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A B S T R A C T

This contribution presents conceptual designs for a hybrid power transfer line (PTL) with liquid hydrogen (LH2) and high temperature superconductors (HTS). The 
synergetic combination of chemical and electrical energy transfer provides a high overall efficiency and large power density. To avoid critical material compatibility 
with hydrogen and improve safety aspects, one option is to place the HTS cable within the same cryostat but separated from the LH2 flow by a protective pipe. A key 
challenge of this indirect cooling is the heat transfer capability from the cable to the hydrogen. To improve the thermal contact, the protective pipe is filled with 
helium as a contact gas. Evaluating the indirect cooling needs modelling of heat transfer by natural convection, which relies on empirical correlations. In this work, 
an experiment is designed to validate the correlations at cryogenic temperatures. The presented test set-up is of reduced geometric complexity and experiments are 
executed with liquid nitrogen (LN2) at 77 K. The measurement series includes different cable sample topologies and the overall results show a good accordance with a 
chosen empiric description of natural convection in enclosed space. The outcome enables further quantitative investigations of the indirect cooling concept for hybrid 
PTLs. Preliminary results predict a sufficient thermal coupling between the HTS cable and stagnant helium.

1. Introduction

The decarbonization of the energy sector needs large-scale green 
energy carriers since transport and distribution are crucial.

Hydrogen, when produced by electrolysis with electricity gained 
from renewable energy sources, has a great potential to fill this need. 
Among many forms of its transportation, the liquid state has significant 
advantages. When cooled down to 20K, hydrogen possesses high 
gravimetric and volumetric power densities (118.12MJkg− 1 and 
8403.3MJm− 3 at ambient pressure, respectively) as well as great coolant 
properties with a heat capacity of 9.57kJ(kgK)− 1 [1]. The downside, 
however, is an energy-costly liquefaction process with high losses.

Another green energy vector is renewably produced electricity itself. 
Superconducting cables for high current transmission show high elec
trical power densities and therefore require less resources in terms of 
material and space. Yet they need a considerable cooling effort to 
operate at cryogenic temperatures. The advantages of a synergetic 
combination with LH2 transport are therefore obvious.

The idea to combine liquid hydrogen and superconductors to yield 
large scale power transfer by chemical and electrical energy is not new. 
In 2004, [2] proposed the idea of a “SuperCable” with dual delivery of 
hydrogen and electric power, yet his following works to the subject (e.g. 
[3,4]) remained theoretical. A first attempt at an experimental proof-of- 
concept for an LH2 cooled superconducting power cable was successfully 

conducted by [5] in 2011 and further developed in the following years 
[6–8]. The authors used magnesium diboride (MgB2) based super
conducting wires in a flexible LH2 line. However, the use of commer
cially available HTS based on rare earth barium cuprate (REBCO) tapes 
at a LH2 temperature level of around 20–––30 K offers unique benefits in 
terms of performance and stable operation over a wider temperature 
range (e.g. YBCO: Ic/w(T = 20K) > 4000Acm− 1, [9]). Furthermore, a 
rigid pipeline with smooth hydraulic surfaces instead of a corrugated 
pipe to keep flexibility will greatly reduce the pressure drop of the LH2 
flow [10]. The design will also be easier to adjust to greater mass flows. 
This work will therefore explore an alternative design.

2. Hybrid pipeline – Conceptual designS

The hybrid power transfer line consists of a thermally insulated rigid 
pipeline (vacuum and Multi-layer insulation MLI) for LH2 trans
portation, and a compact electric superconducting cable that is placed in 
the same cryostat and thermally coupled to the cryogen. The direct 
current (DC) cable is designed as biphasic and concentric, with included 
electrical insulation between the phases and to the environment. 
Because of its excellent performance at LH2 temperatures, the 2G HTS 
material YBCO is used.

