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Abstract

Electrolytic hydrogen and captured and subsequently stored CO, from ambient air (DACCS) are
two options for implementing ambitious climate protection strategies in Germany and Europe.
Electricity-based hydrogen can potentially replace fossil fuels in many processes and applications
of the classical energy demand sectors and act as seasonal energy storage in the conversion sec-
tor. Negative emissions via DACCS can compensate for unavoidable residual emissions, e.g., from
agriculture, and compete economically with alternative greenhouse gas mitigation strategies. Both
options interact strongly with a transforming energy supply system. Therefore, this dissertation
aims to quantitatively analyze the interactions of hydrogen systems with the conversion sector
and the provision of negative emissions via DACCS in the context of a greenhouse gas-neutral Eu-
ropean energy system.

To address this research topic, the cost minimization model Enertile, which used to focus on the
representation of electricity and heat supply, is extended to a multidirectional energy supply mod-
el. The core of the methodological development is modeling the interactions of hydrogen and
DACCS technologies with future renewable electricity and heat systems. The potentials of hydro-
gen and DACCS and essential drivers for their use are determined in scenario studies.

For hydrogen, the model results show that Europe has a substantial hydrogen production potential
and can largely supply itself cost-efficiently. Electrolysis and hydrogen power plants become cen-
tral flexibility providers in the optimized renewable electricity system. Hydrogen production fol-
lows cost-efficient renewable power generation. In cost minimization, hydrogen storage — with a
seasonal balancing of supply and demand — and hydrogen transport networks — with a suprare-
gional balancing of supply and demand — fulfill fundamental tasks in the energy system.

In the model results for Europe, there are DACCS potentials at costs between 60 and 270 €/tco>.
Compared to the literature, these technical negative emissions can compete with relatively expen-
sive alternative greenhouse gas abatement options. In the optimization, Sweden, the Iberian Pen-
insula, Norway, and Finland fulfill key requirements for suitable DACCS sites: vacant electricity
generation and geological storage potentials.

This dissertation is based on my research conducted at the Fraunhofer Institute for Systems and
Innovation Research (ISI) and supervised by Prof. Dr. Martin Wietschel at the Institute for Industri-
al Production (IIP) at the Karlsruhe Institute of Technology (KIT). Dr. rer. pol. is the envisaged
degree.

vii



Kurzfassung

Elektrolysewasserstoff und aus der Umgebungsluft abgeschiedenes und anschlieBend eingespei-
chertes CO, (DACCS) sind zwei Optionen fiir die Umsetzung ambitionierter Klimaschutzstrategien
in Deutschland und Europa. Strombasierter Wasserstoff kann dabei potentiell fossile Energietrager
in vielen Prozessen und Anwendungen der klassischen Energienachfragesektoren ersetzen und im
Umwandlungssektor als saisonaler Energiespeicher fungieren. Negative Emissionen mittels DACCS
kénnen unvermeidbare Restemissionen, z. B. aus der Landwirtschaft, kompensieren und in 6ko-
nomische Konkurrenz mit alternativen Treibhausgasminderungsstrategien treten. Beide Optionen
interagieren stark mit einem im Wandel befindlichen Energieangebotssystem. Ziel dieser Disserta-
tion ist deshalb die quantitative Analyse der Wechselwirkungen des Wasserstoffsystems mit dem
Umwandlungssektor und der Bereitstellung von Negativemissionen mittels DACCS im Kontext ei-
nes treibhausgasneutralen europdischen Energiesystems.

Zur Adressierung des Forschungsgegenstandes wird das auf die Abbildung von Strom- und War-
mebereitstellung ausgerichtete Kostenminimierungsmodell Enertile zu einem multidirektionalen
Energieangebotsmodell erweitert. Kern der methodischen Weiterentwicklung ist die Modellierung
der Interaktionen von Wasserstoff- und DACCS-Technologien mit zukiinftig auf erneuerbare Ener-
gien ausgelegten Strom- und Warmesystemen. An Hand von Szenariostudien werden Potentiale
von Wasserstoff und DACCS bestimmt und wesentliche Treiber fiir ihre Nutzung identifiziert.

Fir Wasserstoff zeigen die Modellergebnisse, dass Europa ein substantielles Wasserstofferzeu-
gungspotential hat und sich in groBen Teilen kosteneffizient selbstversorgen kann. Elektrolyseure
und Wasserstoffkraftwerke werden zu zentralen Flexibilitatsgebern im optimierten erneuerbaren
Stromsystem. Die Wasserstofferzeugung folgt dabei der kostenglinstigen erneuerbaren Stromer-
zeugung. In der Kostenminimierung ibernehmen Wasserstoffspeicher mit einem saisonalen und
Wasserstofftransportnetze mit einem Uberregionalen Ausgleich von Angebot und Nachfrage fun-
damentale Aufgaben im Energiesystem.

In den Modellergebnissen fiir Europa gibt es DACCS-Potentiale zu Kosten zwischen 60 und
270 €/tco2. Im Literaturvergleich kénnen diese technischen Negativemissionen mit vergleichsweise
teuren, alternativen Treibhaugasminderungsoptionen konkurrieren. In der Optimierung erfillen
Schweden, die Iberische Halbinsel, Norwegen, und Finnland zentrale Voraussetzungen fiir geeigne-
te DACCS-Standorte: Ungenutzte Stromerzeugungs- und geologische Speicherpotentiale.

Diese Dissertation wurde im Rahmen meiner Forschungsarbeit am Fraunhofer-Institut fiir System-
und Innovationsforschung (ISI) erstellt und von Prof. Dr. Martin Wietschel am Institut fur industri-
elle Produktion (1IP) des Karlsruher Instituts fiir Technologie (KIT) betreut. Dr. rer. pol. ist der ange-
strebte Abschluss.
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1 Introduction

1 Introduction

1.1 Background and motivation

The "urgent action to combat climate change and its impacts" (UN 2015b) is one of the United
Nations Sustainable Development Goals. To achieve this overarching goal, 196 parties of the Unit-
ed Nations Framework Convention on Climate Change (UNFCC), representing over 98% of global
greenhouse gas (GHG) emissions, agreed in the legally binding "Paris Agreement" to limit the glob-
al temperature increase preferably to 1.5 °C compared to the pre-industrial mean temperature
(UN 2015a; UNCC 2016). The "European Green Deal" outlines how the European Commission (EC)
intends to contribute to achieving these global goals (EC 2019). A core element of this strategy is a
GHG-neutral economy in the European Union (EU) by 2050 (EC 2019; European Parliament et al.
2021). At the national level, the German federal government committed itself to the EC's climate
protection targets in the amended Climate Protection Act and aims for net GHG neutrality by 2045
(BMJ et al. 2021). The German and European climate protection acts aim at negative GHG balances
after 2050. (BMJ et al. 2021; European Parliament et al. 2021).

Two central pillars of both the European and the German climate protection strategies are an in-
crease in energy efficiency (the so-called "efficiency first principle") and direct use of renewable
energies (BMUV 2016; European Parliament et al. 2018a, 2018b). The third pillar relies on renewa-
ble electricity. It contributes to GHG reduction either directly through the electrification of end-use
applications or indirectly through the generation and use of electricity-based energy carriers (e-
fuels) (BMUV 2016; EC 2018a). These e-fuels include hydrogen produced via electrolysis and its
derivatives synthetic hydrocarbons and synthetic ammonia. To reduce emissions through synthetic
hydrocarbons, only GHG-neutral carbon sources — e.g., the ambient air or biogenic sources — must
be used in their synthesis. The appeal of using e-fuels is that they reduce GHG emissions by direct-
ly replacing their fossil counterparts while retaining established applications and infrastructures.
Some GHG mitigation strategies using e-fuels involve the substitution of hydrocarbons with elec-
tricity-based hydrogen. In this case, end-use applications and infrastructures must be repurposed
or replaced, and the benefit of "GHG reduction by switching only the fuel supply" without process
conversions diminishes. However, generating e-fuels using renewable electricity is associated with
conversion losses and additional costs. Electrification of applications and processes is most often
more efficient due to the direct use of electricity but usually requires changing end-use applica-
tions and strengthening electricity infrastructures. Beyond the use of hydrogen and hydrocarbons
as feedstock — which require physical energy carriers — there are, therefore, some processes and
applications for which it has not yet been decided whether their emissions will be mitigated
through electrification or e-fuels.
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Russia's war of aggression against Ukraine challenges the current European and German supply of
fossil energy carriers. Russia was the largest supplier of fossil natural gas and oil in 2020: about
65% (39%) of the natural gas (eurostat 2022a) and 30% (23%) of the oil (eurostat 2022b) con-
sumed in Germany (the EU) were of Russian origin. However, the start of Russia's war in Ukraine
has led to a sharp reduction and temporary suspension in the supply of these energy carriers. Con-
sequently, the EU is facing an energy shortage and high energy prices in 2022. In response, the
German government has been seeking and signing energy partnerships with alternative exporting
countries — e.g., Qatar (BMWK 9/14/2022) — to avoid strong dependencies on Russian fossil fuels.
Hence, new fossil supply routes are being established today, ideally considering Germany's future
supply of renewable hydrogen or synthetic hydrocarbons.

In addition to reducing GHG emissions through more efficient energy use, the utilization of renew-
able energies, and the direct or indirect use of renewable electricity, an increase in GHG sinks can
contribute to achieving GHG neutrality. Despite extensive decarbonization efforts, Wohland et al.
(2018), Fasihi et al. (2019), and Realmonte et al. (2019) expect that reaching GHG neutrality in
2050 will require negative emission technologies (NET). In addition to offsetting unavoidable re-
sidual emissions in the net-zero emissions equilibrium state, NETs are an option to offset previous
emission overshoots — and associated temperature overshoots — by net negative CO, emissions
(Riahi et al. 2022). Many current scenarios rely on these long-term net negative emissions to re-
turn the global temperature increase to 1.5 °C after temporary overshoots (Johansson et al. 2020;
Rogelj et al. 2019). Overall, NETs are still in their infancy. Among the various approaches to achieve
negative emissions, previous decarbonization scenario studies have mainly examined bioenergy
combined with carbon capture and storage (BECCS) (Rogelj et al. 2018). Among others, Smith et al.
(2016) formulate sustainability and resource availability concerns with this approach. Therefore,
technical solutions with direct air capture plants and subsequent permanent storage of the cap-
tured CO; (DACCS) are gaining more attention. Key challenges with DACCS are the low CO; concen-
tration in the atmosphere causing high energy demands in the capture process (Fuhrman et al.
2020) and a negative public perception of carbon capture and storage (CCS) activities in Germany
and other countries (Anderson et al. 2012; Bradbury 2012; Brunsting et al. 2011; Diitschke 2011;
Ditschke et al. 2016).

Both e-fuels and DACCS as GHG mitigation strategies rely on renewable energies and interact
strongly with the conversion sector. This dissertation aims to consider these interactions and ana-
lyze the supply of e-fuels and negative CO, emissions via the DACCS pathway in the context of a
GHG-neutral European energy supply system. The analysis of e-fuels focuses on hydrogen. The
energy system model Enertile (Fraunhofer ISl 2021) as the primary research tool for these analyses
is successively enhanced in this dissertation. The enhanced model version can cover the supply of
electricity, heat, hydrogen, synthetic methane, and negative CO, emissions via the DACCS path-
way. For simplicity, these supplies are referred to as the "energy supply system" in the remainder
of this thesis. Other segments, such as refineries, which are part of this expression in other defini-
tions, are not included within this text.
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The energy system model Enertile (cf. section 2.2) geographically covers the member states of the
EU, Norway, Switzerland, the United Kingdom, Bosnia and Herzegovina, Serbia, Montenegro, Al-
bania, and North Macedonia. For convenience, the modeled territory is referred to as "Europe" in
the remainder of this dissertation.

Taking a system perspective, direct addressees of the analyses are political decision-makers con-
cerned with the design of the future German and European energy systems. The focus is on the
system integration of the GHG mitigation options hydrogen and negative CO, emissions via the
DACCS route. The aim is to identify robust characteristics in cost-optimized GHG-neutral target
systems. The applied perspective excludes taxes, levies, and subsidies from the analysis. The de-
sign of these instruments to achieve the developed target system is out of the scope of this work.

1.2 Structure of the thesis

This cumulative dissertation is structured as shown in Figure 1-1. Section 1 identifies the research
guestions. Four stand-alone research papers accepted in internationally recognized scientific jour-
nals constitute the core of the thesis and are presented in sections 5 - 8. Section 2 summarizes the
methodological advancements of the energy system model Enertile in all four publications. Section
3 synthesizes the individual publications' results following the formulated research questions. Fi-
nally, section 4 derives key conclusions. Superordinately, sections 1-4 constitute the framework
chapters in Part 1 of the dissertation. The research papers in sections 5-8 are Part 2.
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\ Research objective /

1\ 2 | 3 [ oa

Research questions - Section 1

1.1 1.2\2.1|2.2|2.3|3.1|3.2|3.3/4.1 4.2
Subquestions

- Section 2
Paper 1
Paper 2 .
Sections 5-8
Paper 3
Paper 4

1.1/1.2/2.1|12.2(2.3(3.1|3.2|3.3\4.1\4.2

' ' Section 3
Results
1 / 2 | 3 \ 4

/ Conclusion \ Section 4

Figure 1-1  Structure of the thesis.

1.3 Research questions

It is an open question to which extent hydrogen and synthetic hydrocarbons will be used in the
future GHG-neutral European or German energy system and what they will be used for. The dis-
cussion about the most viable GHG reduction strategy and to what extent e-fuels are part of it is
particularly dynamic in the traditional energy demand sectors industry, transport, and buildings (in
the sectors services and households).

Today, the demand for hydrogen is concentrated almost exclusively in the industrial sector and is
met almost entirely from fossil sources (IEA 2021). Agora Energiewende et al. (2021) define three
distinct categories of hydrogen application in the industry: firstly, as feedstock in synthesis pro-
cesses with products containing molecular bound hydrogen; secondly, as a reactant in processes
with final products that do not contain molecular bound hydrogen; thirdly, as an energy carrier for
heat generation. The first category mainly includes the production of basic chemicals like ammo-
nia, methanol, and olefins, as well as the use of hydrogen in refineries. In these processes, replac-
ing fossil hydrogen with renewable hydrogen can realize GHG reductions (Bazzanella et al. 2017;
Neuwirth et al. 2022). If needed (e.g., for methanol and olefin synthesis), carbon would have to be
provided either from GHG-neutral sources or via chemical recycling (Wachsmuth et al. 2021). The
second category mainly comprises steel production. Reducing iron with hydrogen could replace
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today's predominant process route in primary steel production, reducing iron ore with coke in
blast furnaces to reduce GHG emissions (IRENA 2020; Neuwirth et al. 2022). Alternatively, synthet-
ic methane can act as a direct reducing agent in steelmaking. The third category covers using hy-
drogen to provide steam and process heat in the industry (e.g., heat provision for cement kilns).
This future energetic use of hydrogen is subject to greater uncertainties than in the other two cat-
egories and may depend on the temperature level of the required heat. In particular, hydrogen
competes with other GHG-neutral low-temperature heat sources such as heat pumps (Wachsmuth
et al. 2021). Synthetic methane could also contribute to GHG reductions for the generation of
heat. In the 1.5 °C compatible scenarios underlying the EC's long-term strategic vision, industry
demands in 2050 for hydrogen in the EU range between 300 TWh/a and 338 TWh/a and for syn-
thetic methane between 150 TWh/a and 164 TWh/a (EC 2018b). The current four major scenario
studies achieving GHG neutrality in Germany identify industrial e-fuel demands between
109 TWh/a and 359 TWh/a in the GHG-neutral target state! (SCl4climate.NRW 2022) based on
(BCG 2021; dena 2021; Fraunhofer ISl et al. 2021; Prognos et al. 2021).

The diffusion of hydrogen as a fuel in the transport sector has been considered a central entry
point to a hydrogen-based economic system — the "hydrogen economy" — for a long time
(Bashmakov et al. 2022). When the low energy density of batteries and long charging times limited
the effective range of battery electric vehicles to 150 km, fuel cell vehicles promised to be an at-
tractive solution for the market segment of long-distance travel (Plotz 2022). Today, as battery-
electric vehicles offer 400 km real-world ranges and high-power fast battery charging, PI6tz (2022)
and Davis et al. (2018) assume that passenger cars and light-duty vehicles will mainly be battery-
electric. For the medium- and heavy-duty truck sector, anticipated developments in the literature
are less clear-cut. Evaluating the total cost of ownership, Hunter et al. (2021) show for this market
segment that the most feasible zero-emission powertrain depends on the operating conditions.
The authors conclude that battery electric powertrains may be best suited for truck operation on
short ranges or if dwell times are not pivotal for the business case. Fuel cell power trains, on the
other hand, offer advantages for truck operation on long ranges or business cases with limited
dwell times in this analysis. Mauler et al. (2022) find that advances in autonomous driving could
shift the feasibility of fuel cell trucks towards short-range applications as mandatory breaks and
rest times for drivers can be omitted, and refueling times are substantially shorter than for battery
electric powertrains. Since battery-electric trucks have a head start in development, Plotz (2022),
however, concludes that the window of opportunity for fuel-cell electric trucks to become the
dominant zero-emission powertrain in the truck segment is closing. In international shipping and
aviation, biogenic or hydrogen-based synthetic energy carriers will probably become the dominat-
ing energy forms due to their high energy density (Jaramillo et al. 2022). Progress in battery tech-
nology could make all-electric aircraft an option for short distances (Schafer et al. 2019). In the
1.5 °C compatible scenarios underlying the EC's long-term strategic vision, transport demands for

1 In 2021, the target year for GHG neutrality in Germany was shifted from 2050 to 2045 in an adjustment to
the Climate Protection Act ((BMJ et al. 2021)). Not all cited studies published in 2021 have implemented
this adjustment and show the demands accordingly for 2045 or 2050.
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hydrogen in the EU are between 327 TWh/a and 369 TWh/a in 2050; the demand for synthetic
hydrocarbons ranges between 366 TWh/a and 710 TWh/a in 2050 (EC 2018b). The current four
major scenario studies achieving GHG neutrality in Germany identify e-fuel demands for transport
between 19 TWh/a and 197 TWh/a in the GHG neutral target state® (SCl4climate.NRW 2022)
based on (BCG 2021; dena 2021; Fraunhofer ISl et al. 2021; Prognos et al. 2021).

Buildings are responsible for the highest energy demand in the EU, with demand for space heating
and hot water alone currently amounting to about 3,600 TWh (Fraunhofer IS| et al. 2017; Peters et
al. 2020). Natural gas is the main energy carrier in building heat supply in the EU today (Peters et
al. 2020). Especially for existing buildings, GHG reductions in heat generation are a major and
complex challenge, as possible solutions depend on the renovation status, available infrastructure,
and ownership structure of individual buildings (SRU 2021). E-fuels are controversially discussed as
a potential solution. The use of synthetic methane for decentralized heat generation has the ad-
vantage that existing natural gas transmission and distribution networks and gas-based heating
technologies in buildings can be retained. Compared to hydrogen, this advantage may be offset by
the conversion losses and costs associated with the additional synthesis step (Fraunhofer IKTS et
al. 2021). The decentralized use of hydrogen for building heat generation comes with the chal-
lenge that both the transport and distribution infrastructure must be built, existing gas networks
must be repurposed, and all end-use applications within a network must be replaced — possibly
simultaneously (Fraunhofer IKTS et al. 2021). Blending electricity-based hydrogen with natural gas
in the gas networks to reduce emissions in building heat supply is limited to the maximum permis-
sible blending limits. Today, Germany's hydrogen admixture limit is 10% by volume (Wissenschaft-
liche Dienste des Deutschen Bundestages 2019). While current projects (e.g. (Arcadis Nederland et
al. 2020; SGN 2022)) are testing the provision of decentralized heat in buildings using hydrogen,
the IEA (2021) and Cabeza et al. (2022) assume that heat demands can be met more efficiently and
at lower cost by electrical solutions and that hydrogen will rather play a minor role in the building
sector. In the 1.5 °C compatible scenarios underlying the EC's long-term strategic vision, building
demands for hydrogen in the EU are between 79 TWh/a and 80 TWh/a in 2050; synthetic methane
demands range between 300 TWh/a and 306 TWh/a in 2050 (EC 2018b). The current four major
scenario studies achieving GHG neutrality in Germany identify building demands for e-fuel be-
tween 0 TWh/a and 178 TWh/a in the GHG neutral target state! (SCl4climate.NRW 2022) based on
(BCG 2021; dena 2021; Fraunhofer ISl et al. 2021; Prognos et al. 2021).

In addition to using hydrogen as an energy carrier and feedstock in the traditional energy demand
sectors, hydrogen can also serve as an energy carrier in the conversion sector. Flexible hydrogen
conversion can meet electricity and heat demand at low renewable energy supply times in an en-
ergy supply system based on renewable energies. For example, in the 1.5 °C compatible scenarios
underlying the EC's long-term strategic vision, hydrogen demand for electricity and heat supply in
the EU ranges between 88 TWh/a and 105 TWh/a in 2050. The conversion sector has no synthetic
methane demand in the EC's scenarios (EC 2018b). The current four major scenario studies achiev-
ing GHG neutrality in Germany identify e-fuel demand in the conversion sector between 24 TWh/a
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and 152 TWh/a in the GHG neutral target state! (SCl4climate.NRW 2022) based on (BCG 2021;
dena 2021; Fraunhofer ISl et al. 2021; Prognos et al. 2021).

This overview of the EU's and Germany's e-fuels demands in the various sectors for different GHG-
neutral scenarios shows that both applications and energy quantities of these energy forms vary
widely. In many cases, it will depend on the cost of e-fuels, whether they are considered part of a
GHG reduction strategy, or whether alternative mitigation strategies are employed. Since all e-
fuels have electricity-based hydrogen as a key ingredient, the remainder of the analysis focuses on
hydrogen. Only the synthetic methane supply in the Middle East and North Africa (MENA) is ana-
lyzed in depth in Paper 2.

Based on these preliminary considerations, the first research question is:

Research question 1.:  What does electricity-based hydrogen cost, and how can the European
hydrogen demands be met cost-efficiently in the GHG-neutral target
state?

In their hydrogen strategy, the EC identifies North Africa as a potential export region for supplying
Europe with electricity-based "green" hydrogen (EC 2020). The asset of the MENA region is its
enormous and relatively inexpensive renewable power generation potential. Timmerberg et al.
(2019b) find that even as electricity demand in these countries increases, the available renewable
potential exceeds that demand by at least an order of magnitude. Potentially, hydrogen can there-
fore be produced cheaply in this region and subsequently transported to Europe. For export to
Europe, however, transport costs and possible risk premiums must also be considered. Before the
work in this dissertation, there were few studies investigating the hydrogen production potential
in MENA (Hank et al. 2020; Timmerberg et al. 2019a; Ueckerdt et al. 2021), and none comparing it
with a consistent methodological approach to an inner-European supply. This gap in the literature
will be addressed by evaluating Subquestion 1.1.:

Subquestion 1.1: Under which circumstances are hydrogen imports to Europe from regions
with favorable renewable power generation conditions economically effi-
cient?

For the investigation of Subquestion 1.1., one approach relies on the determination of European
hydrogen supply potentials. This analysis finds that the hydrogen production potential varies
greatly between European countries (Lux et al. 2020). Husarek et al. (2021) show that hydrogen
imports are key for supplying Germany with hydrogen in 2050. In their analysis, other European
countries become important hydrogen trading partners for Germany. Krieg (2012) designed and
analyzed a hydrogen pipeline infrastructure within Germany to supply hydrogen fueling stations
for road transport. However, before this dissertation, there was a lack of studies considering the
interactions of European hydrogen transport infrastructures with the European conversion sector.
Whether a European hydrogen transport network is beneficial for offsetting this imbalance in hy-
drogen supply between individual countries, therefore, is the subject of Subquestion 1.2:
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Subquestion 1.2: Which hydrogen transport routes are economically efficient in Europe?

Unless Europe imports all hydrogen, the role of hydrogen in the conversion sector is more complex
than in the other sectors: Hydrogen is produced from renewable electricity and used to supply
electricity and heat in the conversion sector. Fluctuating renewable energies are expected to be-
come the central pillar of electricity generation in a GHG-neutral European power system (Pfluger
2014). The weather dependency of renewable energies — especially solar and wind-based technol-
ogies — creates the need for flexibility options continually balancing electricity supply and demand
(Huber et al. 2014; Kondziella et al. 2016). Electricity-based hydrogen allows for temporal shifting
(combination of upward and downward flexibility) and end-use flexibility (Fraunholz 2021; Li et al.
2021): Electrolytic hydrogen production can integrate an oversupply of renewable electricity. As
hydrogen is readily storable in geological formations, it can either be reconverted into electricity
during periods of high residual loads — i.e., a shortfall in electricity supply from renewables — or
supply hydrogen demands from other sectors. There is a growing body of studies evaluating hy-
drogen as a flexibility option. However, as shown in a literature review in Paper 3 (cf. section 7),
there is a lack in the existing literature analyzing the sector coupling option hydrogen in the con-
text of a spatially, temporally, and technologically detailed assessment of the European energy
supply system. Research question 2 addresses this gap following the dimensions of upward flexibil-
ity (Subquestion 2.1), downward flexibility (Subquestion 2.2), and time-shifting flexibility
(Subquestion 2.3).

Research question 2.:  What role can electricity-based hydrogen play as a storage medium and
flexibility option in a GHG-neutral electricity system?

Subquestion 2.1: How are electrolyzers dimensioned, where are they positioned, and how
are they operated in an optimized renewable electricity system?

Subquestion 2.2: How are hydrogen power plants dimensioned, where are they positioned,
and how are they operated in an optimized renewable electricity system?

Subquestion 2.3: How are hydrogen storages dimensioned and operated over a year in an
optimized renewable energy supply system?

In addition to the overarching issues of hydrogen supply in Germany and Europe, research ques-
tion 3 examines the determinants of hydrogen production costs. As relevant dimensions, the tech-
no-economic characteristics of electrolyzers (Subquestion 3.1.), renewable electricity costs
(Subquestion 3.2.), and other electricity demands (Subquestion 3.3.) are identified.

Research question 3.:  Which variables influence hydrogen production costs in a renewable
European energy supply system?

Subquestion 3.1: How do hydrogen production costs change with variations in the techno-
economic characteristics of electrolyzers?
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Subquestion 3.2: How do hydrogen production costs change with variations in renewable
electricity supply costs?

Subquestion 3.3: How do hydrogen production costs change with variations in other elec-
tricity demands?

Some process-related emissions — especially in cement and lime production — cannot be complete-
ly avoided by alternative processes. Consequently, a certain amount of GHG emissions, for exam-
ple, from agriculture, are quasi-unavoidable and need to be compensated by GHG sinks. Accord-
ingly, the EC considers carbon capture and storage (CCS) as one of seven strategy components for
a net-zero GHG economy. Its 1.5 °C compatible scenarios deploy CCS in the EU with a volume of 80
- 298 Mtcoz/a (EC 2018b). All four current major scenario studies for GHG neutrality in Germany
consider CCS with a volume between 24 Mtco,/a and 73 Mtco,/a inevitable to achieve the climate
protection goals (SCl4climate.NRW 2022) based on (BCG 2021; dena 2021; Fraunhofer IS| et al.
2021; Prognos et al. 2021). Hitherto, DACCS has been studied mainly from a technological point of
view or as a backstop technology option in global energy scenarios with limited techno-economic
resolution. For this reason, it is necessary to analyze the provision of carbon dioxide removal (CDR)
via the DACCS route in the context of a spatially, temporally, and technologically detailed assess-
ment of the European energy supply system. Research question 4 addresses this gap.

Research question 4.: Do economically feasible potentials for DACCS exist in Europe?

Depending on the cost of DACCS, negative emissions may be considered an alternative CO;
abatement strategy across sectors beyond offsetting unavoidable emissions. However, the cost
spread for DACCS in the literature ranges from 30 $/tco, to 1,000 S/tcoz (Fuss et al. 2018). Recog-
nizing the wide range of CO, capture costs via the DACCS pathway in the literature and taking a
conservative approach due to the novelty of the technology, Subquestion 4.1 reads as follows:

Subquestion 4.1: What does CO; capture and storage via the DACCS route cost in an opti-
mized European energy system?

For the supply of hydrogen, the analyses in Papers 1 to 3 show that electrolytic hydrogen produc-
tion strongly depends on low-cost, available renewable electricity generation potential. DACCS is
likely to be energy intensive (Fuhrman et al. 2020) and, therefore, dependent on the availability of
renewable energies, too. The supply of hydrogen and negative emissions via the DACCS pathway
are also similar in being relatively flexible in their generation patterns throughout the year and
their ability to adapting the conditions in the renewable electricity generation system. In combina-
tion, this infers Subquestion 4.2:

Subquestion 4.2: Where are DACCS plants positioned in an optimized renewable European
energy supply system?
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The quantitative assessment of the supply of electricity-based hydrogen and negative emissions
via the DACCS route is complex. There are strong interactions between these supply processes and
other components of the conversion sector. Hydrogen has a twofold effect on the conversion sec-
tor. Firstly, electrolysis requires electricity to meet the hydrogen demands from other sectors.
Secondly, hydrogen can be used as a storage medium within the conversion sector, generating
both time-dependent electricity demands and electricity and heat supplies. DACCS can also inter-
act with the conversion sector in two ways. Firstly, DAC plants need renewable electricity or re-
newable heat to remove the remaining emissions of all sectors from the atmosphere. Secondly,
the conversion sector can temporarily increase the required negative emissions by using GHG-
active energy sources to generate electricity or heat. To manage this complexity, science and poli-
tics develop and use a variety of energy models to understand the fundamental mechanics of the
energy system. Different modeling approaches are available depending on the perspective and the
issue under investigation. In section 2.1, the most important existing model types are presented,
and a suitable approach for addressing the research questions raised in section 1.3 is identified.
Afterward, the chosen modeling platform is described in section 2.2.

2.1 Model theory and choice of methods

The subsequent characterization of modeling approaches follows closely what has already been
described in Enzensberger (2003), Sensfuss (2007), Pfluger (2014), Deac (2019), and Bernath
(2023).

Many model classification schemes divide energy system models in first order based on their fo-
cus: they distinguish so-called top-down and bottom-up models (e.g., Enzensberger (2003),
Sensfuss (2007), Herbst et al. (2012), Prina et al. (2020)). The description of top-down models fo-
cuses on the interactions between the energy sector and other segments of an entire economy
(Connolly et al. 2010; Deac 2019). These models try to assess the impact of energy and climate
policies on public welfare, employment, or economic growth (Prina et al. 2020). Due to their holis-
tic view, their technical detail is usually low. Typically, technological developments are only cap-
tured through policy instruments. These instruments are either price-based, such as taxes, sur-
charges, or subsidies, or regulatory-based, such as technical standards or technology bans (Herbst
et al. 2012). In contrast, bottom-up models focus on a detailed techno-economic description of the
energy system's components (Deac 2019) and interconnections. The high level of technical detail
allows for studying both the impact of different technologies on the energy system (Prina et al.
2020) and of exogenous framework conditions and policies on the development of individual
technologies within the energy system (Enzensberger 2003). However, bottom-up models are usu-
ally partial models and do not allow for feedback from other macroeconomic sectors (Prina et al.
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2020). The research questions developed in section 1.3 focus on analyzing the integration of hy-
drogen and DACCS systems in a European or German GHG-neutral energy supply system. A de-
tailed description of the individual hydrogen and DACCS technologies is necessary to capture their
interactions with the conversion sector. Therefore, a bottom-up approach is predestined for a
model-based investigation of the central research questions.

In the second order, Sensfuss (2007) identifies optimization models and simulation models as im-
portant sub-classes of bottom-up models. The key characteristic of an optimization model is one
central objective function (Ventosa et al. 2005). In energy system models, the objective typically is
the least cost system that meets technical, economic, and political constraints. These models make
decisions based purely on economic criteria (Enzensberger 2003). Implicitly, the system optimiza-
tion approach assumes perfectly competitive markets (Enzensberger 2003). There are two ap-
proaches in optimization models to deal with time-dependent information (Prina et al. 2020): In
the perfect-foresight approach, a decision is made simultaneously for all time steps. A single opti-
mization problem contains complete information for the entire time horizon. This includes time-
dependent information on the developments of techno-economic parameters, policy targets, and
demand variations. In contrast, the myopic approach divides long time horizons into a series of
optimization problems. Decisions are made stepwise, based on information available only at the
respective time step of the series. The structure and characteristics of optimization models cause
weaknesses. The perfect market assumption includes that characteristics of real markets, like
transaction costs, information costs, and market failures, are not modeled. As a result, the costs of
a system change tend to be underestimated (Sensfuss 2007; Zhang et al. 1998). Optimization ap-
proaches also have the issue of the so-called "Bang bang" or "Penny-switching" effect (Held 2011;
Pfluger 2014). It is characterized by substantial changes in the results due to small changes in the
input parameters. In the third order, Sensfuss (2007) distinguishes system dynamics models,
game-theoretic approaches, and agent-based modeling as sub-categories of simulation models. In
system dynamics models, the interactions between individual components of a system are repre-
sented through differential equation systems (Enzensberger 2003). In contrast to pure optimiza-
tion models, this modeling approach allows the representation of market imperfections and the
strategic behavior of individual agents (Enzensberger 2003). However, especially when analyzing
long periods and structural changes, this modeling approach can lead to implausible results (En-
zensberger 2003; Pfluger 2014). The main characteristic of agent-based models is that individual
market participants are modeled by so-called agents (Pfluger 2014). These agents are character-
ized by their strategic behavior — implemented by specific objective functions — and the adaptation
of their strategic behavior to market events — based on learning algorithms — in the model (En-
zensberger 2003). This approach allows for considering market power and imperfect or asymmet-
ric information (Pfluger 2014). However, agent-based models often yield unrealistic prices as
agents use their full market power. In reality, exercising market power beyond certain thresholds
would cause interventions by regulators (Pfluger 2014). Game-theoretic approaches are mainly
used to study market designs and market power (Sensfuss 2007). Based on the supply curves of
different market actors, so-called Nash equilibria are determined (Enzensberger 2003). No actor
can improve at these equilibrium points by deviating from the chosen strategy. However, accord-

12



2 Methods

ing to Day et al. (2002), convergence is only assured for simple models. Moreover, Nash equilibria
are often ambiguous.

This dissertation systematically investigates the interactions of hydrogen systems with the conver-
sion sector and the supply of negative emissions via the DACCS route. Depending on the specific
qguestion, both simulation and optimization models could be considered for this analysis. If, for
example, the attractiveness of the market environment of hydrogen is to be investigated from the
perspective of different actors, simulation models are to be preferred. They offer the possibility of
representing the short- to medium-term return options and the strategic decision-making behav-
ior of the players under the given regulatory framework in detail. In general, simulations are al-
most inevitable for practically all questions that require a representation of concrete market
mechanisms and rules since optimization models cannot represent them or can only do so in a
highly simplified way. However, the focus of this work is on the long-term technological design of
an energy supply system. Within a defined framework, it is considered which technical changes to
the existing energy system can lead to an optimal energy system from the point of view of political
decision-makers. Additional aspects that can be taken into account in simulations are only second-
arily relevant to this question; for the analysis of an optimal system from a techno-economic point
of view, it is often helpful to abstract from current market rules and stakeholder structures. For
the given research questions, an optimization model is, therefore, the appropriate analysis tool.

A variety of optimization models are used to study energy systems. Hence, it is necessary to identi-
fy a suitable model platform for answering the research questions raised in section 1.3. The follow-
ing criteria may be applied:

1. Both GHG mitigation options, hydrogen and DACCS, can be powered by renewable elec-
tricity. Yet, the renewable electricity supply by wind and solar power plants depends on
the weather at a given location at a given time. Therefore, a high technological, spatial,
and temporal resolution for the renewable electricity generation potentials is essential to
adequately determine the expansion and deployment of the two investigated mitigation
options.

2. Both electrolyzers and DAC units compete for cheap electricity with other consumers.
However, they can be applied comparatively flexibly. Likewise, hydrogen power plants can
supply electricity flexibly and compete with other supply technologies. Therefore, to ade-
guately represent this competition, a good representation of alternative flexible and in-
flexible electricity consumers and suppliers in the model is required.

3. If necessary, the power transmission grid can compensate weather-related, temporary,
regional power supply shortages. Bernath et al. (2019) show that the option of balancing
electricity over a large geographic area has an impact on the utilization of renewable ener-
gy and heat pumps in heat grids. Therefore, covering as large a geographic area as possible
with the option of transmission grid expansion increases the accuracy of the results.

4. Investment decisions affect the entire technical lifetime of a system component. There-
fore, to get an accurate picture of the evolution of an energy system on its transformation
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path to GHG neutrality, the optimization should take into account investment decisions at
different time steps in addition to the dispatch of energy system components.

The energy system model Enertile (Fraunhofer ISI 2021), developed at the Fraunhofer Institute for
Systems and Innovation Research ISI, meets these criteria sufficiently. In Enertile, renewable pow-
er generation technologies are modeled with a high resolution. The representation of fluctuating
technologies includes onshore wind, offshore wind, ground-mounted PV, rooftop PV, and concen-
trated solar power (CSP). The potentials of these electricity supplies are calculated on an hourly
basis using real weather data on a grid with an edge length of 6.5 x 6.5 km. Enertile enables a de-
tailed representation of the conversion sector. Different power generation, demand, transmission,
and storage technologies are part of the model decision. In particular, the linkage of the power
system with heat systems allows for a high degree of flexibility (Deac 2019). The geographical cov-
erage of Enertile is sufficiently large. In the past, studies have been carried out on Europe (Pfluger
2014) and the MENA region (Godron et al. 2014). In Enertile, integrated optimization calculations
for several simulation years are possible. Both investment and dispatch decisions are taken into
account. As the defined key criteria are met by the existing model Enertile, it is further developed
and improved to answer the research questions outlined in section 1.3.

2.2 The optimization model Enertile

Section 2.2.1 describes the state of the energy system model Enertile before the start of this dis-
sertation. A more comprehensive documentation of this initial model can be found in (Bernath et
al. 2019; Deac 2019; Pfluger 2014; Pfluger et al. 2017). An overview of the model extensions and
enhancements in the context of this dissertation is given in section 2.2.2. The mathematical formu-
lation of the resulting model is shown in section 2.2.3.

2.2.1 Existing model

The energy system model Enertile has been used for long-term analysis of electricity and heat (via
heat pumps and heat grids) supply infrastructures. In GHG-reduction scenarios, a linear optimiza-
tion problem describes the supplies of electricity and heat in European countries. The goal of the
optimization is to minimize system costs. Therefore, the objective function sums the annualized
investments and operating and maintenance costs of relevant electricity and heat generation
units, transmission networks, and storage technologies. Both capacity expansion and dispatch
decisions are considered. To some extent, load shifts through controlled charging of battery elec-
tric vehicles and plug-in hybrids are part of the optimization. The combined optimization of elec-
tricity and heat supply allows for an adequate representation of combined heat and power (CHP)
plants. Moreover, it creates additional flexibility for integrating renewable energies into the elec-
tricity system with heat pumps, electric boilers, and heat grids.

The key constraints of the cost minimization require (Lux et al. 2020; Pfluger et al. 2017)
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e that exogenously given hourly electricity and heat demands are met in each model region
(so-called balance equations),

e that the utilization of electricity and heat supply infrastructures do not violate installed ca-
pacities,

e and that political targets, e. g., CO; reduction or renewable energy expansion targets, are
met.

Other key input parameters include:

e Existing installed capacities of electricity and heat generation, transmission, and storage
technologies.

e Technical parameters of existing and expandable electricity and heat infrastructures, like
conversion efficiency, losses, or technical lifetime.

e Economic parameters of existing and expandable electricity and heat infrastructures, like
specific investments and operation and maintenance costs.

e Prices for energy carriers and CO; certificates.

e Highly resolved potentials of the fluctuating renewable electricity generation technologies,
onshore wind, offshore wind, ground-mounted PV, rooftop PV, and CSP.

The optimization results provide the cost-efficient expansion and hourly dispatch of renewable
and conventional electricity and heat generation, transmission, and storage technologies. Further
results are the system costs, the shadow prices of the central demand constraints, the emissions
of conventional power and heat generation, and fuel usage (Lux et al. 2018).

Enertile has a high temporal and spatial resolution. It usually covers the simulation years 2030,
2040, and 2050 in hourly resolution in a single model run using perfect foresight. Depending on
the research question at hand, Enertile can cover Europe, the Middle East and North Africa
(MENA), and China. The spatial resolution for the energy supply optimization is mostly at the coun-
try level, but it is possible to aggregate small and geographically proximate national states and to
split countries for more detailed analyses.

The core of the energy system model Enertile is a software package for formulating the linear op-
timization problem. This software is written in the programming language Java and is linked to a
MySQL database for data management. The linear problem is solved with the commercial software
ILOG CPLEX Optimization Studio (CPLEX) of the company IBM.

2.2.2 Overview of the model enhancements in this dissertation

To investigate the research questions outlined in section 1.3, this dissertation extends the existing
linear optimization model Enertile to capture the supply of electricity-based hydrogen, synthetic
methane, and carbon dioxide removal via the DACCS route. Like electricity and heat, each of these
new goods has its own balancing space in the modeling. Figure 2-1 shows a simplified schematic
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representation of the balance spaces and their interactions. Colors (hydrogen, synthetic methane,
negative CO, emissions) highlight the model extensions developed in this dissertation. Since the
supplies of hydrogen, synthetic methane, and captured and sequestered CO; interact closely with
conditions in the conversion sector, the extension of Enertile has two key advantages: Firstly, it can
draw on the existing detailed modeling of renewable energy potentials. The availability of renewa-
ble electricity is a key requirement for the supply of goods studied in this dissertation. Secondly,
the feedback of the new balance spaces on the conversion sector also improves the level of detail
of the old model.
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Figure 2-1  Schematic representation of the extended model version of Enertile. New and existing mod-
ules' extensions are highlighted in color (hydrogen, synthetic methane, negative CO2 emis-
sions).

2.2.2.1 Multi-balance structure

In the code that generated the linear problem of the old model version, the interconnection or
interaction of different balancing spaces — which in some cases is equivalent to a representation of
sector coupling — was limited to two balancing spaces. An example of such a connection is a heat
pump, which contributes to the heat supply in a region's district heating network and is an electric-
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ity consumer in the electricity balance of the same region. The advancement in this dissertation
now allows for linking together any number of balances. This has the advantage that the increas-
ing interactions between the supply of electricity, heat, hydrogen, fossil, and synthetic hydrocar-
bons, and CO; capture in renewables-based energy systems can be captured and evaluated more
accurately. One concrete application case in this dissertation is hydrogen CHP, which appears as a
demand technology in the hydrogen balance and as a supply technology in both the electricity and
the heat balance of a region.

2.2.2.2 Hydrogen

This dissertation establishes a new hydrogen module (cf. Figure 2-1). Its goal is to meet both ex-
ternally imposed hydrogen demands, which may originate from the sectors industry, transport,
services, and households, and endogenous hydrogen demands arising in conjunction with the con-
version sector represented in the existing model. The modeling includes

e electrolyzers and imports originating from outside Europe as hydrogen supplies,

e different hydrogen power plants (incl. CHP) and hydrogen boilers for electricity and heat
generation as model endogenous hydrogen demands,

e geological hydrogen storage facilities as seasonal storage options,
e and transport pipeline networks between model regions for hydrogen transport.

The model was developed successively to address specific research questions in the respective
journal publications. The modeling of electrolyzers, hydrogen reconversion technologies, excluding
CHP, and geological hydrogen storage, is described in more detail in Paper 1 (section 5.2). Special
hydrogen export chains for the MENA region were developed in Paper 2 (section 6.2). Modeling of
hydrogen CHP plants, European hydrogen transport networks, and hydrogen imports from outside
Europe is applied in Paper 3 (section 7.2).

