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Introduction

Best Paths, the largest research project in the field of energy financed under the European Union's 7th Framework Programme for Research, Technological Development and Demonstration, explored new avenues for delivering reliable power in Europe through the large-scale integration of renewable energy. The project ended in September 2018, having united 38 partners from 11 countries around five largescale demonstrations to validate the technical feasibility, costs, impacts and benefits of various grid technologies [1]. One of these five demonstration areas focused on validating high-voltage direct-current (HVDC) superconducting links capable of transporting large amounts of electricity -on the multi-gigawatt scale [START_REF] Ballarino | The BEST PATHS project on MgB 2 superconducting cables for very high power transmission[END_REF].

The high-power superconducting cable system sketched in Figure 1 was presented in a previous EIM article [START_REF] Marian | Validation of the superconducting and insulating components of a high-power HVDC cable[END_REF], which summarized the main outcomes achieved in the first half of the project. The key components of the cable system, their conceptual design and specifications were first introduced in the article, followed by detailed presentations of the cable conductor consisting of superconducting magnesium diboride (MgB 2 ) wires and the novel high-voltage lapped insulation operating at cryogenic temperatures (-200°C).

Figure 1: Sketch of the cable system highlighting the key components. The superconducting conductor is maintained at about 20 K in the inner cryogenic envelope, whereas the electrical insulation is housed in the outer cryogenic envelope and maintained at liquid nitrogen temperature. Due to their large size, the electrical terminations used to provide the connection to the grid are not represented here.

Both polypropylene lapped paper (PPLP) and Kraft paper immersed in liquid nitrogen were tested as insulation materials under hydrostatic pressure up to 5 bar, in particular with regard to detecting and analysing the space-charge distributions in the insulator. Since charge effects are often thermally triggered, it was expected that few charge effects would be detected at such low temperature. As space charge build-up can lead to undesired effects in high-voltage insulation, including its breakdown, development of detailed testing procedures was mandatory for checking the superconducting cable design. While no significant difference was found between the two liquid-nitrogenimpregnated insulation materials, charge injection was revealed in both cases at the interface between the insulation and the carbon loaded paper electrodes. The detected charges were attributed to trapping by isolated carbon particles detached from the electrodes. At the same time, no accumulation of charge over time was measured in the bulk of the insulation for electric fields up to 30 kV/mm [START_REF] Marian | Validation of the superconducting and insulating components of a high-power HVDC cable[END_REF].

Based on these promising results, a full-size cable system demonstrator was manufactured and tested in 2018, including two terminations for connecting it to the electricity grid. The testing program was inspired by recommendations and standards for HVDC cables and accessories. As a first demonstration of a complete cable system operating at 320 kV DC class, this constitutes an important step toward the new standard required for testing superconducting HVDC cables before their installation in the grid. This article reports on the research and testing activities from the final year of the project and is divided into three sections. The first section "Insulation assessment" presents new experimental evidence confirming the mechanism of charge injection and afterwards focuses on the insulation properties of Kraft paper. The second section entitled "New results on the cable system" includes a brief update on the superconducting wires and cable conductor, a presentation of the developed termination concept, and details of the HVDC testing protocol and demonstration tests. The last section preceding the conclusion is dedicated to considerations on long-length superconducting cable systems and challenges regarding their implementation.

Insulation assessment

The insulation between the energized conductor and ground is housed inside the outer cryogenic envelope of the cable, in liquid nitrogen. As already mentioned, lapped Kraft paper and PPLP were tested in a dedicated space-charge measurement setup by means of the pressure-wave-propagation method [START_REF] Holé | Non-destructive methods for space charge distribution measurements: What are the differences?[END_REF]. In the experiments, carbon loaded paper was used as a surface and electric field smoother between the metallic electrodes and the insulation. It was found that charges were rapidly injected under voltage at both carbon loaded paper electrodes, but the amount of injected charges was smaller in the case of Kraft paper insulation [START_REF] Marian | Validation of the superconducting and insulating components of a high-power HVDC cable[END_REF].

