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Abstract

The transmission infrastructure for both electrical energy and hydrogen must be significantly
expanded in Germany to enable climate neutrality. A hybrid pipeline can transmit both energy
vectors simultaneously, efficiently, and compactly. Hybrid pipelines exploit the synergy
provided by liquid hydrogen, which is used as a coolant and energy carrier, and
high-temperature superconductors for the transmission of electrical energy. We present the
conceptual design of a 75 km long GW-class hybrid pipeline for operation without intermediate
cooling stations between Brunsbiittel and Hamburg in northern Germany. The design is based
on a rare-earth barium copper oxide direct current cable and a thermally insulated rigid smooth
pipe. We examine the electrical topology, cable build-up, cable behavior in the case of a short
circuit, and the thermal-hydraulic design. The results lead to a hybrid pipeline with an outer
diameter of less than 45 cm that can transmit 0.55-1.14 GW, of liquid hydrogen, and two
parallel coaxial monopoles that transmit 4 GW, of electrical energy. Future research will build
on the presented design to unveil the techno-economic competitiveness of this technology
compared with conventional transmission alternatives.

Supplementary material for this article is available online
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1. Introduction

Germany has set the goal of becoming climate-neutral by 2045
[1]. This goal leads to a considerable increase in electrical
energy and the need to import chemical energy carriers, such
as hydrogen. This result has been reported in several studies
that are well-known within the German energy sector [2-5]
(see figure 1). Although the scenarios in these studies quantify
different amounts of energy, they all present a common trend.
Germany’s net electricity production in 2045 is projected to
be, on average, more than twice the level recorded in 2022.
Throughout this paper, the lower heating value of hydrogen
is used as the basis for all energy content comparisons'. This
implies that Germany will require between 213 and 694 TWh;
of hydrogen per year. This amount of energy is comparable
to the electrical energy output reported in 2022, which was
542 TWhe. In that same year, the annual hydrogen demand
was limited to just 0.1 TWh,.

Consequently, large network extensions are required in the
electrical grid at all voltage levels [6]. For the natural gas
network, considerable modifications are necessary to enable
hydrogen transmission and distribution [7]. At present, both
networks are planned separately without interconnections.
This work shows that a hybrid pipeline that transmits elec-
trical and chemical energy is far more compact and highly
efficient. In this context, the main research question of this
paper is: How can a hybrid pipeline transmit electrical energy
and hydrogen synergetically by considering a case study in
Germany?

1.1. Energy production and import

To a major extent, the generation of electrical energy and
hydrogen for Germany will take place far from the consuming
areas. For example, the German law stipulates that by 2045,
70 GW. of offshore wind power will be connected to the high-
voltage grid and transmitted mainly from the north to the south
of the country [8]. The studies in figure 1 have concluded that
hydrogen produced in Germany will be less cost-competitive
than hydrogen imports from countries with a larger poten-
tial for low-cost renewable energy sources. This is princip-
ally due to lower full-load hours of renewable energy sys-
tems in Germany, which are caused by less favorable weather
conditions. Therefore, hydrogen will be largely imported (see
figure 1), as confirmed in the Import Strategy of the German
Government [9]. Multiple analyses have shown that hydrogen
imports may be by pipeline from inside Europe [10], but also
by ship from other continents [11-13].

Hydrogen is usually produced in a gaseous state at low
pressures [14]. Gaseous hydrogen has a low volumetric energy
density (2.8 Wh 17! at 293.15 K and 100 kPa) [15]. For its
transport overseas, gaseous hydrogen must be liquefied or con-
verted at the export location to increase its energy density.

! The lower heating value, also called net heating value, is calculated by sub-
tracting the latent heat of vaporization of water vapor from the gross heating
value, which is the amount of heat generated by the total combustion of a unit
quantity fuel [124].
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Figure 1. Net electricity production and hydrogen (Hz) demand in
Germany in 2022 and 2045 according to multiple studies on behalf
of different German political entities. The hydrogen sources are
divided into imports, domestic production, and others. The lower
heating value of hydrogen is considered. Own design based on
[2-5].

Some conversion options include, e.g., ammonia, LOHC, and
methanol. In comparison, hydrogen liquefaction is not only
useful for increasing its energy density, but it also implies the
import of high-purity hydrogen and a high-value cryogenic
temperature level.

12. Energy use

Three properties make liquid hydrogen very valuable for sev-
eral types of consumers:

— high energy density (32.9 kWh kg~! and 2.3 kWh 1~! for
parahydrogen? at 20 K and 100 kPa [15]),

— high purity (= 99.995 % by volume [16, 17]), and

— cryogenic temperature level (approx. 253 °C or 20 K [15]).

The high energy density of liquid hydrogen is especially bene-
ficial for decarbonizing parts of the aviation sector [18], but it
is also useful for maritime vessels [19] and long-range trucks
[20] to phase out fossil fuels. The high purity of liquid hydro-
gen has a special value for parts of the manufacturing industry,

2 At ambient temperature and higher, the ratio of orthohydrogen to parahydro-
gen is approximately 3 : 1. As the temperature decreases, the balance shifts
progressively towards parahydrogen. At 20 K, the ratio of orthohydrogen to
parahydrogen is approximately 0.002 : 0.998 [125].
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for example for the chip industry [21], but it also presents an
efficiency and lifespan benefit for fuel cells [22]. In addition,
regasified liquid hydrogen can be employed by large hydrogen
demand centers, such as for steelmaking and chemicals [23].

The use of the cryogenic temperature level of liquid hydro-
gen provides several advantages. Liquid hydrogen at tem-
peratures of approximately 20 K enables the use of high-
temperature superconductors (HTSs) without additional cool-
ing. Superconducting cables can be utilized to expand the
electrical grid to supply growing and emerging consumers
with electrical energy, such as in Munich [24] and Paris [25].
Superconducting motors [26] and generators [27] cooled by
liquid hydrogen also decrease the dependence on copper and
permanent magnets. The cryogenic temperature level of liquid
hydrogen can be used for electricity production by recovering
cold energy, for example, when combining the Brayton and
Rankine cycles [28] or potentially for cooling in the chemical,
process, and food industries [29].

Despite decades of use of liquid hydrogen as a fuel in
aerospace and as a source of high-purity industrial gas, the
experienced gained is only partly useful for non-industrial
applications. However, projects such as the liquid-hydrogen
GenH?2 truck from Daimler 2023 [30], the Hydrogen Energy
Supply Chain (HESC) between Australia and Japan 2022 [31],
and the EU project Pre-normative REsearch for Safe use of
Liquid HYdrogen (PRESLHY) 2017-2021 [32] have provided
increasing evidence that, when liquid hydrogen is handled pro-
fessionally and its specific characteristics are considered in the
system design, liquid hydrogen is as safe as other fuels. For
example, even though hydrogen is extremely diffusive and it
has the lowest minimum ignition energy, spontaneous igni-
tion is extremely unlikely, while the combustible air-hydrogen
cloud rapidly dilutes. Although materials in contact with liquid
hydrogen must be resistant, e.g. to embrittlement, and they
must withstand wide temperature ranges between 20-293 K
and pressure ranges, for example, between 100-1 200 kPa,
several materials, such as metal alloys, fiber-reinforced com-
posite materials, and laminated structures have demonstrated
adequate performance under such operating conditions [33].

Consumers of electrical energy can be divided into the fol-
lowing sectors: industry, households, non-residential build-
ings (trade, commerce, and services), and transport [4].
The progressive electrification of energy systems causes an
increase in electricity production from 2022 to 2045, as shown
in figure 1. Electrification is for example driven by emerging
consumers such as electric vehicles and heat pumps, accord-
ing to the studies in figure 1 [2, 3, 5]. Therefore, the consump-
tion of electrical energy will be concentrated in highly popu-
lated regions, and where a relevant share of industry and non-
residential buildings are located.

1.3. Energy transmission

Figure 2 shows a schematic of the production, use and trans-
port of liquid hydrogen and electrical energy using a hybrid
pipeline on a GW-scale. A hybrid pipeline is composed of a
thermally insulated pipeline and a superconducting cable. To
date, liquid hydrogen has been tested for cooling magnesium
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Figure 2. Basic principle of the production, transmission, and use
of liquid hydrogen (LH;) and electrical energy (e~ ) when
transmitted by a hybrid pipeline in Germany. The high-temperature
superconductor (HTS) for the cable is a rare-earth barium copper
oxide (REBCO). The liquid hydrogen is mainly used in the
transport sector and in parts of the manufacturing industry.
Regasified hydrogen (H») can be used by large hydrogen
consumers, e.g. for steelmaking. The use of electrical energy is
mainly driven by the industry and by emerging consumers like
electric vehicles or heat pumps.

diboride cables in 10 m long [34] and 30 m long [35] corrug-
ated, flexible pipelines with mass flow rates of up to 250 g s~!
(30 MW,).? However, liquid hydrogen has not been used in
non-corrugated, rigid hybrid pipelines as an energy carrier
in bulk. Recently, a 10 m [36] and 30 m long [37] proto-
type of superconducting energy pipelines using bismuth stron-
tium calcium copper oxide were built and tested, but they
used liquefied natural gas instead of liquid hydrogen as the
chemical energy carrier.* A 10 m long prototype of a non-
corrugated, rigid liquid hydrogen hybrid pipeline, using rare-
earth barium copper oxide (REBCO) tapes, is under construc-
tion at Karlsruhe Institute of Technology (KIT), Germany, in
the framework of the TransHyDE project AppLHy! [38].

The use of liquid hydrogen transfer lines is well known in
industrial facilities, especially due to the NASA space program
[39]. Liquid hydrogen transfer lines are commercially avail-
able, e.g. from [40, 41]. Their application for energy distri-
bution has been proven on small scale, for example, in 2010,
during the icefuel project. In the study, a low mass flow rate of

3 The magnesium diboride projects were made in the framework of the pro-
gram ‘Basic Principles of Development of Power Systems and Technologies,
Including High Temperature Superconductors’ supported by the Russian
Academy of Sciences and JSC ‘Rosseti’—Russian Grids.

