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Abstract

Recent advances in superconducting materials are giving renewed impetus to different
power applications, some of which already existed based on previous superconduc-
tors with more modest properties while some others have been the symbiosis of new
requirements in science and technology and better properties of the new superconduc-
tors. This paper constitutes a review of classical and new superconducting materials for
power applications (the technological superconductors as they are frequently called)
in terms of their structure and their engineering properties (electrical, mechanical
and thermal) but also in terms of their manufacturability and scalability for possible
scenarios where massive quantities may be required. The second and longer part of
the paper is a state of the art of power applications of superconductivity related to
energy (generation, transport and transmission), transport (airborne, waterborne and
terrestrial) and industrial processes. Practically, all these applications are based on
superconducting magnets, which are addressed in the article, including new technolo-
gies regarding their design, fabrication and operation. Particularly, these magnets can
be the coils of superconducting electrical machines, also described in the paper, where
different applications are presented following a scheme of problems to be solved versus
the solution provided by superconductivity, including benefits regarding sustainability
improvement associated with their better efficiency and power consumption reduction.

1 Introduction

Despite superconductivity being discovered more than 110 years ago, the implemen-
tation of powerful applications and the penetration of this technology in sectors such
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as energy, transport, healthcare, science or industrial manufacturing, has been a long
and winding road not only because of the difficulty for operating at ultra-low tempera-
tures, but also because of the limitations of the superconductors themselves in terms of
their other critical operating magnitudes (current and magnetic field) beyond which,
they lose the superconducting (SC) properties. Only high critical values could make
it worth using superconductors at such low temperatures, and these high values were
not achieved until 50 years after the discovery of superconductivity. At the present
moment, a new generation of superconductors (the so-called HTS—high critical tem-
perature superconductors), discovered “only” forty years ago are starting to become
mature and ready for being integrated into many applications such as magnets for
fusion reactors, transmission lines, wind energy generators or magnetic energy stor-
age systems, all in the field of energy, motors for propelling planes, trains and ships
in the sector of transport, MRI magnets and particle accelerators for radio, proton
and ion therapy and also for radioisotope production in the healthcare sector, parti-
cle accelerators and colliders for high energy and nuclear physics, NMR facilities in
science, and some other applications, which are slowly penetrating in the industrial
sector, all profiting of an additional advantage: they can operate at higher temperatures
than their predecessors, the LTS (low critical temperature superconductors), with the
corresponding benefits or, they can be operated at the same temperature as the LTS but
with much better transport properties. Another important consideration when talking
about power applications of superconductors is that most of them are implemented
in the form of SC electromagnets since, normally, a high magnetic field is pursued
for those applications. Power applications of superconductivity are then supported by
two different but complementary technologies: SC material development (including
wires and cables) and SC magnet development. This paper starts with an introduction
to the most relevant properties of the superconductors related to their use in power
applications and a state-of-the-art regarding the development of modern superconduc-
tors (basically HTS). Next, it introduces the main concepts in SC electromagnets to
afford a review of the principal power applications of modern superconductivity in
fields such as energy, transportation and industry, most of them based on those elec-
tromagnets... These applications are probably less discussed and disseminated in the
scientific literature when compared to others related to science or healthcare.

2 Technical superconductors

Superconductivity was discovered in 1911 by Kamerlingh Onnes, three years after he
succeeded in liquefying Helium to 4.2 K. This discovery won him the Nobel Prize in
1911. Since then hundreds of materials have exhibited this phenomenon which mani-
fests itself by showing zero resistance below a critical temperature, T¢, and being able
to expel the magnetic field from inside the material below this 7¢, the Meissner effect.
It took many years to discover a microscopic theory capable of explaining supercon-
ductivity until Bardeen, Cooper, and Schriefer proposed the BCS theory, which won
them the Nobel Prize in 1972. The BCS theory of superconductivity is based on the
formation of electron pairs, called Cooper pairs, capable of combatting the Coulomb
interaction between the two electrons, with a weak attractive interaction between the
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electrons and the atomic lattice vibrations (phonons). All Cooper pairs can condense
into the ground state, not being restricted to the Pauli principle of electrons. This cre-
ates a quantum coherent SC state with an energy gap between the SC state and the
normal non-SC state. This is how SC materials avoid electron scattering, showing zero
resistance and keeping the Meissner state up to a critical field, B¢. We can distinguish
two types of SC materials, Type I and Type II. In Type I superconductors, Super-
conductivity is destroyed above this critical field, B¢, but the corresponding electric
currents are quite small. This is the case for most elements such as Hg, Al, Pb, Nb, ...
In contrast, Type II superconductors show a low critical field, B.1, below which the
Meissner state exists, and above which a mixed state persists up to the upper critical
field, B.>. Above By, Superconductivity (Cooper pair condensation) is destroyed.
In the mixed state, quantized magnetic flux, called vortices, enter the material and
determine the physical properties of these superconductors. In Type II superconduc-
tors B can be very large, allowing it to sustain very large magnetic fields. Vortices
can move by the application of an electrical current, which generates dissipation in
the material. However, if vortices are strongly pinned (hard type II superconductors),
large electrical currents can be carried in the material without dissipation. The associ-
ated maximum current beyond which vortices move generating dissipation is called the
critical current, /.., and the corresponding magnetic field beyond which vortices cannot
be pinned (i.e. I, = 0), is called the Irreversibility field, Birr. All these characteristic
magnetic fields are temperature dependent, B (T), Bep (T) and Bjy (T). Therefore,
Type II superconductors are used to generate large magnetic fields or for large cur-
rent applications. Examples of Type II are the metallic alloys NbTi and Nb3Sn, but
also the ceramic cuprates, iron-based superconductors (IBS) or MgB,. We can also
distinguish between conventional superconductors, which follow the BCS theory men-
tioned above, and unconventional superconductors. While NbTi and Nb3Sn, among
others, are low-temperature and conventional superconductors, cuprates (which were
discovered in 1986 and gave their name to high-temperature superconductors HTS)
and IBS are unconventional superconductors. For these materials, a new microscopic
theory is to be discovered yet, since the strong electron—electron interaction cannot be
surpassed by the electron—phonon weak interaction of the BCS theory. Nevertheless,
there is no doubt that Cooper pairs, mediated by another stronger interaction, give rise
to superconductivity in these unconventional superconductors. Figure 1 shows most
of the SC materials with their T¢ and the year of their discovery.

Two very relevant magnitudes help to distinguish between Type I and Type II super-
conductors. These are, the coherence length, & (T), defined as the distance between the
two electrons forming the Cooper pair, and the penetration length, A (T), defined as the
characteristic distance where Meissner current circulates at the surface of the super-
conductor to expel the magnetic field from its interior. Given these two magnitudes,
one can define Type I superconductors when % < % and Type II superconductors
when % > «/Li

However, from all discovered SC type II superconductors only a few of them
could successfully be shaped in the form of wires or tapes to be used in devices.
These are the LTS NbTi and Nb3Sn, MgB, and the HTS Bi;Sr,CaCu,0g (Bi-
2212), BizSr,CayCuzOg (Bi-2223), REBa;CuzO7 (REBCO, RE =Y, Rare Earth) and
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Fig. 1 Evolution of the critical temperature T¢ of SC materials with the year of discovery. The colours
indicate the different families of materials. Figure from [1]

recently several phases of the IBS families, such as FeSeg 5Teps-11, (Ba,K)Fe,As;-
122, BaFey Asy _xPx-122, BaFe;_xCoxAsy-122 and NdFeAs(O,F)-1111. The reason
for this is the very different nature of the materials, the former being relatively simple
metallic alloys while the latter being complex ceramics or multicomponent materials.
In Table 1 we present a selection of the most representative examples of the different
families of SC compounds of interest for large current applications.