In order to check the assumption that the injected charges accumulate at isolated carbon particles detached from the electrodes, the outer carbon loaded paper electrode was removed from the sample. As a consequence, the outer surface of the insulation was in direct contact through liquid nitrogen with the aluminium waveguide, which became the outer electrode of the sample. The inner electrode continued to be made out of carbon loaded paper. A photograph of the original sample is shown in Figure 2(a). The sample is 2-mm thick and the tested area is located in the middle, where the outer electrode is indicated. Note that the Kapton® tape at the right of the outer electrode serves just for holding the carbon loaded paper, and there is no other polymer in the sample. The lateral Kraft paper parts are used to avoid the flashover between the electrodes when a high voltage is applied. A sketch of the sample cross section in the tested area is presented in Figure 2(b). The cross section of the sample with the outer carbon paper electrode removed is shown in Figure 2(c), along with the direction and area of the measurement. Measurements were carried out first under short-circuit to check that no charges are present in the sample, then the sample was stressed under voltage at 40 kV and, finally, back to short-circuit to estimate the amount of charges injected under the voltage stress. Figures 2(d In Figure 2(d), the peak at the front electrode is much sharper in the absence of the carbon loaded paper electrode than in its presence (see for instance Figure 8 in [START_REF] Marian | Validation of the superconducting and insulating components of a high-power HVDC cable[END_REF]). When the carbon loaded paper electrode is used, the pressure wave generated by the measurement system gets weakened upon entering the insulator and results in lower sensitivity and decreased spatial resolution of the measurement. Without the carbon loaded paper electrode, however, any charges at the outer interface should be particularly well detected thanks to the high sensitivity. In Figure 2(e), the signal at the outer electrode is clearly nil, in contrast to the inner electrode where a clear signal is detected due to the charges trapped in the isolated carbon particles. This experiment has therefore provided proof that the presence of carbon loaded paper is responsible for the charge injection. This is schematically illustrated in Figure 3. At short time scales, the presence of these isolated carbon particles holding charges is not dangerous. However, with time, the charged carbon particles may migrate under voltage stress, due to electrophoresis, and build up a space charge distribution detrimental to the insulation. The process can worsen if the insulation prevents the charges from easily moving, as in the case of PPLP where the carbon particles are more deeply trapped. As a consequence, the carbon loaded paper used to smooth the electric field close to metallic electrodes should be carefully chosen to prevent the formation of isolated particles at cryogenic temperatures.

As copper is foreseen to cover the carbon loaded paper in the final cable structure to increase outer electrode conductivity, it is worth testing the sample structure with copper directly as the outer electrode. Various arrangements of copper electrodes were used in place of the carbon loaded paper (under the aluminium contact) at the outer interface, as illustrated in Figure 4(a). The gap introduced between lapped copper tapes is necessary to allow for sufficient cable-bending capability. [START_REF] Marian | Validation of the superconducting and insulating components of a high-power HVDC cable[END_REF]), the signal at the outer copper electrode is unipolar. This means that charges are present only on the electrode, but not inside the material. Their presence is due to the electric field generated in the insulation by the charges at the inner electrode. As a consequence, image charges appear on both electrodes, predominantly on the inner electrode, as the charges are located in its immediate proximity. Unlike the case of the aluminium electrode (see Figure 2(d)), the appearance of a peak for the copper electrode is owed to the presence of electrode edges at the gaps, which create a divergent field that generates a signal independently from the presence of charges [START_REF] Holé | Influence of divergent fields on space charge distribution measurements using elastic methods[END_REF]. As seen in Figure 4(d), the peak size increases with the gap opening, since the electric field becomes more divergent as the gap widens. This experiment shows that using directly metallic tape prevents charge injection, but generates divergent fields that may eventually be detrimental to the insulation. It can be concluded that carbon paper remains necessary, but a more compact carbon loaded paper that does not allow the formation of isolated particles at cryogenic temperatures should be employed.

Figure 4: (a) Various copper configurations on Kraft paper samples, (b) Typical signal obtained under voltage stress, (c) Typical signal obtained under short-circuit condition (directly after applying the voltage), (d) Comparison of the ratio between the peak amplitude under short-circuit and the peak amplitude under voltage for the various gap cases; note that in the case of carbon loaded paper, the amplitude of the ratio is not to scale at the outer electrode, as it actually exceeds 20%.