In the following, two basic conceptual hybrid pipeline designs are 
introduced.
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2.1. Direct cooling

The direct cooling concept follows a superconducting cable topology 
that has widely been realized for different cryogens including liquid 
nitrogen and hydrogen (e.g. [5–8,11]). To optimize convective cooling 
by forced flow, the wires are in direct contact with the liquid cryogen. 
Fig. 1 shows an exemplary scheme of an LH2 cooled cable with main 
components. For an optimized thermal coupling to the inner layers of 
superconductor as well, the flow cross-section is often divided in a cir
cular channel inside of the cable and an annular gap on the outside (see 
for example [5]).

Since the cables usually consist of many layers of different materials 
(e.g. copper former, electrical insulation, wound superconductor and 
support tapes), the integral structure is porous allowing the fluid to 
penetrate. As a result, the cable is thermally coupled by high heat 
transfer coefficients outside and inside and shows a high effective 
thermal diffusivity in the cross section [5].

2.2. Indirect cooling

For LH2-cooled cables, additional circumstances have to be consid
ered. Hydrogen is known to lead to embrittlement and material fatigue 
in some materials [12]. While austenitic stainless steel has been shown 
to endure cryogenic hydrogen environments [13], the hydrogenation of 
the REBCO ceramic layer of 2G HTS at high temperatures > 450K has a 
degrading effect on the superconducting properties [14]. However, the 
long-term exposure effect on the ceramic layer in LH2 at cryogenic 
temperatures is yet unknown. Therefore, to avoid material in
compatibilities and increase the safety (e.g. tightening/sealing), the 
indirect cooling concept (Fig. 2) places the superconducting cable inside 
a protective stainless-steel pipe as a material barrier against the 
hydrogen bulk flow. To thermally couple the superconductor to the 
cryogen, the pipe is filled with a contact gas. At liquid hydrogen tem
perature level of around 22K, the only suitable non-flammable gas is 
helium. Various works have been investigating and testing super
conducting cables cooled with gaseous helium e.g. [15–17], they are 
however generally designed with a flow system for the cryogen to pro
vide the cooling power.

In the here presented configuration, the heat transfer from the cable 
to the helium is of conductive or natural convective nature, depending 
on density and temperature gradients. Generally, a much lower transfer 
coefficient than a forced flow heat transfer is expected. Investigations 
are needed to evaluate the cooling ability of stagnant helium gas.

Chapter III describes the underlying thermodynamics and convection 
model.

3. Description of natural convective heat transfer

A challenge of developing a reliable model for heat transfer by nat
ural convection is to determine the heat transfer coefficient between a 

solid surface and a fluid. It is dependent on substance properties and 
geometry and can only be obtained from empirical models or mea
surements. Pertinent literature describes formulas based on character
istic numbers and geometric aspects as used in fluid mechanics. [18] 
proposes an empirical correlation for the heat transfer rate Q̇ by natural 
convection in enclosed space for a horizontal cylindrical annulus as: 

Q̇ =
2πλeff L

ln(Do/Di)
(Ti − To) (1a) 

where 
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The indices o and i indicate the diameters D and surface temperatures T 
of the outer (‘cold’) and inner (‘hot’) cylinder, respectively, and L the 
cylinder length. The substance properties thermal conductivity λ, vis
cosity ν, and coefficient of volume expansion β describe the state of the 
fluid at T = (Ti + To)/2. In Equation (1d), g is the gravitational accel
eration. The dimensionless numbers Rayleigh (Ra) and Prandtl (Pr) 
describe the character of heat transfer in a fluid and the relation of 
viscosity to thermal conductivity, respectively. For a more detailed 
explanation, it is referred to [18] and [19].

The heat transfer coefficient α can then be obtained from [18] 

Q̇ = αAm(Ti − To) (2a) 

with 

Am =
Ao − Ai

ln(Ao/Ai)
, (2b) 

A being the respective surface area. Fig. 3 shows the thermodynamic 
steady-state energy balance model for convective cooling of a cable in 
gaseous helium environment.