4 The 10 m superconducting energy pipeline with BSCCO and liquefied nat-
ural gas was supported by the National Key Research and Development
Program of China and the Science and Technology Project of the State Grid
Corporation of China, while the 30 m liquefied natural gas-BSCCO pipeline
was made in the framework of the China Electric Power Research Institute and
the Institute of Electrical Engineering of the Chinese Academy of Sciences.
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10 MW, pipe diameter of approximately 20 mm, and heat load
less than 1 W m~! predicted transport distances of up to 10 km
without intermediate cooling stations [42]. Owing to the large
amount of hydrogen needed to reach climate neutrality, larger
mass flow rates are required today.

Conceptually, hybrid pipelines with HTS and liquid hydro-
gen have already been presented, initially only as a basic idea
in the early 2000’s by the founder of the US American Electric
Power Research Institute, Starr [43]. A first basic design was
presented by the US American energy consultant Grant [44].
Later studies have included some general technical back-
ground, such as the bachelor’s thesis of Prats-Campmany from
the Superior Technical School of Industrial Engineering of
Barcelona [45], or their long-term, continental-scale potential,
as in two works of Qin ez al from the Xi’an Jiaotong University,
supported by the National Natural Science Foundation of
China [46, 47]. More specific technical designs have been
developed, but these designs consist of REBCO and liquid
hydrogen with liquid natural gas as a refrigerant for the elec-
tric shielding outer layer, as in the works of Wang et al
[48] and Jin et al from the Tianjin University [49]. Other
more specific technical designs consist of magnesium diboride
superconductors and liquid hydrogen, as in the doctoral thesis
of Trevisani from the University of Bologna [50], and in
the works of Yamada et al from Japan’s National Institute
for Fusion Science [51], Savoldi et al from the Polytechnic
University of Turin [52], Bracco et al from the University
of Genoa [53], and Bruzek et al from ASG Superconductors
within the ongoing European project SCARLET [54, 55].
Compared with magnesium diboride, REBCO provides a
higher current carrying capacity and a larger temperature
range of operation, which can result in lower material require-
ments or a wider safety margin [56, 57]. Recently, the design
and economic evaluation of a hybrid pipeline with REBCO
and liquid hydrogen was presented by Fu et al from the Tongji
University, within the framework of the Young Elite Scientists
Sponsorship Program by the China Association for Science
and Technology, and the National Natural Science Foundation
of China. However, the transmission scheme was for railway
transportation and not for the transmission grid [58].

This paper presents the case study and conceptual design of
a GW-class 75 km long hybrid pipeline without intermediate
cooling stations, based on a REBCO direct current (DC) cable
and a liquid hydrogen non-corrugated rigid pipe. An analysis
of the future availability and demand for both energy carri-
ers in Germany leads to a case study between Brunsbiittel and
Hamburg in northern Germany. The requirements for reliable
and safe cable operation, even in the case of an electric fault,
will be discussed. Based on this, a conceptual design will be
proposed.

2. Definition of the case study and requirements

In Germany, Brunsbiittel is an industrial and port town in the
North Sea area that will become a major interconnection point
for both electrical energy and hydrogen. Several offshore wind
farms in the North Sea will deliver at least 3 GW,, of electrical

Table 1. Requirements for selected case study
Brunsbiittel-Hamburg.

Parameter Value
Length (len) 75 km
Electric rated power (Po) 4 GW,

From 0.62 GW, (5.13 kg s™!) to
0.87 GW, (7.22kg s~ 1)

Hydrogen demand in Hamburg

energy to the Brunsbiittel area [59]. Further electric power
is planned to be transmitted from the north to the south of
Germany over this region [60—62]. Since 2023, a liquefied
natural gas floating storage and regasification unit is located
in Brunsbiittel [63]. A stationary terminal will be used in the
future to import hydrogen [64]. These multiple reasons make
Brunsbiittel appropriate for this case study.

Hamburg is a large city where a wide spectrum of electri-
city and hydrogen consumers is concentrated: industry, resid-
ential areas, non-residential buildings, and several logistic cen-
ters, from short-range to long-range transportation. Hamburg
is home to the largest seaport in Germany [65], the largest
airport in the north of the country [66] and large logistic
companies [67]. The industrial sector comprises steel [68],
aircraft [69, 70], chip manufacturers [71], and other chemical
plants [72]. The city has more than 5 million inhabitants in
the metropolitan area [73]. We assume that the hybrid pipeline
delivers liquid hydrogen in bulk to a centralized location in
Hamburg, where the largest consumer of liquid hydrogen is
located, and from which other smaller consumers can be sup-
plied, for example, by trailers.

Table 1 shows the requirements of the selected case study,
Brunsbiittel-Hamburg. We selected a rated electric power P,
of 4.0 GW,.. The assumption is based on the transmission
power of current high-voltage DC projects between northern
and southern Germany, and the large demand for electrical
energy transmission until 2045. A study from the Hamburg
Ministry of Economic Affairs and Innovation, based on inter-
views with industry stakeholders, predicts an import demand
of hydrogen of 5.4 TWh a~! and a total hydrogen demand of
7.6 TWh a~! in 2030 in Hamburg (0.62 GW, and 0.87 GW,,
respectively) [74]. This is equivalent to a continuous mass
flow range between 5.13kg s~! and 7.22 kg s~! (18.5th~!—
26.0 th~!). The German Economic Institute forecasts a hydro-
gen demand in Hamburg of 1.64 GW, in 2035 (13.67 kg s~!
or rather 49.2 t h—1), and 3.73 GW, in 2045 (31.05 kgs~!or
111.8th~")[75, 76]. We assume a hydrogen demand between
0.62 GW, and 0.87 GW, as a conservative hypothesis.

3. Conceptual design of the hybrid pipeline

Figure 3 presents the proposed side view of the hybrid
pipeline. Two parallel DC coaxial monopoles transmit the
electrical energy. Each cable has copper as a mechanical and
electrical stabilizer with radii 7y ¢, and r ¢, in both the inner
and outer phases, respectively. High-temperature supercon-
ducting REBCO tapes are in contact with each copper layer.
The radius of the outer side of the REBCO tape in the inner
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Figure 3. Side view of hybrid pipeline: rpipe,o and rpipe,i are the outer and inner radii of the outer pipeline correspondingly (warm). rLm2,0
and rpmp; are the outer and inner radii of the liquid hydrogen conducting pipeline, respectively. Between the outer and the inner pipeline,
multi-layer insulation (MLI) is in vacuum. r,, ¢, and r;_ns are the radii in the outer phase of the copper stabilizer and of the high-temperature
superconductor (HTS) layer in the order given. The radius of the electrical insulation between the inner and the outer phases is 1, ins.
Equivalently, 71, ns and ry, ¢y are the radii of the inner HT'S layer and of the inner copper stabilizer.
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Figure 4. Considered topologies: (a) two parallel rigid bipoles without metallic return; (b) two parallel coaxial rigid bipoles without
metallic return; (c) two parallel coaxial monopoles with metallic return. Topology (c) was selected.

phase is 71 s and 7 i is the corresponding radius in the outer
phase. The REBCO tapes carry the electrical current under
rated operation conditions. A layer of electrical insulation with
an outer radius ry i electrically separates both the inner and
outer phases. The electrical insulation is made of Kapton®
or polypropylene laminated paper (PPLP), as it will be dis-
cussed in section 3.2. The outer copper and HTS layers are
grounded.

Around the cables, liquid hydrogen is transmitted in a
double-walled, rigid, and smooth pipe. The inner pipe with
inner radius ry; and outer radius rpp», is made up of invar
(36 % Ni-Fe) to reduce thermal contraction due to large tem-
perature differences. Invar’s coefficient of thermal expansion
is approximately one-tenth of that of steel [77]. Approval for
pressure equipment might be feasible, as invar is already being
used, for example, for liquefied natural gas pipes and tanks [78,
79]. Some studies have shown that invar is resistant to hydro-
gen embrittlement [80, 81]. The thermal insulation between
the inner and the outer pipes is comprised of vacuum and

multi-layer insulation. The outer pipe is made of carbon steel,
and has inner and outer radii 7pipe; and 7pipe o, TESPECtively.

3.1. Electrical topology

Figure 4 shows the electrical topologies considered. First, we
examined a topology similar to that of the currently planned
conventional underground high-voltage DC cables [82], which
are composed of two parallel rigid bipoles without a metallic
return. Each rigid bipole has two cables and each cable has
a grounded cable shield. This topology would have led to
four cables of 50 kV, 20 kA, 1 GW, each, as shown in
figure 4(a). However, such a topology not only increases the
space demand. For superconducting cables, the resulting cable
layout generates a large magnetic field outside each cable.
Some consequences are a reduction in the critical current,
mechanical challenges due to Lorentz forces, and a consid-
erable magnetic field extending into the environment.
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To cancel the magnetic field outside the cables, another
option was a couple of coaxial rigid bipoles without a metallic
return (see figure 4(b)). This would mean two coaxial cables of
2 GW, each (4= 50 kV, 20 kA), where the corresponding outer
phase is not grounded. The resulting cable layout increases the
cable diameter owing to the necessity of an additional electric
insulation layer outside the cable. The mechanical flexibility of
the cable decreases, complicating its transport. Since the outer
phase is not grounded, induced voltage originates in the case
of current changes. In addition, to the best of our knowledge,
there has been no experience with this cable layout outside a
laboratory.

