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Abstract

To enable climate neutrality, the demand for both electrical energy and hydrogen is expected
to increase substantially in Germany. Therefore, new transmission infrastructure is required
for both energy vectors. A hybrid pipeline transmits both energy carriers efficiently, simul-
taneously, and compactly through the synergetic use of liquid hydrogen—serving as coolant
and energy carrier—and high-temperature superconductors. Increasingly, multiple concep-
tual designs and a few prototypes have demonstrated the feasibility of combined energy trans-
mission. However, a comprehensive techno-economic assessment of this technology is still
not available. This dissertation investigates under which conditions can a hybrid pipeline be

more cost-effective than conventional transmission alternatives.

An extensive literature review was carried out to identify a suitable case study, based on the
future supply and demand for both energy carriers. A bottom-up design of the hybrid pipeline
was developed for the selected regional case study. The design was used to estimate the
investment costs of the hybrid pipeline. For the techno-economic assessment, system limits
and a conventional transmission alternative were defined. To estimate the investment and
operating costs of the components for both hybrid pipeline and conventional transmission
alternatives, a comprehensive literature review was conducted. Sensitivity analyses were
performed to evaluate the effect of varying underlying assumptions on the total costs.

The results indicate that the hybrid pipeline transmission system is significantly more
cost-effective than the conventional alternative under a range of conditions. This finding is
valid when 4.0 GW. of electrical energy and 0.55-1.15 GW, of imported liquid hydrogen are
transported over distances up to at least 150 km, and when the conventional alternative com-
prises a gaseous hydrogen pipeline and an underground high-voltage direct-current (HVDC)
cable system. The cost advantage holds for both liquid and gaseous hydrogen as the end-use
product. For example, the 75 km long hybrid pipeline alternative reduces the total average
yearly cost by 72% for liquid hydrogen delivery and by 28% for gaseous hydrogen supply
compared with the conventional system. Additionally, the advantage also applies when the
investment cost of underground HVDC cables is replaced by that of overhead HVDC lines.
These outcomes provide a solid quantitative basis. It supports stakeholders and policy actors
in deciding how to expand the electricity and hydrogen transmission infrastructure.






Kurzfassung

Um Klimaneutralitat zu ermdglichen, wird die Strom- und Wasserstoffnachfrage in Deutsch-
land voraussichtlich erheblich steigen. Daher benétigt das Land neue Ubertragungsinfra-
struktur fiir beide Energietrager. Eine hybride Pipeline Gibertragt beide Energievektoren effi-
zient, gleichzeitig und platzsparend durch die synergetische Nutzung von flissigem Wasser-
stoff — als Kithlmittel und Energietrager — sowie Hochtemperatur-Supraleitern. Zunehmend
haben konzeptuelle Designs und einige Prototypen die Machbarkeit der kombinierten Ener-
gielibertragung bewiesen. Dennoch ist keine umfassende techno-6konomische Bewertung
dieser Technologie verfiigbar. Diese Dissertation untersucht, unter welchen Bedingungen ei-

ne hybride Pipeline kostengiinstiger als eine konventionelle Alternative sein kann.

Durch eine umfassende Literaturrecherche wurde eine geeignete Fallstudie zur kiinftigen Ver-
sorgung und Nachfrage beider Energietrager identifiziert. Fir die regionale Fallstudie wur-
de ein Bottom-up-Design der hybriden Pipeline entwickelt. Das Design diente zur Abschét-
zung der Investitionskosten der hybriden Pipeline. Fiir die techno-6konomische Bewertung
wurden Systemgrenzen und eine konventionelle Alternative definiert. Die Investitions- und
Betriebskosten der Komponenten fiir die Hybride-Pipeline- und Konventionelle-Alternative
wurden auf Basis einer ausfiihrlichen Literaturrecherche abgeschitzt. Sensitivititsanalysen
wurden erstellt, um den Einfluss von veranderten grundlegenden Annahmen zu bewerten.

Die Ergebnisse zeigen, dass das Hybride-Pipeline-System unter diversen Bedingungen maf-
geblich giinstiger als die konventionelle Alternative ist. Das Ergebnis trifft zu, wenn die hy-
bride Pipeline 4,0 GW, an Strom und 0,55-1,15 GW, an importiertem Flissigwasserstoff
tiber Distanzen bis mindestens 150 km transportiert, und wenn die konventionelle Alter-
native eine gasformige Wasserstoffpipeline und unterirdische Hochspannungs-Gleichstrom-
Ubertragungssysteme (HGU) umfasst. Der Kostenvorteil gilt fiir fliissigen und gasférmigen
Wasserstoff als Endprodukt. Die 75-km-Hybride-Pipeline senkt z. B. die jahrlichen Gesamt-
kosten im Mittel um 72% fiir Flissigwasserstoff und um 28% fur das gasférmige Produkt ge-
gentiber dem koventionellen System. Der Vorteil bleibt giiltig, wenn die Investitionskosten
der unterirdischen HGU durch die der HGU-Freileitungen ersetzt werden. Diese Bilanz bietet
eine robuste quantitative Grundlage. Sie unterstiitzt Stakeholder und politische Akteure bei
der Entscheidungsfindung zum Ausbau der Strom- und Wasserstoff-Ubertragungsnetze.
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Resumen

Para posibilitar la neutralidad climatica, se prevé que la demanda de energia eléctrica y de
hidrégeno aumente sustancialmente en Alemania. Por ello, se requiere nueva infraestructura
de transmision para ambos vectores energéticos. Una tuberia hibrida transmite ambos vecto-
res de forma eficiente, simultinea y compacta mediante el uso sinérgico de hidrogeno liquido,
que sirve como refrigerante y portador de energia, y superconductores de alta temperatura.
Progresivamente, varios disefios conceptuales y algunos prototipos han demostrado la posibi-
lidad de transmitir energia sinérgicamente. Sin embargo, aiin no existe una evaluacioén tecno-
econdémica integral de esta tecnologia. Esta tesis doctoral investiga bajo qué condiciones una

tuberia hibrida puede ser mas rentable que alternativas convencionales de transmision.

Primero se realiz6 un amplio analisis bibliografico para identificar un caso de estudio adecua-
do, basado en la futura oferta y demanda de ambos portadores de energia. Luego se disefid
la tuberia hibrida para el caso regional seleccionado. El disefio se us6 para estimar los costos
de inversion de la tuberia hibrida. Para la valoracién tecno-econdmica, se definieron los li-
mites del sistema y una alternativa convencional. Los costos de inversion y operacioén de los
componentes para los sistemas de transmisién se estimaron con base en una revision exhaus-
tiva de la literatura. Ademas, se efectuaron analisis de sensibilidad para evaluar el efecto de
variaciones en los supuestos subyacentes sobre el costo total.

Los resultados indican que el sistema de transmision mediante la tuberia hibrida es significa-
tivamente mas econoémico que la alternativa convencional bajo un rango amplio de condicio-
nes. Este hallazgo es valido cuando 4,0 GW. de energia eléctricay 0,55-1,15 GW; de hidrégeno
liquido importado se transportan en trayectos de hasta por lo menos 150 km, y cuando la al-
ternativa convencional incluye una tuberia de hidrégeno gaseoso y un cable subterraneo de
corriente continua de alta tension (HVDC). Por ejemplo, la alternativa de tuberia hibrida de
75 km reduce el costo medio anual total en 72 % para la entrega de hidrogeno liquido y en
28 % para el suministro de hidrogeno gaseoso, en comparacion con el sistema convencional.
Ademas, la ventaja persiste cuando el costo de inversion de los cables subterraneos HVDC se
reemplaza por el de lineas aéreas HVDC. Los resultados brindan una base cuantitativa robus-
ta. Esta apoya la toma de decisiones de las partes interesadas y de los responsables de politicas
respecto a la expansion de la infraestructura de transmision de electricidad e hidrogeno.
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1 Introduction, Motivation, and
Research Questions

This chapter introduces the framework of the dissertation and defines its underlying basis. It
first provides the necessary general context, then outlines the motivation for the study, and
finally formulates the research questions that guide the work.

1.1 Introduction

Energy derived from fossil fuels has enabled substantial economic growth over the past cen-
turies. However, the extensive use of fossil fuels has caused significant greenhouse gas emis-
sions, which are considered a serious and increasing threat to ecosystems, biodiversity, hu-
man well-being, and socio-economic systems [1]. In recent decades, interdisciplinary re-
search and technological progress have made possible large-scale energy production from
sustainable sources [2]. In response, many governments, companies, and organizations have

adopted policies and targets aimed at achieving climate neutrality within the coming decades.

In Germany, the target of achieving climate neutrality by 2045 [3] is expected to significantly
increase electrical energy demand and necessitate the import of chemical energy carriers,
particularly hydrogen. Figure 1.1 illustrates both the current (2025) [4] and projected (2045)
net electrical energy generation and hydrogen supply, based on several widely recognized
studies in the German energy sector [5-7]. The hydrogen supply is differentiated into imports
and domestic production via electrolysis, as well as others sources, such as fossil fuels (in
2025) and biomass (in 2045).

While the scenarios presented in these studies differ in quantitative estimates, they consis-
tently indicate a common trend. On average, net electrical energy generation in Germany is
projected to more than double by 2045 compared to 2025. In this work, all energy content
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comparisons are based on the lower heating value of hydrogen'. Based on this assumption,
annual hydrogen supply is estimated to range between 213 TWh, and 694 TWh,. For com-
parison, Germany’s net electrical energy generation in 2025 was 477 TWh,, while hydrogen
production reached only 37 TWhy.

Germany
[7] H, via domestic electrolysis ['] H, from imports| | H, from other sources ll Net electricity production
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Figure 1.1: Net electrical energy production and hydrogen (Hz) supply in Germany for 2025 and projections for
2045, based on multiple studies commissioned by distinct German political entities. Hydrogen supply
is differentiated into imports and domestic production via electrolysis and other sources, such as fossil
fuels (2025) and biomass (2045). Own depiction based on [4-7].

Electrical energy and hydrogen are typically produced in regions where generation costs are
lowest. This applies both to renewable energy imported from regions with particularly favor-
able wind and solar resources, and to energy produced domestically in Germany. However,
energy demand is often geographically separated from production sites, and the spatial dis-
tribution of renewable energy differs significantly from that of conventional energy systems.
Consequently, substantial expansion and adaptation of transmission infrastructure are re-
quired. This includes extensions of the electrical grid across all voltage levels [9], as well as

the repurposing and modification of natural gas networks to enable hydrogen transport [10].

1 The lower heating value, also known as the net heating value, is obtained by subtracting the latent heat of
vaporization of the water formed during combustion from the gross heating value, which represents the total
heat released during the complete combustion of a unit amount of fuel [8].
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To accelerate the deployment of hydrogen technologies, the German government launched
three flagship projects in 2021: H,Giga, focusing on scaling up large-scale electrolyzer tech-
nologies; H,Mare, addressing offshore hydrogen and Power-to-X production; and TransHyDE,
within which this work is situated [11]. The TransHyDE project aimed to investigate and
develop technologies for the transport and storage of gaseous hydrogen, liquid hydrogen,
ammonia, and liquid organic hydrogen carriers (LOHC) [12]. One of its five research con-
sortia, AppLHy!, brought together research and industry partners to analyze and implement
technologies for the efficient production, storage, and transport of liquid hydrogen.

Within the AppLHy! consortium, researchers of the Institute for Technical Physics (ITEP)
at the Karlsruhe Institute of Technology (KIT) explored synergies between cryogenic liquid
hydrogen and electrical components. This synergy arises when a cryogenic coolant cools a
superconducting material below its critical temperature. The superconductor is then able to
transmit large amounts of electrical energy without resistance and using very low material

amounts in comparison to copper.

Superconductivity was discovered in 1911 by the Dutch physicist Kamerlingh Onnes, using
liquid helium to cool mercury below 4.2 K (—268.95 °C). In 1986, the German and Swiss physi-
cists, Bednorz and Miller, discovered high-temperature superconductors (HTS) at around
30 K (—243.15 °C). Their finding led the Taiwanese-American physicist Chu to discover
shortly after the yttrium barium copper oxide (YBCO) compound, which is a rare-earth bar-
ium copper oxide (REBCO) superconductor with critical temperature at 93 K (—181.15 °C) [13].
This critical temperature enabled the use of a less-expensive coolant—liquid nitrogen at about
77 K (—196.15 °C).

With the increasing adoption of liquid hydrogen as an energy carrier and given its cryo-
genic temperature of approximately 20 K (—253.15 °C), a hybrid pipeline offers synergetic
transmission of liquid hydrogen and electrical energy by high-temperature superconductiv-
ity. The idea of combined energy transmission attracted growing attention in the early 2000s,
when the founder of the U.S. American Electric Power Research Institute (EPRI), Starr, pro-
posed a “SuperGrid” made of superconducting power transmission cables cooled with liquid

hydrogen [14].

While a first basic design was presented in 2004-2005 [15,16], more comprehensive concepts
followed in 2006-2007 [17,18] and 2008-2010 [19,20], where case studies were proposed and
more detailed engineering analyses were carried out. Between 2012 and 2015, researchers
successfully built and tested the first prototype of a hybrid power transmission line cooled
with liquid hydrogen in a corrugated pipe [21-26]. Their cable design was based on magne-
sium diboride (MgB,), which is a superconducting material with lower critical temperature
than YBCO (39 K [13]). Since then, several research groups have further refined, evaluated,
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and tested hybrid pipeline designs, as it will be later discussed. Within the AppLHy! con-
sortium, ITEP is constructing a hydrogen integration platform to test a REBCO-based and
smooth hybrid pipeline prototype at KIT [27, 28].

1.2 Motivation

Despite technological progress, a key challenge for hybrid energy pipelines remains achieving
a cost advantage over conventional alternatives. Several conceptual designs and prototypes—
including those by Trevisani [17], Yamada et al. [20], and Vysotsky et al. [26]—have demon-
strated the technical feasibility of combined energy transmission that uses superconductiv-
ity with liquid hydrogen as both coolant and energy carrier. However, before this research
project began in 2022, no study had evaluated the cost-effectiveness of hybrid pipelines.

In recent years, a number of studies have examined the cost-effectiveness of hybrid pipelines:

+ Qi et al. (2024) proposed a superconducting energy pipeline connecting East Asia and
North America across 12 time zones, with an estimated investment payback period of
around 10 years. The study presents a high-level technical design with route planning
and relay energy stations, but lacks detailed engineering analyses such as thermal-
hydraulic modelling, cable layout, or benchmarking against conventional alternatives.
Investment costs are derived from aggregated component-level estimates rather than
a bottom-up design [29]. Consequently, the techno-economic results remain indica-
tive because key cost components, including superconducting cables and cryogenic
pipelines, depend strongly on project-specific design parameters and local conditions,

limiting the transferability of per-unit-length cost estimates.

« Fuetal. (2024) presented a detailed technical design together with investment and oper-
ating cost estimates of a REBCO-based liquid hydrogen-electricity hybrid pipeline, in-
cluding auxiliary components such as refueling stations, valve chambers, land, and in-
stallation. While their analysis is more comprehensive than the previous study, the con-
cept is specifically developed for 1 km long railway applications. In addition, the system
requires a liquid nitrogen shielding layer to thermally stabilize the liquid hydrogen and
prevent boil off. The chemical transmission is relatively low at about 0.7 kg, s™ [30].

« Cavallucci et al. (2025) performed a techno-economic optimization of a magnesium di-
boride (MgB,) DC transmission line cooled with liquid hydrogen. The study minimizes
total cable costs by jointly optimizing the electrical cable design and the cryogenic cool-
ing system. Liquid hydrogen is treated as a coolant, although its potential role as an
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energy carrier is only mentioned conceptually. The study did not include hydrogen

delivery, matching of supply and demand, or an application use case [31].

« Mangiulli et al. (2026) analyzed auxiliary components for a 30 km MgB, hybrid super-
conducting cable transporting electrical energy and liquid hydrogen. The study focuses
on the sizing of individual components and provides an investment cost breakdown for
the cable system, storage tanks, current leads, pump, and grid connection. Results indi-
cate that electrical infrastructure dominates overall costs, while cryogenic subsystems
represent a small fraction. Operational expenditures, replacement cycles, and compre-
hensive techno-economic metrics are not addressed [32].

« Cais et al. (2026) provided a detailed system-level evaluation of MgB,-based hybrid
superconducting energy pipelines in Italy, using an optimization model to determine
cost-effectiveness compared with conventional electricity and hydrogen transmission
options across a 20-node network. The model captures interactions between electricity
generation, hydrogen production, and transmission. Hydrogen demand is derived from
national decarbonization pathways without explicit differentiation between gaseous
and liquid hydrogen. For system-level modeling, a simplified investment cost of the
hybrid pipeline is derived from Cavallucci et al. [31] and assumed to be approximately
1.1 MEUR km'! [33]. However, this value appears to correspond primarily to the su-
perconducting cable and may represent about 20-30% of the total cost, which in the
source study includes the cryostat, cooling stations, project management, and instal-
lation. While fixed operating costs for the superconducting energy pipeline are repre-
sented as 2% of capital costs, variable cooling costs are not explicitly addressed. The
reference study of Cavallucci et al. indicates that cooling requirements are of compara-
ble maginitude to the capital costs. Cais et al. included electricity demand for hydrogen
liquefaction, whereas they did not present the investment cost for the liquefier.

Existing approaches have not assessed the cost-effectiveness of a REBCO-based hybrid pipe-
line for long-distance energy transmission without intermediate cooling stations at the gi-
gawatt scale. In particular, there is a lack of comprehensive assessments that integrate all
relevant aspects. These include the derivation of investment costs from a bottom-up design,
their evaluation within case studies reflecting liquid hydrogen demand, the performance of

auxiliary components, sensitivity analyses, and relevant financial model parameters.

As a result, the economic viability of such systems remains uncertain, limiting their appli-
cability for decision-making when considering the expansion of transmission infrastructure.

This lack of robust cost assessment can lead to less effective investment decisions and hinders
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comparison of alternative system designs. Therefore, a systematic techno-economic assess-
ment that address all significant aspects is required. To fill this gap, the present dissertation

investigates the following research questions.

1.3 Research Questions

The central question of this dissertation is:

Main research question

Under which conditions can a hybrid pipeline be more cost-effective than conventional

transmission alternatives?

The research question is formulated to explicitly account for the context-dependence of
cost-effectiveness. The analysis focuses on identifying the conditions under which hybrid
pipelines may achieve a cost advantage. A central objective of this work is to assess whether
these conditions can exist and whether they are achievable in practice.

Based on the main research question, the study investigates three sub-questions. First, it
examines where electrical energy and liquid hydrogen will increasingly be produced and
consumed, as well as how they have been transmitted so far. Second, it analyzes how liquid
hydrogen and electrical energy can be transported synergetically by means of superconduc-
tivity. Third, it evaluates how the underlying assumptions in a specific case study affect the
cost-effectiveness of the hybrid pipeline.

The structure of the dissertation reflects these questions. Chapter 2 addresses the required
background for combined energy transmission. Chapters 3 and 4 focus on the properties of
the high-temperature superconducting tape and the conceptual design of the hybrid pipeline,
respectively. Chapter 5 presents the techno-economic assessment of the two transmission

alternatives: the hybrid pipeline alternative and the conventional alternative.

The availability of liquid hydrogen is essential for a hybrid pipeline. Consequently, liquid
hydrogen must achieve sufficient market penetration for hybrid pipelines to become cost-
effective. However, this dissertation does not provide a full levelized cost of energy, which
includes production costs for electrical energy and liquid hydrogen. It either develops a busi-
ness case based on revenue streams. Instead, it offers a comparative techno-economic assess-
ment of the performance and costs of transmission technologies. Additionally, it reviews the
techno-economic properties for importing liquid hydrogen and alternative carriers such as
ammonia, and it examines the demand for liquid hydrogen to meet climate-neutrality targets.



1.3 Research Questions

This work concentrates on the large scale design and techno-economic assessment of a gi-
gawatt class hybrid pipeline. Detailed technical implementation issues are therefore beyond
the scope of the study. Nevertheless, collaborators in the AppLHy! consortium have investi-
gated prototype components for the hybrid pipeline, including indirect liquid hydrogen cool-
ing of the HTS cable to prevent undesirable material interactions with hydrogen [34], low
resistive contact soldering [35], and reliable thermal coupling between the HTS and its sup-
port structure [36].

To compare the hybrid pipeline with conventional alternatives, this dissertation evaluates
the auxiliary components required for transmitting both liquid hydrogen and electrical en-
ergy. The analysis focuses on the techno-economic properties of these components, not on
their technical development. Within the AppLHy! consortium, partners have created several
technologies for the liquid hydrogen supply chain, including a submersible multistage turbo
pump, a cryopump with superconducting bearings, and a contact-less liquid hydrogen stor-
age level measurement system [37]. Power electronics have been designed for the interface
between the cryogenic hybrid pipeline and the electrical grid [38].

The dissertation assesses safety with varying levels of detail depending on the considered
aspect. The focus lies on the safe operation of the hybrid pipeline at rated operating con-
ditions and its behavior in the event of a short circuit. Potential hydrogen embrittlement is
covered for some components, such as the pipe and the copper stabilizer. The study provides
an overview of safety aspects related to the leakage of liquid hydrogen and its effect on the
environment. However, a higher level of depth, for example regarding long-term exposure in
liquid hydrogen [39], was investigated by other researchers within the AppLHy! consortium.






2  Background for Combined
Energy Transmission

To evaluate the plausibility of a hybrid pipeline in Germany, the corresponding context in
the energy sector, and the state of the art of transmission infrastructure must be known. This
chapter presents the necessary background to integrate the concept of a hybrid pipeline in
the German energy sector.

Given that the primary function of energy transmission infrastructure is to link producers
with consumers, this chapter begins with an overview of the projected supply and demand of
electrical energy and hydrogen in the future. As part of that, gaseous hydrogen, liquid hydro-
gen, and some hydrogen carriers are briefly compared as transport options for the hydrogen
supply. The main focus of the chemical energy demand will be on the use of hydrogen in
liquid state. However, the use of gaseous hydrogen is also mentioned, since liquid hydrogen

can be regasified to supply gaseous hydrogen consumers.

Building on the previous insights, a specific regional case study is selected for the techno-
economic assessment of the hybrid pipeline. The section names the reasons for the choice
of Brunsbiittel and Hamburg, in northern Germany, as the case study. Since the techno-
economic assessment aims to analyze the technical feasibility and economic viability of a
relatively new technology, conventional technologies serve as a benchmark for evaluating
the new system. Therefore, the state of the art of conventional transmission infrastructure
for the separate transport of electrical energy and hydrogen in bulk will be introduced.

The chapter closes with the state of development of hybrid pipelines, presenting conceptual
designs that have been proposed and prototypes that have been built to date.

2.1 Electrical Energy Supply

The German Electricity Network Development Plan, in German “Netzentwicklungsplan
Strom”, is the official document for planning the expansion and modernization of Germany’s
electrical energy sector. It considers the country’s goals for climate neutrality, renewable



2 Background for Combined Energy Transmission

energy integration, and grid reliability. According to the most recently approved German
Network Development Plan 2037/2045 (2023), achieving climate neutrality by 2045 requires
a minimum installed capacity of 70 GW. of offshore wind energy, 160 GW. of onshore wind
energy, and 400 GW,, of photovoltaics [9]. By the end of 2025, the installed capacity amounted
to 9.5 GW, for offshore wind energy, 68.1 GW, for onshore wind energy, and 117.0 GW, for
photovoltaics [40]. Other technologies, such as hydrogen, biomass, and hydroelectric power
plants, are expected to contribute much less to the electrical energy supply [9].

Supplementary documents to the Network Development Plan 2037/2045 (2023) provide ge-
ographical specifications for the installed capacities of onshore wind energy, photovoltaics,
and offshore wind energy. The level of detail and the methodology used for regionalization
vary depending on each technology. For onshore wind energy and photovoltaics, capacities
are defined at the postal code areas level [41]. In contrast, offshore wind energy is regional-
ized into designated zones within the North Sea and the Baltic Sea [42]. According to these
documents, the highest installed capacity density for offshore and onshore wind energy is
expected to be in the North Sea region. Conversely, the expansion of photovoltaics is more
evenly distributed and decentralized across Germany.

The latest Network Development Plan 2037/2045 (2025) is under development, but has not
been approved yet. In the new plan, the range of projected installed capacities in 2045 for off-
shore wind energy (60-70 GW.), onshore wind energy (143.5-176.0 GW,), and photovoltaics
(315-440 GW.) was lowered in comparison to the approved plan from 2023. This was justified
by current trends in electrical energy consumption, which differ significantly from previous
forecasts. The future regional distribution of renewable energy facilities remains similar to
that expected in the plan from 2023 [43].

2.2  Hydrogen Supply

The German government set a Hydrogen Strategy to install 10 GW. of electrolyzers by 2030
within the country [44]. By the end of 2024, the installed capacity amounted to 0.18 GW,
and a total of 7.2 GW, was planned to be installed by 2030 [45]. Hydrogen from Germany is
expected to have a higher cost than hydrogen from countries with lower costs for renewable
energy sources. The lower costs are caused by higher full-load hours given by more favorable
weather conditions. In chapter 1, figure 1.1 showed that 13% to 51% of Germany’s green
hydrogen demand is projected to be imported to enable climate neutrality. As a response, the
German government launched an Import Strategy for Hydrogen and Hydrogen Derivates in
2024 to promote an international hydrogen economy [46].
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In 2025, Odenweller et al. noted that there has been a notable delay between the global green
hydrogen ambition and its implementation. From 190 hydrogen projects between 2021 and
2023, only seven percent were completed on schedule. This translates into 0.3 GW, of ac-
complished projects, compared to 4.3 GW, of planned installed capacity by companies and
state-owned enterprises. For the authors of the study, three factors contributed to the low im-
plementation outcome: an increase in electrolyzer and financing costs, insufficient purchase
contracts, and lagging support policies, including the uncertainty about European and U.S.
American production standards for green hydrogen [47].

The worldwide hydrogen production capacity with a final investment decision by 2024 is
roughly one-third lower than the projected global hydrogen demand for 2030. However, the
International Energy Agency (IEA) reported that the number of production projects attain-
ing a final investment decision in 2024 was double that of 2023. The IEA estimated that the
implementation of these projects will represent a fivefold increase in hydrogen production
by 2030 compared to today’s global output. The planned production is divided into 56% hy-
drogen production by electrolysis and 44% production from fossil fuels with carbon capture,
utilization, and storage [48].

A graph suggesting that worldwide electrolyzer installed capacity is increasing more rapidly
than that of photovoltaics, and electrolysis presently exhibits the highest growth rate among
all energy technologies has been reported in a non-peer-reviewed source [49]. However, this
finding has not been independently validated in this study and should therefore be interpreted
with caution.

Hydrogen transport requires compression, liquefaction or conversion into hydrogen carriers
at its production location to reduce the transporting volume. This is due to the fact that, at
atmospheric conditions, the volumetric energy density of gaseous hydrogen is relatively small
(2.7 Wh 1" for normal-hydrogen at 298.15 K and 100 kPa). That is approximately one-third
of that of gaseous methane under the same conditions (9.0 Wh 1) [50]. The most frequently
discussed hydrogen transport methods are in the form of: compressed gaseous hydrogen,
liquid hydrogen, ammonia, methanol, synthetic methane, LOHC, dimethyl ether, and Fischer-
Tropsch products, such as kerosene and naphtha. The following sections will present some
characteristics of the transport methods that are relevant for this work.

2.2.1 Imports of Gaseous Hydrogen by Pipeline
The IEA [48], the Joint Research Centre of the European Commission [51], Staif} et al. [52],

and Wang et al. [53] concluded that the most cost-efficient hydrogen transport method would

be the transmission of compressed gaseous hydrogen by pipeline. However, the results vary
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2 Background for Combined Energy Transmission

depending on the transport distance, diameter of the pipeline, and whether it is a new or a
repurposed pipe. From the German perspective, for distances longer than 4 000 km, the trans-

port by ship becomes more cost-efficient in comparison to newly constructed pipelines [52].

The German think-tank Agora Energiewende et al. [54], and the Fraunhofer Institute for
Systems and Innovation Research et al. [55,56] expected that most of the hydrogen supply
for Germany will be coming from inside Europe. In comparison, Kigle et al. [57], Slowinski
et al. [58], and the German National Academy of Science and Engineering (acatech) et al. [59]
considered that most hydrogen imports will come from North Africa. According to these
studies, countries that could deliver gaseous hydrogen by pipelines are those in the north
with high wind speeds, such as Norway, Denmark, Finland, and the United Kingdom, and
those in the south with high global solar radiation, such as Spain, Tunisia, Morocco, and

Algeria.

The Hydrogen Infrastructure Map shows the current European hydrogen pipeline projects
based on data from stakeholders, such as transmission and distribution system operators of
gas (see figure 2.1) [60]. A notable point is that Norway is not connected by pipeline with
Germany, because Norway announced that it would stop the project due to high costs and

insufficient demand [61].
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Figure 2.1: Current European hydrogen pipeline projects as of the end of 2025. Depiction without legend from
H2inframap [60]; permission granted.

Worldwide, around 37 000 km of gaseous hydrogen pipeline projects are planned by 2035.

This amount includes new pipelines and repurposed natural gas pipelines. However, less

12



2.2 Hydrogen Supply

than 6% by length have obtained a final investment decision or are under construction. Most

of the announced plans are concentrated in Europe, especially in Germany [62].

2.2.2 Imports of Liquid Hydrogen by Ships

The German Federal Network Agency believes that, because of the costs involved, it is more
likely that most of the hydrogen imports will be transmitted via pipelines. However, the fed-
eral agency and German TSOs acknowledge that imports through terminals should remain
possible for network development planning, in order to diversify the supply sources and guar-
antee security of supply. Consequently, the latest Approval of the Scenario Framework for
the Natural Gas and Hydrogen Network Development Plan calls for a minimum of 4 GWh, h™!
of terminal imports using liquid hydrogen and other chemical energy carriers [63].

Hydrogen imports from distant overseas regions require the liquefaction or conversion of
hydrogen to other chemical energy carriers and the use of ships. This is justified by the rela-
tively small volumetric energy density of gaseous hydrogen (0.1 kg, m™ at 293.1 K and 100
kPa [50]) and the lack of long-distance intercontinental pipelines. This section briefly intro-
duces the hydrogen liquefaction process—a key step in the liquid hydrogen supply chain—
and some of the main characteristics of liquid hydrogen as an import medium compared with

other chemical energy carriers.

Hydrogen Liquefaction

Hydrogen liquefaction involves condensing the gas to its liquid phase by reducing the tem-
perature, e.g., from ambient conditions (293.15 K, 100 kPa) to typical storage conditions (20—
23 K, 100-200 kPa) [64]. At room temperature and higher, diatomic hydrogen exists in two
spin isomeric forms at a proportion of approximately 3 : 1. At a ratio of 75% to 25% and ambi-
ent temperature, the term normal-hydrogen is used [65]. The 75% share presents both proton
nuclear spins aligned in parallel and is called ortho-hydrogen. The 25% share has the two
proton spins aligned antiparallel in opposite directions and is known as para-hydrogen [66].

Lowering the temperature changes the share gradually in the direction of para-hydrogen. At
20 K, the proportion of ortho-hydrogen to para-hydrogen equals approximately 0.2 : 99.8
[65]. The ortho-para conversion is a substantial exothermic process, particularly at low tem-
peratures. Today’s industry standards specify that the liquid hydrogen product must exhibit
a para-hydrogen content of at least 98% [67].
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2 Background for Combined Energy Transmission

In comparison to the conversion of gaseous hydrogen to other chemical energy carriers, hy-
drogen liquefaction is an energy intensive process. Current industrial hydrogen liquefiers
consume 10-15 MWh, tj],, equivalent to 35-40% of hydrogen’s lower heating value. The
high energy demand is in part justified by relatively small capacities—up to 32 t;1, d! per
train—with a focus on lower investment costs than energy efficiency [64]. Long-term effi-
ciency targets of 6.4 MWh, t;}, are reported to be feasible [68].

Energy Efficiency in the Import Supply Chain

The IEA [48], Staif} et al. [52], and Hank et al. [69] estimated the supply chain efficiency for
importing several chemical energy carriers. All studies compared liquid hydrogen, ammonia,
and LOHC. Staif§ et al. additionally assessed methanol and Fischer-Tropsch products [52],
whereas Hank et al. [69] additionally examined synthetic liquid methane and methanol.

For shipping, the IEA [48] and Staif} et al. [52] assumed a distance of 10 000 km. Hank et al.
considered 4 000 km and presented a base case for 2020 and an optimistic case for ~ 2030.
Hank et al. assumed that the feed-in of carbon dioxide occurs by means of direct air capture in
the case of synthetic liquid methane and methanol. This step can be supplied with or without
heat integration from methanation or methanol synthesis, respectively [69].

Based on the results reported in these studies, figure 2.2 (a) presents the energy delivered in
form of gaseous hydrogen (lower heating value) when using 100 kWh, of electrical energy
from renewable sources. The conversion step is equivalent to liquefaction (liquid hydro-
gen), synthesis (ammonia), and hydrogenation (LOHC). Reconversion to gaseous hydrogen
requires regasification (liquid hydrogen), cracking (ammonia), and dehydrogenation (LOHC).
The authors in all studies assumed that liquid hydrogen regasification does not represent en-
ergy losses [48,52,69]. In all works, the results indicate that the import of liquid hydrogen
achieves the highest energy efficiency in comparison to ammonia and LOHC, when hydrogen
is the final product.

When the importing medium is not reconverted to gaseous hydrogen, IEA [48] and Hank
et al. [69] revealed that liquid hydrogen still exhibits the highest energy efficiency (see fig-
ure 2.2 (b)). Staif et al. [52] estimated that importing ammonia has a higher energy effi-
ciency when ammonia is the desired final product. The values for each step can be found in
appendix A, tables A.1 and A.2.
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(a) Gaseous hydrogen (GH,) as final product
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Figure 2.2: (a) Energy delivered in form of gaseous hydrogen (GHz, lower heating value) after losses in the pro-

duction and import chain of liquid hydrogen (LH3), liquid organic carriers (LOHC), and ammonia (NH3)
when using 100 kWh of electrical energy from renewable sources. (b) Energy delivered in form of the
corresponding chemical energy carrier when no reconversion to gaseous hydrogen is considered (lower
heating value). Losses are included from the production and import chain of LH», NH3, synthetic liquid
methane (LCHy4), methanol (MeOH), and Fischer-Tropsch products when using 100 kWh of electrical
energy from renewable sources. IEA and Staif assume a distance of 10 000 km for shipping, while Hank
considers 4 000 km. Hank considers a base case for 2020 and an optimistic case for ~ 2030. Own depic-
tion based on [48,52,69].
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2 Background for Combined Energy Transmission

Environmental Effects

Liquid hydrogen is not toxic and it volatilizes fast [52, 67]. In contrast, Ammonia, LOHC,
synthetic Fischer-Tropsch products, and methanol pose a very high hazard potential in the
event of a leakage or an accident, owing to their respective chemical and physical properties
[52,70]. Therefore, liquid hydrogen demonstrates greater safety for wildlife in the case of
leakages or accidents, in comparison to other chemical energy carriers [52].

Hydrogen has a relatively small indirect greenhouse-gas effect [52,67]. Nevertheless, hydro-
gen leakages should be kept to the very least and hydrogen should be produced from renew-
able energy sources to reach the climatic advantages of transitioning to a hydrogen econ-
omy [71,72]. The IEA estimated that the greenhouse gas emissions of the liquid hydrogen
supply chain could be 40% lower than those of ammonia or LOHC, because improved energy
efficiency leads to a higher yield of the final product and reduced specific emissions [48].

Safety

Motivated by the use of liquid hydrogen as a fuel in aerospace and as a source of high-purity
gas, several decades of experience have been built for the safe production, transport, and
storage of liquid hydrogen in large volumes. However, its transferability to emerging non-
industrial applications is limited [67]. For example, in the field of mobile applications, such
as aviation, road transport, railway transport, and the maritime sector, there is a notable
absence of standardized procedures for liquid hydrogen technologies. This occurs particularly
in safety-sensitive tasks, such as transferring liquid hydrogen from storage tanks in mobile

systems operating in public environments [73].

However, recent projects, such as the liquid-hydrogen GenH2 truck from Daimler 2023 [74],
the Hydrogen Energy Supply Chain (HESC) between Australia and Japan 2022 [75], and the Eu-
ropean Union (EU) project Pre-normative REsearch for Safe use of Liquid HYdrogen (PRESLHY)
2017-2021 [76] have delivered growing evidence that, when liquid hydrogen is managed pro-
fessionally, and its unique properties are considered in system design and operation, it is not
inherently more hazardous than other fuels.

For example, despite hydrogen’s very high diffusivity and low minimum ignition energy,
spontaneous ignition is extremely unlikely, while the combustible air-hydrogen cloud quickly
dilutes. Although materials exposed to liquid hydrogen must withstand, e.g., embrittlement,
and they must resist wide temperature ranges of approximately 20-293 K and broad pressure
ranges, for example, between 100—1 200 kPa, multiple materials—such as metal alloys, fiber-
reinforced composite materials, and laminated structures—have shown proper performance
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2.2 Hydrogen Supply

under such conditions of use [67]. A comparison with other hydrogen carriers has shown that,
regarding humans in close proximity, non-directly involved parties, and material assets—such
as buildings and technical facilities—liquid hydrogen offers a similar high safety level as that
of methane [52].

Importing Costs

Previous studies reached differing conclusions on the most cost-effective medium for over-
seas hydrogen transport, variously identifying liquid hydrogen [51,77-79], ammonia [80,81],
LOHC [82], or methanol [83] as the most cost-effective transport option. Some reasons for
the different importing costs have been analyzed, for instance, in a meta-analysis of 30 studies
that considered hydrogen imports to Europe. Genge et al. observed that numerous studies do
not provide data on reconversion costs at the point of destination. Furthermore, large differ-
ences are given by individual assumptions on the weighted average costs of capital and on the
capital expenditures. Assuming no reconversion process back to gaseous hydrogen owing to
a lack of data, Genge et al. identified ammonia and LOHC as the most cost-effective energy
carriers by 2030 and 2050, when only production and transportation costs are included [84].

The LNG2Hydrogen project, part of the flagship project TransHyDE, included the reconversion
step to gaseous hydrogen at the import location. First, Ruske et al. evaluated the specific
investment costs of import terminals for distinct chemical energy carriers. The results show
that the specific investment cost for a liquid hydrogen terminal is three times lower than
that for an ammonia terminal (see figure 2.3 (a)). This result is mainly justified by a lack of
cracking or dehydrogenation requirements for liquid hydrogen imports, which increases the
overall energy efficiency of the liquid hydrogen terminal (figure 2.3 (b)).

~
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Figure 2.3: Techno-economic comparison of import terminals with a capacity of 100 TWhy 2 a™! for: liquid hydro-
gen (LH), ammonia (NH3), liquid organic carriers (LOHC), methanol (MEoH), dimethyl ether (DME),

and synthetic liquid methane (LCH4). (a) Specific investment costs; (b) Space demand; (c) Energy effi-
ciency; (d) Ship size. Own depiction based on data from [85]; reproduced by permission.
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2 Background for Combined Energy Transmission

The amount of space needed for aliquid hydrogen terminal is five times lower than that for an
ammonia terminal (see figure 2.3 (c)). The costs for the acquisition of land are not included
in the calculation of the specific investment costs of the terminals, since the analysis only
considers the landing, storage, conversion, and feed-in [85]. It should be noted that the study
reported noticeably lower technology readiness levels (TRL) for the components of liquid
hydrogen import terminals than those of other chemical energy carriers (see appendix A,
table A.3).

Ruske et al. compared the expected ship sizes for each energy vector (see figure 2.3 (d)) [85].
Dimethyl ether, methanol, and synthetic liquid methane would additionally require ships de-
livering carbon dioxide for the corresponding synthesis process at the export location. More

information about liquid hydrogen carriers can be found in appendix C.

In a second step, Ruske et al. included three distinct cost scenarios (low, mid, and high) and
compared seven potential importing countries to determine the levelized cost of hydrogen of
each chemical energy carrier. The authors observed that the levelized cost of hydrogen is the
lowest for liquid hydrogen and ammonia when the import terminal costs and reconversion
are included (see figure 2.4 (a)). Synthetic liquid methane, methanol, and dimethyl ether have
higher costs because of a required closed carbon dioxide loop and supplementary direct air
capture. The results for LOHC are not included in the analysis owing to data-specific concerns
of a project partner in the project [85]. For comparison, figures 2.4 (b) and (c) present the
results observed by Genge et al. when reconversion to gaseous hydrogen is not included.
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(a) With reconversion to GH, (Ruske et al. 2025)
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Figure 2.4: (a) Production, transport, and import terminal costs for importing liquid hydrogen (LH;), ammonia
(NH3), synthetic liquid methane (LCH4), methanol (MeOH), and dimethyl ether (DME) from selected
countries—such as United Arab Emirates (UAE) and United States (USA)—to Germany, including re-
conversion to gaseous hydrogen (GHz), shown for low, medium, and high cost scenarios. (b) 2030 and
(c) 2050: Production and transport costs for importing LH,, NH3, LCH4, MeOH, Fischer-Tropsch diesel
(FTD), and liquid organic hydrogen carriers (LOHC) to Europe from 30 different studies. The costs ex-
clude reconversion to GHy. Own depiction based on data from [84, 85]; reproduced by permission.
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In practice, most of the recent hydrogen trade projects use ammonia as the hydrogen carrier,
with most of the ammonia projects originating in Saudi Arabia [48]. Genge et al. justified
the selection of ammonia as the chemical energy carrier because it is suited for early adop-
tion, owing to currently lower transportation costs and a presently high demand for fertilizer
production. However, the authors acknowledged that the future utilization of each energy
carrier continues to be uncertain, resulting in ongoing competition to define their respective

roles and applications [84].

In summary, the literature review suggests that liquid hydrogen remains a competitive option
for the transport of hydrogen overseas, due to its high energy efficiency, low importing costs,
few environmental impacts, and comparable high safety level to other conventional fuels
(see table 2.1). Some examples of ongoing liquid hydrogen export projects are between Oman
and Europe [86, 87], Spain/Portugal/Scotland and Netherlands/Germany [88, 89], Australia
and Japan [90, 91], and the assessment of liquid green hydrogen exports from Abu Dhabi to
Europe [92].

Table 2.1: Characteristics of liquid hydrogen when importing it by ship.

Characteristic Description Sources

The import of liquid hydrogen presents the highest efficiency,

Ener;
? 8y compared to ammonia and LOHC, when reconversion [48,52,69]
efficiency . .
to hydrogen is considered
. Liquid hydrogen has low risks for wildlife and climate because of
Environmental .. .. .
effects non-toxicity, fast volatilizing, small indirect greenhouse gas [48,52,67]

effect, and low greenhouse gas emissions in the supply chain

Liquid hydrogen has a comparable high safety level as that of
Safety methane when managed professionally, but transferability to [52,67,76]
non-industrial applications is still limited

The levelized cost of hydrogen is the lowest for liquid hydrogen
and ammonia, when the reconversion process back to hydrogen [85]
is included for the transport media at the import location

Importing
costs

2.3  Electrical Energy Use

The future development of the electrical energy consumption has a decisive influence on the
location and the amount of planned grid infrastructure. Figure 2.5 illustrates the net electrical
energy consumption in 2024 and the projected net demand for 2045 according to the second
draft of the Network Development Plan 2037/2045 (2025) under scenarios A, B, and C. In
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scenario A, the electrification level is low, hydrogen imports are high, and the expansion plans
of renewable energy assets are delayed. Scenario B follows the legal expansion pathways for
renewable energy and is closely aligned with the system development strategy. Scenario C is
based on high electricity consumption and extensive power generation capacity [43].
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Figure 2.5: Net electrical energy consumption in Germany by sector or area of application. This figure does not
take into account grid losses in the transmission grid. Own depiction based on the German Network
Development Plan 2037/2045 (2025) [93].

The total electrical energy consumption can be broken down into the following sectors: in-
dustry, transportation, private households, and non-residential buildings, such as business,
trade, and services [4]. Some applications are used by multiple sectors, for example, electrol-
ysis or district heating generation. The second draft of the latest German Network Develop-
ment Plan 2037/2045 (2025) projected that, by 2045, decarbonizing the energy system almost
doubles the net electrical energy consumption in all sectors to 905 TWh, in scenario A, and
raises it to 1 113 and 1 207 TWh, in scenarios B and C, respectively [93].