2.2.2.3 Synthetic methane

This dissertation establishes a new synthetic methane module (cf. Figure 2-1). Its goal is to meet
both externally imposed synthetic methane demands, which may originate from the sectors indus-
try, transport, services, and households, and endogenous synthetic methane demands arising in
conjunction with the conversion sector represented in the existing model. Synthetic methane
serves as a representative example of synthetic hydrocarbons. Due to limited computing power,
only the simplest hydrocarbon is considered in the analysis. The modeling includes

e power-to-methane process chains as synthetic methane supplies,

e different power plants (incl. CHP) and boilers for electricity and heat generation as model
endogenous synthetic methane demands,

e and geological methane storage facilities as seasonal storage options.

The modeling of the synthetic methane module was done for Paper 2 and is described in more
detail in section 6.2.
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2.2.2.4 CO; capture and sequestration via the DACCS route

This dissertation establishes a new CO; capture and sequestration module (cf. Figure 2-1). Its goal
is to meet both externally imposed carbon dioxide removal demands, which may originate from
the sectors agriculture, industry, transport, services, and households, as well as endogenous CDR
demands arising in conjunction with the conversion sector represented in the existing model. The
modeling includes

e DAC and sequestration units that capture CO, from the atmosphere and permanently
store it underground for CDR supply,

o feedbacks from the usage of fossil fuels in the conversion sector increasing model endoge-
nous CDR demands,

e and virtual transfers of removed CO; between model regions.

The modeling of CO; capture and sequestration was developed to address the research questions
in Paper 4 and is described in more detail in section 8.2.

2.2.2.5 Sales instance

Enertile is a partial model that calculates the cost-efficient supply of energy. The central approach
to take into account demands for electricity, heat, hydrogen, synthetic methane, or negative CO;
emissions from other sectors in the supply optimization is to specify them as hourly demand
constraints. To meet these demands, cost minimization determines the least cost system design.
However, there is no feedback of supply costs to exogenously given demands from other sectors.
Therefore, this dissertation establishes a second mechanism that indirectly represents demands
for hydrogen, synthetic methane, or negative CO; emissions. This mechanism assumes that there
is a certain willingness to pay for one of these goods. This willingness to pay is offered to the
supply model as a sales price. In the model, the sale of hydrogen, synthetic methane, or
compensated CO; reduces the system's total cost in the objective function. The supply model
decides which supply infrastructure — i.e., electricity supply infrastructure and electrolyzers,
synthetic methane generation units, or DACCS plants — it can build and use to sell certain amounts
of one of these goods at a given price. The last megawatt hour of hydrogen or synthetic methane
or the last ton of compensated CO; sold by the model generates production costs at the applied
sales price; the marginal generation unit of this good is determined. The equivalence of marginal
production costs and prices holds only for the assumption of perfect competition. Section 4.3
discusses that this assumption probably does not hold for real gas or hydrogen markets. Applying
different selling prices in different model runs allows for determining supply curves for the
respective goods. This approach is only suitable because the demand for hydrogen, synthetic
methane, and compensated CO; can easily be shifted in time. Hydrogen and synthetic methane
are storable at low cost, so generation and demand do not need to be strictly synchronized in
time. Offsetting emissions via the DACCS route is even more time-elastic than synchronizing e-fuel
demand and supply.
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The sales instance was first developed and described to determine European hydrogen supply
curves in Paper 1 (section 5). It is also used to determine hydrogen and synthetic methane supply
curves in Paper 2 (section 6) as well as supply curves for negative CO, emissions in Paper 4 (section
8).

2.2.3 A mathematical formulation of the resulting optimization model

In line with what has been described in Paper 1 (Lux et al. 2020) and Paper 3 (Lux et al. 2022), the
objective function of the resulting "linear cost minimization problem for supplying electricity el,
heat ht, hydrogen H2 [, synthetic methane CH4, and negative CO, emissions CO2] in an energy
system is formulated in equation (1). It sums the cost of all included generation, transmission, and
storage infrastructures [minus the remunerations for the sales of hydrogen, synthetic methane, or
compensated CO;] in all regions r € R and all hours h € H of all considered simulation years a €
A." (Lux et al. 2022) New model extensions introduced in this dissertation are highlighted in the
same colors as in Figure 2-1. The objective function contains three types of decision variables:

firstly)? describing installed capacities of considered infrastructures, secondly ¥ describing the unit
dispatch of these infrastructures, and thirdly y describing the sales volumes of hydrogen, synthetic
methane, and negative CO, emissions. "Costs for the supply of electricity, heat, ... hydrogen [, syn-
thetic methane, and negative CO, emissions] are the coefficients of the various decision variables

and are grouped into fixed costs and variable costs. Fixed cost c{];ij.‘k[lm]} contain annuitized in-

vestments, capital costs, and fixed operation and maintenance costs of respective technologies.
. var . . . . .
Variable cost cy; [ 1.m,seq]) CONtain fuel cost, CO, emission certificate cost, and variable operation

and maintenance cost. The technology portfolio I for the provision of electricity contains conven-
tional electricity generation technologies (including CHP and hydrogen power plants), renewable
electricity generation technologies, electricity storage technologies, and simplified electricity
transmission networks. The set of technologies J for the provision of heat contains conventional
heat generation technologies (including hydrogen boilers), renewable heat generation technolo-
gies, electric heat generators, and heat storages. The technology set K for the provision of hydro-
gen contains electrolyzers, hydrogen storage technologies, and simplified hydrogen transport
networks." (Lux et al. 2022) The technology portfolio L for the provision of synthetic methane
contains different fully integrated power-to-methane process chains, i.e., these process chains
represent black boxes for the model that convert electricity into synthetic methane. The parame-
terization of these process chains takes into account the underlying technologies of seawater de-
salination (if necessary), electrolysis, CO, capture, and methanation. The technology set M con-

tains DAC plants. In this modeling approach, the transport and long-term storage of CO; are only

var
{seq}:

sequestered CO; pCO2 can be considered as the willingness to pay for these goods by sectors out-

considered with variable costs ¢ Selling prices for hydrogen p"¥, synthetic methane p¢*, and

side the system boundaries of Enertile. Selling the respective goods at the defined price leads to
reduced system costs in Enertile.
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"The central constraints of the cost minimization — the so-called demand-supply equations
DSiel,hg,b,H21,cHaco2)y — are region- and hour-specific balancing equations for electricity, heat, hydro-
gen [, synthetic methane, and compensated CO; emissions]. These equations ensure that the de-
mands of these goods are met. There are two types of demands: Firstly, exogenous demands from

other sectors for electricity D¢, heat D{hhtg'b} in heat grids hg and buildings b, ... hydrogen D2 |,

DCH*, and CO, removal D¢2]. Secondly, model endogenous demands that

synthetic methane
result from interdependencies of the different balancing spaces modeled in Enertile." (Lux et al.

2022)

"Equation (2) shows the electricity demand-supply equation DSe. It ensures that the sum of model
endogenous electricity demands for heat supply in heat girds and buildings, ... for hydrogen supply
via electrolysis [, for synthetic methane production, and for capturing CO, from ambient air] along
with the exogenously specified electricity demand D®! is met for each hour h of a simulation year
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a and each region r by the net electricity generation of technologies I. Supplying heat in heat grids
HG or buildings B with electrical technologies increases electricity demands. Electric boilers eb
convert electricity into heat with efficiency y,p. The electric conversion efficiencies yupg nppy Of
both heat pumps for heat grids hpg and buildings hpb depend on the prevailing ambient tempera-
ture. The supply of hydrogen with electrolyzers ely increases the electricity demand as a function
of the electrolyzer efficiency y,;y." (Lux et al. 2022) Power-to-methane process chains [ increase
electricity demands by producing synthetic methane with overall conversion efficiency y;. Captur-
ing CO, from ambient air with DAC plant m causes model endogenous electricity demands. The
factor y,, specifies how much electricity is required to capture one ton of CO; from the atmos-

phere.
el _ nel
Z Xqrih = Darn
iel
1 1
. 1t
+ Z <)/ xa,r,hg,hpg,h + Y
hgeHG a,r,hpg,h a,eb
. yht . Nt
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"Equations (3) and (4) show the heat demand-supply equations. The demand-supply equation for

heat in heat grids DSk (3) ensures that the exogenously specified heat demand in heat grids D,’{g 3
met for each hour h of a simulation year a and each region r by the net heat generation of tech-
nologies N c | and Q c I. The technology set N includes pure heat generation technologies and
heat storage systems suitable for use in heat grids; the technology set Q includes hydrogen CHP

plants whose heat generation for heat grids is coupled to electricity generation via the power-to-

chp,ht

heat ratio y, . The demand-supply equation for heat in buildings DSy (4) ensures that the ex-

ogenously specified heat demand in buildings D{}t is met for each hour h of a simulation year a
and each region r by the net heat generation of the subset of heating technologies O < J suitable
for supplying buildings.

DS chp,ht elchp Va,r,hg, h 3
[ hg] Z arhgnh+zyaq arqh Darhgh g ( )
nenN qeQ
DS h h Va,r,b,h 4
[DS] Zxatrboh D% pn @
0€0

Equation (5) shows the hydrogen demand-supply equation DSy,. It ensures for each hour h of a
simulation year a and each region r that the net hydrogen supply of technology portfolio K meets
the model endogenous hydrogen demands and either explicitly specified exogenous hydrogen
demands from other sectors D2 or implicitly imposed hydrogen demands [by the sale of hydro-
gen y*2 at price p"?]. Endogenous hydrogen demands include the provision of heat in heat grids
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HG using hydrogen boilers hyb € N with conversion efficiency yy,,,, the reconversion of hydrogen
into electricity using the portfolio of pure hydrogen-to-electricity reconversion technologies P c |

with associated conversion efficiencies y,,, and the co-generation of electricity and heat using the

portfolio of CHP reconversion technologies Q < I with associated conversion efficiencies yChp H2

(Lux et al. 2022)

Xa,rkh = Yanvb arhghybh arph
a,ny

a,p
[DSto] kek hg€eHG pEP var h (5)
+ 1 . el ,Chp + Yarh
chp,H2 arqh D
7c0 Yaq arh

Equation (6) shows the synthetic methane demand-supply equation DScus. It ensures for each hour
h of a simulation year a and each region r that the net synthetic methane supply of technology
portfolio L meets the model endogenous synthetic methane demands consisting of the provision
of heat in heat grids HG using boilers meb € N with conversion efficiency y;,,., and the reconver-
sion of synthetic methane into electricity using the portfolio of reconversion technologies S c |
with associated conversion efficiencies y,. Additionally, the “sale” of synthetic methane y“* to

external demand sectors requires synthetic methane generation.

[DSchal CH4 1 h 1 CH4 Va,r, h (6)
E Xrqh = E ’ xa,tr,hg,meb,h + § v xa rsh T Yarh
a,s

lEL hgEHG Yameb SES

Equation (7) shows the carbon dioxide removal demand-supply equation DSco;. It ensures for each
hour h of a simulation year a and each region r that the net supply of removed CO, from the at-

mosphere by the technology portfolio M meets the model endogenous CDR demands and either

explicitly specified exogenous CDR demands from other sectors D¢©?2

co2

or implicitly imposed CDR
demands by the sale of removed CO, y“©? at price p¢°2. Endogenous CDR demand arises when
fossil technologies are used to generate electricity T I or heat in heat grids U € N. The emis-
sions released by the use of fossil fuels are included in the balance via the emission factor e; of the

el/ht

fuel and the efficiency y of the technology used. The net supply of removed CO; includes the

removal of DAC and sequestration plants and the net virtual transfer of CO, removal from other

regions.
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3 Results

The core results of this dissertation are summarized below. They are based on the findings pre-
sented in the journal publications in sections 5 to 8 and are structured along the research ques-
tions formulated in section 1.3.

3.1 Research question 1.: What does electricity-based
hydrogen cost, and how can the European hydrogen
demands be met cost-efficiently in the GHG-neutral target
state?

This research question is addressed in Paper 1, Paper 2, and Paper 3, each focusing on different
aspects of the question. One difficulty in identifying economically efficient hydrogen supply strate-
gies is that hydrogen supply and demand are mutually dependent. In the market equilibrium, an
economically efficient tuple consists of a hydrogen quantity and a hydrogen price. The market
price settles at the intersection of the supply and demand curve. With a few exceptions, the opti-
mization model Enertile, which is used in this dissertation, covers only the energy supply side. Con-
sequently, assumptions must be made regarding the hydrogen demand that needs to be met. This
difficulty is partially circumvented in Paper 1 and Paper 2 by calculating hydrogen supply curves
with Enertile for Europe and the MENA region. In Paper 3, a different approach is taken: Based on
given region-specific hydrogen demands in Europe, Enertile identifies the least-cost energy supply
system that meets these demands. The comparison of different scenario narratives with consistent
assumptions for the energy demand and supply modeling illuminates robust developments of an
inner-European hydrogen infrastructure in more detail. In both approaches, the electricity demand
for electrolysis coexists and competes with other electricity demands that must be met.

3.1.1 Subquestion 1.1: Under which circumstances are hydrogen imports to
Europe from regions with favorable renewable power generation
conditions economically efficient?

To investigate Subquestion 1.1, European hydrogen supply curves were calculated in Paper 1, and
hydrogen export curves from the MENA region to Europe were calculated in Paper 2. The MENA
countries represent world regions with favorable renewable power generation conditions. In
addition, these states have the advantage of geographic proximity to Europe, allowing for pipeline
connections and transport by ship. Therefore, comparing the supply curves from the two regions
allows for a techno-economic evaluation of Subquestion 1.1: Under which circumstances are
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hydrogen imports to Europe from regions with favorable renewable power generation conditions
economically efficient?

Technically, the supply curves were determined using the novel sales module of the Enertile model
described in section 2.2.2.5 for a European and a MENA set-up, respectively. In particular, the
following aspects characterize the supply curves and associated analyses:

e While for the calculations for Europe, only an interest rate of 7% was used, the calcula-
tions for the MENA region used both interest rates of 7% and 12%. Investment decisions
relating to electricity and hydrogen technologies depend on the return on invested capital
for investors and the default probability for creditors. Higher investment risks are usually
accompanied by higher expected returns or risk premiums. For the assessment of hydro-
gen import projects, it is particularly relevant that investment risks differ regionally. The
"DESERTEC" project shows that energy import projects from the MENA region to Europe
can fail, among other things, due to expected risks associated with geopolitical stability.
The project's goal was to supply both the MENA region and Europe with electricity using
large-scale solar power plants in the MENA desert. Schmitt (2018) identifies the political
turbulences of the so-called "Arabellion" as one reason for the failure of the initiative. The
political instabilities resulted in slower administrative processes and changing responsibili-
ties, making investments more burdensome and risky. However, there is currently no con-
sistent and comprehensive approach to derive financing costs and risks on a country-
specific basis (Wietschel et al. 2021). Therefore, the consortium of dena, giz, Navigant, and
adelphi determined on behalf of the German Federal Ministry for Economics four interest
rate categories for green hydrogen projects based on publicly available data: low (5%),
medium (8%), high (11%), and very high (15%) (Jensterle et al. 2020). The analyses in Paper
2 for the MENA region applied an interest rate similar to the calculations in Europe in one
case and an increased interest rate reflecting potentially higher investment risks in anoth-
er case.

e For the European calculations, supply curves are generated with different techno-
economic parameterizations for electrolyzers. The MENA calculations do not include such
variation. The influence of the techno-economic electrolyzer parameters on hydrogen
production costs is discussed in more depth in section 3.3.

e In addition to pure hydrogen production costs, the export curves include transportation
cost surcharges from the MENA region to Europe.

e This approach does not consider costs for the distribution of hydrogen within Europe.

e Hydrogen used as a seasonal storage medium in the conversion sector is part of the model
decisions, but the hydrogen quantities used for electricity and heat generation are inten-
tionally excluded from the supply curves.

Figure 6-13 displays the hydrogen supply curves determined by the optimization model Enertile for
the year 2050 showing the competitive situation between inner-European hydrogen production
and hydrogen imports from the MENA region in the context of a GHG-neutral European energy
system. The comparison of the analyzed supply strategies shows that meeting European hydrogen
demands using production sites in MENA is only cost-efficient in certain cases. Given the
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assumptions made in Paper 1 and Paper 2, the intra-European hydrogen supply is cost-efficient up
to a hydrogen production volume of 488 TWhy;, in all analyzed cases. This hydrogen quantity is
provided at marginal generation costs of 90 €/MWhy,. The results in Paper 2 indicate that mere
hydrogen production costs in the MENA region profit from high full load hours of the technologies
PV and CSP. However, this cost advantage is offset by the transportation costs from the MENA
region to Europe. For higher hydrogen quantities, the dominant supply strategy depends on the
assumed interest rate and techno-economic parametrization of electrolyzers. If an interest rate of
7% is assumed for Europe and the MENA region, a supply of Europe by hydrogen imports is cost-
efficient, starting above demand quantities between 488 TWhy, and 1,118 TWhy,. The range
emerges from variations in the techno-economic assumptions for electrolyzers. If a higher interest
rate of 12% is assumed for the MENA region, imports from the MENA region are cost-efficient,
starting above hydrogen demand quantities between 2,044 TWhy, and 3,571 TWhy,. These
intersections of the supply curves assume gaseous, pipeline-bound imports. The import of
liguefied hydrogen transported by ships is not cost-efficient for demand quantities below
4,111 TWhyp,.

These hydrogen supply curves can be put into perspective with the demand figures of the ECs'
long-term strategic vision. Meeting the 1.5°C target, the EC expects hydrogen demands to range
between 794 TWhy; (1.5LIFE scenario) and 892 TWhy, (1.5TECH scenario) in 2050 (EC 2018a). In
the least-cost case, these hydrogen quantities result in supply cost of 86€/MWhy, and
88 €/MWhy,, respectively. The comparison of the supply strategies presented above shows that
with a five percentage point difference in interest rates between the MENA region and Europe,
these European hydrogen demands can be met more cost-efficiently by domestic production
within Europe. If there is a lower interest rate spread between the two regions, the results of the
model calculations imply that part of these hydrogen demands can be met cost-efficiently from
MENA. Still, even at equal interest rates, most hydrogen would be supplied from Europe, applying
a cost-minimizing strategy.

In response to Subquestion 1.1, these analyses indicate that hydrogen imports from the MENA
region to Europe are only economically feasible under very specific conditions: Firstly, financing
conditions for hydrogen production projects in the MENA region must be similar to those in
Europe. In the calculations, an interest rate spread of five percentage points translated into higher
hydrogen supply costs for imports than domestic European hydrogen production. Secondly,
hydrogen transportation costs for pipeline transport must be at the cheap end of current literature
values. Transport costs to Europe neutralize most of the cost savings of hydrogen production in
the MENA region due to low-cost renewable electricity production. Imports by ship would not be
part of a least-cost solution.

Irrespective of this techno-economic assessment, hydrogen may need to be imported in Europe in
the future, if obstacles and acceptance problems impede a high expansion of renewable energies.
Acceptance problems are only considered to a very limited extent in the cost optimization of the
energy supply system. Energy imports could circumvent greater limitations on the renewable
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power generation potential in Europe. From a techno-economic perspective, the MENA region
would be a suitable candidate for exports in this case. It has very large hydrogen export potentials
in the PWh range (cf. Figure 6-9), comparatively favorable renewable power generation
conditions, and a short distance to Europe. However, based on experience gained in the DESERTEC
project, the risk of political instability must be taken into account when setting up hydrogen
partnerships.

3.1.2 Subquestion 1.2: Which hydrogen transport routes are economically
efficient in Europe?

The investigations on Subquestion 1.1 showed that an inner-European hydrogen supply is econom-
ically efficient in many cases. However, the domestic transport of hydrogen within Europe was
neglected. Optimizing the supply side of the European energy system with Enertile, Paper 3 takes
into account the supraregional balancing via a hydrogen transport network. This paper examines
five different scenarios, each describing consistent pathways for Europe toward a GHG-neutral
target system. The chosen scenarios differ in three dimensions that are characterized by high un-
certainties in their future development and potentially high impact on the design of hydrogen
infrastructures: one, the composition of energy demands; two, the composition of the renewable
electricity generation portfolio; and three, the extent of the electricity grid expansion. The energy
demand variations use detailed sector model results for the industry, transport, households, and
services sectors. Along consistent storylines towards GHG neutrality, these models develop three
demand variants with either pronounced electricity, hydrogen, or synthetic hydrocarbon use. The
scenario tree (cf. Figure 7-1) distinguishes two variants for the composition of the renewable elec-
tricity generation portfolio. In particular, the expansion of onshore wind faces acceptance hurdles
(Guo et al. 2015; Reusswig et al. 2016). Therefore, in one scenario, the available area for onshore
wind power expansion is halved compared to a reference portfolio. Similarly, two scenario variants
are distinguished by the option of expanding the electricity transmission grid. To compensate for
regional, weather-induced fluctuations in power generation, the electricity transmission grid is a
key flexibility option in the renewable power system (Child et al. 2019). However, similar to an
onshore wind expansion, new electricity transmission lines face public acceptance hurdles
(Komendantova et al. 2016). Therefore, deviating from a reference parametrization, one scenario
imposes tight restrictions on grid expansion: only the transmission grid expansions envisaged in
the Ten Year Network Development Plan 2018 (entsoe 2019) and the German Grid Development
Plan 2030 (Bundesnetzagentur 2019) are implemented. Expansions beyond these plans are inhib-
ited in this scenario. Comparing the scenario results allows for evaluating Subquestion 1.2: Which
hydrogen transport routes are economically efficient in Europe? The energy supply system model
covers all European countries, but the analysis focuses on Germany.

This analysis relies on the new hydrogen module of Enertile, including a simplified representation
of a European hydrogen transport grid. This module is introduced in section 2.2.2.2.
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Within Germany, a hydrogen grid infrastructure between northern and western Germany is robust
in all scenarios. Except for the scenario with reduced onshore wind potentials, hydrogen transport
between northern and southern Germany is robust, too. For a GHG-neutral energy system in 2050,
Figure 7-8 shows that net annual hydrogen flows between northern and western Germany range
between 23 TWhy, and 154 TWhy; and require a transport capacity between 3 GWy, and 18 GW,y;
in the optimization results. In scenarios without additional restrictions for the expansion of on-
shore wind, annual hydrogen flows between northern and southern Germany range between
68 TWhy; and 164 TWhy,. These hydrogen flows lead to pipeline capacities between 8 GWy; and
19 GW,, in the optimization results.

At the European level, the model uses hydrogen transport networks in scenarios that allow for
their expansion. Due to overall low hydrogen demand, a Europe-wide hydrogen transport network
expansion is not included in modeling the scenario variant with pronounced use of synthetic hy-
drocarbons. Based on the scenario results, four robust hydrogen transport routes can be identi-
fied: Firstly, there is a strong connection between the British Isles and Germany. If onshore wind
potentials are not subject to additional restrictions, scenario results show annual hydrogen
transport flows between 147 TWhy; and 220 TWhy,, and associated pipeline capacities between
17 GWy; and 25 GWy; between the two regions in 2050. As the British Isles have good wind power
conditions, limited land availability for onshore wind electricity generation reduces hydrogen ex-
ports substantially. In the respective scenario variant, annual hydrogen transport flows between
the British Isles and Germany are reduced to 9 TWhy, using a pipeline capacity of 1 GWy,. Second-
ly, the Scandinavian countries become hydrogen exporters for Germany and the Benelux Union.
Hydrogen pipeline capacities along this route add up to between 18 GWy, and 32 GWy; and
transport between 162 TWhy,; and 280 TWhy; in 2050, depending on the scenario. Thirdly, hydro-
gen exports take place from the Iberian Peninsula to France and Italy. This supply arm reaches as
far as Germany in case of high hydrogen demands. The hydrogen pipelines leaving the Iberian Pen-
insula to the northeast have a transport capacity of between 5 GWu; and 22 GWy; and transport
between 44 TWhy; and 194 TWhy; in the scenario results for 2050. The highest hydrogen exports
occur on this route in the scenario with reduced onshore wind potential. At reduced wind power
generation, electrolyzers are increasingly powered by solar power. Since the Iberian Peninsula has
comparatively long sunshine hours and large areas of suitable grass- and shrubland, electricity-
based hydrogen production is shifted to this region. Fourthly, hydrogen flows from the Baltic
States and Poland to Germany, the Czech Republic, and Austria. The transport capacities of the
hydrogen pipelines along this route amount to 7 GWy; to 14 GWy; and transport between
60 TWhy, and 121 TWhy;, in 2050 in the scenarios.

The scenario comparison in Paper 3 allows identifying four determinants for the expansion of a
hydrogen transport infrastructure on pathways toward GHG neutrality in Europe. One, cost mini-
mization in Enertile uses pipelines to offset regional imbalances between hydrogen demand and
available cheap renewable electricity generation potentials for electrolytic hydrogen production.
The intra-German hydrogen transport grid connects the hydrogen demand hubs in southern and
western Germany with the northern German zones characterized by high hydrogen production
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from wind power at the coasts (cf. Figure 7-7). Moreover, the German network distributes hydro-
gen imports, especially from the British Isles and Scandinavia. In the European context, the scenar-
io results show a star-shaped hydrogen infrastructure: it creates a balance between regions with
vacant, cheap renewable electricity generation potentials at the edges of Europe and regions in
Central Europe with exhausted cheap electricity generation potentials by other electricity de-
mands (cf. Figure 7-9). Two, the extent of hydrogen flows and pipeline capacity is largely deter-
mined by the extent of hydrogen demand. Comparing the optimization results of the three investi-
gated energy demand variations shows that increased hydrogen demand leads to increased
hydrogen transport infrastructure requirements. Three, constraints in the electricity transmission
grid increase hydrogen flows and pipeline capacities. The scenario variant with reduced expansion
options for the electricity grid shows that the direction of energy flows between model regions is
maintained. However, increased constraints in electricity transmission shift energy trade from
electricity to hydrogen. To circumvent bottlenecks in the electricity grid in this scenario in Germa-
ny, more electricity is converted to hydrogen via electrolysis, transported by the hydrogen grid
passing the bottleneck, and reconverted to electricity. Four, the expansion of renewable electricity
generation technologies determines the hydrogen flow directions in Europe. The scenario with
reduced onshore wind power potential shows that hurdles in the expansion of individual renewa-
ble power generation technologies can substantially change hydrogen flows and associated pipe-
line capacities. In this case, sunny regions, e.g., the Iberian Peninsula, replace substantial hydrogen
production in windy regions, e.g., British Isles. Other obstacles or stimuli to the expansion of re-
newable energies can lead to similar changes in specific hydrogen flows.

In response to Subquestion 1.2, the results in Paper 3 show that the expansion of hydrogen
transport pipelines is economically efficient in GHG-neutral scenarios. This is evident at both the
German and the European level. In Germany, the resulting hydrogen network connects windy
electrolyzer sites in the north with hydrogen demand centers in the west and south. In Europe, a
star-shaped hydrogen pipeline infrastructure transports hydrogen from the edges to central Eu-
rope in the scenario results. Regional imbalances of hydrogen demand and renewable energy sup-
ply, the level of hydrogen demand, the extent of the electricity transmission grid expansion, and
the composition of the renewable electricity generation portfolio are important determinants for
the design of the European hydrogen transport network.

3.2 Research question 2.: What role can electricity-based
hydrogen play as a storage medium and flexibility option
in a GHG-neutral electricity system?

This research question is addressed with different foci in research Papers 1 and 3. Paper 1 exam-
ines hydrogen supply curves for a GHG-neutral European energy system. Behind each point of such
a supply curve is a calculation of the energy system model Enertile. The comparison of the energy
systems behind different points on the supply curve allows for insights into the expansion of re-
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newable energies, the curtailment of renewable electricity, and the expansion and use of various
flexibility options in the electricity system for different hydrogen supply volumes. Paper 3 exam-
ines the hourly balancing of electricity supply and demand in GHG-neutral German power systems.
For the weather year 2010, the paper investigates under which conditions the optimization model
uses hydrogen infrastructures in the power system. Subsequently, three subquestions discuss re-
sults on the dimensioning, positioning, and utilization of electrolyzers, hydrogen storage, and hy-
drogen power plants.

3.2.1 Subquestion 2.1: How are electrolyzers dimensioned, where are they
positioned, and how are they operated in an optimized renewable
electricity system?

The two approaches in Papers 1 and 3 enable analyses regarding Subquestion 2.1: How are elec-
trolyzers dimensioned, where are they positioned, and how are they operated in an optimized re-
newable electricity system?

The scenario comparison in Paper 3 shows for the GHG-neutral target state electrolyzer capacities
ranging between 41 GW, and 75 GW in Germany. Based on the analyzed scenarios, there are
three main drivers for increased electrolyzer capacity: One, high hydrogen demand in Germany
increases domestic hydrogen production and electrolyzer capacity. Two, restrictions in the elec-
tricity transmission grid expansion limit a key flexibility and supra-regional balancing option in the
renewable electricity system. Electrolyzers can provide the missing demand flexibility and inte-
grate renewables. The transport function of the electricity transmission grid can be taken over by
expanding hydrogen transport pipelines. Three, constraints on the onshore wind potential lead to
increased use of solar energy sources. The model employs increased electrolyzer capacities to
integrate the increased PV peaks at midday.

The full load hours of electrolyzers in the fully decarbonized electricity system in Germany in 2050
range between 2,700 h and 3,500 h. The scenario characterized by high PV capacities due to lim-
ited onshore wind potential achieves the lowest full load hours; the scenario with the highest hy-
drogen demand has the highest electrolyzer full load hours. Figure 7-11 presents the hourly elec-
trolyzer dispatch in Germany for four weeks representing the four seasons in 2050. The dispatch
results show that the optimization uses electrolyzers to integrate both wind and solar power. In
the spring and fall weeks, electrolyzers use steady, high wind electricity generation to produce
hydrogen. The storage level trajectories in Figure 7-10 show that seasonal hydrogen storage is
mainly filled in these seasons. In the summer week, the optimizer uses electrolyzers to integrate
high electricity generation from PV in the midday hours. The electrolyzers run only for a few hours
in the winter week due to high residual loads and constant electricity imports. Section 3.3 gives a
more detailed analysis of the drivers of electrolytic hydrogen production.

In Germany, the optimization results show a concentration of electrolyzer sites in northern Ger-
many. Across all scenarios, at least 71% of hydrogen in Germany is produced in windy coastal re-
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gions. Conversely, hydrogen demand is concentrated at industrial and power plant sites in western
and southern Germany in all scenarios (cf. Figure 7-7). These hydrogen demand hubs have rela-
tively low electrolytic hydrogen production. Hence, cost minimization positions electrolyzers close
to low-cost renewable electricity potentials rather than close to hydrogen demand. The local inte-
gration of renewable energies using electrolysis prevents additional electricity grid expansion. The
specific costs for pipeline-bound hydrogen transport are lower than the specific electricity
transport costs. Due to the conversion losses of electrolysis, the amount of transported energy is
also reduced when transporting hydrogen.

The results on European hydrogen supply curves in Paper 1 allow more generalized findings on the
interactions of electrolyzers and the renewable power system. The comparison of the energy sup-
ply systems behind different points on the hydrogen supply curve shows that the amount of elec-
tricity curtailed in the European energy system decreases with an increased hydrogen supply for
the demand sectors at low hydrogen quantities. In this analysis, the system cost minimization de-
cides on the amount of curtailed renewable electricity. This means that the curtailment decision
considers alternative integration measure costs. Concerning electrolyzers, cost minimization
weighs whether cheap electricity is available over sufficient hours to compensate for the invest-
ment in additional electrolyzer capacity. If low-cost electricity incentivizes only a few operating
hours for electrolyzers, the fixed cost components dominate the hydrogen production costs, and
curtailment of renewable electricity can be overall more cost-efficient. In the optimization result,
the curtailed renewable electricity at 0 TWhy, hydrogen supply to the demand sectors amounts to
36 TWhe. This curtailment represents less than 1% of the annual electricity generation in Europe.
Therefore, the optimized energy supply system can provide only small amounts of so-called "sur-
plus electricity" for hydrogen production. However, due to its spatial resolution, the modeling is
not able to capture curtailments in case of bottlenecks in the electricity distribution grid. In reality,
these bottlenecks could increase curtailment. Moving along the hydrogen supply curve, the
amount of curtailed electricity decreases to 29 TWhe at 468 TWhy, hydrogen supply (cf. Figure
5-6). Therefore, the hydrogen supply to the demand sectors integrates electricity that would oth-
erwise be curtailed. With further increased hydrogen generation, the amount of electricity cur-
tailed increases again as a new economic equilibrium results from additional renewable energy
and electrolyzer capacities. The model results indicate that it is not cost-efficient to scale the elec-
trolyzer capacity to meet peak renewable electricity generation. A comparison of the installed
renewable capacities at different points on the hydrogen supply curve in Paper 1 shows that the
production of substantial electricity-based hydrogen amounts requires substantial additional re-
newable capacities (cf. Figure 5-5). For the supply of 2,524 TWhy, — which covers direct and indi-
rect hydrogen demands via synthetic hydrocarbons by the demand sectors in the EC's long-term
strategic vision — the model results show additional installed capacities of 766 GW. wind power
and 865 GW solar energy.

In response to Subquestion 2.1, the overall results in Paper 1 and Paper 3 show that the arrange-
ment of electrolyzers is largely driven by renewables. In cost-minimized energy supply systems,
excess electricity that electrolyzers can use is rather limited and amounts to only a few terawatt-
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hours across Europe. Instead, the model results show that substantial amounts of electricity-based
hydrogen require substantial amounts of electricity and, therefore, an expansion of renewable
capacities. Throughout the year, the flexible use of electrolyzers is cost-efficient to integrate high
wind and PV capacities. System optimization positions electrolyzers close to renewable electricity
sources rather than to hydrogen demand. In Germany, this leads to a concentration of electrolyzer
capacity at windy sites in northern Germany.

3.2.2 Subquestion 2.2: How are hydrogen power plants dimensioned,
where are they positioned, and how are they operated in an
optimized renewable electricity system?

In Paper 1 and Paper 3, the use of hydrogen as an electricity storage medium and, consequently,
the capacity expansion of hydrogen technologies for electricity and heat generation is a model
decision. Depending on the setting, these hydrogen technologies compete on the electricity and
heat supply side with alternative supply technologies, and on the hydrogen demand side, with
alternative use of hydrogen in other sectors. By comparing different scenarios, conclusions can be
drawn regarding Subquestion 2.2: How are hydrogen power plants dimensioned, where are they
positioned, and how are they operated in an optimized renewable electricity system?

The model results in Paper 3 show an expansion and deployment of hydrogen power plants in all
investigated scenarios in Germany (cf. Figure 7-5). This is particularly true for the PtG/PtL scenario,
which explicitly focuses on using synthetic hydrocarbons in various applications. In the optimiza-
tion results of energy supply infrastructures, the fuel switch from fossil gas power plants to syn-
thetic, GHG-neutral methane is considered too expensive. Therefore, methane-based power
plants are eliminated from the electricity generation mix; instead, the optimization builts hydro-
gen power plants.

In the GHG-neutral energy systems of the different scenarios in Paper 3, the hydrogen power gen-
eration capacity is between 26 GW¢ and 82 GWe in Germany. The extent of hydrogen reconver-
sion capacity differs in the model results mainly due to three driving factors: One, increased hy-
drogen demand in other sectors leads to reduced hydrogen power plant capacities in the
conversion sector. In Paper 3, both the capacity and utilization of hydrogen power plants for elec-
tricity and heat generation in Germany is lowest in the scenario with the highest hydrogen de-
mand. The relatively high hydrogen demands of the sectors industry, transport, services, and
households in this scenario lead to increased model endogenous prices for hydrogen compared to
the other scenarios. In the cost optimization, this higher hydrogen price leads to reduced hydrogen
use in the conversion sector, favoring alternative electricity and heat supply options. Paper 1
shows similar results on the European level using an alternative incentive mechanism for hydrogen
production. Figure 5-6 shows that if the demand sectors' willingness to pay for hydrogen increases,
the amount of hydrogen supplied to these sectors also increases, while the hydrogen usage for
reconversion in the conversion sector decreases. Two, an increased electricity demand — especially
inflexible electricity demand — increases the need for dispatchable power plants. Due to the pro-
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nounced use of imported synthetic hydrocarbons in all sectors, the PtG/PtL scenario in Paper 3
shows the lowest electricity demand across scenarios. In the optimization result, this scenario also
has the lowest hydrogen combustion capacity. In contrast, scenarios achieving GHG reductions in
the demand sectors through electrification wherever possible show the highest electricity demand
and hydrogen combustion capacity. As inflexible loads increase, peak residual load - i. e., peaks in
demand not directly met by renewables - and dispatchable power generation increase, too. Opti-
mization considers hydrogen power plants a cost-efficient option to meet these residual loads.
Three, similarly to electrolyzers on the electricity demand side, hydrogen power plants can com-
pensate for missing flexibility on the electricity supply side caused by an inhibited transmission
grid expansion: Instead of meeting electricity demands supraregionally using the electricity trans-
mission grid, stored hydrogen can be converted to electricity. Therefore, in cost minimization,
limitations in the power grid expansion lead to an increase in hydrogen power generation capacity.

Except for the scenario with a diminished electricity grid, the dispatch results for Germany in Fig-
ure 7-10 and Figure 7-11 of Paper 3 show that hydrogen in the conversion sector is used almost
exclusively in the winter months to meet high residual electricity and heat loads. High residual
loads in winter are due to two effects: Firstly, solar power, an important component of the renew-
able portfolio, is less available during this season. Secondly, colder temperatures in winter increase
the heating demand. In the modeled GHG-neutral German energy system, increased heat demand
also leads to increased electricity demand from electric heating devices in buildings and heating
grids. The optimization offsets these increased residual electricity and heat loads in November,
December, January, and February by converting hydrogen to electricity and heat. In the remaining
months of the year, cost minimization uses substantial amounts of hydrogen in the conversion
sector only in the diminished electricity grid scenario. In this scenario, the use of hydrogen power
plants additionally balances grid bottlenecks.

In the optimization results for 2050, the hydrogen demand of the conversion sector in Germany is
concentrated in western and southern Germany (cf. Figure 7-7). In all scenarios examined in Paper
3, more than two-thirds of the hydrogen conversion capacity is located in these two regions. In
both regions, electricity demand exceeds the local renewable electricity generation potential. Con-
sequently, southern and western Germany depend on energy imports. Hydrogen power plants
close the supply shortage at times of high residual load and import bottlenecks in the transmission
grid.

In response to Subquestion 2.2, the model results in Paper 1 and Paper 3 show that hydrogen
power plants are considered cost-efficient as backup capacities for hours of high residual electrici-
ty and heat loads in a GHG-neutral energy system. Hydrogen power plants replace natural gas
power plants in this respect. The extent of hydrogen power plant capacities and their utilization
depends on the level of hydrogen demand, the level of electricity demand, and bottlenecks in the
electricity transmission grid. In cost minimization, hydrogen power plants are primarily installed at
sites where high electricity demand meets low renewable electricity generation potential.
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3.2.3 Subquestion 2.3: How are hydrogen storages dimensioned and
operated over a year in an optimized renewable energy supply
system?

Paper 3 analyzes the use of hydrogen storages over a year in a GHG-neutral German energy sys-
tem for five different scenarios and one weather year. Based on the model calculations, it is possi-
ble to investigate Subquestion 2.3: How are hydrogen storages dimensioned and operated over a
year in an optimized renewable energy supply system?

All scenarios investigated in Paper 3 show the use of hydrogen as a seasonal storage medium in a
GHG-neutral German energy system. For the weather year 2010, the hydrogen storage levels in
the model results of the five scenarios show a structurally similar profile over the year (cf. Figure
7-10). While the hydrogen storage facilities are emptied in the winter due to comparatively high
hydrogen demands for electricity and heat generation and reduced availability of renewable elec-
tricity for electrolytic hydrogen production, the storage facilities are refilled in spring and fall due
to the integration of high wind electricity generation via electrolysis.

To fulfill the seasonal balancing of hydrogen demand and supply, the model builds hydrogen stor-
age facilities with a scenario-dependent working gas volume of between 42 TWhy, and 104 TWhy;
(cf. Figure 7-10). In the optimization results, there is one central driver for the size of hydrogen
storage in Germany: The level of hydrogen demand with a pronounced seasonal profile. Scenarios
with high seasonal differentiation and comparatively high hydrogen demand in winter show high
storage volumes in cost minimization. In the analyzed scenarios, only the hydrogen demand from
the conversion sector has this seasonal profile; the demands from industry, transport, and build-
ings are parameterized with a flat profile. In turn, there are three key drivers in the optimization
results that increase hydrogen demand of the conversion sector in winter: a low level of hydrogen
demand in other sectors, a high level of electricity demand, and bottlenecks in the electricity
transmission grid (cf. section 3.2.2).

Salt caverns are considered particularly suitable for subsurface hydrogen storage (Michalski et al.
2017; Ozarslan 2012). Of the 94 PWhy, hydrogen storage potential in Germany (Caglayan et al.
2020), a volume sufficient to store 45 TWhy, of hydrogen is currently being used as natural gas
storage (Kihn et al. 2020). Thus, the existing hydrogen storage volume in salt caverns covers the
lower end of the storage requirement in the scenario results. On the other hand, the geological
storage potential for salt caverns clearly exceeds the storage demand in all scenarios.

In response to Subquestion 2.3, the model results in Paper 3 show that the core task of hydrogen
storage in a GHG-neutral German energy system is a seasonal energy transfer from spring and
autumn to winter. In the scenario results, a seasonal hydrogen demand pattern characterized by
high consumption in winter is the key driver for hydrogen storage size. A comparison with the
literature shows that Germany has a sufficiently large geological storage potential to meet season-
al hydrogen shifts. A major part of the necessary storage capacity could be achieved by rededicat-
ing existing natural gas storage facilities.
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3.3 Research question 3.: Which variables influence hydrogen
production costs in a renewable European energy supply
system?

Results from Paper 1, Paper 2, and Paper 3 can be used to address this research question. One
challenge in determining hydrogen production costs is the assumption about the full load hours of
the electrolyzers and the associated procurement costs for renewable electricity. If the electrolyz-
ers' operating concept relies on cheap surplus electricity, operating costs can be kept low. In turn,
this low-cost electricity is not permanently available, and the investment for the electrolyzer must
be distributed over only a few operating hours. Alternatively, an electrolyzer can be operated with
higher full load hours and correspondingly higher costs for renewable electricity. In this case, the
investments for the electrolyzer are allocated to more hours. The optimization approach in Ener-
tile decides on the operating hours of the electrolyzer from a system cost perspective. It eliminates
the need to make assumptions about the interrelated variables of full load hours and electricity
procurement costs. Parameter variations — either on the electrolyzer parameterization itself or the
rest of the energy supply system — can be used to measure the respective influences on hydrogen
production costs.

3.3.1 Subquestion 3.1: How do hydrogen production costs change with
variations in the techno-economic characteristics of electrolyzers?

In Paper 1, hydrogen supply curves are calculated with varying electrolyzer parameters in the con-
text of a GHG-neutral European electricity system. In the parameter study, the specific invest-
ments, the technical lifetime, and the conversion efficiency of the electrolyzers are varied. A com-
parison of the supply curves provides insights into the influence of the individual electrolyzer
parameters on electrolytic hydrogen production. This analysis allows for evaluating Subquestion
3.1: How do hydrogen production costs change with variations in the techno-economic characteris-
tics of electrolyzers?

Figure 5-8 in Paper 1 shows the shift of the European hydrogen supply curves, given a 10% varia-
tion of the specific investment, the technical lifetime, the conversion efficiency, and the combina-
tion of these three electrolyzer parameters. With an average increase of 13% in hydrogen produc-
tion costs, given the decrease in electrolyzer efficiency, this parameter has the highest impact on
hydrogen production costs. In the model results, a change in efficiency has a disproportionate
effect on hydrogen production costs. This is based on the fact that with higher efficiency, less elec-
tricity has to be used to produce the same amount of hydrogen and that, in particular, the most
expensive hours of electricity procurement can be avoided. On average, the reduction of the tech-
nical lifetime and the increase of the specific investment lead to an increase of the hydrogen pro-
duction costs of only 1% each.
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In response to Subquestion 3.1, the model results in Paper 1 show that an increase in electrolyzer
efficiency leads to substantial reductions in hydrogen production costs. Reductions in specific in-
vestments or increases in the technical lifetime only have relatively small effects on the production
costs.