There are multiple advantages to the cable layout given by
the following selected topology: two parallel coaxial mono-
poles with metallic return (2 GW, each, see figure 4(c)).
Because the outer phase is grounded, there is no need for an
electric insulation layer outside the cable. The diameter of
each cable is smaller, which facilitates its transport in drums.
Grounding the outer phase limits the induced voltages in the
case of a current change. Outside the cables, there is practic-
ally no magnetic field, because of the cancellation caused by
the current flowing in opposite directions in the inner and the
outer phases (see section 3.3).

In all considered topologies, if one cable is out of operation,
only 2 GW, of 4 GW, is disconnected. The proposed topo-
logy with two parallel monopoles in the pipeline improves the
maintainability, redundancy, and supply security in the case
of a monopole outage. A similar topology has been suggested
in [54]. However, our study does not investigate the outage of
the complete hybrid pipeline, for example, owing to the lack
of liquid-hydrogen flow. The authors of [53] propose a paral-
lel copper line to achieve redundancy. In [52], multiple small
hybrid pipelines are preferred.

To transmit 4 GW,, we opted for a rated voltage Uy of
100 kV, and a rated current Iy of 20 kA. However, a design
such as + 50 kV and 40 kA would have also been feasible.
A cable rated at + 100.0 kV is categorized as part of the
high-voltage power grid, whereas a cable rated at £+ 50.0 kV
falls within the medium-voltage range [83]. One advantage of
medium voltage is the smaller size of the converter stations
[84]. This can potentially lower the cost of the entire electric
system. However, increasing the rated voltage from + 50.0 kV
to £ 100.0 kV decreases the rated current from 40 to 20 kV.
Therefore, with a lower rated current, less superconductor
amount is required. In this manner, the potential costs of the
cable are reduced. The effect of high voltage and medium
voltage on the amount of superconductor will be presented in
section 3.2.

The minimum self-field critical current /. i, is chosen to
be 25.0 kA to provide a safety factor of 0.8 to the rated cur-
rent Iy of 20 kA. The calculation method of the self-field
critical current in the inner phase /.| and in the outer phase
I.» will be presented in section 3.3. Even though the rated
operation with liquid hydrogen would be at approximately
20 K, the design temperature T 4.5 Was considered to be 30 K
as a conservative assumption in the case of higher operation
temperatures.

the, = 20 um

thag =2um ) O

_ o >
thpes = 2 pm % S,
thpy =75 pm “o

thegpe = 100 um

Figure 5. Thickness of each layer in the REBCO tape to scale. The
total tape thickness thpe comprises about 100 um. The total
thickness of the copper layer they is 20 um, from which 10 um are
above and 10 um are below the other materials.

3.2. Cable build-up

The radius of the inner copper stabilizer plays a major role in
the design of the cable. It determines the maximum number of
REBCO tapes that can be wound per layer on top of the core,
and it largely characterizes the electrical behavior of the cable
in the case of a short circuit. Our design leads to an inner cop-
per stabilizer with a radius rq ¢, of 14.2 mm. This value is well
in the range of the typical radii of copper cores between 5 mm
and 20 mm [85]. The analysis that led to this result will be
discussed in sections 3.3 and 3.4. In this section, we first dis-
cuss the physical consequences of the size of the inner copper
stabilizer.

The number of tapes per layer in the inner phase Nyapes 1
is calculated using equation (1). This is composed of the geo-
metric equation for the surface of a circle and the trigonometric
function owing to the lay angle of the tape:

ey

2.7 - Flcu
Nlapes,l = .

Wiape/ €08 (a1)

Assuming a radius rj¢, of 14.2 mm, a typical lay angle
for the inner phase a; of 15° [85], and a tape width wy,. of
4.0 mm, the result is a number Napes,1 of 21 tapes.

Figure 5 shows the materials that comprise the supercon-
ducting tape and their corresponding thicknesses. The total
thickness of the tape th,p is of about 100 um. These dimen-
sions are based on the technical sheet provided by the manu-
facturer, which is Fujikura Ltd. For the sake of simplicity, we
neglect buffer layers—like magnesium oxide—that only have a
share of about 0.7 % in the tape thickness. Assuming one layer
of REBCO tapes in the inner phase, the outer radius of the tape
in the inner phase is 7| s and is given by the radius of the cop-
per stabilizer 1y ¢, plus the thickness thgpe, i.e. 14.3 mm.

The electric field inside the coaxial cable is calculated using
the equation

U
r~ln(%)7

where E is the electric field at radius r of a cylindrical capacitor
with an outer radius r, and inner radius r; [86]. We aim for a

E(r)= )
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maximum electric field Ej;,, of 10kV mm™! during rated oper-
ation conditions. The selection of this value will be discussed
later in this section. The highest electric field occurs when the
radius 7 is equal to the inner radius r;. The outer radius of the
insulation ry jus is calculated by solving equation (2) for the
outer radius r,, that is,

Yo
T1ins = ¥l hts * e Elim “"Lhts , (3)

where the outer radius r, has been replaced by the outer radius
of the insulation ry i, the electric field £ by the maximum
electric field Eyn, the voltage U by the rated voltage Uy, and
the inner radius r; by the outer radius of the tape 7} pts. The res-
ult is the outer radius of the insulation r j,s equal to 28.8 mm.

Setting the maximum electric field Eyp, as 10 kV mm~! is
an assumption based on the design of other high-voltage super-
conducting and conventional cable systems, such as those
named in [87] at 420 kV and 380 kV, respectively. This
assumption can be validated with the following considera-
tions. Currently, there are no official standards for determin-
ing the testing voltage of paper-lapped high-voltage DC cables
under cryogenic conditions [88]. If the standard for extruded
insulation materials is applied, the test voltage Ut should be
1.85 times the nominal voltage Uy of 100 kV, i.e. the test
voltage Ut should be 185 kV [89]. In addition, a breakdown
voltage Ej, of 20 kV mm~! has been previously assumed for
the DC operation of paper insulation in liquid hydrogen [85].
These assumptions would lead to a slightly smaller insulation
radius than ry jys in equation (3), that is,

Ur
Tlins > Fijhts - €771 4)

The material of the electric insulation is assumed to be
similar to those used for superconducting cables cooled with
liquid nitrogen, such as Kapton® or PPLP. It has been shown
that the dielectric strength of liquid hydrogen at 20 K is slightly
higher than that of liquid nitrogen at 77 K [90]. However, the
dielectric properties of materials such as Kapton® and PPLP in
liquid hydrogen still require experimental verification. So far,
only the suitability of using crepe insulation paper has been
demonstrated in liquid hydrogen up to 50 kV DC [35]. The
authors of that study did not specify which type of crepe insu-
lation paper was used.

The maximum number of tapes per layer in the outer phase
N2 tapes 1s calculated similarly to equation (1). However, it is
possible to choose between three layout types. The three types
are presented in figure 6. Type I has the same number of tapes
in the inner and outer phases, but the lay angle in the outer
phase a, is larger than the lay angle in the inner phase a;, so
that the outer phase can be fully wound. Type II has the same
lay angle in the inner and outer phases, but the number of tapes
in the outer phase N tapes 1S larger than that in the inner phase
N tapes to be fully wound. Type III has the same number of
tapes and the same lay angle in both phases; however, the outer
phase is not fully wound. Several DC and alternating current
(AC) superconducting cable projects built so far have used lay-
outs based on type II [91-95]. However, the main advantage
of type III is the significantly lower amount of superconductor

Type I: Type II: Type III:
Fully wound Fully wound Not fully wound
a
N l,trlzpes
a — _
N 2, tipesi - T
a; %a, a;=a, a;=a,

Ni,tapes = NZ,tupex Ni,tupes # NZ,m[Jex NI,m[Jex = NZ,rapes

Figure 6. Possible layout types for the tapes in the outer phase.
Type I and type II are fully wound, while type III is not. The angle
in the inner phase a; and the angle in the outer phase a; is equal or
not depending on the presented type. Also, the number of tapes in
the inner phase N wpes and number of tapes in the outer phase

N2 tapes might be equal or not. Type IIT was selected.

compared to types I and II. This comparison and a summary
of the build-up of the cable are presented in table 2.

Designs A, B, and C have the same rated voltage Uy of
=+ 100 kV, and the same rated current Iy of 20.0 kA. Design D
presents a lower rated voltage Uy of & 50 kV, and a higher
rated current Iy of 40.0 kA. The specifications in the inner
phase of designs A, B, and C are equal; however, they differ
in the layout of the outer phase. Design A is based on type 111,
while design B bears on type II, and design C bears on type
I. Design A requires approximately 35 % less superconductor
than design B and design C.

Compared to design D, design A requires approximately 52
% fewer superconductor, even though both designs are based
on type III. This is mainly due to the larger rated current Iy in
design D, which increases the number of tapes N pes in the
inner phase and N, (apes in the outer phase to reach a high min-
imum critical current in the inner phase /.; and outer phase
1., (more details in section 3.3). The radii of the copper sta-
bilizer in the inner phase r; ¢, and outer phase r, ¢, are larger in
design D caused by the higher rated current /y too. However,
the total cable surface Acupie is smaller in design D, because
the thickness of its electric insulation is thinner owing to the
lower rated voltage U).

Table 2 introduces the gap between tapes in the inner phase
81,tapes and outer phase g7 tapes. Even though the gap g2 apes in
design A is larger than that in the other designs, the magnetic
field outside the cable is still sufficiently low to be negligible
(see section 3.3). A more detailed quantitative analysis of this
effect has been partially presented [96]. As long as there are
any or negligible AC losses, we propose design A for the con-
ceptual design in this case study, because of the considerably
lower total amount of superconductor. It should be noted that
no cable projects are known to use type III layouts.

3.3. Validation of the amount of superconductor

The amount of superconductor per phase is properly selec-
ted if it can conduct the minimum critical current /. pmin of
25.0 kA. To validate this, we calculate the self-field critical
current provided by the selected number of tapes N pes and
N> tapes- We consider the magnitude and angle of the magnetic
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Table 2. Comparison of different cable build-up alternatives.