All the practical superconductors being used for power applications (either LTS or
HTS) are type II [2—4]. In the mixed state, the vortices density continuously increases
when the magnetic field increases. To classify type II superconductors we can use, not
only the T¢ values but also their B (T) dependence because this will determine the
region of the B—T magnetic phase diagram where they become useful conductors for
applications. Nevertheless, an additional parameter needs to be properly considered
when one examines the range of B—T region useful for applications. The reason is that
to have a useful SC wire under a magnetic field, vortices should remain immobile,
by a pinning force, Fp counteracting the Lorentz force F{, = J x B where J is
the SC current density circulating through the material. The critical current density,
Jc, defined at Fp = FL, is the maximum current density without losses. In LTS
materials, the thermal excitation able to depin vortices is low as compared to the
pinning energy, however, in HTS, instead, thermal activation is strong as compared to
the pinning energy and so the vortex lattice behaviour increases in complexity. The
first significant effect is that the melting of the vortex lattice, i.e. the melting line Bm
(T), appears in clean HTS well below B, (T), generating a free motion of vortices (a
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Fig. 2 Superconducting materials irreversibility lines (color solid lines) and regions of operation (color
regions) for power applications. There is no coloured region for NdFeAsOF as this material has not been
used in applications yet. The magnetic field is applied along the direction having the smallest value of B
(T) (perpendicular to the CuO; planes in the case of cuprates)

vortex liquid phase) where HTS lose the characteristic of having no dissipation [3]. In
non-clean superconductors, this melting line becomes the irreversibility line Bjy (T),
above which the absence of dissipation is lost. For LTS, Bj. (T) lies practically at B;»
(T). In conclusion, Bj (T) is strongly linked to the defect structure of the material,
and it becomes the upper practical limit where the superconductor may preserve its
potential as a conductor. Additionally, itis straightforward to note that Bj. (T) is deeply
correlated with the anisotropic character of the HTS material, because the vortex line
energy decreases when the electronic anisotropy of the material is enhanced. If we
examine the different typical Bj. (T) lines for the practical HTS and LTS materials we
can immediately notice that while T¢ is a key parameter [5], it is even more relevant that
Bjyr (T) is high enough to expand the B-T range of operation of the superconductor
(see Fig. 2) [3, 4, 6].

Theoretical analyses of the vortex lattice determine that B (T) (and Bm (T)) is
inversely proportional to ¥, the mass anisotropy of the superconductor, and so the
useful range of the superconductors is strongly determined by this parameter which
is indicated in Table 2 for the different classes of SC materials, together with other
intrinsic or extrinsic useful parameters [3]. As it can be seen in Fig. 2, the combination
of a high 7¢ and a low y leads to extended regions of the B-T phase diagram where
the superconductors may operate. Particularly, REBCO HTS are the materials with
the largest cover of the B-T phase diagram (the only one at 77 K), at intermediate
temperatures (~ 20 K) in addition, MgB, and IBS superconductors may also properly
operate while at lower temperatures (4.2 K) all the superconductors mentioned in
Table 1 display attractive performances up to different magnetic fields [5].

The third parameter relevant for applications is the critical current density Jc (B, T),
i.e. the maximum current density that a superconductor may support before vortex
dissipation starts [4]. This parameter is strongly dependent on B and T and so three
axes determine the region where dissipation-less superconductivity is confined (Fig.
3).
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In practice, when one intends to manufacture SC wires or tapes, there are two
types of materials: those which require to be textured (uniaxially or biaxially) and
those which can remain polycrystalline. The main reason for this distinction is that
grain boundaries in polycrystalline materials may behave as weak links, i.e. defects
which limit the current density when the coherence length, £(T), is small enough
[2, 3]. This is not the case for LTS and MgB,, while it is very detrimental for HTS
materials, although less stringent for the iron-based superconductors (IBS) [7-9]. The
exponential dependence of Jc(®) with ©, i.e. the decrease of the critical current
density across two grains with a misorientation angle ®, determines if a single-axis
texture is enough or if a biaxial texture is required [3].

The practical LTS conductors (NbTi and Nb3Sn) are manufactured following a well-
standardized procedure which enables the fabrication of multifilamentary wires. In the
case of NbTi superconductors, the alloy is melted, formed into rods, and drawn into fine
filaments, which are embedded in a copper matrix for stability. For Nb3Sn, separate
Nb and Sn components are combined via a diffusion process, where the Nb filaments
react with Sn at high temperatures to form the NbzSn compound which requires a wind
and react process. In the last case, recent studies have demonstrated how the pinning
force can be increased by the addition of Hf, Zr or Ta during the diffusion process
[10, 11]. To manufacture MgB, wires, magnesium and boron powders are packed
into metallic tubes (copper, iron or niquel), which are then drawn into fine wires,
using a powder-in-tube (PIT) process. The wire is heat-treated to react the magnesium
with boron, forming the MgB; SC phase and they are considered good candidates to
become commercial conductors for MRI [12, 13]. It has also been demonstrated that
high-quality SC joints can be prepared valid for MRI [13, 14].

In the case of HTS conductors, there are essentially two processing methodologies
based on texturing HTS materials. The first one, used for Bi2212, Bi2223, and the
IBS is the powder-in-tube (PIT), where polycrystalline precursors fill a metallic tube
(usually Ag) being subjected then to a thermomechanical process inducing a uniaxial
orientation of the grains. The supercurrents flow as described by the so-called “brick-
wall” and “railswitch” models, i.e. the supercurrents flow along strong links even if
only uniaxial texture is induced [2, 7]. For the case of REBCO, the critical angle O¢
where Jc(®) starts to decrease is very small (®¢ ~ 4°) and so a biaxial growth is
required, leading to the architecture called coated conductors (CC) [15, 16]. The CCs
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Fig.4 Typical coated conductor architecture

consist of a metallic substrate with a selected set of buffer layers which protect the
substrate from oxidation during the growth of the REBCO layers and, at the same time,
protect the REBCO phase from substrate elements contaminations and finally confer
the biaxial texture to the REBCO layer during growth (Fig. 4). Several approaches are
being used nowadays to generate the biaxial texture. The most accepted one at present
is ion beam assisted deposition (IBAD) which allows to achieve biaxially textured
oxide buffer layers on top of polycrystalline substrates (Hastelloy, Stainless Steel).
The most widely expanded IBAD layer is MgO while YSZ was also used in the past.
Another successful approach is inclined substrate deposition (ISD) where MgO lay-
ers keep a single inclined orientation on top of a polycrystalline metallic substrate.
Finally, the process rolling assisted biaxial texture (RABiT) where the biaxial texture
is created on the metallic substrate (Ni, Cu) was also shown to be suitable for creating
high-performance CCs, although the mechanical properties of the substrates limit their
attractiveness for high magnetic field applications [15, 16].