Neglecting heat loss trough radiation and conduction, it can be 
assumed that in steady-state conditions the heating power Q̇heat created 

Fig. 1. Scheme of direct cooling design: the cable is placed directly in the 
LH2 flow.

Fig. 2. Scheme of indirect cooling design: the cable is placed in a protective 
steel pipe filled with helium as a contact gas.

Fig. 3. Energy balance model for convective cooling of the cable in 
steady-state.
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inside the cable equals the convective cooling power Q̇convection over the 
surface to the gas (see Fig. 3). The basic energy balance then delivers 

Q̇convection = αAΔT = Q̇heat = UI (3) 

where A describes the area of heat transfer and ΔT = Tcable − THe equals 
the temperature difference between the cable surface and the bulk gas. 
Presuming all of the externally applied heating power is electrical 
(neglecting Joule losses of the wires), α then can be directly obtained 
from measuring temperature gradients and the known electrical quan
tities voltage U and current I.

Empirical correlations are only valid for a known range of boundary 
conditions. The correlation described in Equations (1)-(3) is considered 
confirmed for Prandtl numbers 1 < Pr < 5000 [18]. With helium having 
a Prandtl number of Pr ≈ 0.7 [1], experimental validation of these for
mulations is necessary.

4. Experiments

4.1. Set-up

The experimental set-up is designed to represent a section of a 
superconducting cable in a gas-filled protective pipe immersed in the 
liquid cryogen. Fig. 4 shows the test bench scheme and a photography of 
a sample during installation.

The cable sample (1) is geometrically reduced to a cylinder, different 
sample versions will be described in detail below. The heat source is 
realized by two heating cartridges (2) which are placed in concentric 
boreholes over the length of the sample. Platinum temperature sensors 
(Pt100) (3) are used to measure temperatures, details on the positioning 
of these sensors are given below.

Two types of samples (A, B) are placed coaxially in the protective 
pipe on 3D-printed PLA spacers (4), which are designed to minimize 
heat transfer by conduction. These white spacers can easily be identified 
in the front of the sample’s photo in Fig. 4. The protective pipe (5) is 
made of stainless steel and placed in a liquid nitrogen (LN2) bath (6) to 
represent constant cooling at its outer surface. For this experiment, LN2 
provides a safer and more accessible testing environment than LH2. The 
pipe can be filled with helium (7) in varied pressures. Helium supply, 
sensorics, and electrical power for heating can be accessed through 
vacuum-tight feedthroughs (8, 9).

Table 1 summarizes dimensions and parameters of the experiments. 

It is emphasized that the main objective is the validation of an empirical 
correlation for heat transfer. For natural convection, the most important 
geometric dimension is the cable diameter which is realistic, others are 
chosen for feasibility. Likewise, the heating power is exaggerated 
compared to a realistic heat loss of a superconducting DC cable to cover 
a broader range of boundary conditions. Fig. 5 shows schematics of the 
different samples, which are designed to investigate different aspects of 
the heat transfer in hybrid pipelines separately. In sample A, the cable 
specimen (1) is geometrically reduced to a bare copper rod and located 
coaxially inside the steel pipe on 3D-printed spacers (4). The second 
sample B includes two overlapping layers of polyimide (PI) foil wound 
around the Cu rod to mimic the influence of the required electrical 
insulation. In literature, this type of configuration is known as ‘cold 
dielectric’; all samples in this study belong to this category. Sample B is 
also located coaxially inside the steel pipe using the PLA spacers.

A third sample C places the PI-covered copper rod loosely on the 
bottom of the steel pipe without spacers, such that it forms a solid–solid 
contact in line form. The goal of this sample is to investigate the effect of 
additional conductive cooling on the cable temperatures.