3.3.2 Subquestion 3.2: How do hydrogen production costs change with
variations in renewable electricity supply costs?

In Paper 1 and Paper 2, hydrogen supply curves for GHG-neutral energy systems in Europe and the
MENA region are determined. In both cases, the cost components for hydrogen production are
investigated. For the European case, the impact of variations in the levelized cost of electricity
(LCOE) of the main renewable electricity generation technologies on hydrogen production costs is
investigated, too. The LCOE of onshore wind, offshore wind, PV, and CSP are varied in respective
model runs. Paper 3 considers the dispatch of renewable energies for hydrogen production in dif-
ferent GHG-neutral German energy systems. Combined, these analyses offer insight regarding
Subquestion 3.2: How do hydrogen production costs change with variations in renewable electricity
supply costs?

The analyses in Paper 1 and Paper 2 show that electricity procurement costs account for the larg-
est share of hydrogen production costs in the optimization result (cf. Figure 5-9 and Figure 6-10).
This applies to both hydrogen production in Europe and the MENA region.

For the European case, Figure 5-11 in Paper 1 shows the shifts in hydrogen supply curves when the
LCOE of different renewable electricity generation technologies are varied by 10%. If the electricity
production costs of both wind and solar energy increase by 10%, this causes an average increase in
the hydrogen production costs of 8% in the model results. Due to the increase in renewable elec-
tricity production costs, hydrogen production costs increase slightly less than proportionally. This
results from the fact that both electricity supply and electrolyzers are affected by other cost com-
ponents. In addition to the LCOE of renewable technologies, electricity procurement costs for hy-
drogen production depend on grid and storage costs. Likewise, electrolyzers have other fixed and
variable cost components in addition to electricity supply costs.

In the model results in Paper 1 and Paper 3 are three indications that wind power is beneficial to
produce electricity-based hydrogen in Germany cost-efficiently: One, for Europe, the results in
Paper 1 show that changes in the electricity production costs of wind energy have stronger lever-
age on the hydrogen production costs than changes in the electricity production costs from solar
energy. A 10% increase in the LCOE of wind energy leads to an average increase of 6% in hydrogen
production cost. A 10% increase in the LCOE of solar energy leads to an average increase of only
2% in hydrogen production cost. Two, in the analyzed scenarios in Paper 3, electrolyzers' full load
hours in Germany range between 2,700 h and 3,500 h. This electrolyzer deployment exceeds the
average PV full load hours of 925 h in the scenario results. On average, onshore wind reaches
2,667 h and offshore wind 4,360 h in the optimization. Three, in all scenarios in Paper 3 the opti-
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mization concentrates electrolyzer capacities close to the best wind potentials in Germany at the
coasts.

Although the model results show that large amounts of wind energy are converted to hydrogen,
electrolyzers are also important in integrating PV power. Figure 7-11 in Paper 3 shows that the
optimization uses high electrolyzer capacity to handle PV peaks at midday in summer.

In response to Subquestion 3.2, the findings in Paper 1, Paper 2, and Paper 3 show that renewable
electricity costs are the most important component of electrolytic hydrogen production costs.
Furthermore, the results show that wind energy has a greater impact on hydrogen production
costs in Europe — and particularly Germany — than solar energy. Especially cost reductions in wind
power translate considerably into reductions in hydrogen production costs.

3.3.3 Subquestion 3.3: How do hydrogen production costs change with
variations in other electricity demands?

In Paper 1, hydrogen supply curves are calculated with varying other electricity demands in the
context of a GHG-neutral European energy system. Both flexible and inflexible demands are var-
ied. Comparing the supply curves allows for evaluating Subquestion 3.3: How do hydrogen produc-
tion costs change with variations in other electricity demands?

The model results in Figure 5-12 in Paper 1 show only minor shifts in the hydrogen supply curves
with changes in other European electricity demands. A 10% increase in European electricity de-
mand increases the hydrogen production costs in the optimization results by 2% at most. Increases
in electricity demand result in the utilization of more expensive electricity generation potentials
(cf. Figure 5-2). In the analyzed segment of the potential curve, LCOE increases less than propor-
tionally to the associated increase in electricity generation.

In response to Subquestion 3.3, the model results in Paper 1 show that hydrogen production costs
are not very sensitive to changes in other electricity demands. Increases in electricity demand lead
to higher hydrogen production costs as a result of exploiting more expensive electricity generation
potentials.

3.4 Research question 4.: Do economically feasible potentials
for DACCS exist in Europe?

In Paper 4, supply curves for negative CO, emissions via the DACCS route are calculated. The calcu-
lation of CO; capture potentials is carried out in the context of a GHG-neutral European energy
system and therefore provides ambitious but realistic framework conditions for evaluating this
research question.
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3.4.1 Subquestion 4.1: What does CO. capture and storage via the DACCS
route cost in an optimized European energy system?

The commercial rollout of DAC systems is still in its infancy. Therefore, the system cost minimiza-
tion in Paper 4 uses different parameter sets of DAC plants to address Subquestion 4.1: What does
CO; capture and storage via the DACCS route cost in an optimized European energy system?

Technically, the supply curves were determined using the novel sales module (section 2.2.2.5) and
the novel DACCS module (section 2.2.2.4) of the Enertile model.

The supply curves for carbon dioxide removal via the DACCS pathway in Figure 8-6 of Paper 4 show
that Europe's conversion sector has the potential to provide electricity for capturing CO; from
ambient air to offset emissions from other sectors, including agriculture, industry, transport, ser-
vices, and households. This even applies to a GHG-neutral European energy system with high
overall electricity demand. The costs for compensated CO; in the model results depend on the
parameter values of DAC plants and the CO, compensation quantities. In the system cost minimi-
zation, the geological storage potential in Europe caps the annual CO; capture volume. The model
calculations assume that only 1% of the available potential can be used per year (about 1 Gtco,/a).
If current techno-economic literature values for DAC plants are applied, the range of CO, compen-
sation cost lies between 160 €/tco; and 270 €/tco,. If technical progress is anticipated for DAC
plants, the CO, compensation costs can be reduced to between 60 €/tco> and 140 €/tco,.

The comparison of these DACCS costs with the global, cross-sectoral marginal abatement cost
curve (MACC) for CO; of Della Vigna et al. (2021) shows that most abatement measures are less
expensive than DACCS. However, this MACC also displays abatement measures with a global po-
tential of about 2 Gtcoa/a which are more expensive than the DACCS costs in Paper 4. This even
applies to the conservative parametrization of the DAC plants.

In response to Subquestion 4.1, the model results in Paper 4 show that DACCS in a GHG-neutral
European energy system could cost between 60 €/tco; and 270 €/tco, depending on the future
development of DAC plants and the required negative emissions. These compensation costs are
competitive with expensive alternative abatement strategies.

3.4.2 Subquestion 4.2: Where are DACCS plants positioned in an optimized
renewable European energy supply system?

In addition to determining DACCS supply curves, Paper 4 examines how a fixed CO, compensation
demand equal to 5% of the EU's 1990 emissions can be met cost-efficiently with DACCS. In one
scenario branch, the cost optimization can decide on the locations of DACCS units to supply the
required negative emissions; i.e., German emissions could be compensated by Norway. Therefore,
this approach is suitable for analyzing Subquestion 4.2.: Where are DACCS plants positioned in an
optimized European energy supply system?
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Assuming that the heat required in the CO; capture process is provided electrically, the analyses in
Paper 4 show that the availability of renewable electricity is pivotal to the operation of DACCS
plants. The breakdown of cost components in Figure 8-7 shows that electricity costs are the major
cost component of DACCS costs in the model results. Furthermore, a comparison of the European
power generation systems with and without a given CDR demand of 288 Mtcoy/a (i.e., 5% of the
European 1990 emissions) in Figure 8-9 shows that — depending on the DAC parameterization — an
additional 385 TWhe to 495 TWhg of electricity must be generated for CO, compensation. In the
optimization results, this additional electricity generation requires an increase in installed capaci-
ties of renewable energies — mainly onshore wind and PV — by 5% to 8% compared to the refer-
ence system.

The cost minimization results for providing negative emissions equal to 5% of the EU's 1990 emis-
sions in Figure 8-8 show that the operation of DACCS plants is most feasible in Finland, Sweden,
Norway, the Iberian Peninsula, and the Baltic States. These states have both geological CO; storage
potentials and — even in an electricity-intensive scenario with a GHG-neutral energy system — va-
cant, low-cost renewable electricity generation potentials. In contrast, Germany, Denmark, or the
British Isles cannot contribute to the supply of negative emissions in this scenario as their potential
of onshore wind and ground-mounted PV are fully exploited for meeting other energy demands. In
Austria, although the PV potential is not fully exploited in the underlying scenario, the country has
not reported any geological CO; storage potential and can, therefore, not contribute to the CDR

supply.

In response to Subquestion 4.2, the model results in Paper 4 show that the cost minimization posi-
tions DACCS plants close to vacant renewable electricity generation potentials and geological stor-
age capacities. In a GHG-neutral European energy system with overall high electricity demand, the
optimization chooses Finland, Sweden, Norway, the Iberian Peninsula, and the Baltic States.
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4 Conclusions, critical assessment, and
outlook

Electrolytic hydrogen and captured and subsequently stored CO, from ambient air are two options
for pursuing ambitious climate protection strategies in Germany and Europe. Electricity-based
hydrogen is attributed two central functions: Firstly, it can replace fossil fuels in many processes
and applications in the classical energy demand sectors. Secondly, it can act as a seasonal energy
storage and flexibility provider in the conversion sector. Likewise, negative emissions via DACCS
can become relevant in two ways: Firstly, they can compensate for unavoidable residual emissions,
e. g. from agriculture. Secondly, they can economically compete with alternative GHG mitigation
strategies. Both options interact strongly with a transforming energy supply system. Therefore, the
aim of this dissertation is to quantitatively analyze the interactions of hydrogen with the conver-
sion sector and the provision of negative emissions via DACCS in the context of a GHG-neutral Eu-
ropean energy system.

4.1 Key conclusions

The research topic is addressed with a linear cost minimization approach for the European energy
supply system. Within given framework conditions, the goal of the optimization is to identify the
least cost supply infrastructure mix capable of meeting hourly electricity, heat, hydrogen, and
DACCS demands. The cost minimization makes expansion and dispatch decisions for relevant sup-
ply infrastructures. Where applicable, the optimization simultaneously considers multiple simula-
tion years up to the GHG-neutral target state. The modeling takes a system perspective; its results
can support policymakers in designing energy and climate protection strategies. To analyze the
research objective, the existing cost minimization model Enertile is enhanced in this dissertation.
Enertile used to focus on the electricity and heat supply, with a high level of detail in representing
fluctuating renewable energies. This dissertation extends Enertile to a multidirectional energy
supply model. The core of the methodological advancement is the modeling of the interactions of
hydrogen and DACCS technologies with future renewable electricity and heat supply systems. For
hydrogen, the modeling now includes electrolyzers and imports from outside Europe as hydrogen
supplies, different hydrogen power plants (incl. CHP) and hydrogen boilers as model endogenous
hydrogen demands, geological hydrogen storage facilities, and transport pipeline networks be-
tween model regions. For DACCS, the modeling now includes DAC and sequestration units for cap-
turing and permanently storing CO, underground for carbon dioxide removal supply and feedback
from the usage of fossil fuels in the conversion sector, increasing model endogenous CO; removal
demands. These extensions of Enertile yield methodological improvements in two directions: First-
ly, renewable electricity is a key input for the supply of hydrogen and negative emissions via the
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DACCS route. Drawing on the spatially, temporally, and techno-economically highly resolved po-
tentials of renewable energies in the existing model allows for a high level of detail in the provision
of both analyzed goods. Secondly, modeling hydrogen and DACCS technologies improves the rep-
resentation of the conversion sector in the existing model. This is particularly the case for investi-
gating pathways towards GHG neutrality with high penetration of fluctuating renewables. Hydro-
gen technologies can provide both supply- and demand-side flexibility in a renewable energy
system: electrolyzers can serve as flexible electricity demands; hydrogen power plants and boilers
can serve as flexible electricity and heat suppliers. Likewise, DACCS plants can be dispatched flexi-
bly at times of low residual loads. In essence, the optimization model created in this dissertation is
capable of adequately describing the supply of electricity, heat, hydrogen, and negative emissions
via the DACCS route in a GHG-neutral European energy system.

Based on the synthesis of the results in the four scientific papers in section 3, the following conclu-
sions and policy recommendations can be formulated.

The model calculations show that domestic European hydrogen production is cost-efficient in
many cases. Based on the example of the MENA region, the results show that hydrogen imports
from outside Europe are limited in their economic feasibility by two factors. Firstly, geographical
cost advantages of hydrogen production in the MENA region due to cheaper renewable electricity
generation potentials are diminished by transport costs to Europe. Although shipping is more ex-
pensive due to the high energy demand for liquifying hydrogen, this feasibility constraint applies
to both gaseous pipeline imports and liquid hydrogen imports by ship. Secondly, increased financ-
ing costs for hydrogen production projects outside Europe may further reduce the feasibility of
hydrogen imports. The failure of the DESERTEC project aiming at electricity imports from the
MENA region to Europe shows that investments in infrastructure projects outside Europe may be
associated with higher risks and, thus, risk premiums and expected returns. In the cost minimiza-
tion results, a five percentage points higher interest rate for the MENA region compared to Europe
translates into pipeline-bound hydrogen imports to Europe becoming cost-efficient for demands
exceeding 2,000 TWhy,. Therefore, to meet European hydrogen demands, expanding renewable
power generation plants, electrolyzers, and hydrogen transport infrastructure should focus on
Europe first.

The regional ratios of energy demand and renewable energy supply are unevenly distributed in
Europe. In Germany, in particular, the ratio of electricity demand and low-cost renewable electrici-
ty generation potential is less favorable than, for example, in Scandinavia, on the British Isles, or
the Iberian Peninsula. In GHG-neutral scenarios that avoid synthetic hydrocarbons and therefore
have substantial hydrogen demands, European hydrogen transport networks are used in the cost
minimization to compensate for these regional imbalances. Moreover, the model uses the Euro-
pean hydrogen network to circumvent bottlenecks in the European electricity transmission net-
work caused by inhibited grid expansion: energy trading is shifted from electricity to hydrogen. In
the scenario results, Europe has a star-shaped pipeline infrastructure transporting hydrogen from
the edges to central Europe. Since international infrastructure projects are complex and affect the
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interests of several countries, an EU-wide hydrogen strategy should be harmonized, the planning
of European hydrogen transport infrastructure initiated quickly, and approval procedures acceler-
ated. The high hydrogen transfers between countries in the cost minimization results imply sub-
stantial renewable capacity expansions in exporting regions used quasi-exclusively for hydrogen
exports. In addition to the techno-economic aspects presented in this dissertation, the large-scale
expansion of renewables entails acceptance issues. The development of the European hydrogen
strategy should, therefore, match these cost-minimized results with acceptance potentials.

In the optimization results of all GHG-neutral scenarios studied, hydrogen is used extensively as a
seasonal storage medium and flexibility provider in the conversion sector in Germany. To utilize
these functions of hydrogen, a strategy must be developed that organizes the transition from nat-
ural gas-based technologies to hydrogen-based technologies in the conversion sector. This strate-
gy must cover four fields of action and achieve the following goals. Firstly, existing natural gas
storage facilities should be converted into hydrogen storage facilities. The scenario calculations
show that the storage volumes of natural gas cavern storage facilities may not be sufficient, and
additional new hydrogen storage facilities must be built. Secondly, electrolyzers should ideally be
installed near low-cost renewable electricity generation potentials. The optimization results show
that in Germany, electrolyzer sites on the coasts with high wind power generation are particularly
attractive. Overall, electrolyzers offer the flexibility to integrate high power generation from wind
and PV. Thirdly, hydrogen power plants should be built to take over the function of natural gas
power plants in meeting peak loads. The model results show that hydrogen power plants are nec-
essary as backup power plants for hours of low renewable power generation and high loads. In the
system cost minimization, hydrogen power plants are the cheaper alternative to synthetic me-
thane-based power plants. Fourthly, a hydrogen transport network should also be established
within Germany to link hydrogen supply in the north and demand in the west and south. For this
purpose, natural gas pipelines can be converted to hydrogen pipelines. A challenge in formulating
a strategy to achieve the outlined target picture is that all four fields of action must be considered
simultaneously and cannot be worked out one after the other.

Flexibility and conversion efficiency are two key properties of electrolyzers from a system perspec-
tive. The scenario results show for the GHG-neutral energy system in Germany that electrolyzers
are used in the cost minimization between 2,700 and 3,500 hours. This implies that they should be
able to react as flexibly as possible to the conditions in the power system. A parameter study
shows that the electrolyzer efficiency has a substantially higher impact on the hydrogen produc-
tion costs than the specific investments and the technical lifetime. Therefore, subsidies for electro-
lyzer development should focus on its flexible applicability and conversion efficiency.

Due to quasi-unavoidable emissions, e. g. in agriculture, negative emissions are likely to be needed
to achieve GHG neutrality across all sectors. The calculations in this dissertation show that DACCS
in Europe could cost between 60 €/tco, and 270 €/tco; in 2050. Therefore, DACCS can compete
with expensive alternative GHG mitigation strategies. Since the technology is still in its infancy and
potentially a global backstop technology with implications for many process transformations dis-
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cussed today, research efforts on DACCS need to be intensified. Besides the technical advance-
ment and cost degression of DAC facilities, this also includes the safety aspects of long-term geo-
logical CO, storage. Moreover, it is of major importance to address and overcome political barriers
and public concerns regarding the development of a CO, storage infrastructure. In the optimiza-
tion results, the utilization of DACCS is concentrated in Sweden, the Iberian Peninsula, Norway,
and Finland. In a scenario with a high degree of electrification across sectors, these regions offer
important characteristics for DACCS use: vacant renewable electricity generation potentials and
geological CO, storage reservoirs. Particularly for countries with low DACCS potentials, this con-
centration on a few countries implies that European and international cooperations should be
initiated.

4.2 Critical assessment

This dissertation investigates the interactions of hydrogen systems with the conversion sector and
the provision of negative emissions via the DACCS route in a GHG-neutral European energy system
using a linear cost minimization model. The structural peculiarities and limitations of this analytical
approach must be considered when evaluating the results.

Modeling always implies a major simplification of a complex reality. This becomes apparent, for
example, in the selection of modeled parameters and the choice of input data for these parame-
ters. For example, the techno-economic characterization of electrolyzers in the Enertile model is
carried out along the following parameters: specific investment, fixed and variable operating and
maintenance costs, conversion efficiency, and lifetime. However, other technical parameters, such
as start-up times and required pressure and temperature levels, or economic parameters, such as
taxes, levies, and expected profits of the electrolyzer operators, are not taken into account. In
reality, the input data for these modeled parameters are plant-specific, subject to dispersion in the
literature, and their future development is subject to uncertainty. Uncertainties in the description
of the future energy system arise not only from the development of individual techno-economic
parameters but also from overarching social, economic, and geopolitical trends. The consequences
of Russia's war of aggression against Ukraine have shown that the basic premises of the European
energy supply can change rapidly. These types of shocks are virtually impossible to capture in the
modeling. In this work, the complexity and uncertainty in the choice of input data are addressed
by applying different scenario narratives and data variations as sensitivity analyses for decisive
parameters wherever feasible.

The deployed and expanded Enertile model shares the systematic limitations of cost-minimizing,
supply-side energy system models. Firstly, the hourly balancing of supply and demand for electrici-
ty, heat in heat grids, hydrogen, synthetic methane, or compensated CO; in so-called demand-
supply equations implicitly assumes perfect markets. These idealized market conditions, which
assume, for example, perfect information, no market power, and the fully rational behavior of
market participants, do not exist in real markets. Secondly, the model can only decide between
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potential solutions already known today. Structurally novel, previously unknown options cannot
be considered. Thirdly, the assumption of perfect foresight is, per se, unrealistic. No market actor
can predict the impact of an investment decision today for decades to come. Lastly, cost minimiza-
tion tends towards highly centralized solutions with large plant types. In reality, the variety is
much greater, and smaller decentralized projects are also implemented.

The cost minimization approach used to design the energy system in this dissertation makes it
difficult to consider acceptance issues. The social costs of individual technologies are difficult to
quantify and are not included in the model's parameterization. However, acceptance issues are
implicitly considered for modeling renewable electricity generation potentials to a certain degree.
Depending on the land use category, only part of the usable area is allowed for renewable electric-
ity generation. Beyond the cost minimization results, it will be crucial in reality whether, for exam-
ple, the Norwegian population is willing to expand wind power plants, PV plants, DACCS plants,
and geological CO; storage facilities that only serve to compensate for German emissions.

Russia's war of aggression against Ukraine clearly demonstrates that Europe's dependency on en-
ergy imports from single states can be problematic. This is especially true for autocratic trading
partners. For the assessment of the European hydrogen supply results in this dissertation, three
first-order consequences result from this: Firstly, diversification of trading partners increases resil-
ience. However, system cost minimization always chooses the cheapest option, even if there are
only small cost deltas between possible solutions. Therefore, in reality, the tradeoff between the
additional costs of the different options and the diversification of import strategies must be evalu-
ated. The second-best solutions can be valid options. Secondly, cost minimization considers crite-
ria such as political stability to a very limited extent. In this dissertation, the modeling of higher
investment default probabilities was limited to variations of the interest rate in the MENA region.
Beyond cost considerations, the optimizer's preferred solution of an intra-European hydrogen
supply has the advantage of being anchored in the EU. Due to its economic and socio-cultural in-
terdependencies, this union stands for a high degree of reliability. Further diversification through
non-European imports can further increase resilience, but the political stability of supply countries
and the resulting additional costs must be taken into account. Thirdly, fossil-compensated — blue —
hydrogen from Russia as competition to electricity-based hydrogen has become less likely.

The computational power of the machines on which the linear cost minimization problem is set up
and solved is limited. A resulting optimization problem contains more than 40 million variables and
over 35 million constraints. On the available computers, solving this problem takes more than 87
hours. Among other aspects, this limits the temporal and spatial resolution of the calculations. The
temporal resolution of the calculations is 8,760 hours per simulation year. Process distinctions -
such as the flexibility of alkaline electrolyzers versus PEM electrolyzers - that exist on shorter time
scales cannot be resolved. The spatial resolution for balancing supply and demand for electricity,
heat in heat grids, hydrogen, and compensated CO; is based on the national states of the EU. Only
Germany is further subdivided into six sub-regions. This spatial aggregation level has, among other
effects, the consequence that distribution grid losses can only be taken into account as a lump
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sum, and bottlenecks in the distribution grid cannot be taken into account at all. Detailed network
analyses — which include the distribution grid — must be considered in downstream models suita-
ble for this purpose.

4.3 Outlook

This dissertation has focused on the cost-efficient supply of electrolytic hydrogen in a GHG-neutral
European energy system. This focus leaves space for subsequent research opportunities. Firstly,
the transition to this GHG-neutral target system and related conflicts of objectives can be ad-
dressed more thoroughly. One result of this dissertation is that hydrogen production is cost-
efficient close to renewable electricity production. However, this supply scheme only works if
there is an infrastructure to transport the hydrogen from the electrolyzers to the hydrogen de-
mand sites. Therefore, in the absence of hydrogen pipelines, electrolyzers may initially be installed
close to consumption. The integrated ramp-up of hydrogen demand, electrolyzers, pipelines, and
storage facilities should therefore be investigated. Secondly, the repurposing potential of existing
gas infrastructures could be considered and investigated in more detail. Thirdly, in addition to
electricity-based hydrogen, fossil-compensated hydrogen could also play a role in hydrogen sup-
ply. This competition or complementarity between different hydrogen types should be further
investigated.

The modeling in this dissertation assumes perfect markets when determining the prices for hydro-
gen or captured and sequestered CO,. The market price results from the intersection of the supply
and demand curves. Under this premise, the market price corresponds to the marginal production
cost of the last unit of the respective good. Drawing an analogy to real energy markets, such as the
oil or gas market, Wietschel et al. (2021) argue that prices for hydrogen and its derivatives are
unlikely to settle based on production costs alone. Real markets show that imperfect information,
product differentiation, regulatory intervention, market power, and strategic behavior of individu-
al players have a major impact on prices. Future work should, therefore, consider and analyze
these influences on price formation.

The results of this dissertation show that DACCS can potentially be an important CO, mitigation
strategy. In reality, however, this technology is still in its infancy, and only a few projects are trying
to implement it. Besides the need for further technological developments, future research work is
required to discover how the ramp-up of this technology can be designed. Furthermore, the DAC
process can also be used to produce synthetic hydrocarbons instead of negative emissions. The
competition or complementarity between permanent storage and the use of captured CO; has
been little explored.

The analyses in this dissertation aim at a cost-minimized European energy system. Policy instru-
ments that enable the achievement of the key elements of this target system need to be investi-
gated in subsequent works.
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Abstract

Alongside substituting fossil fuels with renewable energies and increasing energy efficiency, the
utilization of electricity-based hydrogen or its derived synthetic fuels is a potential strategy to meet
ambitious European climate protection targets. As synthetic hydrocarbons have the same chemical
properties as their fossil substitutes, existing infrastructures and well-established application tech-
nologies can be retained while CO, emissions in energy conversion, transport, industry, and resi-
dential and services can be reduced. However, the conversion processes, especially the generation
of hydrogen necessary for all e-fuels, are associated with energy losses and costs. To evaluate the
techno-economic hydrogen production potential and the impact of its utilization on the rest of the
energy system, a supply curve of electricity-based hydrogen in a greenhouse gas emission-free Eu-
ropean energy system in 2050 was developed. It was found that hydrogen quantities of the order
of magnitude envisaged in the 1.5 °C scenarios by the European Commission's long-term strategic
vision (1,536 - 1,953 TWhy;) induce marginal hydrogen production costs of over 110 €2020/MWhy;
and electrolyzer capacities of more than 615 GW.. Although the generation of these amounts of
hydrogen using electrolysis provides some flexibility to the electricity system and can integrate
small amounts of local surplus electricity, an additional 766 GW, of wind power and 865 GW,, of
solar power must be installed to cover the additional electricity demand for hydrogen production. It
was furthermore found that the most important techno-economic properties of electrolyzers used
in an energy system dominated by renewable energies are the ability to operate flexibly and the
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conversion efficiency of electricity into hydrogen. It is anticipated that the shown analysis is valua-
ble for both policy-makers, who need to identify research, subsidy and infrastructure requirements
for a future energy system, and corporate decision-makers, whose business models will be signifi-
cantly affected by the future availability of electricity-based fuels.

Keywords: Cost of hydrogen; Power-to-Gas; Energy system modeling; Electricity system flexibility;
Sector coupling; Electrolysis;

Highlights:

- Hydrogen supply curve for decarbonized European energy system 2050

- E-fuels do not restrain benefits of the expansion of the electricity transport grid

- Flexibility and efficiency become the most important properties of electrolyzers

- Marginal hydrogen generation costs of 110 EUR/MWhy;, for 1407 TWhy;, in Europe 2050
- Excess electricity is not sufficient to provide substantial amounts of hydrogen
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5.1 Introduction

To counter the threats of global warming, the international community of states agreed in the
2015 Paris Agreement to limit the global temperature increase to well below 2 °C above pre-
industrial levels (UN 2015). Therefore, the European Commission (EC) reconfirmed the objective of
reducing greenhouse gas (GHG) emissions in the European Union (EU) by 80% to 95% compared to
1990 by 2050 (Council of the European Union 2009; EC 2018a). The key strategies of the EU for
reducing GHG emissions include an increase in energy efficiency of at least 32.5% by 2030
(European Parliament et al. 2018b) and a renewable energy target of at least 32% of total energy
consumption by 2030 (European Parliament et al. 2018a). While energy efficiency measures and
substituting fossil fuels with renewable energy sources (RES) are broadly accepted decarbonization
strategies, the role of electricity-based hydrogen and other synthetic fuels in reducing GHG
emissions remains a topic of discussion.

Hydrogen produced by electrolysis using renewable electricity offers the potential to reduce GHG
emissions across sectors. In the electricity sector, wind and solar power are expected to dominate
electricity supply in the long run due to their overall generation potential and their economic
feasibility (Pfluger 2014). Given the weather-dependent availability of these energy sources,
flexibility measures are required to synchronize electricity supply and demand at all times (Huber
et al. 2014; Kondziella et al. 2016). Electricity-based hydrogen can potentially provide flexibility: in
hours of negative residual loads, i.e. an oversupply of renewable electricity generation, surplus
electricity can be converted into hydrogen by electrolysis. Conversely, stored hydrogen can be
converted back into electricity by hydrogen turbines, fuel cells, or other reconversion technologies
in hours of high residual loads, i.e. hours of both low renewable electricity generation and high
electricity demands. With its long-term storage property, hydrogen is suitable as a seasonal
electricity storage medium (Crotogino 2016).

Apart from the electricity sector, hydrogen produced from renewable electricity is an option for a
GHG emission-free energy supply in transport (Navas-Anguita et al. 2019; Runge et al. 2019),
residential and services (Boait et al. 2019), and as an energy and feedstock supply in industry
(Chen et al. 2019; Palm et al. 2016). In these demand sectors hydrogen can either be used directly
or after being synthesized into methane (power-to-methane) or liquid hydrocarbons (power-to-
liquid)?. These electricity-based fuels (e-fuels) provide a substitute for fossil fuels while being
potentially climate-neutral, depending on the carbon source used in the synthesis processes
(Graves et al. 2011; Zeman et al. 2008) and on the assumption that only renewable electricity is
used. As all these e-fuels — hydrogen, synthetic methane and synthetic liquid hydrocarbons — have

2 Throughout the article the following naming convention is used: "E-fuels" is the umbrella term for all gas-
eous and liquid secondary energy sources produced from electricity. "Power-to-gas" includes all gaseous
secondary energy sources produced from electricity, i.e. hydrogen (power-to-hydrogen) and synthetic me-
thane (power-to-methane). "Power-to-liquid" describes all liquid secondary energy sources produced from
electricity, e.g. synthetic methanol.
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the same chemical properties as their fossil substitutes, CO, emissions in the demand sectors can
be reduced while maintaining well-established application technologies. In the cases of synthetic
hydrocarbons, most existing infrastructures can be retained.

However, the conversion of electricity into secondary fuels is associated with energy losses and
costs. Therefore, the use of hydrogen and its derived synthetic fuels is in competition with
alternative flexibility options and decarbonization strategies in the different sectors. In the
electricity sector, hydrogen as a storage medium competes with other storage technologies,
performant European electricity grids and demand-side management for the most cost-efficient
provision of flexibility (Brouwer et al. 2016). In transport, industry, residential and services, where
e-fuels can be both energy carriers and industrial feedstock, direct-electric processes and the use
of biogenic energy sources are alternative de-fossilization options®. The deployment of e-fuels
depends decisively on their costs and available quantities. The costs, in turn, depend to a large
extent on the techno-economic properties of the generation processes of these fuels.

Several existing studies (Glenk et al. 2019; Gorre et al. 2019; Go6tz et al. 2016; McDonagh et al.
2018; Reul’ et al. 2017; Schiebahn et al. 2015) examine the production costs of e-fuels to evaluate
their future role in the energy system. These studies focus on the techno-economic properties of
the e-fuel production units and neglect the interactions of these production units with the rest of
the energy system. Yet the actual costs and potential applications of these fuels can only be
assessed with due consideration of their competition with alternative decarbonization and
flexibility options.

Based on these preliminary considerations and due to hydrogen being the basis of all e-fuels, the
central research questions in this paper are:

e What is the techno-economic generation potential of electricity-based hydrogen?
e How does the generation of electricity-based hydrogen interact with this energy system?

Addressing these questions allows a better understanding of the technical requirements of
hydrogen generation facilities, e.g. in terms of flexibility requirements and for weighing specific
investment against conversion efficiency. Realistic long-term cost projections are necessary for
determining potential uses of e-fuels and comparisons with other de-fossilization alternatives.

The analysis is performed for a de-fossilized European electricity system in 2050. In such a system
the electricity used for hydrogen generation is by definition entirely renewable. This prevents from
second order effects of increased electricity generation from fossil fuels in the interconnected
electricity grid.

3 Given the availability of permanent CO2 storage facilities, there are fossil supply concepts that do not
increase the CO2 concentration in the atmosphere. Here, the CO2 released during the use of fossil fuels
must be extracted from the flue gas stream or the atmosphere and subsequently stored. These concepts
are not considered in this paper.
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An energy system optimization model is used to determine a European supply curve of electricity-
based hydrogen for the demand sectors. This systemic approach makes it possible to understand
the interactions between renewable energies, electricity-based hydrogen production and other
flexibility options in the electricity and heat system. Through parameter variations, different
technological development paths of electrolysis are taken into account.

The paper is structured as follows: Section 5.2 introduces the modeling approach, scenario design,
and most important input parameters of our analysis. The modeling results are shown in Section
5.3. In Section 5.4, findings are summarized and conclusions are drawn.

5.2 Methodology and Data

5.2.1 Methodology

The working point of this analysis is a de-fossilized European energy system in 2050. In such a
system the generation of electricity, heat, and hydrogen is interdependent and ultimately based
on weather-dependent renewable energies. Therefore, the energy system optimization model
Enertile (Fraunhofer ISl 2019) is applied to determine the production cost of electricity-based
hydrogen. Enertile provides both an integrated perspective on the supply of all three energy forms
and a high temporal and spatial resolution of RES in Europe.

5.2.1.1 Optimization model Enertile

Enertile is a detailed techno-economic optimization model for large, interlinked energy systems.
Within a scenario framework, it identifies cost-efficient pathways for the development of the
systems up to the year 2050. For every scenario year considered, Enertile determines the cost-
minimal generation and infrastructure mix to meet exogenously specified electricity, heat and
hydrogen demands; this includes both capacity expansion and unit dispatch of renewable
energies, conventional power plants, electricity transport, heat and hydrogen generation
technologies, energy storage facilities, and demand-side flexibility.

This paper focuses on the supply of hydrogen in an emission-free European energy system in 2050.
This limitation with regard to emission requirements and the time frame is reflected in the settings
of the model, i.e. only a single year is considered and no fossil generation technologies are
available. It should be noted that neither the applied model nor the analysis in general draws
conclusions on how the de-fossilization is achieved in terms of policy measures. The model or its
parameterization is intentionally free of technological preferences, choosing the system
components solely based on cost-efficiency and technical properties. In reality, different policy
mixes could reach the resulting or similar system configurations.
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For calculations in this paper, Enertile was extended by a sales instance of hydrogen. The resulting
model variant of Enertile is described below. A more extensive and detailed description of the base
version of the model is given in (Bernath et al. 2019), Pfluger (2014), and (Deac 2019).
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Figure 5-1  Graphical illustration of the coverage and boundaries of the energy system model Enertile.

5.2.1.1.1 Objective function
In Enertile, the supply of electricity, heat and hydrogen in Europe is described as a linear cost
minimization problem of the overall energy system being considered. In the model, costs

associated with the decision variables X representing installed capacities of relevant
infrastructures and their corresponding unit dispatch X increase the overall system cost. Taxes and
other levies are not included in the evaluation, since the focus is not on the behavior and reactions
of individual market actors but on the overall economic perspective.

In the model, hydrogen supply is treated differently to the supply of electricity and heat. While
exogenously specified electricity and heat demands need to be met at every hour considered,
there is no explicit hydrogen demand (Figure 5-1). Instead, Enertile can choose to build
electrolyzers that can be used in two ways. Firstly, electrolyzers can be utilized to fill an energy
storage unit within the conversion sector. Subsequently, the stored hydrogen can be converted
into heat for district heating or reconverted into electricity. Secondly, hydrogen can be sold at
price p™ to demand sectors beyond the modeled part of the energy system, .e.g. fuel demand in
transport. Potential hydrogen demands of these external sectors are therefore implicitly
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considered. The hydrogen selling price p”¥ can be understood as the potential willingness of these
sectors to pay for hydrogen. In the model the amount of hydrogen y™ sold to these external
demand sectors reduces the total cost of the system. Through the application of different
hydrogen sales prices phy, the resulting hydrogen production potentials display a supply curve for
electricity-based hydrogen for the external demand sectors.

The objective function (8) is the sum of costs for the supply of electricity, heat, and hydrogen,
minus the remuneration for the sale of hydrogen to external demand sectors, over all regions r €
R andin all 8,760 hours h € H of the modeled year.
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Costs for the provision of all three energy forms comprise annuitized fixed costs for capacity

expansion and variable costs of all employed technologies. Fixed costs c{);ij’.‘k} for expanding the

capacity of a specific technology include fixed operation and maintenance costs and annuitized
specific investments. Variable costs c{”l-fljfk} of utilizing a specific technology include fuel costs, CO,
costs, and variable operation and maintenance costs. The underlying technology set I covering
electricity supply contains renewable energy technologies, power storage plants, cross-border
transmission grids and hydrogen reconversion technologies. The technology portfolio for the
supply of heat J includes renewable heating sources, electric boilers, hydrogen boilers, large heat
pumps, and heat storage units. Technologies covering the supply of hydrogen are contained in the

technology set K and include electrolyzer technologies and hydrogen storage units.

5.2.1.1.2 Constraints

The central constraints of the minimization problem require that electricity, heat and hydrogen
demands are met in every region at every hour of the year. On the one hand, exogenous demands
for electricity D¢ and heat in heat grids D;l“; and buildings D{,‘t are specified in the model. On the
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other hand, model endogenous demands can arise from the interdependence of the provision of
the different energy forms. The combination of these demands results in so-called demand-supply
equations DSeing,b,hy} fOr the various energy forms and applications.

The demand-supply equation for electricity DSe is shown in equation (9). It requires that the sum
of net electricity supply of technologies I must match the sum of the exogenously determined
electricity demand D€, the electricity demand for heat supply in heating grids and buildings, and
the electricity demand for hydrogen generation in each region r and hour h. The net electricity
supply includes the pure generation of electricity, the sum of net electricity imports and the net
electricity extraction from storage units in a region. The provision of heat in heat grids HG causes
electricity demands for the use of heat pumps hpg with conversion efficiency yp,4 and electric
boilers eb with conversion efficiency y,p. Similarly, the provision of heat in buildings B leads to
electricity demands if heat pumps hpb with a conversion efficiency yy,, are used. Hydrogen is
generated in the model with a proton exchange membrane electrolyzer pem having a conversion
efficiency of y,em, and increases the electricity demand.

1 1
E el _ pel § . +-ht . Nt
xr,i,h - Dr,h + ( xr,hg,hpg,h + Yeb xr,hg,eb,h

C Yhpg
[Dsel] i€l thH(:;l ) VT, h (9)
+2_'xh%h pn F— x>
Yhpb AP, Ypem rpemh

beB

The demand-supply equations for the provision of heat in heat grids DSyg and buildings DS, are
shown in equations (10) and (11). In both cases the equations require that the sum of net heat
supply meets the exogenously specified heat demands D{h,fg,b} in each region r and hour h. The net
heat supply includes both the pure heat generation and the heat extraction from thermal storage
units in a region. Different subsets of the heat supply technology portfolio J are available for the
heat supplies in heating grids L c J and buildings M c J.

DS vr,hg, h 10
[DSne] fo,%g'l,h = DIt r,hg (10)
leL
[DSy] Z »ht _ nht vr, b, h (11)
r,bomh — Yr,b,h
meM

Equation (12) shows the demand supply equation of hydrogen DSy,. It requires that the net supply
of hydrogen provided by the technology portfolio K must cover the model endogenous hydrogen
demands consisting of the following components: The provision of heat in heat grids HG causes
hydrogen demands for the use of hydrogen boilers hyb with conversion efficiency ;. The
reconversion of hydrogen into electricity uses the portfolio of reconversion technologies N c |
with the associated conversion efficiencies y,,. Additionally, the “sale” of hydrogen yhy to external
demand sectors requires hydrogen generation. The net hydrogen supply includes both the pure
hydrogen generation and the net hydrogen extraction from storage units in a region.
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Other constraints of the minimization problem require

e that hourly outputs of a generation unit do not exceed the installed capacity of this unit,
e that hourly electricity transfers between regions do not exceed transmission capacities,

e and that storage units only operate within the limits of their technical parameterization;
i.e. the amount of energy stored or withdrawn in one time step does not exceed the in-
stalled capacity and that the minimum and maximum storage capacity is not violated at
any time.
Additionally, political goals such as global or regional CO, reduction targets or certain renewable
energy expansion targets, as well as technical restrictions such as losses in storage facilities and
electricity transport grids can be included as constraints.

5.2.1.1.3 Temporal and spatial resolution

In the applied version of Enertile, the energy system of the year 2050 is modeled in an hourly
resolution. This high temporal resolution allows for a realistic representation of the challenges in
energy systems with a high proportion of renewable energies. Short-term weather-induced
fluctuations in the generation of electricity or heat from renewable energies can be captured, as
can long-term weather events such as lulls (Pfluger et al. 2017). The model optimizes expansion
and dispatch of relevant infrastructures using perfect foresight.

For the analysis of this paper, Enertile covers the energy system in Europe. The geographical
coverage of such a large area becomes increasingly necessary as the proportion of renewable
energy in the system increases. Shortages in the supply of electricity or heat from renewable
sources due to local weather conditions can often be compensated for supra-regionally. Therefore,
the spatial extension provides sources of system flexibility. The regional resolution of the model
varies according to the subject considered: a very high spatial resolution is used for the potential
calculation of renewable energies. In order to determine the possible generation of wind and solar
energy, GIS-based models are used to determine renewable energy potentials on a grid with an
edge length between 1 km and 10 km.

For other aspects of modeling, such as balancing electricity supply and demand, model regions
based on the European national states are applied. Small or strongly interconnected national
states are aggregated in some cases. A list and map of the resulting model regions can be found in
Appendix C. Within a model region, no further locational information is taken into account during
the optimization. This means, for example, that potential network restrictions within a model
region are invisible to the model.

5.2.1.1.4 Renewable energy potential calculation
The electricity generation potential of renewable energies is represented in the optimization
program using cost-potential curves. These cost-potential curves are determined for different
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renewable electricity generation technologies in detailed preliminary calculations. In these
calculations, techno-economic data of the generation technologies, hourly weather data, and land
use data are used to determine the possible electricity generation on a fine-grained grid for
Europe. A more detailed description of the methodology is given in section 5.2.2.3, along with a
graphical representation of the resulting cost-potential curve used in the optimization.

5.2.1.1.5 Electricity grid representation

The representation of electricity grids in Enertile is reduced to the exchange of electricity between
different model regions. Within a model region, potential grid bottlenecks are not taken into
account — a so-called copper plate is assumed. Existing possibilities of electricity exchange
between model regions are represented by a model of net transfer capacities (NTC), which defines
the maximum possible exchange capacity for each border between regions. Besides initially
available network capacities, the possible network expansion between model regions is influenced
by network expansion cost, network losses and the technical and temporal realization possibilities
of expansion projects. For each border, step functions define what network capacity is possible at
what costs and in what time periods. On this basis, the model can decide which grid expansion is
cost-efficient to cover the electricity demand in the individual regions.

5.2.2 Data

In order to investigate the possible supply of hydrogen in a European energy system in 2050, a
parameter study is conducted with the energy system model Enertile. The focus of the parameter
variation is on possible developments in the polymer electrolyte membrane (PEM) electrolysis
technology and a varying willingness to pay for electrolytic hydrogen in the demand sectors. The
following section presents the underlying scenario framework and techno-economic assumptions
pertaining to the modeled technologies.