Parameter Design A (selected) Design B Design C Design D
Py 4.0 GW,
Uy 4+ 100.0 kV + 50.0kV
Iy 20.0 kA 40.0 kA
Ic min 25.0 kA 50.0 kA
Wrape 4.0 mm 4.0 mm
theape 0.1 mm 0.1 mm
Tlcu 14.2 mm 20.0 mm
T'lLhts 14.3 mm 20.2 mm
T'1,ins 28.8 mm 25.9 mm
72 hts 28.9 mm 26.1 mm
.cu 30.9 mm 30.3 mm
Acable 2999.7 mm® 2 889.7 mm®
Ny Jtapes 21 44
81,tapes 0.108 mm 1.571 mm
N 1,layers 1 2
ai 15.0° 15.0°
I 25.6 KA 50.7 kA
Outer phase layout Type 111 Type 1T Type I Type 111
N2,tapes 21 43 21 44
82,tapes 4.47 mm 0.06 mm 0.00 mm 3.25 mm
N, 2,layers 1 1 1 2
a 15.0° 15.0° 62.3° 15.0°
I.o —25.1kA —26.0kA —26.0 kKA —50.1 kKA
Total superconductor amount 6 523 km 9939 km 10 042 km 13 666 km
field caused by the cable itself during rated operation ata con-  (a) 49 (b)
servative design temperature 745 of 30 K. 121"
REBCO tapes of the selected HTS manufacturer were sent 20+ 1k
to the Robinson Research Institute in New Zealand to measure g
the critical current. Appendix A presents the measured critical E 0r E 10
currents for the purchased HTS tapes. It shows the dependen- ™ > 9t
cies on temperature, field angle, and magnetic flux density. 201 gL
We employ a 2D analysis of the cross section of the super-
conducting cable, as shown in figure 7(a). Each of the REBCO '4(_)40 20 0 20 40 7 8 9 10 11 12
tapes is discretized into nodes perpendicular to the cross X / mm X/ mm
section. Every current node has a position 7 and a normal @ e B —— )
vector 7i, with information regarding the tape direction in the < 48'0 T0.1T02T03TO04T
layer. We assume 10 nodes per mm width of a 4 mm wide < 3l
REBCO tape (see figure 7(b)). The total number of nodes 'q'; 30p Outer 20
Nhodes is calculated using the following equation: g gg r phase (-) £
= g0
Nnodes = IOnOdeS : Wtape : (Nl,layers : Nl,tapes +N2,1ayers : N2,1apes) § -281 Inn >
mm £-29} er
(5) 2 _30[ phase (+) -20
. :g 31t 40
Therefore, design A has 1680 nodes. To calculate the self- 5 ¢ 840 1680 40 -20 O 20 40
field critical current in each node, we use the critical cur- Number of current node X / mm

rent measurements /. under a magnetic field B presented in
figure A.l, appendix A. To use these data for design pur-
poses, the magnetic field dependence was fitted to the follow-
ing elliptical model [97]:

L. (B’) = 00/(1+ szﬁ—i—B’i/BC)B‘ 6)

Figure 7. Determination of the critical current of a high-temperature
superconducting cable for the selected design: (a) discretization of
the cable cross-section into current nodes; (b) magnification of the
gray section in (a); (c) calculated critical currents of the considered
1680 current nodes. (d) Flux density distribution in and around the
cable.
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Table 3. REBCO tape parameters derived from the data presented
in figure A.1.

Parameter Value (Tges = 30 K)
Io 316.6 A mmg;,,

k 0.2871

153 0.89076

B. 1.21901 T

The values of the fitting parameters /., k, 3, and B, are
presented for Tyes in table 3. The magnetic fields B and B
are the parallel and perpendicular components of the magnetic
field B, respectively.

In the case of a sufficiently long, straight thread, the mag-
netic field El at location 7 is determined as

N I L
B (I, 7, 7)) = % (yl yl), @)
27 ||[F =77 \— X

where I; is the self-field critical current of a specific node i at
location 7. Using equation (7), we calculate the magnetic field
vector caused by each node on the other nodes. This leads to a
total magnetic field profile caused by all the nodes. The total
field profile is used in the elliptical model (6) to calculate the
self-field critical current of each node I;. Here, the polarity of
both phases is considered: the inner phase (4) and the outer
phase (—).

The preceding steps are iterated until self-consistent mag-
netic flux densities and critical current distributions are
determined, since the initial input parameter of the self-
field current for every node /; in equation (7) is defined as
the tape parameter /.. The calculation typically converges
after approximately seven iterations, until a relative current
change of 1077 is fulfilled as the convergence criterion.
Subsequently, post-processing follows, in which the flux dens-
ity distribution is also calculated at arbitrary locations based on
equation (7). The resulting magnetic field distribution is shown
in figure 7(d). The magnetic field outside the cable cancels
and can be neglected. The highest magnetic field magnitude
of approximately 0.34 T is close to the inner phase.

The sum of the self-field critical currents of the nodes are
the self-field critical currents /.; and /., in the correspond-
ing phases. The results are shown for each design in table 2.
The values of the self-field critical currents /. ; and /., con-
firm that the amount of superconductor is sufficient because
the values are larger than the corresponding minimum critical
current /¢ min.

Figure 7(c) shows the critical currents of the tapes. It
can be observed that at the ends of the tapes, the crit-
ical current is reduced compared to the center of the tape
due to the increasing vertical magnetic field components, as
expected. This effect is amplified in the outer phase (—),
owing to the larger gap between the tapes. The absolute val-
ues in figure 7(c) align with the expectations from the tape
measurements at 30 K and magnetic flux densities below
0.2 T of the Robinson Research Institute in figure A.l,
appendix A, that is, approximately 30 A node™' corresponds

0.001/m(Q 5.0[Q

Figure 8. Circuit representation of a monopole cable for the case of
a short circuit, where U is the source voltage, [ is the source current,
UL is the voltage over the cable inductance Leable, Ucable 1S the
voltage over the equivalent cable resistance Reaple, Usc and I are
the voltage and current over the short-circuit resistance Ry,
respectively, and U, and I; are the voltage and current over the load
R:, correspondingly. The inner phase of the cable is composed of a
copper stabilizer with resistance Rcore, Which is connected in parallel
to the resistances in the REBCO tape, i.e. the high-temperature
superconductor Ry and the resistance Rygnycu, Which is equivalent

to the resistances in parallel of copper Ry, silver Rag and Hastelloy®
Ruy. CB is the circuit breaker.

to approximately 3000 A cm~!, considering 10 nodes per mm
width.

3.4. Cable behavior in the case of a short circuit

Safe cable operation must be guaranteed, even in the case of
short circuits. To simulate the current, voltage, resistance, and
temperature of each cable material in the case of a fault, we
developed an adiabatic 0D Python-coded cable model based
on the circuit presented in figure 8. The circuit shows the inner
(+) and outer (—) phases of one of the two monopoles selec-
ted for the cable topology (see section 3.1). During the rated
operation, we assume that the current /; flows through a load
R; equivalent to Uy I, ! In the case of a short circuit, a cur-
rent I flows through a load Ry that is much smaller than load
R.. We consider a short circuit that occurs at the end of the
monopole.

When a short circuit occurs, a circuit breaker disconnects
the cable from the electric grid within a certain latency time.
According to the current profile / from a converter manufac-
turer, it takes less than 50 ms until the circuit breaker reacts.
During this time, we estimate that the cable must withstand
seven times more current than the minimum critical current
I ¢ min, that is, I,y is equal to 175 kA. This estimate is based on
private communication with a manufacturer of superconduct-
ing cable terminations, after considering a current increase of
approximately five to ten times the minimum critical current
in accordance with [98].

The copper layers in the inner and outer phases are used to
stabilize the cable electrically during the short circuit, because
the amount of superconductor is determined to transmit the
current /¢ min only. The goal of the simulation is to determ-
ine an appropriate cross-section of the copper stabilizer A,
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which can transmit excess current until the circuit breaker
disconnects the cable. The copper cross-section A, will be the
same for the inner and outer phases.

The purity of copper is often characterized by its residual
resistivity ratio (RRR) [99]. This is the ratio of the resistiv-
ity at 293 K to that at 4.2 K. The RRR value of commercially
pure copper wires ranges from 50 to 500 [99]. As a conservat-
ive assumption and aiming at low material costs, we assume
the RRR to be 50. It should be noted that copper is generally
resistant to hydrogen embrittlement, except when it contains
oxygen or copper oxide [100].

For the inner phase, we consider a stranded copper wire
with a fill factor f, meaning that

Aaw=fT 1 ®)

A fill factor f of 60 % is common for stranded wires with
high power density [101]. A stranded wire in the core provides
flexibility and sufficient volume to wind the required number
of REBCO tapes, while only a fraction f of copper is needed.

For the outer phase, we assume a wire made of solid
drawn copper tape with the same height as the REBCO tape.
Since the cross-section A, is the same for both the inner and
outer phases, the radius of the outer copper stabilizer r, ¢, is
determined by

™ ’% = "%,hts +Acu-

®

,cu

Solid drawn copper tapes allow flexibility, a smaller cable
volume, and a lower surface roughness compared to a stranded
wire in contact with liquid hydrogen inside the pipe.

The amount of electrical current flowing through each
material in the cable depends on the respective electrical res-
istivity p. In appendix B, figure B.1 shows the assumed res-
istivities for copper, silver, Hastelloy®, and yttrium barium
copper oxide (YBCO)-the assumed REBCO type—as a func-
tion of temperature. We assume that the critical temperat-
ure T. of YBCO is 95 K. Below 95 K, the differential res-
istivity of YBCO is described by rephrasing the E—J power
law [102] as:

_ E
Jhts (Tcable )

Ec Jhts )n
== (M ) (Tue) <95K. (10)
Jhls <Jc (Tcable) ( cable)

Phts ( Tcable )

Here, Jy is the current density of the superconductor, J, is
the critical current density dependent on the cable temperature
T cable 11 1s the power-law exponent, and E is the electric field
criterion for J.. We assume that the electric field criterion E, is
1 wV cm™~! and the power-law exponent 7 is 30. In the flux flow
regime, the electric field criterion E, is assumed as 1 mV cm—!
and the power-law exponent n as 4.