4.2. Sensorics

Temperatures on the cable sample surface are measured with Pt100 
resistance sensors that are contacted with epoxy glue. A total of six 
sensors are placed on the copper rod, distributed randomly over length 
and circumference to monitor the effect of position. Preliminary tests 
showed a uniform temperature distribution over the surface. Following 
measurement values are averaged over the number of sensors. On 
sample B, five additional sensors are attached to the PI foil (see Fig. 6) 
and were treated in the same way. [17] proposed that for convection in 
sufficiently small spaces, the temperatures Ti and To from Equation (1a)
represent the temperatures of the enclosing solid surfaces instead of the 
bulk fluid. Therefore, instead of measuring the helium temperature, 
temperature measurements on solid surfaces are used. For To, a Pt100 
sensor is glued on the inside of the steel pipe (Fig. 6). Preliminary tests 
confirmed the assumption that the immersed pipe is in thermal equi
librium with the LN2 across its length and circumference.

The Pt100 sensors are connected via four-wire measuring with feed 
current 10μA, using a SCXI-1125 module from National Instruments for 
data acquisition. The helium pressure is monitored by an analog 
manometer which is frequently nulled. It is assumed that an approxi
mated cumulated uncertainty of < 3 % is sufficient for the scope of this 
work.

4.3. Experimental execution

After installation of the sample in the pipe and vacuum-tight closing 
the flanges, the vessel is evacuated to clear residual gas. Then the vessel 
is filled with helium at different pressures. The cooldown to LN2 tem
perature, although time consuming, is monitored to ensure that all 
sensors are working and to start from a defined quasi-stationary 
temperature.

The heating cartridges supply the sample at a defined power until a 
steady temperature is measured. The procedure is then repeated for 
different heating powers. To evaluate the experimental results, the 
measured temperature differences for individual helium pressures and 

Fig. 4. Schematics of experimental set-up and photo of a sample during as
sembly (not to scale, the sensor placement is symbolic. More details in Sec
tion B.).

Table 1 
Experimental dimensions and parameters.

Diameter of protective pipe D = 100mm

Length of cable sample / Cu rod L = 300mm
Diameter of Cu rod d = 20mm
Thickness of PI (2 layers) δPI = 2*0.15mm = 0.3mm
He pressures pHe = 100⋯1,000mbar
Heating power Pheat = 0⋯15W
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heating powers are plotted against the empirical predictions. Fig. 7
shows an exemplary cooldown and subsequent heating curve for sample 
A and a helium pressure of pHe = 1,000mbar.

5. Results

Fig. 8 shows the temperature difference ΔT of sample A as a function 
of the heating power for various helium pressures. As expected, the 
temperature difference increases with increasing heating power for a 
given helium pressure. Similarly, the temperature difference decreases 
with increasing helium pressure for given heating power. Measurements 
are represented by symbols and the expectation from calculations 
(Equations (1a)-e) is shown as color-matching solid lines. The chosen 
correlation from [18] generally matches the measurements. The agree
ment improves with increasing helium pressure. At the same time, 
considering a conservative approach neglecting radiation and heat 
conduction through the spacers, the empirical values consistently pre
dict higher temperature differences between sample surface and gas and 
thus lower heat transfer coefficients. The calculations will therefore 

underestimate the real cooling power and provide an intrinsic safety 
margin. The assumption of a negligibly small radiation heat transfer of 
the sample to the steel pipe is considered valid since it is approximated 
to be smaller than 2 % of the induced electrical power due to the im
mersion in LN2 (calculated with an emission grade of ε = 0.7).

Sample B of the experiment repeats the first series with an PI covered 
rod to measure the insulating effect of a dielectric material with low 
thermal conductivity (λPI = 0.1255W(mK)− 1 at T = 77K, [20]). In 
Fig. 9, the temperature gradients of the temperature sensors on the PI 
foil of sample B (green circles) are plotted together with data of sample A 

   

Sample A   Sample B   Sample C

Fig. 5. Schematic cross-sections of different samples (not to scale). A: Cu rod placed coaxially inside the steel pipe; B: Cu rod wrapped in PI foil (2 layers), coaxially 
inside the steel pipe; C: Cu rod wrapped in PI foil (2 layers), placed on the bottom of the steel pipe.

