
 

 

Authors’ version submitted to 2021 AEIT HVDC International Conference  

Published article available at 10.1109/AEITHVDC52364.2021.9474597 

Superconducting links for very high power 

transmission based on MgB2 wires 
 

Christian-eric BRUZEK 

ASG Superconductors  

Genoa, Italy 

bruzek.christian-eric@as-g.it 

 

Adela MARIAN 

Institute for Advanced Sustainability 

Studies (IASS) 

Potsdam, Germany 

adela.marian@iass-potsdam.de 

 

Abstract—This paper presents the main technological 

achievements of the first 3-gigawatt-class HVDC 

superconducting cable system, which was manufactured and 

successfully tested in the European project Best Paths. The 

technical focus is set on the cable conductor, the electrical 

insulation, and the high-voltage terminations. Furthermore, the 

implementation challenges of long-length systems are briefly 

outlined, along with environmental benefits and next steps for 

this new technology. 
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I. INTRODUCTION 

Within the European project Best Paths that ran from 2014 
until 2018 [1], one demonstration task investigated, built and 
qualified a high-voltage direct-current (HVDC) 
superconducting system operating at the multi-gigawatt level. 
The high transmission powers were motivated by recent 
studies demonstrating the need for additional pan-European 
corridors extending over several hundred kilometers and 
having capacities up to 20 gigawatts (GW) [2]. 

More specifically, a full-size 3-gigawatt-class 
superconducting DC cable system operating at 320 kV and 
10 kA was demonstrated for the first time in Best Paths [3]. 
The cable is based on the magnesium diboride (MgB2) 
superconductor, which is very economical to produce and is 
already commercially available in kilometric lengths. This is 
in contrast to ceramic-based superconductors that are based on 
more costly rare-earth components and have a complex 
manufacturing process. 

The cable includes a fault-tolerant cable conductor, a high-
voltage insulation layer and a cryogenic envelope. Apart from 
the cable itself, the complete system includes the cooling 
machine maintaining the temperature and the pressure of the 
cryogenic fluids, and two terminations to connect to the 
electricity grid. All these key components were specified, 
designed, developed and optimized for an industrial 
production during the project, providing manufacturing and 
assembling solutions that ensure feasibility, robustness, and 
practical usefulness. Although no joints were included in the 
project, an appropriate conceptual design already exists. 

An important feature of the project was the consideration 
of the actual needs of the transmission system operators, in 
particular in the initial design phase. For instance, the input 
data provided by the French transmission system operator 
RTE was essential for the design of the cable conductor, as it 
specified the expected performance and behavior in the 
electricity grid, particularly under transient conditions. 

This work was supported in part by the European Commission within 

the Seventh Research Framework Programme under Grant 612748. 

The most important specifications of the cable system are 
summarized in Table I. 

TABLE I.  SPECIFICATION OF THE MGB2-BASED HVDC CABLE IN 

BEST PATHS 

Parameters Value 

Power 3.2 GW 

Voltage 320 kV 

Operating DC current 10 kA 

Cooling medium 
He gas for MgB2 

LN2 for insulation and thermal shield 

Cryogenic losses 
< 0.2 W/m at 20 K in He gas 

< 2 W/m at 70 K in LN2 

Current ripple 1% amplitude at 50 Hz 

Fault current 35 kA during 100 ms 

Power reversal ramp 100 MW/s to 10 GW/s 

 
The following sections are focused on the main 

technological achievements of the project, namely design of 
the cable conductor and high-voltage insulation (Section II), 
concept of the electrical terminations (Section III) and testing 
of the demonstrator (Section IV). The last two sections are 
dedicated to long-length systems and environmental benefits, 
respectively. 

II. CABLE DESIGN 

The different design options for a superconducting cable 
system are discussed in detail in reference [4], which also 
presents the decision-making process carried out in Best 
Paths. The chosen cable design is schematically shown in 
Fig. 1, with the main components indicated accordingly. 

        

Fig. 1. Sketch of the 3.2 GW MgB2 cable system showing the key 

components. The electrical terminations are not represented here. 
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A. Cable conductor 

To ensure the superconducting properties of the MgB2 
material, its operating temperature needs to be maintained in 
the range of 15 to 25 K (~ -250°C). This temperature range 
can be reached by using gaseous helium or liquid hydrogen. 
In the project, gaseous helium was selected as a coolant for the 
cable conductor, as the Nexans test platform is not equipped 
for testing in an explosive environment. A commercial 
cryogenic line was used for circulating the cooling fluids. 
These cryogenic envelopes have already been in use on 
industrial and large-scale scientific sites for several decades. 
They are flexible and can be produced in kilometric piece 
lengths. Their performance and characteristics are detailed in 
[5]. 