Equation (10) shows that the differential resistivity of the
HTS material is dependent on the electric current density.
Therefore, the current flowing through it must be calculated at
each time step. In addition, the critical current density depends
on the cable temperature T¢,1c. Hence, the temperature of the
superconducting material must also be continuously updated.

Since we consider an adiabatic case, the temperature increase
in time ¢ can be calculated as [102]:

chable

Ceable o Peaple, (11
Ceable = Ceore + Chis + Caghycus
= Ccore * Veore * deore + Ches * Vs * dhes
+ Caghycu * Vaghyeu * daghycus (12)
Peavle = Peore + Phts + Paghycu,
= Reore - Poore + Rius  Iyg + Rughyeu * Pogpyews  (13)

where Ceaples Ceores Chis, and Caghyeu are the heat capacities
of the cable, the copper stabilizer, the HTS material, and the
remaining materials in the tape (Cu, Ag, and Hastelloy®),
respectively, and Pcaple, Peore> Phts» and Paghycy are the Joule
heating losses of the cable, the copper stabilizer, the HTS
material, and the remaining materials in the tape, respectively.
The following variables are related to the copper stabilizer, the
HTS material, and the remaining materials in the tape, respect-
ively: Ccores Chis> ANd Caghycu are the temperature-dependent spe-
cific heat capacities (see figure B.2 of appendix B), Vore, Vs,
and V,gnyeu are the volumes along the total length of 75 km,
deores dnis, and dygnycu are the mass densities (see table B.1
of appendix B), Rcore, Rhts, and Rygnycu are the resistances,
and Jcore, Ints, and Iaghyeu are the currents in the correspond-
ing component.

To simulate the non-linear behavior of the HTS mater-
ial, we use the two-branches model and the current-iterative
process, as presented by [102]. Equation (11) can be solved
numerically using the explicit Euler method [103]. For the cal-
culation of the self-field critical current density, we use the
fitted curves presented in figures A.2 and A.3 of appendix A.
Since we consider a short circuit that occurs at the end of the
transmission line (see figure 8), we assume a start temperat-
ure Ty that corresponds to the outlet temperature of the liquid
hydrogen. This is 26 K, which is one of the highest outlet tem-
peratures for low mass flows (see section 3.5).

The voltage changes in the cable can be analyzed by
applying Kirchhoff’s law to the circuit shown in figure 8
[104]. Therefore, the source voltage U is a function of time
t described as:

d/ 1 1
U([) = Lcable# +I([) * Reaple (Tcable) +I(t)/ (RSC -+ Rr> R
— Ui+ Ve +10)/ (-4 ). (14)

RSC Rr
where Rcupe and Tpe are the resistance and temperature,
respectively, along the 75 km long cable. The load R; is equi-
valent to Ug I ' and Ry is a short-circuit resistance much
smaller than the load R;, as discussed at the beginning of
this section. The current profile / assumes the existence of a
capacitance in the grid. Considering this capacity would have
nearly no impact on the heating of the superconducting mater-
ial, which is the focus of this section. Therefore, the capacit-
ance has been neglected. In equation (14), the inductance of a
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Figure 9. Cable behavior in the case of a short circuit: (a) Current
changes in the current source /, in the copper core Icore, in the
high-temperature superconductor (HTS) /1 and in the rest of
materials in the tape Iaghycu (silver, Hastelloy®, and copper); (b)
Voltage fluctuations in the source U, in the inductance Uy, and in
the cable Ucyple; (¢) Temperature rise in the cable Tcaple
accompanied by the critical current 7' of the HTS; (d) Resistance
variations in the HTS Ry, in the copper core Rcore, and in the rest of
materials in the tape Raghycu-

coaxial cable L, is defined as:

Hins - len
2.7

¥1,ins

Leaple = (15)

-In < ) .
The permeability of the electric insulation ;g is equal to
the relative permeability of a synthetic material fi times the
vacuum permeability pi,, or rather pins = firer- tto. The relative
permeability of the synthetic material is assumed to be 1.0.
Figure 9 illustrates the results of the cable simulation during
the short circuit. The time stages can be described as follows:
When the time 7 is less than 0.0 s, the cable is in rated opera-
tion. When time ¢ equals 0.0 s, a short circuit occurs. Shortly
thereafter, the peak current [, is reached at 175 kA. When

71 hts

the time ¢ is about 0.05 s, the circuit breaker activates and the
source current / starts decreasing until it completely vanishes
after approximately 0.6 s.

During the rated operation (¢ < 0.0 s), figure 9(a) shows that
the entire source current / flows through the superconductor,
such that the source current / is equal to the current through
the superconductor Is. This is because the superconductor
resistance Ry vanishes during rated operation, as shown in
figure 9(d). Even though the resistance of the inner copper sta-
bilizer R.qr is low, it is still five orders of magnitude higher
than the superconductor resistance Ryys. In figure 9(d), the res-
istance R,gnycu TEpresents the equivalent resistance of the other
materials in the superconducting tape, as shown in figure 8.
The resistance Raghycy i considerably higher than the resist-
ance of the superconductor Ry and copper stabilizer R.ore.

After the short circuit occurs at 0.0 s and until time ¢ is
approximately 0.3 s, the excess current is mainly transmit-
ted by the inner copper stabilizer. This can be observed in
figure 9(a), where the current through the copper stabilizer
Icore 18 higher than the current through the superconductor /.
The current flow in the copper increases the cable temperature
T cable- This is illustrated in figure 9(c). The higher temperature
significantly increases the resistance Ryghycu. The resistance of
the copper stabilizer R rises slightly. The superconductor
resistance Ry increases sharply when the source current 7 is
high. Despite a final temperature of approximately 51.6 K, the
superconductor is able to transmit the remaining current start-
ing from ¢ equal to 0.3 s.

Figure 9(b) describes the changes in the source voltage U,
cable voltage Ucape, and inductance voltage Up—as described
in equation (14). When a short circuit occurs, the induct-
ance opposes the change in the electric current and a negative
voltage is induced. This occurs during a sudden increase in the
source current /. As soon as the source current / becomes con-
stant at 175 kA, the inductance voltage Uy, vanishes. Once the
source current I decreases, the inductance voltage Uy, becomes
positive due to its opposing behavior. The inductance voltage
UL decreases as the source current / tends to zero. A maximum
source voltage Upnax of 124.4 kV is reached just before the
source current / starts decreasing. This value is below the test
voltage Ut of 185 kV, for which the cable should be designed,
as discussed in section 3.2.

The results presented in figure 9 confirm the safe operation
of the cable in the case of a short circuit from different per-
spectives. First, the cross-section of the copper stabilizer Acore
is sufficiently large to transmit excess current during the short
circuit. The radius of the copper stabilizer is also sufficient to
wrap the necessary number of REBCO tapes for the rated oper-
ation. In principle, a slightly smaller copper stabilizer would
also fulfill these two properties. However, the selected core
copper radius r; ¢, leads to an appropriate electric insulation
thickness, as defined by equation (3). In addition, the resulting
maximum voltage U,x is lower than the test voltage Ur. The
voltage Upax is partly defined by the cable geometry, owing
to its influence on the inductance, as shown in equations (14)
and (15).

It should be noted that under the assumed adiabatic con-
ditions, there is no heat exchange between the tape layers or



Supercond. Sci. Technol. 38 (2025) 125025

S Palacios et al

between the tape and the coolant liquid. The simulations con-
ducted in [105] show that the difference in results between
adiabatic and non-adiabatic simulations are negligible during a
short circuit. This is because under fault conditions, rapid heat
generation occurs within the tapes, and the coolant is unable
to assist in reducing the temperature. However, after the short
circuit, a non-adiabatic model can show how liquid hydrogen
dissipates heat from the tapes. Therefore, the adopted adiabatic
model is a worst-case scenario when modeling the temperature
rise of the cable during a fault. In a non-adiabatic simulation,
the final temperature of the cable would be even smaller.

The 0D simulation does not resolve the spatial dimensions,
but focuses on the time-dependent behavior of the cable. In
the OD simulation, the cable temperature increases uniformly
along the total length. According to [105], a 1D or 2D model
can more precisely predict the risk of coolant warming as a
consequence of an electric fault. However, an approximate
heat transfer calculation can prove that the presented final tem-
perature of about 51.6 K does not present a risk of coolant
boiling. We consider a worst-case scenario, in which there
is no coolant flow (constant volume), the amount of heat is
totally transferred to the coolant, and the entire coolant is at
the outlet temperature and pressure of approximately 26 K
and 527 kPa, respectively (see section 3.5). The temperature
difference between the coolant and the heated cable determ-
ines the amount of heat transferred, i.e. 630.8 MJ, given a
cable heat capacity Ccape Of 24 666 kJ K~ at 51.6 K, as
defined in equation (12). The density and specific heat capa-
city of liquid hydrogen at constant volume for the considered
outlet temperature and pressure are about 63.2 kg m—> and
6 117 J kg7 'K~!, respectively [15]. Assuming the pipeline
dimensions of the selected design that will be presented in the
following section (15.8 cm® g~ 1), the final coolant temperature
and pressure would be of approximately 26.2 K and 671 kPa,
respectively. Under these conditions, hydrogen remains in its
liquid state and has still a safe distance to the vaporization
curve (see section 3.5).