Fig. 6. Schematic sensor placement in cross-section, depicted here is sample B 
with PI foil wound around the Cu rod.

Fig. 7. Exemplary cooldown and heating curve for sample A and pHe =

1, 000mbar.

Fig. 8. Comparison of measurements (symbols) and empirical calculations 
(solid lines) for different He pressures and heating powers.

Fig. 9. Comparison of outer surface temperature differences of samples A and B 
(Cu rod with PI foil). Dashed lines connect data points to guide the eye.
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(red triangles) for different helium pressures and heating powers.
The temperature sensors on the PI foil of sample B and on the copper 

rod of sample A represent in both cases the outermost temperature and 
therefore the relevant heat transfer surface temperatures for the heat 
transfer to the helium gas. It can be seen that the temperature differences 
on the outermost surfaces of both samples match very well for all 
investigated pressures and heating powers. The results confirm the 
statement implied in Equations (1a)-e), that the physical mechanism of 
natural convection is independent from the solid material and type of 
surface. Therefore, as expected, the measurement points match regard
less of the heating power and helium pressure.

In Fig. 10, the temperature differences between the copper surface 
TCu under the insulation layer and the outer PI temperature TPI of sample 
B, ΔT = TCu − TPI, is plotted as a function of the heating power. Since the 
agreement with the correlation increases with increasing helium pres
sure, only pHe = 1,000mbar is considered.

It is observed that the temperature difference increases nearly line
arly as a function of the heating power in the considered temperature 
range. A significant deviation from the measurements can be observed 
when calculating the expected thermal resistance through the PI layer 
assuming perfect contact conditions between the outer surface of the 
copper and the inner surface of the PI (TCu(r = 10mm) = TPI(r =

10mm)) as 

Rth,PI =
ln((d + δPI)/d)

λPI2πL
(4) 

with d being the copper rod diameter, L its length, and δPI the thickness 
of the PI layer. λPI is the thermal conductivity of PI at the respective 
temperature.

The resulting theoretical temperature difference is then obtained by 

ΔTCu− PI = PheatRth,PI (5) 

This dependency is plotted in Fig. 10 for single points (crosses). The 
dotted black line is shown to guide the eye. The calculations show a 
significantly smaller temperature dependence compared to the actual 
measurements.

This difference can be explained by not-perfect contact conditions, 
leading to an additional thermal contact resistance Rth,c which needs to 
be added to the “perfect, solid-state” thermal resistance Rth,PI, leading to 

Rth,total = Rth,PI +Rth,c (6) 

The thermal contact resistance between two solid layers is specific for a 
given sample, depending for example on the quality of contacting sur
faces, contact pressure, and possible interlayers [21]. For the experi
ments in this work, the contact resistance between the cable components 

copper and polyimide can be derived from the difference of the mea
surement data and the calculated values. Table 2 shows Rth,c for each 
measurement point.

The values of the thermal contact resistances decrease slightly with 
increasing heating power and therefore temperature difference.

In Fig. 11, the influence of a combined conductive and convective 
heat transfer is investigated with the help of sample C, which is lying on 
the bottom of the protective pipe. The temperature difference 
ΔT = To − TPI is plotted as a function of the heating power. Data of 
sample C (purple color) are compared to the results of B (green color) 
from Fig. 9 for two different helium pressures, shown in different sym
bols. As expected, the temperature differences of sample C are always 
smaller than for sample B due to the additional path for heat transfer. 
The effect of increased cooling power by additional heat conduction 
decreases with higher helium densities. Considering the non-optimized 
solid–solid line contact and altered convection geometry, it is chal
lenging to reliably quantify the effect or derive an experimental value for 
the thermal contact resistance. Yet the results suggest that the cooling 
capability by additional heat conduction can be improved by design.