5.2.2.1 General framework and scenario design

The following general analysis framework is assumed:

e The cost-minimizing character of our modeling approach makes a substantial use of syn-
thetic fuels at modest decarbonization levels below 80% unlikely. For a lower ambition
level, there are more cost-efficient CO, reduction measures and flexibility options. This
hypothesis was tested with model runs not discussed in this paper. In these scenarios, the
resulting CO, abatement costs do not reach levels at which electricity-based fuels become
competitive with their fossil counterparts. Therefore, the starting point of our analysis is
the electricity and heat demands in an 80% decarbonization scenario.

e One option of achieving additional greenhouse gas reductions compared to an 80% decar-
bonization scenario is by replacing the remaining fossil fuels in the following sectors with
e-fuels: energy conversion, transport, industry, residential and services. However, this only
applies if the required hydrogen is produced in a CO,-neutral process. Therefore, the am-
bition level in the electricity sector is raised and it is assumed that electricity may only be
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generated from emission-free sources. This includes an intermediate storage of electricity
in the form of hydrogen and subsequent reconversion into electricity.

e In order to capture the competition between the use of synthetic energy carriers in the
various applications of the demand sectors and their use in the explicitly modeled heat
supply in heat grids, no fossil energy carriers are included in the heat generation mix ei-
ther. Heat generation is therefore also assumed to be emission-free.

e Demands for hydrogen or other synthetic energy carriers by transport, industry, and resi-
dential and services are not explicitly modeled. Instead, the model can reduce system
costs by selling hydrogen to the demand sectors. In a parameter study, the associated hy-
drogen sales price is increased in steps of 10 €300/ MWhy,.

In summary, a zero-emission generation fleet for electricity, heat and hydrogen is assumed in
order to meet the energy demands in an otherwise “80% decarbonization scenario”. This means
that the demand for sector coupling options like e-mobility or heat pumps is used widely, but the
demand sectors still use a substantial amount of fossil fuels. This setting is chosen to observe the
conversion sector at a working point, at which hydrogen or synthetic fuels would come into play. If
demands for an almost fully decarbonized energy system were applied, the supply side would
already cater for many new needs, e.g. electricity for e-mobility or hydrogen production.

5.2.2.2 Energy demands

The analysis in this paper is primarily based on the energy demands developed in the “Centralized”
scenario of the European Union’s Horizon 2020 project “REflex” (REflex 2019). This scenario aims
at an 80% reduction in greenhouse gases compared to 1990 across all sectors in Europe. The
overarching technological strategy in this scenario is to cover energy demands via central
infrastructures if possible. Thus, for example, heat supply in cities is preferably provided by heat
grids equipped with large-scale heat storage units and heat pumps.Table 5-1 shows the demand
for heat and electricity in the model regions derived from this scenario. Since the REflex project
only takes into account the member states of the EU, Norway and Switzerland, energy demands
for non-EU countries analyzed in Enertile need to be estimated. The demand estimates for these
countries are based on the net electricity consumptions in 2016, estimates on the increase in per
capita electricity consumption, and projections of the population development until 2050.

The exogenously specified electricity demand in the model is divided into three categories: firstly,
the general electricity demand; secondly, the partly flexible electricity demand from the transport
sector (i.e. charging of battery electric vehicles (BEV) and plug-in hybrids (PHEV)); and thirdly, the
inflexible demand from the transport sector. The inflexible mobility demand includes the
electricity demand for inflexible charging of BEV, PHEV and light duty vehicles, and the electricity
demands of trolley trains, trolley buses, and trolley trucks. Certain demand profiles are assumed
for each of the three categories. The impact of deviating electricity demands on marginal
hydrogen generation costs is analyzed in section 5.3.6.

The modeled heat demand includes two categories: firstly, the heat demand in heat grids, and
secondly, the heat demand of decentralized heat pumps in buildings.
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Table 5-1 Electricity and heat demands in the modeled regions in 2050.
Electricity (TWhel) Heat (TWhu) Data source
District Decentralized
Flexible Inflexible .
General® e b . heating heat pump
mobility® mobility® .
grids systems
Austria 87.6 6.9 1.7 18.5 20.3 (REflex 2019)
Other 126.4¢ 11.6' 29° 23,0 23.8f
Balkans®
Baltic States 30.3 3.6 0.9 15.6 10.2 (REflex 2019)
Benelux 329.7 26.6 6.6 41.7 86.4 (REflex 2019)
Union
Bulgaria &
91.1 10.4 2.6 22.1 14.6 (REflex 2019)
Greece
Switzerland 56.2 6.7 1.7 12.7 11.0 (REflex 2019)
Czech 79.9 6.0 1.5 29.1 23.2 (REflex 2019)
Republic
Germany 640.4 58.4 14.6 131.7 136.7 (REflex 2019)
Denmark 40.6 5.7 1.4 21.9 18.6 (REflex 2019)
Finland 103.7 6.3 1.6 24.6 25.0 (REflex 2019)
France 531.3 62.3 15.5 35.6 138.3 (REflex 2019)
Hungary &
90.3 6.0 1.5 34.0 24.8 (REflex 2019)
Slovakia
Iberian
354.9 32.1 8.0 10.1 64.6 (REflex 2019)
Peninsula
Italy 374.5 55.8 13.9  106.1 55.4 (REflex 2019)
Norway 114.5 8.2 2.1 8.2 14.5 (REflex 2019)
Poland 192.1 11.9 3.0 34.5 33.6 (REflex 2019)
Romania 78.6 6.3 1.6 24.4 16.6 (REflex 2019)
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Electricity (TWhel) Heat (TWhu) Data source
District Decentralized
Flexible Inflexible .
General® e b . heating heat pump
mobility® mobility® .
grids systems
Sweden 167.6 13.7 34 31.0 194 (REflex 2019)
British 408.4 71.4 17.8 797 170.7 (REflex 2019)
Islands
Total 3,898.1 409.9 102.4 704.6 907.7

2The "General" electricity demand is the total of electricity demands from the demand sectors industry,
residential and services excluding the electricity demand for heat pumps in buildings.

The electricity demand "Flexible mobility" only contains the electricity demand of cars and assumes that
80% of the cars are charged smartly.

¢ The electricity demand "Inflexible mobility" contains the inflexible load of cars (20%), trolley busses,
trains, light duty vehicles, and trolley trucks.

4 A definition of the model region "Other Balkans" is given in Appendix C.

¢ For member states of the EU "General" electricity demands are taken from the "Centralized" scenario of
the REflex project (REflex 2019). Other demand estimates are used for the non-EU countries in "Other
Balkans". The basis of these estimates is the total net electricity consumptions in 2016 in these countries
(EIA 2016). Population figures (UN 2017) are used to calculate per capita electricity consumptions in
these countries. These per capita electricity consumptions are then extrapolated until 2050 using the
average increase in per capita electricity consumption between 2017 and 2040 in the Middle East taken
from (IEA 2018). With these estimated per capita electricity consumptions in 2050 and projections for
population developments (UN 2017) the "General" electricity demands in these countries are calculated.
f Electricity demands for mobility and heat demands in "Other Balkans" are determined by applying the
respective average European ratios of "General" electricity demand and the other demand categories
("Flexible mobility", "Inflexible mobility, "District heating grids", "Decentralized heat pump systems").
These ratios are used as scaling factors to translate the "General" electricity demand of "Other Balkans"
to the other demand categories.

5.2.2.3 Electricity and heat generation

In addition to the exogenously specified electricity and heat demands, techno-economic
information on electricity generators and heat suppliers is included in Enertile to parameterize the
optimization problem. Weather-dependent renewable electricity generation is included using cost-
potential curves. These cost-potential curves are determined for four renewable electricity
generation technologies in preliminary calculations before the scenario calculations of the energy
system model Enertile: For solar energy, two different technologies are distinguished:
photovoltaics (PV) and concentrating solar power (CSP). For wind energy, both onshore and

offshore potentials are considered.

To determine the electricity generation potential of renewable energies, Europe is divided into
tiles using a grid structure. Depending on the distance to the equator, these tiles have a size
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between 100 km? and 10 km?2. For each of the approximately 140,000 tiles considered in the
analysis of this paper, the renewable generation potential is determined in five steps (Pfluger et al.
2017):

1. Identification of available areas: Based on the terrain (gradient, soil conditions, etc.) and
the prevailing land use (nature reserves, buildings, agriculture, military zones, etc.),
suitable areas for renewable energy generation are identified.

2. Determination of possible renewable capacities: Based on the available area, a definition
of land-use factors for renewable electricity generation, and the specific area required for
renewable energies, the possible renewable capacity per tile and technology is
determined.

3. Determination of potential renewable electricity generation: Combining the possible
renewable capacity with regionally resolved, hourly weather data, possible renewable
generation quantities per technology and tile are determined. For wind energy hourly
wind speeds over several years are considered. The calculation considers different hub
heights, rotor-generator-ratios, wind turbine power characteristics and regional
roughness. For solar energy hourly solar irradiation data over several years and module
efficiencies are taken into account.

4. Calculation of specific electricity generation costs: The possible generation potentials are
weighted with techno-economic data for the individual generation technologies.

5. Aggregation of the potentials within a model region: The renewable generation potentials
of single tiles are aggregated according to their specific generation costs; typically,
between 3 and 12 cost steps are considered per technology and region.

As a result, regional cost-potential curves for the various renewable generation technologies are
available for system optimization, as well as the respective hourly generation profiles. The
aggregated results for the modelled regions in 2050 are shown in Figure 5-2.

It has to be noted that all long-term technology cost projections are subject to uncertainty; this is
especially the case for relatively young technologies in a dynamic market, as is the case for wind
and solar power technologies. In the past, especially projections for solar PV did not manage to
foresee the fast cost reductions that were achieved (Creutzig et al. 2017). It is almost impossible to
forecast cost developments of RES technologies for the next 30 years accurately. However,
electricity costs are the most important cost component of hydrogen generated using electrolysis.
Since, this paper does not attempt to cover all potential RES costs developments, a sensitivity
analysis is performed to understand how higher or lower electricity generation costs of RES might
impact on hydrogen costs. The impact of deviating electricity generation costs on hydrogen
production costs is analyzed in section 5.3.5.
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Figure 5-2  Electricity generation potentials of renewable energies in all modeled regions in 2050.

The electricity generation capacities of hydropower and biomass are defined exogenously. In the
case of hydropower, a distinction is made between run-of-river, which follows a monthly profile,
and storage plants, for which the monthly energy sum is distributed by the model taking into
account the installed capacities. Biomass power plants in 2050 are modeled like the storage
hydropower plants, i.e. the amount of energy has to be distributed by the model.

Non-renewable electricity and heat generation technologies considered in the model are
characterized in Table 5-2. For power generation, hydrogen turbines and combined cycle hydrogen
turbines are considered as hydrogen reconversion technologies. At the present time, these
technologies do not yet exist for pure hydrogen; however, due to the long experience with
combustion processes, it can be assumed that they may be available by 2050. Their techno-
economic parameterization in the model is based on comparable combustion plants operated with
natural gas. Alternative electricity storage facilities are represented in the model by pumped
storage hydropower plants. New nuclear power plants are defined exogenously for the countries
that have no phase-out policy in place and see nuclear power as a part of their decarbonization
strategy. However, the number of reactors is assumed to decrease compared to today due to their
high specific costs.*

4 The high costs are also the reason why the plants have to be defined exogenously; the optimization model
chooses the technology only if unrealistically low specific costs are assumed.
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For heat generation in the model, Table 5-3 describes techno-economic parameters of hydrogen
boilers, electric boilers, large heat pumps and heat storage units. All heating and power generating
technologies are characterized by their efficiency, lifetime, specific investment, fixed operation
and maintenance cost (fixed O&M) and variable operation and maintenance cost (variable O&M).
To convert investment into annual costs in the model, constant weighted average costs of capital
of 7% are assumed for all technologies.

Renewable heat generation in heating grids is assumed to account for 20% of the annual heat
demand, with solar thermal and geothermal energy each accounting for half of the supply. The
solar thermal heat generation follows the solar irradiation profile. The geothermal heat generation
profile is assumed to be constant over time.

Table 5-2 Techno-economic parameters of heat generation utilities in 2050 as modeled in Enertile.

Efficiency Lifetime Investment Fixed O&M  Variable O&M
(%) (a) (€2020/kW) (€2020/kW) (€2020/ MWh)

Combined cycle 60 30 950 11.25 3
hydrogen
turbine
Hydrogen 40 30 450 7.5 2.7
turbine
Pumped hydro 89 40 1100 10 0.5
storage

Table 5-3 Techno-economic parameters of electricity generation utilities in 2050 as modeled in Enertile.

Efficiency (%) Lifetime (a) Investment Fixed O&M

(€2020/kW) (€2020/kW)
Hydrogen boiler 94 20 50 1.98
Electric heater 95 20 100 5.54
Large heat pump variable?® 20 600 2.4
Heat storage 99 20 22 0

2The conversion of power depends on the flow temperature and the hourly outdoor temperature.

5.2.2.4 Electrolysis

Currently, there are three main technologies in water electrolysis: Alkaline Electrolysis (AEL),
Polymer Electrolyte Membrane Electrolysis (PEMEL) and Solid Oxide Electrolysis (SOEL). The three
technologies differ in terms of the electrolyte used, their development stage and their techno-
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economic properties. From the system perspective that is applied in the analyses presented in this
paper, three dimensions of electrolysis characteristics are relevant: firstly, what costs are
associated with the technology; secondly, how much energy is used by the technology to produce
hydrogen; and thirdly, how flexibly the technology can respond to the fluctuating availability of
renewable electricity.

AEL is the most mature electrolysis technology and has been used in industrial applications since
the beginning of the 20™ century (Kreuter et al. 1998). The electrolyte in AEL is typically an
aqueous alkaline solution of sodium hydroxide or potassium hydroxide. Its system efficiency in
converting electrical energy into hydrogen is currently in the range of 51% to 60% based on the
lower heating value (Buttler et al. 2018). Specific investments for AEL systems currently range
between 800 €,020/kWe and 1,500 €,020/kWe (Buttler et al. 2018). Operation with intermittent and
fluctuating power sources is possible but leads to problems in pilot plants (Gahleitner 2013). The
minimum load of AEL is limited to 20% to 25% of nominal hydrogen production. While its cold
start-up time lies between one and two hours, its warm start-up time ranges between one and five
minutes (Buttler et al. 2018).

In PEMEL an acidic proton exchange membrane is used as the electrolyte, which requires the use
of noble metals as catalysts, anodes, and cathodes to prevent corrosion (Buttler et al. 2018). Due
to the high material requirements, this electrolysis technology is currently considerably more
expensive than AEL with a specific investment of 1,400 €3020/kWe to 2,100 €3020/kWe (Buttler et al.
2018). It is assumed that production costs comparable to those of AEL can be achieved in the mid-
term through the upscaling of electrolyzer production and further developments in the materials
used (Brinner et al. 2018; Smolinka et al. 2018). The efficiency of a PEMEL system currently ranges
between 46% and 60% based on the lower heating value and is thus similar to an AEL system
(Buttler et al. 2018). PEMEL features the most flexible operation of the three technologies, with
short cold start-up times of between 5 and 10 minutes, warm start-up times of less than
10 seconds, and without technical limits of minimum load (Buttler et al. 2018).

SOEL is still at the pre-commercial development stage. It is operated at 700 °C to 1,000 °C and uses
a ceramic electrolyte. The high operating temperature can reduce the direct power consumption
of the technology, if external heat sources are available. The electrical system efficiency can
therefore be increased to between 76% and 81% based on the lower heating value (Buttler et al.
2018). If no external heat is available, the SOEL's efficiency is similar to that of AEL or PEMEL. Even
though SOEL allows for an operating range of -100% (meaning it operates as a fuel cell) to 100%,
its flexible utilization is limited. The high operating temperature causes long cold start-up times of
up to 10 hours and relatively long warm start-up times of 15 minutes (Buttler et al. 2018; Smolinka
et al. 2018). Material degradation caused by high temperatures and steep temperature gradients
currently results in short lifetimes of 8,000 to 20,000 operating hours and an overall unsuitability
of SOELs as a system flexibility option (Buttler et al. 2018; Smolinka et al. 2011). Due to the pre-
commercial status, estimates on the current specific investment of SOEL are uncertain and range
between 1,350 €,020/kWe and 3,250 €3020/kWe (Smolinka et al. 2018).
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For the analyses in this paper only PEMEL is considered. It is particularly suitable for flexible
operation in combination with fluctuating renewable power sources and has the potential to be
the technology with the lowest hydrogen production cost in many potential fields of application by
2050. The techno-economic electrolyzer parameters used for the modeling in 2050 are shown in
Table 5-4. Starting from a central parameter scenario, the specific investments, the electrical
system efficiency, and the lifetime of a PEMEL system are individually varied by 10%. In the
progressive parameter scenario, all three parameter dimensions are assumed to be simultaneously
enhanced by 10%; in the conservative parameter scenario, all three parameter dimensions are
assumed to be simultaneously weakened by 10%.

Table 5-4 Techno-economic parameter variation of PEMEL as modeled in 2050.

Efficiency (%) Lifetime (a) Investment Fixed O&M
(€2020/kW) (€2020/kW)
Progressive 75 30 459 6.3
Progressive investment 68 27 459 6.3
Progressive efficiency 75 27 510 7
Progressive lifetime 68 30 510 7
Central 68 (Smolinka 27 510 (Smolinka et 7 (Smolinka et
et al. 2018) (Smolinka al. 2018) al. 2018)
et al. 2018)

Conservative investment 68 27 561 7.7
Conservative efficiency 61 27 510 7
Conservative lifetime 68 24 510 7
Conservative 61 24 561 7.7

5.3 Results

Below the hydrogen generation potential in Europe in 2050 resulting from the model runs is
presented and analyzed. Of particular interest are the available quantities of hydrogen for the
demand sectors of transport, industry, residential and services, the impact of hydrogen production
on the electricity system, the regional distribution of electrolyzer capacities in Europe and the
techno-economic drivers determining the deployment of electrolyzers.
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5.3.1 Hydrogen supply curve for demand sectors in Europe in 2050

The hydrogen supply curves determined by the optimization model for transport, industry,
residential and services in an emission-free European energy system in 2050 are shown in Figure
5-3. Hydrogen production quantities for three different techno-economic development statuses of
PEM electrolysis and different hydrogen sales prices (as ex works prices)® are given. Hydrogen
utilized as an electricity storage medium in the conversion sector is included in the scenario runs,
but not included in these supply curves.

The optimization results in Figure 5-3 show a disproportional increase in the available quantity of
hydrogen for the demand sectors with increasing hydrogen prices. In the central parameter
scenario, the potential hydrogen supply increases from 0 TWhy; at a sales price of 50 €020/ MWhp,
to 4,111 TWhy; at a sales price of 150 €020/ MWhp,. In compliance with the 1.5 °C target, the long-
term strategic vision of the EC implies a hydrogen demand of about 1,536 TWhy; to 1,953 TWhy,®
in Europe for industry, transport, residential and services by 2050 (EC 2018a, 2018b). The
optimization results indicate that hydrogen demands of this order of magnitude entail marginal
hydrogen generation costs between 110 €3000/MWhy, and 130 €,020/MWhy, in the central
parameter scenario. In the event of a conservative techno-economic development of PEM
electrolysis, the marginal hydrogen generation costs rise to between 120 €000/MWhy, and
150 €2020/MWhy, to cover these hydrogen demands. In the opposite case of a progressive techno-
economic development, the marginal hydrogen generation costs induced by these demands
decrease to between 90 €,000/MWhy and 110 €5000/MWhy,. A more detailed analysis of the
influence of the different techno-economic drivers on the hydrogen generation potential is given
in section 5.3.4.

5 The model answers the question of how much hydrogen the supply sector would produce if the willing-
ness of the demand sectors to pay ex works, i.e. without incurring costs after production, such as
transport costs etc., reached a given level.

6 For the 1.5TECH scenario the EU long-term strategy (EC 2018a, 2018b) indicates the following demands for
hydrogen-based energy sources for the industrial, residential & services and transport sectors in 2050:
67.7 Mtoe hydrogen, 44.7 Mtoe e-gas, and 40.7 e-liquids. For the 1.5Life scenario the demands in 2050
are: 60.7 Mtoe hydrogen, 40.7 Mtoe e-gas, 19.6 Mtoe e-liquids. In a simple estimation of the required hy-
drogen for e-gas and e-liquids production, it is assumed that e-gas is equivalent to synthetic methane and
that e-liquids are equivalent to synthetic methanol. The necessary quantities of hydrogen are calculated
using the demands of e-gas and e-liquids and the stoichiometric ratios in the Sabatier reaction and metha-
nol synthesis.
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Figure 5-3  Hydrogen supply curves for the demand sectors of transport, industry, residential and services
in Europe in 2050. Depicted here are available quantities of electricity-based hydrogen at in-
creasing sales prices (ex works) for three different techno-economic development statuses of
PEM electrolysis.

5.3.2 Impacts of hydrogen generation on the electricity sector in Europe in
2050

Besides the potential utilization in the demand sectors, hydrogen can serve as an electricity
storage and flexibility option in the conversion sector. In both cases the production of hydrogen
using electricity has impacts on the electricity sector.
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The results of the scenario analysis in Figure 5-4 and Figure 5-5 show that the production of
substantial amounts of hydrogen requires a substantial expansion of the renewable electricity
generation fleet. The electricity used to generate hydrogen, which is either used as storage for the
conversion sector or to supply the demand sectors, increases from 507 TWhe at a hydrogen sales
price of 50 €2020/MWhy, to 6,106 TWhe at a hydrogen sales price of 150 €020/ MWhy,. At the lower
end of the sales prices at 50 €,020/MWhy,, there is no sale of hydrogen to the demand sectors. The
electricity consumed by electrolysis at this sales price is ultimately converted back into electricity
or heat and therefore remains in the conversion sector. The 146 TWhy; of produced hydrogen is
the amount the model considers cost-efficient for balancing a system based largely on fluctuating
renewable energy. At a hydrogen sales price of 130 €3020/MWhy, — which is necessary to reliably
cover the hydrogen demands in industry, transport, residential and services in the 1.5 °C scenarios
of the EC's long-term strategic vision — the overall electricity demand for hydrogen production
rises to 3,831 TWhe. This increase in electricity demand for hydrogen production causes a capacity
increase of 766 GW, wind power and 865 GW, solar power.

The results show positive effects of a flexible operation of electrolyzers and hydrogen storage
units on the integration of fluctuating renewable energies into the energy system. Figure 5-6
indicates that with an increasing hydrogen sales price up to 110 €,000/MWhy, the curtailed
renewable electricity is reduced in the model results by between 4% and 18% compared to the
curtailment at 50 €,000/MWhy,. This happens despite an expansion of the installed renewable
generation capacities. Therefore, a certain amount of surplus electricity is used by the model to
generate hydrogen. However, hydrogen sales prices exceeding 110 €3020/MWhy, lead to higher
amounts of curtailed renewable electricity, as renewable capacities are further expanded.

The utilization of hydrogen as an electricity storage medium in the conversion sector decreases
with increasing hydrogen sales prices for the demand sectors. While at a hydrogen sales price of
50 €2020/MWhy; 146 TWhe of electricity are supplied from hydrogen reconversion, at a hydrogen
sales price of 150 €3020/MWhgy; hydrogen reconversion decreases to 14 TWhe (see Figure 5-6). This
can be explained by two effects. Firstly, it is the opportunity costs that determine the type of use
of electricity-based hydrogen. The model weighs the potential benefits from the sale of hydrogen
to the demand sectors against the value of hydrogen as a storage option in the electricity and
heating system. The possible profits from the sale of hydrogen to the demand sectors are
determined by the price in the scenario definition. The value of hydrogen as an energy carrier and
storage medium in the electricity and heating system is determined endogenously in the model on
the basis of the supplies and demands in each hour considered. With increasing scenario-specific
hydrogen sales prices for the demand sectors, there is an increasing number of alternatives in the
electricity and heating system that can offer a supply below these opportunity costs. Secondly, the
increase in hydrogen production is accompanied by an increase in the installed capacity of
renewable energies. This additional electrical capacity reduces the residual load in hours of high
demand and low supply of renewable energies. Consequently, this decreased residual load
reduces the need for hydrogen as an electricity storage medium.
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With increasing hydrogen sales prices, the generation of hydrogen for the demand sectors
becomes the main flexibility option in the electricity system for dealing with an oversupply of
renewable electricity. While the production of hydrogen for transport, industry, residential and
services increases, the use of hydrogen for reconversion, pumped hydro storage power plants and
cross-regional balancing via the transmission grid to integrate an oversupply in the electricity
system decreases (see Figure 5-6). While the installed capacity remains constant, the use of
pumped hydro storage power plants at a hydrogen sales price of 150 €,0,0/MWhy; is reduced by
about 69% compared to its utilization at a sales price of 50 €,020/MWhy,. The total amount of
electricity traded between model regions and thus the grid losses decrease by 53% with an
increase in the hydrogen sales price from 50 €2020/MWhy; to 150 €50,0/MWhy,. However, the total
transmission capacity of the grid decreases only slightly by 1%. This implies that at high hydrogen
sales prices, local conversion of local electricity surpluses into hydrogen increases and distribution
of these surpluses via the electricity grid decreases. Setting aside the regional distribution of
hydrogen demands, it also implies that the installed transmission grid capacity is determined by
the peaks of the residual loads and not by the provision of hydrogen to the demand sectors. On
the other hand, electricity-based heat generation in heat grids increases with rising hydrogen sales
prices. While at a hydrogen sales price of 50 €0200/MWhy, 159 TWhe electricity are used to
generate heat in heat grids, at a sales price of 150 €3020/MWhy, the electricity demand for heat
generation increases to 286 TWhe (see Figure 5-6). This increase in flexible, electrical heat
generation is caused by the higher installed capacity of renewable energies at increasing hydrogen
production volumes.
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Figure 5-6 Influence of increasing hydrogen production quantities at increasing hydrogen sales prices for
the demand sectors on other flexibility options in the conversion sector. Optimization results
are displayed shown for the central parameter scenario of PEM electrolysis.

78



5 A supply curve of electricity-based hydrogen in a decarbonized European energy system in 2050

5.3.3 Installed electrolyzer capacities and full load hours

The increased hydrogen generation at higher hydrogen sales prices coincides with increasing
electrolyzer capacities. Figure 5-5 shows in the central parameter scenario at hydrogen generation
costs of 50 €3020/MWhy,; an installed electrolyzer capacity of 206 GW in Europe in 2050. At a
hydrogen sales price of 150 €020/ MWhy, the electrolyzer capacity increases to 1,629 GW,. In order
to securely meet the hydrogen demands of the demand sectors as postulated in the 1.5 °C
scenarios of the EC (EC 2018a, 2018b), the model results indicate that in the central parameter
scenario between 798 GW. and 1,020 GW, of electrolyzers need to be installed.

The average full load hours (FLH) of the electrolyzers increase with rising hydrogen sales prices. At
a hydrogen sales price of 50 €,020/MWhy;, the electrolyzers are operated at 1,670 FLH. With a hy-
drogen sales price of 150 €3020/MWhy, the model uses electrolysis in 2,549 hours of the year: the
same FLH result for meeting the sectoral demands of the 1.5 °C scenarios of the EC's long-term
strategic vision. This increase in electrolyzer FLH is mainly driven by the additional renewable elec-
tricity generation plants that are installed by the model to sell more hydrogen to the demand sec-
tors. These additional power plants are not essential to meet other electricity demands and, in-
crease the full load hours of the electrolyzers. Therefore, the proportion of the electricity used for
electrolysis increases for the additional RES capacities built in the scenarios with the higher hydro-
gen sales prices.

5.3.4 Techno-economic drivers of electrolyzer deployment

The installed electrolyzer capacities and their utilization are strongly dependent on the techno-
economic development of the electrolyzer technologies. Figure 5-7 shows the changes in the
hydrogen supply potential for the demand sectors if the following parameters are varied: specific
investment, lifetime, and efficiency of PEM electrolysis.

In the conservative parameter scenario, the hydrogen generation potential for the demand sectors
is reduced by 38% to 84% depending on the underlying specific hydrogen generation costs. In the
opposite case of the progressive parameter scenario, the European hydrogen generation potential
for the demand sectors increases between 62% and 168% compared to the central case.
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Figure 5-7  Hydrogen supply curves for the demand sectors at different hydrogen sales prices (ex works)
and with variations of £10% in the electric system efficiency, the specific investment, and the
lifetime of PEM electrolyzers in Europe in 2050.

The results of the individual parameter variation in Figure 5-7 show that the electric efficiency of
electrolyzers is most decisive for its deployment in a European energy system primarily based on
renewables. While a variation of the specific investment or the lifetime by +10% leads to a
maximum deviation of 23% in hydrogen generation for the demand sectors compared to the
central parameter scenario, a variation of the electric efficiency by £10% causes a deviation in
hydrogen production for the demand sectors of between 36% and 131% compared to the central
parameter scenario.

Alternatively, the model results can be used to estimate the cost reduction of hydrogen
production if the electrolyzer parameters are varied. For this purpose, the supply curves in Figure
5-7 are determined by performing linear interpolation between the data points received in the
model runs. This allows to determine the distance — i.e. the variation in marginal hydrogen
production costs — between the curves for selected hydrogen production quantities. A reduction of
the marginal hydrogen production costs would result in a left shift of the supply curve compared
to the central parameter scenario. Figure 5-8 shows the average variations in marginal hydrogen
production costs for different parameter variations of PEM electrolysis. It can be seen that an
increase in lifetime or a reduction of the specific investment only slightly reduces the marginal
hydrogen production costs. While an increase in lifetime by 10% does not affect specific hydrogen
production costs significantly, a reduction of the specific investment by 10% reduces the marginal
hydrogen production costs on average by 1%. Conversely, a change in the system efficiency of
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PEM electrolyzers has a disproportionally high effect on the marginal hydrogen production costs:
An increase in efficiency by 10% reduces the marginal hydrogen production costs on average by
12%. The disproportionately high effect of an increase in efficiency on marginal hydrogen
generation costs is mainly based on the fact that an increase in efficiency by 10% reduces the
electricity procurement costs of an electrolyzer - i.e. the most important cost component of
hydrogen generation - in two ways. Firstly, the higher efficiency reduces the electricity demand of
hydrogen production by 9%. Secondly, the average electricity procurement costs of an electrolyzer
are reduced. The higher efficiency would allow an electrolyzer to produce the same amount of
hydrogen in 9% fewer hours. Thus, the number of hours with high electricity procurement costs
can be avoided. Both effects together allow for a disproportionate effect of an efficiency increase
on marginal hydrogen production costs.
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Figure 5-8  Variations of the marginal hydrogen production costs for variations of +10% in the electric
system efficiency, the specific investment, and the lifetime of PEM electrolyzers’.

The values are determined by calculating the distances between the supply curves of the central pa-
rameter scenario and the model results of the parameter variations in Figure 5-7. The distances are
calculated for hydrogen production quantities between 500 TWhH2 and 3000 TWhH2 in 500 TWhH2
steps. The bars represent the mean values of the variations determined. The error bars show the min-
imum and maximum variations.
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5.3.5 Impacts of renewable electricity cost on marginal hydrogen
generation costs
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Figure 5-9  Price components of electricity-based hydrogen in the central parameter scenario of PEM
electrolysis.

The strong dependence of the electrolyzer deployment on the electric efficiency in the model
results is based on the dominance of electricity costs in the hydrogen generation costs. Figure 5-9
shows the specific cost components of hydrogen production by electrolysis for increasing
hydrogen sales prices in the central parameter scenario. The annuitized investments of all
electrolyzers — operated to provide both flexibility as electricity storage and supply to the demand
sectors — are allocated to the overall amount of hydrogen generated in the model run. The figure
shows that the proportion of hydrogen production costs represented by electricity costs increases
with increasing hydrogen production from 41% at a hydrogen price of 50 €2020/MWhgy; to 87% at a
hydrogen price of 150 €,020/MWhy,. While low hydrogen production volumes allow the integration
of low-cost regional electricity surpluses, increasing production volumes induce the use of
electricity with higher procurement costs.
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Figure 5-10 Hydrogen supply curves for the demand sectors at different hydrogen sales prices (ex works)
and with variations of wind and solar based electricity generation costs by £10% and +20% in
Europe in 2050.
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Figure 5-11 Variations of the marginal hydrogen production costs for variations of wind and solar based
electricity generation costs. Values are calculated using the hydrogen supply curves in Figure
5-10 and the methodology described in footnote’.
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Electricity costs are the most important component of hydrogen generation costs and the
electricity system is dominated by fluctuating renewable electricity generation. Therefore, the
calculated hydrogen generation costs are sensitive to deviations from the assumed costs for
renewable electricity.

Figure 5-10 shows the deviations in hydrogen generation from the central parameter scenario if
renewable electricity generation costs are varied. The supply curves between successive data
points are determined by linear interpolation. A reduction of the marginal hydrogen production
costs would result in a left shift of the supply curve compared to the central parameter scenario.
Figure 5-11 shows the average deviations in marginal hydrogen production costs for different
changes in RES generation costs, i.e. the distance between the supply curves for selected hydrogen
production quantities. The model results in Figure 10 and Figure 11 show that the production costs
of weather-dependent renewable energies are — as expected — important determinants of the
marginal production costs of electricity-based hydrogen. The marginal hydrogen production costs
change slightly under-proportionally in the case of a simultaneous reduction of the electricity
generation costs from solar and wind energy. A simultaneous decrease in electricity production
costs from both wind and solar energy by 10% leads to a decrease in marginal hydrogen
production costs by 8%. An equivalent reduction of these electricity generation costs by 20% leads
to a reduction of the marginal hydrogen production costs by 17%. The disproportionately lower
reduction of hydrogen production costs compared to the decrease in electricity generation costs
has two main reasons. Firstly, hydrogen generation costs have other, fixed cost components (see
Figure 5-9). These fixed cost components remain unaffected by a reduction in electricity cost.
Secondly, electricity generation costs of RES are the major, but not the only cost component of the
electricity system, both in reality and in the model. Additional costs stem for example from
expanding and maintaining the electricity grids and electricity storages. Therefore, reducing RES
costs by 10% reduces electricity costs of the whole electricity system by less the 10%.

The model results in Figure 10 and Figure 11 also reveal that a change in electricity generation
costs from wind energy has a greater influence on marginal hydrogen production costs than
changing the costs of solar energy. While a 10% reduction in electricity production costs from wind
energy leads to an average reduction in marginal hydrogen production costs of 6%, an equivalent
10% reduction in electricity production costs from solar energy only results in an average
reduction in marginal hydrogen production costs of 3%.
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5.3.6 Impact of demand variations on marginal hydrogen generation costs
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Figure 5-12 Hydrogen supply curves for the demand sectors at different hydrogen sales prices (ex works)
and with variations of electricity demands in Europe in 2050.

According to our model results, a change in the total European electricity demand is only expected
to have a minor impact on the hydrogen production potential in Europe in 2050. Figure 5-12 shows
the deviations in hydrogen quantities generated for the demand sectors with varying electricity
demands. Simultaneous variations of 10% of both flexible and inflexible electricity demands (as
defined in Table 5-1) are investigated. Applying the same methodology as for the sensitivity analy-
sis of electrolyzer parameters and RES cost — i.e. measuring the side-shift of the supply curve for
demand variations — hydrogen generation cost variations are determined. This approach shows
that demand variations of + 10% lead to deviations in hydrogen production costs of up to + 2%.
The deviation of hydrogen generation costs for many points of the supply curve is close to 0%.
These results suggest that the generation costs of hydrogen are not substantially depended on
other electricity demands and indicate that other parameters have a much higher impact.
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5.3.7 Regional distribution of hydrogen generation in Europe in 2050

The hydrogen generation potential to supply the demand sectors varies between regions in
Europe. Figure 5-13 shows the regional distribution of these generation potentials in the model
results. While in the central parameter scenario in Austria and Switzerland no hydrogen is
produced for the demand sectors even at a hydrogen sales price of 150 €;020/MWhyy, the
generation potential at this price in the UK and Ireland is 689 TWhy.

The regional distribution of the hydrogen generation potential mainly depends on the quality of
national RES potentials still available after the prevailing electricity demand is covered. This
characteristic allows the regions modeled in Enertile to be grouped into two categories. In regions
of the first category, the model chooses to meet the prevailing electricity demands by net
electricity imports from other regions in addition to exploiting regional RES potentials. These
regions have no substantial hydrogen generation potential. In Europe, these countries include
Austria, Switzerland, Germany, the Czech Republic, Hungary, Slovakia, Italy, and the countries of
the Benelux Union. These are countries with a low or costly renewable electricity generation
potential compared to their electricity demand. At a sales price of 130 €3020/MWhp;,, the hydrogen
generation potential for the demand sectors of these countries, at 71 TWhy,, accounts for about
3% of the total generation potential in Europe.

The regions in the second category can be characterized by relatively higher RES generation
potentials compared to their electricity demands. At a hydrogen sales price of 50 €2000/MWhy;, i.e.
when no hydrogen production for the demand sectors occurs, these regions are net electricity
exporters to regions with a less beneficial ratio between electricity demands and RES potentials.
These exporting regions can be distinguished by the type of RES that is predominantly exploited
when hydrogen is produced for the demand sectors at higher sales prices. In the UK, Ireland,
Sweden, Poland, Finland, Denmark, France, and the Baltic States the high hydrogen generation
potentials are driven by the good wind potentials. In these countries, at a hydrogen sales price of
130 €2020/MWhy,, 70% of the additional renewable electricity generated in order to produce
hydrogen for the demand sectors originates from wind power. By contrast, in Bulgaria, Slovakia
and Romania over 70% of hydrogen generation for the demand sectors at a sales price of
130 €2020/MWhy;, is covered by an expansion of electricity generation from solar power. In Norway,
Portugal and Spain the origin of additional electricity generation for hydrogen production is, at a
sales price of 130 €020/ MWhy,, more evenly distributed between wind and solar power.
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Figure 5-13 Hydrogen generation potential for the demand sectors by region in Europe in 2050. The bars
show the optimization results of the central parameter scenario of PEM electrolysis, while the
error bars show the deviations from that result in the conservative and the progressive pa-
rameter scenarios respectively.

87



5 A supply curve of electricity-based hydrogen in a decarbonized European energy system in 2050

5.4 Summary and Conclusions

This paper examines the production potential for electricity-based hydrogen in a de-fossilized
European energy system in 2050. The analysis was carried out using an extended version of the
energy system optimization model Enertile. The study focuses on possible hydrogen production
qguantities if certain levels of willingness to pay for hydrogen are assumed. The interactions of the
resulting hydrogen production with the rest of the energy system, and the influence of techno-
economic electrolyzer characteristics on the hydrogen production potential are analyzed. While
the focus of the analysis is on the target state of a de-fossilized European energy system in 2050,
the model results allow conclusions on options and needs for action for today's decision makers in
politics and economy.

The model results show that hydrogen production of small amounts up to 12 TWhy, starts at
marginal production costs of 60 €300/MWhy,. Hydrogen quantities of at least 1,536 TWhy, as
envisaged in the 1.5 °C scenarios by the EC's long-term strategic vision induce marginal hydrogen
production costs of over 110 €30,0/MWhy,. These costs take into account only the costs of
hydrogen production and exclude potential costs of transport and distribution infrastructures or
the conversion to other energy carriers such as methane. Based on these long-term cost
projections, potential uses of e-fuels can be identified and compared to alternative de-fossilization
strategies. For example, a steel producer can use this cost estimate to check whether it is feasible
to transform the steel production process to direct reduction with hydrogen generated from
renewable electricity in Europe.

In order to generate hydrogen amounts of the order of magnitude envisaged in the EC's scenarios
in Europe, electrolyzers with a capacity greater than 798 GW. must be installed. Due to the low
demand, electrolyzers are currently manufactured on a small scale only. In 2016, the global annual
production volume of electrolyzers was estimated to be below 100 MWe/a (Smolinka et al. 2018).
If electricity-based hydrogen produced in Europe at the shown costs is to play a substantial role in
the future European energy system, both the available electrolyzer sizes and the production
capacity of electrolyzers must be significantly increased soon.

The generation of substantial hydrogen quantities has considerable effects on the electricity
system. To provide the electricity required for the production of the hydrogen quantities
determined in the EC's scenarios, an additional 766 GW, of wind power and 865 GW, of solar
power need to be installed. In 2017 the installed capacities in the EU amounted to 169 GW, of
wind power and 107 GW, of solar photovoltaic power (Observ'ER et al. 2019); i.e. to cover the
additional electricity demand of electrolysis, it would be necessary to increase the installed
capacity of wind power by more than four and half times and the installed capacity of solar
photovoltaic power by more than eight times. In energy systems dominated by renewable
energies the 'fuel' of electrolyzers — electricity — is scarce. Economic evaluations of e-fuel concepts
must therefore take into account the competition among electricity consumers for cheap
renewable electricity. The expansion of renewable energies should therefore be intensified if e-
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fuels are to be produced in Europe. Given this order of magnitude of additional renewable energy
power plants in the pursuit of strategies with substantial e-fuel quantities, questions of acceptance
for these power plants must be addressed.

Due to the long-term storage property of hydrogen and the flexible operation of PEM
electrolyzers, a power system dominated by renewable energies can in principle be provided with
flexibility through the electrolytic production of hydrogen. The model results show that a high
willingness to pay up to 110 €,0,0/MWhy, for electrolytic hydrogen by the demand sectors can
reduce curtailment of renewable energies by 4%, the utilization of electricity transport grids by
27% and the utilization of other storage facilities by 45%. The expansion of grid capacities and
installed storage capacities, however, are not reduced in the model results. Therefore, the
generation of e-fuels can help to some extent to integrate RES into electricity generation, but it
does not undermine the economic benefit of the expansion of electricity transport grids.

The model results show that there are two key techno-economic properties of electrolyzers used
in energy systems dominated by renewable energies: Firstly, the technical capability to operate
flexibly and secondly, its conversion efficiency of electricity into hydrogen. On the one hand, the
results of the system cost minimization show that on average electrolyzers are operated in less
than 30 % of the hours of a year across all model regions and that their loads often change quickly.
This implies that electrolyzers must be able to react flexibly to the fluctuating conditions in an
electricity system dominated by renewables. On the other hand, variations of different techno-
economic electrolyzer parameters show that in such an electricity system the conversion efficiency
of electrolyzers has the greatest influence on marginal hydrogen production costs. By increasing
the efficiency by 10%, the specific hydrogen production costs can be reduced by 12% on average.
Equivalent improvements in the specific investment or system lifetime of an electrolyzer have a
substantially lower impact on specific hydrogen production costs. For the application of
electrolyzers in energy systems dominated by renewable energies, the future technological
development of electrolyzers should therefore focus on optimizing flexible operation and
increasing conversion efficiencies.

Electricity procurement is the largest cost component for hydrogen produced with electrolysis. In a
future decarbonized electricity system, wind and solar energy will dominate electricity supply.
However, the cost developments of these technologies in the next 30 years are subject to high
uncertainty. Therefore, a sensitivity analysis was performed analyzing the impacts of higher and
lower electricity generation costs. Reducing the costs of both wind and solar energy by 10% and
20% leads to a decrease in marginal hydrogen production costs by 8% and 17%, respectively. This
shows that a steeper technological learning in renewable electricity generation would also allow
substantially reduced hydrogen production costs.

Hydrogen production potential is unevenly distributed across Europe. It correlates with the
generation potentials for renewable electricity that are not required to cover the remaining
electricity demand. Setting aside a hydrogen transport infrastructure that delivers the produced
hydrogen to potential customers, the largest and most cost-efficient hydrogen production
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potential is in the United Kingdom due to its vast wind energy resources. Given this regionally
dispersed hydrogen production potential, a European hydrogen transport infrastructure is
potentially necessary and should be further explored.

Considering the obtained hydrogen supply curve, it remains unclear whether substantial amounts
of hydrogen will be produced in Europe using electrolysis. Actual European production will also
depend on hydrogen procurement costs from alternative sources. Firstly, it is possible to import
electricity-based hydrogen from regions with more favorable renewable energy potentials such as
the MENA (Middle East and North Africa) region. Secondly, the use of carbon storage systems also
makes it possible to use hydrogen obtained from natural gas via steam reformation or similar
techniques.
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5.5 Appendix

Appendix A.Nomenclature

Table 5-5 Index sets.