3.5. Thermal-hydraulic design

The main purpose of the thermal-hydraulic model is to cal-
culate the temperature increase and pressure drop of liquid
hydrogen along the pipeline length. We assume that suffi-
ciently large storage tanks for liquid hydrogen are located at
the beginning and at the end of the transmission line. On the
upstream or supply side, the tank has liquid hydrogen in ther-
modynamic equilibrium at 150 kPa and 20.4 K. A transfer
pump with an overhead pressure of 450 kPa provides an inlet
pressure pj, of 600 kPA to the hybrid pipeline. According to
an established manufacturer, such a transfer pump can be com-
mercially designed to carry a mass flow of liquid hydrogen of
up to 50 th=! or rather 13.9 kg s~!. The equilibrium temperat-
ure in the container corresponds to the inlet temperature of the
hybrid pipeline T;, of 20.4 K, as it is assumed that any tem-
perature increase due to pressure rise is offset by heat transfer
to the stored medium.

A Python-based simulation determines the outlet
temperature T, and outlet pressure po, of the transmitted

liquid hydrogen at the end of the pipeline. The numerical
model is based on a simplified form of 1D compressible flow
equations for the balance of mass, momentum and energy
[106]. Since the pipeline length is much larger than its dia-
meter, the differences in temperature and pressure between
the beginning and end of the pipeline are given by [106]:

Tout - Ti q

CpLH2 =(—-am-1T)-F+—, (16)
len mLH2
1 Pin—Pout —Fy aLm Vi o 4q an
PLH2 len Cp.LH2 e
¢ VEHZ
F=—=—.== 18
D 2 (18)

where Tin, Touts Pin, and poy are the corresponding inlet
and outlet temperature and pressure, respectively, len is the
pipeline length, T is the average value of the inlet and outlet
temperature, ¢ is the total heat load per unit length, F is correl-
ated to the friction factor (, and Dy, is the hydraulic diameter.
The following variables are related to the transmitted liquid
hydrogen: ¢, 11> is the average specific heat capacity at con-
stant pressure, ag g is the average thermal expansivity factor,
mpyp is the mass flow rate, vy is the flow speed, and prp» is
the average mass density.

The assumptions made for the
equations (16) and (17) are as follows:

simplification of

— We assume that the slope between the starting and end-
ing points is zero, because the altitude difference between
Brunsbiittel and Hamburg is considerably small, especially
close to the Elbe River.

— The Mach number is considered to be zero. This is because
the ratio of the liquid-hydrogen flow speed—based on the
hydrogen demand in Hamburg (see table 1)—to the speed of
sound in liquid hydrogen is negligible [15, 106].

The following paragraphs introduce each of the variables in
equations (16)—(18). The hydraulic diameter Dy, is tradition-
ally used as a basic approximation to consider arbitrary cross-
sections as equivalent circular pipelines. Since the pipeline
conducting liquid hydrogen contains two superconducting
cables, the hydraulic diameter Dy, is given by [107]:

_ 4‘Apipe _ 2 (V%Hz,i _2"%@)
Dy = = , (19)
Py rLH2i + 2 2cu
Apipe =T g = 27 - gy (20)
Py=2-7-rmi+2-2-7- -raa), 21)

where ripp; is the inner radius of the tube carrying liquid
hydrogen, r, ¢, is the outer radius of each of the two super-
conducting cables situated inside, Apip. is the effective flow
cross-section, and Py, is the wetted perimeter (in contact with
the fluid).
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Despite the thermal insulation between the inner and outer
pipelines, there is an unavoidable total heat load per unit length
q on the inner pipe, which is determined by:

q= )\0 + )\cryo CT DLHZ,i- (22)

Here, Acryo is the specific heat output and A is a diameter-
independent offset [85]. The reference surface is the cyl-
indrical jacket of the pipe carrying liquid hydrogen with inner
diameter Dy, . Clearly, the heat load g increases linearly with
the increasing diameter of the inner pipe.

To quantify the specific heat output Ay, and diameter-
independent offset )\, several references were considered.
First, the data provided in [108] considers vacuum jacketed
pipes carrying liquid hydrogen. These data were linearly fitted,
and the correlation was determined with a specific heat output
Aeryo €qual to 3.3 W m~2 and diameter-independent offset A\
equal to 0.25 W m~!, as shown in figure C.1 of appendix C.
Second, according to [85], the combination of vacuum and 30
layers of multi-layer insulation creates a specific heat output
Aeyo Of 1.2 W m~2 from 300 K to 21 K. The term for the
diameter-independent offset )\ is neglected here, as it is con-
sidered to be related to electromagnetic losses that are less
dominant under DC conditions. Third, both [53] and [52] set
the heat load per unit length ¢ to 2.0 W m~!. In [53], the
inner diameters under consideration are 12.6 cm and 15.2 cm.
The authors in [52] analyze inner diameters up to 19.8 cm.
This translates in a specific heat output Ay, of 3.2 W m~—2 to
5.0 W m—2, if the diameter-independent offset )\ is zero in
equation (22) and if diameters larger than or equal to 12.6 cm
are considered. We opted for an average value of the specific
heat output Acryo of 3.2 W m~—2 and a diameter-independent
offset A of 0.25 W m—!.

At the beginning and the end of the hybrid pipeline, addi-
tional thermal losses occur owing to the transition between
the low and the ambient temperature of the current leads
and cryostat terminations. Conventional, bath cooled current
leads produce a minimum parasitic load of approximately
42 W kA~! per pole at the transition between 300 K and
77 K, when using liquid nitrogen at an intermediate cooling
step [109]. Superconducting current leads can produce, for
example, a significantly lower heat load of approximately 3 W
at 20 kA between 60 K and 4.5 K at the cold side [110].
Assuming the use of a superconducting current lead, plus a
load-independent thermal loss of 20 W owing to the cryo-
stat terminations (empirical value) [87], the thermal losses at
the ends of the liquid hydrogen pipeline have been neglected
because of the very small temperature difference given by the
minimum mass flow requirements sy g, of about 5.13 kg s~!
(see table 1).

The friction factor ¢ on the liquid-hydrogen flow is
calculated applying the Newton—-Raphson method on the
Colebrook—White implicit equation:

2.51 >

1
¢42m< Re\/T

where € is the surface roughness, Dy is the hydraulic dia-
meter and Re is the Reynolds number. It has been shown that

S
3.7-Dy

(23)

the hydraulic diameter Dy, can be used to calculate the fric-
tion factor for turbulent flows (Re > 4 000) in non-circular
cross-sections if there are no sharp edges inside [107]. A more
detailed determination of the friction factor for the presented
geometry is beyond the boundaries of this work.

The liquid hydrogen is mainly transmitted between two
materials: copper and invar. Therefore, the surface roughness €
of the outer copper layer of the cable and of the inner invar pipe
must be considered. According to [111, 112], and [113], the
surface roughness ¢ is equal to 0.046 mm for commercial steel
pipes, which is the most similar value found in the literature
for invar. In the case of drawn copper, the surface roughness ¢
is equal to 0.0015 mm [111]. As a conservative approach, the
surface roughness € is assumed to be equal to 0.046 mm for
the simulation.

The Reynolds number Re in equation (23) is defined as:

v Dy pLm MLHD

Re= —"———— 1ym=

— =— (24
TILH2 PLH2 * Apipe

where 7y is the average viscosity associated with the liquid
hydrogen flow. The mean values of the mass density prmz,
specific heat capacity ¢, 12, thermal expansivity factor oy o,
and viscosity 7 g2 in equations (16)—(24) are calculated based
on the substance data for parahydrogen from [15], using the
average values of the assumed inlet and outlet temperatures
and pressure, that is, pLuz (7.p), ¢pmz (T,p), awne (T,p), and
TILH2 (T,]_)), where

Tin + Tout
2

Pin + Pout
3 .

T= = (25)

To initialize the values of the average temperature 7 and
average pressure p, an initial value of the outlet pressure poy
is adopted by establishing a maximum difference between the
outlet pressure p,, and the inlet pressure p;,, for example, of
300 kPa. The initial value of the outlet pressure poy is used to
calculate the saturation temperature 7', of liquid hydrogen at
the given pressure. We assume that the maximum outlet tem-
perature Ty, of the liquid hydrogen must be at least 1K away
from the boiling curve, that is,

Toul § Tsat (pout) - 1 K (26)

This condition stipulates the safety margin for the boil-
ing curve. Using the initial values of the outlet temperature
Toy and outlet pressure poy, We use equation (25) to calcu-
late the mean mass density pru», mean specific heat Cp1mo,
mean thermal expansivity factor & py, and mean viscosity
fLuz- These values are used in equations (24)—(17) to determ-
ine the self-consistent values of the outlet temperature 7', and
pressure po, as a function of the mass flow 7y, and the pipe
inner diameter Dy ;. The calculation usually converges after
approximately five iterations, with a relative change in the out-
let temperature T, and pressure pyy; of 10~7 as the conver-
gence criterion. Table 4 presents an example of the parameter
values for the case when the pipe inner diameter Dy g is equal
to 36 cm and the mass flow ri y is equal to 6.0 kg s—L.

Figure 10 illustrates the results of the thermal-hydraulic
simulation. Figure 10(a) presents the outlet temperature 7 oy
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Table 4. Example of parameter values in the thermal-hydraulic

simulation when the pipe inner diameter Dy y2; and the mass flow
—1

ri i are set to 36 cm and 6.0 kg s™, respectively.
Parameter Value
Tin 20.4 K
Pin 600.0 kPa
)\cryo 32W m_2
Ao 025Wm™!
q 3.857Wm™!
€ 0.046 mm
DLHZ,i 36.0 cm
Dy 252 cm
Apipe 957.9 cm?
Py 151.9 cm
AL 60.0 kg s™!
T 226 K
D 539.4 kPa
PLH2 68.5 kg m*
Cp L2 110444 T kg "K'
aLm 0.0196 K~!
L2 11.54 pPa s
VLH2 0.914ms™!
Re 1 368 309
¢ 0.0142
Tout 249 K
Pout 478.7 kPa

and figure 10(b) shows the outlet pressure poy, both in terms
of the dependency on the mass flow mi ;. Each figure com-
pares five different inner pipe diameters Dy g ;: 33 cm, 34 cm,
36 cm, 38 cm, and 40 cm. The condition based on equation (26)
indicates that for the presented results, hydrogen will remain
in its liquid state—even after 75 km of transmission and without
the need for intermediate cooling stations. The smallest integer
value for the diameter required to fulfill this condition is 33 cm.
Diameters larger than 40 cm are also appropriate; however,
they require higher ranges of mass flow ri pp5, as it will be dis-
cussed as follows.