6. Implications for cable design

Considering the empirical correlation for heat transfer by natural 
convection in enclosed spaces to be sufficiently validated for a cable and 
pipeline geometry at LN2 temperature, the findings are now extrapo
lated to a liquid hydrogen environment to estimate the cooling power of 
a hybrid energy pipeline design with indirect cooling. The following 
calculations serve to show the implications of the results in a simplified 
pipeline model, as sketched in Fig. 12.

The following time-independent, steady-state calculation considers 
only a single electric phase and that the heating power Pheat,Cu is created 
in the inner copper core of the cable and homogeneous over the cable. 
For a superconducting cable, this might be due to fault events, e.g. from 
a resistive current bypass. Starting with the temperature of the LH2 mass 
flow, the LH2 will be heated up following Equation (7), representing a 
steady-state energy balance (heating through cryostat losses, radiation, 
and flow dissipation are neglected): 

dTLH2

dx
=

Pheat,Cu

ṁLH2cp,LH2
,TLH2(x = 0) = TLH2,in (7) 

Assuming constant fluid properties as only small temperature increases 
and pressure drops over the length of the cable sufficiently far from the 
critical point of H2 are considered, one expects a linear temperature 
increase along the pipeline length (x = LPTL). The mean heat capacity of 
liquid hydrogen cp,LH2 is specified at [1] 

TLH2 =
TLH2,in + TLH2,out

2
(8) 

pLH2 =
pLH2,in + pLH2,out

2
(9) 

with indices LH2, in and LH2, out indicating the pipeline inlet and outlet 

Fig. 10. ΔT between Cu surface and outer PI surface over heating power. The 
circles show measurement points, whereas the black crosses mark the calcu
lated values assuming perfect contact conditions between the layers. Temper
ature dependencies of material properties are considered. The dashed line is 
implemented to guide the eye.

Table 2 
Thermal contact resistances Rth,c between the Cu 
surface and the PI foil, derived from measure
ment data and calculated ideal contact 
conditions.

Pheat(W) Rth,c(KW− 1)

0.43 0.178
1.65 0.168
3.64 0.163
6.45 0.157
9.97 0.155
14.34 0.148
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temperatures and pressures of the liquid hydrogen flow (see Table 2). 
The heat transfer from the copper cable through the electrical insulation 
layer PI and the helium gas to the LH2 flow is described by thermal re
sistances Rth,i connected in series. The total thermal resistance in the 
solid layers between the copper and the outer surface of polyimide is 
calculated from equations (4) and (6), with Rth,c being the experimen
tally obtained contact resistance between copper and PI from Table 1. 
Since more experiments at lower temperatures are missing, for further 
investigations a conservative ‘worst case’ value of Rth,c = 0.2KW− 1 is set 
and then scaled to Rth,c = 0.06KmW− 1 for calculations referred to 1m 
cable length. The thermal resistance of the helium phase is reduced to 
the convective heat exchange interface and described as 

Rth,He =
1

απ(d + 2δPI)
(10) 

where α is the heat transfer coefficient obtained from the experimentally 
validated empirical formula with material properties at LH2 tempera
ture. Rth,He is also referred to 1m.

Overall, this leads to the following maximum temperature of the 
copper core at x = LPTL: 

TCu,max = TLH2,in +
Pheat,Cu

ṁLH2cp,LH2
LPTL +Pheat,Cu

(
Rth,total +Rth,He

)
(11) 

For the cable design, a maximum allowed temperature defines the cur
rent carrying ability of the superconductor, approximated here as the 
copper temperature TCu,max. Starting with an initial LH2 temperature 
TLH2,in to ensure liquid state, the maximum allowed fluid temperature at 
the pipeline outlet TLH2,out depends on the pressure (here assumed: pLH2,in 

and pLH2,out from Table 2). The thermal calculations deliver the needed 
helium pressure to achieve sufficient cooling. For a given set of pa
rameters (see Table 3.), the results can be shown as a color plot in 
Fig. 13.