By 2045, electrical energy is expected to be directly used for many processes, which are today
driven by fossil fuels. Examples are: heat pumps for private heating (69 to 82 TWh,), heat
pumps for non-residential heating (18 to 27 TWh,), electric mobility for the transport sector
(129 to 166 TWh,), and the electrification of industrial processes (267 to 354 TWh,). Addi-
tionally, the expected use of electrolyzers for the production of domestic hydrogen and the
expansion of digitalization will also raise the electrical energy consumption [93].

The German transmission system operators (TSOs) expected that the geographical distri-
bution of the electrical energy consumption by 2045 will be mostly concentrated in regions
with high population density and where the manufacturing industry is located today. Regions
such as the Ruhr area, and some parts of the metropolitan regions of Frankfurt, Hamburg,
Stuttgart, Berlin, and Munich will have an electrical energy consumption density higher than
7 GWh, km™ [93].
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2 Background for Combined Energy Transmission

2.4 Liquid Hydrogen Use

Hydrogen liquefaction is not only convenient for the efficient transport of hydrogen by ship.
Liquefying hydrogen also leads to three essential properties that are highly valuable for end

users from various sectors:

1. high gravimetric energy density (LHV aranz = 32.9 kWh; kgjj, for para-hydrogen at
20K, 100 kPa) with significantly higher volumetric energy density (ppararrz = 71.144 kgp,
m™) than that of gaseous normal-hydrogen' (0.1 kgg, m™ at 293.15 K, 100 kPa) [50],

2. high purity (> 99.995% by volume [94,95]) and,

3. cryogenic temperature (approximately —253 °C or 20 K [50]).

The following sections present how each of these properties benefits a variety of applications,
such as the long-range transport, parts of the manufacturing industry, and the transmission
of electrical energy. Additionally, it is worth noting that liquid hydrogen can be regasified
and flexibly employed for the decarbonization of hard-to-abate sectors with a large hydrogen
demand, such as steel and chemical industries [44].

2.4.1 Aviation Sector

The gravimetric energy density of liquid hydrogen is the highest of all known substances [96].
This property is particularly advantageous for the aviation sector. Aircraft manufacturers,
such as Airbus [97] and Boeing [98], trade associations, such as the Airport Council Interna-
tional [99] and the International Air Transport Association (IATA) [100], and political entities,
such as the EU Clean Hydrogen Partnership [101] have recognized liquid hydrogen as a light
and sustainable energy source to replace fossil fuels, at least in certain cases. Even when
considering the weight of the cryogenic tanks, hydrogen is around 50% of the weight of jet
fuel. In addition, the cryogenic temperature can be potentially used to improve energy effi-
ciency by approximately 10% to 15% for long-haul flights in comparison to kerosene-fueled
aircraft [102].

Academic and industrial research projects have demonstrated the viability of liquid hydro-
gen aircraft and propulsion technologies by 2050. A review of the literature and market
developments suggests that the aviation industry is expected to undergo three progressive

! The gravimetric energy density of normal-hydrogen is LHVyormez = 33.3 kWh, kgjl, at 293.15 K and 100 kPa

[50].
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phases in the integration of hydrogen technologies: technical demonstration and certifi-
cation (2025-2030), system-level optimization (2030-2040), and aircraft fleet deployment
(2040-2050) [103].

Figure 2.6 shows the liquid hydrogen projects developed by airlines, airports, and lessors
worldwide known by IATA. As of January 2025, at least 35 airlines have publicly declared
their participation in diverse initiatives with the objective of developing hydrogen-powered
aircraft. Companies such as International Airlines Group (e.g., British Airways and Iberia),
United Airlines, and EasyJet have made direct investments in research and development ef-
forts. Additionally, several pre-order agreements for hydrogen-fueled aircraft have been es-
tablished, indicating growing commercial interest in this technology [100].

O Airlines
@ Airport ®
O Lessor Ce®
| o
ce® » -
(o) Ce

Figure 2.6: Liquid hydrogen projects developed by airlines, airports and lessors known by IATA as of January 2025.
Own depiction based on [100]; reproduced by permission.

However, the Aviation Impact Accelerator convened by the University of Cambridge expected
that the ongoing and publicly disclosed aircraft projects will contribute only 5% to 9% of
emissions decrease by 2050 [102]. Therefore, the authors suggested launching large-scale
hydrogen demonstrators in 2030, especially for medium-range and long-range aircraft. This
measure could lower emissions levels by 15% to 20% in 2050, and 30% to 70% in 2060.

A key challenge associated with liquid hydrogen is its spatial requirement, which is approx-
imately four times greater than that of the kerosene-type jet fuel A-1. This is because of a
significantly lower volumetric energy density (2.3 kWh, I"! for para-hydrogen at 20 K and
100 kPa [50] against 9.2 kWh, 1! for jet fuel A-1 [104]). Therefore, new aircraft designs are
necessary. For narrow-body aircraft, a 5-10 m longer fuselage could accommodate the fuel

tanks [105]. When aircraft are retrofitted for hydrogen use, the space available for passengers
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2 Background for Combined Energy Transmission

decreases and the energy requirement per passenger grows. However, if aircraft are specifi-
cally designed for liquid hydrogen fuel, more passengers can be potentially carried than with
an equivalent kerosene-powered aircraft [106].

Figure 2.7 shows the expected liquid hydrogen demand for direct use from aviation in Ger-
many, based on the work from Busch et al. [107], and on the literature review by Oesingmann
et al. [108] regarding the works from the European Hydrogen Backbone (EHB) [53], Grimme
& Braun [109], Steer & the German Aerospace Center (DLR) [110], the Netherlands Aerospace
Center (NLR) [111], and the consultancy Steer [112]. Indirect hydrogen use for the production
of derivatives, such as Fischer-Tropsch jet fuel, is not considered. Since all authors assumed
hydrogen in liquid and not in gaseous state, the conversion between million tons per year
and GW, has been carried out using the lower heating value of para-hydrogen and not of
normal-hydrogen (see section 2.4).
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Figure 2.7: Liquid hydrogen demand in Germany for direct use in aviation. While only Busch et al. estimated the
demand specifically for Germany, the European demand of the other studies was scaled down to 12% of
the original, based on the number of departures and arrivals in Germany in 2024. Own depiction based
on data from [107,108,113].

Oesingmann et al. proposed two scenarios: one with turboprop engines (more energy effi-
cient), and another with turbofan engines [108]. Only Busch et al. calculated the hydrogen
demand specifically for Germany [107]. All other studies estimated the hydrogen demand for
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Europe? [53,108-112]. Therefore, the European data was scaled down to 12% of the original
to estimate the German demand share, based on the number of departures and arrivals in Ger-
many in 2024, as given by Eurocontrol [113]. This rough approximation implicitly assumes
that the fuel demand is proportional to the number of incoming and outgoing flights.

The literature comparison in figure 2.7 shows that the works from Oesingmann et al. [108],
the EHB initiative [53], Busch et al. [107], and Grimme & Braun [109] tended to be more con-
servative than the works from NLR [111], Steer & DLR [110], and Steer [112]. The conserva-
tive works expected an annual liquid hydrogen demand between 0.9-1.5 GW, in 2050, while
the optimistic studies expected that the liquid hydrogen demand will range from 2.2 GW, to
3.0 GW, in the same year.

It remains to be seen which role liquid hydrogen will play when decarbonization in the avi-
ation sector is achieved. However, it seems to be clear that liquid hydrogen alone will not be
able to cover the energy demand for sustainable aviation. McKinsey & Company estimated
liquid hydrogen as feasible but less cost-efficient for long-range aircraft designs, owing to
larger airframes and a higher energy demand per passenger. This makes Fischer-Tropsch
jet fuel together with biofuels likely the more cost-effective decarbonization solution in the
long-range segment. McKinsey & Company expected that Fischer-Tropsch jet fuel and bio-
fuels will supply approximately 60% of total aviation fuel by 2050, while liquid hydrogen will
cover the remaining 40%. After 2050, the share of liquid hydrogen is projected to keep rising,
especially for commuter, regional, short-range, and medium-range aircraft [101].

Dray et al. [114] and Ansell [115] agreed that decarbonizing the aviation sector by 2050 will
require liquid hydrogen and Fischer-Tropsch jet fuel, with biofuels serving as an interim
solution, owing to their near-future availability. Nevertheless, Dray et al. argued that the
availability of biofuels is limited, thereby restricting its production capacity and driving up
its costs [114]. In addition, biofuels have led to deforestation, biodiversity loss, peatland
degradation, and higher greenhouse emissions [116]. Ansell noted that electric battery sys-
tems could become relevant in the long term, if disruptive improvements in their weight are
produced. Today, Li-ion electric batteries are approximately 400 times heavier than liquid

hydrogen (without storage system), when compared on a per-kilojoule basis [115].

2 The works from Oesingmann et al. [108], EHB [53], Grimme & Braun [109], and Steer & DLR [110] considered
the EU27 countries plus Switzerland, United Kingdom, Iceland, and Norway. The NLR study counted only the
EU27 countries plus United Kingdom [111]. Steer took only into account intra-European flights [112].
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2.4.2 Heavy-duty Long-distance Road Sector

Long-distance road transport could benefit from the high gravimetric energy of liquid hydro-
gen, which leads to long range, fast refueling time, and high payload capacity [117,118]. In
contrast to personal transport, where vehicles often remain parked during days or weeks,
heavy-duty trucks are frequently used, consuming larger amounts of hydrogen and pre-
venting vent losses caused by a pressure increase, owing to heat transfer from the environ-
ment [119]. In 2023, Daimler Truck demonstrated how one fill of 80 kgy, was sufficient to
cover a distance of 1 047 km with a fully loaded 40 tons fuel-cell truck [74]. Daimler Truck
favors liquid hydrogen for the expansion of hydrogen-based drives, since cryogenic low-
pressure tanks are more cost-efficient and significantly lighter compared to the carbon tanks

used for compressed gaseous hydrogen [120].

However, it is yet to be determined which proportion of trucks will be fuel-cell versus battery-
electric driven in the market of long distance road transport. The IEA reported that the lifecy-
cle cost of a battery electric heavy-duty truck in China is, in 2025, already lower than that of a
diesel equivalent in some cases. The same study expected that by 2030, battery electric trucks
in Europe and the United States (USA) will achieve life-cycle cost equivalence with heavy-
duty diesel trucks, maintaining total costs of ownership for battery electric trucks lower than
for fuel cell trucks [121]. Other authors considered battery electric trucks to have an advan-
tage because of a wider available recharging infrastructure compared to hydrogen refueling
stations [122,123] and owing to longer lifetimes than for fuel cell trucks [124]. However, the
IEA recognizes that depending on the application and utilization profile of trucks, hydrogen-
based drives may be more cost-efficient in certain cases [121].

A couple of recent studies have calculated the hydrogen demand from trucks in Germany
by the middle of this century. Table 2.2 shows the approximations for Germany as given by
Busch et al. [107] and Lofving et al. [125]. While Lofving et al. limited the use of hydrogen
for long-haul trucks, Busch et al. did not specify which kind of trucks are hydrogen-driven.
For comparability reasons, the lower heat value of para-hydrogen is used (see section 2.4)
although Lofving et al. did not specify which state of matter was considered for hydrogen.
Busch et al. calculated a large liquid hydrogen demand of 8.33 GW, by 2045. In contrast, Lofv-
ing et al. estimated a hydrogen demand between 0.28 GW, and 2.15 GW, in 2050, depending
on the assumed market diffusion of hydrogen trucks.

For comparison, table 2.2 presents the hydrogen demand from medium-haul trucks and long-
haul trucks in the USA, as estimated by Elgowainy et al. [126]. The hydrogen demand calcu-
lation made for Germany by Busch et al. seems to be optimistic, as the amount of total truck

kilometers in the USA is almost 15 times larger than in Germany [127].
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Table 2.2: Hydrogen demand for direct use from trucks in Germany and the United States (USA).

State of Considered Diffusion
Country Source Year of Demand
matter trucks technology
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o (8t )

15% 0.82 GW;

° -1

Lofving Hydrogen (25tu2 ™)

Germany 2025 [125] 2050 (unspecified) Long-haul 137 GW,

25%

(42 iz h)

2.15 GW;
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Busch Liquid . . 8.33 GW,
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14.29 GW,
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USA 2050 -
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2.4.3 Maritime Sector

Green hydrogen has been identified by the IEA [128], the European Maritime Safety Agency
[129], and academic research [130] as one of several potential fuels to decarbonize the mar-
itime sector. The high energy density of hydrogen by weight enhances its suitability for
maritime transportation [131], facilitating onboard storage in comparison to batteries and
being a more favorable option for transport to refueling sites [132]. Hydrogen fuel cells func-
tion quietly and without strong vibrations, reducing significantly the impact of shipping on

marine ecosystems in comparison to current shipping [130].

In 2020, Shell believed “liquid hydrogen to be advantaged over other potential zero-emissions
fuels for shipping, therefore giving a higher likelihood of success” [133]. In 2021, many stake-
holders view hydrogen as a feasible answer for coastal and short-sea shipping [132]. By 2022,
over 20 maritime applications were powered by hydrogen fuel cell systems [134]. One recent

example is from Norway’s ferry company Norled, which proved the use of the first liquid
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hydrogen-fueled ferry with a capacity for 80 cars and almost 300 passengers, maintaining
99.9% uptime during the first year [135, 136].

Yet, challenges in the use of liquid hydrogen may lead the shipping industry to prefer other
fuels. Balcombe et al. [130] and Gray et al. [137] argued that Fischer-Tropsch fuels, biofuels,
and liquefied natural gas (LNG) can be dropped into existing motors without adjustments,
while higher capital costs for hydrogen infrastructure may delay the adoption of hydrogen
as a fuel. The authors in both studies considered that there is no single path to achieve
decarbonization in the maritime sector, requiring a variety of “drop-in” fuels and zero-carbon

energy carriers, such as hydrogen and ammonia.

According to expert interviews made in 2023 on behalf of Shell, there is a growing industry
trust for bio- and synthetic liquid methane, methanol, ammonia and bio heavy fuel oil, while
there is less interest in liquid hydrogen [138]. Urban et al. reported that fragments of the
shipping industry are less willing to change, usually as a result of being less present for
the public view, compared to aviation, and not necessitating a sustainable public profile, for
instance, in the case of businesses managing oil tankers [139].

Only a few studies have quantified the expected hydrogen demand from the maritime sector
by 2050, but none of them are specific to Germany. The results of these studies are shown
in table 2.3. The International Renewable Energy Agency (IRENA) estimated that 4.6 million
tons of liquid hydrogen will be employed mainly for short sailings by fuel cells or inter-
nal combustion engines in the international shipping sector. This amount is equivalent to
17.3 GW; or 525 ty, h', and it accounts only for 10% of the total hydrogen demand from the
maritime sector, because 73% are expected to be for the production of ammonia, and 17% for
methanol synthesis [140].

Table 2.3: Hydrogen demand for direct use from the maritime sector. The countries considered along the European
Atlantic coast are Portugal, Spain, France, Ireland, and the United Kingdom.

State of Considered

Region Source Year Demand
matter vessels
- Short sailings
. IRENA Liquid > 17.3 GW;
1 2 g
Worldwide 2021 [140] 050 hydrogen eg., d‘.om'estlc (525 ti ™)
navigation
E

:trl(;ii?cn Ortiz-Imedio 2050 Hydrogen Passenger and 28.2 GW,

coast 2021 [141] (unspecified) freight transport (856 trz )

28



2.4 Liquid Hydrogen Use

For comparison, Ortiz-Imedio et al. expected a hydrogen demand of 7.5 million ty, for ship-
ping on the Atlantic coast of Europe in 2050. The authors in this study considered the annual
demand for marine passenger and freight transport from the coast regions of Portugal, Spain,
France, Ireland, and the United Kingdom [141]. Ortiz-Imedio et al. did not specify the state of
matter of hydrogen. Using the lower heat value of para-hydrogen, the resulting equivalent
demand is 28.2 GW; or 856 ty, h'.

2.4.4 Semiconductor Industry and Power Generation

Hydrogen has the second-lowest boiling point among all elements, that is, 20.28 K, after that
of helium at 4.22 K [142]. Through the cryogenic distillation method, the boiling point differ-
ences between hydrogen and impurities are used to purify hydrogen [143]. For the liquefac-
tion process, hydrogen is cooled down further than for separation, reaching high-purity levels
of at least 99.995% by volume [94, 95]. Therefore, liquid hydrogen provides a high degree of
purity for applications with rigorous purity specifications.

Hydrogen is essential for the semiconductor industry owing to its ability to affect the elec-
tronic properties of semiconductors [144]. High-purity hydrogen is applied in its gaseous
state, for instance in epitaxial growth, by the photovoltaics and semiconductor industries
[145]. Impurities in hydrogen can reduce the manufacturing output of compound semicon-
ductor devices, damage the production process guidance, or even lead to defective devices
[146]. In addition, the purity level of hydrogen has a clear impact on the efficiency and lifespan
of proton-exchange membrane (PEM) fuel cells for power generation, affecting directly their
profitability [147]. For that reason, the International Organization for Standardization (ISO)
issued ISO 14687 to specify the minimum standards of hydrogen purity for PEM fuel cells and

internal combustion engines [148].

There are no known studies or reports that quantify the amount of high-purity hydrogen
required by the semiconductor industry today or in the future. However, some recent projects
present the hydrogen demand from single semiconductor facilities (see table 2.4). In Japan,
a quartz glass manufacturer spends 1 900 tons of hydrogen per year for the production of
components essential to the semiconductor industry [149]. In Austria, 290 tons of hydrogen
covers the demand per year of a semiconductor production site [150]. Trapani et al. estimated
that a silicon wafer factory has an annual hydrogen demand of 110 ty, [151]. In none of
these publications, the state of matter of the considered hydrogen has been specified. For
comparability purposes, the lower heat value of para-hydrogen has been used to calculate
the hydrogen demand in energy units.
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Table 2.4: Hydrogen demand from single semiconductor facilities.

State of Considered

Region Source Year matter facility Demand
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2.4.5 Cryogenic Applications: Superconducting Cables,
Motors, Generators and Others

The cryogenic temperature of liquid hydrogen is a valuable form of stored energy that can be
used for several applications. At approximately 20 K, liquid hydrogen enables, for example,
the use of high-temperature superconductors (HTSs). The steady increase in electrical energy
demand, which is enhanced by the energy transition, can push existing electrical grids beyond
their capacity limits. Superconducting cables can unload tensions in the existing grid [152],
for instance, in high-population areas with restricted space. Two examples of superconduct-
ing cables are currently under development: the 15 km long HTS cable SuperLink in Munich,
with a power transmission capacity of 500 MVA [153], and the two 60 m long 1.5 kV — 3.5 kA
HTS direct current (DC) SuperRail cables for the railway network in Paris [154].

The “for-free” cooling of imported liquid hydrogen makes possible new concepts in electric
machines [155]. The cooling provided by liquid hydrogen can be exploited for supercon-
ducting machines—for example, motors such as those developed for aircraft by Airbus [156],
Rolls-Royce et al. [157], for ships by Siemens [158], and by Changwon National University of
South Korea [159]—as well as for superconducting generators for wind turbines [160].

In addition, HTSs can reduce significantly the amount of copper for electrical energy trans-
mission, and the quantity of critical materials that are usually needed in permanent magnets,
for example, for the generation of strong magnetic fields [161]. The cryogenic temperature
of liquid hydrogen can be employed for electrical energy generation by recuperating cold
energy, for instance, when combining the Brayton and Rankine cycles [162], and potentially
for preservation of food [163] and biological materials [164].
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Overall, the published research suggests that liquid hydrogen’s multiple properties will be
required to enable partial decarbonization of several sectors. The energy density of liquid
hydrogen is highly valuable for aviation, long-distance heavy-duty trucks, and vessels. The
high-purity of liquid hydrogen serves the semiconductor industry and enhances the oper-
ation of PEM fuel cells. The cryogenic temperature of liquid hydrogen permits the use of
HTSs—e.g., in efficient electrical energy transmission, motors, and generators—and also en-
ables electrical energy generation through cold energy recovery or the preservation of or-
ganic materials.

2.5 Definition of the Case Study

The preceding sections outlined the expected supply of electrical energy and liquid hydrogen
in Germany as well as the potential demand for both carriers. This information enables the
identification of a region in Germany that can supply the hybrid pipeline with both energy
vectors (upstream side) and a location that could require them (downstream side). Figure 2.8
presents a visual summary of the selected case study: Brunsbiittel-Hamburg. This section

describes the reasons for the selection of this case study.

The coastal locations on the North Sea are highly suitable for the upstream side. This is be-
cause large amounts of offshore wind power are connected to the coast, and because imported
liquid hydrogen will be brought to Germany by ships. Among those locations, Brunsbiittel
is an important seaport that will develop into a main interconnection node for both electri-
cal energy and liquid hydrogen. Multiple offshore wind farms will transmit a minimum of
3 GW, to this area [165]. Additional electrical energy will be conducted through this region
from Denmark [166] to the south of Germany [167,168]. In 2023, an LNG floating storage and
regasification unit terminal was built in Brunsbiittel [169]. In 2027, a stationary terminal will
start processing LNG and later hydrogen for the German energy supply [170]. This analysis
indicates that Brunsbiittel is a suitable location for the upstream side of the hybrid pipeline.

For the downstream side, a region with a high concentration of liquid hydrogen demand and
electrical energy consumers is ideal. Approximately 75 km away from Brunsbiittel is Ham-
burg, a big city with a broad range of sectors: manufacturing industry, maritime, aviation,
and road transport hubs, private households, and non-residential buildings. In Hamburg, the
largest German seaport [171], the biggest airport in northern Germany [172], and an exten-
sive road logistic network [173] are located. Hamburg’s manufacturing industry produces
steel [174], aircraft [175, 176], chips [177], and chemical products [178]. Over five million
people live in the metropolitan area [179]. Consequently, Hamburg has been selected for the
downstream side of the hybrid pipeline. It will be assumed that the hybrid pipeline ends at a
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central location with a high demand for liquid hydrogen. From this place, other consumers

with a lower hydrogen demand can be reached, for example by trailers.
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Figure 2.8: Visual summary of the supply, transmission and use of liquid hydrogen (LHj) and electrical energy (e)
when transmitted by a hybrid pipeline in the considered case study between Brunsbiittel and Hamburg.
The high-temperature superconductor (HTS) in the cable is a rare-earth barium copper oxide (REBCO).
Liquid hydrogen is principally used by the transport sector and segments of the manufacturing industry.
Regasified liquid hydrogen (H;) can be employed by large hydrogen consumers, such as the steel and
chemical industries. Electrical energy is mainly utilized by the industry and emerging consumers, such
as electric vehicles and heat pumps.

Table 2.5 presents the required specifications of the selected case study, Brunsbiittel-Hamburg.
The electric rated power P, was assumed to be 4.0 GW, based on the transmission power of
current extra-high-voltage DC projects (see section 2.6.1) and owing to the large increase in
electrical energy consumption until 2045 (see figure 2.5).

The Hamburg Ministry of Economic Affairs and Innovation interviewed relevant stakehold-
ers in the city to approximate the total hydrogen demand in Hamburg in 2030. Their results
led to an expected hydrogen import demand of 5.4 TWh; a! and a total hydrogen demand
of 7.6 TWh; a’! (0.62 and 0.87 GW,, respectively) [180]. Assuming a hydrogen delivery in its
liquid state, and therefore the lower heating value for para-hydrogen, this amount is equal to
a constant mass flow rate from 5.20 to 7.32 kg, s (18.7 to 26.3 tg, h'h).
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The German Economic Institute prognosticated for 2035 and 2045 a hydrogen demand in
Hamburg of 14.4 TWh (1.64 GW,, 13.86 kgp, s or 49.9 ty, h?) and 32.7 TWh (3.73 GW,,
31.48 kgy, s! or 113.3 ty, h'!), respectively [181,182]. As a conservative hypothesis, a hydro-
gen demand between 0.62 and 0.87 GW, was assumed for the case study.

Table 2.5: Required specifications of the defined case study, Brunsbiittel-Hamburg.

Parameter Symbol Value
Length l 75 km
Electric rated power I 4.0 GW,
Hydrogen demand B From 0.62 GW; (5.20 kg s
in Hamburg to 0.87 GW, (7.32 kgpz s™)

2.6 State of the Art of Conventional Transmission
Infrastructure

Conventional transmission infrastructure will be used as a benchmark for the techno-eco-
nomic assessment of the hybrid pipeline. To date, the conventional method to transmit elec-
trical energy and hydrogen in bulk is separately and without interconnections. High-voltage
DC underground cables and gaseous hydrogen pipelines are commonly planned today in
Germany for the transmission infrastructure. The next sections will introduce their technical
aspects. Economical aspects will be treated in Chapter 5. Additionally, an overview of the
state of the art of liquid hydrogen pipelines will be presented.

2.6.1 Extra-high-voltage Direct-current Underground Cables

In 2015, the German Federal Cabinet designated high-voltage direct-current (HVDC) under-
ground cables as the preferred option over overhead lines to enhance the public acceptance
and accelerate the expansion of the electrical network [183]. Consequently, new onshore
HVDC links were required to use underground cables [184], and overhead HVDC lines were

limited to exceptional cases, for example justified by environmental reasons [185].

In April 2026, the German Federal Cabinet adopted a mandate that new HVDC connections
be built as overhead lines, aiming to reduce the overall cost of HVDC projects. Underground
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HVDC cables may still be permitted in exceptional cases, for example when the route al-
ready contains an underground line, when technical constraints make an overhead solution
infeasible, or when an underground option proves more cost-effective. The cabinet also stip-
ulates that, upon request by the authority responsible for federal sector planning or project
approval, specific sections may be required to be constructed, operated, or retrofitted as un-
derground cables under the conditions outlined in the corresponding regulatory paragraph
number 5 [186].

Because the majority of this work was carried out before the 2026 regulation took effect, the
techno-economic assessment of transmission alternatives primarily assumes HVDC under-
ground cables. Nevertheless, the sensitivity analysis in section 5.5.2 also explores the use of
HVDC overhead lines.

Some of the main HDVC underground projects in Germany, such as SuedLink and Sue-
dOstLink, will transmit the electrical energy from the north to the south of the country.
SuedLink and SuedOstLink will operate at an extra-high voltage of + 525 kV and will pro-
vide a total installed capacity of 4 GW, each. Each project is composed of two independent
2 GW, cable systems. Each system has two poles of 1 GW, each. A pole transmits approxi-
mately 1.9 kA [187,188].

The total width required for the operation of SuedLink is between 18 and 22 m, while during
construction times 40 to 45 m of width are necessary [187]. According to an expert interview,
the electrical topology of each cable system in SuedOstLink is a rigid bipole without a metallic
return, divided into sleeve groups with grounding (see figure 2.9). For the connection of
DC cables, such as SuedLink, to the existing alternating current (AC) grid, converters and
inverters are necessary at the starting and ending nodes of the cable [189].

U = +525 kV

I ~19KkA

~

Pole cable "+"

Pole cable "-"

—— [~ 19KkA

U= -525kV
Converter Extra-high-voltage Converter
station 1 direct-current cable station 2

Figure 2.9: Electrical topology of SuedOstLink, a rigid bipolar HVDC system that operates without a metallic return
conductor. Own depiction based on [190]; reproduced by permission.
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2.6.2 Gaseous and Liquid Hydrogen Pipelines

Until now, there is no hydrogen transmission network in Germany. In 2024, the Federal
Network Agency, in German “Bundesnetzagentur”, approved the application for a gaseous
hydrogen core network from the gas TSOs with some changes [191]. The approved gaseous
hydrogen core network for 2032 is presented in figure A.1, appendix A. It has a total extension
of 9 040 km. For comparison, the existing natural gas transmission network in Germany has
a length of approximately 40 000 km, as of January 2022, and is shown in figure A.2.

The current hydrogen network approval defines, for instance, the geographic location of
the future infrastructure and the proportion of new to repurposed pipelines (44%/56%) [191].
Pipelines are repurposed when they were used to transmit natural gas and are modified for
the transport of gaseous hydrogen. The approval refers to some pipe diameters of DN 300,
DN 400, and DN 500, that is, approximately 30 cm, 40 cm, and 50 cm [192].

In 2020, a group of 33 European gas transmission operators proposed the concept of a Euro-
pean Hydrogen Backbone (EHB) for the transmission infrastructure of hydrogen. The initia-
tive published novel techno-economic data for gaseous hydrogen infrastructure, which has
been updated based on expert interviews in 2023 [58]. Within the initiative, three members
are German transmission operators, which may give an indication of transferability to the
German market. The report considers newly constructed onshore pipelines with diameters
of 207, 36”, and 48”, or rather approximately 50 cm, 90 cm, and 120 cm. According to their re-
port from 2021, the maximum corresponding transfer capacity of each pipeline size is 1.2 GW,,
4.7 GW, and 13 GW,. The authors assumed an operating pressure for small pipelines of 50 bar
and for large pipelines of 80 bar [53].

Liquid hydrogen transfer lines are a mature technology in industrial equipment [193]. How-
ever, it is not known that a liquid hydrogen pipeline has been built outside industrial facilities.
A leading application has been the transfer of rocket fuel for the NASA space program [194].
Liquid hydrogen pipelines are available on the market, for example, from [195] and [196].
Their use for energy distribution has been demonstrated at pilot scale, e.g., by the icefuel
project in 2010. The authors of the study expected transport distances up to 10 km without
intermediate cryogenic cooling systems, considering a low mass flow rate of 10 MW, pipe
diameter of approximately 20 mm, and thermal losses of less than 1 W m™! [197]. Since large
amounts of hydrogen are required to become climate-neutral, higher mass flows rates are
expected today.
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2 Background for Combined Energy Transmission

2.7 State of the Art of Hybrid Pipelines

The idea of simultaneous transmission of liquid hydrogen and electrical energy by high-
temperature superconductivity dates back to the early 2000’s, when the founder of EPRI,
Starr, proposed the creation of a U.S. American “Continental SuperGrid” to be supplied from
nuclear and supplementary power plants [14, 198]. Since then, multiple different conceptual
designs have been proposed. Some prototypes have been built. The following review does
not aim to provide a full survey of all prior research on the topic, but it offers a selective

overview of studies relevant to the objectives of this work.

2.7.1 Conceptual Designs

Supporting the idea of a “Continental SuperGrid” and a hydrogen-based transportation econ-
omy, a U.S. American energy consultant, Grant, proposed in 2004-2005 the first basic design
of a “SuperCable” for the dual delivery of hydrogen and electric power [15,16]. A bipolar DC
cable system was suggested to carry 1 GW, of electrical energy, that is, 100 kA at 4+ 5kV, using
wires or tapes of high-temperature ceramic superconductors or magnesium diboride (MgB,).
Two cryostats, one for each monopole, should deliver in equal shares a total of 1.0 GW, of
liquid hydrogen with a diameter of 15 cm each, at a flow rate of 3.39 m s!. Liquid nitrogen
was shortly discussed as an alternative coolant for the chemical transmission of cold gaseous
hydrogen at 77 K and 12.8 MPa, or even as a coolant for the transmission of LNG instead of
hydrogen, in the case that the impact of carbon dioxide on climate change is not “scientifically
and publicly accepted” [16]. The scope of the design was limited to the transmission capacity,
the general layout, and the cryostat diameter.

In 2006-2007, Trevisani et al., from the University of Bologna, presented a more complete de-
sign and simulation of a superconducting MgB,/liquid hydrogen transmission line. Their fo-
cus was on the thermo-hydraulic design considering hydrogen as a compressible fluid [17,18].
The aim of the combined system was to transmit electrical energy and excess renewable
generation (with respect to grid demand) in form of liquefied hydrogen from North Africa
to Europe through the Strait of Gibraltar. A system with two corrugated cryostats was as-
sumed—one for sending and the other for returning liquid hydrogen. In this manner, the
cooling function was planned to be independent from the transport function, so that the
superconducting cable could function properly even when no actual amount of liquid hydro-
gen is transported but only recirculated. A maximum distance of 20 km was designated to be
without cooling and pumping stations. The range of net transported liquid hydrogen mass

flow was of 0-1 kgy, s (119 MW,) through an inner diameter of 12 cm, with thermal losses of

36



2.7 State of the Art of Hybrid Pipelines

2 W m'!, and in an operating range between 15-25 K and 0.5-1.5 MPa. The DC cable should
transmit 96 MW,, that is, 12 kA at & 4 kV.

Yamada et al., from Japan’s National Institute for Fusion Science, proposed in 2008-2010 a hy-
brid energy transfer line of 1 000 km length with refrigeration stations every 10 km [19, 20].
The authors considered a case study in which electrical energy and hydrogen are simulta-
neously produced by a fusion reactor, where hydrogen is produced by electrolysis of water
steamed by waste heat. The electrical transfer capacity was defined to be 1 GW,, that is,
10 kA at &+ 50 kV, and the total amount of liquid hydrogen to be transmitted was 137 MW,
(1.16 kgpy s or 100 tyy d!). An MgB, wire was preferred as the prospective system owing
to lower costs, but bismuth strontium calcium copper oxide (BSCCO) and yttrium barium

copper oxide (YBCO) tapes were also seen as suitable alternatives.

Between 2012 and 2015, the first experimental results of a hybrid power transmission line
were published by Kostyuk, Vysotsky et al. in Russia (see next section 2.7.2). In 2019-2022,
Wang, Jin et al., from the Tianjin University, developed technical designs of a superconducting
energy pipeline based on: a YBCO cable, liquid hydrogen as a coolant in the inner part of
the pipeline, and LNG as a refrigerant for an outer superconducting electrical shield made
of BSCCO. The cable was designed to transmit 1 GW. by means of 10 kA at &+ 50 kV. The
hydrogen transmission power and length were respectively given as: 4 GW, (33.73 kgyy 57!
or 2 914 tyg, d!) and 100 km in [199], or as 1m s™ (2.4 GW,, 19.86 kgpp s or 1716 tiy, d!) and
10 km in [200]. The scholars focused on the avoidance of magnetic induction and direct heat
exchange. No case study was formulated.

Since 2024, several researchers have published more detailed conceptual designs for a com-
bined energy transmission by means of MgB, and liquid hydrogen. Savoldi et al., from the
Polytechnic University of Turin, focused on the thermal-hydraulic design of a DC single-pole,
single-coolant superconducting energy pipeline with a transmission power of 0.1 GW, and
> 0.1 GW,. The scholars compared and proved the viability of corrugated pipeline lengths
up to 120 km without intermediate cooling stations, inner diameters up to 19.8 cm, liquid
hydrogen mass flow rates up to about 3.8 kgy, s, and inlet pressures between 2 MPa and
4 MPa [201].

Bracco et al., from the University of Genoa, designed a 30 km submarine single-pole corru-
gated hybrid pipeline that can transfer 0.3 GW, and at least 60-70 MW, from an offshore wind
farm to the port of Ravenna, Italy. In addition to proposing a cable and pipeline layout, they
performed a preliminary thermal-mechanical analysis to assess the effects of the coolant pres-
sure on the pipe and the thermal contraction of the materials along the cable [202]. Savoldi et
al. subsequently examined accidental transients in liquid-hydrogen flow (0.6-0.1 kgy, s, i.e.,
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0.07-0.12 GW,) and cryostat to keep the MgB, cable superconducting. Their analysis consid-
ered three fault cases: loss of flow due to pump failure, loss of coolant caused by a cryostat
crack, and loss of vacuum resulting from an outer-pipe rupture [203]. In a further study, Cav-
allucci et al. (University of Bologna) used a fully coupled model to assess how an electrical
fault in the MgB, cable interacts with heat generation and the thermodynamic response of
the liquid hydrogen coolant [204]. As part of the same project, Mangiulli et al. focused on
the sizing of auxiliary components, such as tanks, current leads, pumps, and grid connection
to evaluate their economic impact in the hybrid power cable. The findings indicated that the
main cost driver are not the auxiliary cryogenic systems but the electrical infrastructure, such
as the HVDC conversion [32].

For the European project SCARLET (Superconducting CAbles foR sustainabLe Energy Transi-
tion), Bruzek et al., from ASG Superconductors and other research institutions, proposed the
use of a medium-voltage DC cable at & 25 kV and 20 kA. They aimed to transmit 1 GW, in a
bipolar system, composed of two 500 MW, monopolar cables, which should be in a cryostat
with a length up to 20 km that transmits liquid hydrogen without cooling stations. The hy-
drogen transmission power ranged from 0.2 ty, h! to 10 ty, h! (7 to 329 MW,) under a heat
load of less than 2 W m'! at 20 K. The authors planned to analyze the behavior of the ca-
ble during a fault current of 58 kA during 10 ms. Both liquid hydrogen and electrical energy
were expected to be consumed by a steelmaker (10 ty, h'!, 50-200 MW.), ships (2-3 tg, h™!,
50-100 MW,), 100-1 000 trucks (0.3-3.0 t, h''), and 100 electric vehicles (15 MW,). The de-
mand amounts were obtained through expert interviews [205]. In a follow-up publication,
the researchers of SCARLET analyzed two monopoles in two liquid hydrogen pipes, being
one monopole in each pipe. Mimmi et al., from the University of Bologna, simulated the cur-
rent distribution during the energization ramp, and during a pole-to-pole fault, where the

temperature increase was also calculated [206].

Recently, some techno-economic assessments of hybrid pipelines have been published. Qin et
al., from the Xi’an Jiaotong University, suggested the use of superconducting energy pipelines
to connect East Asia and North America across 12 time zones, recovering the investment
within 10 years. The scholars dispensed with a technical design to focus on the investment
costs, which are referenced from other projects that developed the components for other
applications [29]. For railway transportation, Fu et al., from the Tongji University, presented
a detailed technical design of a YBCO cable (1.5 kV/10 kA/0.15 GW.) and a liquid hydrogen
pipeline (0.7 kgp, s or 83 MW,) with a liquid nitrogen cold shield. The scholars included the
investment costs of the components and the operating costs owing to power consumption and
maintenance. Varying the total length, electricity price, and discount rate, they estimated that
the dynamic payback period for a 93 km pipeline would be within 20 years [30].
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In 2025, Cavallucci et al. optimized a cost-minimized MgB, DC line cooled with liquid hydro-
gen, without analyzing hydrogen supply or demand. The optimization varied wire geometry,
liquid hydrogen mass flow rate, annular flow gap thickness, and number of intermediate cool-
ing stations. The simulations covered line lengths of 5-100 km, power ratings of 0.5-3.0 GW.,,
and voltages of 50 kV, 110 kV, and 220 kV. Low liquid hydrogen mass flow rates of 0.15-0.26
kgnz s (0.02-0.03 GW,) were examined, but no specific case study was defined. The results
showed that a 10 km, 50 kV line needs only one cooling station, the lowest-cost configuration
depends strongly on voltage and power (with 110 kV emerging as optimal above 1.0 GW,)

and unit-length cost decreases up to 23% when length increases from 5 km to 100 km [31].

Table 2.6 presents a review of the conceptual designs that have been discussed in this section.
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Table 2.6: Review of conceptual designs for hybrid energy pipelines. “These authors presented some economical assessment.
Length .
Total with- Electric DC Chemical HTS Ot}ter
Source power Coolant Case study dia-
length out power voltage type
; (H2) meter
cooling
Grant > 100 10-20 Cuprates LH,, Hy/LNy,
2004-2005 [15,16] km km 1GWe  £5kV 1GW orMgB,  LNG/LN, 25em
Trevisani Africa-Europe:
+ ; ;
2006-2007 [17, 18] 20 km 20 km 0.1 GW, +4kV <0.12 GW, MgB; LH, Strait of Gibraltar 18 cm
Mng,
Yamada 1000 10 km 1GW.  +50kV  014GW,  BSCCO LH; Fusion reactor 22 cm
20082010 [19, 20] km
or YBCO
YBCO/
Wang 2019 [199] 100 km - 1 GWe + 50 kV 4 GW; LH2/LNG - 159 cm
BSCCO
Jin YBCO/
2022 [200] 10 km 10 km 1 GWe +50 kV 2.4 GW, BSCCO LH,/LNG 89 cm
Savoldi 2024 [201] < 120 = 120 0.1 GWe 10 kV > 0.1 GW; MgB, LH, - 7-22 cm
km km
0.01- End user, e.g., steel
Bruzek 2024 [205] > 20 km 20 km 1 GWe + 25 kV 0.33 GW, MgB; LH, foundry 16 cm
- 20 000 East Asia—
Qin* 2024 [29] o 100GW. 400 kV 50 GW, HTS LH, Nowth A
. < 100 < 100 LH,/ Railway
Fu* 2024 [30] km km 0.15 GW, 1.5 kV 0.08 GW¢ YBCO LN, transportation <17 cm
. 5-100 0.5-3.0 50, 110, 0.02-0.03
Cavallucci® 2025 [31] km 5 km GW. 920 KV GW, MgB, LH,
10-100 Supply to a port, an
Mimmi 2025 [206] km - 1 GW. +25kV 0.33 GW; MgB; LH, industry and, a fleet -
of land vehicles
Bracco 2025 [202]
Savoldi 2026 [203] 0.06-0.12 Offshore wind
Cavallucci 2026 [204] 30 kam 30 Jm 0.3 GWe 30 kv GWq MgBz LH. farm-Ravenna > 22cm

Mangiulli* 2026 [32]
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2.7 State of the Art of Hybrid Pipelines

2.7.2 Built Prototypes

Liquid hydrogen has been tested for cooling MgB, cables in corrugated flexible pipelines with
lengths of 10 m and 30 m (see figure 2.10). Kostyuk, Vysotsky et al., from the Russian Academy
of Sciences and the Russian Scientific R&D Cable Institute, respectively, experimented with
liquid hydrogen mass flow rates of 70-450 gy, s (8-53 MW,), and electrical transmission
capacities of 50-75 MW, [21-26]. In [26], the authors demonstrated the suitability of im-
pregnated crepe insulation paper with liquid hydrogen at voltages up to 50 kV DC.

(b)

Figure 2.10: (a) 30 m prototype of hybrid energy transfer line as presented by V. Kostyuk, V. Vysotsky et al.; (b)
Photograph of the superconducting cable. Reprinted from [22] with permission from Elsevier.

Recently, two prototypes of hybrid energy pipelines were built and tested with cables made of
HTS tapes. However, these pipelines use LNG as a coolant and energy carrier instead of liquid
hydrogen. Chen et al., from the University of Chinese Academy of Sciences, presented a 10 m
long pipeline with a DC monopole cable made of BSCCO, which transmits 0.1 GW, at 10 kV
and > 1 KA (see figure 2.11) [207]. Xiao, from the Chinese Academy of Sciences, presented a
0.2 GW, cable design (£ 100 kV/1 kA) with a 30 m long pipeline [208]. Both prototypes used
a cryogenic liquid dielectric, which is a mixture of liquid nitrogen and tetrafluoromethane
(CEy), the longest-lived greenhouse gas [209].

As part of the AppLHy! project in the flagship project TransHyDE, a 16 m long rigid hybrid
pipeline is under construction at KIT, Germany [210]. For the superconducting cable of the
prototype, it was decided to use REBCO tapes (see chapter 3). The cable is electrically insu-
lated with Kapton® and is composed of two poles. Although each pole is designed for rated
operating conditions of 10 kA and 1 kV (10 MW,), the initial operation will be limited to 10 V
because of limitations in the available source voltage. The two poles are immersed in liquid
hydrogen, which will have a mass flow rate of approximately 5 gy, s™ (0.6 MW,). Table 2.7
presents a summary of the discussed built prototypes.
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2 Background for Combined Energy Transmission

Figure 2.11: Experimental prototype of the 10 m superconducting DC energy pipeline as presented by Chen et al.
Reprinted from [207] with permission from Elsevier.

Table 2.7: Review of built prototypes of hybrid energy pipelines.