The first boost in the development of CCs was associated with the demonstration
that biaxial REBCO layers could be grown on top of these metallic substrates with
very low intergrain misorientation and so Jc (B, T') was not limited by grain boundary
effects [2, 15, 16]. There exist several REBCO film growth methodologies which have
become competitive to reach long length (~ 1km) CCs at a thickness of the order of 1
pm or above. We can classify the processing methodologies based on three different
principles: vapour-solid growth, solid-solid growth and liquid—solid growth [16, 17].In
the first group, the most outstanding techniques are pulsed laser deposition (PLD) and
metalorganic chemical vapour deposition (MOCVD). In the second group, the main
approach is the use of chemical solution deposition (CSD) using trifluoroacetate (TFA)
precursors [18, 19]. Finally, in the third group we mainly find reactive coevaporation
and direct reaction (RCE-DR) and transient liquid-assisted growth (TLAG) [17, 20,
21]. In these last cases, an intermediate liquid is formed at high temperature after
the deposition of amorphous metal precursors for RCE-DR [22], and an inorganic
nanometric crystalline phase is deposited by CSD for TLAG [23]. The main challenge
in the manufacturing process of CCs at present is to decrease the figure of merit
cost/performance (Eq. 1) which implies the use of techniques requiring low capital
and running expenses and achieving high throughput manufacturing and high yield
while they keep a high SC performance, mainly high Jc(B, T') values. Significant
progress has been demonstrated in all the growth approaches but a very significant
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Fig.5 The industrialized methods are highlighted in dark-blue. The dashed line indicates a steady annual
increase of the growth rate up of 3 nm s-1 until year 2020, when an abrupt increase with TLAG was
observed up to 2000nms~!. A-MOCVD advanced metal organic chemical vapour deposition, HLPE hybrid
LPE, LPE liquid phase epitaxy, MBE molecular beam epitaxy, ME metal evaporation, M OCVD metalorganic
chemical vapour deposition, PLD pulsed laser deposition, PLD-HR high-rate PLD, PLD-LAP liquid-assisted
processing PLD, RCE-DR reactive coevaporation and direct reaction, Sputt sputtering, TFA trifluoroacetate,
TFA-LP low-pressure, TFA transient liquid assisted growth, TLAG—Figure from [17]

parameter is the enhancement of the REBCO growth rate to be able to maximize the
yearly production of CC and so reduce the figure of merit (Fig. 5) [17, 22].

Cost __ total costperyear € 0
Performance G- L-W. (%) " kA -m

where G is the growth rate, L is the CC length, W is the CC width, d is the REBCO
film thickness and I¢-w is the total critical current density.

The second boost in the performance of CCs was associated with the novel devel-
opments in the growth of biaxially textured REBCO nanocomposite cuprates. As it
was previously mentioned, a key challenge of HT'S materials is to be able to pin vor-
tices in non-SC defects to refrain them from moving under the effect of Lorentz force
under high magnetic fields. Pristine REBCO films always contain a certain amount of
defects which already help to enhance Jc(B, T'), however, artificial pinning centers
(APC) are required to further enhance the HTS efficiency at high magnetic fields. The
main approach to generate nanocomposite films is to introduce non-SC nanometric
phases embedded in the REBCO layer [4, 16, 17]. There are essentially two methods
to achieve this goal: the simultaneous growth of two phases, for instance REBCO
and BaMO3; (M = Zr, Hf), or to implement a sequential process where both crystalline
phases, REBCO and the secondary phase, are formed separately at different times [17].
The final nanostructure differs in both cases and so their performance also needs to be
optimized following different approaches. In the first case, we find essentially PLD
and MOCVD while in the second group we find CSD, TLAG and RCE-DR. The typ-
ical nanostructure generated in the first case is self-assembly of the BaMOj3 epitaxial
phase to form nanorods along the c-axis allowing the decrease of the interfacial elastic
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energy, although randomly distributed nanoparticles of RE2O3 can also be a useful
approach depending on the region of the magnetic phase diagram where the CC needs
to have high performance [4, 16, 20]. In the second case, instead, nanoparticles are
used which then are randomly distributed during the REBCO film growth [17, 18, 24,
25]. The nanoparticles can be either preformed and then dispersed in the metalorganic
solution to achieve a colloidal ink or can be nucleated in the same growth process at
lower temperatures than the REBCO film. In this case the nanoparticles may remain
randomly oriented or partially oriented and they also enhance the defect generation in
the REBCO matrix (nanostrain, stacking faults) thus enhancing the high field critical
currents as well. The influence on the J¢(®) anisotropy differs in both types of APCs
again depending on the anisotropic character of the defects.

Nowadays, REBCO CCs are commercially produced in km lengths and the annual
production rates are already beyond 5000 km/year with annual growth of manufactur-
ing rates in the range of 50% which overall pushes a continuous decrease of the figure
of merit which is expected to reach that of Nb3Sn in the next 1-2 years [26]. The main
advantage of REBCO CCs is their suitability for uses requiring either high magnetic
fields or high temperatures. Of course, the conductors having not as high intrinsic per-
formances (Bi2212, MgB,, LTS) have several advantages, such as low cost and wire
geometry instead of the flat geometry of CCs. In particular, LTS also benefits from a
consolidated knowledge of fabrication, engineering manipulation and device design
and testing that positions them especially in the already settled applications where
cryogenic liquids are accepted (medicine, science industry). So, they are expected to
continue meeting the practical requirements, especially for those applications [27-29].
However, we anticipate that improvements in application use at even higher magnetic
fields, higher sustainability values, and an increase in demand will be progressively
uptaken by HTS CC.

Concerning the future expectations related to performance improvement of CCs, we
should mention that recent works have demonstrated that modified electronic structures
may further enhance SC performances. Most of the CCs manufactured up to now were
oxygenated to achieve the optimal T, however, the analysis of the critical currents of
REBCO films and CCs in the overdoped state, i.e. with an excess of charge carrier
concentration, has shown that the pinning energy is higher in this state and so the APCs
should also become more effective in the overdoped state [20, 24, 30, 31]. Therefore,
this area of research is now getting very active due to the expected increased margin
of J¢(T,B) of CCs and further decrease of the figure of merit (Eq. 1) by just modifying
the oxygenation post-treatment. The powerfulness of cuprates to reach an overdoped
state to increase performance has also been demonstrated by Bi2212, which also poses
the advantage of being isotropic when shaped as a multifilamentary wire, though it
has the disadvantages of having a react and wind fabrication. When practical power
applications of superconductors are considered, the real defining parameter is the so-
called engineering current density Ie(B, T) which considers the current circulating
in a wire or tape taking into account the whole wire/tape cross section (substrates,
stabilizing metal, metal sheath). In the case of LTS and the PIT HTS wires the volume
of the stabilizing metal may reach up to 40-70% which in the case of Bi2212 and
Bi2223 strongly increases the cost taking into account that the stabilizing metal is
Ag [5]. In the case of REBCO CCs, the main parameter determining le(B, T) is
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the metallic substrate thickness and the copper stabilizer, as well as the maximum
thickness of the REBCO layer. At present, Hastelloy substrates in the range of 30-50
pm can be used to manufacture CCs, and REBCO thicknesses up to 3—4 pm may
be grown with high performances, which overall strongly enhance the Ie (B, T') to be
considered in the design of cables, motors or magnets. At present, commercial tapes
are usually of ~2 pm SC film on 50 pwm thick substrates.

The values are typically achieved at present at 4.2 K and self-field with the existing
SC wires and tapes are the following: ~ 500 A/mm? for Bi2223 tapes, ~ 1500 A/mm?
for Bi2212 wires, ~ 5000 A/mm? for YBCO CCs (50 pm substrate), ~ 300 A/mm?
for MgB, wires and ~ 200 A/mm? for IBS wires. The summary of the potential appli-
cations where the different SC materials may be useful based on having a minimum
performance of Je ~ 100 A/mm? is summarized in Fig. 6. Itis clear that while REBCO
CCs are the unique material useful at high temperatures, it is still the best at liquid Hp
and high magnetic fields but other conductors are also useful at lower fields (MgBo,
IBS). At 4.2 K, in addition to the well-known LTS and those useful at 20 K, also the
Bi2212 wires may become competitive at very high magnetic fields.