As voltage withstand is one of the major properties of insulation, the insulation thickness of the coaxial samples was reduced to 1 mm (8 layers of Kraft paper) in order to carry out space charge distribution measurements under larger electric fields, up to 60 kV/mm. The samples had metallic or carbon loaded paper as electrodes and were subjected to voltage from 10 kV up to 60 kV. The voltage was increased in steps of 5 kV every 15 minutes and was maintained at 60 kV for 5 hours. None of the samples broke down under these conditions. The amplitude of the outer electrode peak in the space charge distribution measurements is reported in Figure 5 as a function of the applied voltage for two samples, one with carbon loaded paper electrodes and the other with metallic electrodes. As the peak amplitude is proportional to the interface electric field inside the sample, a linear shape is a good indication of the absence of any charge effect. Indeed, charge injection (homocharges) would have bent down the shape by reducing the peak amplitude with voltage, and charge accumulation of opposite polarity (heterocharges) would have bent up the shape. Here the shape is clearly linear, thus no charge effects are detected during these experiments. Note that the slope with metallic electrodes is larger than the one with carbon loaded paper electrodes because the sensitivity is smaller in the latter case, as previously discussed.

Figure 5: Amplitude of the outer electrode peak in the pressure-pulse-propagation signal as a function of the applied voltage for a sample with metallic electrodes on both sides (blue circles), and for a sample with carbon loaded paper electrodes on both sides (green ovals). Insets: photos of defects existing in the tested samples, such as scratches (top) or pinches (bottom) during the tests.

These results have been repeated with various samples, some of which had small defects such as scratches (Figure 5 upper inset) or pinches (Figure 5 lower inset), but no significant differences were observed among the samples. In order to estimate the insulation resistance to larger defects, the Kraft paper was totally removed all around the sample over a length of 5 mm, thus leaving only liquid nitrogen between the electrodes in this gap. In that situation, breakdown appeared above 25 kV/mm indicating that below that voltage level the insulation was safe, even in presence of severe damages of the lapped paper.

New results on the cable system

Assembly and testing of the cable conductor

In addition to the advances in high-voltage insulation materials presented above, multiple other components have been designed, manufactured and validated in order to experimentally demonstrate the developed superconducting cable system. Moreover, to validate some of the more innovative concepts, specific testing strategies have been devised.

One such instance concerns the MgB 2 wires and cables, which are now ready for largescale deployment. A cable conductor with a diameter smaller than 1 cm has been designed based on 1 to 1.3 mm diameter MgB 2 wires. The characteristics of this cable conductor were reported elsewhere [START_REF] Bruzek | Cable conductor design for the high-power MgB 2 DC superconducting cable project of BEST PATHS[END_REF]. The operating current was set at 10 kA in the demonstration project, but this level is adjustable to grid requirements by simply adding or removing one or several wires.

For the future electricity grids, we have imagined installing hundreds of kilometres of HVDC cables, which will require a large quantity of superconducting wires. The MgB 2 strands represent a promising solution, as they are based on abundant and low-cost constituents. Consequently, special attention was paid to improving and validating the production capacity of large quantities of wires while maintaining their high-quality level. During the last phases of the project, the length of a single piece was constantly increased to finally reach 2 km, with reproducible level of the critical current (larger than 500 A @ 20 K and 1 T) and a limited variation of its outer diameter (lower than 2%). This was achieved not only by increasing the size of the starting billets, but also by improving the swaging tools employed in the last steps of the manufacturing process.

A 2 km piece length is well suited both for the industrial cabling process and for the grid installation requirements that can only accommodate a limited number of cable joints. As the wires also have to be handled, wound and assembled on industrial cabling machines (see Figure 6), they should be tolerant to complex multiaxial stresses. Consequently, in addition to standard tensile and bending laboratory testing, a test procedure has been devised that combines both these stresses and is more representative of the cabling processes. No critical current degradation was detected on the wires when simultaneously pulling them by 100 N and bending on 200 mm diameter. To validate the cabling process, critical current measurements were carried out on the full conductor as well as on extracted wires [START_REF] Tropeano | MgB 2 round wires and cables for the high-power superconducting demonstrator in the Best Paths project[END_REF]. At the end of the optimization activities, several hundreds of meters of cable conductor have been produced, demonstrating the high reliability of the MgB 2 wire and cable manufacturing processes, which are now ready for large-scale production.