Electric ~ pc  chemical - ppg
Source Country Length power Coolant
power voltage type
(Hz)
Kostyuk/
Vysotsky . 10 m, 50-75 8-53
<
2012 Russia 30 m MW, <50 kV MW, MgB, LH,
2015 [21-26]
LNG
Chen . 100 ’
2020 [207] China 10 m MW, 10 KV - BSCCO LN,
CH,
LNG
Xiao . 200 ’
2023 [208] China 30 m MW. + 100 kV - BSCCO IéI\II{Z,
4

KIT

2025-today  Germany 16 m 20 MW, +1kV 0.6 MW, REBCO LH,
[27,28,210]
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3  Properties of the High-temperature
Superconducting Tape

This chapter justifies the selection of REBCO tapes as superconducting material. The prop-
erties of the selected HTS are introduced for the subsequent design of the cable.

The cryogenic temperature of liquid hydrogen enables the use of HTSs for large scale appli-
cations, such as REBCO and MgB; [211]. To date, MgB, is the only HTS that has been tested
in a hybrid power transmission line cooled by liquid hydrogen (see section 2.7.2). The devel-
opers of the prototype justified the use of MgB, by the wide availability of its raw materials
and comparatively low production costs [21,25].

In comparison, REBCO materials provide a higher critical temperature (e.g., YBCO at 93 K
versus MgB, at 39 K [13]) and larger current densities under similar conditions (e.g., [212]).
Consequently, REBCO permits a larger temperature safety margin or lower superconducting-
material requirements. Moreover, REBCO offers relatively widespread commercial availabil-
ity, as will be discussed later. For these reasons, REBCO was selected as the superconducting

material for this project.

The following sections will first present the composition and specific material parameters
of the selected REBCO. Subsequently, the critical values of the superconducting state in a
REBCO compound are briefly described. At the end of the chapter, the production capacity
of some of the current REBCO manufacturers worldwide will be listed, including a short

discussion about REBCO’s present costs.

3.1 Composition of the REBCO Tape

To avoid layer defects that reduce the current transport, REBCO is epitaxially growth in thin
layers limited to a few microns. Today, a flat tape geometry is standard in long-length REBCO
production to maximize the surface on which the superconductor can be grown [211].
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3 Properties of the High-temperature Superconducting Tape

Figure 3.1 presents the layer composition and thickness of the selected REBCO tape for the
cable design. The figure is based on the data sheet provided by the tape manufacturer, which
is Fujikura Ltd. For the sake of simplicity, buffer layers, such as magnesium oxide, were
neglected because they represent less than 0.7% of the materials. The total tape thickness of
REBCO tapes is about 50~100 pm (0.05-0.1 mm). For the cable simulation, a thickness sipe
of approximately 100 pm was assumed.

Seu = 2 - 10 pm (above/below)

Sag =2 pm I
Shis = 2 pm ’7
Shy = 75 pm

Stape = 100 pm

Figure 3.1: Layers in the REBCO tape and their corresponding thicknesses to scale.

The composition and thickness of the REBCO tape influence the cable behavior during a short
circuit, whose simulation will be presented in section 4.2.4. For the simulation of the short
circuit and the cable design, the resistivity, specific heat capacity, and mass densities of the

materials in the REBCO tape can be found in appendix B.

3.2  Critical Values of Superconductivity

Three physical quantities characterize superconducting materials:

« critical temperature 7,
« critical magnetic flux density Ec, and

« critical current density J..

The superconducting state exists while none of the critical thresholds are exceeded. In the
Meissner phase, a superconducting material repels an applied magnetic field completely, be-
having as a perfect diamagnet. The three physical quantities 7, B, and J, are interdepen-
dent, which implies that each value varies depending on the others [213]. The critical tem-
perature 7T, and magnetic flux density B, are thermodynamic properties specific to each
superconducting material. The critical current density J, is dependent on the metallurgical
processing [214].
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3.3 Field Angle Dependence of the Critical Current

In a type I superconductor, such as mercury or aluminum, superconductivity ceases to exist
abruptly at a critical magnetic flux density value B.. In a type II superconductor, such as the
considered REBCO material, there is a lower critical magnetic flux density B, from which
the magnetic repulsion gradually weakens in the so-called Shubnikov phase. At a higher
critical magnetic flux density B.., superconductivity fully dissolves [13].

The subsequent sections describe the dependence of the critical current density J,, on the
magnetic flux density B and on the temperature 7" for the selected REBCO tapes. The data
were measured by the Robinson Research Institute in New Zealand, using 1 mm wide REBCO
tape samples of the purchased product. The results show the critical current along the tape
length per cm width. It is assumed that the REBCO material in the tapes is YBCO.

3.3 Field Angle Dependence of the Critical Current

Figure 3.2 shows the influence of the field angle on the critical current at different magnetic
flux density values. The discrete data represent the measurements, which were all made at
30 K. Although the rated operation with liquid hydrogen occurs at temperatures close to 20 K,
the design temperature Tj.s was selected to be 30 K to assure a safety margin in the case of

higher operation temperatures.

3000‘..0..” lll.llll:l:--l-lllll m 005T

® 0.10T

2800 020T

030T

= 2600 040T

g < 060T

< 2400 > 1.00T
2200
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1800

0 30 60 90 120 150 180 210 240
Field angle / °

Figure 3.2: Field angle dependence of the critical current per cm width /.. for different magnetic flux density values
at 30 K. The discrete data show the measurements on the selected REBCO tape, while the solid lines
present the fitting function according to equation 3.1.

It can be seen that the highest critical currents occur when the field angle is parallel to the
tape plane (90°). When the magnetic flux density is low (below 0.3 T), the critical current
reaches values over 3 000 A cm™. The lowest measurements arise when the field angle is
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3 Properties of the High-temperature Superconducting Tape

perpendicular to the tape plane (0° or 180°). For design purposes, the discrete measured data
were linearly fitted using the following elliptical model from [215]:

Bettip

Ic(é) = I(:,ellip/ (1 + kZ . Bﬁ + Bi/Bc,ellip) ) (31)

ellip

where 1. is the critical current, Bisan arbitrary magnetic flux density, and I liip, Kellip, Bellip»
and B. i are fitting parameters for the design temperature Tges of 30 K. In equation 3.1, the
magnetic flux density Bis split into a parallel component B and a perpendicular component
B, . The fitting parameters were solved numerically and are shown in table 3.1. Figure 3.2

presents the resulting fitting functions in the form of solid curves.

Table 3.1: Elliptical model parameters to fit measured data of critical current dependence on the field angle.

Symbol  Value (T3 = 30 K)

Tecnip 316.6 A mmy
Keltip 0.2871
Beiip 0.89076

Beetiip 1.21901 T

3.4 Temperature and Magnetic Flux Density
Dependence of the Critical Current

Figure 3.3 shows how the critical current varies with (a) temperature and (b) the magnitude of
the magnetic flux density. The measurements shown in figure 3.3 (a) were made at magnetic
flux densities between 0.05 T and 1.00 T. Figure 3.3 (b) presents multiple datasets for temper-
atures between 20 and 77 K. For all presented measurements, the field angle is the one with
the lowest critical current at the corresponding temperature and magnetic flux density. This
is a conservative assumption for a wider safety margin. As expected, increasing temperature

or magnetic flux density lowers the critical current.
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(b)
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Figure 3.3: (a) Temperature dependence of the critical current per cm width /. for different magnetic flux density
magnitudes. (b) Magnetic flux density dependence of the critical current per cm width /. for different
temperature values. In both graphs, the field angle of each measurement is the one with the lowest
critical current at the corresponding temperature and magnetic flux density magnitude. The discrete data

show the measurements on the selected REBCO tape, while the solid lines present the fitting function
according to equation 3.2.

The Kim model, introduced by Kuhnert [216], was used to calculate the critical current /. kim
at a temperature 7' and magnetic flux density magnitude B:

-1

,gKim
T B
IC KlIn(BvT) = IC Kln’l(070) 1— = 1+ (32)
7 ’ T Bxim

(1-17)

Here, I, xim(0, 0), Bkim, and Bxin, are fitting parameters that were calculated numerically. The
parameter values are presented in table 3.2. A critical temperature 7. of 93 K was used, as it
is defined by Iwasa for YBa,Cu30;., [214]. The fitting functions are presented as solid curves
in figure 3.3.

Table 3.2: Parameters of the Kim model to fit the measured data of the critical current dependence on temperature
and magnetic flux density.

Symbol  Value (7 = 93 K)

I xim(0,0)  6340.9 A cmipq
Bkim 2.18249 T
Bkim 1.77127
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3.5 Market Overview of REBCO Tapes

After the discovery of HTSs in 1986 by Bednorz and Miiller [217], the production scale-up of
REBCO tapes started around the mid-2000s [218,219]. Since then, the commercial market has
been in constant development. Table 3.3 shows seven consolidated manufacturers of REBCO
tapes worldwide, their year of establishment, and their annual production capacity in certain
years. In 2023, the worldwide 12 mm wide equivalent REBCO tape production was between
3 000-5 000 km per year and was expected to grow to 6 000-10 000 km per year in 2025 [220].

The cost of REBCO tapes is typically expressed in euros per kilo-ampere-meter (EUR kA™
m™). This unit corresponds to the cost of one meter of tape that can conduct 1 kA of electrical
energy, usually measured at 77 K in self-field (i.e., without an applied external magnetic field),
but it can also be evaluated at any other temperature and magnetic-field condition. Today,
costs for a 12 mm wide REBCO tape—with a critical current of 600-700 A at 77 K in self-field—
are between 40-60 EUR m™ [232]. This is approximately equivalent to 70-120 EUR kA m™.

At 20 K, the approximate temperature of liquid hydrogen, the critical current density of a
REBCO tape under self-field conditions is approximately 5 520 A mm™ [233], 6 410 A mm™
[234] or 9 190 A mm [235], depending on the product and manufacturer. As a consequence,
the costs of REBCO tapes used in liquid hydrogen are as low as 4-11 EUR kA m™. For
comparison, using a copper density of 8 940 kg m™ [236] and price of 9.46 EUR kg™ as of
November 2025 [237], copper busbars for power distribution systems have a current density
of 1-2 A mm™ and costs of 85-42 EUR kA m’!, respectively.

One of the most widespread applications of superconductivity is in medical radiology, where
it enables magnetic resonance imaging (MRI). A small 1.5 T MRI magnet for human extrem-
ities (e.g., the knee) with a magnet inner diameter of 242 mm needs approximately 5 km
of REBCO tape [238]. Typical whole-body MRI magnets have an inner diameter of 600 to
700 mm [239]. Currently, the REBCO production capacity expansion is mostly driven by the
development of commercial fusion devices, followed by power cables [220]. A single fusion
power plant requires, for example, approximately 10 000 km of 4 mm wide tapes [240]. This
development suggests that the REBCO production costs will continue to decline.
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Table 3.3: Overview of manufacturers of REBCO tapes and their annual production capacity.

Founding Production Annual production
Name Country . .
year year capacity (tape width)
1000 km (12 mm) [222]
2024
3 000 km (4 mm) [222]
Faraday Factory Japan 2011 [221] 2028:
announced 25 000 km (12 mm) [220]
2023
Fujikura Japan 1986 [223] 2024 1200 km (? mm) [224]
2023 400 km (4 mm) [220]
Shanghai Creative
Superconductors China 2011 [225] 2025:
(SCSC) announced 2 800 km (4 mm) [220]
2023
Shanghai 2023 2000 km (12 mm) [227]
Superconductor China 2011 [226]
2023 400 km (4 mm) [220]
SuNAM South 2004 [228] 2025:
Korea announced 1 000 km (4 mm) [220]
2023
2022 200 km (4 mm) [229]
SuperPower/ USA/ 2000 [215] 2023 600 km (4 mm) [229]
Furukawa Japan 2025:
announced 1200 km (4 mm) [220]
2023
2023 100 km (12 mm) [231]
THEVA Germany 1996 [230] 2025-2027:
announced 2500 km (12 mm) [231]
2023
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4  Conceptual Design of the Hybrid
Pipeline

This chapter proposes the technical design of a hybrid pipeline for the case study Brunsbiittel-
Hamburg, given the required specifications of 75 km length, 4.0 GW,, of rated electric power,
and at least 0.62-0.87 GW, of chemical power in the form of liquid hydrogen (see table 2.5).
The conceptual design comprises the electrical design of the cable and the thermal-hydraulic
design for liquid hydrogen transmission without intermediate cooling stations. The behavior
of the cable is simulated in the case of a short circuit to assure safe operation even in the case
of a fault.

Similar results have already been published in [241]. However, the results shown in this
chapter improve those presented in [241] mainly because of the use of the phenomenological
Kim model to fit the temperature and magnetic flux density dependence of the critical current

(see section 3.4). In [241], a numerical fitting function was used instead.

4.1  Schematic Structure of the Hybrid Pipeline

Figure 4.1 shows the profile view of the hybrid pipeline. The following sections will explain
the reasons for this schematic structure. The electrical energy is transmitted by a pair of DC
coaxial monopoles. Copper layers with outer radii r; ., and 7, , in the inner and outer phases,
respectively, stabilize the two cables mechanically and electrically. Commercially available
REBCO tapes make electrical contact with the copper layers. In the inner phase, 1y is the
outer radius of the REBCO tape, while 7, s is the equivalent radius in the outer phase. The
REBCO tapes transmit the electrical current within the rated operation range. An insulator
with an outer radius 7,5 presents an electrical barrier between the inner and outer phases.
The selection of the insulating material will be discussed in section 4.2.2. The outer phase
made of copper and REBCO tapes is grounded.

A double-walled, rigid, and smooth pipe transmits the liquid hydrogen with both cables in-

side. The inner pipe has an inner radius 71p2; and outer radius riyz,. It is made of Invar
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4 Conceptual Design of the Hybrid Pipeline

(36% Ni-Fe) to reduce thermal contraction owing to large temperature variations. For com-
parison, the coefficient of thermal expansion of steel is approximately ten times greater than
that of Invar [242]. Invar has been already used in pressure equipment, for example, for LNG
pipes [243] and cryogenic tanks [244]. Research has indicated that Invar withstands hydrogen
embrittlement, for example, in [245] and [246]. Between the inner and outer pipes, thermal in-
sulation is produced combining multi-layer insulation (MLI) against thermal radiation—with
outer radius ry,—and vacuum against thermal conduction. The outer pipe is of carbon
steel. It has inner and outer radii 7pipe; and rpipe.o, respectively.

I"pipe,o

T'pipe,i
i — HTS tapes

T2,cu
72, hts|
lfCopperI
]

</,
Liquid LV%ZL&OH% steel

hydrogen

FLH2.i

Invar

<

Figure 4.1: Profile view of the hybrid pipeline.

4.2  Electrical Cable Design

The electrical design includes choosing the topology, determining the cable layout while ver-
ifying the proper amount of superconductor, and simulating the cable in the case of a short
circuit.

4.2.1 Selection of the Electrical Topology

Three topologies were compared for the transmission of electrical energy, as shown in fig-
ure 4.2. Initially, the topology of currently planned conventional underground extra-high-
voltage DC cables was considered (see figure 2.9). The topology for a total of 4 GW, includes
two rigid bipoles without a metallic return. A single rigid bipole is composed of two cables.
Figure 4.2 (a) shows that this topology leads to four cables, each of them transmitting 1 GW..
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4.2 Electrical Cable Design

In the inner phase, two cables operate at +50 kV, and the other two at —50 kV. Each cable con-
ducts 20 kA and has an outer grounded shield. This topology significantly increases the space
demand of the cables inside the pipeline. Additionally, the corresponding superconducting
cable configuration induces a strong magnetic field outside each cable (=~ 4 mT, applying the
Biot-Savart law to a thin straight wire). Therefore, the critical current is reduced, mechanical
effects are caused by Lorentz forces, and the configuration extends a fraction of the magnetic
field to the immediate cable surroundings (at longer distances, the magnetic field is canceled
owing to opposite current directions).
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Figure 4.2: Topologies under examination: (a) Two rigid bipoles without metallic return; (b) Two coaxial rigid
bipoles without metallic return; (c) Two coaxial monopoles with metallic return. Topology (c) has been
proposed.

An alternative topology to suppress the external magnetic field of the cables is shown in
figure 4.2 (b). The topology consists of a pair of coaxial rigid bipoles in the absence of a
metallic return. This is equivalent to two coaxial cables, each of them transmitting 2 GW,
at £50 kV, 20 kA. Each outer phase is without a ground connection. The corresponding
cable configuration enlarges the cable diameter because the outer phase must have an outer
electric insulator to avoid a breakdown with the pipe. Therefore, the cable loses physical
flexibility, which complicates its transportation. Without a grounded outer phase, voltage
can be induced owing to current variations. Besides, based on the available information, this
cable configuration has not been proven outside of research facilities.

The topology in figure 4.2 (c) is composed of two parallel coaxial monopoles with a metallic
return. Each coaxial monopole transmits 2 GW.. In the inner phase, one monopole operates
at +100 kV and the other at —100 kV. The outer phase of both monopoles is grounded and
thereby at 0 kV. Every phase conducts 20 kA. The grounded outer phase reduces the induced
voltage during current variations and allows the omission of an outer electric insulator. Con-

sequently, the shorter cable diameter leads to a more flexible cable that can be transported
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4 Conceptual Design of the Hybrid Pipeline

using drums. In the cable surroundings, the induced magnetic field is nearly zero, caused by
opposite current flows in the inner and outer phases (see section 4.2.3). For these reasons, the

topology and cable configuration shown in figure 4.2 (c) were selected.

Each of the mentioned topologies supports redundancy for 2 GW,, since one cable can still be
in service, although the other cable does not function. Considering a monopole outage, such
topologies enhance the ease of maintenance and reliability of supply. A comparable topology
has been proposed in [205]. Still, this work does not examine the redundancy for the case of
a failure of the complete electrical system, like when there is no coolant flowing. For such a
scenario, the scholars in [202] have suggested a parallel copper cable with equivalent trans-
mission capacity. Other researchers have proposed the use of various small hybrid pipelines
in parallel [201].

For the transmission of 4 GW,, a rated voltage U, of 100 kV and a rated current /, of 20 kA
were selected. Other rated parameters, for example, 50 kV and 40 kA, could also have been
reasonable. A line operating at 100 kV is classified into the high-voltage power grid, while
a line operating at £50 kV is categorized into the medium-voltage power network [247].
The medium voltage enables the use of smaller converter stations [248]. As a result, the
likely cost of the complete electric system can be reduced. Nevertheless, doubling the rated
voltage from 50 kV to +=100 kV halves the rated current from 40 to 20 kA. Consequently, less
superconductor length is needed. Thus, the potential expenditures for the cable decrease. The
quantitative influence of high and medium voltage on the required length of superconductor
will be discussed later in section 4.2.2.

To establish a safety factor of 1.25 to the rated current I, of 20 kA, it is assumed that the min-
imum expected self-field critical current I, i, should be 25 kA. Section 4.2.3 will present the
method to determine the self-field critical current in the inner phase /.. ; and the outer phase
I. . While the liquid hydrogen cools the cable to approximately 20 K under nominal opera-
tion, the design temperature Ty, is conservatively assumed to be 30 K to mitigate electrical
design risks.

4.2.2 Determination of the Cable Layout

The radius of the inner copper stabilizer ¢, has a decisive influence on the cable layout. The
inner copper stabilizer is the core of the cable and its radius determines the largest number
of REBCO tapes that can be located in the inner phase. The radius, or rather the size, of
the copper core also defines the electrical performance of the cable if a short circuit occurs.
The proposed cable design is based on a copper stabilizer with inner radius 7, of 13.9 mm.

This is a common size for copper cores, since they typically have a radius between 5 mm and
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4.2 Electrical Cable Design

20 mm [249]. The simulations that result in this value will be introduced later in sections
4.2.3 and 4.2.4. First, the geometrical effects of the radius of the inner copper core will be
discussed.

Equation 4.1 shows how the number of tapes per layer in the inner phase has been calculated.
This equation relates the formula of the surface of a circle to the trigonometric equation
considering the lay angle of the tape:

(4.1)

2.7 T1.cu
Nl,tapes = \‘ )

Qtape/ cOs(61)

where the radius of the copper core 7, is assumed to be 13.9 mm, the inner tape angle 6, is
a common lay angle of 15° [249], and the tape width ape is 4.0 mm, resulting in a number of
tapes in the inner phase Vi ,pes of 21 tapes. Considering the tape thickness sy, of approxi-
mately 100 pm (see figure 3.1), and a single layer of REBCO tapes on top of the inner copper

stabilizer, the outer radius of the superconducting tape in the inner phase 7y is 14.0 mm.

In coaxial cables, the electric field between two phases is given by the equation [250]:

_Uv
7’~In<:—fi‘>’

where E is the electric field at radius r of a cylindrical capacitor with outer radius r, and

B(r) = (4.2)

inner radius r; at a voltage U. For safety reasons, it is assumed that the highest electric
field Ej, during operation is 10 kV mm™. This assumption will be examined later in this
section. The maximum electric field occurs where the radius r is equivalent to the inner
radius r;. Therefore, the outer radius of the electrical insulator ry;,s can be determined using

the equation:

U,
T1ins = Tihts * €XP (Eor> , (4.3)
lim * 71 hts

where equation 4.2 has been solved for the outer radius 7,, here equivalent to r,s, and the
inner radius r; has been replaced by the outer tape radius 7. The voltage U in equation
4.2 is equivalent to the rated voltage U, in equation 4.3 and the electric field F is equal to the
expected highest electric field Ejyy,. This results in an electrical insulator outer radius 7y, of
28.6 mm.
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4 Conceptual Design of the Hybrid Pipeline

The assumption of a maximum electric field Fj, equal to 10 kV mm™ proceeds from past
high-voltage superconducting (420 kV) and conventional (380 kV) cable projects that are de-
signed on the basis of maximum electric fields in the same order of magnitude [251]. This
assumption can be verified as follows. At present, formal standards do not define the testing
voltage of paper-lapped high-voltage DC cables at cryogenic temperature levels. For that rea-
son, the authors in [252] proposed to use the standard for extruded insulation materials, as
defined in IEC 62895:2017 [253]. According to this standard, the testing voltage Ut must be
1.85 times the nominal voltage U,. That means that the testing voltage U in this work would
be equal to 185 kV. Moreover, the authors in [249] assumed that the breakdown voltage E}, of
paper insulation in a DC cable operating in liquid hydrogen would be equal to 20 kV mm'’.
These considerations result in a moderately smaller insulator radius than 7,5 in equation
4.3, namely,

U

Tlins > Tihts © €X T ). (4.4)
’ ’ P Ey - rine
Jhts

It is considered that the electric insulator is Kapton® or polypropylene laminated paper
(PPLP), which are insulating materials that are traditionally used in superconducting ca-
bles immersed in liquid nitrogen. It is known that the dielectric strength of liquid hydrogen
at 20 K slightly exceeds the dielectric strength of liquid nitrogen at 77 K [254]. However, the
dielectric strengths of Kapton® and PPLP in liquid hydrogen have not been experimentally
tested. Until now, only a kind of crepe insulation paper has been successfully tested in liquid
hydrogen up to 50 kV, but the authors did not mention what kind of crepe insulation paper
they examined [26].

The highest number of tapes that can be wound per layer in the outer phase can be deter-
mined in a similar way as in equation 4.1. In addition to the lay angle, the outer phase allows
variations in the number of tapes used. Three different winding types for the outer phase
are shown in figure 4.3. In type I, the number of tapes in the inner phase NVjapes and outer
phase Ny apes are equal, but the lay angle of the outer tapes 0, is higher than that of the inner
tapes 6; to achieve a fully wound outer phase. In type II, the lay angle of the tapes in the
outer phase 6, is the same as in the inner phase 6;, but the number of tapes in the outer phase
Ny tapes is higher than that in the inner phase N apes, s0 that it can be fully wound. In type III,
the number of tapes and the lay angles are equal in both phases, but this means that the outer

phase is not completely filled.
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Type I: Type lI: Type IlI:
Fully wound Fully wound Not fully wound
_ 0
1i¥1,tapes
:\-2 . g?p es——

01 # 0o 0, = 0, 01 =0,

N 1,tapes — N 2,tapes N 1,tapes 3& N 2,tapes N 1,tapes — N 2,tapes

Figure 4.3: Three different winding types for the REBCO tapes in the outer phase. The lay angles in the inner phase
01 and in the outer phase 0> can be equal or not, depending on the winding type. Similarly, the number
of tapes in the inner phase Vi tapes and in the outer phase IV tapes can be the same in both phases or not.
Type III has been selected.

The winding type II has been commonly used in multiple DC and AC superconducting ca-
ble designs, for example in [255-259]. Nevertheless, the principal benefit of type III is that
notably lower superconductor length is required, in comparison with winding types I and II.
A comparison of the superconductor length and a compilation of the different radii in the
cable layout is presented in table 4.1.

Designs A, B, and C share the same rated voltage U, of + 100 kV and the rated current [, of
20 kA, as well as an identical configuration in the inner phase. However, they present different
winding types in the outer phase. Design A has a winding type I, whereas design B is based
on type II, and design C on type III. It can be seen that design C demands approximately 35%
lower superconductor length than designs A and B.

Design D presents the alternative rated voltage U, of + 50 kV and rated current I, of 40 kA,
as discussed previously in section 4.2.1. Although both designs C and D exhibit the same
winding type III, design C needs approximately 52% less superconductor length. The larger
rated current /; in design D causes a larger number of tapes to be required in the inner phase
Nitapes and outer phase Ny gapes to conduct higher minimum critical currents in the inner
phase I.; and outer phase I.,, respectively. More details regarding the minimum critical

currents will be discussed in section 4.2.3.

It should be noted that the required surface per cable Ay is smaller in design D than in
the other designs, owing to the smaller electric-insulation thickness caused by a lower rated
voltage U,. However, only larger radii of the copper stabilizer in the inner phase r., and
outer phase 7, can support the cable in the case of a short circuit at a higher rated current
1.

Table 4.1 shows the gap between tapes in the inner phase gy apes and the outer phase g; tapes-
In the following section 4.2.3, it will be shown that the magnetic flux density outside the cable
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4 Conceptual Design of the Hybrid Pipeline

in design C is sufficiently low to be negligible, although the gap g2 tapes in this design is wider

than in the others. A detailed quantitative analysis of this result has been partly presented

in [260]. If AC losses can be negligible despite the larger gap g tapes, design C is proposed for

the conceptual design of the hybrid pipeline in this study, owing to the significantly lower

amount of superconductor required. It is important to note that no cable project is known to

have used winding type IIL

Table 4.1: Comparison of different cable designs. Each design consists of two identical monopoles. The presented
values refer to a single monopole that delivers 2 GW. of electrical energy. Design C has been selected.

Parameter Symbol Design A Design B Design C  Design D
Outer phase layout - Type ] Type II Type III Type III
Rated power Py 4.0 GW, (2 - 2 GW,)
Rated voltage U, +100.0 kV +50.0 kV
Rated current Iy 20.0 kA 40.0 KA
HTS tape width Giape 4.0 mm 4.0 mm
HTS Tape thickness Stape 0.1 mm 0.1 mm
Outer radius
. . T'1,cu 13.9 mm 19.5 mm
of inner copper stabilizer
Outer radius of inner HTS tape T'Lhts 14.0 mm 19.7 mm
Outer radius of electrical
R T'1,ins 28.6 mm 25.4 mm
insulator
Outer radius of outer HTS tape T'2hts 28.7 mm 25.6 mm
Outer radius
- T2,cu 30.7 mm 29.7 mm
of outer copper stabilizer
Cable cross-section A 2951.6 2774.3
of one monopole cable mm® mm®
Number of tapes in inner phase Nitapes 21 44
Gap between tapes inner phase 1 tapes 0.018 mm 1.428 mm
Number of layers in inner phase Nilayers 1 2
Lay angle in inner phase 01 15.0° 15.0°
Number of tapes in outer phase N2 tapes 21 44
Gap between tapes outer phase G2.tapes 0.00 mm 0.04 mm 4.42 mm 3.11 mm
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Table 4.1: Comparison of different cable designs. Each design consists of two identical monopoles. The presented
values refer to a single monopole that delivers 2 GWe of electrical energy. Design C has been selected.

(Continued)
Parameter Symbol Design A DesignB Design C  Design D
Number of layers in outer phase Nz layers 1 1 1 2
Lay angle in outer phase 6, 62.1° 15.0° 15.0° 15.0°

S ductor length
vperconductor ‘engti per - 5000km  4969km  3261km 6833 km
monopole

Total superconductor length - 9999km  9939km  6522km 13 666 km

4.2.3 Calculation of the Critical Current

In the previous section, the number of superconducting tapes in the inner phase Ny apes has
been given by the maximum number of tapes that can be wound on top of the copper core (see
equation 4.1). However, it must be verified whether this amount of superconductor can carry
the minimum critical current I, of 25.0 kA. The same procedure must be carried out for
the outer phase. Therefore, the self-field critical currents in the inner phase I, ; and the outer
phase I., have been calculated under rated operating conditions at a conservative design
temperature Tyes of 30 K. The fitting functions of the REBCO tape measurements—presented
in sections 3.3 and 3.4—have been used to determine the critical current dependencies on field

angle, magnetic flux density, and temperature.

Figure 4.4 (a) shows the 2D cross-section of the superconducting cable that has been consid-
ered for the calculation. Every REBCO tape has been partitioned into nodes perpendicular
to the cross-section. Each current node is defined by a position 7" and a normal vector 7.
that describes the tape direction in the layer. For every REBCO tape, 10 nodes per millimeter
width have been assumed (see figure 4.4 (b)). Consequently, the total number of nodes Nyodes

is given by:

Nnodes =10 - Qtape * (Nl,layers : Nl,tapes + NZ,layers : NZ,tapes) 3 (45)

where aape is the superconducting tape width, Vi pes is the number of tapes in the inner
phase, Nyjayers is the number of layers in the inner phase, Ny apes is the number of tapes in
the outer phase, and Njjayers is the number of layers in the outer phase. Considering the
values in table 4.1, design A has 1 680 nodes.
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Figure 4.4: Calculation of the critical current of the high-temperature superconducting cable for the selected design
A: (a) Partition of the cable cross-section into current nodes; (b) Magnification of the gray section in
(a); (c) Flux density distribution in and around the cable; (d) Critical current of each of the 1 680 current
nodes considered.

The magnetic field B, at a location 7 of a sufficiently long, straight thread is given by the
equation:

5 I i —
By (1,7, 77 = —0 (y yl>, (4.6)

2om -l \o -

where (1 is the vacuum permeability, and ; is the self-field critical current of a node 7 located
at 7. Equation 4.6 can be employed to determine the magnetic field vector produced by each
node on the other nodes. This results in a total magnetic field profile that is generated by
all nodes. The total field profile is used in the elliptical model—described in equation 3.1—to
obtain the self-field critical current of each node I;. The direction of the electrical current is

positive in the inner phase and negative in the outer phase.

Using I.epip from table 3.1 as the initial input parameter for each node current /; in equation
4.6, equations 4.6 and 3.1 are iterated until self-consistent magnetic flux densities and critical
current distributions are reached. The iteration converges after approximately seven loops,
when the convergence criterion of a relative current change of 107 is satisfied. Afterwards,
the magnetic flux density distribution is calculated at arbitrary positions, according to equa-
tion 4.6. Figure 4.4 (c) illustrates the resultant magnetic field distribution. Outside the cable,
the magnetic field cancels and can be neglected. The largest magnetic field magnitude occurs
near the inner phase and amounts to approximately 0.34 T.

Figure 4.4 (d) shows the critical currents of multiple representative nodes inside the tapes.
At the edges of each tape, the critical current is lower compared with the middle of the tape,
owing to larger vertical magnetic field components. This effect is more pronounced in the
negative outer phase because of the wider gap between tapes. The absolute magnitudes in
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figure 4.4 (d) correspond to the expected critical current values obtained from the measure-
ments at 30 K and magnetic flux densities lower than 0.2 T in figure 3.2. Approximately 30 A
per node is equivalent to about 3 000 A cm, since there are 10 nodes per mm width.

The sum of the self-field critical currents of all nodes is equivalent to the self-field critical
currents in the inner phase I ; and outer phase I, ;. The corresponding values are presented
in table 4.2 for each of the designs discussed previously in section 4.2.2. These results confirm
that the number of superconducting tapes is adequate, because the currents /. ; and I. , are

higher than the required minimum self-field critical current /. min.

Table 4.2: Calculated critical currents in the inner phase /. ; and the outer phase I. ; for a signle monopole across
different cable designs. Design C has been selected.

Parameter Symbol Design A Design B Design C | Design D
Outer phase layout - Type I Type II Type III Type III
Rated power Py 4.0 GW, 4.0 GW,
Rated voltage U, +100.0 kV +50.0 kV
Rated current I 20.0 kKA 40.0 kA
Required minimum
self-field critical current Lemin 25.0 kA 50.0 kA
CalculaFed critical current I 25.6 kA 50.8 kA
inner phase
Calculated critical current I, “261KA  —261KA  —251KA | —50.3 KA

Cy

outer phase

4.2.4 Simulation of the Cable in the Case of a Short Circuit

The cable must operate safely, even when a short circuit occurs. An adiabatic, lumped-
parameter, Python-coded cable model has been developed to reproduce the current, voltage,
resistance, and temperature of every material in the cable during a short circuit. This model

provides the necessary information to determine whether safety is guaranteed.

The simulation is based on the electrical diagram shown in figure 4.5. The positive and neg-
ative phases represent one of the two monopoles in the hybrid pipeline (see figure 4.2 (c)).
The other monopole is equivalent to the one in figure 4.5, but its current directions are oppo-
site. Under rated operating conditions, a current I, passes through a load R, that is equal to

Uy - Iy !, When a short circuit occurs, a current I, passes through the resistance Ry, which
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is significantly smaller than the load R,. The model considers a short circuit that takes place
between the phases at the distant end of one monopole.

[Jcnhle
II'
[]h( Rr l][
Righyeu Reaple 0.001{mQ 5.0[Q

1

Figure 4.5: Electrical diagram of a monopole in the case of a short circuit, where U is the source voltage, I is
the source current, Uy, is the voltage across the cable inductance Lgpje, Ueable is the voltage across
the equivalent cable resistance R ,pje, Usc and I are the voltage and current across the short-circuit
resistance R, respectively, and U; and I; are the voltage and current across the load Ry, respectively.
The inner phase of the cable is made of a copper stabilizer with resistance Rcore, Which is connected in
parallel to the resistances of the REBCO tape: the high-temperature superconductor resistance Ry, and
the resistance Raghycus which equals the parallel combination of copper Ry, silver Rag, and Hastelloy®
Ryy. CB denotes the circuit breaker.

A circuit breaker requires a specific latency time to isolate the cable from the electric network
after a short circuit. A converter manufacturer supplied a current profile I, where the circuit
breaker responds within 50 ms. Before the monopole is disconnected, it is assumed that the
cable must withstand a current seven times larger than the minimum critical current I yin,
i.e.,, the maximum current I, is 175 kA. This assumption is based on private communication
with a manufacturer of superconducting cable terminations [261], after examining currents
between five and ten times the minimum critical current, similar to the values analyzed in
[262].

Copper Stabilizer

Since the selected number of REBCO tapes is intended to conduct only the current /.y, the
copper stabilizers in the inner and outer phases provide electrical support at higher currents.
The purpose of the simulation model is to calculate an appropriate cross-section of the copper
stabilizer A., capable of carrying the fault current until the circuit breaker isolates the cable
from the electrical grid. The cross-section A, will have the same value for the inner and
outer copper stabilizers.
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The electrical conductance of copper depends on its purity, which is usually defined by the
residual resistivity ratio (RRR). By definition, this is the ratio of copper’s resistivity at 293 K
to that at 4.2 K. Commercially available pure copper has RRRs between 50 and 500 [263].
Following a conservative approach and to keep material costs low, the copper in the model is
assumed to have an RRR of 50. It is important to note that copper typically resists hydrogen
embrittlement, unless oxygen or copper oxide is present inside [264].

In the inner phase, a stranded copper wire is assumed to have a fill factor fgy, so that the

copper cross-section is given by:

Acu = fan -7 1oy (4.7)

where 71, is the radius of the copper stabilizer in the inner phase. Copper-stranded wires
with high power density usually have a fill factor fg; of 60% [265]. In the cable core, a stranded
wire offers mechanical flexibility and an adequate volume to wind the necessary number of
superconducting tapes. At the same time, only a fragment fgy of copper is required.

In the outer phase, solid-drawn copper tapes are assumed to have the same thickness as the
REBCO tapes (approximately 100 pum, see figure 3.1). Given that the cross-section A, is equal
in both the inner and outer phases, the radius of the copper stabilizer 7, ¢, can be calculated

using the equation:

2 _ 2
T Toew =T Tons + Acua (48)

where 7, ps is the outer radius of the superconducting tapes in the outer phase. Solid-
drawn copper tapes provide mechanical flexibility, a more compact cable cross-section, and a

smoother cable surface than stranded wires in contact with liquid hydrogen in the pipeline.

Current Density, Resistivity, and Temperature

The current through each material in the cable is subject to its electrical resistivity g. Figure
B.1, in appendix B, presents the resistivities of copper, silver, Hastelloy®, and YBCO as a
function of temperature. Below the critical temperature T, of 93 K, the differential resistivity
of YBCO is given by re-expressing the E-J power law as [266]:

E E, Jiis
Ohts (Tcable) = |: o

n
= LB with  Tiapte < 93 K, (4.9)
Jhts (Tcable) J] hts ):| o

J, c (Tcable
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where Jys is the current density of the superconductor, J. is the critical current density
dependent on the cable temperature T¢,pe, 7 is the power-law exponent, and E. is the electric-
field criterion for J,. It is assumed that the electric field criterion E, is 1 uV cm’}, and that the
power-law exponent n is 30. In the flux-flow regime, the electric-field criterion E. is assumed

to be 1 mV cm’!, and the power-law exponent n is assumed to be 4.

The differential resistivity of the HTS material oy is subject to the electric current density,
as seen in equation 4.9. For that reason, the current passing through the HTS material must
be updated at each time step. Moreover, the critical current density J. depends on the cable
temperature T¢,pje. Therefore, the temperature of the HTS material must be calculated at each
time step as well. Since an adiabatic model is assumed, where the heat exchange between the

material layers is not considered, the rise in cable temperature can be determined as [266]:

chable
dt

Ccable = VV],Cﬁblea (4.10)
where Ceyple is the heat capacity of the cable and W) cpie is the Joule-heating loss of the cable.
The heat capacity Ceaple is given by:

Ceable = Ceore + Chys + aghycu;

Ccore = Ccore * V::ore * Pcore (4 11)

C1hts = Chts * Vilts * Phts

C'aghycu = Cag - Vag * Pag t Chy * ‘/hy * Phy + Ceu - Veu " peu,

where Ceore; Chis, and Cighycu are the heat capacities of the copper stabilizer, the HTS ma-
terial, and the remaining materials in the tape (silver, Hastelloy®, and copper), respectively.
The temperature dependent specific heat capacities Ceore, Chis, Cag» Chy, and cey (see figure
B.2), the volumes along the 75 km long hybrid pipeline Veore, Vi, Vags Vhy, and Vo, and the
mass densities peore, Phis> Pags Phys and pe, (see table B.1) correspond to the copper stabilizer,
the HTS material, and the remaining materials in the tape—silver, Hastelloy®, and copper—
respectively. The mass density of the copper stabilizer p.ore equals the mass density of copper

Pcu-
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The Joule heating loss W aple in equation 4.10 is calculated as:

I/V],cable = I/Vj,core + I/V],hts + VV],aghycua
2
I/Vj,core = Rcore . Icore7

, (4.12)
VVJ,hts = Rhts . Ihtsa

_ 2
I/Vj,a\ghycu = Raghycu : [aghycu'

Similarly, the Joule-heating losses Wjcore» Wints, and Wiaghyeu, the currents Ieore, Ihis, and
Tyghyeu, and the resistances Reore, fhis, and Raghycu correspond to the copper stabilizer, the
HTS material, and the remaining materials in the tape, respectively.

To model the non-linear resistivity of the superconductor below its critical temperature, the
two-branches model and the current-iterative process have been used. A detailed description
of this approach can be found in [266]. By means of the Euler method, equation 4.10 has been
solved numerically [267]. To determine the self-field critical current density .J., the fitting
functions of the REBCO tape measurements have been employed (see equations 3.1 and 3.2).
Since it has been assumed that the short circuit takes place at the distant end of the hybrid
pipeline, the simulation start temperature 7} is equal to the outlet temperature of the liquid
hydrogen, i.e., 26 K. Section 4.3.2 will present that one of the highest outlet temperatures,
approximately 26 K, occurs for low mass flows.

Voltage

To analyze the voltage variations in the cable, Kirchhoff’s voltage law has been applied to the
electrical diagram shown in figure 4.5 [268]. The resultant source voltage U depends on time

t and is given by:
diI(t I(t
U (t) = Lcable : % + I(t) : Rcable . (Tcable) + %7
+
1) L (4.13)
= UL + Ucable + 1 1
[ + J—
Ry R

where R is the cable resistance and T¢,pe is the cable temperature, both considered along
the 75 km long cable. The load R, is equal to Uy - I, ' and is much larger than the short-circuit
resistance R, where the short circuit occurs, as discussed earlier this section. The current
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4 Conceptual Design of the Hybrid Pipeline

profile I includes a capacitance in the network. However, because this capacity has almost
no effect on the heating of the REBCO tape (the focus of this section), it has been neglected.

In equation 4.13, the inductance of the coaxial cable L. is determined as:

ins * 4 ins
Lcable = K : ln(rl, > ) (414)
2.7

T'1,hts

where { is the cable length and pui,s is the permeability of the electric insulator, which equals
the vacuum permeability p, multiplied by the relative permeability of a synthetic material
irel. It is assumed that the relative permeability of the synthetic material is 1.0.

Results

The simulation results for the behavior of the cable during a short circuit are presented in

figure 4.6. Temporally, three stages can be defined as follows:

1. Rated operating conditions, until time ¢ reaches 0.0 s;

2. Short circuit occurs at 0.0 s. Shortly after, the source current I rises and stays at a
maximum I, of 175 kA;

3. Current diminishes from 0.05 s onward, when the circuit breaker disconnects the cable
from the grid. The source current I disappears entirely at approximately 0.6 s.

Under rated operating conditions, i.e., for £ < 0.0s, the source current I is carried entirely
by the superconducting material, so that I = Iy (see figure 4.6 (a)). This occurs because the
superconductor has zero resistance (Rys = 0). The resistance of the inner copper stabilizer
Reore is low but still higher than Ry (about 0.07 Ohm). The resistance Raghycu represents the
equivalent parallel resistance of the other materials in the REBCO tape and is significantly
higher than the resistances Ry and Rope, as it can be seen in figure 4.6 (d).

Between 0.0 s and approximately 0.3 s, figure 4.6 (a) shows that the current is mainly carried
by the inner copper core, because the current I o is much larger than the current through
the superconductor Iy;s. The electrical energy flowing through copper raises the cable tem-
perature T¢,pe (see figure 4.6 (b)). The higher temperature noticeably increases the resistance
Raghycu (figure 4.6 (d)), while the copper core resistance Ry grows only slightly. The HTS
resistance Ry increases because of the larger source current and the temperature rise. Al-
though the temperature reaches a final level of about 52.8 K, the superconductor can still

carry the residual current after ¢ ~ 0.3 s.
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Figure 4.6: Simulation results of the cable during a short circuit: (a) Current variations in the source current I, in
the copper core Icore, in the high-temperature superconductor I, and in the remaining materials of
the REBCO tape ghycy (silver, Hastelloy®, and copper); (b) Temperature development in the cable Tiqple
together with the critical temperature 7T of the superconductor; (c) Voltage changes in the source U,
in the inductance Uy, and in the cable U,pe; (d) Resistance changes in the superconductor Ry, in the
copper core Reore, and in the remaining materials of the tape Raghycu-

The voltage variations in the source U, in the cable U,pje, and in the inductance Uy, are shown
in figure 4.6 (c) and are defined by equation 4.13. When the short circuit suddenly raises the
source current, the inductance opposes the change, inducing a negative voltage. Once the
source current I settles at the constant maximum I,y = 175kA, the inductive voltage U,
becomes zero. When the source current [ falls, the voltage U, becomes positive because the
inductance continues to oppose the decreasing current. Both Uy, and the cable voltage U, ,pje
decrease as the source current I approaches zero. A peak source voltage Upnax of 126.9 kV
occurs shortly before the source current begins to decline. This maximum voltage is lower
than the test voltage Ur of 185 kV, which the cable must withstand (see section 4.2.2).