The results show several effects of different pipe inner dia-
meters Dy and mass flows 7 g on the outlet temperature
T oy and pressure poy. For a given mass flow my pp;, the outlet
temperature 7oy is higher for larger values of diameter Dy ;.
This is expected because of a higher heat load ¢, as described
by equation (22). Since the cryogenic losses are smaller for
smaller pipe diameters, lower values of the flow speed vy,
-and hence of the mass flow riyyy -are allowed for smaller
diameters Dy ;. However, small pipe diameters increase the
frictional losses. Therefore, higher operational values of the
mass flow iy, can be achieved by pipes with larger diamet-
ers Dy, as described by equations (16) and (17). For all dia-
meters Dy i, figure 10(b) shows that if the mass flow ritppp is
higher, the outlet pressure p,, will be lower, mainly because
of the higher frictional losses. In contrast, figure 10(a) shows
that for higher values of the mass flow 71 >, the outlet temper-
ature T, will be lower—according to equation (16)—since the
liquid hydrogen will be transmitted faster. At low mass flows
ri i, the opposite occurs, that is, the pressure drop is lower

@)
D .
26.0 LH2,i
%N 40 cm
&5 v 38 cm
L 25.0- O 36 cm
% A 34 ¢cm
g 0 33 cm
E, 24.0 1
35
B Weey
© 23.01
(b)
600 -
o]
&
500+
mf
g
2 400
2
a
= 300 :
=
@)
200 ‘ : ‘ . ; ;
4.0 6.0 8.0 10.0 12.0 14.0 16.0

Mass flow 71, / kg ™!

Figure 10. (a) Outlet temperature 7oy and (b) outlet pressure poy; of
the hybrid pipeline, both as a function of the mass flow of liquid
hydrogen i1 i12. The results are presented for four different inner
diameters Dyya; of the pipe carrying the liquid hydrogen: 33 cm,

34 cm, 36 cm, 38 cm, and 40 cm. The vertical dashed lines show the
limits of the hydrogen demand in the selected case study: between
5.13kgs™! (0.61 GW,) and 7.23 kg s~! (0.86 GW,). For the design,
we selected Dy of 36 cm.

because the frictional losses are smaller, and the temperature
difference is higher because the velocity 14y is lower.

To choose an appropriate diameter Dyyp; for our design,
the vertical dashed lines in figure 10 represent the limits of the
hydrogen demand for the selected case study. According to
table 1, the minimum hydrogen demand will be 5.13 kg s~!
(0.61 GW,) and the maximum hydrogen demand will be
7.23 kg s~! (0.86 GW,). On one hand, the hybrid pipeline
should be in operation even though hydrogen quantities lower
than the minimum demand are available. The lowest values of
r g of 4.6 kg s~! (0.55 GW,) are achieved when the inner
diameter Dy ; is 34 cm or 36 cm. On the other hand, if the
hydrogen demand in Hamburg grows in the future, the dia-
meter Dy of 36 cm permits a mass flow ri p, as high as
9.6 kg s~! (1.14 GW,), compared to only 7.6 kg s=! (0.91
GW,) with a diameter of 34 cm, in return for a modest dia-
meter enlargement. For these reasons, we select an inner dia-
meter Dy ;i equal to 36 cm. The operational range is defined
by the design parameter values listed in table 5.

Figure 11 shows the density of liquid hydrogen as a func-
tion of both the temperature and pressure in the relevant range
of operation of the hybrid pipeline [15]. The white curve
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Table 5. Thermal-hydraulic design parameters and corresponding
range of operation.

Parameter Value

Tin 20.4K
Din 600.0kPa

q 3.857Wm™!

€ 0.046 mm

Drmji 36.0 cm

ML 4.6—9.6kgs™'0.55—1.14 GW,
Tout 25.9-23.5K

Pout 527.1 — 298.3 kPa

Density / kg m™
80

600

Pressure / kPa

400

T(lut. P o/ j >
9.6 kg s R

&

200

22 24 26 28
Temperature / K

18

20

Figure 11. Density of liquid hydrogen as a function of pressure and
temperature in the relevant range of operation of the hybrid pipeline,
based on data from [15]. The dark curve is the phase boundary
between gas and liquid state. T, and p;, are the inlet temperature
and inlet pressure, correspondingly. Tou and poy: are the calculated
outlet temperature and outlet pressure, respectively, considering
mass flows riy g from 4.6 kg s~! and 9.6 kg s ! for the selected
inner diameter Dy i of 36 cm.

presents the calculated values of the outlet temperature 7 oy
and pressure p,, at a given mass flow ri y, between 4.6 kg s~!
and 9.6 kg s~ ! for the selected diameter Dy of 36 cm. The
dark curve represents the phase boundary between the gas and
liquid states. The white dot (T, pin) represents the inlet para-
meters. Figure 11 shows that liquid hydrogen is a compressible
fluid. The thermal expansivity factor ay gy, acknowledges this
fact in equations (16) and (17) [106]. The inlet density falls
from approximately 71.3 kg m ™~ to 63.6 kg m ™~ in the outlet,
when 7y is equal to 4.6 kg s~!. This is a density differ-
ence of approximately 11.2%. In the case of a mass flow ri yp»
equal to 9.6 kg s~ the density decreases to approximately
66.9 kg m~3. This corresponds to a reduction of approxim-
ately 6.2%.

To calculate the wall thicknesses of the inner and outer
pipes, the materials and pressures involved must be con-
sidered. The inner pipe must stand at an inlet pressure p;, of
600 kPa on the inner side, and a pressure close to vacuum on
the outer side. As a safety measure, we assume that the inner
pipe must hold PN 16 or a nominal pressure of 1600 kPa. The

Table 6. Radii of the inner and outer pipes for the selected inner
diameter Dy, where rims,o and rimp; are the outer and inner radii
of the liquid hydrogen conducting pipeline, respectively, and 7pipe,o
and rpipe,i are the outer and inner radii of the outer pipeline,
correspondingly.

Parameter Value

FLH2,i 180.0 mm
TLH2,0 185.0 mm
Tpipe,i 215.0 mm
Tpipe,o 224.0 mm

inner pipe wall thickness—given by the difference between the
radii rip2 and roppi -was based on the standards for pres-
sure equipment AD 2000 and is equal to 5 mm. Since invar is
not listed in the AD 2000 for hydrogen and low-temperature
applications, an individual assessment is necessary.

The space between the inner and outer pipes should be
sufficient to include the multi-layer insulation—which reduces
thermal losses by convection—and some free space to reduce
the heat load by conduction. We propose a distance of 30 mm
between the radii r 2,0 and ryipe i, such that 20 mm is available
for 40 layers of multi-layer insulation and 10 mm are available
for free space. The thickness of the outer pipeline—given by the
difference between the radii rpipe,o and rpipe ;i -is based on the
conservative design guideline 1/50 wall thickness to diameter
ratio for long vacuum pipes of carbon steel [114]. Table 6 sum-
marizes the radii of the inner and outer pipes, and their corres-
ponding thicknesses.

The thermal-hydraulic model showed how to conserve
hydrogen in its liquid state and proposed the pipeline thick-
nesses, but the presented approach has some limitations. The
calculation of the inner diameter Dy y, ; tends to be underestim-
ated, because no curves, fittings, or support structures inside
the inner pipeline were included in this analysis. It should be
noted that this study does not investigate safety measures in the
case of a fault that leads to liquid-hydrogen boiling. It is clear
that emergency valves should be installed periodically along
the hybrid pipeline to steam gaseous hydrogen in the case of
excess pressure.

4. Discussion and outlook

The analysis in this work presents multiple reasons for using
a hybrid pipeline between Brunsbiittel and Hamburg, in north-
ern Germany. On the one hand, Brunsbiittel has become an
interconnecting point for the import and transmission of both
electrical energy and hydrogen, possibly in liquid state. On
the other hand, Hamburg is a city that gathers many of the per-
spective uses of both energy vectors for decarbonization. This
indicates that it is pertinent to take advantage of the syner-
getic transmission of a hybrid pipeline, for example, to reduce
the space and energy requirements for energy transmission in
bulk, but also to assure the efficient delivery of hydrogen in
the liquid state.

The quantitative results demonstrate the efficient and com-
pact transfer of both energy vectors. A 75 km long hybrid
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pipeline with an outer diameter of less than 45 cm can trans-
mit large amounts of energy. 4.0 GW, of electrical energy and
0.55 GW; to 1.14 GW; of liquid hydrogen can be transmitted
without the need of intermediate cooling stations. This cor-
responds to the delivery of 397t d'to 829td™! of liquid
hydrogen.

The proposed hybrid pipeline exhibits the following tech-
nical benefits over conventional transmission alternatives. A
high-voltage DC link, such as SuedLink, requires 18 m to
22 m width to transmit 4 GW, [115]. A conventional 50 cm
wide pipeline transmits 1.2 GW; of gaseous hydrogen at an
operating pressure of 5000 kPa [116]. The hybrid pipeline
in this case study requires an inlet pressure of only 600 kPa,
which suggests a lower energy input for the overhead pres-
sure. However, a comparison with conventional transmission
alternatives requires a more extensive analysis that considers
all components involved in the transmission. The next steps
of our project will build on the design of this hybrid pipeline
to evaluate its techno-economic competitiveness compared to
conventional alternatives.