As shown in Fig. 1, the cryogenic line includes an external 
thermal shield actively cooled by liquid nitrogen (LN2) in the 
temperature range of 70 to 80 K, and two vacuum thermal 
insulation chambers to reduce the heat inleak into the cable. 
The MgB2 conductor is itself housed in the innermost helium-
cooled cryogenic envelope whose outer wall is lapped with 
high-voltage insulation. 

The cable conductor is assembled by helically winding 18 
MgB2 wires around a flexible copper core. Its bare diameter is 
around 9.5 mm. Fig. 2 shows the conductor cross section and 
details of one of the MgB2 wires developed for the project. A 
critical current of up to 14 kA at 20 K in self-field has been 
found, which is in accordance with the expected behavior. 

Fig. 2. Picture of the 10 kA cable conductor consisting of 18 MgB2 wires 

wound around a copper core (left) and one MgB2 wire composed of 36 

superconducting filaments embedded in a matrix of nickel and monel (right).  

Analytical and finite-element modeling were used to 

design, enhance, and validate the cable structure under the 

transient grid conditions listed in Table I. For instance, 

modeling is used to check that the losses generated by ripples 

can be considered as negligible and that during the power 

reversal ramp the cable does not present any risk of 

quenching for ramp values lower than 5 GW/s which cover 

most of the specification range [6]. 

Numerical simulations were also employed to optimize 

the amount of copper required for efficient protection of the 

cable conductor during a fault. The copper core acts as a low-

resistance electrical shunt protecting the superconducting 

wires. Thus, the resistive wires transport the inrush current 

in excess of the superconducting critical current during the 

fault clearance. Since the copper core has a very low 

resistance at 20 K (RRR >150), it can accept high fault 

currents (35 kA). However, during such a fault, the Joule 

effect causes an increase in temperature and the cable must 

be rapidly disconnected to prevent any damage. A typical 

fault clearance requires less than 100 ms, and the acceptable 

temperature rise during and after fault was shown to be 

maximum 100 K. As soon as the fault is cleared, the cooling 

system returns the operating temperature to 20 K. This 

cooldown operation can take several minutes. 

Apart from the conceptual design, specific work has been 

carried out at ASG Superconductors and Nexans concerning 

the MgB2 wires and cables, which are now ready for large-

scale deployment. As the cable is very compact, the 

operating current level is easily adjustable to grid 

requirements by simply adding or removing one or several 

wires. 

For the future electricity grids, hundreds of kilometers 

of HVDC cables are envisioned, which will require a large 

quantity of superconducting wires. MgB2 wires are based on 

abundant and low-cost materials and a fully industrial 

manufacturing process, making them a good candidate for 

bulk production. The length of a single piece was optimized 

to 2 km, with a highly reproducible level of the critical 

current and wire diameter. ASG is now able to produce 

several hundreds of kilometers of such a wire. 

A 2 km piece is well suited both for the industrial cabling 

process and for the grid installation requirements that permit 

a limited number of cable joints. Beside the industrialized 

strand production, the cable itself was manufactured on 

standard industrial cabling machines, as illustrated in Fig. 3. 

After adjustment of the cabling tooling, no critical current 

degradation was detected on the wires extracted from the 

cable. 

 

Fig. 3. Planetary cabling machine from Nexans used to manufacture the 

cable conductor for Best Paths (courtesy of Nexans). 

At the end of the project, several hundreds of meters of 

cable conductor have been produced, demonstrating the high 

reliability of the MgB2 wire and cable manufacturing 

processes. 

B. High-voltage insulation 

The HVDC system requires a simultaneous operation at 
both high current and high voltage. A thick dielectric material 
is necessary for the voltage insulation between the pole and 
ground. This insulation should present a high voltage 
breakdown strength and could be similar to the dielectrics 
used for resistive cables, made out of polyethylene or 
polypropylene layers. 

 If the dielectric is located outside the cable cryostat, the 
insulation will operate at room temperature in a so-called 
“warm dielectric” design [7]. Another option is to place the 
high-voltage insulation as close as possible to the cable 
conductor at cryogenic temperature, in a so-called “cold 
dielectric” design [8]. This second option was selected for the 
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Best Paths demonstrator because it presents some advantages 
for cryogenic management and installation. 

Fig. 4. Picture of the demonstrator successfully tested in Best Paths. 

As illustrated in Fig. 1 and Fig. 4, the insulating material 
is placed just outside the inner cryogenic envelope and housed 
inside the outer cryogenic envelope. The dielectric material is 
a lapped insulation that operates in LN2 at 70 K. Paper lapped 
insulation is a standard material for the cable industry and has 
been used in very long submarine cables impregnated with oil. 
In our cold dielectric design, LN2 replaces the oil. In addition 
to its efficient cooling properties, LN2 also has good dielectric 
strength properties. To benefit from these properties, a Kraft 
paper lapping maintains a porous space that is impregnated by 
LN2 during the cable cooldown. 