The results displayed in figure 4.6 prove that the cable operates safely, even during a short
circuit, considering the following aspects:

« The cross-section of the copper core Ay has an appropriate size to transmit the cur-
rent that can not be conducted by the superconductor during the fault.
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4 Conceptual Design of the Hybrid Pipeline

« The radius of the copper core 7, is sufficiently large to wind the required number
of REBCO tapes that should transmit the minimum critical current I, (see section
4.2.3).

« The radius of the copper core 71, leads to an adequate electric-insulation thickness,
as defined by equation 4.3, because the maximum voltage U,,, remains below the test
voltage Ut of 185 kV, as discussed in section 4.2.2. This is partly owing to the selected
insulator thickness, which directly affects the inductance magnitude L,y and thereby

the maximum voltage Uyax, as shown in equations 4.13 and 4.14.

It is important to note that the assumed adiabatic model does not consider the heat exchange
among the tape layers or between the warm cable and liquid hydrogen. Regarding the in-
crease of cable temperature, the results presented in [269] demonstrate that the difference
between an adiabatic and a non-adiabatic model is negligible for a short-circuit event. The
reason is that the temperature rises in such a short period that heat transfer to the coolant is
not fast enough to keep the cable cooled. Nevertheless, a non-adiabatic model can simulate
how the liquid hydrogen dissipates the heat from the tapes after the fault. Hence, the adia-
batic model represents a worst-case scenario for the thermal behavior of the superconducting
cable; the final temperature in a non-adiabatic model would be even lower.

The assumed lumped-parameter model ignores spatial developments, but focuses on the time-
dependent variations inside the cable. In this lumped-parameter model, the cable temperature
rises uniformly along the entire cable length. A 1D or 2D model can simulate the risk of
coolant boiling caused by a short circuit more accurately [269]. Nevertheless, the following
simplified heat transfer calculation shows that the resulting final temperature of 52.8 K does
not cause liquid hydrogen boiling.

A worst-case scenario is defined in which there is no liquid hydrogen flow (the coolant volume
is constant), the heat generated by the short circuit is completely transferred to the coolant,
and the total coolant volume is at the outlet temperature and pressure of approximately 25.9 K
and 528 kPa, respectively (see sections 4.3.2 and 4.3.3). The magnitude of heat transfer equals
the temperature difference between the heated cable and the coolant, i.e., 664.5 MJ, because
the cable heat capacity Ce,pe is 24 760 k] K at 52.8 K, as described by equation 4.11. The den-
sity and specific heat capacity of liquid hydrogen at constant volume for the assumed outlet
temperature and pressure are 63.3 kgg, m! and 6 113 J kg'!, respectively [50]. Considering a
specific volume of 15.8 cm® gj},—which is defined by the inner pipeline dimensions that will
be selected in section 4.3.5—the resulting liquid hydrogen temperature and pressure would
be approximately 26.2 K and 691 kPa, respectively. At these conditions, hydrogen remains in
the liquid phase and maintains a safe distance from the boiling curve (see section 4.3.3).
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4.3 Thermal-hydraulic Design

The main requirement for the thermal-hydraulic design is to transmit liquid hydrogen through
a 75 km long pipeline without coolant boiling and without intermediate cooling stations. It is
assumed that large cryogenic storage tanks are situated at the starting and ending points of
the hybrid pipeline. On the upstream (supply) side, the tank contains liquid hydrogen at ther-
modynamic equilibrium at 20.4 K and 150 kPa. A transfer pump delivers the liquid hydrogen
at an inlet pressure p;, of 600 kPa to the hybrid pipeline. Based on an interview with an
established manufacturer, such transfer pipes—capable of sustaining a differential pressure
of 450 kPa—are commercially available and can produce mass flows as large as 50 ty, h™! (=~
13.9 kgpz s°1). The inlet temperature of the hybrid pipeline T}, (20.4 K) is assumed to be equal
to the temperature in the cryogenic tank, because any heat generated by the transfer pipe is
compensated by heat transfer to the stored coolant.

4.3.1 Design Equations

The principal goal of the thermal-hydraulic simulation is to determine the temperature in-
crease and pressure drop of liquid hydrogen over the pipeline length. A Python-based model
calculates the outlet temperature 7, and outlet pressure po, of the transported liquid hy-
drogen at the end of the hybrid pipeline. The computational method is defined by a reduced
version of the one-dimensional compressible flow equations for the balance of mass, mo-
mentum, and energy. Because the pipeline length is significantly longer than its diameter,

the differences in temperature and pressure between the inlet and outlet are given by [18]:

i} Tow — Ti _ - qQ
Cpri: % -(1—ap-T) - F+ o (4.15)
1 . Pin — Pout - F 4+ O_‘LH2‘V5H2 . qi (4 16)
PLH2 14 CpLH2 Mimz
¢ VEHZ
N b: 4.17
Dy 2 (4.17)

where Ti, Tout, Pin, and poye are the inlet and outlet temperatures and pressures, respectively;
{is the pipeline length; 7 is the average of the inlet and outlet temperatures; ¢ is the total heat
load per unit length; I is correlated to the friction factor ¢; and Dj, is the hydraulic diameter.
The following symbols refer to the transported liquid hydrogen: ¢, 11 is the average specific
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4 Conceptual Design of the Hybrid Pipeline

heat capacity at constant pressure, &y is the average thermal expansivity factor, gy, is the

average mass density, 7, is the mass flow rate, and vy, is the flow speed.

Equations 4.15 and 4.16 are the reduced version of the equations presented in [18] because of
the following assumptions:

« It has been assumed that the inclination between the beginning and end of the pipeline
is negligible, because the elevation difference between Brunsbiittel and Hamburg is
very small, especially near the Elbe river.

« Since the ratio of the liquid-hydrogen flow speed v15; to the speed of sound in liquid
hydrogen is considerably small [50], the Mach number is assumed to be zero [18]. The
liquid-hydrogen flow speed 115, is determined by the hydrogen demand in Hamburg
(see table 2.5) and will be calculated later in this section.

The next paragraphs will define in more detail the variables appearing in equations 4.15, 4.16,
and 4.17.

Hydraulic Diameter

The hydraulic diameter D, is commonly used as a basic estimate to treat arbitrary cross-
sections as equivalent circular pipes. Since the pipeline transmitting liquid hydrogen contains
two superconducting cables, the hydraulic diameter D}, is calculated using [270]:

4. Ay 2 (r?,,. —2.r?

Dh _ pipe _ ( LH2,i 2,cu) , (418)
l’w rLHZ,i +2- T2,cu

Apipe = T+ Tsz,i —-2-7- r%}cu, (4.19)

lo =2 -7 7L +2- (2 ST r2,cu)7 (4.20)

where 7112 is the inner radius of the pipe that carries liquid hydrogen, ; o, is the outer radius
of each superconducting cable located inside the pipe, Apip. is the effective flow cross-section,
and [, is the wetted perimeter (the perimeter in contact with the fluid).
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4.3 Thermal-hydraulic Design

Heat Load

Although the hybrid pipeline is thermally insulated, an unavoidable total heat load per unit
length ¢ acts on the inner pipe, which is calculated as:

G = qro+qa - T - Dimaj, (4.21)

where ¢4 is the heat flux and gy is a diameter-independent offset [249]. The related surface is
the cylindrical jacket of the pipe transmitting liquid hydrogen, which has an inner diameter
D pp,;. It is evident that the heat load ¢ increases linearly with a larger pipe inner diameter.
A heat flux ga equal to 3.2 W m™ and a diameter-independent offset ¢4 equal to 0.25 W m'!
were taken as an average based on the following references. The validity of this theoretical
assumption should be confirmed experimentally in future research, which lies beyond the
scope of the present study:

1. The author in [271] examined vacuum jacketed pipes with different diameters transmit-
ting liquid hydrogen. The data were linearly fitted, yielding a heat flux ga of 3.3 W m™
and a diameter-independent offset ;¢ of 0.25 W m™.

2. The scholars in [249] assumed that combining vacuum insulation with 30 layers of MLI
produces a heat flux ga of 1.2 W m™ for a temperature difference between 300 K and
21 K. The offset qp was omitted, as it is linked to electromagnetic losses that are less

influential in a DC context.

3. Two further studies reported a heat load per unit length ¢ of 2.0 W m™’. In the first
study, the authors examined inner diameters of 12.6 cm and 15.2 cm [202]. In the second
work, diameters up to 19.8 cm were considered [201]. These assumptions lead to a heat
flux g between 3.2 W m™ and 5.0 W m?, if the offset ¢ is taken as zero and diameters

equal to or larger than 12.6 cm are used.

At the starting and ending points of the transmission line, additional thermal losses occur
due to the transition from ambient temperature to low temperatures of the current leads
and cryostat terminations. Conventional, bath cooled current leads generate a minimum
parasitic load per pole of about 42 W kA when transitioning from 300 K to 77 K, because
liquid nitrogen is used as an intermediate cooling level [272].

In contrast, superconducting current leads can produce a notably lower heat load on the
cold side—approximately 3 W for a current of 20 kA with a temperature drop from 60 K to
4.5 K [273]. Assuming the use of superconducting current leads, and accounting for an un-

avoidable, load-independent loss of 20 W caused by the cryostat terminations (an empirical
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value according to [251]), the thermal losses at the extremities of the hybrid pipeline can be
neglected. This is enabled by the relatively high mass flow requirement of at least 5.20 kgg, s™
(see table 2.5), which limits the temperature rise caused by the termination losses.

Friction Factor, Surface Roughness, and Reynolds Number

The friction factor ¢ for the liquid-hydrogen flow is determined by means of the Newton-
Raphson method applied to the Colebrook-White implicit equation, namely:

R ‘ 221 4.22
Ve 'Og(3.7~Dh+Re-\fg>’ (4.22)

where € is the surface roughness, Dj, is the hydraulic diameter, and Re is the Reynolds number.
It has been shown that the hydraulic diameter D}, can be used to determine the friction factor
¢ for turbulent flow (Re larger than 4 000) in non-circular cross-sections, provided that there
are no sharp edges inside the conduit [270]. A more precise calculation of the friction factor

¢ for the considered cross-section is beyond the scope of this work.

Two components are mainly in contact with the transmitted liquid hydrogen: the outer drawn
copper layer of the cable and the inner pipe made of Invar. Consequently, the surface rough-
ness € must be evaluated for these materials. References [274-276] indicated that commercial
steel pipes exhibit a surface roughness € of 0.046 mm, which is the nearest literature value to
the roughness of Invar. The surface roughness of drawn copper is 0.0015 mm [274]. To adopt
a conservative approach, the surface roughness € is assumed to be 0.046 mm in equation 4.22.

The Reynolds number Re in equation 4.22 is calculated as:

vine - Dn - pume . TNLH2
—= 70 P with vy = —

Re = — _—
HLH2 PLH2 * Apipe

(4.23)

where [i j, denotes the average viscosity of the transmitted liquid hydrogen.

Initialization and Iteration Method

The mean values of the liquid hydrogen properties—mass density prp,, specific heat capac-
ity €, 12, thermal expansivity factor éypp, and viscosity fiiy,—used in equations 4.16, 4.17,
and 4.23 are obtained from the para-hydrogen data in REFPROP [50]. They are evaluated
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at the average inlet-outlet temperature and pressure, i.e., priz(T, p), éprm2(T, P), drmz(T, D),
fiume(T', p), where

T En + Tout _ Pin * Pout
T Pt

(4.24)

The initial values for the outlet temperature 75, and pressure p,, are obtained by specifying
a maximum pressure drop, for example 300 kPa. At this assumed outlet pressure poy, the
saturation temperature 7, of liquid hydrogen is determined. To provide a safety margin,
the maximum outlet temperature 7, of the transmitted liquid hydrogen must be at least 1 K

below the boiling curve, i.e.,

Tout S Tsat(pout) —1K. (4~25)

Once the initial values for the outlet temperature 7, and outlet pressure po, are set, the inlet
temperature 7;, = 20.4 K and inlet pressure pi, = 600 kPa (as described at the beginning of
this section) are used to calculate the mean temperature 7' and mean pressure p via equation
4.24. These averaged parameters are then employed in equations 4.16, 4.17, and 4.23 for a
given mass flow 7hiy, and pipe inner diameter Dy, iterating until self-consistent values of
T,ut and poyt are obtained. The iteration typically converges after eight repetitions, when the
relative change in the outlet temperature T, and pressure po, falls below 107,

Table 4.3 shows an example of the model values when the pipe inner diameter Dy, ; is set to
36 cm and the liquid hydrogen mass flow myy; is 6.0 kgy s

Table 4.3: Example of thermal-hydraulic model values for a pipe inner diameter of 36 cm and a liquid hydrogen
mass flow of 6.0 kgp, s

Parameters Symbol Value
Inlet temperature Tin 204K
Inlet pressure Din 600.0 kPa
Heat flux qa 3.2W m?
Offset heat load per unit length qio 0.25 W m™
Total heat load per unit length qQ 3.857 Wm'™
Pipe inner diameter Dinzi 36.0 cm

Continued on next page
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Table 4.3: Example of thermal-hydraulic model values for a pipe inner diameter of 36 cm and a liquid hydrogen
mass flow of 6.0 kgpp, s!. (Continued)

Parameters Symbol Value
Hydraulic diameter Dy, 25.3 cm
Effective flow cross-section Apipe 958.8 cm”
Wetted perimeter lw 151.6 cm
Liquid hydrogen mass flow TMLH2 6.0 kgme st
Liquid hydrogen flow speed VLH2 0913 ms’
Surface roughness € 0.046 mm
Reynolds number Re 1371075
Friction factor ¢ 0.0142
Average temperature T 22.6 K
Average pressure D 539.7 kPa
Average mass density PLH2 68.5 kg m?
Average specific heat capacity CpLH2 11 044.0 J kgjp, K
Average thermal expansivity factor Az 0.0196 K
Average viscosity [z 11.55 pPa's
Outlet temperature Tout 249K
Outlet pressure Pout 479.4 kPa

4.3.2 Temperature Increase

Figure 4.7 presents the results of the thermal-hydraulic model for the outlet temperature T,
as a function of the mass flow 77 .. Five different pipe inner diameters Dy, are compared:
33 cm, 34 cm, 36 cm, 38 cm, and 40 cm. The requirement established by equation 4.25 guar-
antees that the shown combinations of diameter D y,; and mass flow 7, keep hydrogen in
the liquid phase even after 75 km of transmission and without intermediate cooling stations,
wherever an outlet temperature Ty, is displayed. The smallest integer pipe inner diameter
that satisfies this condition is 33 cm. Larger diameters—greater than 40 cm—are also suit-
able; however, they would eliminate the lowest mass flow values 7111, because they are more

appropriate for higher mass flow ranges. The reasons for this will be discussed as follows.
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Figure 4.7: Outlet temperature T4y of the liquid hydrogen as a function of its mass flow 1t after transmission in
the hybrid pipeline. Five different pipe inner diameters Dy 2 are compared: 33 cm, 34 cm, 36 cm, 38 cm,
and 40 cm. The vertical dashed lines indicate the lower and upper limits of the hydrogen demand in the
selected case study: 5.20 kgpz s (0.62 GWy) and 7.32 kgpp s (0.87 GW4). An inner diameter Dyyy; of
36 cm has been selected.

The variation of the pipe inner diameter Dyy,; shows that, for a given mass flow 775, the
outlet temperature T, is higher for larger diameters. This is a consequence of the higher heat
load ¢ (see equation 4.21). Consequently, smaller pipe diameters produce lower cryogenic
losses, which in turn allow slower flow speeds 1/, and therefore lower mass flow rates 77512
(cf. equation 4.23). However, thinner pipes increase frictional losses. Hence, larger diameters

Diy2; enable higher ranges of mass flow 7y, in accordance with equations 4.15 and 4.16.

For all pipe inner diameters, increasing the mass flow 7, lead to a lower outlet tempera-
ture T,y. This follows from equation 4.15, because the liquid hydrogen is transported faster.
Conversely, lower mass flows produce higher outlet temperatures due to reduced velocity
values vrp,. The simulation shows that the outlet temperature ranges from 22.9 K to 26.2 K,
depending on the selected mass flow 71y, and pipe inner diameter Dyy,;. The following

section explains why a pipe inner diameter of 36 cm has been chosen for the design.

4.3.3 Pressure Drop

The results of the thermal-hydraulic model are presented in figure 4.8 in terms of the pressure
difference pi, — Pour (With py, = 600 kPa), as a function of the mass flow 7 ;. It can be seen
that, at higher mass flow values 1y, the pressure difference pi, — pow is larger, caused
by higher frictional losses, as previously discussed. In contrast, low mass flow values and

larger pipe inner diameters Dyp,; result in smaller pressure drop owing to reduced frictional
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losses, as described by equations 4.16 and 4.17. When the pipe inner diameter Dy, is equal
to 33 cm, the pressure difference varies from 125-241 kPa. If a pipe inner diameter Dyyy; of
40 cm is considered, the pressure difference ranges from 43-341 kPa. Analogous to figure 4.7,
all shown pressure-difference values ensure that hydrogen remains in the liquid state after

the 75 km long transmission.
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Figure 4.8: Outlet pressure poy; of the liquid hydrogen as a function of its mass flow 1y after transmission in the
hybrid pipeline. Five different pipe inner diameters Dy, ; are compared: 33 cm, 34 cm, 36 cm, 38 cm,
and 40 cm. The vertical dashed lines show the lower and upper limits of the hydrogen demand in the
selected case study: 5.20 kg, 57 (0.62 GWy) and 7.32 kgppp 5! (0.87 GWy). An inner diameter Dy of
36 cm has been selected.

The vertical dashed lines in figures 4.7 and 4.8 indicate the lower and upper limits of the
hydrogen demand in the selected case study, e.g., 5.20 kg, s™ (0.62 GW,) and 7.32 kg, s™!
(0.87 GW,), in accordance with table 2.5. These limits guide the selection of an appropriate

pipe inner diameter Dyy;.

On the one hand, the hybrid pipeline should operate even when the flow of liquid hydrogen
is lower than the expected regular demand. Minimum mass flow values iy of 4.6 kgg, s™
(0.55 GW,) are feasible when the pipe inner diameter Dyy,; equals 34 cm or 36 cm. On the
other hand, the liquid hydrogen demand in Hamburg may later increase, as discussed in
section 2.5. A pipe inner diameter Dy; of 36 cm has been selected because this size enables
a liquid hydrogen flow up to 9.7 kg, s (1.15 GW,) with only a modest increase in diameter.
In contrast, the smaller diameter Dyp,; = 34 cm allows a maximum mass flow of 7.7 kg, s™

(0.91 GW,).

The thermal-hydraulic simulation has demonstrated how to keep hydrogen in its liquid state

and has led to the selection of the pipe inner diameter Dyy,;. However, this procedure has
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some limitations. The estimate of the inner diameter Dy ; tends to be conservative, because
no curves, fittings, or support structures were considered inside the inner pipe. Moreover,
this work does not examine preventive measures for incidents that could compromise the
safe transmission of liquid hydrogen. At a minimum, it should be clear that emergency valves
must be installed at regular intervals along the hybrid pipeline to provide controlled release of
hydrogen vapor in the event of liquid hydrogen boiling and a corresponding excess pressure.

4.3.4 Density Variation

The average thermal expansivity factor @iy, was introduced by Trevisani et al. in equa-
tions 4.15 and 4.16 to account for the compressibility of liquid hydrogen, in contrast to other
coolants such as liquid nitrogen (which is essentially incompressible) [18]. Figure 4.9 illus-
trates the density variation of liquid hydrogen between the inlet and outlet conditions, using
the results of the previous sections. The color map shows the liquid hydrogen density as a
function of temperature (x-axis) and pressure (y-axis), based on data from REFPROP [50]. The
white curve indicates the outlet temperature 7Ty, and outlet pressure py, for the selected pipe
inner diameter Dyp,; = 36 cm over its operational mass flow range iy, of 4.6-9.7 kgp, s7*.
For reference, the inlet temperature 7;, and inlet pressure p;, are marked. The black curve
delineates the phase boundary between the gaseous and liquid states.
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Figure 4.9: Density of liquid hydrogen (para-hydrogen) as a function of its temperature and pressure, based on data
from [50]. The black curve represents the phase boundary between the gaseous and liquid states. The
white curve shows the possible outlet temperature 7oy and pressure poy of the hybrid pipeline, given
the inlet temperature Tj, and pressure poy: for a pipe inner diameter of 36 cm at mass flow rates of
4.6-9.7 kg s
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The results in figure 4.9 show that the density of liquid hydrogen at the inlet conditions is
approximately 71.4 kgy, m™. When liquid hydrogen is transmitted through the 75 km long
hybrid pipeline at 9.7 kgy, s, the density drops to roughly 66.9 kg, m?, i.e., a reduction of
about 6.2%. If the mass flow 711y, is reduced to 4.6 kgy, s, the density further declines to
63.3 kgg, m™, corresponding to an approximate 11.2% decrease.

4.3.5 Pipe Layout

This section describes the aspects that were considered in the design of the pipe layout,
namely the thicknesses of the inner and outer pipes (see the profile view of the hybrid pipeline
in figure 4.1). The inner pipe must resist the inlet pressure p;, of 600 kPa on its inner side and
avery low pressure close to vacuum on its outer side. For safety reasons, the inner pipe is as-
sumed to be rated for PN 16 (nominal pressure 1600 kPa). Its wall thickness was determined
in accordance with the AD 2000 set of rules for pressure equipment, resulting in a thickness
of 5 mm (the difference between the outer radius 7112, and the inner radius 71p5,;). However,
an additional assessment is required because the inner-pipe material, Invar, is not covered by
AD 2000 for hydrogen and low-temperature applications.

To reduce thermal losses by convection and conduction, the gap between the inner and outer
pipes is filled with a layer of multi-layer insulation (MLI) and a vacuum region, respectively.
The MLI thickness is suggested to be 20 mm to accommodate 40 insulation layers. Between
the MLI’s outer radius 7yr1, and the inner radius of the outer pipe rpi,c,, a clearance of 10 mm
is proposed. Cryostats must maintain a low-pressure vacuum for at least 25 years, which can
be achieved through getter-filled terminations and accessible pumping ports [277]. During
construction, cryogenic pipes are vacuum pumped segment by segment and assembled with
suitable couplings [278]. It is assumed that vacuum pumps are employed during construction

and reused through accessible pumping ports when necessary.

The outer pipe thickness was designed according to the conservative design guideline of a
1/50 wall-thickness-to-diameter ratio for long vacuum carbon steel pipes [279], which yields
a wall thickness of 9 mm. The proposed pipe layout is presented in table 4.4, together with a
summary of the hybrid pipeline design.
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4.4 Design Summary

4.4 Design Summary

The previous sections have discussed the design of the electrical cable and the liquid hydrogen

pipe for the proposed 75 km long hybrid pipeline. Table 4.4 summarizes the selected design.

Outcomes from earlier studies that are not incorporated in this work are summarized in [241].

Table 4.4: Design summary of the hybrid pipeline including: cable rated parameters, cable layout, pipeline rated

parameters, and pipeline layout.

Parameters Symbol Value
Cable rated parameters
Rated power Py 4.0 GW.
Rated voltage Uy +100.0 kV
Rated current I 20.0 kKA
Required minimum self-field critical current Lcmin 25.0 KA
Cable layout
HTS tape width Gtape 4.0 mm
HTS tape thickness Stape 0.1 mm
Outer radius of inner copper stabilizer Tieu 13.9 mm
Outer radius of inner HTS tape T'Lhts 14.0 mm
Outer radius of electrical insulator TLins 28.6 mm
Outer radius of outer HTS tape T'2hts 28.7 mm
Outer radius of outer copper stabilizer T'2.cu 30.7 mm
Cable cross-section of one monopole Acable 2 951.6 mm?®
Number of tapes in inner phase Nitapes 21
Gap between tapes inner phase Gitapes 0.018 mm
Number of layers in inner phase Nijayers 1
Lay angle in inner phase 0, 15.0°
Calculated critical current inner phase Iy 25.6 kA
Outer phase layout - Type III
Number of tapes in outer phase N2 tapes 21
Gap between tapes outer phase G2, tapes 4.42 mm

Continued on next page
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4 Conceptual Design of the Hybrid Pipeline

Table 4.4: Design summary of the hybrid pipeline including: cable rated parameters, cable layout, pipeline rated
parameters, and pipeline layout. (Continued)

Parameters Symbol Value
Number of layers in outer phase Ny jayers 1
Lay angle in outer phase 0, 15.0°
Calculated critical current outer phase I —25.2 kA
Superconductor length per monopole - 3261 km
Total superconductor length B 6 522 km

Pipeline rated parameters

Inlet temperature T 20.4 K
Inlet pressure Din 600 kPa
Total heat load per unit length qQ 3.857 Wm'™
Surface roughness € 0.046 mm
Pipe inner diameter Drinzi 36.0 cm
Liquid hydrogen mass flow TMLH2 4.6-9.7 kg st
Chemical power P 0.55-1.15 GW;
Outlet temperature Tout 25.9-23.5K
Outlet pressure Pout 527.5-293.9 kPa

Pipeline layout

Inner radius of inner pipe TLH2,i 180.0 mm
Outer radius of inner pipe TLH2.0 185.0 mm
Outer radius of multi-layer insulation TMLLo 205.0 mm
Inner radius of outer pipe Tpipe 215.0 mm
Outer radius of outer pipe Tpipeo 224.0 mm
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5 Techno-economic Assessment of the
Transmission Alternatives

The hybrid pipeline will only move from concept to market if it can be more cost-effective
than conventional alternatives. The techno-economic assessment will examine under which
conditions this is feasible. A clear definition of the context, system limits, and all components
needed for the transmission of both hydrogen and electrical energy is required. Based on the
case study and conceptual design discussed in the previous chapters, this chapter presents the
system limits and comparison method for the techno-economic assessment. This includes a
systematic evaluation of the components required for energy transmission. The results will
include the investment and operating costs of the hybrid pipeline, as well as a comparison
with current standards. A sensitivity analysis will clarify the influence of length and other
parameters on the results.

5.1 Definition of the System Limits

The requirements for the selected case study Brunsbiittel-Hamburg in northern Germany
are: 75 km of transmission length, 4 GW, of electric power, and 0.62-0.87 GW, of liquid hy-
drogen transport (see table 2.5). Figure 5.1 shows the system limits for the techno-economic
assessment of this case study, divided into the upstream (supply), midstream (transmission),
and downstream (demand). The techno-economic assessment will focus on the comparison
of two transmission alternatives inside the system limits: the hybrid pipeline alternative and
the conventional alternative, which is mainly composed of an HVDC underground cable and
a gaseous hydrogen pipeline (see section 2.6). Outside the system limits, the case study es-
tablishes the conditions that remain constant for both transmission alternatives.
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Upstream Midstream Downstream
Brunsbiittel Two transmission alternatives Hamburg

N
Consumers or further
transmission

Offshore Converter DC/AC Grid vs. N
wind platform converter Conventional '.ll‘ X% LH,
fa"'"s (HVDC underground cable + GH, pipeline)/LH, pump consumers

IS Annnt =
—___ Y% GH,
LH, carrier LH, terminal GH, compressor consumers

Required Specifications — Distance: approx. 75 km  Electric power: 4 GW,,

Figure 5.1: System limits of the techno-economic assessment between the hybrid pipeline alternative and the con-
ventional alternative, which is mainly composed of a high-voltage direct-current (HVDC) underground
cable and a gaseous hydrogen (GHz) pipeline. Two final products will be considered: liquid hydrogen
(LHz) and GH;.

On the electrical upstream, the offshore wind farms HelWin1 [280], HelWin2 [281], and Syl-
Win1 [282] have delivered since 2015 approximately 2.1 GW, of electrical energy to the
Brunsbiittel area. Starting in 2027, BorWiné will transmit 980 MW, to the same intercon-
nection point. All offshore wind farms are connected to corresponding converter platforms
that convert AC to HVDC for more efficient transmission to the coast. Once ashore, the
electrical energy is converted back into AC for the high-voltage grid [283]. Additional elec-
trical energy will be transmitted through this region from Denmark [166] to the south of the
country [167,168].

On the chemical upstream, a stationary terminal in Brunsbiittel will receive hydrogen im-
ports by liquid hydrogen carriers, as discussed in section 2.5. Some specifications about lig-
uid hydrogen carriers and terminals, which are outside the system limits, are presented in
appendix C.

On the downstream, the electrical energy will be delivered to the grid in the Hamburg area,
where different kinds of consumers are located or where the electrical energy can be further
transmitted. Regarding hydrogen transfer, the demand side can obtain two valuable but dis-
tinct products: liquid hydrogen or gaseous hydrogen. For this reason, the comparison will
be presented for the two final products, as shown in table 5.1. The next sections will de-
scribe the components inside the system limits for each of the two final products. Outside
the downstream limits, it is assumed that either a liquid hydrogen pump or a gaseous hydro-
gen compressor increases the pressure for the final hydrogen delivery to the corresponding

consumers.
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5.1 Definition of the System Limits

Table 5.1: Overview of final products and alternatives in the techno-economic assessment.

Final product Alternatives
Hybrid pipeline
Liquid hydrogen Y PP
Conventional
Hybrid pipeline

Gaseous hydrogen
Conventional

5.1.1 Liquid Hydrogen as Final Product

In the first comparison, hydrogen will be delivered in its liquid state. Figure 5.2 shows the de-
tailed configuration inside the system limits for this final product. It includes all components

in each transmission alternative.

The electrical energy enters the system from the high-voltage grid at 380 kV. In the hybrid
pipeline alternative, AC/DC converter stations reduce the voltage to + 100 kV, which is the
rated voltage proposed for the hybrid pipeline (see table 4.4). In the conventional alternative,
AC/DC converter stations increase the voltage to + 525 kV, which is the rated voltage of extra-
high-voltage DC underground cables, as presented in section 2.6.1. On the downstream side,
DC/AC converter stations will raise or lower the voltage to feed back into the 380 kV grid,
depending on the transmission alternative.

The hydrogen transfer in the hybrid pipeline alternative proceeds as follows. Liquid hydrogen
enters the system at 150 kPa (1.5 bar) and 20.4 K (see section 4.3). A transfer pump with a
differential pressure of 450 kPa (4.5 bar) raises the pressure to 600 kPa (6 bar), as specified
for the inlet pressure p;, in table 4.4. Any temperature rise caused by the transfer pipe is
compensated by heat transfer to the stored coolant (see section 4.3).

With an outer diameter of approximately 45 cm, the hybrid pipeline transmits 0.55-1.15 GW;
(i.e., 397-838 tyg, d!) of liquid hydrogen, based on the lower heating value of para-hydrogen
(see section 2.4). The liquid hydrogen is then delivered directly to the consumers or temporar-
ily stored in a buffer of 1 000 ty,. This size was chosen because the maximum transmission
capacity of the hybrid pipeline is 838 ty; d!, which is rounded to 1 000 ty;, to ensure security
of supply. When the storage is used, approximately 0.5% of liquid hydrogen will boil [284,285]
and the resulting boil-off gas can be supplied to consumers of gaseous hydrogen.
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Figure 5.2: Detailed configuration of the two alternatives with liquid hydrogen (LH2) as final product. A very small portion is delivered in the form of gaseous

hydrogen (GH3), when the LH; storage is used.
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5.1 Definition of the System Limits

In the conventional alternative, it is assumed that a newly built, 50 cm wide pipeline trans-
mits hydrogen in its gaseous state. This assumption is based on the absence of a natural
gas pipeline between Brunsbiittel and Hamburg that could be repurposed’ (see figures A.1
and A.2). The 50 cm diameter was chosen because such a gaseous pipeline exhibits a similar
thickness and capacity as that of the hybrid pipeline, i.e., 1.2 GW, at 100% load (see sec-
tion 2.6.2).

The operating pressure of the gaseous pipeline is 5 000 kPa (50 bar) [53]. Consequently, pres-
sure must be increased from 150 kPa (1.5 bar) to 5 000 kPa (50 bar). Traditionally, compressors
raise the pressure at the inlet. However, it is far more energy efficient to pump liquid hydro-
gen to a higher pressure than to compress gaseous hydrogen to the same level. Hence, a pump
with a differential pressure of 4 850 kPa (48.5 bar) is used to pressurize the liquid hydrogen.
Alternatively, pressure could be increased by re-gasifying the liquid hydrogen at constant vol-
ume [66], but this route is not pursued because pressurizing before regasification is standard
in the LNG industry [287] and in other liquid hydrogen regasification designs [288,289].

A vaporizer must evaporate the liquid hydrogen for transmission through a conventional
gaseous hydrogen pipeline. Since in this case consumers expect liquid hydrogen as the end-
use product, a liquefier converts the gaseous hydrogen back into liquid after transmission.
Analogously to the hybrid pipeline alternative, a buffer of 1 000 ty; is located after transmis-

sion to ensure security of supply.

Importantly, the hybrid pipeline requires only about 0.45 m of width to transmit both liquid
hydrogen and electrical energy. In comparison, 18-22 m are required for the operation of
HVDC underground cables alone [187].

5.1.2 Gaseous Hydrogen as Final Product

Figure 5.3 presents the detailed transmission configuration when gaseous hydrogen is as-
sumed to be the final product. The electrical pathways are the same as for the liquid hydro-
gen case. The left side of the hydrogen transmission (i.e., the components before the hybrid

pipeline and the gaseous pipeline) also remains unchanged for both final products.

As of June 2026, a natural gas pipeline now runs through this region [286]. Since this project was already at
an advanced stage before the new natural gas pipeline was identified, the assumption of a newly built pipeline
remained. Although repurposed gaseous hydrogen pipelines are less expensive than newly built ones, the results
in section 5.4 will show that this assumption has a small effect on the total costs.
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5.2 Assessment Method

The difference between figures 5.2 and 5.3 lies in the hydrogen treatment after transmission.
In the hybrid pipeline alternative, liquid hydrogen can be temporarily stored in a 1 000 ty
storage before further transmission to consumers. A liquid hydrogen pump is then required
to extract the liquid from storage, and a vaporizer with the same maximum load as the hybrid

pipeline evaporates the liquid hydrogen for delivery in its gaseous state.

In the conventional alternative, gaseous hydrogen can be transmitted directly to the con-
sumers without further treatment. For security of supply and to keep the two alterna-
tives consistent, a gaseous hydrogen storage of 1 000 ty, is considered as buffer before di-
rect delivery.

Because gaseous hydrogen has a low volumetric energy density, it must be compressed for
storage. Consequently, a compressor is placed before feeding gas into the storage.
Section 5.3.5 will explain why the electric power rating of the compressor is 13.6 MW,. Sec-
tion 5.3.6 will justify the selection of a storage pressure level of 1 000 kPa (100 bar).

5.2 Assessment Method

In this study, both the annuity method and the present-value method are applied to provide
a comprehensive comparison of transmission alternatives. Each approach highlights a dif-
ferent economic perspective: annual cost expenditures versus lifetime costs. Using them in
parallel offers a more solid basis for evaluating transmission options with varying lifetimes
and operating profiles.

Annuity Method

The annuity method is used to convert upfront investment costs into equivalent annual costs
by means of an annuity factor [290]. This allows the evaluation of capital and operating
expenditures on a consistent annual basis. The annual total expenditures of the system
TOTEX*™? TOTEX*™! TOTEX pnual TOTEXgnnuat TOTEX28 TOTEX™4! are the sum

of the annual total expenditures of each component ¢ in the considered transmission alterna-

tive:

M
TOTEX™™*! =} ~ TOTEX;"™™*. (5.1)

i=1
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5 Techno-economic Assessment of the Transmission Alternatives

The total expenditures TOTEX2™! of a component i are composed of the annualized invest-

ment costs CAPEX?™! plus the annual fixed and variable operating costs fixtOPEX*™"* and
varOPEX2™4! respectively:
TOTEX3™™ 2 = CAPEX2™™4! 1 fixOPEX2™™? + varOPEX2al, (5.2)

The variable operating expenditures varOPEX2!

pertain to the specific electrical energy
demand. They are the product of the component-specific electrical energy consumption we ;

and the electricity cost k.:

varOPEX?nnual = We * Ke- (5.3)

annual
i

The fixed operating expenditures fixOPEX are determined by the operation and mainte-
nance costs O&M;, which are represented as a percentage of the initial capital cost

-
CAPEX(ta!.

fixOPEX2™™ 4 — CAPEXIM . O&M; (5.4)

The calculation of the initial capital cost CAPEXI"! will be discussed later in equation 5.13.
The annualized capital expenditures of a component CAPEX3"™! in equation 5.2 are the prod-
uct of the annuity factor AF™2!

t
C APEXIiDresen :

and the present-value investment cost of that component

CAPEXZ™Mal = CAPEXE ™ . Apannval, (5.5)

Fannual

The annuity factor A is defined using the system lifetime 7, and the weighted average
cost of capital WACC. The system lifetime 7y is set at 40 years because each of the main
transmission components (the hybrid pipeline, HVDC underground cable, and gaseous hy-
drogen pipeline) has a 40 year service life (see section 5.3). The selection of the weighted

average cost of capital WACC will be discussed later. The annuity factor is given by [290]:

(1 + WACC)™ - WACC

AFannual —
1+ WACC)™ — 1

(5.6)

In equation 5.5, the present-value investment cost of a component CAPEX? resent depends on
the component lifetime. If the component lifetime 7; is shorter than the system lifetime 7y,
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replacement costs occurring at intervals 7; are included and discounted to the present. If the
final replacement is not fully utilized by the end of the system lifetime, the unused fraction
of the component value is discounted back to the present [291]. Using the notation presented
so far, these considerations are written as:

\_Tsys /TzJ

CAPEXY™**™ = CAPEXI™ . | 3™ =97 — 7i — mod(7yys, 7i)
K3 7
=0

AL (57)

Ti

where CAPEXP" ™ = CAPEX "l when the component lifetime 7; equals the system lifetime
Tsys» and d is the discount factor defined by the weighted average cost of capital WACC as:

d =1+ WACC. (5.8)

Present-value Method

The present-value method discounts all future operating costs to their value at the start of the
project and adds them to the initial investment, providing a cumulative lifetime cost expressed
in today’s monetary terms [251]. In this method, the total present-value expenditures of the
system TOTEXP™*™ are the sum of the present-value expenditures of each component i in

the corresponding transmission alternative:

M
TOTEXP™s™ = Z TOTEXP™*™, (5.9)

=1

Analogously to equation 5.2, the total present-value expenditures of a component 7 are com-
posed of the present-value investment costs (see equation 5.7) plus the present-value fixed
and variable operating costs of the component. The present-value annuity factor r* therefore
aggregates recurring annual operating costs into a single discounted value, enabling a direct

comparison of long-term expenditures:

TOTEX™*™ = CAPEXP™*™ + (ﬁxopEx;?“““‘1 + varOPExg“n“al) - AFpresent, (5.10)

where the present-value annuity factor AFP™**™ is calculated as [251]:
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dms —1 1

present _ —
AF dTsys - (d _ 1) AFannual )

(5.11)

Here, 7y is the system lifetime and d is the discount factor determined by the weighted
average cost of capital WACC, as defined in equation 5.8.

Weighted Average Cost of Capital (WACC)

The private cost of capital represents the compensation that commercially oriented investors
request in exchange for providing financial means, whether by borrowing or shareholding.
This compensation varies with the specific characteristics of a project because the probability
of recovering the invested money is influenced by various risk factors, such as the underlying
technology and the regional regulatory or policy conditions. The weighted average cost of
capital (WACC) is a special case of the cost of capital. The WACC denotes the situation in
which capital is obtained from both debt and equity funding [292].

To strengthen the reliability of results based on techno-economic analyses, Lonergan et al.
advocate explaining the associated assumptions regarding the cost of capital and considering
the dimensions of geography, time, and technology when choosing the cost of capital rate
[292]. The selection of WACC rates in this work follows three arguments:

« Geography: The case study is limited to Germany. Therefore, no geographical differ-
entiation is assumed because the regulatory and policy environment can be regarded

as uniform. Nevertheless, the assumptions are based on German data.

« Time: The cost of capital varies over the system lifetime of 40 years, but the temporal

dimension is omitted owing to uncertainty and for simplicity.

« Technology: The varying maturity of components considered in the techno-economic
assessment creates distinct risk factors for capital providers. Consequently, multiple
WACC rates are considered by technology.

For new investments in the electricity and hydrogen transmission network, Germany cur-
rently has no officially adopted WACC value. A new regulatory system is under consultation.
In contrast, for new investments of electricity distributors, natural gas distributors, and natu-
ral gas TSOs, the German Federal Network Agency reports an annual WACC based on equity
(40%) and debt (60%), as shown in table 5.2. The annual WACC applies only to the current
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regulatory period (2024-2029 for electricity and 2023-2028 for gas). From 2030 for electric-
ity and from 2029 for gas onward, a single WACC will be applied for the entire five-year
regulatory period [293].

Table 5.2: Return on equity, cost of debt, and weighted average cost of capital as published in 2026 by the German
Federal Network Agency for new investments on the electrical and natural gas distribution networks,
and on the natural gas transmission network [293].

Weighted average cost of capital

Year Return on equity  Cost of debt (WACC)

2023 5.07% 1.71% 3.05%

2024 6.93% 3.87% 5.09%
2025 (projected) 6.95% 3.87% 5.10%
2026 (projected) 7.00% 3.67% 5.00%

For investments in the existing network infrastructure, the energy consulting firm BET ex-
pects the Federal Network Agency to increase the return on equity before tax from the current
5.07% to 6.5-7.0% for the next regulatory period because of a shorter-term view of interest
rate levels [294]. Based on BET’s argument, the WACC for new investments in the electrical
distribution network is assumed to be higher in the next regulatory period than the 5.00%
projected for 2026 in the current period (see table 5.2). Assuming a similar trend for distri-
bution and transmission networks, a WACC of 6.5% is estimated for new investments on the
electrical transmission network in this work.

Estimating a WACC for new investments in the hydrogen transmission network should con-
sider that the infrastructure is in an early deployment stage, which entails higher risks for
investors than for the electrical grid (see sections 2.2.1 and 2.6.2). Therefore, a WACC of 8.0%
is assumed for new hydrogen transmission investments. This value applies to the gaseous hy-
drogen pipeline and to auxiliary components in the hydrogen supply chain, such as compres-
sors, pumps, liquefiers, storage, and vaporizers. Hatton et al. expected an identical WACC of
8.0% for hydrogen production by electrolysis in Germany in 2025 [295], whereas other schol-
ars estimated substantially higher rates of 13.8-16.9% for the same technology [296]. This
reflects the relatively high level of uncertainty in the assumptions.

Given that the hybrid pipeline is at TRL 4 (laboratory-validated, see section 2.7), its WACC is
set higher at 12.0%. For comparison, Lux et al. assumed a WACC of 12.0% as an upper limit for
e-fuel imports from the Middle East and North Africa to Europe [297]. The different WACC
values will be summarized later in table 5.3.
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Availability and Losses

specific

For each component i, specific capital expenditures CAPEX;

are multiplied by the com-
ponent’s effective size S$Tetive to obtain the initial investment cost CAPEXnitial,

CAPEXMal — CAPEXPecific . geffective (5.12)

To enable a consistent cost comparison of transmission alternatives, the nominal size of each
component SNl js converted to an equivalent effective size S$etive corrected for technical
availability and losses:

effective _ gmominal availability loss
S; =S; i 1% (5.13)

?

and f1°* are dimensionless values > 1. The component-
availability

. availabilit
where the inverse factors f;  °

specific inverse availability factor f

; accounts for planned and forced outages. The

inverse loss factor f1°° considers performance differences arising from component-specific
transmission losses. For example, if a component exhibits 2% hydrogen losses and is techni-
cally unavailable during 5% of the time per year because of planned and forced downtime,
then:

Ly
% _ .02,
100% — 2% (5.14)
favailability _ ﬂ ~1.05
i - = 1.0o.
100% — 5%

The component downtime owing to unexpected outages is out of the scope of this work. Each
component is assumed to operate continuously, unless it is intended for occasional use, such
as the liquid and gaseous hydrogen storage tanks in figures 5.2 and 5.3. Consequently, for
such components the operating hours per year ¢, ; will be determined.