Index set Description
B Set of building types
H Set of hours of the year
I Set of electricity generating technologies, electricity storage technologies, and

cross-border transmission grid technologies

] Set of heat generating technologies and heat storage technologies
K Set of electrolyzer and hydrogen storage technologies
L Subset of heat generating technologies and heat storage technologies in heat
grids
M Subset of heat generating technologies and heat storage technologies in
buildings
N Subset of electricity generating technologies for hydrogen reconversion
R Set of scenario regions
HG Set of heating grids

Table 5-6 Indices.

Index Description
b Building type index
h Hour of the year index
i Electricity generation, electricity storage, and cross-border transmission grid

technology index
j Heat generation and heat storage technology index

k Electrolyzer and hydrogen storage technology index
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Index Description

l Heat generation and storage technology in heat grids index
m Heat generation and storage technology in buildings index
n Hydrogen reconversion technology index
r Region index

eb Electric boiler (part of heating technologies)

hg Heat grid index

hpb Heat pump in building (part of heating technologies)

hpg Heat pump in heat grid (part of heating technologies)

hyb Hydrogen boiler (part of heating technologies)

Table 5-7 Parameters.

Parameter  Description

phy Hydrogen sales price for external demand sectors €30,0/MWhy,
leix Annuitized specific fixed cost of technology i in €020/ MW
/v Specific variable cost of technology i in €,000/MWhe
ijix Annuitized specific fixed cost of technology j in €2020/MWy
" Specific variable cost of technology j in €000/MWi
le;ix Annuitized specific fixed cost of technology k in €2020/MWh,
cpr Specific variable cost of technology k in €3000/ MWhy,
Dflh Electricity demand in region r, and hour h in MWhg
D%g,h Heat demand in region r, heat grid hg, and hour h in MWhy,
D%’h Heat demand in region r, building b, and hour h in MWh,
Yhog Conversion efficiency (electricity to heat) of heat pump in heat grids in %
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Parameter  Description
Yeb Conversion efficiency (electricity to heat) of electric boiler in %
Yhpb Conversion efficiency (electricity to heat) of heat pump in buildings in %
Ypem Conversion efficiency (electricity to hydrogen) of PEM electrolyzers in %
Vn Conversion efficiency (hydrogen to electricity) of hydrogen reconversion
technology in %
Yhyb Conversion efficiency (hydrogen to electricity) of hydrogen reconversion
technology in %
Table 5-8 Variables.
Variable Description
Xfll. Capacity of technology i in region r in MW4
st Capacity of technology j in region r in MWy,
Xf% Capacity of technology k in region 7 in MW,
xfli.h Unit of electricity supplied or demanded by technology i in region r, and hour h
xf’ln’h Unit of electricity supplied by hydrogen reconversion technology n in region r,
and hour h in MWhg
xfg.h Unit of heat supplied or demanded by technology j in region r, and hour h in
MWh,
x%mh Unit of heat supplied by technology m in region r, building b, and hour h in
MWhih
xri"lglg,eb h Unit of heat supplied by electric boiler eb in region r, heat grid hg, and hour h in
MWh,
xf%g hpg.h Unit of heat supplied by heat pump hpg in region r, heat grid hg, and hour h in
MWhin
xf%g hyb,h Unit of heat supplied by hydrogen boiler hyb in region r, heat grid hg, and hour

h in MWhg,
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xf{h Unit of hydrogen supplied or demanded by technology k in region r, and hour h
in MWth
yrhy Unit of hydrogen sold to external demand sectors in region r in MWhy;

Appendix B.Abbreviations

Table 5-9 Abbreviations

Abbreviation Explanation

AEL Alkaline electrolysis

BEV Battery electric vehicles

CspP Concentrating solar power

DS Demand-supply equation

EC European Commission

EU European Union

e-fuels Electricity-based fuels

FLH Full load hours

GHG Greenhouse gas

MENA Middle East and North Africa
Oo&M Operation and maintenance cost
PEM Polymer electrolyte membrane
PEMEL Polymer electrolyte membrane electrolysis
PHEV Plug-in hybrid electric vehicles
PV Photovoltaics

RES Renewable energy source

SOEL Solid oxide electrolysis
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Appendix C.Enertile regions

Figure 5-14  Map of regions as modeled in Enertile.
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Table 5-10  Definition of regions as used in Enertile, Table 5-1, Figure 5-13, and Table 5-D1.
Enertile region Countries Term Table 5-1 Term Figure 5-13/
code Table D1
AT Austria Austria Austria
CH Switzerland Switzerland &
Switzerland
DE Germany Germany Germany
FR France France France
IBEU Spain, Portugal Iberian Peninsula Iberian Peninsula
BEU Belgium, Luxembourg Benelux Union Benelux Union
HUK Hungary, Slovakia Hungary & Slovakia Hungary & Slovakia
UKI United Kingdom, Ireland British Islands British Islands
PL Poland Poland Poland
BUG Bulgaria, Greece Bulgaria & Greece Bulgaria & Greece
BAK Slovenia, Croatia, Bosnia and Other Balkans Other Balkans
Herzegovina, Serbia, Kosovo,
Montenegro, Albania, North
Macedonia
BAT Estonia, Lithuania, Latvia Baltic States Baltic States
cz Czech Republic Czech Republic Czech Republic
DK Denmark Denmark Denmark
IT Italy Italy Italy
NO Norway Norway Norway
RO Romania Romania Romania
SE Sweden Sweden Sweden
NL Netherlands Benelux Union Benelux Union
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Appendix D.

Regional results

Table 5-11  Hydrogen generation potential for the demand sectors by region in all modelled regions in 2050 as shown in Figure 5-13.
Conservative parameter scenario Central parameter scenario Progressive parameter scenario
50 70 90 110 130 150 50 70 90 110 130 150 50 70 90 110 130 150
€000/M  €000/M  €000/M  €3000/MW  €2000/MW €000/ MW | €020/M  €000/M  €2020/M  €3000/MW  €3000/MW  €3000/MW | €2000/M  €020/M  €2020/M €200/ MW €020/ MW €300/ MW
Wh Wh Wh h h h Wh Wh Wh h h h Wh Wh Wh h h h
Austria & 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12
Switzerland
Other 0 0 0 11 34 75 0 0 0 0 13 31 0 0 2 21 55 123
Balkans
Baltic States 0 1 74 199 236 271 0 0 27 98 206 212 0 24 191 260 296 373
Benelux 0 0 0 0 39 143 0 0 0 0 0 57 0 0 0 0 39 143
Union
Bulgaria & 0 0 9 14 47 68 0 0 1 11 14 43 0 1 13 42 74 105
Greece
Czech 0 0 0 0 19 0 0 0 0 0 0 0 0 0 0 16 38
Republic 0
0 0 0 0 27 98 0 0 0 0 0 54 0 0 0 0 101 226
Germany
0 0 0 35 97 370 0 0 0 6 55 123 0 0 8 84 259 538
Denmark
) 0 0 2 111 234 280 0 0 0 8 135 209 0 0 13 210 310 484
Finland
France 0 0 93 202 303 429 0 0 35 103 196 274 0 40 130 302 437 602
Hungary & 0 0 0 0 5 19 0 0 0 0 0 8 0 0 0 0 20 56
Slovakia
Iberian
. 0 27 a1 97 224 286 0 15 32 54 122 202 0 39 80 244 314 373
Peninsula
0 0 0 0 0 26 0 0 0 0 0 0 0 0 0 0 21 39
Italy
0 0 0 116 305 613 0 0 0 57 164 283 0 0 91 280 670 748

Norway
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Conservative parameter scenario

Central parameter scenario

Progressive parameter scenario

50 70 90 110 130 150 50 70 90 110 130 150 50 70 90 110 130 150
©00/M  €02/M  €3020/M  €2020/MW  €000/MW  €2020/MW | €3000/M  €2000/M  €000/M  €000/MW  €2020/MW  €3000/MW | €050/M  €3020/M  €2000/M  €2020/MW  €3000/MW  €3020/MW
Wh Wh Wh h h h Wh Wh Wh h h h Wh Wh Wh h h h
0 0 25 150 218 238 0 0 0 82 169 200 0 0 123 226 262 322
Poland
. 0 0 0 13 66 109 0 0 0 6 12 60 0 0 8 34 115 133
Romania
0 0 0 145 281 380 0 0 0 9 180 254 0 0 26 240 409 682
Sweden
British
Islands 0 63 225 313 406 688 0 0 125 247 289 373 0 141 306 442 692 1,541
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Abstract

The utilization of electricity-based fuels (e-fuels) is a potential strategy component for achieving
greenhouse gas neutrality in the European Union (EU). As renewable electricity production sites in
the EU itself might be scarce and relatively expensive, importing e-fuels from the Middle East and
North Africa (MENA) could be a complementary and cost-efficient option. Using the energy system
model Enertile, supply curves for hydrogen and synthetic methane in the MENA region are deter-
mined for the years 2030 and 2050 to evaluate this import option techno-economically. The model
optimizes investments in renewable electricity production, e-fuel production chains, and local elec-
tricity transport infrastructures. Analyses of renewable electricity generation potentials show that
the MENA region in particular has large low-cost solar power potentials. Optimization results in
Enertile show for a weighted average cost of capital of 7% that substantial hydrogen production
starts above 100 €/MWhH2 in 2030 and above 70 €/MWhH?2 in 2050. Substantial synthetic me-
thane production in the model results starts above 170 €/MWhCH4 in 2030 and above
120 €/MWhCH4 in 2050. The most important cost component in both fuel production routes is
electricity. Taking into account transport cost surcharges, in Europe synthetic methane from MENA
is available above 180 €/MWhCH4 in 2030 and above 130 €/MWhCH4 in 2050. Hydrogen exports
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from MENA to Europe cost above 120 €/MWhH?2 in 2030 and above 90 €/MWhH2 in 2050. If ex-
ported to Europe, both e-fuels are more expensive to produce and transport in liquefied form than
in gaseous form. A comparison of European hydrogen supply curves with hydrogen imports from
MENA for 2050 reveals that imports can only be economically efficient if the two following condi-
tions are met: Firstly, similar interest rates prevail in the EU and MENA; secondly, hydrogen
transport costs converge at the cheap end of the range in the current literature. Apart from this, a
shortage of land for renewable electricity generation in Europe may lead to hydrogen imports from
MENA. This analysis is intended to assist in guiding European industrial and energy policy, planning
import infrastructure needs, and providing an analytical framework for project developers in the
MENA region.

Key words: E-Fuels; Power-to-Gas; MENA region; Energy system modeling; Cost of hydrogen; Cost
of synthetic methane;

Highlights:
- Design of integrated e-fuel production chains for the MENA region
- Electricity-based hydrogen and methane supply curves for MENA in 2030 and 2050
- Integrated optimization of electricity generation and e-fuel production
- Comparison of hydrogen production costs in MENA and Europe
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6.1 Introduction

To counter the threats of global warming, the international community of states agreed in the
2015 Paris Agreement to balance greenhouse gas (GHG) emissions and sinks in the second half of
the 21 century (UN 2015). Subsequently, the European Commission (EC) sharpened their climate
protection target in the European Green Deal and is now aiming for GHG neutrality by 2050
(Council of the European Union 2009; EC 2019). While all scenarios in the EC's underlying in-depth
analysis (EC 2018a, 2018b) make strong use of energy efficiency measures and renewable energy
sources (RES), the scenarios with net-zero GHG emissions in 2050 also strongly rely on electricity-
based hydrogen (H;) and other synthetic fuels. In its "Hydrogen Strategy" the EC makes hydrogen a
key priority to achieve Europe's clean energy transition (EC 2020). Overall, these electricity-based
fuels (e-fuels®) are climate-neutral substitutes for fossil fuels, assuming that only renewable elec-
tricity and balance-neutral carbon sources are used in the synthesis process (Graves et al. 2011;
Zeman et al. 2008). Substituting fossil fuels with e-fuels offers the advantage of reducing carbon
dioxide (CO,) emissions across sectors while continuing to use well-established application tech-
nologies. For gaseous and liquid hydrocarbons, most existing infrastructures can be retained.

The deployment of e-fuels is heavily dependent on costs and available quantities. These two prop-
erties in turn depend on the availability of suitable RES. If e-fuels are to play a substantial role,
large additional amounts of renewable electricity are required. In Europe itself, the availability of
land for renewable electricity generation to produce e-fuels may be limited due to high electricity
demands and low acceptance of renewable generation facilities. Therefore, importing e-fuels
might be an alternative, complementary, or even necessary option. In addition, the production of
e-fuels in regions close to the equator could be more cost-efficient due to favorable solar condi-
tions. However, other cost factors such as transportation to Europe or the availability of climate-
neutral CO; for fuel synthesis must be taken into account. For Europe, the MENA (Middle East and
North Africa) region is of particular interest as a potential exporter of e-fuels.

Few peer-reviewed studies have examined in detail the generation potential of e-fuels in the
MENA region, their generation costs, and their potential export to Europe:

Timmerberg et al. (2019a) investigate the cost and potentials of electricity-based hydrogen in
North Africa and its transport to Europe as a blend with natural gas in existing pipelines. Hydrogen
production is therefore investigated only in the vicinity of existing natural gas pipelines in North
Africa. Using linear optimization, hydrogen supply costs from MENA to Central Europe in 2020
amount to between 54 €/MWhy; and 119 €/MWhy, depending on the underlying parameter sce-
nario. Timmerberg et al. (2019a) find that the existing pipeline capacity is the limiting factor and
not the potentials of renewable energies required for hydrogen supply from North Africa to Cen-
tral Europe.

8 "E-fuels" is the umbrella term for all gaseous energy carriers produced from electricity considered in this
article.
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Hank et al. (2020a) develop five Power-to-X (PtX) pathways (methane, methanol, ammonia, lique-
fied hydrogen, and hydrogen bound in liquid organic hydrogen carriers). In a case study, they eval-
uate these PtX pathways for an exemplary medium- to large-scale production site in Morocco for
the year 2030. The analysis is based solely on local renewable electricity generation. Downstream
long-distance transport to Northwestern Europe is part of the cost assessment. Gaseous hydrogen
in Morocco has an ex works production cost of 90 €/MWh,,.v°. Additional liquefaction, interme-
diate storage, and shipping from Morocco to Germany increases the hydrogen supply cost to
126 €/MWhpy,,4v. Gaseous synthetic methane (CH,) is available in Morocco at a production cost of
124 €/MWhcpa,nv. Liquefied transport to Germany increases the methane supply cost to
145 €/MWhcua,iv.

Ueckerdt et al. (2021) estimate the supply cost of synthetic methane produced in a renewable-rich
country and subsequently shipped for about 4,000 km. The basis of their analysis is an average
electricity price of 50 €/MWhg in 2030 and 30 €/MWhe in 2050, which reflects the average costs
of electricity supply of a wind- and solar PV-based power system in Australia. They determine cost-
optimal electrolysis utilization using the electricity price variability of wholesale market data for
Australia as of 2019. They assume that their analysis could fit the supply of e-fuels produced in
Northwest Africa (e.g. Morocco) and transported to Northwest Europe (e.g. Germany). For 2030
they estimate a synthetic methane supply cost of 114 €/MWhcus LHV® in Europe. For 2050 their
estimate is 65 €/MWhcug 11v°.

In addition to peer-reviewed literature, there is also grey literature and online tools that address e-
fuels generation in the MENA region. The IEA (2019) identifies North Africa and the Middle East as
promising areas for electricity-based hydrogen production. It estimates the cost of electrolytic
hydrogen in the long-term as 43 €/MWh,wv in the Middle East10' and 41 €/MWh4y,4v in North
Africal®!, Agora Verkehrswende et al. (2018) estimate the final product cost of synthetic methane
in North Africa and the Middle East as 140 €/MWhcpq in 2030 and to 110 €/MWhcua in 2050. They
base their cost estimates on PV and hybrid PV-wind power systems. Fraunhofer IEE (2021) has
developed a PtX potential atlas in a web application. The atlas shows the generation potential for
hydrogen and various synthetic hydrocarbons in 2050 for selected locations worldwide. It also
provides information on transport costs from the PtX production site to Europe. As an example,
production and liquefaction of hydrogen at a production site in Morocco and subsequent
transport to Germany costs on average 102 €/MWhy;, in 2050. The export of liquefied synthetic
methane costs 127 €/MWhcy. for the same country combination.

°The energy content of hydrogen is given in terms of the lower heating value (LHV) of hydrogen, which de-
scribes the amount of thermal energy released during the combustion of hydrogen without water conden-
sation.

values read from a figure.

11 values in (IEA 2019) are given in USD/kgH2. Conversion with energy content of hydrogen related to the
lower heating value 33.33 kWhH2/kgH2 and the average USD-EURO exchange rate in 2019 of 1 Euro =
1.12 USD.
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There is currently no literature that looks in detail at e-fuel generation in the MENA region beyond
individual site assessments. Based on these preliminary considerations the central research ques-
tions in this paper are:

e What is the techno-economic generation potential of the e-fuels hydrogen and synthetic me-
thane in the MENA region?

e  What is the optimal power generation mix for e-fuel production in MENA?

e Which countries offer the most favorable conditions for the production of hydrogen and syn-
thetic methane?

o  Which technical components of e-fuel production are decisive for the generation costs?

e How does e-fuel generation in MENA perform compared to Europe, and are exports to Europe
feasible?

Addressing these questions will make it possible to derive strategies for future European e-fuel
imports, for example by allowing domestic production options in Europe to be weighed against
imports. Since the lead time for infrastructures such as gas pipelines is typically several years, an
assessment of whether there is a need for transportation infrastructure from the MENA region to
Europe is valuable. Additionally, the derived costs are valuable for determining use cases of e-fuels
in various sectors and for comparing strategies based on e-fuel against other decarbonization op-
tions.

The analysis of the generation potentials of electricity-based hydrogen and synthetic methane in
the MENA region is conducted for the years 2030 and 2050 using an energy system optimization
model. The approach requires that e-fuel production is based solely on renewable electricity.

The paper is structured as follows: Section 6.2 introduces the modelling approach, scenario design,
and most important input parameters including e-fuel production chains. Section 6.3 presents the
model results. Section 6.4 summarizes the findings and derives key conclusions.

6.2 Methodology and data

6.2.1 Methodology

E-fuel supply curves in the MENA region are calculated and analyzed using the energy system
model Enertile (Fraunhofer ISI 2019). Enertile is a software package aimed at optimizing the future
cost of energy supply in Europe and the MENA region. It combines the interlinked supply of elec-
tricity, heat, and electricity-based fuels with highly resolved potentials of solar and wind energy.

6.2.1.1 Energy system model Enertile

Enertile is an optimization model with a high technical, spatial, and temporal resolution. It deter-
mines the cost-minimal portfolio of technologies to meet exogenously specified electricity, heat,

106



6 Supply curves of electricity-based gaseous fuels in the MENA region

and e-fuel demands simultaneously. However, calculations in the MENA region use only the elec-
tricity and e-fuel supply modules. Figure 6-1 shows a simplified illustration of the model compo-
nents used in this paper. The optimization includes both capacity expansion and unit dispatch of
relevant generation and infrastructure technologies. The portfolio of technologies covers renewa-
ble energies, in particular wind and solar energy, conventional power plants, electricity transmis-
sion grids, e-fuel generation technologies, energy storage facilities, and demand-side flexibility
options. A more detailed and formal description of Enertile and how it is used to determine hydro-
gen supply curves can be found in (Lux et al. 2020). Pfluger (2014) describes the model representa-
tion of the electricity system more thoroughly, though for an older version not including e-fuels;
Bernath et al. (2019) provide a detailed insight into the heat module of Enertile that is used for
calculations in Europe. The central extension of Enertile in this paper provides a model representa-
tion of process chains for the generation of synthetic methane and a regional concept of the
MENA region for e-fuel production. The methodology for determining synthetic methane supply
curves follows the computational procedure for hydrogen supply curves outlined in Lux et al.
(2020). Subsequent paragraphs summarize the key properties of the optimization model for the
analysis in this paper.
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Figure 6-1  Simplified graphical illustration of the components and interactions of the energy system
model Enertile as used in this paper. Calculations for Europe, which serve as a benchmark for
the results of this paper, additionally cover heat generation in heat grids (cf. Lux et al. (2020)).
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The objective function of the optimization model totals the cost of the supply side of the energy
system being considered, including electricity transport and storage. Installed capacities of energy
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infrastructures and their hourly dispatch are the decision variables of the linear problem. These
variables are weighted by fixed costs and variable costs in the objective function. Fixed costs for
expanding the capacity of a specific technology include annuitized investments and fixed operation
and maintenance costs. Utilizing the technology incurs variable costs, including fuel costs, CO,
emission costs and variable costs for operation and maintenance.

The central constraints of the optimization problem require hourly equilibria of energy supply and
demand in balance equations. These balance equations are formulated for electricity and electrici-
ty-based fuels for each model region and each hour of a given year. Demands either are given ex-
ogenously or arise endogenously as a model decision. An endogenous electricity demand arises,
for example, from the model-determined use of electrolyzers. Sector coupling options, energy
storages, and grids create connections between individual balancing equations. Sector coupling
technologies such as electrolyzers enter the electricity and hydrogen balance of a given region and
hour with either a plus or minus sign as appropriate. Storages create intertemporal connections
between balancing equations. Electricity transmission grids link electricity balances in different
regions. This allows Enertile to provide a very detailed picture of the interdependencies of the
energy supply side in the optimization process. Other constraints ensure that system components
operate within their capacity limits.

The provision of e-fuels plays a special role in the modeling for this paper. In contrast to exoge-
nous electricity demands, there are no e-fuel demands externally imposed on Enertile. Instead, the
model is offered a selling price for hydrogen or synthetic methane and it decides how much e-fuel
it will produce at the given price. Technically, the sale of e-fuels reduces the energy system cost in
the objective function. The model installs and uses additional electricity supply infrastructure and
e-fuel generation units as long as incurred costs are covered by the revenues of selling these e-
fuels. The last megawatt-hour of e-fuels provided and sold creates marginal costs at almost exactly
the applied sales price. This mechanism can represent potential e-fuel demands from other sectors
in the MENA region or export offers at the relevant sales price. Applying different sales prices in
different model runs generates cost-supply curves for the investigated e-fuels. These supply curves
interrelate with the rest of the energy system in the scenario design. It is also possible to use e-
fuels exclusively for energy storage within the model.

The linear optimization problem is set up and solved for the simulation years 2030 and 2050 in
hourly resolution. The expansion and dispatch of energy infrastructures are optimized using per-
fect foresight. The full hourly resolution of analyzed years combined with the use of real weather
data allows an adequate representation of the challenging synchronization between energy de-
mand and fluctuating renewable energy supply. This approach can allow for extreme weather
events from the energy system perspective with simultaneous lulls, cold spells, and darkness.

For the analysis in this paper, Enertile covers the energy supply system in Morocco, Algeria, Libya,
Tunisia, Egypt, Saudi Arabia, Lebanon, Israel, Syria, and Turkey. While renewable potentials are
determined on a regionally highly resolved grid with a size of 42.25 km?, electricity demands and
trade flows are summarized in larger model regions. Due to the extensive geographical area of the
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countries under consideration, the concentration of population and infrastructures near the
coasts, and the generally high aridity of the area, model regions are defined as a function of dis-
tance to coast. Figure 6-2 shows that the analyzed countries are divided into 250 km wide strips
starting at the coast. Model regions with coastline access and therefore seawater access have a
special status, as in the selected modeling approach e-fuels can only be produced here. This means
that electrolyzers and subsequent synthesis plants can only be built near the coast and operated
with desalinated seawater. This approach is intended to prevent competition for scarce fresh wa-
ter in the arid MENA region and water transport across the desert.

---- Existing electricity transport network
— Possible electricity network expansion Turkey

Algeria

Figure 6-2 Geographic coverage of the modeling approach, existing electricity transport network (Beltaifa
2020), and modelled net transfer capacities as electricity grid between regions.

The electricity transport grid in Enertile is modeled as net transfer capacities (NTCs) between dif-
ferent model regions. Figure 6-2 shows the potential grid connections. The modeling of electricity
transport grids for the MENA region follows three approaches. Firstly, it enables the expansion of
the power grid between model regions already connected through transmission lines. Figure 6-2
shows the existing transmission network connections based on a dataset of Beltaifa (2020). Sec-
ondly, grid expansion becomes possible between coastal regions of neighboring countries, regard-
less of whether connections already exist or not. Thirdly, grid connections between coastal regions
and the hinterland can be created or extended. The last two approaches allow for the power sup-
ply of e-fuel generation units near the coast and ensure that the entire MENA region can contrib-
ute to e-fuel production. Local grid restrictions within model regions are not considered and unlim-
ited flows are allowed within the model regions.

6.2.1.2 Renewable potential calculation

The calculation of the potentials of renewable energies is an upstream process to Enertile (cf. Fig-
ure 6-1). Geographically resolved power generation potentials are determined on the basis of real
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weather data, land use data, and techno-economic parameters of renewable power generation
technologies. The analysis includes onshore wind, offshore wind, ground-mounted photovoltaics
(PV), and concentrated solar power (CSP) technologies. As a result, Enertile obtains installable ca-
pacities, full load hours of power generation, hourly generation profiles, and levelized costs of
electricity for the energy system optimization.

Following the definition of different potential types for renewable energies in (Hoogwijk et al.
2004), the geographical potential, the technical potential, and the economic potential are each
determined in turn. The basis of all these potential calculations is the division of the MENA region
into a grid with an edge length of 6.5 x 6.5 km. More than 250,000 tiles are evaluated for the en-
tire region under consideration.

The first step is to determine the geographical potential, expressing the area assessable for the
installation of renewable energies for each tile of the grid. For this analysis, each grid tile receives
information on land use (European Space Agency and Université Catholique de Louvain 2010),
elevation and slope (Danielson et al. 2011), and protected areas (UNEP 2014). Tiles located in pro-
tected areas or near cities are excluded from the calculation. The approach considers geo-
technical limitations such as excessive slopes (e.g. for CSP) or high water depth (e.g. for offshore
wind). For each land use type and renewable technology, a utilization factor is defined that deter-
mines the proportion allowed for renewable electricity generation. Table 6-1 lists the utilization
factors for different land uses and technologies. The available area per tile for a renewable tech-
nology is calculated using equation (13). In (13) A is the area of each tile (42.25 km?), share; is
the share of the land use type [ on this tile and u; is the utilization factor for this land use and
technology. The sum of the available area of the 250,000 tiles results in the geographical potential
Aregion Of the model region.

tile (13)
Aregion = zAtile *share; -y,

Table 6-1 Utilization factors for the considered land uses and renewable technologies.

Land use Onshore wind Offshore wind Ground-mounted Rooftop PV CSP

(ID 166 & 168) (ID 104 & 117) PV (ID 97 & 102) (ID 89 & 94)
(ID 133 & 140)
Barren 0.4 0 0.16 0 0.12
Cropland 0 0 0 0 0
natural
Croplands 0.3 0 0 0 0.01
Forest 0.15 0 0 0 0
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Land use Onshore wind Offshore wind Ground-mounted Rooftop PV CSP
(ID 166 & 168) (ID 104 & 117) PV (ID 97 & 102) (ID 89 & 94)
(ID 133 & 140)

Grassland 0.3 0 0.2 0 0.02
Savanna 0.3 0 0.2 0 0.12
Scrubland 0.3 0 0.2 0 0.12
Snow and 0.12 0 0.4 0 0
ice

Urban 0 0 0 0.065 0
Water 0 0.9 0 0 0
Wetlands 0 0 0 0 0
Excluded 0 0 0 0 0

Own assumptions.

Renewable power generation potentials are sensitive to assumptions on utilization factors for
different land uses and renewable technologies. Throughout the literature, utilization factors vary
widely. Franke et al. (2021) analyze the dependency of onshore wind potentials on the chosen
utilization factors. This study shows that land utilization factors can have an impact of up to 51%
on the calculated results. The utilization factors used in this paper tend to be lower than the values
in most literature. As Enertile can build different renewable technologies on a single tile, competi-
tion for available space can arise for certain technologies and land use categories. The chosen utili-
zation factors are intended to reflect this competition. In reviewed publications (Bosch et al. 2017;
Eurek et al. 2017; Feng et al. 2020; He et al. 2014; Hu et al. 2019; Liu et al. 2017; Sebestyén 2017),
the utilization factors vary between 0.0 and 0.9 for the land use category "barren". In the MENA
region, this category accounts for a high share of up to 80% in Egypt, Libya, and Algeria. The cho-
sen utilization factor for this land use therefore has a huge impact on the calculated potentials. In
this study, the chosen utilization factor is low to represent a conservative approach. The actual
potential of renewable energies could therefore be higher.

In the second step, the technical potential of renewable energies is determined. The technical
potential describes the maximum installable capacity of renewable energy technologies per tile.
This is achieved by intersecting the available areas determined in the geographical potential with
the technical limitations of the power generation technologies. In the case of wind power, the
spacing of the turbines in the field is taken into account to limit the wind shadow effect. The spac-
ing used in this article is 5 rotor diameters within a row and 9 rotor diameters between rows (Gup-
ta 2016; Pfluger et al. 2017). The occupied area of solar power plants is dependent on the efficien-
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cy of the solar power plant. The installable capacity of solar power plants varies from 50 MW/km?
for a module with an efficiency of 17% to 57 MW/km? for a module with an efficiency of 19%
(Fraunhofer ISE 2015). This installable capacity is based upon an analysis of the occupied area by
real solar power plants. Different azimuth and tilt angles are also considered (Schubert 2012).

Finally, the economic potentials are determined. The economic potential comprises the levelized
cost of electricity per tile and technology. In this step, the technical potential is combined with
techno-economic data of renewable power generation technologies and real weather data for a
selected weather year. The technology-specific cost data include both specific investments for
capacity expansion and the costs of operation and maintenance. For wind power, the installation
costs are dependent on the hub height and rotor diameter. In the calculated scenarios, the model
can choose between 59 different turbine configurations for onshore wind and seven offshore wind
turbines (cf. Appendix Appendix E). For onshore wind, the number of different wind turbine con-
figurations increases from 10 in 2020 to 30 in 2030 and 41 in 2040. In the case of wind turbines,
the future cost reduction potential of individual components such as rotors, generators, or towers
is limited due to the already high level of technological maturity. Electricity generation from wind
could become cheaper in the future if larger plants are built, the rotor-generator ratio increases
and the plant can specifically absorb more energy. In this paper, it is assumed that the specific
investments show a cost reduction of about 10% between 2020 and 2050. For example, a wind
turbine with a hub height of 110 m and a specific area output of 400 We/m? costs 1160 €/kWe, in
2020 and 1050 €/kW, in 2050. For PV plants, modules are currently still learning at a rate of 19%
(ZSW 2019). There is still potential for cost reductions and efficiency improvements. As module
prices fall, other components, such as the rack, become increasingly important. However, the
technical learning of these peripheral systems and thus the cost reduction potential is limited and
thus slows down the technical learning of the entire system. Reductions in specific investments
and operation and maintenance costs are taken into account for each renewable power genera-
tion technology considered, as shown in the appendix in Table 6-14 and Table 6-15.

The specific electricity production costs also depend on the assumed full load hours and related
electricity generation of the technologies. In this modeling, the operating times are derived from
real weather data for the year 2010. For wind power plants, the wind speed at four different
heights is considered to calculate the electricity output. For solar plants, the solar irradiation and
the temperature are taken into account. Further information on the calculated power output can
be found in (Schubert 2012). The data base for hourly wind speed, solar irradiation, and tempera-
ture is the ERA5 dataset from the European Centre for Medium-Range Weather Forecasts (Coper-
nicus Climate Change Service 2020).

6.2.2 Data

6.2.2.1 General framework and scenario design

This article examines the supply of electricity-based hydrogen and synthetic methane in the MENA
region in the years 2030 and 2050. A fundamental premise is that the electricity used in e-fuel

112



6 Supply curves of electricity-based gaseous fuels in the MENA region

generation originates from RES. To guarantee this renewable origin, the optimization framework
differs for the two target years.

According to the politically set expansion targets for renewable energies, the electricity mix of the
MENA countries will still be dominated by fossil energies in 2030 (Timmerberg et al. 2019b). Mo-
rocco sets the most ambitious target, with renewables accounting for an envisaged 52% of its na-
tional electricity production in 2030 (Timmerberg et al. 2019b). A greenfield approach for e-fuel
production is therefore assumed with respect to the power system in 2030. The optimizer's ex-
pandable technology portfolio is limited to renewable energies, electricity storages, and grid infra-
structure. In the optimization problem, the remaining electricity demand of the MENA states and
the existing power plant fleet and transport infrastructure are excluded. This ensures the additivity
of the renewable power generation units and power infrastructures to be installed for e-fuel pro-
duction, as they are operated completely independently from the rest of the electricity system,
which is not modeled. Consequently, a synergetic utilization of electricity infrastructures to meet
electricity demands in MENA and to generate hydrogen or synthetic methane is not possible in this
setting.

For 2050, it is assumed that all electricity generation in MENA is greenhouse gas neutral. Fossil
generation technologies are prohibited in the modeling approach. The optimization problem ad-
dresses the cost-efficient supply of electricity demands in MENA and the supply of electricity-
based fuels. Mutual synergies can be exploited.

Demands or exports of hydrogen or synthetic methane are not explicitly modeled. Instead, the
model has the option of reducing system costs by generating and selling these e-fuels. No distinc-
tion is made between sales to demand sectors in MENA and exports, as the sales price is inter-
preted as the price ex works. In a parameter study, the associated hydrogen and methane sales
prices are increased in steps of 10 €/MWhua/cha,ihv-

6.2.2.2 Electricity demands in the MENA region in 2050

Electricity demands for each MENA country in 2050 are estimated using historical demands from
2018 (IEA 2020a), average annual load growth rates from the World Energy Outlook 2020 (IEA
2020b), and population projections from the United Nations in 2019 (UN 2019). Figure 6-3 shows
the resulting load projections for the MENA region in 2050. The identified electricity demands are
distributed among the different model regions within a country according to the population distri-
bution from 2018 (WorldPop 2018). The modeling distinguishes between electricity demands that
follow a fixed demand profile and those that have some flexibility. The general load in Figure 6-3
follows a fixed demand profile. Electricity demands for e-mobility have an inflexible and a flexible
component. The inflexible mobility demand includes trolley trucks, trolley buses, and battery elec-
tric vehicles with inflexible charging behavior. For 50% of battery electric vehicles, it is assumed
that they can charge flexibly while complying with their driving profiles.
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Figure 6-3 Projected electricity demands in the MENA countries in 2050. Electricity demands include a
flat surcharge for distribution grid losses of 6.5%.

6.2.2.3 Electricity transport network expansion

The parameterization of the NTCs of the modeled power grid is based on the data in Table 6-2.
Specific investments and losses of grid lines are weighted by the distances between geographic
centers of connected model regions in the transport network parameterization in Enertile.

Table 6-2  Techno-economic characteristics of the transmission grid parametrization in Enertile (Godron et

al. 2014).
Technology CAPEX Fixed OPEX Losses
Converter terminal 270 M€ 1% of investment p.a.

3% per 1000 km @

High-voltage direct current 300 €/ (MWe km) 1% of investment p.a.
(HVDC) overhead line

3 Own estimations

6.2.2.4 E-fuel production concepts

This section presents the conceptual design of e-fuel production chains in the MENA region. It
illustrates eight different generation concepts for electricity-based hydrogen and methane and
their techno-economic parametrization in the energy system model Enertile.
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The efficient conversion of electricity into hydrogen and methane, called the Power-to-Gas (PtG)
process, requires the interaction of different technologies. Depending on the final product, these
technologies include seawater desalination, water electrolysis, CO, supply, methanation and lique-
faction units. Enertile takes the energy system perspective and is thus unable to resolve these indi-
vidual components. Therefore, a preliminary analysis assembles four representative production
chains for hydrogen (Power-to-Hydrogen, PtH;) and methane (Power-to-Methane, PtCH4), respec-
tively. These production chains enter the Enertile parametrization as an integrated composition
characterized by overall efficiencies, summed specific investments, and aggregated operation and
maintenance costs. The individual technologies in the production chains and their techno-
economic characteristics as described in detail in appendix Appendix D.

Hydrogen and methane production chains are differentiated in two aspects: the electrolyzer tech-
nology and the physical state of the final product. The physical state of the chain product can be
either gaseous or liquefied. This paper distinguishes between e-fuel production chains with poly-
mer electrolyte membrane electrolysis (PEMEL) and solid oxide electrolysis (SOEL). The analysis of
all investigated process chains refers to technical and economic data for the year 2030 or 2050 and
for a plant capacity of 100 MW\/cha. In this article, the plant capacity (MW\2/cua) and plant output
(MWhyy/ca) are related to the lower heating value (LHV) of the product (i.e. hydrogen or me-
thane), which describes the amount of thermal energy released during the product's combustion
without water condensation. Figure 6-4 and Figure 6-5 show the considered production chains for
gaseous hydrogen (at 20 bar) and liquefied hydrogen (L-hydrogen, L-H2) and for methane (L-
methane, L-CH4) for the year 2050. Direct input parameters for the Enertile model are the overall
process efficiency and the specific costs of the entire process chains shown below. The energy
balance of the production chains comprises chemical, electrical, and thermal energy inflows and
outflows. Except for methanation, all processes within the investigated production chains have
relevant electrical energy demands. SOEL and DAC have additional thermal energy demands. Due
to the exothermic reaction, methanation releases thermal energy, which covers parts of the ther-
mal energy demands of DAC and SOEL. An electric heater covers the remaining thermal energy
requirements.

The overall process efficiency npy2 Ly OF MptcuaLyy Of e-fuel production in equations (14) and
(15) is defined as the ratio of the chemical energy output Fg chem,H2/cHa,Luv in the form of hydro-
gen or methane to the electrical energy input Fg g totalin- The chemical energy output is defined
as the product of the mass flow Fyuz/cna and lower heating value of hydrogen or me-
thane LH Vi, /cHa-

_ Fechemuzinv  Fmuz * LHVy, (14)
NptH2,LHV = F = TR
E,el,total,in E,el,totalin
_ Fgchemcharnv _ Fmcna * LHVcpa (15)
NPtCH4,LHV — F = F
E,eltotalin E,el,totalin
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Table 6-3 and Table 6-4 show the overall process efficiencies for the eight investigated PtH, and
PtCH,4 process chains. These efficiencies match well with the literature and real-life data from pilot
plants (Drechsler et al. 2021; Frank et al. 2018; Go6tz et al. 2016; Timmerberg et al. 2019a). Theo-
retical optimization of the STORE&GO pilot plant in Troia, Italy, with a plant size of approximately
200 kW, electrical input, shows that an overall PtG efficiency of 46% related to the higher heating
value (HHV) of the methane output is achievable, without taking into account further energy sav-
ings through scaling effects (Schlautmann et al. 2021).

Power-to-Hydrogen (PtH;)
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Figure 6-4  Energy flow diagram for a Power-to-Hydrogen process chain in the MENA region with PEMEL

(a) or SOEL (b) and optional liquefaction for 100 MW hydrogen output related to the lower
heating value (LHV). The process chains are based on technical key data referring to the year
2050. Quantities of energy not shown correspond to energetic losses.
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Power-to-Methane (PtCH4)
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Figure 6-5  Energy flow diagram for a Power-to-Methane process chain in the MENA region with PEMEL

(a) or SOEL (b) and optional liquefaction for 100 MW methane output related to the lower
heating value (LHV). The process chains are based on technical key data referring to the year
2050. Quantities of energy not shown correspond to energetic losses.
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Table 6-3 Overall efficiencies of the four investigated options of Power-to-Hydrogen (PtH2) process
chains in MENA. Values are related to the lower heating value (LHV) and take internal heat in-
tegration into account. External heat requirements are provided by an electric heater, based
on technical key data referring to the years 2030 and 2050.

Power-to-Hydrogen production chain Overall efficiency Neicha,inv in %

in 2030 in 2050
PtH,-PEMEL 60 66
PtH,-SOEL 68 69
PtH,-PEMEL-liquefaction 53 59
PtH,-SOEL-liquefaction 60 61

Table 6-4 Overall efficiencies of the four investigated options of Power-to-Methane (PtCH4) process
chains in MENA. Values are related to the lower heating value (LHV) and take internal heat in-
tegration into account. External heat requirements are provided by an electric heater, based
on technical key data referring to the years 2030 and 2050.

Power-to-Methane production chain Overall efficiency netcua,Luv in %

in 2030 in 2050
PtCH4-PEMEL 47 52
PtCH4-SOEL 53 54
PtCH4-PEMEL-liquefaction 46 51
PtCH4-SOEL-liquefaction 52 53

Table 6-5 and Table 6-6 show specific capital expenditure (CAPEX) and fixed operating expenditure
(OPEX) of the different Power-to-Hydrogen and Power-to-Methane production chains as used in
Enertile. Costs to meet electricity demands are determined endogenously by the optimization
model.

Today's PtG plants operate on a pilot scale of a few MW\/cha. Due to the high RES generation po-
tential in MENA, PtG plants on a scale of GW are likely in the future. The economic analyses in this
article are examples based on key data for a plant capacity of 100 MWy/cha,nv Output. For plants
with capacities of several hundred MWpy/chs, the costs may be lower due to degression. However,
the CAPEX-intensive PtG technologies, such as electrolysis and DAC, are modular and larger plant
capacities are achieved by numbering up. Whether the assumed cost reductions for the PtG tech-
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nologies will be achieved in 2030 and 2050 depends largely on the actual market ramp-up of PtG.
For this reason, the learning rates predicted in the literature may be either under- or over-fulfilled.

Table 6-5 CAPEX and fixed OPEX for entire Power-to-Hydrogen (PtH2) process chains in the MENA re-
gion. Underlying economic key data refer to the years 2030 and 2050 and to a plant capacity
of 100 MW hydrogen or methane output related to the lower heating value (LHV) as listed in
the appendix (Table 6-12 and Table 6-13).

Power-to-Hydrogen Specific costs
production chain
in 2030 in 2050
PtH,-PEMEL CAPEX 689 623 €/kWh3
fixed OPEX 26 23 €/kWy/ a
PtH,-SOEL CAPEX 1,026 690 €/kWh2
fixed OPEX 77 37 €/kWhy/ a
PtH,-PEMEL-Liqufaction  CAPEX 1,756 1,690 €/kWy,
fixed OPEX 69 65 €/kWy/ a
PtH,-SOEL-Liqufaction CAPEX 2,061 1,757 €/kWy,
fixed OPEX 120 80 €/kWy/ a
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Table 6-6 CAPEX and fixed OPEX for entire Power-to-Methane (PtCH4) process chains in the MENA re-
gion. Underlying economic key data refer to the years 2030 and 2050 and to a plant capacity
of 100 MW hydrogen or methane output related to the lower heating value (LHV) as listed in
the appendix (Table 6-12 and Table 6-13).

Power-to-Methane Specific costs

production chain
in 2030 in 2050

PtCH4-PEMEL CAPEX 1,968 1,516 €/kWcha
fixed OPEX 58 45 €/kWcna/ a
PtCH4-SOEL CAPEX 2,373 1,595 €/kWchaa
fixed OPEX 120 63 €/kWcha/ a
PtCH4-PEMEL-Ligufaction CAPEX 2,493 2,038 €/kWcha
fixed OPEX 90 77 €/kWcha/ a
PtCH4-SOEL-Liqufaction CAPEX 2,897 2,119 €/kWcha
fixed OPEX 151 94 €/kWcna/ a

6.2.2.5 Long-distance transport of e-fuels

Hydrogen and methane have low energy densities compared to fossil liquid fuels such as petrole-
um. To transport these fuels economically, they must be compress or liquefied. Alternatively, hy-
drogen can be converted to larger molecules, which is not considered in this article.

The logistic concept for pipeline-based transport of hydrogen and synthetic methane essentially
includes compressor stations, transport pipelines, and gas storage facilities. The long-distance
transport of liquefied hydrogen or methane consists of the sub-steps of liquefaction and interme-
diate storage, transport via tankers, and regasification on arrival.

The transport costs depend in particular on the distance to be covered. In this article, transport
distances are estimated by the center-to-center air distance to e-fuel production regions in the
MENA region (cf. section 6.2.1.1 and section Appendix C) and continental Europe. In reality,
transport routes are likely to be different.