There are, however, other performance parameters which need to be considered
when the selection of SC material needs to be done. These are the mechanical, ther-
mal and electromagnetic properties under the corresponding working conditions [19,
27, 28, 32]. Also, as it is well-known, superconductors have zero dissipation under
direct currents (DC) but they display losses under alternating current (AC) magnetic
fields, for that reason the conductors need to be thermally stabilized with high thermal
conductivity metals and the superconductor itself must be prepared in small transverse
dimensions, typically as filaments surrounded by a Cu or Ag matrix. The preferred
geometry for wires is, therefore, a multifilamentary structure. In the case of REBCO
CCs, silver and Cu coatings are used to stabilize and protect the SC layer. Unfor-
tunately, however, HTS materials display a relatively low normal zone propagation
velocity (NZPV) under the working conditions and so they are prone to being destroyed
in case of a quench event. For that reason, several modifications of the CC architec-
ture have been investigated to enhance the NZPV and so transform them into a more
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resilient behaviour without stringent modifications to the manufacturing procedures.
For instance, the idea of implementing CCs with a current flow diverter (CFD) profile
has been successful in enhancing the NZPV by a factor of 5-10 which is already high
enough for most magnet or fault current applications (see Sect. 4.1.3) [33, 34]. The
main idea is to increase the interfacial resistance of the REBCO layer with the top
metallic layer which then diverts the current during the quench event and this results
in a fast propagation of the normal zone further protecting the conductor.

Another parameter which needs to be quantified in any practical conductor is the
tolerance to stress under the temperature and magnetic field conditions required for any
specific application [32]. One of the most relevant parameters is the irreversible strain
limit, which indicates the strain at which the SC properties degrade irreversibly, defin-
ing therefore the mechanical flexibility for device designs. For the different wires/tapes
for each material, this can vary considerably. We can therefore indicate this limit to
be in the range of 1% in NbTi wires [35], while this decreases considerably in NbzSn
wires, down to 0.2-0.4% [36, 37] due to the brittleness of the Nb3Sn phase. For MgB,
wires, it is in the range of 0.5-0.7% [38], though this depends on the metallic sheath-
ing. In general, for IBS wires, the irreversible strain limit is in the range 0.2-0.4% [39],
varying depending on the specific compound. For Bi2223 and Bi2212 PIT wires, it is
in the 0.2-0.4% [40-42]. Finally, for the REBCO CC, it is generally around 0.4-0.5%
strain [43]

The other relevant mechanical parameter is the irreversible stress limit, indicating
the stress beyond which permanent damage to SC properties occurs. This varies based
on the fabrication technique and wire configuration, but indicates the irreversible
damage in the material. For NbTi wire, the tensile stress irreversible limit is 600—-800
MPa [35], for Nb3zSn is in 150 to 200 MPa [36, 37] since it is relatively ductile. MgB»
wire is a bit more brittle, being in the range of 150-200 MPa [38]. IBS wires are
around 150 MPa, but this varies with the specific compound and fabrication process.
IBS wires are less brittle than Nb3Sn, but still have limited tolerance. In the case of
Bi2223, a laminated reinforcement using a pre-tensioned metal strip contracting the
Bi2223 filaments axially shifted the irreversible strain limit from 200 MPa up to 400
MPa [40, 41]. For Bi2212 PIT wire, also increased up to 200 MPa by reinforcement
[42]. Finally, REBCO CC Tape has a higher stress tolerance, >500 MPa [43], since it
is grown usually on a stainless steel substrate.

In the case of REBCO CCs, several conductor assemblies have been proposed to
overcome the thermo-mechanical and AC losses limitations, as well as the anisotropic
behaviour of the REBCO tapes. For instance, van der Laan et al. have implemented the
so-called conductor on round core (CORC®) cables where REBCO CCs are wrapped
around a hollow metallic tube where coolants can flow, either liquid N, or Hy gas
at high pressure [44]. The main advantage of these cables is that they display an
isotropic behaviour under magnetic fields and the AC losses are minimized. The
achieved Ie(B, T) values are also very competitive (16 kA under 20 T at 4.2 K)
owing to the fact that multiturns of REBCO may be applied on hollow tubes of small
diameter (~ 2-3 mm). These cables are now fully considered excellent candidates to
implement power systems in electrical planes, for instance. For magnet applications
requiring higher currents, a cable including several CCs under perpendicular stacking
or twisted stackings has been proposed: the vacuum pressure impregnated, insulated,
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partially transposed, extruded, and roll-formed (VIPER) and twisted-stacked conduc-
tor [6, 27, 28]. This conductor architecture has been demonstrated to display a robust
mechanical behaviour even under very demanding conditions of B > 15 T and high
current (> 25 kA) applications. They also display reasonable stability against quench
events while joints can be easily performed. VIPER cables are being used to build up
magnets for compact fusion at present (see Sect. 4.1.1). Finally, when a comparison
of different materials for a specific application needs to be done, the ultimate factor is
cost, a parameter which is continuously evolving, mainly for REBCO CCs [20, 26-28,
45]. Of course, cryogenics cost is also a key parameter at present and if cooling can
be performed at 20 K instead of 4.2 K because REBCO CCs can be used with enough
performance it is certainly worth comparing the system cost as a whole. This is the
case, for instance, of HEP and fusion applications where using magnets cooled at 20
K and generating magnetic fields in the range of 20 T is now a very promising option
[6, 26].

3 Superconducting magnets

Magnets are devices able to create a magnetic field in a region of interest. From the
point of view of the source of the magnetic field, there are two types: those based
on permanent magnets and those using coils, that is, electrical circuits to create the
magnetic flux, so-called electromagnets. It is well-known that ferromagnetic materials
are able to concentrate the magnetic flux. Soft iron (low carbon content) is the most
common one, because of the high saturation field and moderate cost. The iron is
saturated when it is not able to enhance anymore the field created by the electrical
circuit and the transfer function between field and current becomes non-linear. There
are some magnets not using iron (air-core), but most of them benefit from the magnetic
properties of iron [46]. The iron is also able to shape the magnetic flux in the region
of interest. From the point of view of the applications, there are magnets to create
fields with constant amplitude in time (DC) or with variable amplitude (AC). Variable
magnetic fields create induced power losses both in the electrical conductors and the
magnetic materials. These losses can be reduced by narrowing the path for the flow
of the induced currents: in the case of conductors by subdivision into thinner wires,
and in the case of iron by using thin laminations. The maximum achievable magnetic
field for permanent magnets and electromagnets based on conventional conductors
(mainly copper) is about 2 T for continuous operation. This limit is determined by two
features:

e The properties of the materials creating the magnetic field: on one hand, the max-
imum remanent field of the permanent magnets is about 1.4 T. In the case of
electromagnets, the limit is given by the maximum achievable current density,
which is about 4 A/mm? for air-cooled coils and 10 A/mm? for water-cooled
coils.

e The saturation field of the ferromagnetic materials: above this field, the capacity
to concentrate the flux lines diminishes. It is about 2.2 T for pure iron. It could
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reach values close to 4 T for some expensive metallic alloys based on rare earths
[47].