High-voltage terminations

The main challenge in the development of cable terminations was to demonstrate the 320 kV voltage class in DC while accommodating the MgB 2 superconductor, which is promising for carrying ultrahigh current. Such terminations need to fulfil two functions: (i) secure the transmission of the high current and high voltage from the grid to the cable, and (ii) allow the transmission of pressurized cryogenic fluids from the cooling system to the cable. As the electric current coming from the grid is injected at ambient temperature while the MgB 2 cable conductor operates at 20 K, the termination includes a special electrical connection zone between resistive and superconducting materials. This connection 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.

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 Figure 7, the termination is split into two independent parts: in the upper part the current is injected through a special lead connected to the cable conductor, while the high-voltage gradient is managed in the lower part. With this design, the performance of the superconducting cable system can easily be adapted to various voltage and current values, without any need for additional development work. 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. Moreover, as in the cable design, the termination concept clearly separates the functions of the two cryogenic fluids. Thus, the gaseous helium at 20 K is exclusively used for cooling the MgB 2 material down to its superconducting state without any applied electric field. On the other hand, the liquid nitrogen at 70-80 K is employed for thermal screening and for electric field management of the high-voltage insulation. In this fashion, the termination also ensures the continuity of the modularity present in the cable, as the high flowing current is found only in gaseous helium and the electric field acts only in liquid nitrogen.

Figure 8 shows the two terminations connected to a 30-meter-long superconducting cable prototype, which was built using 27-mm-thick PPLP insulation and carbon paper electrodes around the metallic elements, as described in [START_REF] Marian | Validation of the superconducting and insulating components of a high-power HVDC cable[END_REF]. The assembly of the highvoltage testing loop was completed on the premises of Nexans Germany in Hanover at the end of the summer 2018. This testing loop aimed to not only validate all the proposed modular designs, but also the manufacturing processes of the dielectric components. Moreover, it constituted a demonstration case for the installation and connecting methods of the cable on a one-to-one scale.

The completed loop was slowly cooled down from room temperature to cryogenic temperature, reaching 76 K after five days. The liquid nitrogen pressure was set at 5 bar. No thermo-mechanical damage was found during the cool-down stage, confirming the tightness of the overall system for pressurized cryogenic fluids and vacuum. The loop was thus considered commissioned and ready for the HVDC testing program. 

HVDC testing protocol and results

As no reference is available for testing HVDC superconducting cable systems, the testing program was inspired by the Cigré technical brochure no. 496 [START_REF][END_REF], which provides recommendations for testing DC extruded cables at voltages up to 500 kV. Another helpful reference was the IEC standard 62895 (ed. 2018) [START_REF]High voltage direct current (HVDC) power transmission -Cables with extruded insulation and their accessories for rated voltages up to 320 kV for land applications -Test methods and requirements[END_REF], which presents test methods and requirements for HVDC extruded cables and accessories up to 320 kV. Consequently, the protocol adopted in this project represents the first step towards developing a new standard for testing superconducting HVDC cables before their installation.

Apart from the pure DC high voltage tests, several superimposed impulse voltage tests were required for the loop validation, corresponding to the two different converter technologies in use (line-commutated converters and voltage-sourced converters). The tests aimed at simulating as thoroughly as possible the various grid events that can be encountered by a DC cable system. The testing protocol was therefore shared with and accepted by the transmission system operators who were partners of the Best Paths project. The test plan consisted of overvoltage steps (1.85 times the class voltage), of polarity reversals, and several sequences of superimposed switching and lightning impulses up to 680 kV, as detailed in Table 1.

It was decided to proceed with caution for this very new technology by first validating the cable for 200 kV HVDC class and then carrying out the test program for the 320 kV class (see Table 1).

During the DC voltage tests, the HVDC generator shown on the right-hand side of Figure 9 was connected to the cable system via a flexible metallic hose. To perform the superimposed impulse tests, the impulse voltage generator shown on the left-hand side of Figure 9 was added to the circuit. An uncoupling resistor R U and a surge capacitor C F acted as a filter protecting the HVDC generator from the signals of the impulse generator. A sphere gap (SG 2 ) was adjusted between the impulse generator and the testing loop to withstand the DC voltage and to trigger the impulses. Resistors R P and R S determine the shape of the impulses. The impulse parameters used for the high-voltage tests were chosen in accordance with the relevant IEC standard [START_REF]Impulse tests on cables and their accessories[END_REF] as follows:

1.