Inflation Year and Currency Exchange

For each component and material, multiple data sources were compared where more than one
reference was available. This comparison provides a more realistic range of costs associated
with each item. Costs were adjusted to EURyy; using the consumer price index to enable

comparison of all cost parameters, i.e.:
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Costgur,2023 = COStEUR year * fEUR,years (5.15)

where Costgur 2023 is the cost in EUR3023, Costgur year is the cost in euros at the price level of
the given year, and fgug year is the inflation-adjustment factor that converts euros from that

year to euros in 2023. The inflation-adjustment factors can be found in table C.2.

If the costs are expressed in a currency other than euros, the inflation adjustment is applied
in that currency to the 2023 price level, and conversion into euros is performed with the

exchange rate at the end of 2023, for example:

Costrur,2023 = Costysp, year - fus,year * fUsD/EUR, (5.16)

where Costysp 2023 is the cost in US dollars at the price level of the given year, fusp,year is the
inflation-adjustment factor that converts US dollars from that year to US dollars in 2023, and
fusp/eur 1s the exchange rate (USD to EUR) on 31 December 2023. The exchange rates can be
found in table C.3.

If a source does not specify the inflation year for the reported costs, it is assumed to coincide
with the publication year.

Cost Accounting Parameters

Table 5.3 summarizes the general cost accounting parameters used for the techno-economic
assessment, as discussed in this section. The electrical energy cost k. is defined as the average
of the industrial electricity cost in the past three years (2023-2025) [298]. The industrial
electrical energy costs are adjusted to EURy23 using the consumer price index (see table C.2).

Table 5.3: Assumed parameters for cost accounting.

Description Variable Value
System lifetime Teys 40 years
Industrial electrical energy cost Ke 0.194 EUR3023 kWh;1

Continued on next page
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Table 5.3: Assumed parameters for cost accounting. (Continued)

Description Variable Value
Electrical components ~ WACCioy 6.5%
Weighted average Gaseous and liquid
. WACC nia 8.0%
cost of capital hydrogen components
Hybrid pipeline WACChign 12.0%
Electrical components ~ AFn! 0.0707
i Gaseous and liquid annual
Annuity factor AF 0.0839
hydrogen components
Hybrid pipeline AFﬁ?é‘h“al 0.1213
Electrical components ~ AFpo™ 14.146
Present-value of Gaseous and liquid present
_ AP 11.925
annuity factor hydrogen components
Hybrid pipeline AFﬁf;iem 8.244

5.3 Components Properties and Cost Assumptions

The following sections examine the technical properties, investment, and operational costs
of each component inside the limits of the techno-economic assessment. The results are
based on a systematic literature review and on a few expert interviews. In a first instance,
the investment-cost estimates of each component are discussed. Further techno-economic
parameters, such as the component lifetime and the operation and maintenance cost rates,
will then be introduced. Unless otherwise indicated, all tabulated values in section 5.3 are
derived from the cited references.

5.3.1 Hybrid Pipeline

The conceptual design of the hybrid pipeline—presented in chapter 4—provides all the tech-
nical information needed to estimate its investment costs. Given the geometry of the single

material layers (see table 4.4), the quantity of required material is calculated.
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Specific material-cost estimates for HTS REBCO tapes, copper, electrical insulator, Invar, car-
bon steel, and thermal multi-layer insulation (MLI) can be found in table C.4 of appendix C.
For each entry, optimistic, mean, and pessimistic costs are calculated based on the available
sources. The optimistic and pessimistic cost estimates are derived from the items with the
lowest and highest investment costs, respectively. The mean costs are the arithmetic mean
of the available data.

Table 5.4 presents the mean investment-cost estimates of the hybrid pipeline, divided into
material costs, direct costs (material, fabrication, pipe laying, and terminations), and indirect
costs, which will be discussed later.

The fabrication costs are an estimate based on 10% (optimistic) or 15% (pessimistic) of the total
material costs. It is assumed that the use of vacuum pumps during construction is included
in the fabrication costs (see section 4.3.5). Although the manufacture cost estimate originally
stems from the fabrication of superconducting cables without synergetic chemical energy
transmission [251], it represents the most suitable approximation identified in the literature.

Table 5.4: Mean specific and total investment-cost estimates of a hybrid pipeline for the case study Brunsbiittel-
Hamburg based on data from table C.4.

Description Quantity Specific costs Total costs
HTS REBCO tape (4.0 mm width) 6 522.24 km 9.55 EURygp3 m™! 62.29 MEUR023
Electrical insulator (Kapton®) 293.05 m*® 266.91 KEURy923 m™ 78.22 MEURy023
Copper 976.76 t 10.41 KEURygp3 t! 10.17 MEUR023
Invar 3483.04 t 34.12 kEURg023 t™! 118.85 MEURg023
Carbon steel 7307.82 t 915.00 EURg023 ! 6.69 MEUR2023
MLI (40 layers) 87 179.20 m? 151.70 EUR2q23 m™ 13.22 MEUR2023
Total material costs 289.44 MEUR323
Fabrication - 12.5% of material costs 36.18 MEUR2023
Pipe laying 75 km 931.81 kKEURy(p3 km™ 69.89 MEUR2023
Terminations Both ends - 2.32 MEURy23
Total direct costs: material, fabrication, pipe laying, and terminations 397.85 MEUR(23
Total indirect costs 40.0% of direct costs 159.13 MEUR2023
Mean total hybrid pipeline investment costs 556.96 MEUR23

The total investment costs for terminations with a capacity of 4 GW, is estimated at
2.00 MEURy,;, based on an interview with a termination manufacturer. This amount is
equivalent to 2.32 MEURy23 and includes the terminations on both sides of the pipeline.

95



5 Techno-economic Assessment of the Transmission Alternatives

The cost estimates for pipe laying in Germany are based on the data presented in table C.5.
Indirect costs, such as the owner’s costs, unforeseen events, and engineering and design, are
specified in table C.6. The indirect costs are calculated as 40% of the total direct costs, in
accordance with [299,300].

Figure 5.4 presents the resulting investment-cost estimates for the hybrid pipeline. The results
indicate that the investment would amount to 321.39 MEUR,,3 in an optimistic scenario,

556.96 MEURy(23 under average assumptions, and 809.96 MEUR;,3 in a pessimistic scenario.
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Figure 5.4: Present-value optimistic, mean, and pessimistic investment-cost estimates of the hybrid pipeline (with-
out performance factors ffl‘;;f}:zmty, g’}f;ip .) and breakdown of the indirect costs (based on [299,300]).
It should be noted that the hybrid pipeline is currently at a comparatively low technology
readiness level (TRL 4, see section 2.7). Consequently, additional system components or de-
sign adaptations not yet considered may be required during further development stages, po-
tentially increasing the overall investment costs beyond the values reported here. Never-
theless, within the scope of the available data and assumptions, these estimates constitute
the most detailed and robust approximation of the investment costs for the hybrid pipeline
presented in this work and provide a baseline for future cost improvement.

In the optimistic, mean, and pessimistic scenarios, Invar accounts for the largest share of
cost (22-21%.) The electrical insulator (Kapton®) represents the second-largest share in the
mean and pessimistic estimates (14% and 17%, respectively). In contrast to PPLP, costs for
Kapton® are publicly available (see table C.4). PPLP manufacturers were directly contacted,
but no positive answer was received. However, it is commonly known that Kapton® is con-
siderably more costly than PPLP [301]. Therefore, the costs for electrical insulation could
be lower when using PPLP, provided the material is suitable for use in liquid hydrogen (see
section 4.2.2).
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initial

To calculate the initial investment cost of the hybrid pipeline CAPEX{/p;,. (equation 5.12),

specific

specific capital expenditures CAPEXj p;

are obtained by dividing the mean investment costs
presented in figure 5.4 by the pipeline length of 75 km. The resulting value of 7.43 MEUR km
is not transferable and applies only to the hybrid pipeline proposed in this work. This is
because a hybrid pipeline is a custom-engineered product designed for a specific application

context.

A consistent cost comparison with conventional transmission alternatives is possible if the
specific investment-cost estimates of the hybrid pipeline CAPEX;f;‘;ﬁg are divided into electri-
cal and chemical cost equivalents. For shared infrastructure delivering multiple energy vec-
tors, investment costs cannot be uniquely attributed and therefore require allocation based
on proportional rules [302]. For this purpose, the rated capacities of the superconducting

cable and the liquid hydrogen pipeline are used as weighting metrics for cost allocation:

speciﬁc . 4.0 Gwe
yFPe 4.0 GW, + 115 GW,’

CAPEX upn s = CAPEXspeciﬁc ) 1.15 GW;
et HyPipe 4.0 GW. +1.15 GW,’

CAPEXgypipec = CAPEX

(5.17)

where 4.0 GW, and 1.15 GW, are the rated electrical and chemical transmission capacities
of the hybrid pipeline, respectively. This allocation is more appropriate than a simple split
into cable and pipe material costs because the electrical and thermal-hydraulic designs are
closely interconnected. A neutral capacity-weighted allocation is applied, assuming equal
weighting between electrical and chemical capacities. The resulting carrier-specific costs are

then expressed per unit capacity:

C APEXspeciﬁc _ CAP EXHyPipe,e
HyPipee =™ 4 0 GW,

specific CAPEXHyPipe,t

HyPipet = 1 15 GW,

= 1.44 MEURyy; GW,' km™,
(5.18)

CAPEX = 1.44 MEURyy3 GW;' km™.

These results are also valid only for the specific hybrid pipeline design presented in this work.
The values in equation 5.18 will be compared with the specific-cost estimates of conventional
alternatives in section 5.4. Section 5.5 will determine the costs for transmission distances
shorter and larger than 75 km.

The hybrid pipeline is assumed to have the same yearly technical availability as gaseous hy-

drogen pipelines. This assumption is based on the similar treatment of gaseous and liquid

97



5 Techno-economic Assessment of the Transmission Alternatives

hydrogen piping by the Argonne National Laboratory (ANL) on behalf of the U.S. Ameri-
can Department of Energy (DOE) [300,303]. The inverse availability factor fﬁ;ﬁ;‘;imy of 1.11
is adopted from a yearly availability of 90%, as presented in [299] (see section 5.3.4). Since
the superconducting cable is assumed to have similar operation and maintenance costs as
conventional underground cables (as considered by Kottonau et al. [251]), the maintenance
downtime caused by the superconducting cable is lower than that caused by the liquid hy-

drogen pipeline (see section 5.3.3).

To determine the inverse loss factor f]l-i);ISJipe’

the losses caused by the superconducting cable
and the liquid hydrogen pipeline are treated separately. A superconducting cable exhibits
electromagnetic losses, such as hysteresis and Eddy-current losses [304]. Under DC operation,
at a rated current /4 = 20 kA, and a minimum self-field critical current /., = 25 kA, the
electromagnetic losses are negligible compared with cryostat losses [211]. Therefore, it is

assumed that the superconducting cable adds no losses to the hybrid pipeline ( fllfysf,ipe!e =1.0).

Thermal losses through the cryostat are already accounted for in the thermal-hydraulic de-
sign, resulting in liquid hydrogen at a higher temperature than at the inlet of the hybrid
pipeline. The temperature difference between liquid hydrogen products in each transmission
alternative is neglected as a form of loss for simplicity; only hydrogen leakages are considered.
An inverse loss factor for the liquid hydrogen pipeline Il{"}ff,ipe’t of 1.004 is derived from the
expected mean hydrogen loss in gaseous transport pipelines: 0.7% in 2030 (Air Liquide) [305]
and 0.04-0.48% in 2050 (Frazer-Nash Consultancy) [306] (see section 5.3.4). The combined

value is:

loss _ rloss loss _
nyPipe ~ JHyPipe,e * JHyPipet ~ 1.004 (519)

A 40 year service life is assumed for the superconducting cable, following the assumptions
in [251] for a superconducting transmission cable. Since ANL and DOE consider gaseous and
liquid hydrogen pipelines equivalent in terms of reliability [300,303], the same 40 year lifetime
is assigned to the liquid hydrogen pipeline, based on the studies of gaseous hydrogen pipelines
from [52,307,308] (see section 5.3.4). Consequently, the lifetime of the hybrid pipeline Tyypipe
is set to 40 years.

annual
HyPipe
tion 5.4. The operation and maintenance cost rate O&Mgypipe is a percentage of the initial
initial

HyPipe

The yearly fixed operating expenditure of the hybrid pipeline fixOPEX is given by equa-

capital expenditures CAPEX and is derived from:

O&MHyPipe,e : CAPEXHyPipe,e + O&MHyPipe,t : CAPEXHyPipe,t
s

CAPEx;f;;jg‘g

O&MHyPipe =

(5.20)
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where O&Mpypipee and O&Mpypipe; are the operation and maintenance cost rates for the
superconducting cable and the liquid hydrogen pipeline, respectively, and CAPEXgypipe,. and
CAPEXgypipe, are defined in equation 5.17. Following the argumentation in [251], the mainte-
nance and repair costs are similar for superconducting cables and conventional underground
cables. Because the losses are treated separately, the same operation and maintenance cost
rate O&Mpypipee Of 3.34% is assumed for both conventional and superconducting cable tech-
nologies (see section 5.3.3). This value is the average of the rates presented in [309-311].

The ANL applies identical operation and maintenance cost rates to gaseous and liquid hy-
drogen pipelines. Their analysis focus on short-distance networks, such as refueling sta-
tions, liquid hydrogen terminals, and city-scale distribution [300]. In contrast, the case study
Brunsbiittel-Hamburg proposes a 75 km long transmission pipeline, which entails stricter
operation and maintenance requirements, e.g., the reuse of vacuum pumps (see section 4.3.5).
This suggests higher operation and maintenance cost rates for longer lines. Therefore, the
upper bound of the gaseous pipeline operation and maintenance cost rate is adopted for the
cryogenic pipeline, giving O&Mgypipe; = 5.0%, as reported in [312] (see section 5.3.4).

Table 5.5 summarizes the techno-economic parameters for the hybrid pipeline.

Table 5.5: Techno-economic parameters for hybrid pipeline.

Parameter Variable Value Source

Mean specific
investment-cost estimate: CAPEXE’;;SZ 7.43 MEUR,023 km! Own calculation
hybrid pipeline alternative

Nominal size: S{‘{;’ﬁ‘i‘l‘fe"l 75 km Own assumption

Mean specific
investment-cost estimate: CAPEXIS_‘I’;;%?Z,e 1.44 MEURy23 GW,' km'™! Own calculation

electrical equivalent

Nominal size

electrical equivalent Sﬁ‘;’f)‘l‘:e"le 4.0 GW, - 75 km Own assumption
Mean specific
investment-cost estimate: CAPEX;?;;;?; 1.44 MEUR3023 GW{1 km™ Own calculation

chemical equivalent

Continued on next page
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Table 5.5: Techno-economic parameters for hybrid pipeline. (Continued)

Parameter Variable Value Source

Nominal size:

chemical equivalent Sﬁ‘;‘;ﬁ;:‘t 1.15 GW, - 75 km Own assumption
Inverse availability factor f;;‘”;,‘};ﬁ““y 1.11 [299]
Inverse loss factor Il%s;ipe 1.004 [305,306]
Lifetime THyPipe 40 a [52,251,307,308]
Operation and
O&MHypipe 3.71% [309—312]

maintenance

5.3.2 High-voltage Converter Stations

Several German and European public sources provide specific investment-cost estimates of
high-voltage converter stations per GW, (see figure 5.5). In Germany, the Network Devel-
opment Plan (NEP) of 2023 [313] and 2021 [314] listed costs of voltage-source converters
(VSC). The most recent report specified the use of onshore converter stations, the voltage
level (320 kV or 525 kV), and whether the 525 kV converters include a DC circuit breaker and
a dynamic braking system (DBS).

The European Ten-Year Network Development Plan 2024 (TYNDP) [315] and a 2023 report
for the European Agency for the Cooperation of Energy Regulators (ACER) [316] presented
specific investment-cost estimates of onshore converter stations announced by TSOs and
project promoters, respectively. Both reports did not specify the voltage level or whether
VSCs are considered. The ACER report presented the outcomes using the mean and quartiles

as benchmark figures for the cost metrics.

A 2024 report of the “Conseil International des Grands Réseaux Electriques” (CIGRE) stated
minimum and maximum specific investment-cost estimates for VSC and line-commutated
converters (LCC), including installation, civil works, and project management, for the years
2014, 2020, 2030, 2040, and 2050 [317]. The data were adopted from the 2014 e-HIGHWAY
study, which compiled costs from several older 2009-2013 studies [311]. For comparison with
the VSC data from the NEP, figure 5.5 only presents the estimated costs for VSC from the e-
HIGHWAY study.
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Figure 5.5: Specific investment costs of high-voltage, voltage-source converter (VSC) stations based on data from
[311,313-316]. The NEP 2023 source specifies when the converter does not include a breaker (CB) and
a dynamic braking system (DBS) [313].

For the conventional alternative, the investment-cost estimates from the German NEP 2023
were used because the case study is located in Germany and assumes a voltage at = 525 kV, as
currently planned for extra-high-voltage DC underground cables (see section 2.6.1). Conse-
quently, a specific investment cost of 300 MEUR ;3 GW_!'—including DC circuit breaker and

DBS—is assumed.

For the hybrid pipeline alternative, the TYNDP source was adopted because the hybrid
pipeline is designed for £100 kV. The TYNDP did not specify the voltage level for which
the converter units are designed, so the data is treated as a generic cost approximation ap-
plicable to different voltage categories. Moreover, converter stations at lower voltage levels
are considerably smaller than those at higher voltages [318]. Hence, the converter stations
in the hybrid pipeline alternative are estimated to cost 245 MEURy,; GW?!. The investment
costs are assumed to be equal in rectifier mode (AC/DC) and inverter mode (DC/AC).

CIGRE reported that the average unavailability of HVDC converter stations in more than 20
countries worldwide was 177 hours for the years 2017 and 2018 [319]. Related to 8 760 hours
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5 Techno-economic Assessment of the Transmission Alternatives

per year, this results in an inverse availability factor of approximately 1.02. CIGRE and Hof-
mann agree that HVDC converter stations have an efficiency of 99% [320,321], which is equiv-
alent to an inverse loss factor of 1.01. CIGRE and Cabarias Ramos et al. estimated that the
lifetime of HVDC converter stations is 25-30 years [322,323]. This work assumes a converter
station lifetime of 30 years in accordance with the German TSO Amprion [324].

The operation and maintenance costs are estimated as 1.25% of the initial investment cost
(see equation 5.4), after averaging the assumptions from the e-HIGHWAY study [311] and
the German Energy Agency [325]. A summary of these parameters is presented in table 5.6.

Table 5.6: Techno-economic parameters for the HVDC converter stations.

Parameter Variable Value Source
Specific investment-cost estimate: ifi .
hybrid pipeline alternative CAPEX mverer 245 MEURzz5 GW, [315]
Specific investment-cost estimate: ifi .
conventional alternative CAPEX omverir 300 MEURs0z5 GW! (313]
Nominal size Gnominal 2 sides - 4.0 GW, Own assumption
Inverse availability factor availability 1.02 [319]
Inverse loss factor 108 er 1.01 [320,321]
- As reported in
Lifetime Tconverter 30a [321)2_324]
Operation and maintenance O&M_onverter 1.25% [311,325]

5.3.3 HVDC Underground Cable Systems

The same reports that provided investment-cost estimates of high-voltage converter stations
also give investment-cost estimates of HVDC underground cable systems per kilometer (see
figure 5.6). However, only some sources specify the voltage level. The NEP 2023 considered
both 320 kV and 525 kV cables. At the highest voltage level, cables with and without a metallic
return are differentiated [313]. The 2023 report for ACER examined cables at 300-500 kV
[316]. The e-HIGHWAY project listed only 320 kV cables [311].

Two further studies provided specific investment-cost estimates of HVDC underground ca-
ble systems. Vrana defined fixed, length-dependent, and power-dependent costs for 525 kV
cables in Europe [326]. The 2023 European Pathway 2.0 project did not specify the voltage
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Figure 5.6: Investment-cost estimates of HVDC underground cable systems based on data from [309-311,313-316,
326].

considered but listed specific investment costs of HVDC underground cables for the years
2020, 2025, 2030, 2040, and 2050 [310].

In 2025, Mott MacDonald and the Institution of Engineering and Technology (IET) published
a comparison of electricity transmission technologies. Although the costs presented in this
study are specially related to United Kingdom, figure 5.5 illustrates the investment-cost esti-
mates for two different 75 km long, 400 kV, underground DC cable designs. The authors ex-
amined investment costs for transmission capacities of approximately 2.5 GW, and 5.0 GW.,
among others [309].

For the conventional alternative, the investment-cost estimates from the NEP 2023 are se-
lected for two reasons. First, the NEP 2023 is a current German report. Second, the 525 kV
cable without a metallic return corresponds to the HVDC underground cable design consid-
ered in this study (see section 2.6.1).
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The technical unavailability of the HVDC underground cable is based on the data reported by
CIGRE discussed in section 5.3.2 [319]. Under steady-state operation, the predominant losses
in an HVDC cable are the Joule losses. The Prysmian Group, a manufacturer of HVDC ca-
bles, specifies an Ohmic resistance of 0.0060 Ohm km™ for 525 kV DC cables [327]. However,
this value applies at 20 °C. HVDC cables reach a temperature of 90 °C under operating con-
ditions [328]. With a nominal copper cross-section of 3 000 mm? [329], the Ohmic resistance
at 90 °C is 0.0073 Ohm km™ per pole [50]. Therefore, four poles produce total power losses
of approximately 106 kW, km™! at the rated current of 1 GW per pole. Because HVDC cables
rarely operate at a constant 100% load, assuming a 50% load results in total power losses of
26.5 kW, km™'. In the 75 km long cable system of the conventional alternative, this leads to
an efficiency of 99.95% and an inverse loss factor of 1.00.

The German Federal Network Agency [9] and Gatermann [330] estimate the lifetime of an
HVDC underground at 40 years. The estimated operation and maintenance cost of 3.34% is
an average of the percentages presented by the e-HIGHWAY (0.2%) and Pathway 2.0 projects
(1.5%), and by the United Kingdom study by Mott MacDonald and IET (8.3%). A summary of
the techno-economic parameters is presented in table 5.7.

Table 5.7: Techno-economic parameters for the HVDC underground cable systems.

Parameter Variable Value Source
Specific
. . ifi : B
investment-cost estimate: CAPEX ncepte  3-30 MEURz02s GW, km'™ [313]
conventional alternative
Nominal size Sominal 4.0 GWe - 75 km Own assumption
Inverse availability factor avalabifity 1.02 [319]
Inverse loss factor 1088 bl 1.00 Own calculation
o As reported in
Lifetime THVDCeable 40 a [ 5 330]
Operation and maintenance O&MuvpCeable 3.34% [309-311]

5.3.4 Gaseous Hydrogen Pipeline

Numerous reports have published specific investment-cost estimates of newly-built gaseous
hydrogen pipelines per kilometer. Compressor costs are not included and will be treated in
the next section. The pipe costs vary with the pipeline diameter, as can be seen in figure 5.7.

The literature review includes investment-cost data from German projects that are part of
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the hydrogen core network (see figure A.1) [331], the EHB initiative section 2.6.2) [58], the
European TYNDP 2024 [315], the U.S. American DOE [332], and multiple other scientific
publications [213,288,290,299,312,333-335].

6.00 ® German network projects 2024
- = EHB 2023
£ 500 ¢ TYNDP 2024
o:§ Conventional alternative “ DoE 2024 (202,0)
S 4.00 v DoE 2024 (ultimate)
g Solomon 2024
= 3.00 Saadi 2018
‘g ® Carbon Limits 2021
o — Reuf 2017
§ 200 —— Walker 2018
£ Reuf 2019
$ 1.00 Hong 2021
= > —— Staif 2022

0.00 /
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Pipeline diameter / cm

Figure 5.7: Investment-cost estimates of new gaseous hydrogen pipelines based on data from [58, 213,288,290, 299,
312,315,331-335].

Although all sources show a clear trend of higher cost estimates per kilometer for larger pipe
diameters, the cost values for a given diameter vary widely. The larger the diameter, the
greater the variation among sources. The EHB initiative reflected this uncertainty by speci-
fying the standard deviation of its mean approximations. The standard deviation is presented
as error bars in figure figure 5.7.

The German network projects include five lines in several federal states, with lengths be-
tween 6-120 km and a pipeline diameter of DN 500 [331], which is comparable to the di-
ameter of the proposed hybrid pipeline. For the conventional alternative, the investment-
cost estimates from the German network projects have been selected because they most
closely resemble the proposed case study. This leads to optimistic (2.16 MEURyg23 km™), mean
(2.19 MEURy23 km'), and pessimistic (2.24 MEURy;; km™) investment costs. The average
investment-cost estimates are presented as a red dot, and the standard deviation as red er-
ror bars. It is remarkable that the costs from this source are the highest for pipe diameters
of approximately 50 cm. According to The Danish Energy Agency, the costs in Germany are
slightly higher than in other European countries, probably owing to overhead costs additional
to the installation [336].
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In this work, the commonly reported unit EUR km™ for the investment-cost estimates of
gaseous hydrogen pipelines is replaced by EUR GW;! km!. This allows a direct integration
into the methodology presented in section 5.2 and a comparison with the other transmission
alternatives. Considering a pipeline diameter of DN 500 (~50 cm), an operating pressure
of 50 bar, and a maximum capacity of 1.15 GW,, the optimistic, mean, and pessimistic cost
estimates become 1.88, 1.91, and 1.95 EURygp; GW;! km'™, respectively.

Table 5.8 presents the techno-economic parameters used for the gaseous hydrogen pipelines.
The inverse availability factor of 1.11 is based on a yearly availability of 90%, as proposed by
Solomon et al. [299]. The average percentage of hydrogen leakage in transmission pipelines
determines the inverse loss factor of 1.004, as estimated by Air Liquide (0.7% losses in 2030)
[305] and the Frazer-Nash Consultancy (0.04-0.48% losses in 2050) [306]. The EHB initiative
[307], Staifl et al. [52], and the IEA [308] expected a lifetime of 40 years for gaseous hydrogen
pipelines.

The range of operation and maintenance costs estimated in the literature reflects the uncer-
tainty in the associated costs. The five German network projects estimated operation and
maintenance costs at 0.82% of initial investment costs, similar to the EHB initiative (0.9%),
while Solomon et al., Reuf} et al., and Walker et al. reported values of 2.6%, 4.0%, and 5.0%,
respectively. Table 5.8 presents an average of these operation and maintenance cost estimates.

Table 5.8: Techno-economic parameters for gaseous hydrogen pipelines.

Parameter Variable Value Source

Mean specific

investment-cost estimate: CAPEXg’:ICZﬁ;E 1.91 MEUR3023 GW;* km™ [331]
conventional alternative
Nominal size Sgg;‘;g}gle 1.15 GW, - 75 km [307]
Inverse availability factor féﬁ;ﬁgiw 1.11 [299]
Inverse loss factor fégjszpipe 1.004 [305,306]

As reported in
[52,307,308]

(290,299,307, 312,
331]

Lifetime TGHzpipe 40 a

Operation and

: O&MGHZpipe 2.66%
maintenance

106



5.3 Components Properties and Cost Assumptions

5.3.5 Gaseous Hydrogen Compressor

Multiple reports that published investment-cost estimates of gaseous hydrogen pipelines also
provided investment-cost estimates of compressors. The costs are often dependent on the
electrical power rating of the compressor P., which is directly related to the required shaft
power Py, as will be discussed in this section.

The shaft power is the mechanical power rating of the compressor and is given in MWg,.
This section explains how to calculate the electrical power rating P, and the shaft power Py,
required for the pressure increase in the conventional alternative. Gaseous hydrogen coming
from the conventional pipeline should be compressed to a storage pressure pgrastor 0f 100 bar
(10 000 kPa) (see figure 5.3).

Compressor Inlet Pressure, Shaft Power, and Electrical Power Rating

The shaft power depends on the pressure difference between the inlet and outlet of the com-
pressor. Therefore, the outlet pressure of gaseous hydrogen from the conventional pipeline
must be known. The Darcy-Weisbach equation can be used to calculate the pressure drop
over the transmission length ¢ of 75 km [337]:

_ 2
PGH2 VG2
b)
2 Dcne

PGHzpipe — Pcompres

Y = CGHZ :

(5.21)

where pcrzpipe is the inlet (operating) pressure of the gas pipeline (50 bar = 5 000 kPa), peompres
is the outlet pressure of the gas pipeline and simultaneously the inlet pressure of the com-
pressor, (guz is the friction factor, pguy is the average gas density, v, is the gas velocity,
and Dgyy, is the diameter of the conventional pipe (50 cm).

The friction factor (gy, can be calculated with the Colebrook-White implicit equation (see
equation 4.22), substituting the hydraulic diameter D), with the conventional pipe diameter

Dgpy:

= —2-log ( € 2:51 ) . (5.22)

1
+
vV (onz 3.7- Dgnz  Recmz - v/ Comz

The surface roughness € of the conventional pipe is assumed to be the typical roughness of
commercial steel pipes, which is 0.046 mm (see section 4.3.1).
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The Reynolds number Regy, for the friction factor (g, is determined as in equation 4.23,

but replacing the liquid hydrogen parameters with gaseous hydrogen parameters, that is:

veHz - Donz - Ponz . MGH2
- with vgyp = ————,
HGH2 PGH2 * AGHZpipe

Regms = (5.23)

where [igh, is the average gas viscosity and Agpapipe is the pipeline cross-section. It is as-
sumed that the gas mass flow gy, equals the liquid hydrogen mass flow riy py, in the hybrid
pipeline alternative, i.e., 4.6-9.7 kg, s™.

The average values of the gas density prz(Tcrz, Pcrz) and the gas viscosity figr(TGrz, Porz)
are obtained using by taking the arithmetic average of the inlet and outlet gas pressures pgua,
which is determined using the same iteration method as in section 4.3.1. For simplicity, the
gas temperature Ty, is assumed to be constant at 283.15 K throughout the conventional
pipeline. This assumption is reasonable because pipelines are typically buried 1-2 m below

ground, where the soil temperature remains stable.

Equation 5.21 is solved using the values for ¢, Dgp, €, and rgpa. For pemz and fighz, normal-
hydrogen data values are used [50]. The resultant pressure drop between the inlet pressure
DcHzpipe and the outlet pressure peompres Of the gas pipeline is 1.2 bar (117.9 kPa) at a mass
flow gy of 4.6 kgy, s and 5.8 bar (580.4 kPa) at 9.7 kgy, s'. Table 5.9 summarizes the
assumptions and results for the pressure drop calculations.

Table 5.9: Assumptions and results for gaseous hydrogen pressure drop calculations.

Parameter Symbol Value
Assumptions
Gas temperature Tou2 283.15 K
Gas mass flow TMGH2 4.6-9.7 kg st
Gas pipeline inlet pressure DGHzpipe 50 bar (5 000 kPa)

Gas pipeline diameter Daho 50 cm
Gas pipeline length L 75 km

Surface roughness € 0.046 mm

Results

Oulet pressure from gas pipeline

compres  48.8-44.2 4 882-4 420 kP
and inlet pressure for compressor Peomp 88 bar (4 88 0 kPa)
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Once the inlet pressure of the compressor pcompres is obtained, the shaft power Py, can be
determined assuming a polytropic process (which is closer to real conditions than isothermal

or adiabatic processes) [338]:

Py, = Mg - Z - —1]. (5.24)

Tlpoly MHZ Npoly — 1

(=)
1 7 R Tpoly (pGHZStor > "poly

pcompres

Here, 1oy, is the polytropic efficiency, Z is the average compressibility factor,
R = 8.314 J mol™ K'! is the universal gas constant, My, = 2.016 kgg, kmol™ is the molar
mass of hydrogen [50], 7y is the polytropic coefficient, and pgrasior is the storage pressure
(100 bar = 10 000 kPa).

To simplify the analysis, the polytropic efficiency 7,01, and coefficient 7.1, are assumed to
be 85% [339] and 1.33 [340], respectively. In a more detailed investigation, these parameters
would be specific to the compressor type and manufacturer. The average compressibility
factor Z is computed as the arithmetic mean of the inlet compressibility Zi,(ZGHz2, Peompres)
and the outlet compressiblity Zou(Zaischarges PGHzstor), Using data from [50]. The discharge
temperature 7gischarge follows from the polytropic compression relationship [341]:

(5.25)

npqu—1>
Tdischarge _ (pGH25t0r>( "poly

Tgmz Pcompres

Equation 5.24 leads then to a shaft power Py, of 12.6 MWy, at a mass flow 7i1gz of 9.7 kgpz 57!
and 5.2 MWy, at 4.6 kg, s The electrical power rating P, can then be obtained as [213]:

Py,

Pe =
Tlmech * e

(5.26)

where Mmech = 95% is the mechanical efficiency of the compressor and 7. is the electrical

efficiency given by the empirically derived scaling function [213]:

Ne=8-10""-z* —0.0015 - 2° + 0.0061 - 2* + 0.0311 -  + 0.7617, (5.27)
with z = log(Pyp). '

Solving equations 5.26 and 5.27 gives an electrical power rating P, of 13.6 MW, when the

maximum mass flow 71 of 9.7 kgyy, s! is considered. Table 5.10 summarizes the assumptions

and results for the electrical power rating calculations.
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Table 5.10: Assumptions and results for compressor electrical power rating calculations.

Parameter Symbol Value
Assumptions
Gas mass flow MGH2 9.7 kgme st

Inlet pressure for compressor Deompres 44.2 bar (4 420 kPa)

Polytropic efficiency Tlpoly 85.0%
Polytropic coefficient Npoly 1.33
Storage inlet pressure PGH2stor 100 bar (10 000 kPa)
Mechanical efficiency Tmech 95.0%
Electrical efficiency Ne 97.2%
Results
Discharge temperature Tlischarge 346.8 K
Average compressibility factor Z 1.04
Shaft power Py 12.6 MWy,
Electrical power rating P. 13.6 MW,

Compressor Investment and Operating Costs

Figure 5.8 presents the absolute and specific investment-cost estimates of compressors as a
function of the electrical power rating F.. The dependency on the electrical power rating is

defined differently by each reference.

The EHB initiative [58] expected a linear dependency, as can be seen in figure 5.8 (b). The
TYNDP used the same data as the EHB initiative. Solomon et al. [299], Hong et al. [288],
and ReuB et al. [213,290] expected a scale-economy cost, adopting a power function with a
concave curve. Walker et al. also expected a scale-economy cost but because of fixed-cost
amortization [312]. Staif} et al. [335] provided investment-cost estimates for a single com-
pressor unit with a rated throughput of 240 ty, d!. Figure 5.8 illustrates the data for Staif} et

al. if it is assumed that multiple compressor trains can be used in series.

The comparison of references in figure 5.8 shows that for larger values of the electrical power
rating P, the costs estimated by the EHB initiative are considerably larger than those adopted
by the other references. A notable point is that the data from Staif3 et al., Solomon et al., and
Reuf et al. are assumed for Germany, while the data from Walker et al. and Hong et al. are
assumed for the United Kingdom and Southeast Asian Nations, respectively.
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Figure 5.8: (a) Absolute and (b) specific investment-cost estimates of gaseous hydrogen compressors as a function
of the electrical power rating. Based on data from [58,213, 288,290, 299,312,335].

Because of the large uncertainty in the range of investment-cost estimates, optimistic (1.52
MEURyp2; MW.!) and pessimistic cost values were assumed (4.00 MEUR;23 MW3!). The as-
sumptions are based on the cost data from Solomon et al. and the EHB initiative, since the
former focused on Germany and the latter aggregates information from multiple TSOs. Given
a compressor capacity of 13.6 MW,, the mean investment-cost estimate for the conventional
alternative is 37.57 MEURy3.

The studies by Solomon et al. [299] and Hong et al. [288] reported availability factors of
90% for gaseous hydrogen compressors, resulting in an inverse availability factor of 1.11. An
inverse loss factor of 1.005 is based on 5% hydrogen losses, as determined by Reuf et al. [213]
and Hong et al. [288]. The EHB initiative estimated that a compressor with outlet pressures of
50-80 bar has a lifetime of 25 years [307], while Solomon et al. considered that compressors
with outlet pressures of 70-540 bar have lifetimes of 15 years [299]. An average lifetime of
20 years is assumed in this work.

The estimated operation and maintenance costs differ among sources. Therefore, an average
of 3.3% is adopted, given the values published by the EHB initiative (1.7%) [307], Staif} et al.
(3.0%) [335], ReuB et al. (4.0%) [213], Hong et al. (4.0%) [288], and Solomon et al. (4.0%) [299].

To calculate the variable operating expenditures varOPEX, it should be noted that the com-
pressor is used for the gaseous hydrogen storage, which is planned for security reasons only.
It is assumed that the storage is used, for example, due to consumer-side outages or other
constraints. Since the storage size is of 1 000 ty, the tank is almost filled after 28 h when
using the full pipeline mass flow of 35 t; h™'. Assuming that the storage tank is completely
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filled once per month (12 times per year), the annual operating hours of the compressor are
336 h.

Accordingly, the lower-bound variable annual operating expenditures can be calculated as
[299]:

VarOPEXif)‘;‘;IeS = Sé‘;rﬁ;f:sl “ Lop.compres * Fes (5.28)
where S?g’é“;?jsl is the nominal size of 13.6 MW, %o, compres are the annual operating hours, and
Ke is the electrical energy cost, as defined in section 5.2. Here, a lower-bound estimate of the
electrical energy consumption at full-load operation is obtained by multiplying the electrical

: 3 mominal . .
nominal size Scompres by the annual operating time top compres-

Correspondingly, the lower-bound specific energy consumption we compres is assumed to be
389.5 kWh, tjl, when dividing the nominal size Sg';;"g';g; by the gas mass flow rign2 of ap-
proximately 35 ty, h (9.7 kgny s!). The specific electrical energy consumption is of the
same order of magnitude as the values reported by Staif} et al. (465.0 kWh, t;1,) [335] and

Hong et al. (570.0 kWh, t;},) [288].

A summary of the techno-economic parameters for the gaseous hydrogen compressor is pre-
sented in table 5.11.

Table 5.11: Techno-economic parameters for gaseous hydrogen compressors.

Parameter Variable Value Source

Mean specific ‘
investment-cost estimate: CAPEXEE?,?I‘,‘EES 2.76 MEURy923 MW [58,299]
conventional alternative

Nominal size Sé‘o"éj";‘;:i 13.6 MW, Own calculation
Inverse availability factor fovf,ifﬁ?smy 1.11 [288,299]
Inverse loss factor igf;pres 1.005 [213,288]
Lifetime Teompres 20 a [299,307]
Operation and maintenance O&Mecompres 3.3% [213,288,299,307,335]
Annual operating hours Lop,compres 336 h Own assumption
Electrical energy consumption We,compres 389.5 kWhe ti}z Own calculation
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5.3.6 Gaseous Hydrogen Storage

Large-scale gaseous hydrogen storage systems are more cost-effective as caverns rather than
as tanks [342]. However, cavern storage is geographically limited to locations with suitable
conditions. In the conventional alternative, a gaseous hydrogen storage is proposed at the end
of the gas pipeline, i.e., in Hamburg. Since no storage caverns exist in this area, the storage

must consist of one or several tanks.

Several studies have estimated the investment costs of stationary gaseous hydrogen storage
tanks [290,342-344]. However, all of them derived their values from the U.S. American DOE
[332] (see figure 5.9). The DOE estimated costs in USD,g9; kgji, for two time horizons (2020
and “ultimate”) and two pressure levels (160 bar or 430 bar). The “ultimate” target refers to

long-term costs in a well-established hydrogen market.
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= 800
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=
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z
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DOE National
2015 Laboratory
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Figure 5.9: Investment-cost estimates of gaseous hydrogen storage tanks based on data from [332,345].

At 160 bar, each tank has a storage size of 710 kg, for the 2020 horizon and 400 kgyy, for the
ultimate target. The smaller ultimate tank size was chosen deliberately to reduce the cost per
kilogram of stored gas. Tanks operating at 430 bar have a size of 65 kg, for both horizons
[332]. Figure 5.9 clearly indicates that storage tanks are more cost-effective at 160 bar than

at 430 bar because of the lower pressure requirements.

In 2019, the ANL presented 300 underground parallel-pipe tanks that can store 500 ty, at op-
erating pressures between 8-100 bar for a cost of 568 kKEURyy3 ti1,. It is worth noting that,
for this storage size, 450 000 m? (~110 acres) of land would be required [345]. The specific
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investment-cost estimate from ANL has been selected for the conventional alternative be-
cause it is the newest source and the storage size of 500 ty, is closer to that proposed in this
work (1 000 ty).

Table 5.12 outlines the techno-economic parameters for the gaseous hydrogen storage. As
reported in [343], a stationary storage system is considered technically available on 350 days
per year, resulting in an inverse availability factor of 1.043. The authors in [290, 342, 344]
assumed 0.0% of hydrogen losses during storage, so the inverse loss factor is 1.00. In this work,
a component lifetime of 30 years is assumed, as reported in [332,343,344]. The operation and
maintenance cost rate of stationary gaseous hydrogen storage was identically defined as 2.0%
by all authors in [290,342,344].

Table 5.12: Techno-economic parameters for gaseous hydrogen storage.

Parameter Variable Value Source

Mean specific -
investment-cost estimate: ~ CAPEX(ET% 568 KEURz0s3 ti [345]
conventional alternative

mominal

Nominal size SCHastor 1 000 tg Own assumption
Inverse availability factor avallability 1.043 [343]
Inverse loss factor oS or 1.00 [290,342,344]
. As reported in
Lifet 30
Hetme ToHzstor a (332,343, 344]
. . A ted i
Operation and maintenance O&MGgHzstor 2.0% S reported in

(290,342, 344]

5.3.7 Hydrogen Liquefier

Hydrogen liquefaction plants have been built since the late 1950s on an industrial scale (5-
36 tyy d!) [67]. As of May 2024, the USA possessed a total hydrogen liquefaction capacity of
794 ty, d! [346]. Other countries, such as Canada, France, Germany, the Netherlands, Russia,
Japan, India, South Korea, China, and Australia, also have industrial or small liquefaction
plants (0.3-3.4 ty, d™') [67].

In 2024, South Korean SK E&S announced the completion of the world’s largest hydrogen
liquefaction plant, according to its own statements. The liquefier has a yearly capacity of
30 000 ty; (approximately 82 ty, d') and occupies about 50 000 m? (12 acres) of land [347,
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348]. In the USA, 145 ty, d! of additional liquefaction capacity was under construction in
2024, and a further 345 ty, d"! was in the planning stage [346]. The largest known conceptual
design of a hydrogen liquefaction plant has a capacity of 864 ty, d! [66]. In this work, a
liquefier capacity of 838 ty; d! is required in the conventional alternative to supply the same
amount of liquid hydrogen as in the hybrid pipeline alternative (see figure 5.2).

A relatively large number of studies have estimated the investment costs of hydrogen lique-
fiers, as can be seen in figure 5.10. Many of those studies [69,290,342,349-351] derived their
estimates from one or two primary sources: the 2006-present U.S. American Hydrogen De-
livery Scenario Analysis Model (HDSAM) from the ANL [300], and the 2013 European project
Integrated Design for Demonstration of Efficient Liquefaction of Hydrogen (IdealHy) [68]. Other
reports—IEA [308,352], DNV [353], DOE [332], Air Liquide [354], and Sadler et al. [355]—
published their own investment-cost estimates. IRENA reviewed several of the references in
2022 [356].

— ANL 2022 (CEPCI 2022)
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Figure 5.10: Investment-cost estimates of liquefaction plants based on data from [68, 69,290,300, 308, 332, 342, 344,
349-356]. The vertical line presents the required plant capacity in the conventional alternative of
838 tyyp d! and the selected optimistic, mean, and pessimistic specific investment costs.

Figure 5.10 presents the specific investment-cost estimates in MEURyp3 £33, d as a function of
the plant capacity in ty, d*. Larger hydrogen liquefaction plants benefit from economies of
scale, as shown by the ANL data [300] and other studies that used this dataset. IRENA noted
that plants with a single liquefaction unit (train) are unlikely to exceed capacities of 200 tyy, d*
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because the coldbox would reach its maximum practical dimensions for transport [356]. Most

references, however, provide investment-cost estimates above this capacity limit.