A thorough analysis of DC breakdown mechanisms and 
space charge characterization have been carried out in the 
project [3], [8]. It has been found that Kraft paper impregnated 
with pure LN2 (no gas bubbles) shows high dielectric 
performance (electric field breakdown > 30 kV/mm measured 
on thick layer). Kraft paper is also tolerant to the presence of 
internal defects such as holes. For limited damages, thanks to 
the high dielectric strength of LN2, the insulation recovers its 
initial dielectric properties after a breakdown when "fresh" 
LN2 refills again the damaged space. Furthermore, it was also 
shown that no trapped space charge can migrate or accumulate 
within this material, which gives good confidence in its long-
term reliability. 

Therefore, a high-voltage insulation based on Kraft paper 
impregnated with LN2 is robust and is recommended as a 
dielectric material for superconducting HVDC systems, as 
soon as no N2 gas bubbles are generated. 

III. TERMINATIONS 

The main target in the development of HVDC 
terminations was to demonstrate the 320 kV voltage class in 
DC while accommodating the MgB2 superconductor at 20 K.  
Generally, terminations need to fulfil two main functions: (i) 
secure the injection of the high current and high voltage from 
the grid to the superconducting cable, and (ii) transfer the 
pressurized cryogenic fluids from the cooling system to the 
cable. The termination includes a special current lead 
providing a transition zone between resistive and 
superconducting materials. This transition zone is optimized 
to maintain low thermal conduction losses in the cryogenic 
fluids of the system despite the significant Joule losses from 
high current flow in the resistive part. The termination also 
manages the electric field stress between the high voltage at 
its top and the ground potential at its bottom. 

Fig. 5. Sketch of the HVDC termination developed for Best Paths, 

highlighting its modular design. 

The design of the termination is innovative, as it 
effectively separates the current and voltage functionalities, 
resulting in a strong modularity of this accessory. As shown 
in Fig. 5, the termination is split into two fully independent 
parts: in the upper part the current is injected through the 
special current lead connected to the cable conductor, while 
the high-voltage gradient is attended to in the lower part. This 
design is evolutive and can easily be adapted to different 
voltage and current values. For instance, if the operating 
current of the system changes, only the upper part of the 
termination has to be modified, whereas the lower part 
remains unaffected, and vice versa. 

IV. HVDC TESTING 

No standard has been yet established for testing HVDC 
superconducting cables. Some useful recommendations are 
given by the Cigré brochures [9] and [10]. The combination 
of these two sets of good practices constituted a basis for 
proposing a testing methodology for the Best Paths 
superconducting demonstrator. Moreover, the resulting 
protocol for the HVDC tests was shared with and accepted by 
the transmission system operators who were partners of the 
Best Paths project. Along with the testing protocol, the 
measurements and results obtained within Best Paths hence 
constitute a significant step toward preparing a new standard 
for testing superconducting HVDC cables prior to their 
installation in the electricity grid. 

The high-voltage testing was carried out at an industrial 
test platform on a 30-meter superconducting loop connected 
to two terminations. It was conducted at up to 592 kV, which 
is the testing voltage required to qualify 320-kV-class 
systems. The test platform arrangement is presented in Fig. 6, 
and an in-depth description of the testing protocol and results  
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Fig. 6. Testing loop shown together with the 800 kV DC generator on the 

Nexans testing platform (courtesy of Nexans). 

is reported in [3]. Note that the small cooling systems that 
provided overcooled LN2 and helium gas were specifically 
designed for the testing loop. The cold power and mass flow 
were therefore adjusted according to the hydraulic parameters 
of the loop. In the future, the specification of these machines 
should be reexamined according to the length of the link under 
consideration. 

The loop elements of the manufactured cable system 
successfully passed the testing program for the 320 kV class 
without any breakdown. This confirms the availability of the 
superconducting HVDC cable technology for transmitting 
bulk power higher than 6 GW (for bipolar systems). These 
innovations also open new possibilities to design 
superconducting DC links for the future. 

V. IMPLEMENTATION TOWARD LONG-LENGTH HVDC 

CABLE SYSTEMS 

Best Paths has demonstrated operation of gigawatt-scale 
systems on industrial test platform using a “type test” 
strategy. However, in practice, an HVDC link can be several 
hundreds of kilometers long, built with several segments 
connected in series. This requires field joints to extend the 
electrical and the hydraulic circuits. These elements have 
already been conceptualized but should be prepared and 
experimentally tested with the same testing protocol as the 
loop. 