One could think that the magnitude of the magnetic field created by a magnet could
be increased progressively by adding more permanent magnets, coils or iron. This
is not possible because of the intrinsic behaviour of the magnetic field. As stated by
Biot—Savart’s law, the amplitude of the magnetic field at a point decreases with the
square of the distance to the field source. In consequence, the efficiency of far coils
or permanent magnets decreases noticeably. In practice, conventional magnets can
achieve a maximum field about 2 T in the region of interest. For higher fields, the cost
of the magnet and the electricity is not affordable. The best alternative is to increase the
current density in the coils, which is enabled by the use of superconductors, that can
reach about 500 A/mm? as a typical value. This current density broadens the maximum
field up to 20 T. At these high magnetic fields, the contribution from the iron yoke
is modest, limited at around 2 T as aforementioned. Ampere’s law provides a hint on
how big a resistive magnet coil must be for this field, neglecting the contribution from
the iron. Assuming a useful field region of 10cm, a copper coil of 400,000 mm? would
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be necessary, while only 3200 mm? would be enough for an SC coil. The comparison
would be even more unfavourable considering the distance from the current to the
region of interest (Biot—Savart’s law). Implications in the dimensions and weight of
the magnet and, especially in its power consumption, would be very limiting. A SC
magnet fed with a constant current does not dissipate any power, but it does when the
current varies [52, 53]. The power losses are associated with the hysteretic behaviour of
the magnetization of the superconductor or with the coupling currents that appear for
practical superconductors, which are multifilamentary embedded in a metallic matrix
and, in many cases, later braided as cables.

A SC coil can take any shape, but there are some topologies that are commonly
used and receive specific names (see Fig. 7):

e Solenoid: ahelical coil with straight axis. It creates a uniform field in the aperture,
parallel to the axis. For a very long or infinitely long solenoid powered with a
current I, that field is pon I, being n the number of turns per unit length. Practical
applications are scientific experiments, particle detectors, accelerators, NMR and
MRI, magnetic energy storage, transformers and others.

e Toroid: ahelical coil with curved axis, typically a circumference. If the difference
between the inner and outer radius is small compared with the average radius r, a
uniform field is created in the aperture, parallel to the axis, with a negligible fringe
field. For a toroid with N turns powered with current 7, the field is uoN1I1/2nr,
being r the mean radius. These magnets are usually arranged as a number of flat
solenoids with their axes aligned along a circumference. Typical applications are
Tokamaks, particle detectors and magnetic energy storage systems.

e Dipole magnet: two symmetric coils create a region of uniform field, typically a
cylindrical or prismatic aperture where the field lines are perpendicular to the axis.
In the case of a cylindrical aperture where the cables are placed following a cosine
distribution around, the coils are so-called cos-theta. For a non-saturated iron-core
dipole with a rectangular aperture of height h, the field is given by 2.9 /h. Typical
applications are accelerator magnets, magnetic separation and electrical machine
windings.

e Multipole magnet: similar to the dipole magnet but higher order of periodicity,
that is, quadrupole, sextupole, octupole and so on. Their main use is in particle
accelerators [54].

o Superferric magnet: an iron-core SC magnet where the iron is not saturated. In
this case, the field lines are shaped by the iron boundaries. Fields can not be high,
but these magnets yield very good field quality, given by a precise iron geometry.
They are used in particle accelerators and electrical machines.

The typical input data for the magnetic design of a magnet are the field amplitude
and shape, the region of interest and the maximum external dimensions. In some cases,
the maximum current is also fixed, given by the available power converters. There is
not a type of SC magnet that is a universal solution. One of the main challenges arising
from the SC magnet design is to find the optimal topology for a given need. One can
notice that the coil topologies previously highlighted are quite symmetric. Therefore,
analytical expressions based on basic equations (Ampere’s law, Biot—Savart’s law)
can be used to choose the magnet topology and compute the main dimensions of coils
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and iron (if present). The value of nominal current is linked to the choice of the cable.
The expected peak field and the coil topology will determine the SC material to use:

e The current density that the superconductors can transport, as already stated in
Sect. 2, depends on the magnetic field and the temperature, and also on the direc-
tion of the field lines in some cases (for instance the REBCO tapes, because of
their anisotropy [55]). The load line of a SC magnet is defined by the peak field
in the superconductor as a function of the current (see Fig. 8). When the super-
conductor is powered with a current that creates the critical field, that is, the short
sample current, the magnet is powered at 100% on the load line. The difference
between the operation point and the critical one provides the operation margin, that
is, the capacity of the magnet to withstand instabilities (temperature, flux lines dis-
placement, wire movements) without becoming resistive (phenomenon so-called
quench).

e Only those superconductors that can be shaped into long wires with uniform prop-
erties can be used in the coils for the magnets. Some superconductors (for instance,
NbTi) can be produced as flexible wires which can be braided as cables to be wound
in a coil with any topology and transport large currents. Others, such as NbsSn,
can be produced flexible just as non-reacted cables to be wound in any shape, but
then they should follow a heat treatment to become SC. Other superconductors
used after the reaction have large minimum bending radius, such as MgB; [56] or
REBCO tapes. There are many research lines open to solve this problem and to
improve the current density, as explained in Sect. 2. For all of them, it should be
evaluated if it is worth developing a given SC wire or cable, because the cost or the
development time can be excessive, and the magnet design must use one existing
wire or cable.

The detailed electromagnetic design is usually made with the help of numerical meth-
ods, mainly finite-element (FEM) or boundary-element (BEM) methods or codes
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solving the Biot—Savart’s law numerically. When the iron is saturated, which is very
common in an SC magnet, the problem becomes non-linear and the use of numerical
methods is mandatory. Present efforts are towards the integration of electromagnetic,
mechanical and protection studies in the same software environment [57]. The tar-
get is to avoid the time-consuming transfer of the magnet model from one software
to another, depending on the type of calculation to do. Besides the definition of the
cable, the coil and the iron, the magnetic design will also yield the field map, the self-
inductance, the stored magnetic energy and the electromagnetic forces, which will be
used in the next stages of the design of a SC magnet.
The mechanical design of a SC magnet has two main objectives:

e To design a support structure to hold safely the large electromagnetic forces, both
from the point of view of the SC coils and the parts of the support structure.

e To avoid cable movements that could spoil the magnetic field quality or trigger a
quench.

The electromagnetic force density is proportional to the current density and field
(Laplace equation), so it achieves large values in a SC magnet. In the same way,
stresses are proportional to the magnetic field to the square. In fact, the magnetic field
exerts a pressure equal to the magnetic field to the square over 2.

One should take into account the differential thermal contraction of the materials
used for the support structure, since all the SC magnets are assembled at room tem-
perature but operated at cryogenic temperatures. It is difficult to accurately know the
material properties at low temperatures, mainly the non-metallic ones. In the case of
SC coils, numerical simulations allow to compute the smeared-out properties of the
complex mix of materials. Nevertheless, it is very common to prepare test samples to
measure those properties. The most common solution to avoid cable movements is to
preload the cable blocks during the assembly at room temperature in such a way that
they are still in contact with the support structure after cooling down and energization.
Besides, the mechanical design aims to avoid tensile stresses in the SC cables which
could open cracks in the resin (if impregnated) and trigger a quench. High compres-
sive stresses could also degrade the superconductor properties, and must be checked.
For instance, in the case of Nb3Sn cables, the maximum allowed pressure is in the
order of 150 MPa at cold conditions. In the case of REBCO tapes, it must be checked
that the stress distribution does not delaminate the superconductor from its substrate,
phenomenon so-called peeling. The superconductor itself does not withstand large
axial tensile stresses, but it is reinforced with high-strength materials included in the
substrate, for instance Hastelloy [58].

