multicriteria analysis, however, is not to provide optimal solutions (Mardani et al. 2015).
Rather, they aim to provide tools to help decision-makers in weighing up different alternatives.
(Cavallaro and Ciraolo 2005)
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1.4.2 Accuracy, assumptions, caveats and limitations

A common criticism of modelling approaches that use linear optimisation is their deterministic
character. Since perfect foresight is assumed, all input parameters are considered known and given.
In reality, however, the results are affected by uncertainties and unexpected fluctuations. These
effects are not reflected in deterministic approaches, which leads to limitations in the method.

Another common criticism of the applied methodology in the modelling of markets is the as-
sumption of perfect competition, which is the goal of competition authorities and regulators. It is
assumed that all market participants have complete information and thus the same knowledge. In
reality, however, this is often not the case, as not all actors have access to the same information
or may have a different understanding of them. Instead, inefficient market outcomes, market dis-
tortions and the exercise of market power, which are all signs of imperfect competition, can result
from information asymmetries. In addition to the consideration of full information availability, it
is further assumed that none of the market participants has a market share that allows them to
exercise market power. Considering the aspects of imperfect competition in modelling would lead to
non-linear relationships in the problem definition which are beyond the scope of linear optimisation.
The complexity of non-linear problems increases significantly affecting their analysable size. As a
consequence, substantial deficiencies arise in representing the power sector, questioning the adequacy
of its presentation and thus the meaningfulness of findings.

The analyses of this thesis are based on a variety of data covering a wide range of different
parameters. Various sources were used to set up comprehensive data sets. Both the data collection
and the corresponding processing within the harmonisation process were carried out with great
care. However, due to the heterogeneity of the different data sources, especially with regard to
their timeliness, it is inevitable that some noise and bias is introduced. Potential noise and bias
may also arise from the initial data sources, where the data provider likely encountered similar
challenges. Moreover, in some case, data gaps required the making of assumptions, which can
introduce additional noise.

Due to the limitations and caveats, precision in the modelling results remains limited. Inter-
pretation of the outcomes should therefore be done with care, focusing on the ranges, trends and
interplay of factors rather than on individual numerical values.

Furthermore, it should be noted that the elaboration of the contents of this doctoral thesis spread
over several years. For this reason, the work does not represent a snapshot of the current situation
in the energy sector. In addition to the adjustments to climate targets, the Ukraine war has had a
significant impact on the energy sector in recent years. Although the data and scenarios used only

partially take these events into account, efforts are made to ensure that the statements remain valid.
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Chapter 2. Green hydrogen — How grey can it be?

Abstract

Low-carbon hydrogen is considered to play a key role in the European energy transition. The pro-
duction of electrolytic hydrogen using electricity in the electrolysis process is one promising upstream
route. Depending on the origin of the sourced electricity, however, the hydrogen production is as-
sociated to different carbon emissions and costs. While a strict coupling of renewable energies to
electrolyser systems ensures the ‘greenness’ of the produced product, it is likely to be accompanied
by increasing production costs. On the contrary, operating the units freely at power markets unfold
their flexibility, allows to benefit from price signals and can reduce overall production costs. The
carbon intensity in both the system and the resulting hydrogen product, however, might rise. Conse-
quently, there are indications of a trade-off between environmental integrity and economic viability.

To avoid undesired effects on