Earlier works with specific technical designs of hybrid
pipelines have presented outcomes not considered in this
paper. Trevisani demonstrated that the AC ripple losses caused
by the power electronics converters can be neglected in com-
parison to the thermal losses through the cryostat [50]. Mimmi
et al investigated three different magnesium diboride cable
designs at +25 kV (medium voltage) and 20 kA under various
electro-thermal operational and fault conditions. The authors
concluded that a multi-bundle petal configuration provides a
higher number of magnesium diboride wires within a small
diameter of 23.5 mm, and an acceptable magnetic field on
the wires of about 0.65 T [55]. Yamada et al considered a
1 000 km long hybrid pipeline with an outer diameter of 22 cm
that transmits 1 GW, and 0.14 GW, in form of liquid hydro-
gen. The considered transmission requires cryogenic refriger-
ation every 10 km with a total power consumption of 13.2% of
the electrical transport capacity of 1 GW,, when considering
an inlet point of 17 K and 400 kPa, and a heat load of 1 W m™!
[51]. Using a liquid nitrogen cold shield, Fu et al determined
that the maximum transmission distance of a hybrid pipeline,
which transmits 0.15 GW, and 0.08 GW; of liquid hydrogen
within an outer diameter of less than 17 cm, is 100 km without
intermediate cooling stations [58].

Previous studies have also proved the use of hybrid
pipelines along several tens of kilometers without intermedi-
ate cooling stations and cold shields. For example, transmis-
sion distances of 30 km and up to 120 km were simulated in
[53] by Bracco et al and [52] by Savoldi et al, respectively.
However, the transmission capacities and pipe diameters in
these studies are smaller than in our design. In [53], a 30 km
submarine hybrid pipeline is proposed for the transmission of
0.3GW, and at least 60 — 70 MW, of liquid hydrogen from
an offshore wind farm to the coast. The considered inner dia-
meters are 12.6 cm and 15.2 cm. The authors in [52] sugges-
ted a transmission capacity of 0.1 GW, and > 0.1 GW,, at
inlet pressures between 2 000 and 3 000 kPa, for inner dia-
meters up to 19.8 cm. Both [53] and [52] set the heat load
per unit length g to 2.0 W m~!. This corresponds to a specific

heat output A¢ryo 0f 3.2 W m=2 to 5.0 W m~2, as discussed in
section 3.5. In contrast, we assume a specific heat output Ay,
of 3.2 W m~2. This theoretical assumption should be verified
in future research, as an experimental verification is out of the
scope of this study.

5. Conclusion

This work has presented a compact and efficient design of
a hybrid pipeline for the synergetic transmission of elec-
trical energy and liquid hydrogen between Brunsbiittel and
Hamburg, in northern Germany. For this purpose, the supply
and demand of both energy vectors have been investigated.
The conceptual design covered the electrical topology, cable
build-up, behavior of the cable in the case of a short circuit,
and thermal-hydraulic design. The main findings of this study
are as follows:

1. Large energy transmission with small space and material
needs: A pipe diameter of 44.8 cm is enough to transmit
4.0 GW, of electrical energy and 0.55 GW, to 1.14 GW, of
liquid hydrogen along 75 km. This is equivalent to a hydro-
gen flow between 397 td™' and 829 td~'. The proposed
cable design has a rated voltage of &= 100.0 kV and a rated
current of 20 kA.

. Secure operation, even in the case of a short circuit: Two
parallel coaxial monopoles with metallic return provide
electrical redundancy, no magnetic field outside the cables
and mechanical flexibility. The cables would withstand a
fault with an overcurrent of 175 kA for 50 ms. The coolant
would maintain in its liquid state despite of a cable temper-
ature rise up to 51.6 K. The increase of pressure remains
inside the design limits.

. Efficient liquid hydrogen transmission without intermedi-
ate cooling: A 75 km long pipeline with an inner diameter
of 36 cm transmits 4.6 kg s ! t09.6 kg s~ ! of liquid hydro-
gen without evaporation. We consider an inlet pressure of
600 kPa, an inlet temperature of 20.4 K, a specific heat out-
put equal to 3.2 W m~2, and a diameter-independent offset
equal to 0.24 Wm~".

. Review of potential users of liquid hydrogen: liquid hydro-
gen proves to be useful, not only for the import of hydrogen
overseas, but also for the decarbonization of several types
of consumers, including parts of the aviation and maritime
sectors, as well as long-range trucks. This is mainly because
of its high energy density. The high purity of liquid hydro-
gen makes it attractive to other final users, such as chip
companies and fuel cells. The cryogenic temperature level
of liquid hydrogen enables the use of HTSs, which can be
used to expand the electric grid with low space and material
requirements.

The present work has ascertained where and how a hybrid
pipeline can synergetically transmit electrical energy and
liquid hydrogen in Germany. However, a technology will only
prevail if it is cost-competitive. Future steps in this project will
deliver a techno-economic assessment of this hybrid pipeline
compared with conventional transmission alternatives. The
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results of this paper and future project steps will be avail-
able to relevant stakeholders and policy makers to take better-
informed decisions when considering the expansion of trans-
mission infrastructure to reach climate neutrality.
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Figure A.1. Dependence of the critical current per cm width of the
selected REBCO tape on field angle at 30 K. Different magnetic flux
densities are presented as independent datasets. The measured data
were fitted using an elliptical model as described in [103].

Appendix A. REBCO tape critical current
measurements and fitted curves

REBCO probes of the chosen HTS producer were delivered
to the Robinson Research Institute in New Zealand to meas-
ure the critical current. The critical current of the 1 mm wide
short probes was measured at temperatures from 20 K to
77 K, magnetic flux densities from OT to 1 T, and angles
from 0° to 240°. For design purposes, the measured data
were fitted using various techniques. Here, we present the
results.

The critical current per cm width is shown as a func-
tion of the field angle in figure A.1. Several curves show
the effect of an increasing magnetic flux density. The con-
tinues lines next to the discrete measured values show how
the data were fitted using an elliptical model, as described in
[97]. It can be observed that the critical current has lower val-
ues at 0° and 180° and a maximum at 90°. As expected, the
critical current decreases when the magnetic flux density is
higher.

Figure A.2 presents the critical current per cm width as a
function of temperature. We determine the field angle to be
the one that induces the lowest critical current as a conser-
vative assumption. We assume that the critical temperature
of the HTS is 95 K. The thin plate spline method was used
to fit the sample data. Here, the different curves show also
the effect caused by an increasing magnetic flux density. It
is clear that the higher the temperature the lower the critical
current.

Figure A.3 shows the effect of the magnetic flux dens-
ity on the critical current per centimeter width. The mul-
tiple datasets represent a discrete change of temperature. Here,
the field angle is fixed to produce the lowest critical cur-
rent. This assumption is conservative. The fitting method
used was a thin-plate spline. As expected, the critical current
decreases with an increase of both temperature and magnetic
flux density.
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Figure A.2. Critical current per cm width of the selected REBCO
tape as a function of temperature at the field angle with the
minimum critical current. The critical temperature is assumed to be
95 K. Different magnetic flux densities are presented as independent
datasets. The thin plate spline method was used to fit the sample
data.
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Figure A.3. Measurements and fitted curves of the critical current
per cm width of the selected REBCO tape depending on the
magnetic flux density at the field angle with the minimum critical
current. Different temperatures are presented as independent
datasets. The thin plate spline method was used to fit the sample
data.

Appendix B. Resistivities, specific heat capacities,
and mass densities of the materials in the cable

This section summarizes the material properties used for the
model of the short-circuit behavior of the cable. Figure (B.1a)
illustrates the assumed resistivities for copper [99], silver
[117], and Hastelloy® [118] as a function of the temperature
between 10 and 300 K. For YBCO, the assumed resistivity is
presented from 95 to 300 K in figure (B.1b) [119]. We assume
that the critical temperature of YBCO is 95 K. Below this tem-
perature, the resistivity of YBCO is described using power law
(see section 3.4).

To simulate the temperature variation in each component of
the cable, we utilize the specific heat capacities of copper, sil-
ver, Hastelloy®, and YBCO, which are temperature-dependent
and referenced from [117, 118, 120], and [121] respectively, as
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Figure B.1. (a) Resistivity of copper, silver, and Hastelloy® from
10 K to 300 K based on [99, 117], and [118]. (b) Resistivity of
YBCO from 95 K to 300 K based on [119]. Below the critical
temperature of 95 K, the resistivity of YBCO is described using
power law.
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Figure B.2. Specific heat capacities of copper, silver, Hastelloy®
and YBCO based on [117, 118, 120], and [121].

Table B.1. Mass densities of the modeled materials in the cable.

Material Density

Copper 8940 kg m > [122]
Silver 10492 kg m~> [117]
YBCO 6380 kg m~> [123]
Hastelloy® 8890 kg m~> [118]

illustrated in figure B.2. Subsequently, the specific heat capa-
city is multiplied by the volume and mass density of each
material. Table B.1 lists the assumed mass densities.
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Figure C.1. Heat load per unit length as a function of the inner pipe
diameter for a vacuum jacketed liquid hydrogen pipeline based on
reference data from [108]. The data was linearly fitted and the
correlation is shown a continuous line.

Appendix C. Reference data for heat load on a
liquid hydrogen pipeline

The sample data from [108] were linearly fitted to establish
the total heat load per unit length of vacuum-jacketed pipes
carrying liquid hydrogen. The correlation was defined with a
specific heat output of 3.3 W m~2 and a diameter-independent
offset of 0.24 W m~!, as shown in figure C.1. Here, Dy is
the inner diameter of the considered pipeline.
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