The ANL defined a cost function dependent on the Chemical Engineering Plant Cost Index
(CEPCI), a tool used to adjust process-construction costs from one year to another [300].
Figure 5.10 shows ANL results for CEPCI values in 2014 and 2022. Connelly et al. [349] and
d’Amore-Domenech et al. [350] estimated liquefier investment costs based on the ANL data.
Hank et al. [69] and Bruce et al. [351] based their estimations on the results from IdealHy [68],
although Bruce et al. reported costs close to those from ANL. Reuf} et al. [290] and Stockl et
al. [342] combined the datasets of both ANL and IdealHy, producing a curve similar to ANL’s
but with lower specific investment costs.

In the conventional alternative with liquid hydrogen as the final product, 838 ty, d’
(1.15 GW,) must be liquefied after gaseous transmission. The vertical line in figure 5.10
illustrates that, at this plant capacity, the expected specific investment costs range from
0.8 to 3.4 MEURyy; tih, d. Because of this large uncertainty, optimistic, average, and pes-
simistic investment-cost values were selected. The optimistic value is 0.8 MEURyy3 73, d from
IRENA [356]. The pessimistic value is 3.4 MEURygy; t;1, d from ANL with CEPCI 2022 [300].
The arithmetic mean value is 2.1 MEURyy; ti1, d.

Table 5.13 presents the techno-economic parameters for the hydrogen liquefier. The IdealHy
study reported that a large-scale liquefaction plant is technically available for 8 000 ha (91%
of a year) [68], which is similar to the availability of 92% per year published in [351]. An

average of both values leads to an inverse availability factor of 1.091.

Table 5.13: Techno-economic parameters for hydrogen liquefier.

Parameter Variable Value Source

Mean specific .
investment-cost estimate: CAPEXE‘;‘::C 2.1 MEUR23 tﬁz d [300,356]
conventional alternative

Nominal size S;}gg};ﬂ“‘ 838 typ d! Own assumption
Inverse availability factor fl?;‘iielgbﬂity 1.091 [68,351]
Inverse loss factor flli‘flfeﬁ 1.012 [68,290,344,356]
Lifetime Tliquefi 36a [68,300,349,351,352]

As reported in

Operation and maintenance O&Miiquefi 4.0% (68,308, 342, 356]

As reported in

Electrical energy consumption We liquefi 6.76 MWh, ti], [68]
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The authors of IdealHy estimated that hydrogen losses during the liquefaction process ac-
count for 1.63% of the produced hydrogen [68]. In comparison, IRENA considered that
0.0% hydrogen losses are possible in the long term [356]. The authors in [290, 344] derived
hydrogen-loss data from other reports and assumed a value of 1.65 %. In this work, an average
of all previous values is used for an inverse loss factor of 1.012.

Connelly et al., Bruce et al., and the ANL determined the liquefier lifetime as 40 years [300,
349, 351], while the IEA and IdealHy expected a component lifetime of 30 years [68, 352].
An average of the discussed values gives a liquefier lifetime of 36 years. The operation and
maintenance costs are uniformly reported as 4.0% of the initial investment costs in [68, 308,
342,356].

Multiple studies have reported specific energy consumption values between 6.4 MWh, t;3, and
15.0 MWh, tj}, for hydrogen liquefaction [64]. Assuming optimistic efficiency progress in the
long term, the value of 6.76 MWh, 1, (including ancillary units) from the IdealHy project is
adopted for this work. IdealHy also quantified the water consumption for cooling during the
liquefaction process as 15.0 mj;,, tij,. However, the variable operation costs caused by water
consumption are neglected in this work because of their much lower magnitude compared to

electrical energy consumption costs [68].

5.3.8 Liquid Hydrogen Storage

Thermally insulated storage tanks constitute a mature technology for transporting liquid
hydrogen by trailer, with typical capacities of 125 m®. These tanks are also employed in
stationary industrial applications, with commercially available capacities up to 400 m® [357].
Using the density of para-hydrogen at 20.0 K and 100 kPa (1.0 bar) as pparanz = 71.144 kgp
m™ [50], the corresponding payloads are approximately 8.9 ty; and 28.5 ty, respectively. This
density is used converting between metric tons of liquid hydrogen and cubic meters in this
section.

Larger cryogenic storage tanks are required for bulk transport of liquid hydrogen. As a part
of the Japanese HySTRA project, Kawasaki Heavy Industries obtained the approval in prin-
ciple for a carrier with four single spherical tanks, each with a storage capacity of 40 000 m*
(~2 800 ty,), and a total capacity of 160 000 m* (~11 400 tg,) [358]. In 2025, CB&I, Shell,
and NASA built the first 100 000 m® (~7 100 ty,) stationary liquid-hydrogen storage tank
for international-trade applications [359]. In 2023, the consortium expected that the cost
for a storage tank of this size would be less than 22.7 KEURyy3 ti, (24.6 KUSDygy3 ti1, or 175
MUSDy023) [360].
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Figure 5.11 presents specific investment-cost estimates of liquid hydrogen storage tanks with
capacities up to 7 200 ty,. Some authors—DNV [353], Song et al. [344], and Stockl et al. [342]—
assumed linear investment costs. Reuf} et al. [290], Stockl et al. [342], and Hank et al. [69]
derived their calculations from U.S. American DOE data [332]. In contrast, ANL [300] and
IRENA [356] expected a scale-economy cost (ANL due to fixed-cost amortization; IRENA
because of a scaling exponent equal to 0.67). d’Amore-Domenech et al. [350] anticipated
diseconomies of scale, that is, per-unit costs increase with storage capacity owing to a scaling
exponent equal to 1.344.
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Figure 5.11: Investment costs of liquid hydrogen storage tanks based on data from [53, 69, 285, 289, 290, 300, 332,
342,344,350, 353, 356,360-362]. The vertical line presents the storage capacity in the hybrid pipeline
alternative of 1 000 ty, and the selected optimistic, mean, and pessimistic specific investment costs.

The U.S. American Sandia National Laboratory (SNL) estimated high investment costs of
170 KEURyz3 tj], for a relatively small tank of 61 m* (4.3 t;;). A comparison with the es-
timated costs of the 100 000 m® (~7 080 ty3;) stationary liquid-hydrogen storage tank of
22.7 KEURyy3 tj1, from CBI, Shell, and NASA suggests that investment costs per unit de-
crease at larger capacities. Therefore, economies of scale appear to be more probable than
diseconomies of scale.

For a storage capacity of 1 000 ty, in the hybrid pipeline alternative, optimistic, mean, and
pessimistic investment costs of 25.5 KEUR3 tﬁz, 39.2 kEUR 93 ti{lz, and 56.8 KEURy23 ti&z
were selected, respectively. This selection reflects the large uncertainty in the investment-
cost estimations. The selected values can be seen in figure 5.11.

118



5.3 Components Properties and Cost Assumptions

Table 5.14 introduces the techno-economic parameters for the liquid hydrogen storage. Since
the technical operational availability of stationary storage tanks is rarely reported, an ap-
proximate annual availability can be adopted from gaseous hydrogen storage tanks—namely
96% of the year (see section 5.3.6). This yields an inverse availability factor of 1.043.

The inverse loss factor is derived from the liquid hydrogen boil-off rate, which results from
heat transfer through the thermal insulation. For cryogenic liquid hydrogen storage tanks,
increasing the storage volume reduces the surface-to-volume ratio, thereby lowering relative
heat ingress and boil-off losses [67]. The boil-off rate of large tanks (> 40 ty, [284]) with
standard thermal insulation is less than 0.05% per day [285].

Since the liquid hydrogen storage is planned for security reasons only (see figure 5.2), it is
assumed that the tank operates 336 hours (14 days) per year (see section 5.3.5). Assuming
a conservative boil-off rate of 0.05% per day, a total of 0.7% of the liquid hydrogen would
be boiled off annually. Additionally, to keep large cryogenic spherical tanks (40 000 m® =~
2 800 tyyp) sufficiently cold and avoid active re-cooling, a minimum fill level (heel) of approx-
imately 5% of the liquid hydrogen is required [363]. Considering both the boil-off rate and

the heel results in an inverse loss factor of 1.060.

The ANL expected that a liquid-hydrogen storage tank has a lifetime of 30 years, while Song
et al. assumed a lifetime of 20 years. In this work, an average lifetime of 25 years is assumed.
All authors in [53,290,342,344,353] considered the operation and maintenance costs of liquid
hydrogen storage to be 2% of the initial investment cost.

Table 5.14: Techno-economic parameters for liquid hydrogen storage.

Parameter Variable Value Source

Mean specific )
investment-cost estimate: ~ CAPEX(®S 39 2 KEURg0s3 ti [300,356]
hybrid pipeline alternative

Nominal size Srominal 1 000 ty Own assumption
Inverse availability factor avellability 1.043 [343]
Inverse loss factor o8 o 1.060 [67,284,285,363]
Lifetime TLH2stor 25a [300,344]
Operation and maintenance O&MHastor 2.0% [ 53‘22;?52;22;253]
Annual operating hours top,LH2stor 336 h Own assumption
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5.3.9 Liquid Hydrogen Pump

A cryogenic pump transfers liquid hydrogen by creating a pressure difference that yields the
required mass flow rate. The differential pressure is commonly expressed in bar, or as total

head in meters of fluid column. Head and pressure are related by:

Ap = PparaH2 " & ° H; (5-29)

where Ap is the differential pressure in pascal, g is the gravitational acceleration
(9.80665 m s?), and H is the total head in meters. The density Pparatiz 18 considered to be
that of para-hydrogen at 20.0 K and 100 kPa (1 bar), that is, 71.144 kgy, m™ [50].

Usually, centrifugal pumps or pistons move the liquid inside a thermally insulated vessel.
Pumps for liquid hydrogen fueling stations handle relatively low volumes, for example 0.2 ty;
h! with a differential pressure of 900 bar [364] or 0.5 ty, h™' with a differential pressure of
16 bar [365]. Transfer pumps for international-trade terminals transport significantly larger
volumes. Commercially available transfer pumps move 27-50 tyj; h™ with a differential pres-
sure of 1.8-1.3 bar [366]. In the future, transfer pumps with flow rates of 231 ty, h'! and a
2 bar pressure increase are expected [367].

Transfer pumps necessitate motors with higher power capacities, thereby producing signif-
icant amounts of heat, which causes boil-off losses. A recent preprint from SINTEF Energy
Research reported boil-off losses ranging from 0.76% to 1.06% of the stored liquid hydrogen
mass (up to 119 ty; of a 160 000 m* liquid hydrogen carrier) when using a fixed-speed pump.
A pump with a variable speed drive and a hydraulic efficiency of 70% achieved losses of 0.0-
0.24% [367]. A newer development are superconducting hydrogen pumps, which operate
with negligible thermal losses at mass flow rates of, for example, 50 t3; h™ with a differential
pressure of 3.6 bar [368].

A review of the literature indicated that only two original studies have reported first-hand
investment cost data for liquid hydrogen pumps used in transfer applications: the stud-
ies by Nexant et al. [369] and the U.S. American DOE [332]. Figure 5.12 presents the spe-
cific investment-cost estimates (kEURyy3 t;1, h) of terminal pumps from these two primary
sources and from secondary publications that derived their values from one of these sources
[290, 342, 344]. Additionally, an interview with a manufacturer of liquid hydrogen pumps
provided investment-cost estimates of 2.0 MEURy23 kgji, h for a pump with a mass flow rate
up to 50 ty, h'! and a differential pressure of 4.5 bar [370]. All investment-cost data in figure
5.12 refer to conventional (non-superconducting) pumps.
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Figure 5.12: Specific investment cost of a liquid hydrogen transfer pump based on data from [290,332,342,344,369]
and an interview with a pump manufacturer [370]. Stockl et al. [342] and Reuf§ et al. [290] derived their
values from Nexant [369]. Song et al. [344] based their estimate on DOE [332]. For larger capacities
than the unit size, multiple pumps are used in parallel.

Nexant et al. estimated costs for single pumps with mass flow rates up to 0.25 t, h™! based
on communication with vendors [369]. Larger transport capacities can be achieved by using
multiple pumps in parallel. The differential pressure is not reported in this study. Cost esti-
mates are shown both with and without installation. The authors assumed installation costs
of 30% of the investment costs [369]. Stockl et al. and Reuf3 et al. derived their cost estimations
from Nexant et al. [290,342].

The U.S. American DOE published cost data from developers of terminal pumps with mass
flow rates up to 1.7 tg, h™ and differential pressures < 5 bar. The investment costs were given
for the status year 2015, target year 2020, and an ultimate target that predicts long-term costs
in a well-established hydrogen market [332]. Song et al. derived their cost calculations from
DOE [344].

Figure 5.12 shows that the cost estimate of Nexant et al. [369] is considerably higher than
those of DOE [332] and the interviewed manufacturer [370]. This may be justified by the
smaller unit size and by older data reported by Nexant et al. Moreover, the pressure difference
of the study is unknown and the pumps might be designed for refueling stations.

Figure 5.12 shows that the cost estimate from the interviewed pump manufacturer (40.0
KkEURy23 t'ﬁz h) [370] is comparable to the costs estimated by DOE (45.0—-63.2 KEURy(23 t'ﬁz h)
[332]. Owing to the cost uncertainty at this scale, the DOE estimate for the status year 2015
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5 Techno-economic Assessment of the Transmission Alternatives

is taken as pessimistic investment cost and the interview data as the optimistic investment
cost for both the hybrid pipeline and conventional alternatives. The mean specific investment
cost estimate is therefore 51.6 kEURyz3 133, h.

Table 5.15 outlines the techno-economic parameters for the liquid hydrogen pump. While
liquid hydrogen transfer pumps are designed for highly reliable operation and extended ser-
vice intervals [371], publicly available literature does not report quantified yearly operational
availability values. The U.S. American DOE set a technical reliability target of more than 90%
for liquid hydrogen fueling station pumps [372]. As a conservative assumption, a yearly re-
liability of 90% is adopted, leading to an inverse availability factor of 1.111.

The Norwegian SINTEF Energy Research study announced boil-off losses of 0.0-0.24% of
the liquid hydrogen mass [367]. The higher loss value is adopted in this work, resulting in
an inverse loss factor of 1.002. Only two original studies reported first-hand data on the
expected lifetime of liquid hydrogen pumps: DOE (10 years) [332] and ANL (15 years) [300].
An average component lifetime of 12.5 years is assumed.

Reuf3 et al. estimated operation and maintenance costs of 3.0% of the initial investment cost
[290], while Stockl et al. considered 4.0% [342]. An average of 3.5% is adopted for the operation

and maintenance costs of the liquid hydrogen pump.

On the upstream side of the techno-economic assessment (see figures 5.2 and 5.3), the liquid
hydrogen pumps 1 and 3 are considered to be continuously operating. With a technical avail-
ability of 90% per year, the annual operating time is 7 884 h. In the hybrid pipeline alternative
with gaseous hydrogen as the final product (see figure 5.3), pump 2 moves the stored liquid
hydrogen from the tank used for security purposes. Pump 2 operates for 336 h of the year,

consistent with the annual operating hours of the compressor (see section 5.3.5).

Pump Electrical Energy Consumption

Reuf et al. [290], Stockl et al. [342], and Song et al. [344] approximated the electrical energy
consumption of liquid hydrogen transfer pumps as 100 kWh, t;1,, 100 kWh, t;},, and 1 kWh,
t;1,, respectively. None of the authors specified the differential pressure of the pumps. Their
values are based on DOE data for fueling-station pumps operating at 900 bar [332] and on
Nexant et al. [369], which did not report inlet and outlet pressures.

In this work, the following methodology was used to calculate the electrical energy con-
sumption of the pumps with a differential pressure of 4.5 bar (pumps 1 and 2) and 48.5 bar
(pump 3). In fluid dynamics, the energy equation for a one-dimensional steady flow between
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5.3 Components Properties and Cost Assumptions

an upstream side (in) and downstream side (out) results in a pump head H,yy, determined
as [373]:

2 2

p Di v Vi

Hpump = ( out ) + (q)out Lo q)l . = ) + (Zout - Zin) + Hfrictmm (530)
pg pg 2-g 2-g

where py, and p,, are the inlet and outlet pressures, p is the fluid density (assumed constant
in the formulation of equation 5.30), g is the gravitational acceleration, ®;, and @, are the
kinetic-energy correction factors, vy, and v, are flow velocities, z;, and z,, are relative
elevations, and Hyction 1S the friction head loss. All terms are expressed in meters of fluid head.
The parenthesized groups represent the pressure, kinetic, and potential energy contributions

per unit weight, respectively.

Equation 5.30 is adapted to estimate the ideal hydraulic (shaft) work wghidea of liquid hydro-
gen pumps by means of an infinitesimal pressure change analysis with the following assump-
tions. The kinetic and potential energy terms are neglected compared with the pressure head
for sufficiently low flow velocities and when the pump inlet and outlet are at the same eleva-
tion. The friction head loss Hiiction is initially omitted to obtain the minimum hydraulic work

Wsh.ideal- Considering that liquid hydrogen exhibits a slight, liquid-phase compressibility:

Pout dp
Wsh,ideal = Hpump * 9 = / — (5.31)
e e pw PLE2(D, Trer)

where pi, and poy are the inlet and outlet pressures and the density pry, depends on the
instantaneous pressure p and a reference temperature 7.s. Although equation 5.31 can be
derived from the steady-flow energy equation 5.30, it is used here strictly as a mechanical en-
ergy balance for liquid pumping. As emphasized by White [373], the pump head represents
mechanical energy added to the flow, and for lightly compressible liquids the energy equa-
tion is decoupled from thermodynamic state relations. Consequently, equation 5.31 is not
interpreted as a thermodynamic process description and no isentropic constraint is imposed.

Equation 5.31 is solved numerically across 1 000 differential pressure steps using the para-
hydrogen data from [50]. For simplicity, a constant reference temperature 7;.¢ = 20.4 K is
defined as the inlet temperature. Although the fluid temperature rises during pumping, the
hydraulic work calculation assumes negligible temperature changes for moderate pressure
levels. This assumption is justified by the weak liquid-phase compressibility of liquid hydro-
gen, its relatively large specific heat, and the contrast to the strongly compressible behavior

of gases.
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5 Techno-economic Assessment of the Transmission Alternatives

The irreversible mechanical losses associated with the friction head loss Hpiction are embed-
ded in the pump efficiency 7pump, 12, Which is combined with a motor efficiency NmotorLH2 to

determine the actual hydraulic work, i.e., the electrical energy consumption we:

Wsh, ideal

we = (5.32)

Upump,LHZ : 77m0t0r,LH2

A pump efficiency 7pumprrz of 70% [367] and a motor efficiency Nmotor1z 0f 95% [288] were
assumed. The resulting electrical energy consumption for pumps 1 and 3 (differential pressure
of 4.5 bar) is 1.430 kWh, tj],. For pump 2 (differential pressure of 48.5 bar), the consumption
is 11.074 kWhe tj},. These values are presented in table 5.15.

Table 5.15: Techno-economic parameters for liquid hydrogen pump.

Parameter Variable Value Source

Mean specific

investment-cost estimate: ific N
hybrid pipeline & CAPEXgse 516 KEURupes tif; h [369,370]

conventional alternative

Nominal size Sfﬁ';g'ﬂp 35ty h! Own assumption
Inverse availability factor f; fﬁfﬁﬁgy 1.111 [372]
Inverse loss factor f{‘;;gpump 1.002 [367]
Lifetime TLHzpump 125a [300,332]
Operation and maintenance O&MLazpump 3.5% [290,342]
Annual operating hours top.LH2pump1 7834 h [372]
pumps 1 & 2 top.LH2pump2
A 1 ting h
nnuat operating hours top.LH2pumps3 336 h Own assumption
pump 3
Electrical energy consumption We pump1 1,430 KWh, ti—%z Own calculation
pumps 1 & 3 We pump3

Electrical energy consumption

pump 2 We pump? 11.074 kWhe ti.%z Own calculation

5.3.10 Liquid Hydrogen Vaporizer

A liquid hydrogen vaporizer—also called regasification plant—is essentially a heat exchanger
that converts the cryogenic liquid back into its gaseous form. Today, no liquid hydrogen
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5.3 Components Properties and Cost Assumptions

vaporizers are known at a GWy-scale. However, LNG regasification plants are a mature tech-
nology, and the thermodynamics of LNG and liquid hydrogen regasification are considered
comparable [374].

The three most common LNG vaporizing technologies are open rack vaporizers heated by
seawater, ambient air vaporizers, and combustion heat vaporizers [289]. In this work, the
combustion-heat option is neglected because it involves burning liquid hydrogen and thus
represents a loss of high-value product. For simplicity, cold-energy utilization is omitted,
although it could increase overall efficiency through electrical energy production (see section
2.4.5) and lessen the environmental impact of colder seawater outflow.

Open rack vaporizers require seawater temperatures above 5 °C (278.15 K) to operate reliably
[375]. Ambient air vaporizers necessitate more space and a larger number of units because
air has a much lower heat capacity than water [289]. Consequently, hybrid technologies—
such as open rack vaporizers with ambient air vaporizers or combustion heat vaporizers—are
increasingly employed for peak shaving [376]. Since the average seawater temperature off
the coast near Brunsbiittel falls below 5 °C from January to March [377], a hybrid vaporizer
concept is considered here.

Figure 5.13 presents specific investment-cost estimates for liquid hydrogen vaporizers re-
ported in several studies. Sekkeseeter published costs for ambient air vaporizers (448 KEUR3923
MW;!) and seawater vaporizers (118 KEURy,; MW}') at capacities of 14 MW, (10 ti, d) and
1167 MW, (850 typ d?), respectively [289]. Sadler et al. provided a cost of
152 kKEURy923 MW;! for a capacity of 1674 MW, (1 220 ty, d'!) but did not specify whether
the heat source was water or air [355].
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Figure 5.13: Specific investment costs of a liquid hydrogen vaporizer based on data from [289,312,342,353, 355,362,
369] and an interview with a pump manufacturer.
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Nexant et al. considered a design of a terminal vaporizer that includes a liquid-circulating
system with natural-gas combustion to prevent the heat-exchanger tubes from frosting [369].
This design is shown in figure 5.13 for reference, although using natural gas conflicts with
climate-neutrality goals. Nexant et al. expected a scale-economy cost due to fixed-cost amor-
tization [369]. Stockl et al. used the data of Nexant et al. for their cost estimations [342].

Raab et al. reported linear investment-cost estimates of 96 kEURyy,3 MW;! for an open rack
vaporizer with a second closed-loop heat exchanger for improved temperature manage-
ment [362]. DNV’s cost data provide a wide range of low (136 kEURyp;3 MW;!), typical
(326 KEURy53 MW;!), and high (516 KEURyy;; MW;!) investment-cost estimates for liquid
hydrogen vaporizers [353], reflecting the estimates reported by Sekkeseeter, Sadler et al., and
Walker et al. This optimistic-mean-pessimistic range has been selected for the hybrid pipeline
and conventional alternatives because of the uncertainty in the cost of a 1 150 MW, hybrid
vaporizing technology that could be employed in the case study.

Table 5.16 presents the techno-economic parameters for the liquid hydrogen vaporizer. The
inverse availability factor of 1.111 is based on a yearly technical availability of 90%, as assumed
in [288]. The inverse loss factor is set to 1.0, since the regasification process is assumed to
exhibit no hydrogen losses [290,353]. The vaporizer lifetime is estimated at 30 years [288],
which is closer to the optimistic estimate of 35 years for an LNG vaporizer than to the pes-

simistic estimate of 15 years [378].

The operation and maintenance cost estimate was derived as the average of the values pre-
sented by Stockl et al. (1.0%) [342], DNV (2.5 and 3.0%) [353], Reuf3 et al. (3.0%) [290], and Hong
et al. (4.0%) [288]. This results in yearly expenditures of 2.7% of the initial investment-cost
estimate.

There is large uncertainty in the electrical energy consumption of liquid hydrogen vaporizers
because reported values range from 30 kWh, t;}, [289] to 600 kWh, t;3, [290]. IRENA noted
that in [379], the authors estimated an electrical energy consumption of 1 665 kWh, t;1, [356];
however, this value was derived by IRENA from the 5% loss of the normal-hydrogen lower
heating value reported in [379] due to regasification, which corresponds to lost chemical
energy rather than an electrical energy input.

Most studies do not specify which components are included in their definition of the va-
porization process. In contrast, two studies explicitly stated that their electrical energy-
consumption estimate comprises the liquid hydrogen and water pressurization for an open
rack vaporizer heated by seawater. Hong et al. calculated a total power demand of
47 kWh, t;},, with 60% attributable to liquid hydrogen pressurization (A 40 bar) and 40% to
water pressurization (A 2 bar) [288]. Sekkesater reported a total consumption of 30 kWhe t],,
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5.4 Assessment Results and Analysis

composed of 67% for liquid hydrogen pressurization (A 43 bar) and 33% for water pressur-
ization (A 2 bar). For an ambient air vaporizer, Sekkeszter estimated 20 kWh, t;1, caused by
a liquid hydrogen pump (A 49 bar), plus an additional heat demand of 80 kWh; to raise the
hydrogen temperature due to low ambient temperatures in Norway [289].

A hybrid seawater-ambient air technology in Brunsbiittel requires less heat than an ambient
air vaporizer in Norway. Moreover, in this work, the electrical energy consumption of the
liquid hydrogen pump is calculated independently of the vaporizer. Therefore, an electrical
energy demand of 70 kWh, t1, is adopted, which corresponds to the lower bound reported
by DNV in [353]. It is assumed that this power consumption comprises the water pump, the
ambient air vaporizer, and ancillary electronic instruments.

Table 5.16: Techno-economic parameters for liquid hydrogen vaporizer.

Parameter Variable Value Source

Mean specific
investment-cost estimate:

. ]
hybrid pipeline & CAPEX{}5an 326 KEURz023 MW{! [353]
conventional alternative
Nominal size Sfﬁ’;éﬁ;l 1150 MW, Own assumption
Inverse availability factor ffg‘l;l;my 1.111 [288]
Inverse loss factor fﬁ‘;f;vap 1.0 [290,353]
Lifetime TLHzvap 30 a [288,378]
Operation and maintenance O&MLHz2vap 2.7% [288,290,342,353]
Electrical energy consumption We,LHzvap 70 kWhe ti, [353]

5.4 Assessment Results and Analysis

The following sections will present and discuss the results of the techno-economic assess-
ment. The analysis comprises the present-value and annualized investment and operating
costs for the hybrid pipeline alternative and the conventional alternative, for both considered
final products—liquid hydrogen and gaseous hydrogen.
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5.4.1 Investment Costs of Transmission Alternatives

nominal
Si

Table 5.17 summarizes the nominal size and mean specific investment-cost estimates

CAPEX“™ of every component i in both transmission alternatives. One should be aware
specific

i are

that, for several components, the mean specific investment-cost estimates CAPEX
subject to the application context (see section 5.3). The mean present-value and annualized
investment cost CAPEX?"**™ and CAPEX"™2! respectively, are given for each of the con-

sidered final products considering the system lifetime 75y, of 40 years.

Figure 5.14 (a) visualizes the mean present-value investment-cost estimates that are listed in
table 5.17. The error bars exhibit the variations in the case of optimistic or pessimistic cost
assumptions. The cost share of the components with the highest contribution is shown. The
results demonstrate that the present-value investment-cost estimates of the hybrid pipeline
alternative are considerably more cost-efficient than those of the conventional alternative,

even for both final products.

If liquid hydrogen is the final product and the present-value method is considered, the hy-
brid pipeline alternative costs 45% of the conventional alternative (2 888 MEURy,3 versus

6 401 MEURyq,3, respectively). In other words, the hybrid pipeline alternative is 55% cheaper.

This result is driven by several factors. The 525 kV HVDC converter stations plus the un-
derground cable system (3 726 MEURy23) are 24% more expensive than the hybrid pipeline
and the 100 kV HVDC converter stations (2 836 MEURy3). Besides, the liquefaction and re-
gasification of hydrogen add mean investment costs of 1 981 MEURyg,3 and 457 MEURyq;;3,
respectively, which represent 38% of the present-value costs in the conventional alternative.
Here, the large difference between the optimistic and pessimistic cost range stems mainly
from the uncertainty on the investment costs of the liquefier (760-3 203 MEURy,3) and the
vaporizer (191-724 MEURy,3).

Considering gaseous hydrogen as the final product, the present-value investment-cost esti-
mate of the hybrid pipeline alternative is 66% of that of the conventional alternative (3 349
versus 5 055 MEURy,3, respectively). This means that for gaseous hydrogen delivery, the
cost advantage of the hybrid pipeline alternative reduces from 55% to 34%, compared to the
case where liquid hydrogen is delivered. The hybrid pipeline alternative becomes more ex-
pensive mainly because an evaporator is required. On the other hand, the conventional al-
ternative becomes less expensive since the liquefier is not necessary. However, the costs for
the gaseous hydrogen storage reduce the cost-effectiveness of the conventional alternative
(633 MEURy,3). The costs for the gaseous hydrogen pipeline, compressor, liquid hydrogen
storage, and pump contribute to less than 5% of the total present-value investment costs for

both products in the conventional alternative.
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Figure 5.14 (b) presents the comparison of annualized investment-cost estimates for the two
transmission alternatives and each of the final products. For liquid hydrogen as the final
product, the hybrid pipeline alternative costs 236.3 MEUR;(,3 a™ and the conventional alter-
native 481.7 MEURyyy; a!. When gaseous hydrogen is desired, the total costs of the hy-
brid pipeline alternative are 268.9 MEURyy3 a’!, while the conventional alternative costs
368.8 MEURyy3 a’!. The result proportions between transmission alternatives are similar in
the annualized and present-value investment-cost estimates, as expected. However, annual-
ized costs provide a more intuitive representation of economic performance, as they express
expenditures on a yearly basis rather than as a large aggregated present-value amount over
the full project lifetime of 40 years.

The comparison of assessment methods also accentuates the influence of technology-specific
assumptions regarding the WACC. Since the WACC of the hybrid pipeline is assumed to
be higher than that of the other transmission technologies, the hybrid pipeline alternative
benefits when costs are evaluated using a present-value aggregation. In this case, future
expenditures are discounted more strongly, making them less significant from a present-value
perspective. However, the hybrid pipeline alternative is penalized when costs are expressed as
annualized payments, because a higher WACC implies more expensive capital and therefore
larger annual capital recovery requirements. As a result, the total investment cost difference
between transmission alternatives decreases from 55% to 51% (liquid hydrogen) and from 34%
to 27% (gaseous hydrogen) when applying the annuity method instead of the present-value
method.

Although it is not evident in figure 5.14, table 5.17 indicates that the mean investment-cost es-
timates of the hybrid pipeline are lower than the combined costs of the HVDC underground
cable system and gaseous hydrogen pipeline, with a larger difference observed under the
present-value method (621 MEURy23 versus 1 195 MEUR;,3) and a smaller difference under
the annuity method (75.4 MEURyy3 a* versus 87.0 MEURy23 a'!). However, this cost advan-
tage is still uncertain, as discussed in section 5.3.1.
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Table 5.17: Mean investment-cost estimates of the components in the hybrid pipeline alternative and conventional alternative for each of the considered final
products: liquid hydrogen (LH;) and gaseous hydrogen (GHy). The specific investment costs are not transferable to other applications unless specified

in section 5.3.

Mean specific

Mean present-value

Mean annualized

Component Nominal size investment cost investment cost (MEUR3(23)  investment cost (MEUR2g23 a'l)
i Spominal CAPEXPeifc CAPEXE®™ CAPEXgmual
LH, GH, LH, GH,
Hybrid pipeline alternative
HVDC converter stations 100 kV 2 ends - 4 GW, 244.7 MEURgp23 GW! 22149 2214.9 156.6 156.6
Hybrid pipeline 75 km 7.4 MEUR223 km™! 621.4 621.4 75.4 75.4
Vaporizer 1.15 GW¢ 326.0 MEUR2p23 GW}! - 457.2 - 32.3
LH, storage 1000 typ 39.3 KEURg023 L 489 48.9 41 41
LH; pump 1 35 tygp ht 51.6 KEURz023 ti}, h 3.1 3.1 0.3 0.3
LH; pump 3 35ty ht 51.6 KEURz23 ti}, h - 3.1 - 0.3
Total - - 2 888.3 3 348.6 236.3 268.9
Conventional alternative
HVDC converters stations 525 kV 2 ends - 4 GW, 300.0 MEUR2023 GWQ1 2715.5 2715.5 192.0 192.0
Liquefier 838.1 typ d! 2.1 MEURggy3 t}, d 1981.4 - 166.2 -
HVDC underground cable system 4 GW, - 75 km 3.3 MEUR2(23 GW;! km™ 1010.9 1010.9 71.5 71.5
GH; storage 1 000 tp2 568.4 KEUR2023 tij, - 633.4 - 53.1
Vaporizer 1.15 GW¢ 326.0 MEUR2023 GW;! 457.2 457.2 32.3 32.3
GHy pipeline 50 cm 115GW, - 75km  1.91 MEURyg23 GW;' km' 1837 183.7 15.4 15.4
LH; storage 1 000 iy 39.3 KEUR2023 ti3, 48.9 - 4.1 -
Compressor 13.6 MW, 2.8 MEUR223 MW} - 51.0 - 43
LH; pump 2 35 tppz h! 51.6 KEURz023 i}, h 3.1 3.1 0.3 0.3
Total - - 6 400.7 5054.8 481.7 368.8
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Figure 5.14: Comparison of (a) present-value and (b) annualized investment-cost estimates CAPEX of the two transmission alternatives, hybrid pipeline alternative
versus conventional alternative, for each of the considered final products—liquid hydrogen (LHz) and gaseous hydrogen (GHz).
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5 Techno-economic Assessment of the Transmission Alternatives

5.4.2 Operating Costs of Transmission Alternatives

Table 5.18 presents the mean present-value and annual fixed and variable operating cost es-
timates of each component ¢ in both transmission alternatives. The observation period is
40 years (see table 5.3). The operation and maintenance cost rates O&M,; are defined as a
percentage of the initial capital cost CAPEX™% as given in equations 5.4 and 5.12, respec-
tively. The derivation of these values and of the electrical energy consumption w, ;, where
applicable, can be found in section 5.3.

Figure 5.15 illustrates the results of table 5.18. Figure 5.15 (a) presents the amounts given
by the present-value method, while figure 5.15 (b) represents the results using the annuity
method. Both figures clearly demonstrate that the hybrid pipeline alternative is more cost-
effective than the conventional alternative. Particularly for liquid hydrogen as the final prod-
uct, the average operating costs of the hybrid pipeline alternative are 92% (present-value) and

91% (annually) lower than those of the conventional alternative.

The relatively high electrical energy consumption of the liquefier (6.76 MW, t1, [68]) and
electricity costs in Germany (0.194 EUR;g; kWh' derived from [298]) lead to variable op-
erating expenses of 4 388 MEURyg,3 and 368 MEURyy3 a! in the present-value and annuity
methods, respectively. These amounts represent more than 7 times the total operating costs
of the hybrid pipeline alternative in both methods (559 MEURyg,3 and 49.3 MEURy,3 a™, re-
spectively). This result shows that liquid hydrogen is a high-value good. Producing it in
Germany implies substantial costs, compared with transmitting liquid hydrogen via a hybrid
pipeline from the import terminal to the consumers.

The fixed operating costs of the liquefier account for the largest share of the total fixed operat-
ing costs in the conventional alternative when liquid hydrogen is the final product (45% in the
present-value method and 49% in the annuity method). Compared with the hybrid pipeline
alternative, this item increases the total operating costs of the conventional alternative by
925 MEURy,3 and 77.6 MEURy,3 a™! in the present-value and annuity methods, respectively.
This is justified by the relatively high investment cost of the liquefier (see table 5.17) and the
operation and maintenance cost rate of 4.0% (see table 5.18) relative to the other components.
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Table 5.18: Mean operating cost estimates of the components in the hybrid pipeline alternative and conventional alternative for each of the considered final
products: liquid hydrogen (LHz) and gaseous hydrogen (GHz). The operation and maintenance cost rates O&M; are defined as a percentage of the
initial capital cost.

Component Operation and Electrical Mean present-value Mean annual
P maintenance cost rate  energy consumption operating cost (MEURg2¢23) operating cost (MEUR2p23 a'!)
¢ O&M; We,i fixOPEXE™*™ varOPEXY™ ™ fixOPEX#™al  yarOQPEXmal
LH, GH; LH, GH, LH, GH, LH, GH;

Hybrid pipeline alternative

HVDC converter

stations 100 KV 1.25% - 356.8 356.8 - - 25.2 25.2 - -

Hybrid pipeline 3.71% - 190.0 190.0 - - 23.1 23.1 - -
Vaporizer 2.70% 70.00 kWhe t;3, - 159.1 - 169.4 - 11.2 - 14.2

LH; storage 2.00% - 10.3 10.3 - - 0.9 0.9 - -
LH; pump 1 3.50% 1.43 kWhe t;], 0.8 0.8 0.7 0.7 0.1 0.1 0.1 0.1
LH; pump 3 3.50% 1.43 kWhe t;], - 0.8 - 0.0 - 0.1 - 0.0
Total - - 558.1 718.0 0.7 170.1 49.2 60.5 0.1 14.3

Conventional alternative

HVDC converters
stations 525 kV

Liquefier 4.00% 6.76 MWhe t;], 925.0 - 4388.2 - 77.6 - 368.0 -
HVDC underground

1.25% - 437.5 437.5 - - 30.9 30.9 - -

cable system 3.34% - 4717.5 471.5 - - 33.8 33.8 - -

GH; storage 2.00% - - 141.4 - - - 11.9 - -
Vaporizer 2.70% 70.00 kWhe t;3, 159.1 159.1 169.4 169.4 11.2 11.2 14.2 14.2

GHj; pipeline 50 cm 2.66% - 58.3 58.3 - - 4.9 4.9 - -

LH; storage 2.00% - 10.3 - - - 0.9 - - -
Compressor 3.30% 389.50 kWhe t;], - 16.7 - 10.6 - 1.4 - 0.9
LH; pump 2 3.50% 11.07 kWhe t;, 0.8 0.8 5.2 5.2 0.1 0.1 0.4 0.4
Total - - 2068.6 12913 45627 185.2 159.3 94.2 382.6 15.5
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Figure 5.15: Comparison of (a) present-value and (b) annual operating cost estimates OPEX of the two transmission alternatives, hybrid pipeline alternative versus
conventional alternative, for each of the considered final products—liquid hydrogen (LHz) and gaseous hydrogen (GHz).

SOAIJRUID)[Y/ UOISSTUWISURI], 9]} JO JUSWISSISSY/ DTWOU0II-0UYII], §




5.4 Assessment Results and Analysis

Apart from the liquefier, the 525 kV converter stations and HVDC underground cable sys-
tem in the conventional alternative contribute to 368 MEURy,3 and 16.4 MEUR;gy3 a™! higher
present-value and annual fixed operating costs, respectively, than those of the 100 kV con-
verter stations and hybrid pipeline. This applies for both final products.

Owing to the fixed operation costs of the evaporator, the conventional alternative becomes
159 MEURy33 (present-value) or 11.2 MEURy23 a™! (annualized) more expensive than the hy-
brid pipeline system when liquid hydrogen is considered as the final product. In comparison,
the mean fixed present-value and annual operating costs of the gaseous hydrogen pipeline
are 58 MEUR;023 and 4.9 MEURygy3 a™!, respectively, relatively low. However, the combined
fixed operating costs of the gaseous hydrogen pipeline and the HVDC underground cable
system are higher than those of the hybrid pipeline alone: 536 MEUR,3 versu 190 MEUR,3
under the present-value method and 38.6 MEUR;gy; a™' versus 23.0 MEUR,g23 a under the
annuity method.

If gaseous and not liquid hydrogen is desired as the final product, the operating cost advan-
tage of the hybrid pipeline alternative decreases but remains significant compared with the
conventional alternative. The mean operating costs of the hybrid pipeline alternative are in
this case 40% (present-value) and 32% (annualized) lower than those of the conventional alter-
native. The main reasons for the cost difference are, in addition to the higher fixed operating
costs of the converter stations and HVDC underground cable, the fixed operating costs of the
gaseous hydrogen storage and pipeline. The vaporizer increases the operating costs equally
in both transmission alternatives. Compared with the other components, the operating ex-
penses for the hydrogen compressor, liquid hydrogen pumps, and storage are less significant

under the assumptions made in this case study.

5.4.3 Total Cost Comparison of Transmission Alternatives

Figure 5.16 illustrates the total expenditure estimate comparison of transmission alternatives
for both final products. The results in figure 5.16 (a) are based on the present-value method,
while the values for figure 5.16 (b) were calculated using the annuity method (see section 5.2).
The total expenditures are composed of the variable operating costs varOPEX, fixed operating
costs fixOPEX, and investment costs CAPEX, as defined for each method in equations 5.2
and 5.10.

The findings provide clear evidence that, for the selected case study (Brunsbiittel-Hamburg),
the hybrid pipeline alternative is more cost-efficient than the conventional alternative, espe-
cially when liquid hydrogen is the final product (see figure 5.2), but also when hydrogen is

required in its gaseous state (see figure 5.3). Considering liquid hydrogen as the final product,
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5 Techno-economic Assessment of the Transmission Alternatives

the average total-cost difference between transmission alternatives is 74% under the present-
value method and 72% under the annuity method. The cost difference between the cost ac-
counting methods is given by the technology-specific selection of the WACC (see table 5.3).
When gaseous hydrogen is defined as the final product, the average cost difference between
transmission alternatives is 35% under the present-value method and 28% under the annuity
method.

In absolute terms, the hybrid pipeline alternative costs 285.6 MEURyy; a and
343.7 MEURy,3 a! for liquid and gaseous hydrogen final products, respectively, while the
conventional alternative costs 1 023.64 MEURyy; a™' and 478.49 MEURy»; a™! for the same
products (see figure 5.16 (b)). For contextualization, the average total cost of the hybrid
pipeline is 98.4 MEURy2; a! and represents 6% of the 2025 costs associated with network con-
gestion management measures in Germany of 1 537 MEURy023 a! (1 609 MEURy,5 a™* [380]).

(a) 16000 (b) 1600
oo 14000 13032 1400
2 8 n 8
§ . 12000 -*g & 1200
- 2 o D 1023.64
£ ¥ 10000 = & 1000
sz 52
8= 8000 S g 800
s i 6531 gz
Z & 6000 T % 600
c
% %J 4000 <EEld é S 400 it
[9)
fe 3447 - z8 285,50 343.70
/0
2000 84% 79% 200 7 77%
0 0
. Hybrid Conven- Hybrid Conven- Hybrid Conven- Hybrid Conven-
Alternatives . ° . ; S . ™ . o .
pipeline tional pipeline tional pipeline | tional pipeline tional
Final product LH, GH, LH, GH,

I CAPEX B fixOPEX [l varOPEX

Figure 5.16: Total cost estimates TOTEX of the transmission alternatives divided into investment costs CAPEX,
fixed operational costs fixOPEX, and variable costs varOPEX under the (a) present-value method and
(b) annuity method for each final product—liquid hydrogen (LHz) and gaseous hydrogen (GHz).

As described in sections 5.4.1 and 5.4.2, the main reasons for the cost advantage of the hybrid

pipeline alternative compared with the conventional alternative can be summarized as:

« When liquid hydrogen is the final product, regasification and liquefaction steps add
substantial investment and operating costs to the conventional alternative. These steps
are necessary when transporting hydrogen by pipeline in its gaseous state, although

liquid hydrogen is desired.
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5.4 Assessment Results and Analysis

« When gaseous hydrogen is the final product, the cost difference between transmission
alternatives is lower because no liquefaction is needed and both transmission alterna-
tives require vaporizers. The storage for gaseous hydrogen is more expensive than the
liquid hydrogen storage, decreasing the cost advantage of the conventional alternative.

« Regardless of the product, the investment and operating costs of the 525 kV converter
stations and HVDC underground cable systems in the conventional alternative are
higher than those of the 100 kV converter stations and hybrid pipeline in the corre-
sponding alternative.

+ The investment and operating costs of the hybrid pipeline are lower than the combined
costs of the HVDC underground cable system and gaseous hydrogen pipeline. How-
ever, this cost advantage is still uncertain due to the relatively low TRL 4 of the hybrid

pipeline and should be refined in future development stages.