In addition, several large cooling and pressurization 
stations are required to maintain the cryogenic conditions for 
the superconducting link. They should be distributed along 
the link to keep the cooling fluids in the temperature/pressure 
ranges of 15-20 K / 10-20 bar and 70-100 K / 3-15 bar for 
helium and LN2, respectively. As a superconducting cable 
does not generate Joule losses, the energy cost required for 
these devices is the only operating cost of the system. 

The span between two cooling stations depends on the 
available space for installation and the local elevation of the 
link. To install long links, adjustments of the cryogenic 
envelope diameter are also required. Different scenarios are 
presented and discussed in [5]. With the existing cryogenic 
machines and lines, a span between two cooling stations of 
up to 50 km is achievable. However, investment costs are 
reduced if the distance is reduced to the range of 10-20 km.  

All required technologies and equipment are 
commercially available at this point. As an example, the 
AmpaCity cable system in Essen [11] has been operating in 
the electricity grid since 2014 with 100% availability, 

energizing a full district close to the city center. Furthermore, 
large cryogenic machines and circulation pumps have 
proven their reliability and robustness during several decades 
of operation in high-energy applications [12], at even lower 
temperatures (1.8 K) than the one needed for MgB2.  

Conservative economical models proposed in [5] indicate 
that the proposed superconducting link is economically 
viable both in terms of investment and operation costs for 
transmitted powers higher than 3 GW, when compared to a 
resistive link. For the concrete case of a 6.4 GW link with a 
length of 500 km, a comparison of the capital costs can be 
seen in Fig. 7. The MgB2-based superconducting link is 
overall 27% less expensive than the resistive solution. This is 
primarily due to the small footprint of the superconducting 
link, which leads to a reduction in the expenditure on civil 
engineering and right-of-way by a factor of 2.6. The capital 
cost is very similar for both links, whereby the 
superconducting system also includes the cooling stations. 
Furthermore, the technology and cost of the converters that 
deliver 320 kV and 10 kA are identical for both solutions. 

Fig. 7. Capital costs of resistive XLPE cables and MgB2 superconducting 

cables for a 6.4 GW DC power link with a length of 500 km. 

VI. ENVIRONMENTAL AND NEIGHBORHOOD BENEFITS  

A life-cycle assessment (LCA) of the environmental 
impact of the HVDC superconducting cable system 
determined a strong reduction of most the considered 
indicators [13]. 

As the cryogenic envelope completely eliminates thermal 
dissipation to the surrounding area, superconducting power 
links can be laid underground in a confined environment. By 
contrast, the current rating of resistive cables is decreased by 
mutual heating between adjacent circuits. The absence of heat 
dissipation and the compact design offer a significant 
advantage for superconducting cables in areas with high 
ambient temperature, or when crossing busy urban districts, 
or within forested or pristine areas. 

In addition, their compact size and reduced footprint are 
clearly highlighted in Fig. 8, which shows that one pair of 
high-power superconducting cables has the same 
transmission capacity as eight resistive cables. This leads to 
a reduction of the footprint by a factor of 10 and expedites the 
permitting process. 

Fig. 8. Comparison of the environmental footprint of resistive XLPE cables 

and MgB2 superconducting cables for a 6.4 GW DC power link. 
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VII. CONCLUSION AND NEXT STEPS 

A gigawatt-scale HVDC superconducting cable system 
was designed and tested in Best Paths. Based on MgB2 
superconducting wires, this system was shown to be 
technologically mature and cost competitive for bulk power 
transmission. 

With their high efficiency, compactness and reduced 
environmental impact, superconducting cables offer several 
technological advantages that are likely to find high public 
acceptance. An important next step will be to develop testing 
guidelines for HVDC superconducting cables to guarantee 
safety and quality standards. 

Only the operation of such a high-power cable in real-life 
grid conditions will confirm the full potential of this 
technology in a definitive manner. In this respect, the 
involved partners recommended at the end of the project that 
appropriate de-risking instruments for the transmission 
system operators be put in place within the framework of 
European energy-climate policies. 

The Best Paths demonstrator was designed to operate in 
gaseous helium as a cooling medium. Based on the developed 
design, the coolant can be replaced by liquid hydrogen in 
future prototypes. In addition to electricity transmission, such 
a superconducting cable system would also offer a smart and 
safe option for storing and distributing large amounts of 
hydrogen under low pressure. Pending issues involve the 
necessary risk management associated with the use of 
hydrogen along with the testing and certification of the 
relevant equipment by authorized bodies. Lastly, an 
experimental investigation of the dual transport of these 
energy carriers - hydrogen and electricity - would support the 
European Green Deal agenda. 
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