For large methane volumes, pipeline transport is profitable for shorter distances, while transport
of L-methane becomes economically feasible for larger distances (between 2,000 and 5,000 km).
Liquid transportation is dominated by liquefaction costs, while pipeline-based transport requires
more compressors as the distance increases (Fasold 2010; Homann et al. 2013; Simon G6R 2017).
The costs reported in the literature for transporting natural gas via pipelines and via ship vary
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mainly due to the different assumed capacities and distances. (Fasold 2010; Homann et al. 2013;
Julian Deymann 2014; Simon G6R 2017).

Today, hydrogen pipelines are mostly operated locally, e.g. at industrial sites, and a hydrogen
tanker is operated only for project purposes (Collins 2019). Due to limited experience, cost values
for hydrogen transport vary widely in the literature (Hydrogen Council 2020; IEA 2019; Niermann
et al. 2021). One of the main challenges is the low boiling temperature of hydrogen, compared to
methane (see Appendix D). The shipping of hydrogen therefore shows higher costs, e.g. for the
insulation of the tanks.

The compression of hydrogen is also more energy-intensive than of methane and thus, higher
costs are expected for hydrogen pipelines. The transport costs of gaseous hydrogen strongly de-
pend on the assumed pipeline capacities. (Wang et al. 2020) calculate costs for new infrastructure,
assuming hydrogen pipelines with a diameter of 0.6 to 1.2 m and a nominal capacity of approxi-
mately 13 GWy,. The author's own estimations (Leiblein et al. 2020) agree with the costs given by
(Wang et al. 2020). Table 6-7 shows the distance-dependent costs for the transport of hydrogen
and synthetic methane from MENA to continental Europe used in this article.

Table 6-7 Levelized transport costs for hydrogen and synthetic methane referring to the lower heating
value (LHV) of hydrogen or methane. Costs for transport via ship exclude liquefaction. Costs
for transport via pipeline include on-site compression up to 100 bar for hydrogen and up to
80 bar for methane. Costs are based on values for 2020 and rely on a literature review (Fasold
2010; Homann et al. 2013; IEA 2019; Leiblein et al. 2020; Simon G6R 2017).

Logistic chain Levelized costs of transport

Hydrogen via pipeline 0.69 €ct/(MWhgz km)
Hydrogen via ship 12.43 x x913 x: distance in km €/MWhy;,
Synthetic methane via pipeline 0.17 €ct/(MWhcpa km)
Synthetic methane via ship 0.11 x x%38 x:distance in km €/MWhcpa

6.3 Results

6.3.1 Renewable energy potentials in MENA

The supply of e-fuels decisively depends on the quantity and levelized cost of renewable electrici-
ty. This section therefore presents both the spatial distribution of the generation costs of the main
renewable power generation technologies of PV, CSP, and onshore wind, and cumulative cost po-
tential curves for renewable electricity for the MENA region.
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6.3.1.1 Spatial distribution of renewable energies

Figure 6-6 shows the spatial distribution of levelized cost of electricity (LCOE) for the generation
technologies CSP (a), ground-mounted PV (b), and onshore wind (c) in the MENA region in 2050.
The results in this figure are based on calculations with a weighted average cost of capital (WACC)
of 7%.

Offshore wind is not considered in the following analysis, as the potentials are low in the MENA
region. This is firstly due to the restriction that offshore wind can only be installed up to a water
depth of 50 m and up to 370 km from the coast. In the Mediterranean Sea adjacent to the MENA
region the water depth is mostly greater, so the installable capacities for offshore wind plants are
low. Secondly, the full load hours for offshore wind in the regions considered are mainly below
3,000 hours. Overall, the electricity generation of offshore wind starts at a LCOE of 130 €/MWhe.

Due to low installation costs, solar PV is the least expensive power generation technology in MENA
in 2050, with a LCOE between 28 €/ MWhe and 51 €/MWhe. The uniform coloring of the map
shows that the regional differences in LCOE are small. About 90% of the PV generation potential
has electricity generation costs below 31 €/MWhe. The overall cheapest 10% of the PV potential is
located in Egypt, Libya and Jordan, and lies below 29 €/MWhe,. Turkey has on average the highest
PV generation cost due to its northern location. Among the model regions with coastlines - and
thus e-fuel production model regions - Jordan, Egypt, and Saudi Arabia have the lowest LCOE for
PV.

The electricity generation costs of CSP are higher than those of PV, ranging from 47 €/MWhg to
88 €/MWhe.. The cheapest 90% of the CSP generation potential has a LCOE below 55 €/MWhe. The
regional distribution tends to show a stronger north-south gradient than PV because CSP power
plants depend on direct solar irradiation. The overall cheapest 10% of the CSP potential is located
in Egypt, and Libya, and lies below 49 €/MWh.. The most expensive CSP power generation takes
place in Turkey, northern Morocco, northern Algeria, and northern Tunisia. Larger areas in Turkey,
Morocco, and western Saudi Arabia show no CSP potential. These areas were excluded from the
potential calculation due to excessive slopes.

Compared to solar power generation technologies, wind potentials exhibit higher generation costs
in 2050. The levelized cost of electricity for onshore wind ranges from 43 €/MWh, to well above
140 €/MWhe. The electricity generation costs of onshore wind show stronger local differences
than the solar technologies. Small, low-cost wind hotspots exist in western Morocco and eastern
Egypt. Larger areas of relatively good wind sites are located in Algeria and Libya.
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Figure 6-6  Spatial distribution of LCOE for the technologies a) CSP, b) ground mounted PV, and c) onshore
wind in 2050 calculated with a WACC of 7%. White spaces are excluded from the potential cal-
culation due to excessive slopes.

6.3.1.2 RES potential curves

Categorizing the LCOE shown in Figure 6-6 in cost steps results in the potential curves illustrated in
Figure 6-7. The potential curves show the accumulated generation potential of renewable energies
for increasing LCOEs in 2030 and 2050.

In Figure 6-7 a) the generation potential of the renewable technologies considered is illustrated for
2030. The dominance of solar PV in MENA becomes apparent from the high generation potential
of about 90,000 TWhe at costs below 45 €/MWh. At a LCOE of 60 €/MWhe, 2,200 TWhe of on-
shore wind generation potential becomes exploitable. Solar CSP is more expensive in 2030 than
other renewable technologies, such that a CSP generation potential of about 20,000 TWh,, is avail-
able at costs of 70 €/MWhe. The absolute CSP potential surpasses the solar PV potential at genera-
tion costs of 80 £/MWh¢ with about 90,000 TWhe.
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Figure 6-7 Renewable potential curves for the various technologies in the MENA region for the years
2030 (a) and 2050 (b).

Figure 6-7 b) shows the renewable potential curves for the MENA region in 2050. Solar PV is still
the dominant technology for both spatial coverages in 2050. Due to a decrease in installation
costs, the generation potential of solar PV reaches almost 99,000 TWhe at costs below
35 €/MWhe,. This is a significant increase compared to 2030, where the generation potential of
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solar PV below 35 €/MWhg is 0 TWhe. At LCOE of 50 €/MWhe, CSP power plants become available
with a generation potential of 32,980 TWhe. At 55 €/MWhe, the potential of CSP reaches the po-
tential of solar PV and from 60 €/MWhe, the CSP potential surpasses the solar PV potential with a
generation potential of 113,000 TWhe. At LCOE of 55 €/MWhe, onshore wind potential of
895 TWhe becomes exploitable. The number of onshore wind potentials is minor compared to the
combined potential of solar PV and CSP. This is due to low wind speeds in the MENA region and
high solar irradiation.

Overall, the renewable power generation potential in the MENA region is enormous. A comparison
with European gross energy consumption in 2018 shows that in 2050, the generation potential of
solar PV alone is six times greater than the gross energy consumption of the EU 27 in 2018.

The renewable potential curves show the theoretically exploitable potential. However, these po-
tential curves are calculated without taking into account existing or potential infrastructures.
MENA countries are therefore subdivided into 250 km wide strips to account for the cost of
transmission grids between regions with different renewable potentials in the Enertile calcula-
tions.

6.3.2 E-fuel production in the MENA region

This section shows the model results of e-fuel production in the MENA region. Due to Europe's
contrasting structure, with scarce land for renewable electricity generation coupled with high en-
ergy demands, Europe is a potential trading partner for e-fuels with the MENA region. Therefore,
this section also considers transportation of e-fuels to Europe. Section 6.3.2 shows e-fuels supply
curves for the MENA region including and excluding transportation to Europe and breaks down the
resulting cost components of e-fuel production. The electricity system in MENA for the production
of electricity-based hydrogen and synthetic methane is described in Section 6.3.3. Section 6.3.5
discusses the competition in the European hydrogen market between imports from the MENA
region and European hydrogen production.

6.3.2.1 Supply curves of hydrogen and synthetic methane

Figure 6-8 and Figure 6-9 show supply curves of electricity-based hydrogen and methane deter-
mined by the optimization model for the years 2030 and 2050 in the MENA region. The figures
show production quantities of these electricity-based fuels for rising sales prices (as ex works pric-
es) and at WACCs of 7% and 12%. In addition to production costs, transportation from MENA to
Europe is an important cost component for evaluating the e-fuel export option to Europe. Each
supply curve for MENA is therefore supplemented by an export curve to Europe, which includes
transportation costs. Hydrogen and methane utilized as electricity storages within the MENA re-
gion are included in the scenario runs, but not in the supply curves. It is important to note that the
curves represent techno-economic potentials but not necessarily realistic trajectories of expan-
sion. This applies in particular to the period up to 2030, in which higher sales prices result in quan-
tities that would be very difficult to ramp up to in less than a decade.
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The optimization results in Figure 6-8 shows steep increases in the production quantities of elec-
tricity-based fuels with increasing sales prices in the MENA region. Depending on the interest rate,
substantial hydrogen production in 2030 starts above 100 €/MWhpyvv (7% WACC) and
130 €/MWhpo,vv (12% WACC). Taking into account hydrogen pipeline transport costs (cf. section
6.2.2.5), the supply curves of hydrogen produced in MENA for Europe start above 120 €/MWha,1nv
(7% WACC) and 150 €/MWhyz,inv (12% WACC). Synthetic methane is more expensive due to the
additional synthesis step and the required CO; capture. In 2030, substantial methane production
starts above sales prices of 170 €/ MWhcua v at 7% WACC and above a sales price of
210 €/MWhcpa, v at 12% WACC. Methane pipeline transportation costs to Europe (cf. section
6.2.2.5) mean that the potential MENA supply of synthetic methane to Europe starts above
180 €/MWhcha, v (7% WACC) and 220 €/MWhcha, v (12% WACC). The spread in interest rates be-
tween model runs shows that higher interest rates not only shift the supply curves for electricity-
based hydrogen and methane each to the right but also flatten their respective trajectories.

Additional liquefaction increases the costs of hydrogen and methane and shifts the supply curves
of the electricity-based energy carriers further to the right. In 2030, the production of substantial
amounts of liquefied hydrogen starts above a sales price of 150 €/MWhp,wv with a WACC of 7%,
and above 180 €/MWhpy,v with @ WACC of 12%. Substantial synthetic liquid methane production
starts above a sales price of 180 €/ MWhcuanv (7% WACC). A higher WACC of 12% causes the
MENA supply curve to start above 230 €/MWhcua thv.

Liquid hydrogen and liquid methane are more expensive to export to Europe than their gaseous
counterparts. Although the costs of transporting liquid methane by ship are lower than those of
transporting gaseous methane by pipeline for the distances considered here (see sections 6.2.2.5
and 6.3.2.2), this cannot compensate for the additional costs of liquefaction. European supply of
liquid methane imported from MENA starts above sales prices of 190 €/MWhcuawv (7% WACC)
and 240 €/MWhcya,nv (12% WACC). Liquid hydrogen from MENA is available in Europe above sales
prices of 190 €/MWhy,,inv (7% WACC) and 220 €/MWhyz,ivy (12% WACC).
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Supply curves of e-fuels in the MENA region including and excluding transportation to the EU

in 2030. Production and export quantities of a) methane (CH4), b) hydrogen (H2), c) liquefied
methane (L-CH4), and d) liquefied hydrogen (L-H2) are shown for a weighted average cost of

capital (WACC) of 7% and 12%.

Technological learning reduces the generation costs of e-fuels between 2030 and 2050. This cost
reduction affects not only the components of the PtG process chains but also the power genera-
tion technologies. Figure 6-9 shows left shifts in the supply curves for 2050 compared to 2030.
Substantial hydrogen production in MENA in 2050 starts above sales prices of 70 €/MWhyz,u1v (7%

128



6 Supply curves of electricity-based gaseous fuels in the MENA region

WACC) and 90 €/MWh,,imv (12% WACC), depending on the weighted average cost of capital. Elec-
tricity-based methane is available at sales prices starting above 120 €/MWhcua,vv (7% WACC) and
160 €/MWhcua,iny (12% WACC). The additional liquefaction of hydrogen increases the generation
costs by at least 40 €/MWhgy,,wv. This shifts the start of the hydrogen supply curve for liquid hy-
drogen to 110 €/MWhyy,ivv at a WACC of 7% and to 150 €/MWhpyy,ny at @ WACC of 12%. In the
model results in 2050, substantial liquid methane production starts above 130 €/MWhcuanv (7%
WACC) and 180 €/MWhcya v (12% WACC).

As in 2030, exporting gaseous hydrogen and methane to Europe in 2050 is cheaper than their re-
spective liquid forms when production and transport are taken into account. The supply of sub-
stantial amounts of gaseous hydrogen from MENA to Europe starts above a sales prices of
90 €/MWhpz,thv (7% WACC) and 120 €/MWhy,, v (12% WACC). Substantial exports of gaseous me-
thane from MENA to Europe are available starting above sales prices of 130 €/MWhcpa,inv (7%
WACC) and 170 €/MWhcua v (12% WACC).
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Figure 6-9  Supply curves of e-fuels in the MENA region including and excluding transportation to the EU
in 2050. Production and export quantities of a) methane (CH4), b) hydrogen (H2), c) liquefied
methane (L-CH4), and d) liquefied hydrogen (L-H2) are shown for a weighted average cost of
capital (WACC) of 7% and 12%.

6.3.2.2 Cost components of e-fuel production

Figure 6-10 shows the cost components associated with the production of e-fuels in the MENA
region for 2030 and 2050. Each bar corresponds to a point on the supply curves in section 6.3.2.1.
Selected supply curve points exceed the hydrogen or synthetic methane production of
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1,000 TWhyy/cua,nv for the first time. This choice is arbitrary, yet assumes substantial generation
guantities and a strong role of the MENA region in a future global e-fuel market. The figure aims at
comparability between different e-fuel production concepts. However, a direct consequence of
this benchmark approach is that different e-fuel generation volumes lie behind the bars shown in
the cost breakdown.

The optimization results show that renewable electricity is the most important cost component for
synthetic methane production. Depending on the simulation year, physical state of the product,
and assumed WACC, electricity supply accounts for between 65% and 72% of methane production
(excluding transportation costs to Europe). Annuitized investments and fixed operation and
maintenance costs represent the missing 28% to 35% of methane production costs in MENA. The
cost of transport to Europe — accounting for between 2.0 €/MWhcua, v and 2.7 €/ MWhcpa 1ny Via
ship and between 3.5 €/MWhcug,inv and 7.3 €/MWhcua v Via pipeline depending on the transport
distance — is negligible compared to generation costs.

The technology with the highest cost contributions in methane production is electrolysis. This ap-
plies both to electricity costs, where its share is always at least 81%, and to fixed-cost components,
with a share of at least 36%. Overall, electrolysis accounts for at least 69% of synthetic methane
production costs without transport. The second largest cost contribution derives from CO, supply.
It accounts for between 10% and 15% of methane production costs depending on the simulation
year, physical state of the product, and assumed WACC. The cost contribution of DAC is dominated
by fixed-cost components. Seawater desalination and methanation as well as intermediate com-
pression costs lag behind those of electrolysis and DAC and are mainly fixed costs. If methane is
liquefied for subsequent transport to Europe, this accounts for 8% to 10% of production cost in
MENA, depending on the simulation year and assumed WACC.

The cost composition of electricity-based hydrogen depends strongly on the physical state in
which it is provided. Nevertheless, electrolysis — in particular the electricity demand of the elec-
trolysis process — remains the largest cost component in the supply of hydrogen. In the case of
gaseous supply, at least 95% of the hydrogen production costs are attributable to electrolysis. At
least two thirds of the electrolysis costs are electricity input; the rest are annuitized investments
and fixed operation and maintenance costs. If the gaseous hydrogen is subsequently exported to
Europe by pipeline, the transport costs account for 9% to 27% of the supply costs in Europe de-
pending on the transportation distance, simulation year, and assumed WACC. If hydrogen is ex-
ported to Europe in liquid form, liquefaction and ship transport together account for a substantial
part of the supply costs at 35% to 42%. However, in liquid hydrogen production — without
transport — electrolysis remains the technology with the largest cost contributions in the produc-
tion chain. Depending on the simulation year and assumed WACC, electrolysis accounts for be-
tween 67% and 69% of liquefied hydrogen production costs. At least 79% of the electrolysis costs
are electricity costs. Desalination of seawater is a minor component compared to other process
steps.
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Figure 6-10 Supply cost components of electricity-based hydrogen (H2), liquefied hydrogen (L-H2), me-
thane (CH4), and liquefied methane (L-CH4) at WACC of 7% and 12% in MENA and as exports
to Europe in 2030 (a) and 2050 (b). Selected points on the supply curves behind the bars have
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in common that the e-fuel generation volume exceeds 1,000 TWhwz/cHa,Hv for the first time.
Consequently, bars correspond to different e-fuel production volumes. The range of transpor-
tation costs derives from minimum and maximum distances between regions centers of e-fuel
production regions in MENA and the European region center.

6.3.2.3 Comparison of PEM-based and SOEC-based e-fuel production

The choice of electrolyzer technology for e-fuels production in the MENA region is subject to high
uncertainties. In particular, the PEM and SOEC technologies considered in this article are currently
at different stages of development (see section Appendix D). Nevertheless, it is possible to deduce
techno-economic characteristics that may be decisive for the choice of electrolysis in the long term
from the model results.

The model results for the year 2050 show that process chains with higher overall capital intensities
rely more heavily on SOEC electrolysis. Depending on the assumed WACC, the SOEC-based process
chain is used on average between 58% (7% WACC) and 82% (12% WACC) for liquid hydrogen pro-
duction in 2050. For liquid methane production, the average use of the SOEC chain ranges from
61% (7% WACC) to 85% (12% WACC). In the model results, the SOEC chains achieve high full load
hours of over 7,500 hours per year regardless of the final product. Overall, capital-intensive pro-
cess chains therefore benefit from the higher efficiency of SOEC and allocate fixed-cost compo-
nents over many operating hours.

In contrast, for the production of gaseous hydrogen and methane, the model focuses on the PEM-
based process chains. Depending on the assumed WACC, the PEM-based process chain is used on
average between 72% (7% WACC) and 75% (12% WACC) for the production of gaseous hydrogen in
2050. For gaseous methane production, the average use of the PEM chain ranges from 52% (7%
WACC) to 59% (12% WACC). The full load hours of the PEM chains lie between 2,700 and 4,000
hours per year, depending on the final product. Overall, less capital-intensive process chains are
therefore less dependent on the higher efficiency of SOEC and instead rely on the lower fixed costs
of PEM.

6.3.3 Electricity system for e-fuel production in the MENA region in 2050

Figure 6-11 shows the optimization result of electricity supply and demand compositions for se-
lected points on the e-fuel supply curves for 2050. The selection of the points aims at substantial
e-fuel generation quantities and electricity supply that is as comparable as possible. Consequently,
the e-fuel generation quantities behind the bars differ.

On the demand side, Figure 6-11 shows that due to the very high renewable electricity generation
potential in the MENA region, the normal load of the MENA countries can potentially be exceeded
by a multiple of electricity input for e-fuel generation. For the selected points on the supply
curves, the electricity demand for e-fuel production is at least 91% of the total electricity demand.
The amount of curtailed electricity in the optimization results is small overall with a maximum of
5% in the case of liquefied hydrogen and a WACC of 12%.
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The supply side is dominated by solar generation technologies for all e-fuels and configurations
studied. At a WACC of 7%, PV and CSP account for between 97% and 100% of the electricity gen-
eration mix. Increasing the WACC from 7% to 12% leads to an increase in the onshore wind share
of electricity generation for all four electricity-based energy carriers considered (hydrogen, lique-
fied hydrogen, synthetic methane, and liquefied synthetic methane). However, the proportion of
wind in the electricity mix remains comparatively low with a maximum of 13% for gaseous me-
thane production.

Higher capital intensity in the production of electricity-based fuels increases the share of CSP in
the electricity generation mix. Firstly, this can be seen when comparing hydrogen and methane
production. The additional synthesis step and technical equipment used in methane production
increase the capital intensity compared to similar production routes for electricity-based hydro-
gen. This leads to higher CSP shares in each case. Secondly, additional liquefaction in particular
increases the capital costs of the overall process chains compared to gaseous supply. In the opti-
mization result, liquefaction and the associated increase in capital intensity leads to an increase in
the CSP share compared to the gas-based generation routes. This effect can be explained by the
higher full load hours of electricity production of CSP compared to PV. The thermal intermediate
storage of energy in CSP allows higher investments to be allocated to more operating hours of the
PtG process chains.

In the energy systems in Figure 6-11, the model uses battery storages in 400 to 900 hours of a year
to increase the full load hours of the PtG generation plants. Battery storage systems exhibit higher
utilization in calculations with a WACC of 12%. The batteries allow fixed-cost components of the
PtG plants, which are more pronounced at a WACC of 12%, to be allocated to more operating
hours.
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Figure 6-11 Electricity generation and demand mixes in MENA in 2050. Selected bars belong to different
production volumes of e-fuels, but aim at comparability of the underlying power systems.

6.3.4 Regional distribution of e-fuel supply

Figure 6-12 shows the evolution of the renewable energy expansion along the supply curve of gas-
eous synthetic methane at a WACC of 7% for the year 2050. In the optimization results, synthetic
methane generation starts with small production quantities at a selling price of 120 €/MWhca,inv
in Egypt (439 TWhcua,nv), Saudi Arabia (219 TWhcna,ny), Jordan (71 TWhcupanv), and Morocco
(61 TWhcua,inv). The division of the MENA countries into sub-regions, where e-fuels can only be
generated in the coastal regions and electricity generation in the hinterland is subject to grid pen-
alties, results in a gradual exploitation of the electricity generation potential in the hinterland. This
happens despite the flat generation cost structure of renewable energies shown in section 6.3.1.
The coloring of the maps shows that at a sales price of 130 €/MWhcus,vv methane production is
expanded by the optimizer. The first substantial synthetic methane quantities are produced espe-
cially in Saudi Arabia (16,404 THWcua,nv), Egypt (9,269 THWcua,nv), Libya (5,650 THWcha,1v), and
Morocco (1,006 THWcua,nv). This results in a roll-out of PV in the coastal regions and the build-up
of CSP capacities, which already reach further inland. The expansion of onshore wind power at this
methane sales price is limited to the aforementioned individual hotspots in Morocco, Libya, and
Egypt. At a methane sales price of 150 €/MWhcua,nv, the model results are dominated by high
power densities for CSP and PV outside of Turkey, Lebanon, and Israel.

Distance-dependent cost premiums for pipeline transport of synthetic methane from MENA to
Europe do not change the order of the first exporting countries given the accuracy of our result
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resolution. Assuming a WACC of 7%, the first substantial exports of gaseous synthetic methane to
Europe in 2050 start at a selling price of 140 €/MWhcua,nv from Saudi Arabia (16,404 TWhcua,inv),
Egypt (9,269 TWhCH4,|_Hv), and Libya (5650 Tth|—|4,|_Hv).

The first substantial hydrogen production quantities for the MENA region and a WACC of 7% ap-
pear in the model results at a sales price of 80 €/MWhy;,,uv. At this sales price hydrogen is mainly
produced in Saudi Arabia (5,030 TWhuz,wwv), Egypt (4,132 TWhuz,my), and Libya (3,854 TWhuy,ihv).
Based on our measurement accuracy and using distance-based cost premiums for pipeline
transport of gaseous hydrogen from MENA to Europe, the order of exporting countries changes at
the beginning of the supply curve. The first substantial hydrogen volumes are provided in Europe
at a sales price 100 €/MWhy, 11y from Libya (3,854 TWhu,, 11v) and Morocco (910 TWhy,,hyv). Due to
the further distance, Saudi Arabia exports substantial amount of hydrogen (5,030 TWhyuy,nv) to
Europe only starting at a selling price of 110 €/MWhyy,11v.
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Figure 6-12 Evolution of renewable electric capacities for PV, CSP, and onshore wind for gaseous synthetic
methane production at rising sales prices and a weighted average cost of capital of 7% in 2050.

6.3.5 Competition on the European hydrogen market

One criterion for deciding whether hydrogen from the MENA region can become part of the Euro-
pean supply mix is the relationship between the supply costs of European hydrogen and hydrogen
imported from MENA.

Figure 6-13 shows a comparison of the supply costs of hydrogen in Europe, which is either pro-
duced in Europe itself or imported from MENA. The supply curves of a European production are
taken from (Lux et al. 2020). In general, the modeling approach used to calculate European supply
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curves and the MENA import curves is similar. However, since Lux et al. (2020) was published,
there has been a cost update for renewable electricity generation technologies in Enertile. The
update has resulted in structurally lower renewable electricity generation costs. The European
hydrogen supply curves in Figure 6-13 are therefore subject to higher electricity production costs
than the hydrogen import curves from the MENA region. A second difference between the model
parameterizations in Lux et al. (2020) and scenario runs in this article applies to the used techno-
economic data for electrolyzers'?. In both cases MENA import and European production costs for
the local distribution of hydrogen are not considered.

The comparison of the model results shows that the import curves remain below the European
supply curves up to a hydrogen price of 90 €/MWh,,nv. Up to this sales price and corresponding
hydrogen quantities, domestic-European hydrogen supply is more cost-efficient. Assuming the
same WACC of 7% for Europe and MENA, the import of gaseous hydrogen from the MENA region
becomes economically attractive starting at hydrogen demands between 488 TWhyzmv and
1,118 TWhy,1nv, depending on the electrolyzer parametrization in Lux et al. (2020). If the import of
hydrogen is subject to substantially higher risk premiums or profit margins realized in the model
runs by a WACC of 12%, the import of hydrogen is only profitable compared to domestic European
production starting above hydrogen quantities between 2,044 TWhy,,nv and 3,571 TWhya 1y, The
intersection of the supply curves for liquid hydrogen imports from MENA with the European sup-
ply occurs above hydrogen sales prices of 150 €/MWhy,,v and European hydrogen supplies of
4,111 TWhi thy.

In compliance with the 1.5 °C target, the long-term strategic vision of the EC estimates a final en-
ergy demand for hydrogen in Europe in 2050 between 794 TWhy, (1.5LIFE scenario) and
892 TWhy, (1.5TECH scenario) (EC 2018a). The comparison of hydrogen supply curves between
European production with the central electrolyzer parametrization and MENA imports in Figure
6-13 implies that, from a techno-economic point of view, these demands could be partly met by
MENA imports, if Europe and MENA are subject to the same interest rates. For the progressive
electrolyzer parametrization in Europe and a WACC of 7% hydrogen demands could be met cost
efficiently by an inner European production. If MENA imports are assigned a higher WACC of 12%,
these European hydrogen demands would be met by domestic European hydrogen production
independently of the electrolyzer parameter scenario in Europe. However, imports could also be
necessary if the RES potential in Europe cannot be sufficiently utilized due to lack of public ac-
ceptance.

21n (Lux et al. 2020), hydrogen supply curves are calculated for three different techno-economic parameter-
izations of PEM electrolyzers. The conservative version of the electrolysis parameters is not shown in this
graph, because it lacks comparability with the parameterization for the MENA region.
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Figure 6-13 Competition on the European hydrogen market in 2050. Modeled export curves from the
MENA region are compared with literature values (Lux et al. 2020) for domestic European pro-
duction. The hydrogen demand from the EC (2018a) for the year 2050 serves as a reference.

6.4 Summary & Conclusions

This article identifies the generation potentials of the electricity-based fuels hydrogen and synthet-
ic methane for the MENA region in 2030 and 2050. For the generation of these e-fuels, it is as-
sumed that only renewable electricity is used. The analysis is performed with the energy system
optimization model Enertile. Based on the model results, the export of e-fuels from MENA to Eu-
rope is also considered using distance dependent transport costs.

The energy system optimization in Enertile is based on an assessment of renewable electricity po-
tentials in the MENA region at high resolution. The resulting cost potential curves and the distribu-
tion of the considered renewable technologies show that PV and CSP are the most cost-efficient
technologies in the MENA region. The wind potential in the MENA region lags behind solar tech-
nologies in its suitability for producing e-fuels. Electricity generation by wind at low cost is limited
to individual hot spots on the coast and in some inland areas. Cheap renewable power generation
potentials in coastal areas are located in Egypt, Saudi Arabia, Libya, and Morocco. Following the
scenario architecture, which postulates that e-fuels are only produced in coastal regions, these
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countries make the first and least expensive contributions to e-fuel production in the model calcu-
lations.

The cost potential curves are calculated for two different assumptions regarding the weighted
average cost of capital (WACC), 7% and 12%. The model results for the generation of e-fuels show
that substantial amounts of gaseous hydrogen can be produced in MENA in 2030 starting above a
production cost of 100 €/MWhua,inv (7% WACC) and 130 €/MWhuz,imv (12% WACC). In 2050, the
start of the hydrogen supply curves drops to above 70€/MWhumv (7% WACC) and
90 €/MWhy,,11v (12% WACC). As the supply curves progress, they show a steep increase in produc-
tion volumes. Additional liquefaction increases hydrogen supply cost by at least 40 €/MWhpy,11v.

Due to the additional synthesis step and the required CO, capture, the production of synthetic
methane is more expensive than electricity-based hydrogen. In the model results, a substantial
gaseous methane production in 2030 starts above a generation cost of 170 €/MWhcuanv (7%
WACC) and 210 €/MWhcpa, v (12% WACC) in MENA. In 2050, the model results show substantial
synthetic methane generation volumes above generation costs of 120 €/MWhcpawv (7% WACC)
and 160 €/MWhcua,nv (12% WACC). The supply curve of methane also shows a steep increase for
rising sales prices. Additional liquefaction increases the cost of synthetic methane by at least
10 €/MWhcha thv.

A cost comparison shows that exporting gaseous hydrogen and methane to Europe is cheaper
than transporting their respective liquid forms. Taking into account methane pipeline transporta-
tion costs to Europe, the potential MENA supply of synthetic methane from MENA to Europe starts
above 180 €/MWhcua, v (7% WACC) and 220 €/MWhcuanv (12% WACC) in 2030. Equivalent export
curves of hydrogen produced in MENA for Europe start above 120 €/MWhy,mv (7% WACC) and
150 €/MWhpz,inv (12% WACC). In 2050, exports of gaseous methane from MENA to Europe are
available starting at sales prices above 130 €/MWhcuany (7% WACC) and 170 €/MWhcpa,iny (12%
WACC). The supply of hydrogen produced in MENA for Europe in 2050 starts at sales prices above
90 €/MWhp,inv (7% WACC) and 120 €/MWho,iny (12% WACC), respectively.

The cost of renewable electricity is decisive for e-fuel production costs, accounting for at least 62%
of e-fuel generation costs in the production chains examined. For both hydrogen and synthetic
methane production, the technology with the highest cost contributions is electrolysis. Regardless
of the simulation year and assumed WACC, electrolysis accounts for at least 95% of gaseous hy-
drogen production costs and at least 69% of the costs in synthetic methane production. The sec-
ond major cost component in methane production is CO; supply from ambient air. It accounts for
10% to 15% of generation costs, depending on the physical state of the product, simulation year,
and assumed WACC. The remaining plant components, seawater desalination and methanation,
are less prominent in the overall costs. Cost reductions between the simulation years 2030 and
2050 are due to lower costs for renewable electricity and technical learning of the e-fuel produc-
tion chains.
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The production of electricity-based renewable gases is characterized by the large and low-cost
solar power generation potentials in the MENA region. PV and CSP account for at least 87% of the
electricity mix for e-fuel production in all constellations studied. Increasing capital intensity by
liquefying or processing hydrogen into methane increases the share of CSP in the generation mix,
due to its relatively high full load hours in electricity generation. Wind energy plays a relatively
small role in e-fuel generation in MENA. The maximum share of onshore wind in the generation
mix of the MENA region is 13% in the model results.

The comparison of the calculated hydrogen supply in the MENA region with equivalent supply
curves in Europe shows that hydrogen trade flows from MENA to Europe can only be cost-efficient
within certain limits. In order to have hydrogen export flows from MENA to Europe in a competi-
tive market context, the following two conditions need to be fulfilled. Firstly, there is no interest
rate spread or only a low interest rate spread between Europe and the MENA countries. This
means that investors are willing to develop projects in MENA at similar financing conditions as in
Europe. Secondly, the transportation costs for hydrogen are low. Transportation costs by pipeline
account for a substantial proportion of hydrogen supply costs from MENA in Europe. In the current
literature, these transportation costs are characterized by large spreads and uncertainties. Never-
theless, an effective shortage of sites for expanding renewable electricity generation in Europe
could be a game changer and may lead to hydrogen imports from MENA. This may arise, for ex-
ample, from high electricity demands accompanied with low acceptance for a widespread expan-
sion of renewable electricity generation units in Europe.

The analysis also has relevance for policy decisions: First of all, it broadens the perspective regard-
ing the costs of e-fuel imports: Several previous publications use somewhat simplified assump-
tions, for example regarding the price of electricity used in hydrogen production, or assume very
low interest rates. The more holistic framework used in this analysis provides a more comprehen-
sive picture of the costs incurred. The higher costs resulting from this show that importing e-fuels
to Europe is not a cheap silver bullet to circumvent bottlenecks in renewable energy expansion or
achieve supply side transformation. The cost of e-fuels have to be weighed up against other op-
tions. The analysis also hints at certain regions that might be most suitable for producing e-fuels
for exports. However, the differences in site quality vary within a range, in which other factors
might be equally important, such as transport costs and interest rate expectations for individual
countries or even projects.

Analyzing e-fuel production chains in detail and considering transport also highlights the complexi-
ty and sheer size of these potential projects. Too often hydrogen and e-fuel imports are used as
the gap-filler in national energy transformation strategies. The deeper analysis shows that these
projects are too large and too costly to happen without strong policy support and without high
security that the energy products will be bought long-term at agreed prices. Policy makers aiming
at importing hydrogen or e-fuels should start developing policies in this direction soon, as infra-
structure projects of the sizes discussed here have a considerable lead time.
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Overall, the analysis shows that e-fuel production in the MENA region is indeed attractive, espe-
cially due to its high solar potential. However, the question of whether utilizing this potential for
Europe's energy supply makes sense from a strictly economic point of view is not answered defini-
tively. Differences in capital costs and transport costs may reduce or even nullify the advantages of
the region. Future analysis should analyze these aspects in even greater detail and take price for-
mation on international energy commodity markets into account.
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6.5 Appendix

Appendix A.Abbreviations
Table 6-8 Abbreviations.

Abbreviation Explanation

BEV Battery electric vehicles
BolL Begin of life

CAPEX Capital expenditure

CH4 Methane

CO, Carbon dioxide

CspP Concentrating solar power
DAC Direct air capture, CO, separation from ambient air
EC European Commission

EU European Union

e-fuels Electricity-based fuels

el electrical

FLH Full load hours

GHG Greenhouse gas

H, Hydrogen

L-hydrogen Liquefied hydrogen

L-methane Liquefied methane

LCOE Levelized cost of electricity
LHV Lower heating value

LNG Liquefied natural gas

MENA Middle East and North Africa
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Abbreviation Explanation

Oo&M Operation and maintenance cost

OPEX Operating expenditure

PEMEL Polymer electrolyte membrane electrolysis
PtG Power-to-Gas

PtH, Power-to-Hydrogen

PtCH4 Power-to-Methane

PtX Power-to-X

PV Photovoltaics

RES Renewable energy source

SED Specific energy demand

STP Standard temperature and pressure (Tstp = 0 °C, pstp =1.01325 bar).
SOEL Solid oxide electrolysis

th thermal

TRL Technology readiness level

WACC Weighted average cost of capital

wt weight
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Appendix B.Substance data

Table 6-9 Substance data.

Substance data

Density of water (at 0 °C) 999.8 kg/m3
Higher heating value (HHV) of natural gas 50.0 MJ/kg
HHV of H, 141.8 MJ/kg
Lower heating value (LHV) of H, 120.0 MJ/kg
HHV of CHa4 55.5 MJ/kg
LHV of CH, 50.0 MJ/kg
Molar mass of H, 2.0 g/mol
Molar mass of CHs4 16.0 g/mol
Molar mass of water 18.0 g/mol
Molar volume at standard temperature and pressure (STP) 22.4 m3/kmo
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Appendix C.Model regions and transport distances to Europe

Figure 6-14 Model regions for Enertile calculations in the MENA region.
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Table 6-10  Transport distances assumed between e-fuel production regions in MENA and Europe.
Transport distances are estimated by the center-to-center air distance of MENA and continen-
tal Europe. In reality, transport routes are likely to be different.

Transport distances from e-fuel production regions in
MENA to Europe

DZ_1 2,098 km
EG_1 3,143 km
IL_1 2,981 km
J0_1 3,119 km
LB_1 2,788 km
Ly 1 2,507 km
MA_1 2,778 km
SA_1 3,988 km
SA_5 4,344 km
SY_1 2,790 km
TN_1 2,073 km
TR_1 2,232 km
Appendix D. Technologies and techno-economic parameters of PtG

process chains

This section covers details of individual PtG technologies within the e-fuel production chains pre-
sented in section 6.2.2.4. Table 6-11 shows the specific energy demands of individual PtG technol-
ogies. Table 6-12 and Table 6-13 show specific investments and fixed operation and maintenance
cost of individual PtG technologies.

Water electrolysis, in which water is electrochemically divided into hydrogen and oxygen, is the
main process step for hydrogen production. This paper examines PEMEL and SOEL systems, which
differ for example in the type of membrane used and the operating conditions (Adolf et al. 2017,
Golling et al. 2019; Smolinka et al. 2018; Topler et al. 2016; Ursua et al. 2012). Figure 6-4 and Fig-
ure 6-5 in section 6.2.2.4 specify the operating temperatures and pressures, chosen for the tech-
no-economic parametrization. As SOEL operates with steam, thermal energy is required at approx-
imately 200 °C for water evaporation. This makes SOEL particularly promising when heat is
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available at the site. However, PEMEL offers the advantage of operating over a wide load range
(Smolinka et al. 2018) and allows a quick response to power fluctuations from RES. PEMEL has
already reached a high technology readiness level (TRL) of 9. SOEL is a newer technology (TRL 6)
and its development is therefore associated with greater opportunities but also with higher risks
(Golling et al. 2019). According to the literature, further optimization of PEMEL and SOEL, e. g. of
cell and stack design, will lead to an increase in efficiency over the next 30 years (Smolinka et al.
2018). Efficiencies of electrolyzers given in the literature usually refer to begin of life (BoL). For the
Enertile parametrization, efficiency reduction for PEMEL and SOEL due to stack degradation is tak-
en into account through the author's own estimations, based on technical key data from the litera-
ture (Smolinka et al. 2018) (cf. Table 6-11). Accordingly, replacement of the stacks over the system
lifetime of 20 years is included in the fixed OPEX (Table 6-13).

Currently commercially available electrolysis processes require freshwater as feedstock. In the arid
MENA region, freshwater is a scarce resource (Hamed et al. 2018). In coastal regions, however,
seawater is available. Electrolysis processes that directly use seawater are the subject of current
research, but are only at the laboratory testing stage and are not yet commercially available
(d’Amore-Domenech et al. 2019). To avoid competition for scarce freshwater in the MENA region
and to take advantage of electrolysis technologies already available, seawater desalination is ex-
plicitly included in the economic and energy modeling and assessment of e-fuel process chains in
this paper (cf. Table 6-11, Table 6-12 and Table 6-13). Various seawater desalination technologies
are commercially available today. The most commonly used desalination technology is reverse
osmosis (Zhou et al. 2005). It has a TRL of 9 (Zhou et al. 2005). It is used, for example, on a large
scale to provide drinking water in Israel (Atkinson 2005). The transport of water from the coastline
to the PtG site is not explicitly considered in this work, since transport costs for water are compa-
rably low (Zhou et al. 2005) and PtG production sites are located close to the coast in the modeling
approach.

Due to the arid climate, the MENA region offers a low potential for biomass and industry that is
only located at coastal areas. For this reason, the use of ambient air as a CO; source is obvious
(Fasihi et al. 2019). Otherwise, CO; can be captured from point sources elsewhere and transported
to the e-fuel production site, which is not considered in this paper. (Fasihi et al. 2019) give an
overview of different process concepts for the separation of CO, from ambient air, so-called Direct
Air Capture (DAC). Climeworks GmbH supplies a DAC technology with a relatively high TRL (6 —9),
which is based on the chemisorptive binding of CO, molecules to amine-activated cellulose (ad-
sorption) at ambient conditions (40 °C, 1 bar) (Viebahn et al. 2019). At temperatures of approxi-
mately 100 °C and vacuum conditions, CO; is released again (desorption) and can be fed to the
methanation process as an enriched CO; gas flow (Fasihi et al. 2019; Moérs et al. 2020; Viebahn et
al. 2019). The technology has been tested in several pilot plants, for example at the PtG demo site
at Troia within the EU project STORE&GO (Moérs et al. 2020). Based on the experience gained in
these projects, a further reduction of thermal SED as well as CAPEX and OPEX is expected in the
next decade (Table 6-11, Table 6-12 and Table 6-13).
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Before methanation, the reactants (hydrogen and CO,) must first be brought to operating pres-
sure. Table 6-11 shows the SED for intermediate compression of CO; (1 to 20 bar) and hydrogen (9
to 20 bar). In the case of PEMEL, hydrogen exits the electrolysis system at a pressure above 20 bar
and hydrogen compression is not necessary. The same assumption applies to SOEL in the year
2050.

In catalytic methanation, CO2 and hydrogen are converted to methane and water. Water can be
recycled into the electrolysis, thus reducing the seawater requirement. The methanation is exo-
thermic and releases heat of reaction (165 kJ/mol) at a relatively high temperature level (250 to
500 °C) (Go6tz et al. 2016; Ronsch et al. 2016; Schildauer et al. 2016). The released thermal energy
can either be supplied to the DAC or used to generate steam if SOEL is chosen. For the Enertile
parametrization, a decrease in methanation costs is assumed over the next decades. The assumed
CAPEX and fixed OPEX for methanation are based on learning curves from the literature (Zauner et
al. 2019) and the author's own estimations, including costs for product gas cleaning (Table 6-12
and Table 6-13).

For methane liquefaction, a relatively high amount of energy is required to cool the gas below the
boiling temperature (-162 °C, 1 bar) and to remove the enthalpy of condensation (Table 6-11). The
energy density is thus increased by a factor of 600 (approx. 5.6 MWhCH4/m3) compared to ambi-
ent temperature. Methane liquefaction is well known as an application for natural gas transport,
so no further cost reduction is assumed (Table 6-12 and Table 6-13).

The energy demand for hydrogen liquefaction is over three times higher than for methane, related
to LHV, due to the low boiling temperature of -253 °C (Table 6-11). The optimization of hydrogen
liguefaction is part of current research (Stolzenburg et al. 2013) and development work, so reduc-
tion in SED and costs is expected in the medium term (Table 6-12 and Table 6-13).
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Table 6-11

Specific electrical (el) and thermal (th) energy demand (SED) for all technologies investigated

for electricity-based hydrogen and methane production in MENA. Values refer to the years
2030 and 2050.