For the switching impulses, the peak value was reached in 260 µs and the duration to half the peak value was approximately 3000 µs. These values were within the required boundaries of 250 µs ± 50 µs and 2500 µs ± 1500 µs, respectively [START_REF]Impulse tests on cables and their accessories[END_REF].

2.

For the lightning impulses, the peak value was reached in 3 µs and the duration to half the peak value was 54 µs. These values were also within the required boundaries of < 5 µs and 50 µs ± 10 µs, respectively [START_REF]Impulse tests on cables and their accessories[END_REF].

Impulse voltage generator

HVDC generator Table 1: Demonstrator testing program including details of all the conducted voltage tests as well as sketches of the pulse shapes used [START_REF][END_REF].
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All the relevant system parameters that can impact the insulation properties of the liquid nitrogen such as its temperature, pressure and mass flow were carefully recorded during the test sequences. A typical example of the data recorded over a 24hour period is presented in Figure 10.

The cable system was maintained at cryogenic temperature (76 K) and under pressure (5 bar) during the 1.5 months required to complete the full testing program. Only the voltage was adjusted according to the test step. The values of the inlet and outlet temperatures, the pressure and mass flow were found to be very stable, as reported in Table 2. The cable system successfully passed all tests without any breakdown during the entire testing period, thus confirming the viability of this technology for both 200 kV and 320 kV HVDC systems. The latter is the first time that a superconducting cable system was demonstrated to operate at such a high DC voltage level, proving that the adopted modular design along with the manufacturing and assembling solutions secure feasibility, robustness, and practical usefulness. These innovations also open new possibilities to design superconducting DC cable systems for the future.

Outlook: Considerations on long-length systems

This project has demonstrated operation of gigawatt-scale superconducting cable systems on industrial test platforms, paving the way for realizing very long superconducting links. If the same cooling concept is maintained, some dimension adjustments for the cryogenic fluid systems will be necessary. The final design will represent a compromise between the three following requirements:

1. The pressure of both cooling fluids at any point along the cable should be kept above 5 bar to allow for sufficient insulation and cooling capacities. As a consequence, the pressure drop of the two cryogenic fluids needs to be kept at an acceptable level, below 15 bar. To this end, fluid dynamics laws require that the diameter of both the inner and outer cryogenic lines be significantly increased, by a factor of two to three compared to the demonstrator;

2. The thermal losses should be kept at a reasonable level, as well. To attain this, the cryogenic envelope should, however, be as small as possible;

3. Finally, the "flexible" cryogenic envelope needs to be transported on drums from the production plant to the installation site. This limits the outer diameter of the cryogenic envelope to not more than 30 cm.

These requirements still need to be thoroughly evaluated, along with additional challenges related, for instance, to elevation changes along the transmission path as well as qualifying field joints for both the cable conductor and the high-voltage insulation.

Apart from the testing activities and the elaboration of a long-distance concept, the project also assessed the environmental impact and economic viability of the cable system. Concerning the former, the advantages in terms of compact size and reduced footprint are clearly highlighted in Figure 11. As seen here, one pair of high-power superconducting cables has the same transmission capacity as eight resistive cables, leading to a reduction of the footprint by a factor of 10. As far as the economic viability is concerned, the small footprint of the superconducting link results in a reduction of the expenditure on engineering and right-of-way by a factor of 2.5. Our calculations for 6.4 GW resistive and superconducting links of 500 km length show that they are very similar in terms of overall capital costs. This assessment is, however, based on existing production lines for the cryogenic components and is expected to decrease, as more efficient production lines will be required to install links that are several hundreds of kilometers long. The length of 500 km was chosen according to the present vision for the future European grid [START_REF]Europe's future secure and sustainable electricity infrastructure[END_REF].