A SC magnet usually stores a large magnetic energy, since it is proportional to the
magnetic field to the square. When there is a quench, a given length of the wire becomes
resistive. The generated heat spreads and the resistive zone grows. There is always a
good electrical conductor (pure copper, silver) in parallel with the superconductor to
transport the current when the superconductor becomes resistive because they feature
large resistivities in normal state. Due to the large current densities, the power dissipa-
tion density is very high, and the current should be reduced as soon as possible to limit
the peak temperature, which could damage the coils. The stored magnetic energy must
be dissipated by warming up the coils or by the Joule effect in a resistor connected
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in series. The dissipated power in the near electrically conductive parts is of second
order. There are different methods to protect a magnet during the quench, with the
objective of achieving safe maximum values of voltage and temperature. These are
the most common:

e Dump resistor: it is connected in series with the magnet when it quenches. A fast
switch is necessary, usually quite expensive because of the large transport currents.
It must be carefully designed as the larger the dump resistor, the faster the current
decays but also creating a higher voltage, which could be dangerous for the coil
integrity. Its value is limited by the maximum allowable voltage at the magnet
leads.

e Quench heaters: some resistors which are in good thermal contact with the SC
coils. They are powered when a quench is detected. Since all the coil becomes
immediately resistive, there are no hot spots. The main difficulty is the reliability,
both because of the electrical insulation and the risk of failure of the electrical
connections of the heaters.

The calculation of the quench propagation is cumbersome since the thermal prob-
lem is linked to the electrical circuit and the material properties change sharply with the
temperature and magnetic field. Some basic computations can be made based on the
heat balance equation assuming a given quench propagation velocity. More detailed
calculations are usually made with numerical methods, mainly based on finite elements
of finite difference methods. There are important differences in the quench propaga-
tion velocity between the different superconductors. HTS feature usually smoother
transition to resistive than LTS ones. The detection of a quench is made by measur-
ing the voltage drop across the coils. The standard criterion uses 0.1 uV/cm as the
threshold to consider that the superconductor has transited into the resistive state. The
relation between the developed electric field and the current density is exponential,
being the exponent the so-called n-value. LTS features large n-values between 50-80,
while HTS yield lower n-values, ranging 40-50 at liquid helium (LHe) temperature
but decreasing to 20-30 at LN2 temperature [59]. It means that the current is shared
between the HTS and the stabilizer, leading to moderate power density and, in conse-
quence, slow quench propagation velocity. In some HTS coils, when the voltage drop
is large enough to be detected, it is too late to keep the peak temperature at safe values,
and the coil is damaged.

The last topic about SC magnet design to be covered here is its thermal design.
There are different ways to cool down the SC magnets. There are two main methods:

e Conduction cooling: the magnet is in good thermal contact with a cold source,
usually a cryocooler or a cryogenic line. No cryogens are necessary. Available
cooling power is usually moderate, so the magnet should be very well thermally
insulated. The temperature gradient can be large in case of applications with local
heat sources, for instance due to AC losses.

e Cryogens: the magnet is immersed in a cryogenic bath. The cryogen can be oper-
ated in a close loop, by means of a liquefier or a re-condenser with a cryocooler;
or open loop, when the cryogen boils-off without recirculation. There is a variety
of techniques, using different cryogens and pressures, depending on the operating
temperature. Several working temperatures can be highlighted:
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— 1.9 K using superfluid helium at low pressure, taking advantage of the good
thermal conductivity and specific heat of the superfluid helium, but at a high
cost.

— 4.2 K using LHe at atmospheric pressure, very simple to operate, but it is still
quite expensive.

— 77 K using liquid nitrogen (LN2) at atmospheric pressure, economic, but the
critical current density of the superconductors is low at this temperature.

— Helium gas flows at intermediate temperatures (20-50 K), usually at high
pressure to enhance the heat exchange, or other gases such as hydrogen or
neon [60]. The cooling gas can be in direct contact with the coils or cool a heat
exchanger.

The cooling system should have enough power to compensate the steady thermal
losses and the AC losses. The former depends on the thermal insulation of the cryostat
enclosing the magnet. Radiation losses are very important at cryogenic temperatures,
and are usually reduced using several nested thermal shields working at intermediate
temperatures. Conduction losses are diminished by using poor thermal conductors,
such as stainless steel or glass fibre composites (Fig. 9).

The latter depends on the rate of variation of the magnetic fields. There are three
types of AC losses in a SC cable: magnetization, which can be reduced by using thin
SC filaments; AC losses in the metallic matrix where the SC filaments are embedded,
that can be reduced using a worse conductor, but has an impact on the quench propa-
gation velocity; and AC losses in the electrically conductive parts of the magnet, than
can be reduced by using the right materials or laminating them. On the one hand, HTS
operating temperature is usually higher than LTS, so it would be easier to extract the
power losses due to induced currents. On the other hand, presently LTS superconduc-
tors are produced with smaller filaments, so their AC losses are intrinsically smaller.
There are ongoing efforts to reduce AC losses in HTS, for instance some REBCO
tapes are coated following complicated patterns [63].

The fabrication and assembly techniques for SC magnets depend on the specific
topology and the requested geometry accuracy. It is in the order of hundredths of
millimetre for a SC magnet for a particle collider, but in the order of some tenths
or even a millimetre for energy or transport applications. First step of fabrication is
the winding (see Fig. 10). SC coils can be wound with a wire, a tape or a cable,
which can be made by braiding wires or stacking tapes. In some cases, there are
spacers inserted in between groups of cables to achieve the requested field quality.
Some clamping tooling can be necessary to keep the cables in the right position.
The SC coils are usually impregnated with resins to provide mechanical stability
and hold the large aforementioned stresses. Those resins should be compatible with
the operating temperatures. In some cases, the resin is applied by brush during the
winding (wet impregnation), in other cases, it is injected in a vacuum-tight mould
(vacuum impregnation). A magnet is usually composed of several coils connected in
series. It is very difficult to produce an SC splice, so usually, they are resistive, but with
very low resistance. The splices are usually reinforced with copper to provide good
thermal stabilization and avoid premature quenches because of thermal instability.
One common technique to save splices is to wind double pancake coils (see Fig. 11),
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where two layers of cables or tapes are wound with a single unit length by means of
a layer jump at the inner diameter. Moreover, in this topology, both leads are located
in the outer diameter, which gives an additional advantage for easier assembly while
the splices are outside the bore and the high field region. For HTS tapes, two remarks
are convenient. Firstly, long lengths are challenging to produce, since a local zone
with poor properties would spoil the whole length. HTS coils can be wound with no
insulation between the tapes, since the metallic substrate will not take any current as
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Fig. 10 (a) Winding of a cos-theta coil [50], (b) training test of TESLAS500 combined superconducting
magnet: when a quench happens at a lower current than the previous one is called de-training, usually
due to a mechanical limitation. The quench current increases when the working temperature decreases: it
shows that there is no mechanical limitation at that moment. A training test after a thermal cycle is called
re-training [64]

it is running in parallel with the superconductor, or partially insulated. This layout
would ease the magnet protection: in case of a quench, the current can be transferred
to the neighbour tapes, and the heat transfer is much more efficient in decreasing the
hot spot temperature. Quality assurance is based on different types of measurements:
dimensions, electrical parameters and magnetic field quality.