7. Conclusion

This work explored an alternative cooling concept of super
conducting cables with LH2, by placing the cable in a stagnant helium 
environment to avoid material incompatibilities. The key findings are 
summarized below: 

• For the first time, studies have been conducted on cooling an HTS 
cable with stagnant helium gas instead of forced flow to simplify the 
cooling system. The temperature level is provided by liquid 
hydrogen in a combined hybrid energy pipeline.

• The empiric correlation of natural convective cooling in enclosed 
spaces by [18] could be sufficiently validated for helium at pressures 
up to 1,000mbar and T = 77K. All measurements show a higher heat 
transfer coefficient than the model predicted, it is therefore fit for a 
conservative calculation.

• The convective cable cooling can be significantly increased with 
additional convection by solid–solid contact, e.g. placing the cable 
on the pipe floor instead of using spacers for centering.

• Furthermore, for a reliable thermal cable modelling, the thermal 
contact resistances of solid–solid interfaces need to be considered 
and were determined at T = 77K for a single-phase cable sample. Yet 
further investigations are necessary.

When the findings are transferred to LH2 environment, a simplified 
thermal model predicts sufficient cooling capacity of helium for a hybrid 
energy pipeline design with indirect cooling, considering steady-state. 
However, validations for LH2 temperatures as well as cooling perfor
mance at transient fault events are still to be experimentally confirmed.

Fig. 11. Comparison of experiments with sample B and C to investigate the 
effect of increased cooling power by additional conduction.

Fig. 12. Reduced thermal model of a hybrid pipeline with respective thermal 
resistances Rth,i derived from measurement data and validated empirical 
correlations.

Table 3 
Parameters for exemplary cable cooling calculations with a simplified thermal 
model.

Cable diameter d = 20mm Inlet T LH2 TLH2,in = 22K

Thickness PI δPI = 0.3mm Inlet p LH2 pLH2,in = 6bar
Pipeline length LPTL = 1,000m Outlet T LH2 TLH2,out < 25K
Mass flow LH2 ṁLH2 = 1.66kgs− 1 Outlet p LH2 pLH2,out = 4bar
Heat capacity LH2 

[1]
cp,LH2 =

11.66kJ(kgK)− 1
Max. Cu 
temperature

TCu,max < 35K

Fig. 13. Depiction of a constant cable cooling power and LH2 outlet tempera
ture depending on the heat transfer coefficient between the cable surface and 
the fluid. Example: with pHe = 1bar in indirect cooling, α is sufficient to cool up 
to Pheat,Cu = 20Wm− 1 and not exceed the allowed Cu temperature TCu,max =

35K.
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To compliment the technical design and investigation of a hybrid 
energy pipeline, the authors are conducting a techno-economic assess
ment in a case study targeting the transmission of 4 GW electrical power 
and up to 1.15 t/d LH2 (publication submitted in 08–2025, [22,23]).
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Appendix 

List of abbreviations (not shown are variable indices which are explained in the text):

PTL Power transfer line

LH2 Liquid hydrogen
(2G) HTS (2nd generation) high temperature superconductor
LN2 Liquid nitrogen
MgB2 Magnesium diboride
REBCO Rare earth barium copper oxide
YBCO Yttrium barium copper oxide
Ic Critical current
w Width
MLI Multi-layer insulation
DC Direct current
Q̇ Heat transfer rate
λ Thermal conductivity
L Length
D, d Diameter
T Temperature
Pr Prandtl number
Ra Rayleigh number
g Gravitational acceleration
β Coefficient of thermal expansion
ν Kinematic viscosity
α Heat transfer coefficient
A Area
U Voltage
I Current
PLA Polylactic acid
PI Polyimide
P Power
Rth Thermal resistance
δPI Thickness PI foil
pHe He pressure
cp Mean heat capacity
ṁ Mass flow

Data availability

Data will be made available on request.
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