Section 5.3 indicated that the liquefier and vaporizer contribute most to the overall uncer-
tainty in the range of optimistic and pessimistic investment costs, owing to their low maturity
level at the scale considered in this work. The deviations from the mean cost estimates for
the liquefier and vaporizer reveal a substantial uncertainty range, with the optimistic values
falling up to 62% and 58% below the mean, and pessimistic values rising up to 62% and 58%
above the mean, respectively.

The investment cost uncertainties of the gaseous compressor, liquid hydrogen storage, and
pump are also considerable. However, their impact on the total optimistic and pessimistic
cost range is smaller in absolute terms due to their lower overall investment costs. For the
gaseous hydrogen storage tanks, the capital cost estimate is derived from a single reference.
Therefore, a quantitative assessment of cost uncertainty is not available, despite a relatively
low maturity level at this scale.

Table 5.19 presents the mean specific total cost estimates per kilometer of each transmission
alternative under the present-value method. These values apply only for the 75 km long
transmission systems and are not transferable to other distances. However, they enable the
comparison per unit GW with other transmission systems of the same length using the fol-
lowing analysis.

The allocation method for shared infrastructure that transports multiple energy vectors—
presented in equations 5.17 and 5.18—expresses the total costs of the hybrid pipeline per
electrical unit (GW,) and per thermal unit (GW,). Auxiliary components are allocated to
the proper energy vector based on their function. For example, converter stations belong
to the electrical energy vector, whereas hydrogen storage tanks are accounted for under the
chemical energy vector.
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5 Techno-economic Assessment of the Transmission Alternatives

Table 5.19: Mean specific total cost (present-value) of each 75 km transmission alternative. Values are intendend
solely for comparative assessment of alternatives spanning the same distance

Final product Transmission alternative Value
Hybrid pipeline 46.0 MEUR 023 km™
Liquid hydrogen .
Conventional 173.8 MEURyp23 km™
Hybrid pipeline 56.5 MEUR323 km'!

Gaseous hydrogen .
Conventional pipeline 87.1 MEURyp3 km™

Table 5.20 shows the resulting mean total cost estimates for each transmission alternative,
split into electrical and chemical components, assuming liquid hydrogen as the final product
and using the present-value method. Table 5.21 presents the analogous for gaseous hydrogen
as the final product. Based on the presented allocation method, the results indicate that the
hybrid pipeline incurs a lower mean cost per kilometer and unit power than the conventional
alternatives for both electrical chemical transmission pathways.

Table 5.20: Mean specific total cost (present-value) of each 75 km transmission alternative, split into electrical and
chemical components, for liquid hydrogen delivery. Values are intendend solely for comparative assess-
ment of alternatives spanning the same distance.

Transmission Energy

alternative vector Component Value
Hybrid pipeline 2.1 MEUR,p23 km! Gng
Electrical Auxiliary 8.6 MEUR23 km™ GW!
Hybrid Total system 10.7 MEURygz; km™ GW!
pipeline Hybrid pipeline 2.1 MEUR3p23 km GW{1
Chemical Auxiliary 0.7 MEUR30z3 km'! GW{1
Total system 2.8 MEURy023 km™' GW;'

Continued on next page
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5.4 Assessment Results and Analysis

Table 5.20: Mean specific total cost (present-value) of each 75 km transmission alternative, split into electrical and
chemical components, for liquid hydrogen delivery. Values are intendend solely for comparative assess-
ment of alternatives spanning the same distance. (Continued)

Transmission Energy
. Component Value

alternative vector
HVDC underground cable system 5.0 MEUR,023 km™ GW;l
Electrical Auxiliary 10.5 MEUR3023 km™ GW}!
Total system 15.5 MEURg023 km™ GW!

Conventional

Gaseous hydrogen pipeline 2.8 MEUR,g23 km™ GW;l
Chemical Auxiliary 94.5 MEUR 023 km™ GW{1
Total system 97.3 MEURy53 km™ GW}!

Table 5.21: Mean specific total cost (present-value) of each 75 km transmission alternative, split into electrical and
chemical components, for gaseous hydrogen delivery. Values are intendend solely for comparative as-
sessment of alternatives spanning the same distance.

Transmission Energy
. Component Value
alternative vector
Hybrid pipeline 2.1 MEURyz; km™ GW!
Electrical Auxiliary 8.6 MEUR3023 km™! GW!
Hybrid Total system 10.7 MEURgg2;s km™ GW!
pipeline Hybrid pipeline 2.1 MEURg5 km™ GW;!
Chemical Auxiliary 9.9 MEUR3023 km™ GW;*
Total system 12.0 MEURg023 km™ GW;!
HVDC underground cable system 5.0 MEUR,g23 km™ GW;l
Electrical Auxiliary 10.5 MEURygp3 km'! GW;1
Total system 15.5 MEUR3023 km™ GW!
Conventional
Gaseous hydrogen pipeline 2.8 MEUR3023 km™! GW;!
Chemical Auxiliary 19.1 MEURzgz; km™ GW{'
Total system 21.9 MEURy23 km™ GW}!
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5 Techno-economic Assessment of the Transmission Alternatives

5.5 Sensitivity Analysis

Although the results in section 5.4.3 demonstrate that the hybrid pipeline alternative is more
cost-efficient than the conventional alternative within the scope of the selected case study,
the results are sensitive to the underlying assumptions.

For liquid hydrogen delivery, figure 5.17 presents the change in present-value average total
cost of both transmission alternatives when the cost parameters of several components are
varied. For gaseous hydrogen delivery, the absolute change is identical (values in MEUR 23
next to each bar), but the relative change compared to the baseline differs.
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Figure 5.17: Change in present-value average total cost of the (a) hybrid pipeline alternative and (b) conventional

alternative when varying specific cost parameters. The values next to the bars are the absolute change
in MEUR3¢23.
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5.5 Sensitivity Analysis

Figure 5.17 (a) shows that the specific investment cost of the HVDC converter stations at
100 kV has the largest influence on the average total cost of the hybrid pipeline alternative
(=~ 15%). The second largest effect is cause by the variation of the O&M cost of the hybrid
pipeline (£50% compared to the baseline O&Mpypipe = 3.71% of the corresponding investment
cost). If the fabrication cost of the hybrid pipeline doubles, the increase in total system cost
is less than 3% compared to the baseline.

Figure 5.17 (b) illustrates that the variation of the specific investment cost of the HVDC con-
verter stations also has the most significant impact on the average total cost of the conven-
tional alternative, followed by changes in the specific investment costs of the liquefier and the
underground HVDC cable. However, the relative total cost change is < 5% in all variations.

To evaluate the effect of length and variations of three relevant components on the total costs,

the following sections will present further sensitivity analyses.

5.5.1 Length

The hybrid pipeline is a custom-engineered technology designed for a specific application
context. Therefore, the resulting investment costs of the proposed 75 km long hybrid pipeline
are not transferable to other lengths. To evaluate the effect of shorter and longer transmission
distances on the total costs of the hybrid pipeline alternative, new hybrid pipeline designs for
50 km and 150 km lengths are developed. The design procedure is identical to that presented
in chapter 4 and includes modifying the length in the following steps:

1. Determination of the cable layout and critical current
2. Simulation of the cable in case of a short circuit

3. Modeling of the temperature increase and pressure drop of the transmitted liquid hy-
drogen

4. Determination of the pipe layout

The resulting cable and pipeline layouts are presented for the 50 km and 150 km lengths in
appendix C, table C.7. Here, the consequences of reducing and enlarging the hybrid pipeline
length are discussed. At the end of this section, a comparison of total costs is presented for

both transmission alternatives at each length.
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5 Techno-economic Assessment of the Transmission Alternatives

Length Decrease: 50 km

Reducing the pipeline length from 75 km to 50 km does not influence the self-field critical
current of each monopole, as determined in section 4.2.3. This is because only the cross-
section has an effect on the calculated critical current. The only difference in the cable layout
of the new 50 km design is a lower total superconductor length of 4 348 km compared to
6 522 km of the 75 km design C in table 4.1.

The simulation of the 50 km long cable in case of a short circuit demonstrates that decreasing
the cable length does not compromise the hybrid pipeline safety during an electric fault. On
one side, the maximum source voltage Up,x equals the rated voltage U, of 100 kV, providing a
significant safety margin to the test voltage Ut of 185 kV (see section 4.2.2). This means that
the electrical insulation has an adequate thickness. On the other side, at the final temperature
of 52.8 K, hydrogen remains in its liquid state and stays well below the boiling curve (see
section 4.2.4).

For a 50 km pipe length, the thermal-hydraulic model shows that the inner diameter Dyp;
can be reduced from 36 cm to 33 cm-compared to the 75 km pipe—while hydrogen still arrives
in its liquid state. A smaller pipe inner diameter Dy, ; reduces the heat load per unit length g,
although thinner pipes increase the frictional losses (see section 4.3.2). Additionally, a shorter
transmission length ¢ reduces the temperature and pressure differences between inlet and
outlet (see equations 4.15 and 4.16), allowing a wider range of mass flow rip11,. The resulting
mass flow range of the 50 km long pipe is 4.0-10.1 kgg s (0.50-1.20 GW,), compared to
4.6-9.7 kggz s (0.55-1.15 GW,) for the 75 km pipe.

Length Increase: 150 km

When the cable length is increased to 150 km, the cable layout must be modified. This is
mainly because the new length / raises the cable inductance L, (See equation 4.14), which
during a short circuit produces a maximum source voltage Up.x (see equation 4.13) that ex-
ceeds the test voltage U of 185 kV. Therefore, keeping the same cable layout as in the 75 km
design would compromise the cable’s electrical breakdown strength and, consequently, the
hybrid pipeline safety.

Setting the radius of the inner copper stabilizer 1., to 18.6 mm assures safe operation of
the 150 km long superconducting cable, even in the event of a fault (for comparison, ¢, =
13.9 mm in the 75 km design). The new radius of inner copper stabilizer 7., enlarges the
outer radius of the electrical insulator 7;,; from 28.6 mm in the 75 km design to 31.9 mm in
the 150 km design (see equation 4.3). This reduces the magnitude of the cable inductance

142



5.5 Sensitivity Analysis

Leabie (see equation 4.14). Because the inner copper stabilizer now has a larger diameter, the
number of superconducting tapes per layer increases from 21 to 28 to satisfy the winding

conditions of type III (see figure 4.3). The new total amount of superconductor is 17 393 km.

During a short circuit (see section 4.2.4), the higher amounts of copper and superconduc-
tor lower the maximum temperature to just 35.5 K. Consequently, there is no risk of liquid
hydrogen boiling caused by the fault. With the new layout, the maximum voltage U,y is
184 kV, i.e., lower than the test voltage Ut of 185 kV. This confirms the safe design of the
cable layout.

The outer radius of the outer copper stabilizer 7, which defines the outer diameter of each
monopole, increases from 30.7 mm (75 km design) to 35.1 mm (150 km design) because of the
larger outer radius of the inner copper stabilizer r; ., and the larger outer radius of the elec-
trical insulator 7y, (see equation 4.8). Considering the new cable outer diameter, a 150 km
long pipeline that operates within the inlet and design parameters presented in section 4.3 can
transmit liquid hydrogen without intermediate cooling stations. This is only possible if the
pipe inner diameter Dy, ; and mass flow iy, increase considerably, as shown in figure 5.18.

The 150 km long hybrid pipeline requires a mass flow range of 15.5-16.5 kgy, s (1.84-1.96
GW.,) when the pipe inner diameter Dyy,; is 61.0 cm to transmit liquid hydrogen without
intermediate cooling stations. Since the hydrogen demand in the selected case study is con-
siderably lower at 5.2-7.3 kgy, s (0.62-0.87 GW,, see vertical dashed lines in figure 5.18
and table 2.5), one pumping and re-cooling station becomes necessary to achieve the same

hydrogen transmission rated power as in the 75 km design.
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Figure 5.18: (a) Outlet temperature 7oy and (b) pressure difference pin — pout of liquid hydrogen, as a function of
its mass flow vy p, after transmission in a 150 km long hybrid pipeline without cooling stations, as
discussed in section 5.5.1. Five different pipe inner diameters Dy, are compared. The vertical dashed
lines present the lower and upper limits of the hydrogen demand in the selected case study.
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5 Techno-economic Assessment of the Transmission Alternatives

To simplify the analysis, it is assumed that the cryocooler and pump are located in the middle
of the 150 km transmission (at 75 km). They return the pressure and temperature of the
transmitted liquid hydrogen to its inlet conditions of 20.4 K and 600 kPa. This assumption
allows using the results for the 75 km design in section 4.3 for the inlet parameters of the
cryocooler and the pump, and guarantees safe transmission of liquid hydrogen for the second
75 km section. In a more detailed analysis, the authors in [252] showed that the position of
the re-cooling and pumping stations can be optimized to improve investment and operating
costs and that the superconducting cable remains electrically continuous across intermediate
stations.

To estimate the investment and operating costs of the cryocooler, the cooling power and
electrical energy consumption must be determined. This is done using the mass flow rate
gz and the liquid hydrogen enthalpy at its corresponding inlet and outlet temperature
and pressure. The detailed methodology for this procedure and further techno-economic as-
sumptions for the cryocooler are described in appendix C. The upper mass flow rate i,
of 9.7 kgyy s (34.9 ty, h™') defines the cooling power at 421.05 kW,. Using the cost model
for large-scale refrigerators presented in [252] and an equivalent cooling power of 81.37 kW,
at 4.5 K, the optimistic, mean, and pessimistic specific investment-cost estimates of the cry-
ocooler CAPEXSP"“ﬁ“l are 65.78 kEURyp23 kW', 87.71 kEURyp2; kW;!, and 109.64 KEUR;z3

Cryocoo.

kW', respectively (see table 5.22).

The electrical energy consumption we cryocool depends on the mass flow rate 71 112. To calculate
the average variable operating costs of the cryocooler varOPEX ryocool, it is assumed that the
cryocooler operates half of the time at the lower mass flow rate of 4.6 kgg, s™ (16.6 tig, h?)
and the remaining time at the upper mass flow rate of 9.7 kgy, s (34.9 ty; h™?). The upper
and lower bounds of the variable operating costs of the cryocooler varOPEX ryoco0l are given
by assuming that the cryocooler operates constantly at the highest or lowest mass flow rate

hpmg, respectively.

Results for Length Variations

Figure 5.19 presents the comparison of total costs for each product between transmission
alternatives at lengths of 50 km, 75 km, and 150 km. Figures 5.19 (a) and (b) illustrate the
results under the present-value and annuity methods, respectively. The total costs TOTEX
are divided into investment costs CAPEX, fixed operational costs fixOPEX, and variable op-
erational costs varOPEX.

When liquid hydrogen is the final product, the results demonstrate that the hybrid pipeline
alternative remains considerably more cost-efficient than the conventional alternative, even
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Table 5.22: Techno-economic parameters for cryocooler based on the methodology described in appendix C.

Parameter Variable Value Source
Mean specific specific -1

investment-cost estimate CAPEXCW"“’"‘ 87.71 KEURquz3 KW, [252]

Nominal size Sgg“g;‘gzll 421.05 kW, Own calculation
Inverse availability availability I

and loss factors fcryocool . C(r))sff)cool 1.5 [252]

Lifetime Tcryococl 20 a [252]
Operation and maintenance O&M ryocool 4.0% Own assumption

1 009.2-556.4 kWhe, ti],

(0] Iculati
(16.6-34.9 ti, ™) wn calculation

Electrical energy consumption We,cryocool

Annual operating hours Lop.eryocool 7884 h Own assumption

when an intermediate cooling station is required for a transmission distance of 150 km. If
gaseous hydrogen is the desired product, the average total costs of the hybrid pipeline alterna-

tive are also lower than those of the conventional alternative for all considered lengths. How-

ever, adding an intermediate cooling station reduces the cost difference between transmission

alternatives, principally because of the relatively high variable operating costs varOPEX cryocool-
In the case of pessimistic cost estimates, the hybrid pipeline has comparable total expenses

to those of the conventional alternative at 150 km, when hydrogen is required in its gaseous

state.

Additionally, this sensitivity analysis shows that the specific total costs of a hybrid pipeline
cannot be extrapolated to an arbitrary length. For comparison, the mean specific present-
value total cost of the hybrid pipelines are: 10.8 MEURy,3 km™ for the 75 km case (tables 5.17
and 5.18), 10.9 MEURyy3 km! for 50 km, and 12.0 MEUR ;0,3 km™ for 150 km. For the longest
case, the cooling station total cost of 3.0 MEURy23 km™ must be added.
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Figure 5.19: Comparison of (a) present-value and (b) annualized total costs between transmission alternatives at
lengths of 50, 75, and 150 km. The total costs TOTEX are divided into investment costs CAPEX, fixed
operational costs fixOPEX, and variable operational costs varOPEX for each product—liquid hydrogen
(LHz) and gaseous hydrogen (GHz).

5.5.2 Variation of Assumptions for Three Components

Three component assumptions are varied to identify their influence on the comparison of
total costs of transmission alternatives:

1. Converter stations — same specific investment-cost estimate for both 100 and 525 kV

2. HVDC overhead lines - use of overhead lines instead of underground cables in the
conventional alternative
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5.5 Sensitivity Analysis

3. No hydrogen storage tanks — removal of liquid and gaseous hydrogen storage tanks

and associated components in both alternatives

First, the justification for these variations is presented. Afterwards, the consequence of ap-
plying each and all component variations is assessed on the total cost difference between the
two alternatives.

Converter Stations

In section 5.3.2, different specific investment-cost estimates were defined for the 525 kV con-
verter stations in the conventional alternative (300 MEURy,; GW!) and the 100 kV converter
stations in the hybrid pipeline alternative (245 MEURyy,; GW.!). This was justified by the
lower voltage level of the hybrid pipeline alternative and consequently the smaller size of the
converter stations [318]. The TYNDP cost estimates were used because they did not spec-
ify the voltage level of the converter stations and it was assumed that they were therefore

general and valid for different voltage levels.

Since the investment costs of the converter stations account for the largest share of total
investment costs in both transmission alternatives (see figure 5.14), this analysis evaluates
the impact on total costs of assigning equal specific investment-cost estimates for both con-
verter types. Accordingly, the specific investment costs of the 100 kV and 525 kV converter
stations in the hybrid pipeline and conventional alternative are set at 300 MEURyp; GW,!,
respectively, since this amount is taken from the most recently approved German Network
Development Plan 2023 [313].

HVDC Overhead Lines

Section 2.6.1 described that, currently, German law gives priority to new onshore HVDC
connections [184] and HVDC overhead lines are only planned in exceptional cases, such as
for environmental reasons [185]. This rule is often questioned because underground cables
are more expensive than overhead lines [381]. Consequently, the German government is
planning to establish HVDC overhead lines for new HVDC connections as mandatory [382]
but with some exceptions [186] (see section 2.6.1).

The analysis replaces only the specific investment-cost estimate of the HVDC underground
cable system (3.3 MEURyy,;; GW;! km™) with that of HVDC overhead lines. The inverse

oy ilability . e .
availability factor f:;{ff)ac Clai)lye, inverse loss factor fg’f}%&able, lifetime Tivpccable, and operation
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and maintenance cost rate O&Mpvypceable are held constant to facilitate comparison, although
some or all of these values are likely to differ for HVDC overhead lines.

Cost estimates from the most recently approved German Network Development Plan 2023
are used to derive the specific investment-cost estimates for the HVDC overhead line [313].
Since this value is not explicitly available there, the cost for new construction of a 380 kV AC
overhead line along a new route (double-circuit line, two circuits) is assumed to be identical
to that of a 525 kV, 4.0 GW. HVDC overhead line. This assumption has been previously made
by the German TSOs [383] and leads to specific investment-costs of 1.125 MEURy,; GWZ.

Hydrogen Storage

In sections 5.1.1 and 5.1.2, hydrogen storage tanks were placed downstream to improve sup-
ply security. so liquid hydrogen storage tanks appear in both transmission alternatives when
liquid hydrogen is the final product (see figure 5.2). For gaseous hydrogen delivery, the
hybrid pipeline alternative needs a liquid hydrogen pump and storage tank, whereas the
conventional alternative requires a compressor and gaseous hydrogen storage tank (see fig-
ure 5.3). This sensitivity case assigns supply-security responsibilities to the hydrogen con-
sumers, thereby removing the storage tanks and their related components (pump 3 and com-
pressor) from the techno-economic assessment. The investment and operating costs of these

components are neglected.

Results for Three Component Assumptions

Figure 5.20 shows the total cost difference between transmission alternatives when the single
and combined assumption variations describes in this section are applied. Positive values
indicate a cost advantage for the hybrid pipeline alternative, negative values indicate a cost
advantage of the conventional alternative. The reference case (no variations) is included for

comparison.

The results demonstrate that the replacement of HVDC underground cables by HVDC over-
head lines produces the largest absolute decrease of total cost difference between the trans-
mission alternatives. This variation affects equally both liquid and gaseous hydrogen prod-
ucts equally.

When liquid hydrogen is desired as the final product, the second largest total cost difference
reduction occurs when the specific investment costs of the HVDC converter stations are set
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5.5 Sensitivity Analysis

to equal values. When gaseous hydrogen is the final product, removing the hydrogen stor-
age tanks and their related components becomes the second largest effect on the total cost
difference. The variation of hydrogen storage has no impact on the comparison when liquid
hydrogen is the product, because the same liquid hydrogen storage is removed from both
alternatives.
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Figure 5.20: Total cost difference between transmission alternatives when varying single assumptions for converter
stations, HVDC overhead lines, and hydrogen storage tanks with their related compressor or pump.
For each final product—liquid hydrogen (LH;) and gaseous hydrogen (GH;)—figure (a) illustrates the
results under the present-value method and (b) under the annuity method. Positive values indicate that
the hybrid pipeline alternative is less expensive than the conventional alternative, whereas negative
values indicate the opposite.

When all three variations are applied, the conventional alternative becomes less expensive
than the hybrid pipeline alternative, but only when gaseous hydrogen is the final product. In
that case, under the present-value and annuity methods, the conventional alternative costs
57 MEURyg,; and 42 MEURyg,3 a! less than the hybrid pipeline alternative, respectively.
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5 Techno-economic Assessment of the Transmission Alternatives

When liquid hydrogen is the final product, the hybrid pipeline alternative remains more cost-
effective and costs 8 023 MEUR 23 and 628 MEUR,,3 a™* less than the conventional alternative
under the present-value and annuity methods, respectively.

5.5.3 Liquid Hydrogen Pipe and HVDC Underground Cable as
Additional Alternative

The results of the techno-economic assessment demonstrated that the liquefaction and re-
gasification steps in the conventional alternative add substantial investment and operational
costs when liquid hydrogen is the desired final product and a gaseous hydrogen pipeline is
used for hydrogen transmission (see sections 5.4.2 and 5.4.3). To avoid the use of liquefaction
plants and vaporizers, an additional alternative is introduced, in which a liquid hydrogen pipe
performs the hydrogen transmission and a separate HVDC underground cable system trans-
mits the electrical energy. This “LH, pipe & HVDC” alternative is presented in figure 5.21.
The sensitivity analysis evaluates the additional alternative only for the case where liquid

hydrogen is the final product and compares it with the other transmission alternatives.

The design of the liquid hydrogen pipe is based on the methodology and assumptions used
for the hybrid pipeline but excludes the superconducting cable (see section 4.3). Accordingly,
the inlet temperature T},, inlet pressure py,, total heat load per unit length ¢, and surface
roughness € are equal for both the hybrid pipeline alternative and the additional alternative
(see table 4.3). The hydraulic diameter D}, is identical to the pipe inner diameter Dy y; in the
absence of the superconducting cable.

The thermal-hydraulic model shows that the 75 km long liquid hydrogen pipe can transmit
4.1-9.7 kgy, s (0.49-1.15 GW,) with a pipe inner diameter Dyps; of 32.1 cm without inter-
mediate cooling stations. In comparison, the 75 km hybrid pipeline transfers 4.6-9.7 kggy, s™
(0.55-1.15 GW,) using a pipe inner diameter Dyy,; of 36.0 cm. Table 5.23 presents the liquid
hydrogen pipe layout, which is composed of an inner Invar pipe, MLI, and outer carbon steel

pipe.

150



I
|
- | 380 kV £100 kV £100 kY s 380 kv 1 _ Consumers
z :EZ ——3" - $ or further
z e I Hybrid pipeline transmission
(| ©—= S —
° ||__ Superconducting cable: 2 x 2 GW,, 6.1 cm diameter| 0.45 m
e AC/DC converter stations =—} /AC converter stations % 99% LH
3 I LH, rigid pipeline: : — A_.{‘IEI >99% LH,
= J ‘ ’ I [h-=4 consumers
= | 1.5 bar 6 bar 0.55 - 1.15 GW, | LH, pump
S| LH, — ) 397 - 838 ty,,/day [ ) = <1% GH
E . i v e -
= J‘ LH, pump 1 Inner / outer diameter : 36.0 / 44.8 cm LH, storage I o consumers
® | 35t,,/h, A45 bar 1000 t,,, |GH, compressor
! 1
System limits
] A
T | 380 kV = %525 kV 2x(2x1GW,) =4 GW, ! _Consumers
5 ; 3 2:- 3 1. HVDC underground cable system = - 3 or further
< I = o | ‘ transmission
; 3=/ 3 2. HVDC underground cable system = 3
: - - 3
E AC/DC converter stations DC/AC converter stations
I % |
8 I Liquid hydrogen pipeline: } ) ﬁ..ﬁ% >99% LH,
o | b ‘ | = consumers
B | 1.5 bar [=&-0Dal__ 0.49 - 1.15 GW, | LH2 pump
3 |\LH, | T 354 - 838 t,,,/day - [ () ,‘ == <1% GH,
g". I LH, pump 1 Inner / outer diameter : 32.1 / 40.6 cm LH, storage } "“EI consumers
@ } 35 t,,,/h, A4.5 bar 1000 t;;, ‘\GH ,compressor
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5 Techno-economic Assessment of the Transmission Alternatives

Table 5.23: Liquid hydrogen pipe layout for the additional alternative.

Parameters Symbol Value
Inner radius of inner pipe TLH2i 160.5 mm
Outer radius of inner pipe TLH2.0 165.5 mm
Outer radius of multi-layer insulation TMLLo 185.5 mm
Inner radius of outer pipe Tpipe 195.5 mm
Outer radius of outer pipe T'pipeo 203.0 mm

The mean specific investment costs for Invar, carbon steel, MLI, fabrication, pipe laying, and
indirect costs are equal for the additional and hybrid pipeline alternatives (see table 5.4). It
is assumed that the lifetime, operation and maintenance rate, inverse availability factor, and
inverse loss factor are identical for both transmission alternatives as well (see table 5.5).

Figures 5.22 (a) and 5.22 (b) illustrate the total cost comparison between transmission alter-
natives under the present-value and annuity methods, respectively. When liquid hydrogen is
considered as the final product, the hybrid pipeline alternative is 1 683 MEUR3g23 (33%) less
expensive under the present-value method and 99.42 MEUR;,3 a™ (26%) more cost-effective
under the annuity method than the “LH, & HVDC” alternative, which uses a separate liquid
hydrogen pipeline and an HVDC underground cable system. For comparison, figure 5.22 also
includes the total costs of the hybrid pipeline alternative and conventional alternatives when
gaseous hydrogen is defined as the final product.
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Figure 5.22: Comparison of total cost estimates TOTEX between the additional alternative “LH, pipe & HVDC"—
based on a separate liquid hydrogen pipeline and an HVDC underground cable system—the hybrid
pipeline alternative, and the conventional alternative under the (a) present-value method and (b) an-
nuity method for each final product: liquid hydrogen (LHz) and gaseous hydrogen (GHz).
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5.6 Discussion and Comparison of Results

While this assessment adopts a comprehensive system perspective that includes all compo-
nents within the defined boundaries, it is useful to relate the results to existing literature,
which often focuses primarily on the main transmission components. For this purpose, con-
ditional specific cost values of the main electrical energy and hydrogen transmission infras-
tructure are discussed. As previous studies differ in their assumptions, system configurations,
and boundary definitions, a direct comparison is not feasible. However, such a harmonized
comparison still allows general trends and relative differences to be identified. The results
should therefore be interpreted as indicative, particularly given the potentially significant
cost contribution of auxiliary components.

This work extends existing research by reporting specific present-value total costs of the
proposed hybrid pipelines for selected transmission lengths—50 km, 75 km, and 150 km—
each corresponding to a distinct design configuration (see section 5.5.1). Table 5.24 presents
the optimistic, mean, and pessimistic specific present-value total cost of the hybrid pipeline
designs. For the 150 km design, the cooling station costs are included. The sensitivity analysis

showed that specific costs cannot be extrapolated to arbitrary pipe lengths.

The fixed operating costs of the hybrid pipeline account for 3.71% of the investment costs (see
table 5.5). In the 150 km design, the mean variable and fixed operating cost of the cooling
station are 15% and 1% of the total hybrid pipeline costs, respectively. The 50 km and 75 km
configurations do not require cooling stations.

Table 5.24: Optimistic, mean, and pessimistic specific present-value total costs of the hybrid pipeline designs.

Design length Optimistic Mean Pessimistic
50 km 627 MEUR2023 km'l 1085 ME[IRZOZS km-l 1576 MEUR2023 km'l
75 km 6.24 MEURy033 km™ 10.82 MEUR3033 km'* 15.73 MEURy033 km'™*
150 km 9.58 MEURy,3 km™ 14.96 MEUR 55 km™ 20.70 MEURg023 km™?

Direct cost comparison with previous work is only conditionally possible because only a
few studies have evaluated the cost-effectiveness of other superconducting hybrid energy
pipeline designs and because their resulting EUR km™ values are derived for different config-
urations. Moreover, proper comparison must incorporate transmission capacity, expressed
in EUR km™ GW}! or EUR km™ GW;'. Consequently, the rated transmission capacity is used

as the weighting metric for allocating costs between the electrical and chemical sides (see
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equations 5.17 and 5.18). For the hybrid pipeline proposed in this work, these assumptions
lead to the specific costs presented in table 5.25.

Table 5.25: Optimistic, mean, and pessimistic specific present-value total costs of the hybrid pipeline designs us-
ing the rated transmission capacity as weighting metric for allocating costs between the electrical and
chemical sides.

Design Electrical (MEURy23 km™ GW}}) Chemical (MEUR;g; km™* GW')
length Optimistic Mean Pessimistic Optimistic Mean Pessimistic
50 km 1.22 2.11 3.06 1.22 2.11 3.06
75 km 1.22 2.10 3.05 1.22 2.10 3.05
150 km 1.85 2.88 3.99 1.85 2.88 3.99

For simplicity, the following comparisons omit currency conversion and inflation. Qin et al.
estimated total investment costs of 2 785 700 MUSD for a 20 000 km super energy pipeline
with capacities of 100 GW, for electrical energy transmission and 50 GW; [29] for liquid hy-
drogen transmission. Their figures were obtained by extrapolating from specific cost values
rather than from a bottom-up design. Applying the allocation method for shared infrastruc-
ture converts the total-cost estimates to 0.93 MUSD km™ GW for the electrical side and
0.93 MUSD km! GW;1 for the chemical side. However, these results should be interpreted
with caution because variable operating costs are not explicitly included, the superconducting
cable cost is derived from a 5 GW,, 2 400 km HTS cable without losses [384], and the cryo-
genic pipeline and cooling system cost is taken from a 100 MW, data center power supply
system cooled with liquid nitrogen [385].

Since Mangiulli et al. [32] reported only investment costs and Cais et al. [33] employed only a
fraction of the total costs for system-level modeling (see section 1.2), a direct comparison with
those studies is not possible. A comparable work is that of Cavallucci et al., which analyzes
DC transmission lines with MgB, wires immersed in liquid hydrogen [31].

At a transmission length of 10 km, Cavallucci et al. reported total costs of
7.2-10.6 MEUR km for electrical energy capacities of 0.5-3.0 GW,.. For power levels of
0.5-1.5 GW,, the cryostat transports roughly 170 gy, s (0.02 GW,), while capacities above
2.5 GW,, require 190-260 gy, s (0.02-0.03 GW,) [31]. Using the allocation method, the
highest capacities of 3.0 GW, and 0.03 GW, lead to specific costs of 3.51 MEUR km™ GW}
on the electrical side and 3.51 MUSD km! GW;! on the chemical side. For lower transmis-
sion capacities, the allocated specific costs increase up to 13.93 MEUR km™ GW! for electrical
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transmission and 13.93 MUSD km™! GW;! for chemical transmission when the line is designed
for 0.5 GW, and 0.02 GW,.

When the electrical energy transmission is fixed at 2 GW,, Cavallucci et al. examined four line
lengths—5 km, 10 km, 50 km, and 100 km. Although they did not state the liquid hydrogen
mass flow rate, it can be inferred to be about 190 gy, s (0.2 GW,). The reported total cost
figures range from approximately 9.46 MEUR km™ for the 5 km line to about 7.53 MEUR
km™ for the 100 km line. Applying the allocation method to the longest design results in
specific costs of 3.73 MEUR km™ GW/! on the electrical side and 3.73 MEUR km™ GW/' on
the chemical side. Shorter configurations exhibit higher allocated costs. For instance, the
50 km line shows specific costs of 3.87 MEUR km™ GW_! for the electrical transmission and
3.87 MEUR km™ GW;! for the chemical transmission.

This analysis appears to suggest that, for the design lengths of 75 km and 150 km, the REBCO-
based hybrid pipeline in this work may indicate lower allocated specific costs than the 100 km
MgB, DC transmission lines that use MgB, wires immersed in liquid hydrogen. This may be
justified by the relatively low transmission capacity of the MgB, line.

Previous studies have assumed that MgB, is more cost-effective than REBCO (e.g., [19, 33]),
an idea supported by the specific costs per km. However, under the assumptions investigated
in the present study, a different trend emerges when comparing the specific total costs per km
and per GW. For a consistent assessment of both superconducting technologies, comparable
transmission capacities, system configurations, and lengths will be required.
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6 Summary, Conclusions, and Outlook

This chapter summarizes the main results of the dissertation and discusses their significance.
It first introduces the principal findings, then derives the key conclusions, and lastly delin-

eates the outlook for future research and practical implementation.

6.1 Summary

For the techno-economic assessment of a hybrid pipeline, this dissertation first examined the
required background for the synergetic transmission of liquid hydrogen and electrical energy
by high-temperature superconductivity. An extensive literature review was conducted to
quantify and locate the expected supply and demand for both energy vectors in Germany.
This analysis aimed to identify an appropriate case study.

Separate conventional transmission alternatives were determined for each energy carrier to
benchmark the hybrid pipeline. The state of the art of superconducting energy pipelines was

briefly summarized, providing examples of some built prototypes.

In a second step, the selected case study was used to develop the conceptual design of a hy-
brid pipeline. For this purpose, the technical properties and commercial availability of the
superconducting material were discussed. For the electrical energy transmission, distinct
topologies were compared. The amount of superconductor, electrical insulation, and stabiliz-
ing copper was calculated using Python-coded, lumped-parameter, adiabatic simulations of

the cable operation, even in the event of a fault.

The chemical energy transmission was simulated by a Python-based thermal-hydraulic model,
which estimated the temperature increase and pressure drop of the delivered liquid hydrogen
at the pipeline outlet. The compressibility of liquid hydrogen was considered. This analysis
led to the pipe layout.

In the last step, a comprehensive techno-economic assessment was carried out to assess the
cost-effectiveness of a hybrid pipeline system compared to a conventional alternative. The

system boundaries and auxiliary components were defined based on the selected case study.
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Using the proposed conceptual design, the investment cost of the hybrid pipeline was es-
timated. A detailed literature review and some expert interviews were conducted to esti-
mate the investment, fixed, and variable operating costs of the other components. Optimistic,
mean, and pessimistic cost parameters were included to reflect the uncertainty of component
and material costs.

The performance of each component was considered according to its availability and losses.
Three distinct levels of financing parameters were defined based on the deployment stage
of the technologies. Component replacement and discounting were considered for a system
lifetime of 40 years. The results were evaluated under the present-value and annuity methods
to highlight different economic perspectives. A sensitivity analysis quantified how varying

underlying assumptions affect the cost-effectiveness of the transmission alternatives.

Lastly, the specific total cost of the hybrid pipeline was compared with that from previ-
ous studies. This was conditionally possible by using the rated transmission capacity as the
weighting metric to allocate costs between the electrical and chemical sides. Such a method-
ology was selected because of the high interconnection of the electrical and chemical designs
of the hybrid pipeline.

Main Results

By 2045, 60-70 GW, of offshore wind capacity are projected in northern Germany. New
transmission infrastructure is required to deliver the electrical energy to locations where
demand is expected, e.g., in densely populated regions with demand estimates higher than
7 GW, km™.

Germany’s hydrogen supply is projected to be 13% to 51% through imports. Because of the
expected involved costs, multiple studies indicated that most hydrogen imports are more
likely to occur via pipelines than through terminals. However, the latest Approval of the
Scenario Framework for the Natural Gas and Hydrogen Network Development Plan calls for
a minimum of 4 GWh, h™ of hydrogen imports by ship to ensure the security of supply.

A comparison of energy efficiencies in the import supply chain of various chemical energy
carriers showed that liquid hydrogen imports achieve the highest efficiency when gaseous
hydrogen is needed for end-use. Project partners determined that the levelized cost of hy-
drogen is the lowest for liquid hydrogen and ammonia imports when reconversion back to
gaseous hydrogen and terminal costs are included. The analysis also indicated that the TRL of
liquid hydrogen terminal components is lower than those for other chemical energy carriers.
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The demand for liquid hydrogen is expected in sectors where its high energy density, high
purity, and cryogenic temperature are particularly valuable. For aviation, the expected liquid
hydrogen demand by 2050 in Germany ranges from 0.9 GW, to 3.0 GW,. For heavy-duty
trucks, the projected hydrogen demand varies between 0.28 GW, and 8.33 GW,. An estimate
of the hydrogen demand for the maritime sector on the European Atlantic coast was 28.2 GW,,
but the state of matter was not specified. Single semiconductor facilities require between
0.4 MW, and 7.1 MW, of high-purity hydrogen. Moreover, liquid hydrogen can be regasified
and employed by industries with expected large hydrogen demand, such as steel and chemical
manufacturers.

In northern Germany, Brunsbiittel is expected to become a node for electrical energy coming
from offshore wind farms and northern countries. The industrial location has today an LNG
import terminal that is projected to become a hydrogen import terminal. Approximately
75 km to the south, Hamburg is a big city, home to the largest airport in northern Germany and
the largest German maritime port. The city is an extensive road-based transport hub and it
has manufacturing industries for chips and steel. Thus, Brunsbittel-Hamburg was selected as
the case study. Based on current electrical transmission projects, a rated capacity of 4.0 GW,
of electrical energy was defined. Interviews with relevant local stakeholders indicated that
at least 0.62—0.87 GW, of hydrogen will be required in Hamburg,.

For the electrical cable, REBCO was selected as the superconducting material owing to its
high performance and widespread commercial availability. A topology consisting of two par-
allel DC coaxial monopoles with a metallic return path was selected because it leads to thin-
ner cables, less induced voltage during current variations, and a lower magnetic field in the
surroundings than other topologies. A rated current of 20 kA at £100 kV was selected to
transmit 4.0 GW, and to reduce the required amount of superconductor compared to higher
currents at lower voltage levels.

The cable model determined a total superconductor amount of 6 522 km for 4 mm wide
REBCO tapes. The simulations revealed that the proposed cable layout safely withstands
a short circuit that leads to a maximum current of 175 kA during about 0.05 s. Moreover,
the Joule losses that increase the cable temperature do not cause liquid hydrogen boiling.
The thermal-hydraulic simulation demonstrated that liquid hydrogen has a safe margin to
the boiling curve after 75 km of transmission in a rigid pipe without intermediate cooling
stations. With an outer diameter of less than 45 cm, the hybrid pipeline can transmit 0.55-
1.15 GW, of liquid hydrogen and 4.0 GW, of electricity.

The average investment cost of the hybrid pipeline was estimated to be 557 MEURy,3. The
values range from 321 MEURy23 to 810 MEURy3, depending on optimistic and pessimistic
estimates. On average, the indirect costs—such as engineering, owner’s costs, and unforeseen
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events—exhibited the largest cost share (159 MEURy,3), followed by Invar (119 MEURy3)
for the inner pipe, the electrical insulator (78 MEURy23), pipe laying (70 MEURy;3), and the
REBCO tapes (62 MEUR2023).

Two possible valuable products were identified for end-use delivery: liquid and gaseous hy-
drogen. The conventional system comprised an underground HVDC cable system and a
gaseous hydrogen pipeline. Within the system limits, the transmission alternatives included
auxiliary components such as converter stations, liquefaction plants, vaporizers, pumps, com-

pressors, and storage tanks for the liquid or gaseous state of hydrogen.

Based on the presented assumptions, the results revealed that, for liquid hydrogen delivery,
the mean total cost of the hybrid pipeline alternative would be 286 MEURy,3 a™! (present-
value 3 447 MEUR;y3) versus 1 024 MEURygy3 a! (present-value 13 034 MEURygy3) for the
conventional alternative. In relative terms, the hybrid pipeline alternative is 72% less ex-
pensive than the conventional option (present-value 74%). For gaseous hydrogen delivery,
the figures are 344 MEURygy; a™! (present-value 4 237 MEURygy3) versus 479 MEURyy3 a™!
(present-value 6 533 MEURy23), respectively. Analogously, the hybrid pipeline system is 28%
more cost-effective than the conventional alternative (present-value 35%). Parenthetical val-
ues correspond to the present-value calculations, which exhibit a larger cost difference than
the annualized values owing to the three distinct levels of financing parameters.

The total cost difference between transmission alternatives was larger for liquid hydro-
gen delivery, mainly because of the required regasification (786 MEURy,3) and liquefaction
(7 295 MEURy3) in the conventional alternative. The variable operating cost for hydro-
gen liquefaction was the highest (4 0388 MEURyy,;) among the investment and operating
expenses. The total costs of the converter stations represent the largest share in both alter-
natives (525 kV: 3 153 MEURy23; 100 kV: 2 572 MEURy,3) when omitting the total cost of
the liquefier. The largest total cost uncertainty exhibit both the liquefier (7 295 MEURyg,3 £
1 792 MEURy3) and vaporizer (786 MEURyg3 = 419 MEURy,3). The values in parentheses
represent the average total costs under the present-value method.

The sensitivity analysis showed that the investment cost of the converter stations has the
largest influence on the total cost of each system. Changing the transmission length demon-
strated that the specific cost of the hybrid pipeline cannot be extrapolated. On average, the
present-value specific total cost of the hybrid pipelines is 10.9 MEURy,3 km™ for the 50 km
design, 10.8 MEURygy3 km! for 75 km, and 15.0 MEURygy3 km™! for 150 km, which includes
the total cost for one cooling station. The length sensitivity indicated that the hybrid pipeline
alternative is more cost-effective than conventional infrastructure up to at least 150 km. Only
under pessimistic cost parameters, the 150 km hybrid pipeline system’s mean total cost per
year becomes comparable to that of the conventional option for gaseous hydrogen delivery
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Replacing the investment cost estimate of the underground HVDC cable system with that of
HVDC overhead lines reduced the present-value cost advantage of the hybrid pipeline alter-
native by 10% for liquid hydrogen as the end-use product. When a separate liquid hydrogen
pipe together with an underground HVDC cable was considered as a transmission alternative,
the hybrid pipeline option remained more cost-effective, yielding 33% lower mean present-
value expenses for liquid hydrogen transport.

These results provide the foundations for the conclusions derived as follows.

6.2 Conclusions

The main contribution of this work is providing evidence that hybrid pipelines can achieve
considerably lower total costs than conventional infrastructure under a variety of conditions.
The results demonstrate that a hybrid pipeline not only provides technical advantages, such
as electrical and chemical energy transmission on a GW-scale with low material and space

requirements. A hybrid pipeline also offers significant economic benefits in certain contexts.

The sensitivity analysis indicated that varying underlying parameters do not significantly
affect the cost-effectiveness of the hybrid pipeline alternative compared to the conventional
system. The results suggest that the cost advantage of the hybrid pipeline system is robust
to length variations and component uncertainties. Although transmission distances beyond
150 km were not examined, the results do not exclude the possibility that the hybrid pipeline
system could become more cost-effective than conventional infrastructure, especially when
liquid hydrogen is the end-use product.