The testing of SC magnets is usually done in test stations. The objective is to validate
the magnet performance before integration into the final cryostat, which can be difficult
to disassemble in case of need. When an SC magnet is powered for the first time, the first
quench usually happens below the nominal current. However, the current at which the
magnet quenches increases time after time. This process is known as training, because
the magnet is following a learning curve. The reason for this behaviour is that these
premature quenches are triggered by cracks in the resin or cable movements that do
not happen in the next powering ramp, because the support structure and the magnet
parts are mechanically more stable. In some cases, the magnet is not able to reach
the nominal current. There can be different reasons, being the most common deficient
mechanical design or fabrication, where the SC coils are not properly preloaded to
avoid tensile stresses or sudden movements. During the training tests, the magnets
are usually heavily instrumented: temperature sensors and voltage taps to identify the
origin of the quench, where the voltage drop due to the resistive state starts to develop;
strain gauges to measure the deformation of the support structure and coil parts; and
magnetic test benches to characterize the field quality. In operation, the magnets are
equipped with fewer sensors, keeping only the most important temperature sensors
and voltage taps.
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Layer jump

(a) (b)

Fig. 11 (a) Schematic description of a double pancake coil with HTS tapes [61]. (b) Layer jump of double
pancake cos-theta dipole of the MCBXF orbit corrector [50]

4 Power applications of superconductivity

Although there are some devices for which the use of superconductivity becomes
mandatory and they would simply never work with conventional conductors, most
of the applications using superconductors, exist in a normal conducting version;
superconductivity simply converts them into superapplications with enhanced perfor-
mances. Now, where is the advantage of using superconductors in power applications?
In practically all the cases, the answer is increasing the magnetic field present in the
corresponding fundamental equation on which the application is based [65] Table 3
shows these fundamental equations affected by the magnetic field, associated with the
different groups of applications, how this field is achieved (the form of application)
and why it is important that it becomes as high as possible.

As it can be seen, all applications except one (energy transmission), are based
on the existence of a high magnetic field which is produced by magnets, either as
its own magnets or as part of electric machines or transformers. This clearly shows
the relevant role of SC magnets as one of the two technological pillars of applied
superconductivity. Figure 12 presents a classification of these power applications of
superconductivity sorted by generic groups of applications. This paper will address
solely those applications related with energy, transport and industry (highlighted in the
figure in colour) to remark the importance that these selected uses may be significant to
achieve some of the goals universally established for sustainable development [66, 67]
(obviously, the non-described uses in the paper, will also contribute to the achievement
of those sustainability goals).

4.1 Energy applications of superconductivity
4.1.1 Applications to energy generation—Fusion
Fusion energy, one of the most promising generation alternatives for a sustainable

world, is based on the combination of two light nuclei to form a new nucleus. This
combination is performed inside a Fusion reactor in the form of plasma, ionized gas
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INSTRUMENTATION: PARTICLE ACCELERATOR MAGNETIC RESONANCE

MEDICAL HEP NUCLEAR PHYSICS NMR MRI
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INDUSTRY: MATERIALS PREPARATION MAGNETIC SEPARATION WATER PURIFICATION OTHERS

Fig. 12 A classification of power applications of superconductivity

at such high temperatures that ions can overcome repulsion forces and fuse together
releasing energy. Fusion reactors require confining the plasma in “burning” conditions:
that is, with enough particle density, temperature and confinement time (the triple
product) for fusion reactions to occur at a rate that the plasma be mostly self-heated.
Probably, the most mature solution for this requirement is magnetic confinement where
specially shaped magnets generate a field that guarantees a stable isolation of the
plasma. In turn, there are, basically, two consolidated types of solutions to achieve
the magnetic plasma confinement: Tokamaks and Stellarators. Tokamak development
has been going on for the last 60 years in different laboratories all over the world
culminating in the present construction of ITER which is the world’s largest Tokamak
to be operated as the first fusion test reactor to burn deuterium-tritium plasmas [68].
Although Stellarators were invented before Tokamaks their development has followed
closely behind Tokamak somehow limited by their higher complexity. Nevertheless,
the successful operation of Wendelstein 7-X in Germany [69], among other projects,
also keeps this option as a real alternative for a future Power Plant. In any case, both
options present technological and scientific advantages and disadvantages and also
both options benefit from the introduction of SC magnets, in general, and HTS SC
magnets, in particular. In fact, the two leading realizations for each configuration ITER
for Tokamaks and Wendelstein 7-X for Stellarators) use SC LTS magnets. Tokamaks
and Stellarators are based on the toroidal confinement of plasma and they represent
two different options for the requisite of twisting the magnetic field lines that an array
of magnets distributed in a toroidal configuration would create and which would not
result in a stable plasma confinement [70, 71]. In a Tokamak the twisting is produced
by a poloidal field generated by a plasma current while in a Stellarator it is produced
by the external non-axisymmetric coils. In Tokamaks the plasma current is normally
induced by a transformer, which makes the device prone to current-driven instabilities
and more difficult to operate in a stable state, while stellarators are plasma current
free and easier to operate in a stable state. Figure 13 represents the basic magnet
configuration for both, Tokamaks and Stellarators.

Another important difference between both configurations is the geometrical
parameters, particularly the aspect ratio referred to the ratio between the external and
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Blanket Plasma Magnetic
field line

Fig. 13 Coil configuration and magnetic lines for a Tokamak (a) and a Stellarator (b)