Process step Specific energy demand Source
Electrical (el) Thermal (th)
in2030 in2050 in 2030 in 2050
Sea water 5.5 5.5 None None kWe/(m3/h purif (Hafez et al.
desalination ied water) 2003)
PEMEL 5.0 4.5 None None kWe/(m3/hH,S a, b,c(Smolin-
TP) kaetal. 2018)
SOEL 3.9 3.8 0.4 0.4 kWoeyn/(m3/hHy b (Smolinka et
STP) al. 2018)
DAC 1.0 1.0 2.9 2.9 kWemn/(m3/h C  (Viebahn et al.
0, STP) 2019)
H, compres- 0.03 0.03 None None  kWe/(m3/h H,S a
sion TP)
from 9 to
20 bar
CO, com- 0.15 0.15 None None kWs./(m3/h CO, a
pression STP)
from 1to
20 bar
H> liquefac- 6.76 6.02 None None kWel/(kg/h H>) (Stolzenburg
tion et al. 2013)
CH, liquefac- 0.7 0.7 None None  kWe/(kg/h CHa) (Wartsila
tion 2016)

3 Own estimations, taking into account degradation of the stacks by 3 puV/h for 2030 and 2 uV/h for 2050.
b) Own estimations, taking into account degradation of the stacks by 7 uV/h for 2030 and 4 pV/h for 2050.
' The efficiency of PEMEL is not expected to increase significantly by 2030, because PEMEL electrolysis is
in an economic "race to catch up" with alkaline electrolysis. Low CAPEX is prioritized over an increase in
efficiency in the development of PEMEL (Smolinka et al. 2018).
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Table 6-12  Specific CAPEX for each process step for production of electricity-based hydrogen or methane
in terms of plant capacity. Values refer to plant capacities of 100 MW (LHV) hydrogen or me-
thane output.

PtG process step Specific CAPEX Source
in 2030 in 2050

Sea water desali- 97 97 €/(I/h fresh water out) (Hafez et al. a

nation 2003)

PEMEL 2,000 1,800 €/(m3/h STP H; out) (Smolinka et b,c
al. 2018)

SOEL 2,912 2,002 €/(m3/h STP H; out) (Smolinka et b,c
al. 2018)

H> compression (9 96 none €/(m3/h STP Hyin) (Chardonnet b, c, d

to 20 bar) et al. 2017)

Direct air capture 8,344 5,574 €/(m3/h STP CO; out) (Siegemund et b, c
al. 2019)

CO, compression 238 238 €/(m3/h STP CO;in) (Schaffer et al. b, c

(1 to 20 bar) 2019)

Catalytic 2,778 1,815 €/(m3/h STP CH4 out) (Zauner et al. b,c,e

methanation 2019)

H, liqguefaction 35,510 35,510 €/(kg Hzout) (Hank et al. b,c
2020b)

CH, liquefaction 7,265 7,265 €/(kg CH4 out) (Songhurst b
2018)

3 | ifetime 15 years

b ifetime 20 years

9 And own estimations

9 Only necessary for PtG chain with SOEL
¢ Product gas cleaning included

Table 6-13  Specific OPEX for each process step for production of electricity-based hydrogen or methane;
costs for electricity and heat excluded; in terms of plant capacity; referring to plant capacity of
100 MW (LHV) hydrogen or methane output.

PtG process step  Specific fixed OPEX Source

in 2030 in 2050

Sea water desali- 19 19 €/(I/h  fresh  water (Hafez et al.

nation out)/a 2003)

PEMEL 37 31 €/(m3/h STP H2 out)/a (Smolinka et al. a
2018)
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PtG process step  Specific fixed OPEX Source

in 2030 in 2050

SOEL 187 77 €/(m3/h STP H2 out)/a (Smolinka et al. b
2018)

H2 compression Neglected Neglected €/(m3/h STP H2in)/a
(9 to 20 bar)

Direct air capture 167 111 €/(m3/h STP CO2 out)/a  (Siegemund et al.
2019)

CO2 compression Neglected Neglected €/(m3/h STP CO2 in)/a
(1 to 20 bar)

Catalytic 100 66 €/(m3/h STP CH4 out)/a  (Zauner et al. c
methanation 2019)
H2 liquefaction 1,420 1,420 €/(kg H2 out)/a (Hank et al.

2020b; Stolzen-
burg et al. 2013)

CH4 liquefaction 437 437 €/(kg CH4 out)/a (Songhurst 2018)

3 And own estimations: stack replacement after 10 years.
b) And own estimations: stack replacement after maximum lifetime of the stacks.
) And own estimations; product gas cleaning included.

Appendix E. Techno-economic parameters of renewable energy
technologies

For onshore wind turbines, 59 different configurations are taken into account for the year 2050.
The hub heights vary between 80 and 160 m. The specific area output ranges between 270 and
500 W/m2. A wind turbine with a hub height of 110 m and a specific area output of 400 We/m?
costs 1160 €/kW, in 2020 and 1050 €/kWe in 2050. The costs are based on (Wallasch et al. 2019).

Table 6-14  Hub height, rotor diameter, and specific investments for the considered offshore wind tur-
bines in 2030 and 2050 (Koepp et al. 2019).
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Turbine Hub height (m)  Rotor diameter (m)  Specific investment (€/kWe)

2030 2050
1 100 400 3580 3422
2 100 450 3497 3341
3 110 400 3640 3482
4 120 350 3783 3622
5 120 360 3766 3607
6 120 380 3732 3574
7 120 400 3700 3542

Table 6-15  Specific investments for different solar technologies in 2030 and 2050; the costs are based on
solar power plants from 2020 (ZSW 2019) and a learning rate (Fraunhofer ISE 2015).

Specific investment (€/kW.)

Technology 2030 2050

Ground-mounted PV 662 500

Roof-top PV 933 765

CSpP 2047 1442
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Abstract

Hydrogen is widely considered to play a pivotal role in successfully transforming the German energy
system, but the German government's current "National Hydrogen Strategy" does not specify how
hydrogen utilization, production, storage or distribution will be implemented. Addressing key uncer-
tainties for the German energy system's path to greenhouse gas-neutrality, this paper examines
hydrogen in different scenarios. This analysis aims to support the concretization of the German
hydrogen strategy. Applying a European energy supply model with strong interactions between the
conversion sector and the hydrogen system, the analysis focuses on the requirements for geological
hydrogen storages and their utilization over the course of a year, the positioning of electrolyzers
within Germany, and the contributions of hydrogen transport networks to balancing supply and
demand. Regarding seasonal hydrogen storages, the results show that hydrogen storage facilities
in the range of 42 TWhy; to 104 TWhy; are beneficial to shift high electricity generation volumes
from onshore wind in spring and fall to winter periods with lower renewable supply and increased
electricity and heat demands. In 2050, the scenario results show electrolyzer capacities between

41 GWe and 75 GW,, in Germany. Electrolyzer sites were found to follow the low-cost renewable
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energy potential and are concentrated on the North Sea and Baltic Sea coasts with their high wind
yields. With respect to a hydrogen transport infrastructure, there were two robust findings: One, a
domestic German hydrogen transport network connecting electrolytic hydrogen production sites in
northern Germany with hydrogen demand hubs in western and southern Germany is economically
efficient. Two, connecting Germany to a European hydrogen transport network with interconnec-
tion capacities between 18 GW,; and 58 GWy; is cost-efficient to meet Germany's substantial hy-
drogen demand.

Key words: Hydrogen supply; Hydrogen storage; German energy transition; Greenhouse gas neu-
trality; Energy system modeling;

Highlights:

- Cost minimization of European electricity, heat, and hydrogen supply up to 2050

- Hydrogen storage demand in climate-neutral German energy system: 42 - 104 TWh
- Electrolyzer capacity in Germany: 41 - 75 GW

- Atleast 71% of German electrolyzers at the coast

- Germany's interconnection capacity to European hydrogen grid: 18 - 58 GW
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7.1 Introduction

In order to achieve the 1.5 °C target established in the Paris Agreement 2015 (UN 2015), the Euro-
pean Commission (EC) aims for net zero greenhouse gas (GHG) emissions in 2050 in the European
Green Deal (EC 2019). The German Federal Government has committed itself to achieving the Eu-
ropean targets in Germany's Federal Climate Change Act (BMJ et al. 2021). The transformation of
the energy system is pivotal to meeting the stated climate protection targets (BMUV 2016), and
the German government assigns GHG-neutral hydrogen a key role in this transformation (BMWi
2020). Following the current trend that sees hydrogen becoming part of the global energy system
transition (Capurso et al. 2022), Germany has created a framework to support innovations and
investments in hydrogen technologies in its national hydrogen strategy (BMW:i 2020). However,
this strategy still lacks a concrete outline of future hydrogen supply infrastructures. The design of
these hydrogen supply infrastructures depends on various influences.

Firstly, the amount of hydrogen demand has a high impact on hydrogen supply. Lux et al. (2020)
show increasing electrolyzer capacities for increasing hydrogen production volumes in Europe in
2050. Similarly, in a parameter study, Husarek et al. (2021) show different configurations of a
German hydrogen transport infrastructure for increasing hydrogen demand levels. However,
Neuwirth et al. (2022) claim that the level of future hydrogen demand in Germany is largely uncer-
tain. Commissioned by the National Hydrogen Council, a meta-study (Wietschel et al. 2021) of
current energy system studies for Germany achieving GHG reductions of at least 90% shows that
hydrogen demand in the demand sectors in 2050 ranges between 0 and 316 TWhy, depending on
the underlying scenario. Today, robust decisions regarding the development of hydrogen supply
infrastructures need to take these uncertainties in the development of hydrogen demand into
account.

Secondly, to design suitable hydrogen supply infrastructures, the entire value chain of generation,
storage, and transport should be considered. With an analysis of hydrogen supply potentials in
Europe and the Middle East and North Africa (MENA), Sens et al. (2022) contribute to this re-
quirement in two respects: First, even though electrolytic hydrogen production costs in the MENA
region are cheaper than using electrolyzers in Germany, the export costs for supplying this hydro-
gen to Germany are in the same order of magnitude as for on-site production within Germany due
to transport surcharges. Second, Sens et al. show that the use of salt caverns for seasonal storage
of hydrogen can reduce hydrogen supply costs by up to 50%. Consequently, for a comprehensive
analysis of hydrogen supply in Germany, it is not sufficient to consider only hydrogen production
with electrolyzers; hydrogen storage and transport must be considered too.

Thirdly, the components of these hydrogen supply chains interact strongly with the rest of the
energy system. On the one hand, producing high hydrogen quantities using electrolysis translates
directly into high electricity demand and additional expansion of renewable power generation
technologies (Lux et al. 2020). As a result, hydrogen increasingly competes with other applications
for low-cost electricity. On the other hand, flexible hydrogen production with electrolyzers can
help to integrate weather-dependent renewable energies (Chen et al. 2021). Gils et al. (2021)
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show that hydrogen as a storage medium can offset seasonal effects in renewable electricity gen-
eration and electricity demands. In the latter case, renewable electricity is stored in geological
formations at negative residual loads, i.e., at times when renewable electricity generation exceeds
the load, and is then withdrawn at subsequent positive residual loads, i.e., at times when the load
exceeds renewable electricity generation. Consequently, hydrogen supply must be considered in
the context of the energy system.

Finally, analyses on the German energy system need to address the European context. Bernath et
al. (2019) show that in Germany both the deployment of renewable energies in the electricity sys-
tem and the decarbonization of district heating grids through heat pumps strongly depend on the
integration of Germany into the European energy system. Therefore, the alternative sector cou-
pling technologies of hydrogen supply in Germany should also be investigated in an integrated
European energy system.

In summary, the challenges in defining a concrete rollout of hydrogen supply technologies are
considering the entire value chain of hydrogen production, storage, and transport simultaneously,
the interactions of this value chain with the rest of the German and European energy system, and
its dependence on future hydrogen demand. Although there is a rapidly growing body of literature
on hydrogen supply, there are only few studies for Germany with a system perspective that con-
sider these aspects at least partly. Lux et al. (2020) develop hydrogen supply curves for a decar-
bonized European energy system in 2050. The results of this energy system cost minimization
show that there is a substantial but regionally heterogeneous hydrogen production potential in
Europe. The balancing of these regional differences via a hydrogen network to meet hydrogen
demands is however not considered. In a subsequent study (Lux et al. 2021), this European hydro-
gen supply potential is compared to import curves from the MENA region. Similar to Sens et al.
(2022), this comparison shows that low-cost electrolytic hydrogen production at locations with
favorable renewable energy potentials in the MENA region is offset by transportation costs. Weld-
er et al. (2018) analyze three different scenarios for power-to-hydrogen supply infrastructures
meeting mobility and industry demands in a future German energy system. Applying a mixed inte-
ger linear program, they find the cost of hydrogen for mobility is below current hydrogen retail
prices. Their results indicate that the utilization of underground hydrogen storages reduces the
system costs for a renewable-based German energy system. However their modeling approach has
limitations: The temporal resolution is limited to typical days, the geographical scope is limited to
Germany, the electricity grid is not part of the optimization, and only onshore wind is considered
for renewable power generation. Gils et al. (2021) analyze the interaction of hydrogen infrastruc-
tures with other sector coupling technologies in a GHG-neutral German energy system. They apply
an integrated optimization of the supplies of electricity, heat, hydrogen, and methane with a
strong focus on Germany. Analyzing a single scenario including several sensitivities, they find that
flexible hydrogen production is key for the integration of renewables and seasonal balancing.
However, they do not analyze sector coupling options or hydrogen transport infrastructures in a
European context. Husarek et al. (2021) use a multi-modal energy system model to analyze hydro-
gen supply chains for Germany in 2050. They show that hydrogen imports are pivotal for meeting
German hydrogen demand and that a north-south hydrogen pipeline connection within Germany
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is a no-regret option. The geographic resolution of their modeling for Germany is high, however,
they only estimate hydrogen import potentials based on four exemplary routes taken from litera-
ture values. They do not consider interactions of German hydrogen imports with the European
power generation system.

The literature review shows that none of the previous studies addresses all the described chal-
lenges in defining a concrete strategy for the buildup of hydrogen supply infrastructures. There is
the need for technically, spatially, and temporally highly resolved analyses of hydrogen supply as
part of an integrated European energy system. This paper aims to close the identified research gap
by investigating the interaction of hydrogen supply infrastructures with the energy system in dif-
ferent scenarios that all achieve GHG neutrality in Germany by 2050. The analysis focuses on Ger-
many, but considers this in the wider context of a fully integrated European energy system. Using
the energy system model Enertile and following the hydrogen supply chain of production, storage,
and transport, this paper addresses the following research questions:

e  Where should electrolyzers be positioned in Germany?

e What are the requirements for geological hydrogen storages and how are storage facilities

managed over the course of a year?

e What contribution can hydrogen transport networks make to balancing supply and de-

mand?
Addressing these questions using a detailed modeling approach and covering a broad solution
space with different scenarios aims to provide policy makers with robust guidance for concretizing
Germany's hydrogen strategy.

The paper is structured as follows: section 7.2 introduces the modeling approach, scenario design,
and most important input parameters. Model results are presented in section 7.3 and discussed in
section 7.4. Section 7.5 derives key conclusions.

7.2 Methods and data

This section introduces the overall scenario design (section 7.2.1), presents the employed model-
ing tools (section 7.2.2), and provides an overview of the input data used (section 7.2.3).

7.2.1 Scenario design

This study focuses on hydrogen supply infrastructures in Germany in the context of a GHG-neutral
European energy system. In order to derive robust characteristics of a German hydrogen supply
system, the analysis in this paper compares five scenarios. Starting with an electrification scenario,
the scenario design varies along three main dimensions: Development of energy demands, com-
position of the renewable electricity generation portfolio, and availability of expansions in the
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electricity transmission networks. For the energy demand variation, a hydrogen scenario assumes
an increased hydrogen usage in end-use applications and processes. Likewise, a power-to-
gas/power-to-liquid (PtG/PtL) scenario assumes an increased usage of synthetic hydrocarbons. The
composition of energy demand follows consistent scenario storylines across all sectors and results
from detailed bottom-up models. For the renewable power generation variation, an onshore wind
scenario assumes a reduced onshore wind potential in Europe. For the electricity network varia-
tion, an electricity grid scenario assumes a freeze of the European electricity transmission grid
expansion. Figure 7-1 shows an overview of the scenario tree. Subsequent paragraphs describe
these variations in more detail.

PtG/PiL scenario

f e e
vanation N . penewable power generation: Standard

l".
/ M Hydrogen scenario

- Electricity network: Optimized
* Hydrogen network: European expansion
Electricity * Renewable power generation: Standard portfolio

Electrification scenario
+ Energy demand: Focus on
electrification /
Electricity network: Optimized / ﬂE?Wprk 5 Electricity grid scenario
Hydrogen network: European ' variation * Energy demand: Focus on electrification
expansion

Renewable power generation: Standard N * Hydrogen network: European expansion
portfolio * Renewable power generation: Standard portfolio

Onshore wind scenario
Y Renewable * [Energy demand: Focus on electrification
k  power } * Electricty network: Optimized
variation * Hydrogen network: European expansion

Figure 7-1  Scenario tree.

7.2.1.1 Demand variations

Germany's overarching strategy for reducing GHG emissions is to first reduce energy consumption
(the so called “efficiency first principle”), second to directly substitute fossil fuels with renewable
energies where possible, and third, to electrify applications and operate them with renewable
electricity (BMUV 2016). Nonetheless, there remain processes where a direct use of renewable
energy in general or renewable electricity in particular is either not possible or where alternative
de-fossilization strategies are being discussed. Currently, there is no consensus on the most effi-
cient CO, mitigation strategy for certain industrial processes such as steel production and
transport applications such as aviation and long-distance transport (Davis et al. 2018). Reducing
GHG emissions in these processes requires the use of carbon-neutral energy or feedstock. In es-
sence, these comprise all energy forms derived from non-fossil sources, or fossil sources for which
emissions are fully sequestered and stored, e.g., through carbon capture and storage (CCS). How-
ever, the regulatory framework in Germany excludes both nuclear energy, for which a phase-out
policy is in place, and CCS. Effectively, the only long-term options for climate-neutral energy in
Germany are renewable electricity, hydrogen, or synthetic hydrocarbons. Therefore, this study
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analyzes three demand variations with a pronounced use of one of these secondary energy forms,
deliberately illuminating the corners of the solution space. This section briefly outlines the philos-
ophy of the three scenarios in the demand sectors. German energy demand was determined using
independent detailed sector models (Fraunhofer ISl et al. 2021) and use as the input to the supply
modeling and analyses in this paper. A detailed presentation of the assumptions and modeling
used to determine these demand data is not part of this paper, but section 7.2.3.1 provides a
summary of the obtained values. The analysis in the remainder of this paper focuses on how to
meet these energy demands — especially for hydrogen — cost efficiently.

The electrification scenario relies on a strong use of renewable electricity. The use of hydrocarbons
in 2050 is limited to the biomass potential considered sustainable. Nevertheless, a significant
amount of hydrogen is needed to achieve the goal of greenhouse gas neutrality in this scenario. In
the energy demand sectors of industry, transport, residential and services, applications and pro-
cesses are shifted towards a direct use of electricity where possible. In the industrial sector, this
mainly means that the majority of process heat is provided electrically. Hydrogen is used only
where direct electrification is not possible, e.g., because the energy sources are used as feedstocks
(e.g. for the production of olefins). In the transport sector, the private car segment and lightweight
and medium-sized commercial vehicles are dominated by battery-electric drive systems in the long
run. One third of heavy-duty vehicles are also battery-electric. The remaining fleet consists of hy-
brid trolley trucks wherever possible. In aviation and shipping, biogenic fuels dominate and alter-
native powertrains are only used to a small extent. In this scenario, heat supply in buildings is
mainly provided by heat pumps, district heating, and biomass. Processes and applications in the
residential and services sectors are electrified extensively.

The PtG/PtL scenario relies on high utilization of synthetic hydrocarbons. The central idea in this
scenario is to substitute fossil hydrocarbons with their synthetic or biogenic, GHG-neutral coun-
terparts. This allows the retention of existing infrastructures and processes that are rendered
GHG-neutral 'from the outside', i.e., without requiring substantial changes on the usage side. In
addition to the use of sustainable biomass, the required amounts of hydrocarbons are imported
from regions outside Europe. The structural changes in the industrial sector are less profound than
in the other two scenarios. Typically, industrial furnaces are already fired with natural gas. One
exception is blast furnaces in steel production, which switch to methane in this scenario. In the
transport sector, battery-electric vehicles dominate the segments of passenger cars and small and
medium-sized commercial vehicles in this scenario as well. Diesel vehicles continue to be used for
heavy-duty vehicles and hydrocarbons continue to be used in international air and sea transport.
Gas boilers remain the most important heating technology for buildings, although heat pumps and
heat grids make a greater contribution than today.

The hydrogen scenario aims at high hydrogen utilization in all sectors, which implies a substantial
switch from fossil fuels to hydrogen. This requires a high level of adaptation in applications and
infrastructures. In the industrial sector, for example, hydrogen is used as an energy carrier for pro-
cess heat generation and as a feedstock and reducing medium in steel production. In the transport
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sector, fuel cell vehicles are increasingly used in addition to battery electric vehicles, with fuel cells
especially prevalent in the passenger car and heavy-duty vehicle segments. Decentralized hydro-
gen boilers are used for heating buildings in this scenario in addition to heat pumps and heat grids.

7.2.1.2 Electricity network variation

Future energy systems based on renewable energies will have an increasing need for flexibility
options to compensate for weather effects (Kondziella et al. 2016). Hydrogen as a seasonal storage
medium is one flexibility option. The electricity grid is another important option providing supra-
regional balancing. These flexibility options are in competition with each other. Therefore, in order
to investigate robust results for a hydrogen supply infrastructure, this study varies the electricity
grid expansion option in the optimization. The electricity grid scenario only realizes the Ten Year
Network Development Plan 2018 with slight delays. In all other scenarios, the optimization can
expand power transmission network within certain capacity limits. A complete list of maximum
network capacities in the optimization is provided in Appendix D.

7.2.1.3 Renewable power variation

Onshore wind is one of the key power generation technologies in the GHG-neutral electricity sys-
tem. At the same time, there are acceptance problems for the expansion of wind power plants
(Guo et al. 2015). For the design of a robust hydrogen supply infrastructure, this study varies the
potential of onshore wind. In the onshore wind scenario, only half of the land is available for wind
turbine expansion compared to all the other scenarios. A complete list of land use factors for re-
newable electricity generation is provided in Appendix E.

7.2.2 Methods

The energy system model Enertile (Fraunhofer ISI 2021) was used to calculate and analyze the
conversion sector and hydrogen supply system. The following paragraphs describe the model's
main architecture.

7.2.2.1 Renewable electricity generation potential calculation

Renewable energy potential is an important input for the cost minimization of the energy supply
system. Enertile uses cost-potential curves determined in detailed bottom-up modeling prior to
the energy system optimization and differentiates the technologies of onshore wind, offshore
wind, concentrated solar power (CSP), utility scale photovoltaics (PV) and rooftop PV. For this
analysis, the world is mapped onto a grid of so-called "tiles" that measure 42.25 km?2. This grid
combines data on land use, weather, and power generation technologies. The high-resolution tile
results are summarized as cost-potential curves for the system optimization. The individual stages
of these cost-potential curves contain the following information for each technology:

e sum of the generation potential on the tiles,

e average full-load hours on the tiles,
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e average generation cost on the tiles, and

o the aggregate weather profile on the tiles.
Enertile subsequently makes autonomous expansion decisions for the individual renewable tech-
nologies based on the potential curves in a model region and the expansion targets set in the sce-
narios. Subsequently, the expansion and dispatch results of the optimization can be re-projected
onto the tile grid. This results in a spatially detailed picture of the expansion of renewable energies
in the scenarios. A more extensive description of calculating the renewable potential is given in Lux
etal. (2021).

The development of the other renewable technologies of hydropower, geothermal power, and
wave and tidal power is specified exogenously. For these technologies, endogenous expansion is
not appropriate for various reasons, e.g., either the unexploited potential is tightly constrained, as
is the case for hydropower in Germany and Europe, or the current costs of these technologies are
so high that the model would not expand them endogenously, as is the case for wave, tidal, and
geothermal power. This analysis assumes that European countries will realize their existing expan-
sion plans for these technologies, but that no expansion beyond these will take place.
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7.2.2.2 Energy system optimization model Enertile
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Figure 7-2  Schematic representation of the modeled quantities, interactions, and boundary conditions in
the cost minimization of the energy supply-side model Enertile.

Modeling the energy supply side is done with the cost minimization model Enertile. It simulates
the simultaneous supply of electricity, heat in heat grids, and hydrogen. The goal of the optimiza-
tion is the expansion and dispatch of technologies for the generation, conversion, and distribution
of these energy forms to meet exogenously specified demands at least cost. For the supply of elec-
tricity, this includes conventional and renewable power generation technologies (including com-
bined heat and power (CHP) plants), storage technologies, and electricity transmission networks.
For the supply of heat in heat grids, this includes conventional and renewable heat generation
technologies and heat storages. For hydrogen supply, this includes electrolyzer technologies, hy-
drogen storages, and hydrogen transport pipelines.

Enertile's objective function adds up the fixed and variable costs of the energy system components
shown in Figure 7-2. In the linear problem formulation, the decision variables are the installed
capacities of the system components and their dispatch.
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The key constraints of the linear optimization require that the hourly demand for electricity, heat,
and hydrogen is met in each model region. Interactions between the supplies of the different en-
ergy forms shown in Figure 7-2 are taken into account. A mathematical formulation of the linear
optimization problem is given in Appendix C.

Enertile has a high level of technical, temporal, and spatial detail. The scenario calculations in the
conversion sector cover the years 2030, 2040, and 2050 with hourly resolution. The expansion and
deployment of infrastructures across all years are jointly considered in a single model run. This
means that the model must account for the consequences of a decision in 2030 in subsequent
years. Perfect foresight is assumed. In this paper, the modeling of energy supply covers the coun-
tries of the European Union (EU), Norway, Switzerland, the United Kingdom, and the Balkan states
in all scenarios. This makes it possible to consider cross-regional balancing effects of electricity and
hydrogen transport networks. Model regions correspond to either one or more national states (cf.
Appendix Appendix C for a definition of the model regions), apart from Germany, which is divided
into seven subregions. This regional split is based on potential bottlenecks in the electricity trans-
mission grid. The expansion and use of electricity and hydrogen transport networks between
model regions is modeled by means of net transfer capacities.

The model Enertile has already been described and used in many studies for the analysis of energy
supply systems. Pfluger (2014) described the modeling of the European electricity system in more
detail and investigated different pathways in ambitious climate protection scenarios. Deac (2019)
described the coupling of the power and heat system in the model and investigated the impact of
heat grids on the integration of renewable energies in Germany. Bernath et al. (2019) examined
the sector coupling technology heat pump in the context of a European energy system. The cou-
pling of electricity, heat, and hydrogen generation is described and investigated in Lux et al. (2020)
for a European system and in Lux et al. (2021) for a system in the MENA region. Franke et al.
(2021) described the model representation of hydrogen grids for the first time and examined a
GHG-neutral energy system in China. With its broad coverage of sector coupling options and high
technical, temporal, and spatial resolution, Enertile is an appropriate tool for investigating hydro-
gen supply in Europe. This paper uses the integrated optimization of electricity, heat, and hydro-
gen supply including hydrogen networks (cf. Figure 7-2) analyzing a European energy system for
the first time.

7.2.3 Data

This section provides the input data on energy demands in the different demand scenarios (sec-
tion 7.2.3.1), on fuel and CO; prices (section 7.2.3.2), on constraints to the linear optimization
problem (section 7.2.3.3), on utilized parameters on hydrogen infrastructures (section 7.2.3.4),
and on renewable electricity potential used in the optimization (section 7.2.3.5).
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7.2.3.1 Energy demands

Germany's energy and climate policy goals as of May 2021 require a fundamental restructuring of
the energy system that affects all sectors of the economy. The analysis of hydrogen's role in the
conversion sector of a GHG-neutral economy in Germany in this paper is based on data from the
project 'BMWi Long-term Scenarios' (Fraunhofer ISl et al. 2021). This project uses a series of mod-
els representing different sectors and infrastructures and develops consistent scenarios with high
technical, spatial and temporal resolution. These scenarios are not intended to predict the future,
but show possible developments that are consistent with German energy and climate policy. The
overarching goal of the scenarios is to identify robust strategies for achieving GHG neutrality.

The demand for electricity, hydrogen, and district heating in other European countries are based
on values taken from the EU Horizon 2020 project "SET-Nav". All SET-Nav pathways achieve a GHG
reduction of 85—95% across sectors in 2050. This paper's electrification scenario and hydrogen
scenario adopt the demand of the SET-Nav pathway "Directed Vision" for regions outside Germa-
ny. The PtG/PtL scenario in this paper adopts the energy demand of the SET-Nav pathway "Diversi-
fication" for regions outside Germany. These energy demand pathways outside Germany were
selected as they have a similar quality in terms of modeling technique and level of detail as the
modeling approach for Germany and pursue similar objectives as in the scenario narratives for
Germany.
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Figure 7-3 Final energy demand of the sectors industry, transport, residential, and services in the three
demand variations in Germany. The demand for electricity, heat in heat grids, and hydrogen
(including feedstocks) is met by optimizing the energy supply in Enertile. Meeting other energy
demand is not part of the optimization in Enertile. Values for 2019 are taken from (BMWK
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2022b), values for the years 2030, 2040, and 2050 are determined by detailed sector models in
(Fraunhofer ISl et al. 2021).

Figure 7-3 shows the final energy demand of the demand sectors industry, transport, residential,
and services in the three demand variations investigated. The demand for electricity, heat in heat
grids, and hydrogen is met by cost minimizing the energy supply in Enertile. The demand of other
energy forms are balanced externally to Enertile.

As the option of GHG reduction via direct electrification is the dominant solution in many applica-
tions, electricity demand increases in all three scenarios by 2050. This happens despite substantial
energy efficiency improvements in all demand sectors. The increase is most pronounced in the
electrification scenario, which has a final energy demand for electricity of about 816 TWhjin 2050.
Electric heat generation for industrial processes (214 TWhe), heat pumps in buildings (72 TWhe),
as well as e-mobility (155 TWh) are the main drivers of the increased electricity demand in this
scenario. In the hydrogen scenario and the PtG/PtL scenario, the increase in electricity demand is
less pronounced. The lowest final energy demand for electricity is in the PtG/PtL scenario with
about 540 TWhe in 2050.

The importance of heat grids increases substantially in all three scenarios. The final energy de-
mand for district heating increases from 112 TWhy, in 2019 (BMWK 2022b) to 149 TWhy, in the
hydrogen scenario and to 163 TWhy, in the PtG/PtL scenario. For the supply of heat in buildings,
the electrification scenario differs from the hydrogen scenario and the PtG/PtL scenario in terms of
renovation ambition®3. In order to realize high shares of electric heat generation, the electrification
scenario focuses on high building efficiency through insulation, ventilation systems with heat re-
covery, and ambitious new building standards. There are lower ambitions for building efficiency in
both the PtG/PtL scenario and the hydrogen scenario. The differences in renovation depth have
implications for using heat grids to supply heat in buildings. The amount of heat provided in build-
ings by heat grids increases by 79% to 109 TWhy, between 2020 and 2050 in the electrification
scenario. In the PtG/PtL scenario and the hydrogen scenario, the amount of heat provided by heat
grids in buildings increases by 54% to 94 TWhy, between 2020 and 2050. In all scenarios, the num-
ber of buildings connected to heat grids increases due to both densification in areas where heat
grids already exist and through the construction of new heat grids. The remaining demand for
district heating comes from the industrial sector for the provision of process heat.

The final energy demand for hydrogen (including feedstocks for industrial processes) differs signif-
icantly in the different scenario narratives. Additional hydrogen demand results from the use of
hydrogen as a storage medium in the conversion sector'®. The utilization of hydrogen as a storage

13 This aspect of the scenario designh accounts for one of the central arguments for the use of PtG and hydro-
gen for heating as an alternative to the renovations measures that are, at least to some extent, required
for an efficient electrification of heat demand in buildings.

14 Since synthetic hydrocarbons are imported from outside Europe, the hydrogen demand does not include
an intermediate product in synthetic fuel production.
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medium is calculated endogenously when minimizing supply costs and is discussed in the results
section 7.3.2. The hydrogen scenario has the highest final energy demand for hydrogen with a
total of 667 TWhy, in 2050. The PtG/PtL scenario has the lowest final energy demand for hydrogen
at 34 TWhua. The electrification scenario is in-between these two extreme positions with a hydro-
gen demand of 175 TWhy; in 2050. The different hydrogen demand levels in the scenarios are due
to different types of use. In the PtG/PtL scenario, the final energy demand for hydrogen is limited
to the transport sector. Here, a relatively low diffusion of fuel cell vehicles is assumed. This de-
mand amounts to 34 TWhy; in 2050. The other demand sectors in this scenario rely on synthetic,
carbon-based energy carriers instead of hydrogen to achieve climate neutrality. These synthetic
energy carriers are imported as defined in the scenario and the hydrogen required for their pro-
duction is not generated in Germany. In the electrification scenario, hydrogen demand from the
transport sector is supplemented by demand from industry. Hydrogen is used, for example, in the
chemical industry as a feedstock or in the steel industry as a reducing agent. In 2050, the hydrogen
demand amounts to 20 TWhy; in the transport sector and 156 TWhy; in industry. Only in the hy-
drogen scenario is hydrogen used for heating buildings as well. In 2050, 359 TWhy, of hydrogen
demand is accounted for by industry, 129 TWhy; by transport, and 178 TWhy; by heating buildings.
The complete hydrogen balances - including model endogenous demands from the conversion
sector and hydrogen supply - are shown in Figure 7-6 in the results.

7.2.3.2 Fuel and carbon dioxide prices

Fuel and CO; prices are key input parameters in energy system modeling. The level and interaction
of fuel prices have a direct impact on the expansion and dispatch decisions for technologies in
Enertile. All scenarios assume the same price developments for natural gas, hard coal, lignite, oil,
hydrogen imports from outside Europe, and CO, certificates. Only the PtG/PtL scenario uses syn-
thetic energy carriers. Table 7-1 shows the prices used in this analysis.

Price trends for hard coal, oil, and natural gas are based on the Sustainable Development Scenario
of the World Energy Outlook 2019 (IEA 2019). The World Energy Outlook only shows prices up to
2040; for this analysis, prices were extrapolated to 2050 based on previous trends. The conversion
of prices to euros is based on the average interbank exchange rate of 2018. In general, the prices
of hard coal (6 €/ MWh) and natural gas (22 €/MWh) remain at constant levels. The oil price de-
creases slightly, from 32 €/MWh in 2030 to 29 €/MWh in 2050. For lignite, a flat price of 4 €/MWh
is assumed in all scenario years. Overall, the importance of fossil fuel prices decreases in ambitious
climate change mitigation scenarios.

To reduce fossil fuels, a key steering parameter in supply side modeling is the CO; price. This CO,
price penalizes emissions from the use of oil, hard coal, lignite, and natural gas for electricity and
heat generation. To realize GHG-neutrality by mid-century, the CO, price increases from 75 €/tco>
in 2030 to 500 €/tcoz in 2050 in all scenarios.

The electricity and heat supply modeling in Enertile can use hydrogen and synthetic methane as
GHG-neutral energy carriers. In addition to the model’s endogenous production and distribution of
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hydrogen within Europe, GHG-neutral hydrogen can also be imported from outside Europe at fixed
prices. The hydrogen import price decreases from 101 €/MWh in 2030 to 81 €/MWh in 2050. Syn-
thetic methane is only used in the PtG/PtL scenario and is successively blended with natural gas.
The assumed blending rates are 5% in 2030, 25% in 2040 and 100% in 2050. Synthetic methane is
imported from outside Europe and the import price drops from 126 €/MWh in 2030 to 94 €/MWh
in 2050. The import price time series of hydrogen and synthetic methane are based on modeling
work for the MENA region (Lux et al. 2021). The time series from Lux et al. (2021) were adjusted to
the WACC of 2% generally assumed in this paper.

Table 7-1 Fuel and CO: prices used in the different scenarios and simulation years.

Scenario Category Unit 2030 2040 2050
Natural gas €/MWh 22 22 22
Hard coal €/MWh 6 6 6
All Lignite €/MWh 4 4 4
Qil €/MWh 32 31 29
Hydrogen (from outside Europe) €/MWh 101 91 81
CO, €/t 75 125 500

PtG/PtL scenario Synthetic methane (from outside Europe) €/MWh 126 110 94

7.2.3.3 Constraints

In all scenarios, the system change towards a GHG-neutral energy supply follows guiding principles
that are formulated as constraints in the optimization. These constraints reflect, among other as-
pects, some basic tenets of Germany's energy and climate legislation. However, not all legislation
is implemented to allow the model to make decisions in the optimization. For example, the statu-
tory sector targets for the year 2030 are not reflected in the scenarios.

In all scenarios, the phase-out of nuclear energy by 2022 (Bundestag 2011) and the step-wise
phase-out of coal until 2038 (Bundestag 2020) are implemented as stipulated in the respective
laws.

Renewable energy expansion corridors are also specified for Germany. For 2030, between 71 GWq
and 80 GW,, of onshore wind capacity must be installed. For offshore wind, an installed capacity of
at least 20 GWe must be reached in 2030 and must increase to at least 40 GWe until 2040. The
photovoltaic target sets a minimum expansion to 100 GW, by 2030.

The National Hydrogen Strategy in Germany (BMWi 2020) is implemented in all scenarios. This
requires electrolyzer capacities in Germany of at least 5 GW, by 2030 and of at least 10 GW, by
2040. The utilization of these capacities — i.e., the production of hydrogen — can be optimized
freely by the model.

Due to the limited availability of sustainable biomass and sectoral competition for the available
biomass, the conversion sector quasi-exits the use of biomass for electricity and heat generation
after 2030 in all scenarios. Existing biomass power plants leave the system depending on their
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technical lifetime and year of installation. The only remaining plants are those that run on waste
landfill and sewage gas. As a consequence, the capacity of biomass power plants is reduced to
800 MWy, in the conversion sector by 2050.

Electricity imports from other European countries are indirectly limited in order to prevent an
electricity import dependency exceeding the level perceived as politically feasible. For this pur-
pose, different minimum generation quantities of renewable electricity are defined in the scenari-
os for the year 2050. This defines a minimum generation within Germany that cannot be replaced
with imports. In the electrification scenario and the hydrogen scenario, a minimum of 900 TWhg of
renewable electricity must be generated in Germany in the year 2050. In the PtG/PtL scenario, the
overall electricity demand is lower and there is a national minimum renewable electricity genera-
tion of 650 TWhe in the year 2050.

Fossil fuels may no longer be used for electricity and heat generation in 2050. In all scenarios ex-
cept the PtG/PtL scenario, natural gas-based conversion technologies are no longer part of the
technology portfolio. In the PtG/PtL scenario, gas technologies are still allowed, but the gas used
must be completely GHG-neutral. The phase-out of oil and coal-based electricity generation al-
ready happens before 2040.

7.2.3.4 Hydrogen infrastructures

For the expansion and use of hydrogen infrastructure in the cost minimization, its techno-
economic parameterization is of central importance. Table 7-2 summarizes the assumptions re-
garding specific investments, variable operation and maintenance costs (0&M), fixed O&M, tech-
nical lifetimes, and the system efficiencies of hydrogen technologies available in the model. All
scenarios assume the same price developments for these technologies.

Costs resulting from investments are considered in the cost optimization based on annuities.
When calculating these annuities, a weighted average cost of capital of 2% is assumed for all tech-
nologies, regions, and simulation years.

The parameterization of hydrogen-based heat and power generation technologies (i.e., hydrogen
turbines (CHP and non-CHP), combined cycle turbines (CHP and non-CHP), hydrogen boilers) is
based on the techno-economic parameters of natural gas-based technologies. Hydrogen-based
technologies are not yet available on an industrial scale today. This paper assumes that the exist-
ing extensive experience with combustion units of natural gas can provide benefits, and that hy-
drogen technologies with similar technical characteristics will be developed.

In electrolytic hydrogen production, a distinction can be made between low-temperature and
high-temperature electrolyzers. High-temperature electrolyzers can achieve high electrical effi-
ciencies if the heat supplied from other sources is available at a high temperature level. If there is
no high-temperature source available and the heat has to be provided by auxiliary electrical heat-
ing, high-temperature electrolysis processes are not more efficient than low-temperature process-
es. In order to be independent of external heat sources in the siting decision of electrolyzers, elec-
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trolysis parameters of the low-temperature technologies alkaline electrolysis (AEL) and polymer
electrolyte membrane electrolysis (PEMEL) are used in this paper. These technologies are already
more advanced and thus less expensive than high-temperature electrolyzers. The energy system
model Enertile cannot sufficiently resolve the technical differences between AEL and PEMEL to
decide between the two technologies. Therefore, the model parameterization assumes values
averaged between these technologies. More detailed reviews on the techno-economic properties
of the different electrolyzer technologies are given in (Buttler et al. 2018).

At present, hydrogen pipelines are only used for short point-to-point connections or in relatively
small grids connecting industrial clusters; i.e., there is no transnational pipeline-based hydrogen
infrastructure in Europe. Potentially, parts of the existing European natural gas transport network
could be repurposed into a hydrogen network if fossil gas is phased out. However, which pipelines
will be available at which point in the future depends on multiple parameters, including the natu-
ral gas supply and demand structures for Europe. Therefore, this paper conservatively assumes a
greenfield approach to the development of hydrogen transport pipelines in Europe. The parame-
ters for pipeline construction are based on (Ball et al. 2010).

Table 7-2 Parametrization of hydrogen infrastructures in the scenario runs.
Technology Parameter Unit 2030 2040 2050
Electrolyzer (low tempera- Efficiency % 66 68 71
ture)
Specific investment  €/kW4 575 481 388
Lifetime a 20 20 20
Fix OPEX €/kWe 16.00 15.75 15.50
Hydrogen turbine Efficiency % 41 41 41
Specific investment  €/kWy 400 400 400
Lifetime a 30 30 30
Fix OPEX €/kWe 7.5 7.5 7.5
Var OPEX €/kWhe 1.5 1.5 1.5
Hydrogen turbine (CHP) Efficiency (el) % 33 33 33
Efficiency (CHP) % 85 85 85
Specific investment  €/kWe 730 730 730
Lifetime a 30 30 30
Fix OPEX €/kWe 30 30 30
Var OPEX €/kWhe 2.7 2.7 2.7
Combined cycle hydrogen Efficiency % 59 60 61
turbine
Specific investment  €/kWe 775 750 750
Lifetime a 30 30 30
Fix OPEX €/kWe 11.63 11.25 11.25
Hydrogen boiler Efficiency (th) % 104 104 104
Specific investment  €/kW 50 50 50
Lifetime a 25 25 25
Fix OPEX €/kWi 1.8 1.8 1.8
Var OPEX €/kWhh 0.9 0.9 0.9
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Technology Parameter Unit 2030 2040 2050
Combined cycle hydrogen Efficiency (el) % 48 48 48
turbine (CHP)
Efficiency (CHP) % 88 88 88
Specific investment  €/kWe 950 950 950
Lifetime a 30 30 30
Fix OPEX €/kWe 30 30 30
Var OPEX €/kWhe 3.00 3.00 3.00
Hydrogen pipeline Specific investment  €/(km MWy,) 1120 1120 1120
Fix OPEX % of invest 1 1 1
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7.2.3.5 Electricity generation potential of renewable energies

a) Germany, all scenarios except onshore wind b) Germany, onshore wind scenario
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Figure 7-4  Electricity generation potential of the technologies onshore wind, offshore wind, CSP, PV utili-
ty scale, and PV rooftop in Germany and Europe in 2050. The potential for the onshore wind
scenario (b) & (d), and all other scenarios (a) & (c) is displayed.
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Figure 7-4 shows the renewable electricity generation potential of the renewable technologies
onshore wind, offshore wind, CSP, utility scale PV, and rooftop PV for Germany and Europe in
2050. These potentials serve as input for the energy system optimization in Enertile. In all scenari-
os except the onshore wind scenario, the renewable potential in Germany totals about 1,200 TWh.
There are mainly onshore wind and utility scale PV potentials at electricity generation costs below
60 €/MWh. Offshore wind and rooftop PV show higher electricity generation costs. Onshore wind
has the greatest potential at 442 TWh. The potential in Europe amounts to over 14,000 TWh. On-
shore wind has the highest potential with 6,373 TWh. In the onshore wind scenario, the onshore
wind potential decreases to 251 TWh in Germany and 3,662 TWh in Europe.