Conclusions and next steps

Within the Best Paths project, a new 3-gigawatt-class superconducting DC cable system was demonstrated, based on the MgB 2 superconductor. First of all, robust and reproducible manufacturing technologies for the superconducting wires and cables were developed and optimized at industrial scale.

Furthermore, a measuring system has been designed to test lapped insulations under high voltage at liquid nitrogen temperature. No charges were found in the bulk of the insulation up to a stress level of 30 kV/mm, but resilient charges were detected in the isolated conductive particles of the carbon loaded paper used to smooth the electric field between the metallic electrodes and the insulation. Hence, carbon paper with a compact structure preventing the formation of isolated particles at cryogenic temperatures should be used as an electric field smoother. The direct use of metallic stripes generates a divergent electric field at their edge, which is detrimental to the overall breakdown strength.

We have also shown that simple Kraft paper can withstand electric fields as high as 60 kV/mm without evidence of charge injection even in the presence of small imperfections. In the case of larger damages, the insulation can still withstand at least 25 kV/mm thanks to the liquid nitrogen breakdown strength. In future experiments, it is envisaged to implement Kraft paper insulation instead of the more expensive and less permeable PPLP for the cable system and subsequently confirm its promising properties during HVDC tests.

Lastly, an innovative design was devised for the electrical terminations, which separates the current and voltage functionalities and thus leads to a strong modularity of this component. Hence, no new development work will be required in the future to configure the system for different operating voltage and current levels.

Upon completion, the cable system was subjected to an HVDC testing program for the 200 kV and 320 kV voltage levels, successfully passing them both. This represents the first instance of a superconducting cable system operating in the 320 kV DC voltage class.

An important next step will be to develop testing guidelines for HVDC superconducting cables to guarantee safety and quality standards. The knowledge gained within the project has already been integrated into the activities of Cigré Working Group D1.64 (Cryogenic electrical insulation) and various standardization technical committees, paving the way for the elaboration of relevant standards.

Finally, only the operation of such a high-power cable in real-life grid conditions will confirm the 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.
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Figure 3 :

 3 Figure 3: Charges on sample electrodes (a) under applied voltage, negative charges enter from the outer aluminium electrode and leave at the carbon loaded paper electrode, leaving even the isolated particles by small discharges (b) back to short-circuit, the charges on the electrodes are neutralized, except for those on the isolated particles, which results in accumulation of negative charges on the carbon loaded electrode and residual positive charges on the isolated carbon particles.
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 4 Figures 4(b) and 4(c) show typical signals obtained under voltage stress and under short-circuit conditions. Compared to the sample with two carbon loaded paper electrodes (see for instance Figure 10(d) in[START_REF] Marian | Validation of the superconducting and insulating components of a high-power HVDC cable[END_REF]), the signal at the outer copper electrode is unipolar. This means that charges are present only on the electrode, but not inside the material. Their presence is due to the electric field generated in the insulation by the charges at the inner electrode. As a consequence, image charges appear on both electrodes, predominantly on the inner electrode, as the charges are located in its immediate proximity. Unlike the case of the aluminium electrode (see Figure2(d)), the appearance of a peak for the copper electrode is owed to the presence of electrode edges at the gaps, which create a divergent field that generates a signal independently from the presence of charges[START_REF] Holé | Influence of divergent fields on space charge distribution measurements using elastic methods[END_REF]. As seen in Figure4(d), the peak size increases with the gap opening, since the electric field becomes more divergent as the gap widens. This experiment shows that using directly metallic tape prevents charge injection, but generates divergent fields that may eventually be detrimental to the insulation. It can be concluded that carbon paper remains necessary, but a more compact carbon
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 6 Figure 6: Photograph of the industrial cabling machine used to manufacture the cable conductor tested in the project.
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 7 Figure 7: Conceptual design of the high-voltage termination showing its main components and highlighting its modular functionality.
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 8 Figure 8: Final testing loop together with the 800 kV DC generator.
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 9 Figure 9: Schematic of the electric circuit for the superimposed DC and impulse voltage tests.
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 10 Figure 10: Cooling system data recorded during superimposed DC and switching impulse sequence at +320 kV DC.

Figure 11 :

 11 Figure 11: Comparison of the environmental footprint of resistive XLPE cables and MgB 2 superconducting cables for a 6.4 GW DC power link.
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