The length analysis demonstrated that the specific costs cannot be reliably extrapolated. Con-
sequently, direct comparison with previous works is limited and requires matching transmis-

sion capacities and lengths.

While the bottom-up design of the hybrid pipeline showed how hydrogen and electrical en-
ergy can be transmitted synergetically using high-temperature superconductivity, the con-
ceptual design also served to estimate the investment costs of the hybrid pipeline. The results
indicated that the total cost of the hybrid pipeline represents only 6% of the 2025 cost asso-
ciated with network congestion management measures in Germany. This suggests that a
hybrid pipeline may be able to relieve network congestion at a relatively low cost.

The literature review indicated that liquid hydrogen imports are cost-competitive with am-
monia imports and that several sectors will employ liquid hydrogen to enable decarboniza-
tion. While the TRL of several liquid hydrogen technologies is currently noticeably lower
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than those for other chemical energy carriers, international research is progressively matur-
ing liquid hydrogen components to higher TRL stages for the coming decades. This findings
suggest that imported liquid hydrogen will be available in significant amounts in the future.

From a practical perspective, the findings provide a solid quantitative basis for evaluating
the economic viability of hybrid pipelines. In particular, the results support stakeholders,
including electricity and hydrogen TSOs, policymakers, and regulatory authorities such as
the German Federal Network Agency, in deciding how to expand the electricity and hydrogen

transmission infrastructure.

At the same time, it is important to consider the limitations of the present study. The eco-
nomiic results apply only to the systems characterized by the assumptions presented in this
work. If a hybrid pipeline system must include domestic hydrogen liquefaction, the results
suggest that the conventional infrastructure would be more cost-effective for gaseous hydro-
gen delivery, even though that case was not explicitly quantified. This can be attributed to
relatively high industrial electricity costs in Germany, in contrast to regions with lower elec-
tricity production costs. For liquid hydrogen delivery, the available evidence does not allow
a direct determination of whether a local hybrid pipeline system with on-site liquefaction

would become more cost-effective than conventional infrastructure.

Despite the contributions of this work, it does not evaluate the levelized costs of electri-
cal energy and liquid hydrogen. These analyses would strengthen the cost-effectiveness of
the hybrid pipeline and support a business case for stakeholder investment. A system-level
analysis would further clarify the role of hybrid pipelines within integrated energy systems.
While these limitations should be considered, the conclusions remain robust within the de-
fined scope.

6.3 Outlook

Given the identified limitations, several directions for future research can be pursued. To
advance the hybrid pipeline beyond TRL 4, targeted experimental liquid hydrogen projects—
such as electrical insulation tests, determination of the heat load on a long-distance cryogenic
pipe, and enhancement of thermal-hydraulic safety measures for high-range transmission—
are required. The hydrogen integration platform at KIT could be used to test some of these

aspects and implement them in future hybrid pipeline prototypes.

The accuracy of the hybrid pipeline investment cost estimate can be enhanced by bench-

marking the presently derived fabrication costs against those from future prototype projects.
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Although such a comparison still lacks data on long-distance applications, it refines the un-

derlying cost assumptions and strengthens the overall techno-economic analysis.

A comprehensive comparison with further transmission systems would provide quantified
results for evaluating cost-effectiveness. For example, one could compare a hybrid pipeline
that transports liquid hydrogen after an upstream liquefaction plant versus a conventional
pipeline that transmits gaseous hydrogen with liquefaction performed downstream at the
delivery point. Further assessments might contrast the economics of delivering liquid hydro-

gen by road-based trailers with those of the hybrid pipeline concept.

An important extension would be to consider the levelized cost of electrical and chemical
energy when delivering liquid hydrogen. In such studies, the coupling effects arising from the
interdependent operation of the superconducting cable and the liquid hydrogen flow should
be examined. A revenue model including avoided grid reinforcement costs could strengthen
the profitability prospect of the hybrid pipeline. Its effective integration into the national
energy system needs a system-level model.

For a consistent techno-economic assessment between different superconducting energy
pipeline technologies, such as those based on MgB, and REBCO, future works should de-
velop bottom-up designs with comparable configurations. Relevant configuration aspects

include the electrical and chemical transmission capacities as well as the length.

The implementation of a hybrid pipeline in the energy system requires higher hydrogen liq-
uefaction energy efficiency—shifting from present-day performance toward long-term the-
oretical targets. This holds for both liquid hydrogen imports from regions with abundant
wind and solar resources as well as for domestic production. Moreover, the requirement is
not exclusive for commercializing the hybrid pipeline, but several other energy sectors rely
on the availability of liquid hydrogen to achieve decarbonization.

Beyond techno-economic aspects, the large-scale deployment of a hybrid pipeline also de-
pends on a supportive regulatory regime. While this work demonstrates the technical and
economical feasibility of a hybrid pipeline transmission system under the presented assump-
tions, its implementation will depend on consequent policies that facilitate further coupling
of the hydrogen and electrical energy sectors.

Overall, the continued development of a consistent policy framework will be essential to
support the further expansion of renewable energy systems and to reduce the use of fossil
fuels. In addition, the active engagement of relevant societal actors is indispensable. Only
through the combination of these elements can long-term economic development, stable
socio-economic systems, and healthy ecosystems be enabled.
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A Appendix: Background for

Combined Energy Transition

Table A.1: Energy delivered in form of gaseous hydrogen (Hz, lower heating value) after losses in the production
and import chain of liquid hydrogen (LHz), liquid organic carriers (LOHC), and ammonia (NH3) when
using 100 kWh of electrical energy from renewable sources. IEA and Staif} et al. assumed a distance of
10 000 km for shipping, while Hank et al. considered 4 000 km. Hank et al. assumed a base case for 2020
and an optimistic case for ~ 2030. Data based on [48,52,69].

S He tratns- Electrolysis C . Shippi Reconversion Energy

ource mz((l)irum ectrolysis Conversion ipping into H, delivered

LH, 27.780 16.910 2.090 0.010 53.210

IEA 2024 NH; 30.440 12.530 3.910 16.260 36.860

LOHC 33.190 0.840 10.100 21.850 34.020

LH, 35.000 12.350 3.686 0.000 48.965

Staif} 2022 NH; 35.000 11.050 1.619 3.663 48.668

LOHC 35.000 0.650 3.861 16.332 44.157

Hank 2020 LH, 29.162 11.561 1.338 0.000 57.938

(optimistic)  LOHC 32.619 0.000 1.777 16.401 49.203

Hank 2020 LH, 32.731 13.653 1.211 0.000 52.405

(base) LOHC 37.528 0.000 1.648 18.247 42.577
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Table A.2: Energy delivered in form of the corresponding transport medium when no reconversion into gaseous
hydrogen (Hy) is considered (lower heating value). Losses are included from the production and import
chain of liquid hydrogen (LHz), ammonia (NHs), synthetic liquid methane (LCH,4), methanol (MeOH),
and Fischer-Tropsch products when using 100 kWh of electrical energy from renewable sources. IEA
and Staify et al. assumed a distance of 10 000 km for shipping, while Hank et al. considered 4 000 km.
Hank et al. assumed a base case for 2020 and an optimistic case for ~ 2030. Data based on [48,52,69].

H; transport Energy
Source 2 1P Electrolysis Conversion Shipping deliv-
medium
ered
LH, 27.780 16.910 2.090 53.220
IEA 2024
NH; 30.440 12.530 3.910 53.120
NH; 35.000 11.050 1.619 52.332
LH, 35.000 12.350 3.686 48.965
Staif} 2022
MeOH 35.000 22.750 0.845 41.405
Fischer-Tropsch 35.000 27.950 0.371 36.680
Hank 2020 LH, 29.162 11.561 1.338 57.938
(optimistic) NH; 29.794 17.177 0.657 52.372
Hank 2020 LCH, 29.777 21.022 0.369 48.832
(optimistic with heat) MeOH 25.421 30.138 0.316 44.126
Hank 2020 LCH, 26.789 28.948 0.332 43.932
(optimistic without heat) MeOH 25.227 30.669 0.309 43.795
Hank 2020 LH, 32.731 13.653 1.211 52.405
(base) NH; 33.691 17.986 0.599 47.725
Hank 2020 LCH, 33.195 22.605 0.331 43.869
(base with heat) MeOH 28.757 30.733 0.288 40.222
Hank 2020 LCH, 30.171 29.654 0.301 39.873
(base without heat) MeOH 28.557 31.875 0.281 39.286
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Table A.3: Comparison of technology readiness level (TRL) of the components for terminals handling liquid hydrogen (LHz), liquefied natural gas (LNG), ammonia
(NH3), methanol (MeOH), liquid organic hydrogen carriers (LOHC), dimethyl ether (DME), and synthetic liquid methane (LCH,4). Data adapted from
[85]. Cells with * indicate corrected values from: section 5.3.10 (regasification) and appendix C (ship).

Target
parameters LH;

LNG LH; NH;3 MeOH LOHC DME LCH,

Component

Jetty system, loading arms
Storage tank sphere 160 000 m’
Storage tank flat bottom design 160 000 m’
Submerged transfer pumps
Regasification
Submerged evaporizer
Cold utilization system 300 MW,
Compressors if required
Boil-off-gas management Some typ d!
Road trailer
Ship
Dehydrogenation
Hydrogenation
Steam reforming

Cracking X X TRL6-7 X X X X

uonsuel], AS81oug paurquo)) 10§ punoidyoeq :xipuoddy v



A Appendix: Background for Combined Energy Transition

Wasserstoff-Kernnetz* 2032

—— Umstellungsleitung
=== Neubauleitung

3
Saarbriicken

*gem. Genehmigung vom 22.10.2024

Figure A.1: Approved hydrogen core network, with a length of 9 040 km, for the year 2032 including repurposed
pipelines (“Umstellungsleitung”) and new pipelines ( “Neubauleitung”) as of October 22, 2024. Depiction
from FNB Gas eV. [386].
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Figure A.2: German natural gas transmission network with a length of approximately 40 000 km divided into a
H-Gas network (high calorific gas), an L-Gas network (low calorific gas), pipes not yet in operation

(“Leitungen noch nicht in Betrieb”), storage

connections abroad (“Speicheranschliisse Ausland”), storage

on transmission H-Gas pipes (“Speicher an Fernleitungsnetzen H-Gas”), and storage on transmission L-
Gas (“Speicher an Fernleitungsnetzen L-Gas”) as of January 1, 2022. Depiction from FNB Gas e.V. [387].
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B Appendix: Material Properties of the
Cable

This appendix includes the material properties used for the cable design in section 4.2.
Figure B.1 (a) presents the assumed resistivities of copper gc, [263], silver o,, [388], and
Hastelloy® gny [389] on dependence of temperature 7" between 10 and 300 K. For YBCO,
the assumed resistivity gp is presented from 93 to 300 K in figure B.1 (b) [390]. A critical
temperature T, of 93 K is assumed, as it is defined by Y. Iwasa for YBa,Cu3; 07, [214]. Below
the critical temperature T, the resistivity of YBCO is described using power law (see section
4.2.4).

1.275x107° @ 3.00x1072 ®

£ 1.260x10° e £ 250¢107  — YBCO (T>93K)
S 1.245x107° [T s S 2.00x107
- 61 e — Copper - =
> 1.230x107° =~ Silver > 1.50x10
£ 3.000x10° —- Hastelloy® £ 1.00x107
é 1.500x107% e é’ 5.00x1073

0.000 e 0.00

50 100 150 200 250 300 50 100 150 200 250 300
Temperature / K Temperature / K

Figure B.1: (a) Resistivity of copper, silver, and Hastelloy® based on [263], [388], and [389], respectively. (b) Resis-
tivity of YBCO from 93 to 300 K based on [390]. Below the critical temperature 7. of 93 K, the resistivity
of YBCO is described using power law.

The specific heat capacities of copper ¢,y [391], silver ¢;, 5 [388], Hastelloy® ¢, hy [389], and
YBCO cphts [392] were used to simulate the temperature variation in each layer of the cable.
These temperature dependent parameters are shown in figure B.2. The product of the specific
heat capacity, the volume and the mass of each material are their heat capacities, which are

used for the model. Table B.1 presents the assumed mass densities for this procedure.
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Hastelloy®

Silver

Specific heat capacity / J kg™ K

0 50 100 150 200 250 300

Temperature / K

Figure B.2: Specific heat capacities of Hastelloy®, copper, YBCO, and silver based on [389], [391], [392], and [388],
respectively.

Table B.1: Mass densities of the materials for the cable simulation.

Material  Symbol Density
Copper Peu 8 940 kg m™ [236]
Silver Dag 10 492 kg m™ [388]
YBCO Phts 6 380 kg m™ [393]
Hastelloy® Phy 8 890 kg m™ [389]
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C Appendix: Techno-economic
Assessment

Liquid Hydrogen Carriers

In 2020, Kawasaki Heavy Industries (Japan) built the world’s first ship for transporting liq-
uid hydrogen [394]. With a capacity of 1 250 m?, the vessel sailed 9 000 km to deliver liquid
hydrogen from Australia to Japan [395]. Since then, several concepts have received the ap-
proval in principle for large carriers of 80 000-160 000 m* that are expected to be commercial
before 2030 (see table C.1). Three additional projects have obtained an approval in principle
for carriers of 20 000 m* and one for 37 500 m> [396].

Table C.1: Large liquid hydrogen carrier concepts with approval in principle.

Storage Volume Approval in
Company type (m®) principle Country
Kawasaki Heavy Industries . Nippon Kaiji
(KHI) Spherical 160 000 Kyokai [358] Japan
Samsung Heavy Industries Membrane 160 000 Lloyd's South Korea
& y Register [397]
TotalEnergies, GTT, LMG Bureau
Marin, Bureau Veritas Membrane 150000 Veritas [398] France
Woodside Energy, MOL, South Korea,
HD KSOE, Hyundai Glovis 80000 DNV [399] Australia, Japan
CB&I, Hanwha Ocean Spherical 80 000 DNV [400] USA, South Korea

To estimate the annual delivery of a large liquid hydrogen carrier with a capacity of
160 000 m®, the following assumptions are made. The vessel is equipped with four spher-
ical tanks of 40 000 m® each [358]. Its energy consumption is 970 kWh; km ! when fully
loaded and 70% of this value on the empty return segment [401]. The storage boil-off rate
is 0.3% d'! [402] and the boil-off gas is used as fuel for propulsion. A journey from Canada
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to Germany spans approximately 6 000 km and requires at least seven days at a speed of
20 nodes [401]. Consequently, a delivery of 154 640 m® arrives in Germany every 14 days,
corresponding to roughly 289 249 ty, a™ (1.1 GW,).

Liquid Hydrogen Terminal

Figure C.1 shows a schematic of a liquid hydrogen terminal. The concept builds on the ter-
minal designs presented by [85] and [403]. A pump located inside the vessel transfers the
liquid hydrogen through an unloading unit into a flat-bottom storage tank. The unloading
unit comprises several flexible transfer arms equipped with vacuum-insulated pipes. Boil-off
gas is generated both by the unloading process and by heat transfer into the insulated tank.

Liquid hydrogen % Gaseous hydrogen

@ Option 1:
boil-off gas
——)>

@ management
unit

s, Option 2:
7 boil-off gas
direct use

Low pressure

pump

N
=]
ZS

NAA: | Unloading

unit
Liquid | VoA
hydrogen ! Liquid /\
carrier : hydrogen Control & High pressure

1 storage tank measurement unit

pump
Figure C.1: Schematic of a liquid hydrogen terminal.

In option 1, the boil-off gas is fed into an active boil-off gas management system, which
is the standard approach for LNG terminals. A flare system can be added for emergency
situations to avoid the indirect green-house effect of released hydrogen, or the hydrogen may
be oxidized to water before venting [85]. In option 2, the boil-off gas is used directly at the
site, eliminating the need for re-liquefaction and reducing capital and operating costs [403].

A low pressure pump inside the storage tank extracts the liquid hydrogen and feeds it into
a high pressure pump that raises the pressure for long-distance transmission. A control
and measurement unit monitors the entire process. It comprises pressure-safety and con-
trol valves, fire and gas detection systems, flow and temperature sensors, and metering de-
vices [403].
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Economic Parameters

Table C.2: Inflation-adjustment factors with consumer price index of 2023
as reference year (base = 1.0) [404].

From To EUR USD CHF GBP NOK

1998 2023 1.7266 1.8693 1.1649 2.1225 1.8120
1999 2023 1.7067 1.8289 1.1556 2.0903 1.7701
2000 2023 1.6702 1.7695 1.1379 2.0303 1.7171
2001 2023 1.6308 1.7205 1.1267 1.9949 1.6671
2002 2023 15946 1.6937 1.1195 1.9622  1.6459
2003 2023 15615 1.6560 1.1124 1.9071 1.6059
2004 2023 15283 1.6130 1.1036 1.8519  1.5987
2005 2023 14954 1.5602 1.0908 1.8011 1.5745
2006 2023 14631 1.5114 1.0794 1.7453 1.5387
2007 2023 14321 14696 1.0715 1.6735 1.5278
2008 2023 13858 1.4152 1.0461 1.6094 1.4725
2009 2023 13814 1.4203 1.0512 1.6180 1.4409
2010 2023 13595 1.3974 1.0440 1.5466  1.4068
2011 2023 1.3234 13546 1.0416 1.4701 1.3890
2012 2023 1.2912 1.3271 1.0489 1.4243 1.379%4
2013 2023 12740 1.3080 1.0511 1.3823 1.3507
2014 2023 12685 1.2871 1.0513 1.3504 1.3237
2015 2023 12681 1.2856 1.0634 1.3372 1.2956
2016 2023 1.2650 1.2696 1.0681 1.3144 1.2512
2017 2023 1.2437 1.2431 1.0624 1.2689 1.2281
2018 2023 1.2206 1.2128 1.0526 1.2355 1.1951
2019 2023 1.2029 1.1918 1.0488 1.2054 1.1697

2020 2023 1.1941 1.1773 1.0564 1.1841 1.1549

Continued on next page
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Table C.2: Inflation-adjustment factors with consumer price index of 2023
as reference year (base = 1.0) [404]. (Continued)

From To EUR USD CHF GBP NOK

2021 2023 1.1604 1.1245 1.0503 1.1553 1.1160
2022 2023 1.0628 1.0412 1.0214 1.0707 1.0552
2023 2023 1.0000 1.0000 1.0000 1.0000 1.0000
2024 2023 09788 0.9719 0.9895 0.9684  0.9695
2025 2023 09551 0.9491 0.9880 0.9379  0.9408

2026 2023 09490 0.9401 0.9828 0.9292 0.9132

Table C.3: Exchange rates expressed in euros (EUR) with a base of 1.0 based on data from [405].

From To Date Rate

USD2023  EURgpp3  12/31/2023  0.924224
CHF3023 EURgpes  12/31/2023  1.028955
GBP3023  EURaes  12/31/2023  1.149226
NOK3p23  EURgez3  12/31/2023  0.087568

Cost Assumptions for Hybrid Pipeline

Table C.4 summarizes the material and fabrication costs of the hybrid pipeline. The layer
dimensions determine the required material quantities. For copper, Invar, and carbon steel,
the required mass is calculated from their respective densities: copper (8 940 kg m™, see ta-
ble B.1), Invar (8 100 kg m™ [406]), and carbon steel (7 850 kg m™ [407]). The copper price is
based on the trading value, i.e., the raw-material/base price plus processing costs [408].
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Table C.4: Material and fabrication costs of the hybrid pipeline.

Description Original unit Used unit Source
HTS REBCO tape
Low range (12 mm width) 20 EUR25 mil 1.59 EUR223 mil mm;iidth [232]
High range (12 mm width) 40 EUR025 mil 3.18 EURy23 mil mm;éidth [232]
Total HTS optimistic costs 41.53 MEUR023
Total HTS mean costs 62.29 MEUR2023
Total HTS pessimistic costs 83.06 MEUR2023
Copper: material plus workmanship
Low range (06/21/2023) 917.76 EURy23 100 kg! 9177.60 EURgpz3 t! [409]
Middle range (07/15/2024) 1036.36 EUR2024 100 kg 10 143.89 EURy3 t™! [410]
High range (02/10/2026) 1 254.98 EUR2026 100 kg! 11 909.76 EURg23 t! [411]
Total copper optimistic costs 8.98 MEUR2023
Total copper mean costs 10.19 MEUR223
Total copper pessimistic costs 11.66 MEUR3(23
Electrical insulator
Kapton® 300FN 929/021: 4 4
1.74 EUR2025 m 72 541 EUR2p23 m [412]
30 mm - 76.2 pm
Kapton® 500HN: 85.63 USD .
apron , sz 461 285 EURzgp3 m™ [413]
127 cm (50 in) - 127 pm (5 mil) (26.10 USDgg26 ft)
Total electrical insulator
. 21.26 MEUR2023
optimistic costs
Total electrical insulator
78.22 MEUR2023
mean costs
Total electrical insulator
L. 135.18 MEUR2023
pessimistic costs
Invar 36, austenitic
Low range 20.00 EUR2q23 kg™! 20.00 EUR23 m™ [414]
High range 55.00 USD3025 kg™ 48.24 EURy23 m™ [415]

Total Invar optimistic costs

Total Invar mean costs

92.56 MEUR2023

157.92 MEUR2023

Continued on next page
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Table C.4: Material and fabrication costs of the hybrid pipeline. (Continued)

Description Original unit Used unit Source
Total Invar pessimistic costs 223.29 MEUR2023
Carbon steel
Low range 0.83 EUR2023 kg'l 0.83 EUR2023 m? [416]
High range 1.00 EUR2023 kg’1 1.00 EURyg23 m™ [414]
Total carbon steel
o 9.47 MEUR 3023
optimistic costs
Total carbon steel
10.44 MEUR023
mean costs
Total carbon steel
L. 11.41 MEUR3023
pessimistic costs
Thermal MLI
40 layers: 106 000 m?,
COOLCAT 2 NW (3-layer 6.915 MEUR2¢24 1.60 EURz023 m™ layer™! [417]
narrow rolls 0.1 m - 370 m)
40 layers: 106 000 m?,
COOLCAT 2 NW 5.840 MEUR 2024 1.35 EURg023 m™ layer! [417]
(Standard roll 1.5 m - 50 m)
12 layers: 50 m - 1.5 m 4500 EURz23 5.00 EUR3p23 m™ layer™ [418]
40 layers: 106 000 m?,
COOLCAT 2 NW (10-layer 31.299 MEUR2024 7.23 EURgp23 m™? layer™! [417]
standard roll 1.5 m - 45 m)
Total MLI optimistic costs 6.23 MEUR323
Total MLI mean costs 17.51 MEUR2023
Total MLI pessimistic costs 33.37 MEUR2023
TOTAL MATERIAL COSTS
Optimistic costs 180.03 MEUR2023
Mean costs 336.58 MEUR2023
Pessimistic costs 497.96 MEUR3¢23
FABRICATION COSTS
10% of
Low range [251]

material costs
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Table C.4: Material and fabrication costs of the hybrid pipeline. (Continued)

Description Original unit Used unit Source

15% of

251
material costs (251]

High range

Total fabrication
R 18.00 MEUR32023
optimistic costs

Total fabrication
42.07 MEUR2923
mean costs

Total fabrication 74,69 MEUR
pessimistic costs ’ 2023

Table C.5: Investment costs caused by the pipeline laying in Germany.

Description Original unit Used unit Source
40-120 cm inner diameter, 70-100 bar ~ 850.00 EUR3gz2 m'! 903.38 EUR303 m'! [335]
Low range, 50 cm, 16-30 bar 618.00 EURg0;2 m™! 797.96 EURgp23 m™ [419]
Middle range, 50 cm, 16-30 bar 730.00 EURg0;2 m™ 942.58 EUR303 m’! [419]
High range, 50 cm, 16-30 bar 839.00 EURzp12 m™  1083.32 EURzg23 m'! [419]
Total pipe layi
otal pipe faying 59.85 MEURz023
optimistic costs
Total pipe layi
ot pipe ‘aying 69.89 MEUR32023
mean costs
Total pipe laying

L 81.25 MEUR:
pessimistic costs 2023
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Table C.6: Indirect costs as a percentage of the total system costs of the hybrid pipeline, which include material,
fabrication, terminations, and pipe laying costs. Values based on [299,300].

Description Value

Site preparation: e.g., land acquisition, site preparation activities, 5
essential electrical infrastructure, internal roads, walkways ?

Engineering and design: salaries, overhead for engineering and

. 10%
project management personnel
Unforeseen events: risks, uncertainties, potential delays, e.g., owing to storms, 10%
strikes, minor design modifications, and unexpected price increases °
Permitting costs: necessary approvals for designing and installing 3%
control equipment, specific to each site ’
Owner’s costs: owner’s engineering, potential construction debt origination, 197
closure costs, and due diligence studies ?
Sum of indirect costs 40%
Total optimistic indirect costs 104.08 MEUR2023
Total mean indirect costs 180.35 MEUR2023
Total pessimistic indirect costs 262.49 MEUR2023

Sensitivity Analysis on Length
Table C.7 lists the designs of the 50 km and 150 km long hybrid pipelines evaluated in the

length-sensitivity analysis in section 5.5.1. The 150 km long hybrid pipeline uses one interme-

diate cooling station at 75 km to return the temperature and pressure to the inlet conditions.

Table C.7: Designs of the 50 km and 150 km long hybrid pipelines for the sensitivity analysis.

Parameters Symbol 50 km 150 km

Cable rated parameters

Rated power Py 4.0 GW,
Rated voltage Uy +100.0 kV
Rated current Iy 20.0 kA

Required minimum self-field critical

I c,min 25.0 kA
current

Cable layout

Continued on next page
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Table C.7: Designs of the 50 km and 150 km long hybrid pipelines for the sensitivity analysis. (Continued)

Parameters Symbol 50 km 150 km
HTS tape width Gtape 4.0 mm
HTS tape thickness Stape 0.1 mm
Outer radius of inner copper stabilizer Tieu 13.9 mm 18.6 mm
Outer radius of inner HTS tape T'Lhts 14.0 mm 18.7 mm
Outer radius of electrical insulator T'1ins 28.6 mm 31.9 mm
Outer radius of outer HTS tape T2 hts 28.7 mm 32.0 mm
Outer radius of outer copper stabilizer Tocu 30.7 mm 35.1 mm
Cable cross-section of one monopole Acable 2 951.6 mm?® 3 873.4 mm®
Number of tapes in inner phase Nl tapes 21 28
Gap between tapes inner phase Gitapes 0.018 mm 0.033 mm
Number of layers in inner phase Nijayers 1 1
Lay angle in inner phase 0, 15.0°
Calculated critical current inner phase I, 25.6 kKA 34.1 kA
Outer phase layout - Type III
Number of tapes in outer phase N2 tapes 21 28
Gap between tapes outer phase G2 tapes 4.42 mm 3.02 mm
Number of layers in outer phase N ayers 1
Lay angle in outer phase 0, 15.0°
Calculated critical current outer phase I —25.2kA —33.6 kKA
Superconductor length per monopole - 2174 km 8 696 km
Total superconductor length - 4348 km 17 393 km
Pipeline rated parameters
Inlet temperature Ti 204K
Inlet pressure Din 600 kPa
Total heat load per unit length Q 3.857 Wm'!
Surface roughness € 0.046 mm
Pipe inner diameter D 33.0 cm 37.0 cm
Liquid hydrogen mass flow MLH2 4.0-10.1 kgpp s 4.7-10.0 kgp, st

Continued on next page

181



C Appendix: Techno-economic Assessment

Table C.7: Designs of the 50 km and 150 km long hybrid pipelines for the sensitivity analysis. (Continued)

Parameters Symbol 50 km 150 km
Chemical power P 0.50-1.20 GW, 0.56-1.20 GW,
Outlet temperature Tout 245-22.4K 26.0-23.4 K
Outlet pressure Pout 540-234 kPa 529-293 kPa
Pipeline layout

Inner radius of inner pipe TLH2i 165.0 mm 185.0 mm
Outer radius of inner pipe TLH2,0 170.0 mm 190.0 mm
Outer radius of multi-layer insulation TMLLo 190.0 mm 210.0 mm
Inner radius of outer pipe Tpipei 200.0 mm 220.0 mm
Outer radius of outer pipe Tpipeo 208.0 mm 229.0 mm

Power and Electrical Energy Consumption of Cryocooler

For the sensitivity analysis in section 5.5.1, the cooling power of the cryocooler was deter-
mined using the following methodology. The cryocooler power P yoco0l cOmprises the pro-
cess load P, process and the environmental heat leak P peat leak:

—Pt,cryocool = fsafety ' (Pt,process + Pt,heat leak) y (Cl)

where forey is a safety factor defined as 1.3 to include an overcapacity margin. The environ-
mental heat leak P peatleak 1S assumed to be the empirical value of 20 W, as noted in [251].
The process load P process depends on [252]:

]Dt,process = mLHZ : (hin - hOUt)v (CZ)

where i 112 is the mass flow rate, and hy, and hoy are the inlet and outlet specific enthalpies of
the liquid hydrogen. The inlet and outlet temperatures, pressures, and enthalpies depend on
the mass flow rate 7 g2, which has a range of 4.6-9.7 kg, s (i.e., 16.6-34.9 typ, h'l, see table
4.4). The enthalpy values for the corresponding inlet and outlet conditions were obtained
using REFPROP [50]. A summary of the inlet and outlet conditions of the liquid hydrogen
for the cryocooler, the process loads, and the cryocooler powers is listed for both lower and
upper mass flow rates in table C.8.
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Table C.8: Inlet and outlet conditions of liquid hydrogen for the cryocooler, process load, and cryocooler power for
the lower and upper liquid hydrogen mass flow rates ;.

Parameter Symbol 1 = 4.6 kg 7 thims = 9.7 kgnz 7
Inlet temperature T 259K 235K
Inlet pressure Din 527.5 kPa 293.9 kPa
Inlet specific enthalpy hin 69.2 kJ kgil, 36.4 kJ kgil,
Outlet temperature Tout 20.4 K 204 K
Outlet pressure Dout 527.5 kPa 293.9 kPa
Outlet specific enthalpy Rout 5.2 kJ kgil, 3.1 kJ kgj,
Process load P process 294.1 kW, 323.9 kW,
Cryocooler power P cryocool 382.4 kW, 421.1 kW,

To calculate the investment costs of the cryocooler CAPEX ryocool, the higher cryocooler
power of P, cryocool = 421.1 kW was used in a cost model for large-scale refrigerators based
on [252]:

P 0.6
AP ter 1o
= cryod5 K loss availability
C EXcryocool =2.2 MCHFlggg . <1k . cryocool . fcryoco()l , (C3)
i i loss availability .
where P cryo45x is the equivalent cryocooler power at 4.5 K and cryocool fcryoml the

product of the inverse loss and availability factors, defined as 1.5 based on [252] (see table
5.22). The conversion of the cryocooler power from higher temperatures to 4.5 K is carried
out using the following equation [252]:

COP (4.5K)

cop (T) ° €4

F)t,cryoA.S K= Pt,cryocool :

where COP (4.5 K) is the theoretical coefficient of performance at 4.5 K and COP (T) is the
corresponding coefficient at the average temperature 7'. The coefficients of performance are
determined according to [420]:

45K
COP(45K) = —————,
300 K —4.5K Cs5)
_ T '
COP(T) = ———=.
300K —T
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Here, 300 K is assumed to be the ambient temperature. The mean temperature 7" is derived
from the inlet and outlet temperatures at the corresponding mass flow rate (see table C.8)
using the following expression, which is obtained by integrating the exergy of a heat flow
across a temperature range [252]:

Tout - T‘l
Tow )

Considering the upper mass flow rate 7y, = 9.7 kg, s and using equation C.4, the equiv-

T= (C.6)

alent cooling power at 4.5 K is 81.37 kW,. For the lower mass flow rate ripp, = 4.6 kgyz s,
the equivalent cooling power at 4.5 K is 69.99 kW;.

To calculate the electrical energy consumption of the cryocooler, the nominal electrical power
must be determined. Assuming that the cryocooler operates at a constant mass flow rate

myme, the nominal capacity of the cryocooler is given by:

P

,cryocool

We,cryocool = . y (C7)
TNLH2

where P cryocool 18 the electrical power of the cryocooler. This is obtained using the following
equation [420]:

H,cryocool
)’ C38
nexergetic - COP (T) ( )

Pe,cryocool =

where P ryocool 18 the cryocooler power, nexergetic is the exergetic efficiency, and COP (T ) is
the theoretical coefficient of performance at the mean temperature 7'. The exergetic efficiency
is assumed to be 27.5%, based on the range of 25-30%, reported in [252]. A summary of the
nominal electrical power and energy consumption for the lower and upper mass flow rates
is presented in table C.9.

Table C.9: Nominal electrical power and electrical energy consumption of the cryocooler for the lower and upper
liquid hydrogen mass flow rates 77 f12.

Parameter Symbol  rium = 4.6 kgne 57 thme = 9.7 kgme 87
Nominal electrical power P cryocool 16.7 MW, 19.4 MW,
Electrical energy consumption — Wecryocool 1009.2 kWhe, tj1, 556.4 kWhe, 33,
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Al Usage Card i

Techno-economic Assessment of a Hybrid Pipeline for the Synergetic Transmis-
sion of Liquid Hydrogen and Electrical Energy by High-temperature Supercon-
ductivity

Writing: grammar and spelling; style in sections 1.1, 1.2, 2.4.1, & chapter 6
Methodology: partially in sections 5.2, 5.3.1, 5.3.5, 5.3.9, & appendix C
Literature review: partially in chapters 1, 5, & appendix C

Juan Sebastian Palacios Vera Karlsruhe Institute of Technology (KIT)

a. Microsoft 365 Copilot Chat, GPT-4 and GPT-5, February—May 2026.
b. KIT’s Standard-local Model, GPT-OSS-120b, February—May 2026.

The author used Microsoft 365 Copilot Chat (also known as Copilot Chat) with
an institutional account to outline the structure of chapters 1 and 6. The pro-
posed structure was reviewed, compared with other sources, and about 50% was
approved. The two introductory sentences before each section 1.1 and 6.1 were
Al-generated. Subsequently, these four sentences were rephrased by the author.
KIT’s Standard-local Model was employed to generate a basis for the Spanish
abstract, based on the English version without numerical values. The proposed
text was checked for consistency and improved for fluency. About 60% of the
translation was adopted.

185


https://ai-cards.org

D Appendix: Use of Artificial Intelligence (AI) Tools

Microsoft 365 Copilot Chat with an institutional account was used to enhance
the readability and to adopt a more idiomatic style in approximately 40%-50%
of the own text in sections 1.1 and 1.2. The author entered mostly single sen-
tences (occasionally paragraphs) and examined each suggestion before agreeing
or refusing it. The tool did not produce new content or scientific claims.

Microsoft 365 Copilot Chat was used to rephrase less than 10% of the cited text
in sections 2.4.1 and 5.2. The procedure was the same as in the previous case.

In chapter 6 and 6.3, KIT’s Standard-local Model was employed for improvement
of readability and fluency of about 60% of the own text. Variables were submit-
ted instead of numbers to protect the findings. Microsoft Pilot was not used for
these sections to not expose unpublished data outside from KIT infrastructure.

KIT’s Standard-local Model was used for a final grammar and spelling check of
chapters 2-5. Minor corrections to hyphenation and word order were accepted
where appropriate.

Microsoft 365 Copilot Chat was used in few specific cases of this work to de-
velop appropriate methodology:

In section 5.2, the Al tool was asked to propose methods and provide supporting
scientific sources to consider component replacement costs during total system
lifetime. The suggested methodology was checked against the original sources
and tested for several examples. The author adopted the methodology after ver-
ifying the validity of the sources and results.

In section 5.3.1, Copilot Chat suggested methods and corresponding references
for cost allocation of shared infrastructure delivering multiple energy vectors.
The author selected the most adequate methodology based on the characteris-
tics of the present work and on the proposed sources.

In section 5.3.5, the author asked Copilot Chat to suggest methodologies to de-
termine the electrical power rating and energy consumption of the hydrogen
compressor. The answers revealed that the simulations developed by the author
for the liquid hydrogen pipeline could be adapted for that task. No Al-generated
code was involved in this process. The author knew already most of the required
references to support this procedure. Additional literature was searched with-
out using Al tools.
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For section 5.3.9, the author wanted to improve the way electrical energy con-
sumption is determined for liquid hydrogen pumps considering the differential
pressure of each design and the compressibility of liquid hydrogen. Copilot Chat
was used to enhance previous approaches that did not consider these aspects.
The Al tool proposed multiple methodologies but the author rejected several of
them based on the results obtained through own simulations. Copilot chat pro-
vided approximately 15% of the code used for the numerical integration. The
selected methodology was validated through several examples. The Al tool pre-
sented the literature on which the method was based and the author verified
the validity of the assumptions in the original sources.

For appendix C, Copilot Chat was employed to determine an appropriate
methodology to calculate the required cooling power for the case study in this
work, based on the methodology presented in [252]. The author asked the Al
tool to clarify some of the intermediate steps assumed in that previous work.
The results were produced with own calculations and validated comparing them
with those of the cited reference.

The author asked Microsoft 365 Copilot Chat to find IPCC studies for similar
statements to those presented in the first paragraph of section 1.1. For sec-
tions 5.2 and 5.3.3, Microsoft 365 Copilot Chat supported finding regulatory data
regarding the WACC in Germany, and technical sources reporting the yearly
availability and lifetime of underground HVDC cables, respectively. Similarly,
Copilot Chat was asked to find technical reports for hydrogen losses in gaseous
hydrogen pipelines for section 5.3.4. The same tool proposed data sources for
the hydrogen losses and yearly availability of transfer liquid hydrogen pumps
in section 5.3.9, and commercial cost estimates of Invar for appendix C.

The references suggested by the Al tool were independently searched and
checked to ensure accuracy. Inadequate sources were discarded. When re-
quired, the author adapted the text to correspond the used sources. At the begin-
ning of the project in 2022, Litmaps provided approximately 5% of the overview
of specific topics, such as hydrogen for road transportation. All other references
cited in this work were searched without the use of Al tools.

Microsoft 365 Copilot Chat with an institutional account was used to summarize
the published papers in section 1.2. The author verified statements made by
Copilot Chat in the original sources. Wrong interpretations made by the Al tool
were rejected.
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The author acknowledges that using Al services for writing may produce del-
icate changes in tone or focus. Therefore, Al-enhanced texts were rephrased
considering this.

Sensitive data may be exposed when submitted to external Al services, so any
research data or unpublished findings were sent to an Al tools outside KIT. The
papers summarized by Al services in this work are published and publicly avail-
able. Only separate, non-sensitive pieces of draft text were submitted to external
Al services.

Al tools may generate wrong results based on incorrect interpretations. The au-
thor reviewed the methodologies suggested by Al services comparing them with
the original sources and validating the results using own calculations.

Al services may suggest references that disproportionately represent English
language sources and the models may omit outcomes from smaller institutions
or works that expressed same concepts with different terms. The author em-
ployed mainly searching methods that do not use Al but also these methods
can miss relevant works.

Al Usage Card v2.6 https://ai-cards.org [421]
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Acronyms and Symbols

Acronyms

ACER Agency for the Cooperation of Energy Regulators
ANL Argonne National Laboratory

BSSCO bismuth strontium calcium copper oxide

CEPCI Chemical Engineering Plant Cost Index

CIGRE Conseil International des Grands Réseaux Electriques
DC direct current

DBS dynamic braking system

DLR German Aerospace Center

DOE Department of Energy

EHB European Hydrogen Backbone

EPRI Electric Power Research Institute

HTS high-temperature superconductor
HVDC high-voltage direct current

IATA International Air Transport Association
IEA International Energy Agency

IET Institution of Engineering and Technology
IRENA International Renewable Energy Agency
ITEP Institute for Technical Physics

KIT Karlsruhe Institute of Technology

LCC line-commutated converters

LNG liquefied natural gas

LOHC liquid organic hydrogen carriers

MgB., magnesium diboride
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Acronyms and symbols

MLI
MRI
NEP
NLR
PEM
PPLP
REBCO
RRR
SNL
TSO
TRL
TYNDP
USA
VSC
YBCO

Constants

™

g
Ho
LHVparaHZ

LHVnormHZ

PparaH2
R

multi-layer insulation
magnetic resonance imaging
Network Development Plan
Netherlands Aerospace Center
proton-exchange membrane
polypropylene laminated paper
rare-earth barium copper oxide
residual resistivity ratio

Sandia National Laboratory
transmission system operator
technology readiness level
Ten-Year Network Development Plan
United States of America
voltage-source converters

yttrium barium copper oxide

pi: 3.14159 . ..

gravitational acceleration: 9.80665... m s

vacuum permeability: 4 - 7 - 107 Hm'!

lower heating value of para-hydrogen (20 K, 100 kPa): 32.9 kWh, kgji,
lower heating value of normal-hydrogen (293.15 K, 100 kPa): 33.3 kWh, kg;i,
mass density of para-hydrogen (20 K, 100 kPa): 71.144 kgy, m™

universal gas constant 8.314 J mol! K

Latin Symbols and Variables

A
AF
B
B.
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area
annuity factor
magnetic flux density

critical magnetic flux density



Acronyms and symbols

Bc,l
Bc72

CAPEX
CcOopP

SEICIIS IR
& w

(¢}

2 2 &S ET

WACC

lower critical magnetic flux density
higher critical magnetic flux density
heat capacity

investment costs

theroetical coefficient of performance
cost value

Diameter

hydraulic diameter

electric field

electric-field criterion

correlated to friction factor

head

current

critical current

current density

critical current density

inductance

molar mass

number

operation and maintenance cost rate as percentage of capital costs
power

resistance

Reynolds number

size

temperature

critical temperature

total costs

voltage

volume

energy

weighted average cost of capital
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Acronyms and symbols

A compressibility factor

a width

c specific heat capacity

Cp specific heat capacity at constant pressure
d discount factor

m mass flow rate

f dimensionless factor (e.g., loss or availability)
fixOPEX fix operational costs

g gap

h specific enthalpy

k fitting parameter

L wetted perimeter

l pipeline length

n power-law exponent

Npoly polytropic coefficient

D pressure

qQ total heat load per unit length
d10 off set heat load per unit length
qa heat flux

r radius

5 thickness

t time

varOPEX variable operational costs

w specific energy

z relative elevation

Greek Symbols and Variables

e thermal expansivity factor
Ié] fitting parameter

€ surface roughness

n efficiency
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Acronyms and symbols

Ke electricity cost
viscosity

velocity

> X =

angle

lifetime

B

electrical resistivity
mass density

kinetic energy correction factor

YO DR

friction factor

Operators and Math Symbols

a vector
uE perpendicular
I parallel

General Indices

0 rated

1 inner cable phase

2 outer cable phase

4.5K at a temperature of 4.5 K

a area

ag silver

aghycu silver, Hastelloy®, and copper
annual annual

availability ~ availability

b break down

cable superconducting cable

cu copper

compres gaseous hydrogen compressor
core copper stabilizer
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Acronyms and symbols

converter
cryocool
des
discharge
effective
ellip

e
exergetic
fill
friction
GH2
GH2pipe
GH2stor
H2

high

hts

hy
heatleak
HyPipe
HVDCcable
i

in

ins

initial

J

Kim

lim
layers

LH2
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converter stations
cryocooler

design

discharge

effective

elliptical model

electric

exergetic

fill

friction

gaseous hydrogen

gaseous hydrogen pipeline
gaseous hydrogen storage
hydrogen

high

high-temperature superconductor
Hastelloy®

heat leak

hybrid pipeline
conventional high-voltage underground cable system
inner

inlet

insulation

initial

Joule

Kim model

inductance

length

limit

layers

liquid hydrogen



Acronyms and symbols

LH2pump liquid hydrogen pump

LH2stor liquid hydrogen storage
liquefi liquefier

loss loss

low low

max maximum

mech mechanical

mid mid

min minimum

MLI multi-layer insulation
motor motor

nodes nodes

normH2 normal-hydrogen
nominal nominal

op operation

o outer

out outlet

paraH?2 para-hydrogen

pipe pipe

poly polytropic

present present-value

process process

pump pump

ref reference

r rated operating conditions
rel relative

safety safety

sat saturation

sc short circuit

sh shaft

specific specific
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Sys

tapes

width
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system
testing
thermal
REBCO tapes
wetted

width
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