7.3 Results

This section describes the results of the energy supply optimization for the different scenario vari-
ants. These focus on the underlying electricity systems (section 7.3.1), the hydrogen balances in
Germany (section 7.3.2), the geographical distribution of hydrogen production and demand within
Germany (section 7.3.3), the European hydrogen transport flows (section 7.3.4), the deployment
of hydrogen infrastructures over the course of the year (section 7.3.5), and the overall system
costs (section 7.3.6).
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7.3.1 Electricity supply
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Figure 7-5 Development of electricity supply in the optimization results of the different scenarios up to
the year 2050.

Since more than half of Germany's power is currently generated by fossil energy sources, the
German power sector is subject to major changes in all analyzed paths to GHG neutrality. Figure
7-5 shows the developments of electricity supply in the optimization results up to the year 2050.
Several trends can be observed.

First, the increased demand for electricity requires a substantial increase in electricity supply over
time in all scenarios. There are two underlying reasons for this increase: Firstly, the sectoral elec-
tricity demand determined by the simulation models increases for all three underlying demand
scenario variants over time (cf. section 7.2.3.1). This increase is most pronounced in the electrifica-
tion scenario, onshore wind scenario, and electricity grid scenario, which are all based on the de-
mand variation focused on an electrification of end-use applications. This type of electricity de-
mand is an exogenous input into the Enertile model. Secondly, the electricity supply in Figure 7-5
also covers the increasing and partly model-endogenous electricity demand of heat pumps and
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electric boilers for the provision of heat in district heating grids, of electrolyzers, as well as grid
losses, and storage losses. Especially the electricity consumption of power-to-hydrogen in 2050
increases to between 130 TWh in the electrification scenario and 257 TWh in the hydrogen scenar-
io. Similarly, the electricity consumption of power-to-heat in 2050 increases to between 110 TWh
in the PtG/PtL scenario and 131 TWh in the electrification scenario. In total, electricity supply in
2050 ranges between 819 TWhe in the PtG/PtL scenario and 1,126 TWhe in the electricity grid
scenario.

A second major trend is that renewables increasingly dominate electricity supply. In all scenarios,
except the PtG/PtL scenario, minimum renewable generation levels are implemented as implicit
import restrictions. In these scenarios, renewable electricity generation increases up to 900 TWhg,
in 2050. In the PtG/PtL scenario, renewable generation exceeds the minimum target of 650 TWhe
and reaches 674 TWhg in 2050. Onshore wind dominates the electricity mix in the optimization
results unless its potentials are constrained by scenario design in the onshore wind scenario. In all
scenarios, except the PtG/PtL scenario, the available onshore wind potentials in Germany are al-
most fully exploited. In all scenarios, except the onshore wind scenario, this onshore wind poten-
tial amounts to 442 TWhe in 2050; the more restricted configuration in the onshore wind scenario
totals 251 TWhe in 2050. The PtG/PtL scenario also reaches a high level of onshore wind genera-
tion with 331 TWhg in 2050. In all scenarios except the PtG/PtL scenario, PV is the second most
important generation technology. This contributes between 146 TWhe in the PtG/PtL scenario and
329 TWhe in the onshore wind scenario to the power generation mix. Especially the potential of
ground mounted PV is almost fully exploited in all scenarios except the PtG/PtL scenario. Offshore
wind, as a relatively expensive technology, is only expanded beyond the specified minimum policy
target of 40 GW, in the electrifications scenario, the hydrogen scenario, and the onshore wind
scenario. In these scenarios, generation from offshore wind reaches 197 TWhe, 206 TWhe;, and
313 TWhe respectively. In all other scenario variants, offshore wind contributes only 174 TWhg in
2050. Especially in all scenarios based on the demand variations focused on electrification and
hydrogen, the available renewable electricity generation potential in Germany is strongly exploited
by 2050. The PtG/PtL scenario meets its goal of lower utilization of the German renewable electric-
ity generation potential.

A third trend is that Germany becomes a net importer of electricity in all scenarios. In 2050, im-
ports increase to between 34 TWhg in the hydrogen scenario and 143 TWh in the onshore wind
scenario. Electricity imports increase strongly between 2030 and 2050, and remain constant only
in the hydrogen scenario and the electricity grid scenario. If there were no implicit import re-
strictions for Germany, the electricity imports from other European countries would be even high-
er in all scenarios in 2050 except the PtG/PtL scenario. These electricity imports are accompanied
in the modeling results by a corresponding increase in electricity generation capacities in the ex-
porting European countries.

A fourth major trend is that flexible and controllable electricity generation units change from gas
to hydrogen in all scenarios. The capacity of hydrogen power plants in 2050 ranges between

181



7 The role of hydrogen in a greenhouse gas-neutral energy system in Germany

26 GW, in the hydrogen scenario and 82 GW, in the electricity grid variation. It is noteworthy that,
even in the PtG/PtL scenario, gas-fired power plants using synthetic methane are displaced by
hydrogen power plants in 2050.

7.3.2 Hydrogen balances
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Figure 7-6  Annual hydrogen balances for all scenarios in Germany. Demand from the sectors industry,
transport, and tertiary is exogenous. The use of hydrogen in the conversion sector is a model-
ing decision. Hydrogen imports and electrolytic hydrogen production in Germany are optimiza-
tion results.

Figure 7-6 shows the German hydrogen balances in all scenarios for the different simulation years.
The hydrogen demand of the sectors industry, transport, and decentralized building heat is given
exogenously and varies greatly in the underlying demand variations (cf. section 7.2.3.1). The hy-
drogen supply and the use of hydrogen in the conversion sector for the generation of electricity
and heat for heat grids result from modeling decisions in the cost optimization. In contrast to all
other scenarios, hydrogen imports from neighboring European countries are not permitted in the
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PtG/PtL scenario®. Overall, the supply of electricity-based hydrogen in Germany increases to be-
tween 103 TWhy;, in the PtG/PtL scenario and 690 TWhy; in the hydrogen scenario in 2050.

The comparison between the scenarios shows clear differences with regard to the use of hydrogen
in the conversion sector. Three realizations in the optimization results may be distinguished: first-
ly, in the electrification scenario 87 TWhy; of hydrogen are used to generate electricity and heat in
heating networks. In comparison, a variation in the onshore wind potentials or a shift of energy
demands towards PtG/PtL in the demand sectors show only minor impacts on the hydrogen utili-
zation in the conversion sector. Secondly, a substantial increase of hydrogen utilization in the con-
version sector results from a reduced provision of flexibility by the electricity transport network. In
the electricity grid scenario, 261 TWhy, of hydrogen are converted to electricity and heat in heat
networks. Thirdly, hydrogen use in the conversion sector is significantly reduced in the hydrogen
scenario with 23 TWhy,. The reason for the reduced use of hydrogen in electricity and heat gener-
ation in this scenario is the overall higher hydrogen demand level from the other sectors. The high
hydrogen demand results in an increased model endogenous hydrogen price — 68 €/MWhy, in
the hydrogen scenario vs. 59 €/MWhy, in the PtG/PtL scenario — making a utilization in the conver-
sion sector less attractive for the optimization.

If the model has the option of expanding a European hydrogen network, it meets the main part of
the German hydrogen demand with imports from Europe. In the electrification scenario, about 170
TWhy, of hydrogen are imported from other European countries. In comparison to the electrifica-
tion scenario, reduced onshore wind potentials do not have a substantial impact on the level of
hydrogen imports. As more processes and applications are converted to the use of hydrogen in the
hydrogen scenario and the sectoral demands in Germany are consequently increased, the highest
hydrogen imports of 510 TWhy, can be observed. If electricity imports are limited by a reduced
electricity network expansion, the model deviates to hydrogen imports. In the electricity grid sce-
nario, hydrogen imports of 313 TWhy, are higher than in the electrification scenario. In the
PtG/PtL scenario, imports are not included in the scenario design. The remaining hydrogen de-
mand is provided through electrolytic hydrogen production within Germany.

In the electrification scenario, the domestic electrolyzer capacity in 2050 amounts to 41 GW,. Due
to the lack of a European hydrogen transport infrastructure in the PtG/PtL scenario, the required
hydrogen must be produced in Germany and the electrolyzer capacity is slightly increased to
43 GWa.. In the onshore wind scenario, a substantial part of the reduced electricity generation with
onshore wind is replaced by PV (cf. section 7.3.1). To integrate the increased PV midday peaks, the
electrolyzer capacity is increased to 54 GW in this scenario. In the electricity grid scenario, the
optimization increases the electrolyzer capacity to 61 GW. to compensate for the reduced integra-

151t is assumed that with the continued strong usage of methane networks an international hydrogen back-
bone spanning the continent will not be established.

16 Model endogenous hydrogen prices can be read as shadow prices from the optimization results of the
hydrogen demand constraints.
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tion capability of the grid with respect to renewable energy by a flexible consumer. The increased
demand for hydrogen in the hydrogen scenario is met by an increased electrolyzer capacity of
75 GWe alongside a substantial increase in imports. The full load hours of these electrolyzers range
between 2,700 h in the onshore wind scenario and 3,500 h in the hydrogen scenario.

7.3.3 Geographical distribution of hydrogen demand and generation
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Figure 7-7  Regional distribution of hydrogen production via electrolysis and hydrogen demand by various
sectors in 2050 in Germany for the a) electrification scenario, b) PtG/PtL scenario, c) hydrogen
scenario, d) onshore wind scenario, and e) electricity grid scenario. Demand from the sectors
industry, transport, and heating in buildings is given exogenously. The use of hydrogen in the
conversion sector and the electrolytic hydrogen production is a modeling decision.
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For all scenarios, Figure 7-7 shows a concentration of electrolytic hydrogen production in the
northern coastal regions in 2050. At least 71% of the total German hydrogen production in 2050
takes place at the North Sea and the Baltic Sea, independent of the underlying scenario. The joint
absolute hydrogen production volumes of these two regions range between 83 TWhy; in the elec-
trification scenario and 129 TWhy; in the hydrogen scenario. To produce these amounts of hydro-
gen via electrolysis, a total electrolyzer capacity of between 37 GWe in the electrification scenario
and 55 GWg in the hydrogen scenario are installed in these northern German regions by the year
2050. The concentration of electrolyzer capacities allows the model to integrate high capacities of
wind power at the coast, which would otherwise require greater expansion of the electricity grid.

The scenario comparison in Figure 7-7 shows that with increasing hydrogen demand, hydrogen
production increasingly takes place in central and southern Germany as well. In the PtG/PtL sce-
nario — with the lowest hydrogen demand of 103 TWh,; — electrolysis takes place exclusively in the
two coastal regions. With a higher hydrogen demand of 262 TWhy, in the electrification scenario,
there is also hydrogen production totaling 10 TWhy; in central and eastern Germany. In the hydro-
gen scenario — with the highest hydrogen demand of 690 TWhy, — hydrogen is produced every-
where except western Germany, which is the region with the lowest renewable electricity genera-
tion potential compared to its electricity demand. With rising hydrogen demand, increasingly
expensive renewable electricity potential must be used for hydrogen production in regions with
already high electricity loads.

Hydrogen demand is concentrated in western and southern Germany in all scenarios. This includes
both the exogenous hydrogen demand from the sectors industry, transport, and heating buildings,
and the model-endogenous hydrogen demand from the conversion sector. Regardless of the un-
derlying scenario, the hydrogen demand of the two model regions in western and southern Ger-
many account for at least 59% of the total hydrogen demand in 2050. Compared to the electrifica-
tion scenario, reduced expansion of the electricity transmission grid in the electricity grid scenario
substantially increases hydrogen use in the conversion sector in western and southern Germany.
Due to their high electricity demand and low renewable potential, these regions are dependent on
energy imports. If these cannot be realized via the electricity grid, the model converts hydrogen
imports into electricity.

7.3.4 European hydrogen transport flows

Depending on the scenario, regional deviations of hydrogen demand and production can be com-
pensated supra-regionally by hydrogen pipeline networks. Due to the low hydrogen demand com-
pared to all other scenarios, the hydrogen transport network in the PtG/PtL scenario is limited to
hydrogen trade flows between the different German sub-regions by design. In all other scenarios,
hydrogen demand and supply can be additionally balanced via a European hydrogen network.

Figure 7-8 shows that there is a stable hydrogen transport route from the coast in the north to
western Germany in all scenarios. Similarly, the optimization results show pronounced hydrogen
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transport flows from the two coastal regions to southern Germany in all scenario variants except
the onshore wind variation. These optimization results balance the high hydrogen demand in
southern and western Germany and high hydrogen production at the German coast (cf. Figure
7-7). The net hydrogen trade flows leaving the coastal region to the southwest range between
23 TWhy, in the PtG/PtL scenario and 154 TWh in the electricity grid scenario. The associated hy-
drogen transport capacities amount to between 3 GWy; and 18 GW,y,. Excluding the onshore wind
scenario, the net hydrogen flows departing the two northern German zones southwards amount
to between 68 TWhy;, in the PtG/PtL scenario and 164 TWhy;, in the hydrogen scenario in 2050. The
associated hydrogen transport capacities departing Northern Germany southwards lie between
8 GWyu; and 19 GW,. In the hydrogen scenario, some of the hydrogen required is not produced in
these two regions, but transits Northern Germany from the British Isles and Scandinavia. A re-
duced availability of onshore wind in the onshore wind scenario shifts hydrogen production across
Europe towards available PV potentials and thereby changes the hydrogen transport infrastruc-
ture. As a result, the north-south link in Germany is less pronounced. The hydrogen transport ca-
pacities departing the two northern German zones southwards amount to 2 GWy; transporting
14 TWhy; in 2050 in this scenario.

In all scenarios that allow the expansion of a European hydrogen transport infrastructure, the op-
timization makes use of this option. Excluding the PtG/PtL scenario, by 2050, Germany has a total
interconnection capacity with other European countries of between 18 GW4; in the onshore wind
scenario and 58 GWy; in the hydrogen scenario. All these scenarios show pronounced net hydro-
gen flows from the edges of Europe towards Central Europe. Based on the scenario comparison in
Figure 7-8, four major hydrogen transport routes can be identified: Firstly, if wind onshore poten-
tials are not restricted, the British Isles become the largest net exporter of hydrogen. These ex-
ports contribute predominantly to meeting hydrogen demand in Germany. Net hydrogen flows
between 147 TWhy;, in the electrification scenario and 220 TWhy, in the hydrogen scenario are
transmitted from the British Isles to Germany in 2050. With constant hydrogen flows over the year
(cf. section 7.3.5), the hydrogen interconnector capacity for these amounts is between 17 GWy; in
the electrification scenario and 25 GW,, in the hydrogen scenario. As most of the hydrogen on the
British Isles is produced using wind power, this transport route is considerably reduced in the on-
shore wind scenario: With a transport capacity of 1 GWy;,, only 9 TWhy, hydrogen are exported to
Germany. Secondly, the Scandinavian countries generate export surpluses to supply Central Eu-
rope in all scenarios. In the electrification scenario, Norway, Sweden, Finland, and Denmark pro-
vide a total of 162 TWhy; to supply the Benelux Union and Germany in 2050. In the hydrogen sce-
nario, the supply to Central Europe along this route increases to 280 TWhy;,. Thirdly, the Iberian
Peninsula is connected to the European hydrogen supply via France. In the electrification scenario,
the Iberian Peninsula provides 44 TWhy, to meet hydrogen demand in France and Italy. In the hy-
drogen scenario, the net hydrogen exports from the Iberian Peninsula increase to 100 TWhys. In
addition to France and Italy, Germany benefits from these higher exports. In the onshore wind
scenario, the Iberian Peninsula becomes the largest hydrogen exporter due to its abundant and
low-cost PV power generation potential. A net hydrogen trade volume of 194 TWhy; is exported
via France to supply Central Europe. Fourthly, high hydrogen demand in the hydrogen scenario
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results in hydrogen flows from the Baltic States and Poland to Central Europe. In total, these East-
ern European countries provide 121 TWhy, to supply Germany, the Czech Republic and Austria.
Increased trade flows can also be observed on this route in the onshore wind scenario: In the elec-
trification scenario, there is still untapped PV potential in Eastern Europe that is exploited in this
scenario. Route-independent, hydrogen trade flows from the edges of Europe towards Central
Europe increase in the electricity grid scenario compared to the electrification scenario.

For a deeper understanding of hydrogen trade flows in Europe, Figure 7-9 shows the relationship
between electricity demand and cumulative renewable electricity generation potentials in the
electrification scenario in 2050. The electricity demand includes the exogenously specified electric-
ity demand and the electricity equivalents of the hydrogen demand in the different model regions.
The total renewable electricity generation potential is the sum of the individual potentials for on-
shore wind, offshore wind, PV, and CSP. This graph does not provide information on the balancing
of hourly supply and demand profiles, the use of storage, or electricity trade flows between the
model regions. The figure illustrates that energy imports are very attractive for Germany. Com-
pared to other European countries, Germany is characterized by its high demand for electricity
and hydrogen and its limited, low-cost potential for renewable electricity generation. If Germany
had to meet its electricity demand autonomously using its own renewable potential, this would
incur electricity production costs of 100 €/MWh and reach the limits of its potential. In contrast,
the hydrogen exporting regions on all four identified main transport routes to Germany have
available renewable potential at levelized cost of electricity of 40 €/MWh even after domestic
electricity demands are met. In the optimization result, these regions therefore contribute to the
German hydrogen supply via a European hydrogen transport grid.

In the analyzed scenarios, hydrogen demand is met only by domestic European hydrogen produc-
tion, there are no hydrogen imports from outside Europe.
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Figure 7-8 Net hydrogen trade flows in 2050 in the a) electrification scenario, b) PtG/PtL scenario, and c)
hydrogen scenario, d) onshore wind scenario, and d) electricity grid scenario.
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Figure 7-9  Comparison of renewable electricity generation potential and electricity demand in the differ-
ent model regions (cf. Figure A1) in the electrification scenario for the year 2050. The electrici-
ty demand includes the exogenous electricity demand of the demand sectors, the electricity
usage for heat generation and the electricity equivalent of hydrogen demand. This representa-
tion does not take into account storage losses or infrastructure requirements for cross-
regional electricity or hydrogen trade.

7.3.5 Hourly dispatch and seasonal hydrogen storage management

Hydrogen serves as a long-term energy storage medium in all scenarios. Figure 7-10 shows a work-
ing gas volume of 68 TWhy,; hydrogen storage in the electrification scenario. This hydrogen storage
is reduced in both demand variations. In the PtG/PtL scenario, storage with a working gas volume
of 57 TWhy; is sufficient for the optimization due to decreased hydrogen demand. In the hydrogen
scenario, comparatively little hydrogen is used in the conversion sector to balance residual loads in
winter (cf. Figure 7-10). In addition, a large part of the increased sectoral demand is met by im-
ports (cf. section 7.3.2). Both lead to a reduced demand for hydrogen storage with a working gas
volume of 42 TWhy;,. In the onshore wind scenario, the hydrogen storage required for Germany in
2050 increases to a working gas volume of 78 TWhy,. This results from the electrolyzers integrat-
ing higher PV capacities in summer and the slightly increased use of hydrogen for electricity and
heat generation in winter (cf. Figure 7-10). The highest hydrogen storage demand with 104 TWh,
is shown in the optimization results for the electricity grid scenario. If the scenario design limits the
use of the electricity grid as a central flexibility option, the optimization deviates to the alternative,
more expensive flexibility option of storing hydrogen.
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Figure 7-10 shows that the utilization of hydrogen storage in the optimization results has a pro-
nounced seasonal profile in all scenarios. In winter, hydrogen demand exceeds hydrogen supply
and storage facilities are emptied. In spring and fall, hydrogen reservoirs are refilled. In summer,
the scenarios differ slightly. While in the hydrogen scenario, the storage status remains almost
unchanged from May to August, all other scenarios show a slight rise in hydrogen storage levels.
Hence, seasonal energy storage in the form of hydrogen helps to balance a GHG-neutral energy
system throughout the year.

The decrease in the hydrogen storage level in winter can be explained in all scenarios by lower
renewable electricity feed-in. As an example, Figure 7-11 shows low electricity generation from
solar and wind energy due to fewer hours of sunshine and lower wind levels for calendar week 5
(weather year 2010) in the electrification scenario. At the same time, there is an increase in both
electricity demand — driven in particular by the use of domestic heat pumps — and heat demand in
district heating networks. As a result, electricity becomes a scarce resource and inflexible electrici-
ty consumers are preferentially supplied rather than electrolyzers. This reduced renewable elec-
tricity generation is partially offset by the use of hydrogen technologies. In all scenarios except the
hydrogen scenario, substantial amounts of stored hydrogen are converted into electricity and heat
in November, December, January, and February (cf. Figure 7-10). Together, these effects are re-
sponsible for the depletion of hydrogen storage facilities. Except for the electricity grid scenario,
there is almost no hydrogen utilization in the conversion sector in the remaining months of the
year. In the electricity grid scenario, hydrogen is used for power generation throughout the year to
compensate for bottlenecks in the power grid.

The optimization results show a higher deployment of electrolyzers in spring and fall months than
in the remaining months of the year in all scenarios (cf. Figure 7-10). Figure 7-11 shows that these
seasons are characterized by high feed-in of onshore wind power. This wind power, which in some
cases occurs constantly over several days, is integrated via electrolyzers. Since very little hydrogen
is needed to stabilize the conversion sector, the seasonal hydrogen storage facilities are replen-
ished during these months.

Figure 7-11 shows that the main use of electrolyzers in summer is to integrate high PV generation
peaks. In a few low-wind nighttime hours, hydrogen power plants have to balance the electricity
system in the absence of imports. Overall, there is less wind in the summer than in the spring and
fall for the weather year 2010, which is typical for Germany. Hydrogen production from electroly-
sis therefore decreases somewhat in a seasonal comparison.
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Figure 7-10 Hydrogen storage management in the optimization results for Germany in 2050. a) Storage

level for all scenarios over 8,760 hours of the year 2050. Monthly hydrogen demand and sup-
ply in the b) electrification scenario, c) PtG/PtL scenario, and d) hydrogen scenario, €) onshore
wind scenario, f) electricity grid scenario.
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Figure 7-11  Hourly electricity and hydrogen balances in the electrification scenario for selected weeks of
the simulation year 2050 covering all four seasons.
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7.3.6 System costs

All the scenarios shown in this paper achieve GHG-neutrality in Germany by 2050. While the ener-
gy demand input data was calculated along consistent scenarios with simulation models, the ener-
gy supply in this paper is cost-optimized. Taking all sectors into account, the cost comparison iden-
tifies the electrification scenario as the most cost-efficient path to GHG-neutrality. An alternative,
increased use of synthetic hydrocarbons in the PtG/PtL scenario increases the cumulative system
costs by 359 billion euros in Germany by 2050. Similarly, an alternative, increased use of hydrogen
in end-use applications and processes in the hydrogen scenario leads to cumulative additional
system cost of 246 billion euros by 2050. The electrification scenario will become more expensive
if the expansion of the electricity transmission grid is inhibited or less space is available for the
expansion of onshore wind. In the electricity grid scenario, the cumulative system costs increase by
82 billion euros by 2050 compared to the electrification scenario. Similarly, the onshore wind sce-
nario results in cumulative additional costs of 197 billion euros compared to the electrification
scenario.

7.4 Discussion

The optimization results in all scenarios show substantial and rapid increases in renewable electric-
ity capacity. The average net expansion rate of PV, onshore wind, and offshore wind combined in
Germany in the scenario results for the period between 2020 and 2050 is between 6.4 GW/a in the
PtG/PtL scenario and 13.6 GW/a in the onshore wind scenario. However, these capacity increases
contrast with the expansion rates in Germany in recent years: The average net expansion rate of
PV, onshore wind, and offshore wind combined in Germany was 6.4 GW/a between 2015 and
2020 (BMWHK 2022a). It is therefore ambitious to realize the expansion rates shown in the optimi-
zation results. These rates are, however, necessary to achieve the GHG-neutrality target.

Compared to today, the use of CHP is significantly reduced in the optimization results and shows a
dispatch profile with fewer full-load hours. In the overall cost optimization of energy systems for
electricity, heat and hydrogen, CHP is used when there is a positive residual electricity load and
simultaneous heat demand. CHP always competes with other cost-efficient and emission-free
technologies for electricity or heat generation. Consequently, two sides are relevant for CHP utili-
zation: heat demand, and electricity demand. In summer, there is usually low heat demand and
high PV generation on the electricity side (cf. Figure 7-11). This means that there is no potential for
the cost-efficient use of CHP. In winter, there is higher heat demand and less PV generation. If
there is little wind feed-in as well, there is a resulting shortage on the electricity supply side and
CHP can then therefore efficiently cover electricity and heat demand. Even today CHP plants are
experiencing decreasing hours of operation in electricity systems with a high penetration of inter-
mittent renewables (Sorknzes et al. 2015). Hence, the use of CHP in an optimized GHG-neutral
energy supply system is limited and hydrogen CHP plants have between 1,200 and 2,500 full-load
hours in the optimization results.
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In the scenario results, the demand for geological hydrogen storage in Germany is between 42 and
104 TWhy,. Caglayan et al. (2020) estimate Germany's hydrogen storage potential in salt caverns
to be 94 PWhy,. Currently, natural gas storage facilities with a working gas capacity of
240 TWhnaturaigas (KUhn et al. 2020) are operated in geological subsurface structures in Germany.
Salt caverns are considered especially suitable for storing hydrogen (Caglayan et al. 2020). About
62% (Kihn et al. 2020) of the subsurface natural gas storages are caverns in salt structures with a
total working gas capacity of 149 TWhhnatraigas. If rededicated, the existing salt caverns could only
store about 45 TWhy,; of hydrogen due to the lower volumetric energy density of hydrogen. In
principle, the storage potential is therefore sufficiently large to meet the hydrogen storage re-
quirement in all scenarios. However, even if the demand for natural gas storage decreases fast
enough, the reallocation of such storage facilities can only partially cover the hydrogen storage
demand in the scenario results; the construction of new cavern storage facilities is necessary. The
storage potential is concentrated in northern Germany (Caglayan et al. 2020) and therefore close
to the electrolyzer sites in the scenario results (cf. Figure 7-7).

In the modeling, the exogenously specified hydrogen demand is assumed to be uniformly distrib-
uted over the year. The requirement and use of hydrogen as a seasonal storage medium in the
model results is therefore shaped by the seasonal conditions in the conversion sector. In reality,
seasonal fluctuations in hydrogen demand from other sectors would potentially increase the sea-
sonality of the storage profile.

In all scenario results, Germany is an energy importer. Except for the onshore wind scenario, most
hydrogen is imported from the British Isles. A study by Clees et al. (2021), modeling gas and hy-
drogen networks, shows that operating a hydrogen-only network benefits from this hydrogen flow
direction. In light of Brexit, it seems however questionable whether the population in the UK
would tolerate a substantial expansion of wind turbines dedicated to producing hydrogen for ex-
port to mainland Europe. Still, as an optimization result, it shows the economic potential of the
region in this regard.

In line with the findings in Lux et al. (2021), the results of the optimization in this paper show that
an inner-European hydrogen supply is more cost-efficient than imports from the MENA region.
The advantages of the MENA region in terms of renewable power generation are offset by the
costs of transporting hydrogen to Europe. If the expansion of renewable energies in Europe stag-
nates due to acceptance problems, imports from outside Europe may still become necessary.

7.5 Conclusions

In a scenario study, this paper examined the supply of hydrogen and its potential use in the con-
version sector on different pathways to greenhouse gas neutrality in Germany. The scenarios were
deliberately designed to address uncertain and influential drivers of the future energy system:
Firstly, consistent variations in energy demand in the demand sectors industry, transport, house-
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holds, and services illuminate the corners of the possible solution space. Three different pathways
to achieve climate neutrality were modeled assuming a high deployment of either electricity, or
hydrogen or synthetic hydrocarbons. Secondly, the renewable energy portfolio was varied by limit-
ing the onshore wind potential in one case. Thirdly, in another case, a key flexibility option in the
future electricity system was varied by limiting the expansion of the electricity transmission grid.
The analysis was carried out using the cost-minimizing energy system model Enertile and focused
on Germany, but in the context of a European energy system. The aim of the analysis is to support
a concretization of the German hydrogen strategy using model calculations to answer three re-
search questions.

The first research question addressed the need for and utilization of hydrogen storage facilities
over the course of a year. A robust result of the energy supply optimization is the utilization of
hydrogen as a storage medium in the conversion sector with a pronounced seasonal profile. Pri-
marily, this use of hydrogen can shift high electricity generation from onshore wind in spring and
fall into the winter when there is lower renewable supply from solar energy and increased electric-
ity and heat demands. To function as this seasonal storage, the scenario results calculated a hy-
drogen storage volume in the range of 42 TWhy; to 104 TWhy,. High storage volumes are mainly
caused by a lack of flexibility in the power transmission grid. Repurposing suitable, currently oper-
ated natural gas storage facilities in salt caverns could cover about 45 TWhy; of this hydrogen stor-
age requirement. For storage demands beyond this, new hydrogen cavern storage facilities would
have to be built. There is a sufficiently large geological potential of 94 PWhy; available.

Hydrogen storage is used in the scenario results as a flexibility provider in the conversion sector on
both the supply and demand side. On the electricity demand side, electrolyzers, in particular, help
to integrate high PV peaks and high wind onshore feed-in. In the scenario results, electrolyzer ca-
pacities between 41 GW, and 75 GW, are used in Germany in the long term. On the electricity
supply side, hydrogen turbines and hydrogen CHP compensate for shortfalls in renewable power
generation or bottlenecks in the electricity transmission network. Hydrogen power plants replace
gas-fired power plants, even if these are switched to synthetic methane. In the scenario results,
hydrogen power plant capacities between 26 GW. and 82 GWg are used in Germany in the long
run. This requires the construction of electrolyzers and hydrogen power plants in Germany.

The second research question is dedicated to the site selection of electrolyzers. In the scenarios,
hydrogen demand from both industry and the conversion sector mainly occurs in southern and
western Germany. Despite this, electrolytic hydrogen production is almost exclusively concentrat-
ed in northern Germany in the cost minimization results. At least 71% of hydrogen production
takes place at the German coasts in the scenario results. The optimization follows the available
low-cost electricity generation potential when selecting electrolyzer site locations and therefore
decides against locating hydrogen production close to its consumption. The electrolyzers at the
North Sea and the Baltic Sea are able to integrate high volumes of wind power.

The third research question concerned the contribution of a German or European hydrogen
transport infrastructure to a cost-efficient energy supply system. Within Germany, the cost mini-
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mization results show that a hydrogen transport infrastructure between northern Germany and
southern or western Germany is economically efficient to balance hydrogen supply via electrolysis
and hydrogen demand. According to the scenario results, this requires the construction of hydro-
gen transport pipelines from northern Germany to the southwest with a transport capacity be-
tween 3 GWy; and 18 GW,y,. If onshore wind expansion is not inhibited by factors beyond techno-
economic drivers, a north-south pipeline link within Germany is a robust optimization result. In the
scenario variants, the capacity of this link ranges between 8 GWy; and 19 GWs,.

Connecting Germany to a European hydrogen transport network is a robust optimization result in
scenarios with substantial hydrogen demand in Germany. The ratio of electricity demand and low-
cost renewable electricity generation potential is less favorable in Germany than in many other
European countries. In the scenario results, Germany therefore imports most of its hydrogen de-
mand from other European countries. Hydrogen imports are particularly pronounced if many end-
use applications are converted to hydrogen and hydrogen demand in Germany is consequently
very high, or if electricity imports from other European countries are inhibited. The main hydrogen
export regions are the British Isles, Scandinavia, and the Iberian Peninsula. These trade flows re-
quire the construction of a European hydrogen pipeline network. Due to declining fossil gas de-
mand, it might be possible to convert existing natural gas pipelines for this purpose. Germany's
interconnection capacity to other European countries ranges between 18 GWy; and 58 GWy; in
the scenario results. In the model results, no hydrogen is imported from outside Europe. The op-
timization model favors a domestic European hydrogen supply over imports from the MENA re-
gion due to the associated transportation costs and decreasing absolute cost benefits of renewa-
ble power generation in this region in the long run. From a cost perspective, trading partners in
Europe are the primary candidates.

Overall, hydrogen will play an important role on the supply side of the energy system. The optimi-
zation results show the range in which electrolyzers, hydrogen storage facilities, and hydrogen
transport networks may be used. However, the scenario results also demonstrate that hydrogen is
an expensive form of energy due to the high conversion losses in its production. In the optimiza-
tion, the use of hydrogen in the conversion sector for power and heat generation is price-sensitive.
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7.6 Appendix

Appendix A.Abbreviations

Table 7-3

Abbreviations.

Abbreviation Explanation

AEL

CCS

CHP

CSP

EC

el

EU

GHG

MENA

Oo&M

PEMEL

PtG

PtL

PV

th

Alkaline electrolysis

Carbon capture and storage
Combined heat and power
Concentrated solar power
European Commission
Electric

European Union
Greenhouse gas

Middle East and North Africa
Operation and maintenance
Polymer electrolyte membrane electrolysis
Power-to-Gas
Power-to-Liquid
Photovoltaics

thermal
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Appendix B.Enertile model regions
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Figure 7-12  Map of model regions in Enertile.
Table 7-4 Definition of regions as used in Enertile.
Enertile region code Countries
AT Austria
CH Switzerland
DE_1-DE_6,DE_10 Germany
FR_O France
IBEU_O Spain, Portugal
BEU_O Belgium, Luxembourg
HUK_O Hungary, Slovakia
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Enertile region code Countries

UKI_O United Kingdom, Ireland

PL O Poland

BUG_O Bulgaria, Greece

BAK_0O Slovenia, Croatia, Bosnia and Herzegovina, Serbia, Kosovo,

Montenegro, Albania, North Macedonia

BAT O Estonia, Lithuania, Latvia
CZo Czech Republic

DK 0 Denmark

IT O Italy

NO_O Norway

RO_0O Romania

SE O Sweden

NL O Netherlands

Appendix C.Linear optimization problem in Enertile

The objective function in Enertile of the linear cost minimization problem for supplying electricity
el, heat ht, hydrogen H2 in an energy system is formulated in equation (16). It sums the cost of all
included generation, transmission, and storage infrastructures in all regions r € R and all hours
h € H of all considered simulation years a € A. There are two types of decision variables in the
objective function: First X describing installed capacities of considered infrastructures, and second
X describing the unit dispatch of these infrastructures. Costs for the supply of electricity, heat, and
hydrogen are the coefficients of the various decision variables and are grouped into fixed costs

and variable costs. Fixed cost c{);i;.ck} contain annuitized investments, capital cost, and fixed opera-

tion and maintenance cost of respective technologies. Variable cost Cﬁ'i’fk} contain fuel cost, CO;

emission certificate cost, and variable operation and maintenance cost. The technology portfolio [
for the provision of electricity contains conventional electricity generation technologies (including
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CHP and hydrogen power plants), renewable electricity generation technologies, electricity stor-
age technologies, and simplified electricity transmission networks. The set of technologies | for
the provision of heat contains conventional heat generation technologies (including hydrogen
boilers), renewable heat generation technologies, electric heat generators, and heat storages. The
technology set K for the provision of hydrogen contains electrolyzers, hydrogen storage technolo-
gies, and simplified hydrogen transport networks.

Z[Z{ D (7 xeL) N

a€A [TER L€l \ capacity expansion electricity supply heH
k electricity generation

mi
Xx

Qs

fix | yht var , ..ht
+ Z (Ca.j Xa.r.f + Ca,j “Xar,jh (16)
- -~
JEI'\ capacity expansion heat supply heH
heat generation

fix  yH2 var . ..H2 l
+ § Care " Xar 1) + Cak *Xarkh |
e —— ——
kK€K \ capacity expansion H2 supply heH

H2 generation J J
The central constraints of the cost minimization — so called demand-supply equations DSqeing,b,H2} —

are region- and hour-specific balancing equations for electricity, heat, hydrogen. These equations
ensure that the demands of these goods are met. There are two types of demands: Firstly, exoge-
nous demands from other sectors for electricity D, heat D{h,fg,b} in heat grids hg and buildings b,
and hydrogen D2, Secondly, model endogenous demands that result from interdependencies of
the different balancing spaces modelled in Enertile.

Equation (17) shows the electricity demand-supply equation DSe. It ensures that the sum of model
endogenous electricity demands for heat supply in heat girds and buildings, and for hydrogen sup-
ply via electrolysis along with the exogenously specified electricity demand D¢ is met for each
hour h of a simulation year a and each region r by the net electricity generation of technologies I.
Supplying heat in heat grids HG or buildings B with electrical technologies increases electricity
demands. Electric boilers eb convert electricity into heat with efficiency y,;,. The electric conver-
sion efficiencies Y(npg nppy Of both heat pumps for heat grids hpg and buildings hpb depend on
the prevailing ambient temperature. The supply of hydrogen with electrolyzers ely increases the
electricity demand as a function of the electrolyzer efficiency y;,.
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1 1
h
+ E ( ' xa,i‘,hg,hpg,h +

Yar hpg,h Ya,eb
hg€eHG S ’
[DSel] 1 Va,r,h  (17)
. xht + - xht
a,r,hg,eb,h Y 7,b,hpb,h
beB a,r,hpb,h

+ Z arelyh
Ya ely

Equations (18) and (19) show the heat demand-supply equations. The demand-supply equation for
heat in heat grids DShg (18) ensures that the exogenously specified heat demand in heat grids D,’{g
is met for each hour h of a simulation year a and each region r by the net heat generation of tech-
nologies N c | and Q c I. The technology set N includes pure heat generation technologies and
heat storage systems suitable for the use in heat grids; the technology set Q includes hydrogen

CHP plants whose heat generation for heat grids is coupled to electricity generation via the power-

Chp.Rt The demand-supply equation for heat in buildings DSy, (19)ensures that the

to-heat ratio y,
exogenously specified heat demand in buildings D{}t is met for each hour h of a simulation year a
and each region r by the net heat generation of the subset of heating technologies O c J suitable

for supplying buildings.

[DShe] Z A 2 yonphe el _ phe va,r,hg,h  (18)
nenN qeQ
[DSs) Z ht _ pht Va,r,b,h (19)
a,r,b,oh — “a,r,bh
0€0

Equation (20) shows the hydrogen demand supply equation DSy,. It ensures for each hour h of a
simulation year a and each region r that the net hydrogen supply of technology portfolio K meets
the model endogenous hydrogen demands and either explicitly specified exogenous hydrogen
demands from other sectors D2 or implicitly imposed hydrogen demands. Endogenous hydrogen
demands include the provision of heat in heat grids HG using hydrogen boilers hyb € N with con-
version efficiency ypyp, the reconversion of hydrogen into electricity using the portfolio of pure
hydrogen-to-electricity reconversion technologies P c [ with associated conversion efficiencies

Yp, and the co-generation of electricity and heat using the portfolio of CHP reconversion technolo-

h HZ
gies Q I with associated conversion efficiencies y,

arkh arhg hyb,h a,r,p,h
Ya hyb ap

el,chp
+Z cthZ arqh+Darh
geq Yaq
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Appendix D. Boundaries for the electricity transmission grid capacities
Table 7-5 Boundaries for the electricity transmission grid capacities in the system optimization.
Electricity grid scenario All other scenarios
2030 (MW, 2030 (MW,
Region 1 Region 2 fixed) 2040 (MW, max) 2050 (MW, max) fixed) 2040 (MW, max) 2050 (MW, max)
AT_O BAK_O 950 950 950 950 3950 7900
AT_O CH_O 870 870 870 870 3870 7740
AT_O €z.0 800 800 800 800 3800 7600
AT_O HUK_O 1550 1550 1550 1550 4550 9100
AT_O IT_0 1335 1800 1800 1800 4800 9600
BAK_O HUK_O 190 190 190 190 3190 6380
BAK_O RO_O 500 500 500 500 3500 7000
BAT_O FI_O 1000 1000 1000 1000 4000 8000
BAT_O PLO 3500 3500 3500 3500 7000 14000
BEU_O FR_O 3000 3000 3000 3000 6000 12000
BEU_O NL_O 2400 2400 2400 2400 5400 10800
BUG_O BAK_O 1268 1268 1268 1268 4268 8536
BUG_O LY_0 0 0 0 0 3000 6000
BUG_O RO_O 510 510 510 510 3510 7020
CH_O FR_O 2850 3150 3150 3150 6300 12600
CH_O IT_0 3700 4000 4000 4000 8000 16000
€z.0 HUK_O 1150 1150 1150 1150 4150 8300
€z.0 PLO 1300 1300 1300 1300 4300 8600
DE_1 DE_2 3121 3506 3506 3506 7012 14024
DE_1 DE_3 5006 8006 8006 8006 15506 26506
DE_1 DE_4 1305 1466 1466 1466 4466 8932
DE_1 DE_6 3560 4000 4000 4000 4000 4000
DE_1 DK_O0 1780 2000 2000 2000 5000 10000
DE_1 NL_O 846 950 950 950 3950 7900
DE_1 NO_0 1246 1400 1400 1400 4400 8800
DE_1 SE_0 534 600 600 600 3600 7200
DE_1 UKI_O 1246 1400 1400 1400 4400 8800
DE_10 DE_1 30000 37500 48500 30000 37500 48500
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Electricity grid scenario

All other scenarios

2030 (MW, 2030 (MW,

Region 1 Region 2 fixed) 2040 (MW, max) 2050 (MW, max) fixed) 2040 (MW, max) 2050 (MW, max)

DE_10 DE_3 0 0 0 0 5000 15000
DE_10 DE_6 0 0 0 0 5000 15000
DE_10 DK_0 0 0 0 0 5000 15000
DE_10 NL_O 0 0 0 0 5000 15000
DE_10 NO_0 0 0 0 0 5000 15000
DE_10 UKI_O 0 0 0 0 5000 15000
DE_2 DE_4 1235 1388 1388 1388 4388 8776
DE_2 DE_S 5485 6163 6163 6163 12324 23324
DE_2 DE_6 1780 2000 2000 2000 2000 2000
DE_2 DK_O 534 600 600 600 3600 7200
DE_2 PL_O 1335 1500 1500 1500 4500 9000
DE_2 SE_O 623 700 700 700 3700 7400
DE_3 BEU_O 890 1000 1000 1000 4000 8000
DE_3 DE_4 1513 1700 1700 1700 4700 9400
DE_3 DE_6 3293 3700 3700 3700 7400 14800
DE_3 NL_O 534 600 600 600 3600 7200
DE_4 DE_5 2648 2975 2975 2975 5975 11950
DE_4 DE_6 3783 4250 4250 4250 8500 17000
DE_5 Cz_0 445 500 500 500 3500 7000
DE_5 DE_6 5340 6000 6000 6000 12000 23000
DE_5 PL_O 645 725 725 725 3725 7450
DE_6 AT_O 5896 6625 6625 6625 13250 24250
DE_6 BEU_O 2715 3050 3050 3050 6100 12200
DE_6 CH_O 4450 5000 5000 5000 10000 20000
DE_6 Cz_0 668 750 750 750 3750 7500
DE_6 FR_O 2670 3000 3000 3000 6000 12000
DK_0 UKI_0 980 1400 1400 1400 4400 8800
HUK_O0 PL_O 600 600 600 600 3600 7200
HUK_O RO_0 900 900 900 900 3900 7800
IBEU_O DZ_0 0 0 0 0 3000 6000
IBEU_O FR_O 4000 4000 4000 4000 8000 16000
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Electricity grid scenario All other scenarios
2030 (MW, 2030 (MW,
Region 1 Region 2 fixed) 2040 (MW, max) 2050 (MW, max) fixed) 2040 (MW, max) 2050 (MW, max)
IBEU_O MA_0 650 650 650 650 3650 7300
IT_O BAK_O 1840 2200