the internal radius, which for Tokamaks is much smaller than for Stellarators, lead-
ing to much larger effective plasma volumes [72]. Finally, a last consideration with
a high technical impact, is the fact that for Tokamaks the coils are planar (2D coils)
while for Stellarators they are truly three-dimensional (3D coils) with an extremely
complex geometry much more difficult to fabricate and assemble. Not only the shape
and configuration of the magnetic field is important but also its magnitude may have
a tremendous impact on the overall characteristics of the reactor. In this regard is
worth mentioning that one of the figures of merit associated with the performance of
a fusion device is the so-called fusion triple product n7't, (ion density, ion temper-
ature and energy confinement time) which, in turn, is proportional to B* (Magnetic
field density) and V (plasma volume). Typical values for the fusion product are 6.7
. 10" KeV sm™ for Wendelstein 7-X, 4.7 - 1020 KeV sm™ for the JET Tokamak or
7.4 - 10*! KeV sm™ expected for ITER [73]. The dependence on the fourth power
of the magnetic field density times the volume, indicates the relevance of achieving
high fields to develop compact machines. Nevertheless, the compactness of the reactor
will also be limited by other factors like those related to neutron production issues or
plasma stability. The optimization strategy of maximizing the magnetic flux density to
achieve net fusion energy in a more compact, lower cost and faster-to-build Tokamaks
has been historically—known as the “high field path to fusion energy”. Chronolog-
ically this path can be divided into different eras according to the involved magnet
technology and the materials they were made from. A comprehensive description of
this path can be found in [74]. In a summarized way, the first attempts to produce
high-field magnets started by using advanced Bitter-type copper coils able to gen-
erate pulses up to 8 T in the plasma centre. Some examples included a Tokamak at
Frascati (ENEA) and three at MIT which were the origin of many other realizations
worldwide. The copper route was finally abandoned due to the difficulty of scaling
resistive copper magnets to fusion power plants and also to the advent of reliable LTS
magnets in the 80s and 90s. Again [74] supplies a list of different realizations based on
LTS magnets which have provided the necessary background for affording the ITER
project, a Tokamak based on Nb3Sn and NbTi coils able to produce a plasma centre
field of 5.3 T. To achieve sufficient plasma performance (fusion triple product) with
such field values, it is required a big outer Tokamak radius leading to high capital
costs, long construction times and, in general, severe limitations complex to manage.
The history of Stellarators starts in 1951 when Lyman Spitzer developed its concept,
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starting the construction of the first prototype [75], a tabletop machine named Model
A in 1952 to show the confinement capability of the stellarator geometry. Then came
several Model B machines which, in spite of the presented problems with the magnet
supports, were able to demonstrate that the plasma could be heated to relatively high
temperatures but extremely short confinement times. Research continued with the last
series, Model C, where many improvements were made to increase confinement time
and temperature but, still, they were far beyond what was needed for energy generation
and the machine was converted into a Symmetric Tokamak. In fact, a renaissance of
tokamaks occurred in the following years but instability problems due to the circu-
lating current in the plasma and above all, different advances in magnet technology,
remerged the Stellarator approach and three big projects were launched: The Helical
Symmetric Experiment (HSX) in the US, Wendelstein 7X in Germany and the Large
Helical Device in Japan, using these last two machines, SC magnets. The absence of
confinement provided by the circulating currents in the plasma implies using more
powerful magnets in the Stellarator-type reactors. On the positive side, Stellarators
are inherently steady-state operating machines (constant field in time) and this has
very significant implications when using SC magnets. The requirements of intense
fields to achieve high values of the fusion triple product have practically discarded
any magnet technology other than the SC one. As in many other applications, sta-
tionary high magnetic fields in wide volumes can only be achieved using SC magnets
in spite of the complexity that their use represents. For the moment, several fusion
reactors have been based on the use of Low Critical Temperature SC Magnets (LTS
Magnets) either using Nb3Sn or NbTi, depending on the magnetic field peak value at
the conductor. For the case of Tokamaks, these realizations include EAST in China
[76], K-STAR in South Korea [77], SST-1 in India [78], T7 and T15 in Russia [79],
Tore Supra/WEST in France [80] and TRIAM-1M [81] and JT60SA [82] in Japan
and obviously the international collaboration ITER [83]. For the group of Stellarators,
two significant realizations have been made using NbTi technology: Wendelstein 7X
[84] and the Large Helical Device (a type of Stellerator known as Heliotron) [85].
Although ITER is mainly based on LTS Technology, it is worth mentioning that it
also represented the transition from the classical to the new SC technologies since it
includes one component which uses HTS, the so-called current leads which are those
elements connecting the external power supplies at room temperature with the internal
magnets at cryogenic temperatures. Since the heat entrance to the magnets must be
minimized, ideal connections made from materials with an infinite electric conductiv-
ity and simultaneously a null thermal conductivity should be used. The most similar
materials to this ideal behaviour are HTS since they are ceramic and superconductors
at the time. For the case of ITER, these current leads able to transport up to 69 kA
(for the toroidal field coils) are made from Bi2223 tapes with a specially alloyed Ag
matrix [86]. The need for compact reactors to increase the fusion triple product with
reasonably affordable machines, along with the improvements in the performance of
the HTS superconductors at an industrial scale, quickly triggered the idea of making
both types of fusion reactors using HTS-based magnets.

The case of Tokamaks has been the most ambitious and, among all the initiatives,
the project SPARC is the most emblematic where significant and promising results
have been achieved [74]. This new “high field path to fusion energy approach based
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Fig. 14 Test station for the TFMC magnet (also shown) at the MIT PSFC

on HTS magnets” was started at MIT in the mid-2010s and proposes the use of 20T
peak Toroidal Field Coils based on REBCO, a material with the notorious advantage of
being available in industrial quantities by roughly a dozen of suppliers, with very good
mechanical and electromagnetic performances, at affordable prizes. The programme
started in 2018 and finished in 2021 and it was executed jointly by the MIT plasma
science and fusion centre (PSFC) and Commonwealth Fusion Systems (CFS) as a
technology enabler of the SC high-field pathway to fusion energy [87]. The goal of
the program was to demonstrate the feasibility of non-insulated coils (NI Coils) to be
used as the toroidal field coils in a Tokamak (SPARC) [88]. A toroidal field model coil
(TFMC) was fully developed and tested. A peak field in the conductor of 20.1 T @
20 K was achieved with 40.5 KA of external current in a coil with 256 turns wound in
16 single pancakes and storing 100 MJ of energy. The coil is placed in a liquid-free
cryostat based on a helium recirculation system [89]. which is cooled down using
cryocoolers which provide 600 W of cooling power @ 20 K [90]. Figure 14 shows
the complete test station where the TFMC (which is also present in the figure is also
shown) was tested. It includes the vacuum vessel, the power supply, the vacuum and
the cryogenic systems.

Probably, the most relevant challenge to address in this project was how to take the
leap from the small HTS demonstration magnets in the range of tenths of MA-turns
to a coil in the range of tens of MA-turns. Using commercial tapes as supplied by
their manufacturers, even if the biggest ones are chosen, is not an option for these big
magnets since it will lead to an inadmissible number of turns and consequently an
excessive inductance, incompatible with the required magnet time constant for fusion
applications [74]. Higher currents and fewer turns are then required and this implies
the fabrication of cables able to transport several thousands of amperes inside a high
magnetic field values. In this situation, two types of cables were developed in the frame
of the project: the so-called VIPER cable and the NINT (non insulated-non-twisted
coils), the first based on twisted batches of HTS tapes placed along helical grooves
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Fig. 15 (a) SPARC Coil configuration including an explosion of two and (b) artistic view of the SPARC
tokamak under commercial operation

along a copper bar externally insulated and constituting the cables with which the
magnet is wound from, and the second one formed by non-twisted batches of tapes
which are placed in grooves machined in metallic plates with no electrical insulation
to the plate. Each groove constitutes a turn of each pancake forming the coil. The first
option is aimed at transient magnets where ramping cycles are frequent (this is the case
for the central solenoid and the poloidal field coils) while the second option is reserved
for magnets mainly stationary (like the toroidal field coils). This is the case for the
TFMC and this was the selected option. Figure 15a shows the final configuration of
the TFMC, including an explosion of two pancakes, the end plates and the cooling
channels. Figure 15b shows an artistic view of what could be the complete SPARC
commercial system in operation.

In the last years, several companies proposing HTS-based fusion Tokamaks have
been launched, achieving a significant amount of public and, fundamentally, private
investment. In 2023, the overall funding for Fusion Companies was slightly above
$6.2 bn from which more than $5.9 bn came from private investment [91] . Apart from
the significant case of CFS, which has already been mentioned (they have been able to
raise more than $2bn to date), some other cases are Tokamak Energy [92] a company
founded in 2009 as a spin-off from the UK Atomic Energy Authority (UKAEA).
Their proposal is based on using a compact spherical tokamak with HTS magnets
and they also have announced collaboration with General Atomics. Alternatively, to
Tokamaks, Stellarators have also drawn the attention of companies (most of them new
ones) which defend that this family of fusion reactors in the HTS version can derive
in a really compact and stable machine with a great potential for on-grid electricity
generation but also for other applications such as off-grid production, neutron sources,
marine and space propulsion, etc. Although Wendelstein 7X demonstrated the global
soundness of the concept of SC stellarators, it also showed the tremendous difficulties
of fabricating and assembling SC 3D coils and here is where these new companies
are contributing with original proposals. An example is Thea Energy [93], a spin-off
of the Princeton Plasma Physics Laboratory which has proposed a new topology of
SC Stellerator based on planar coils [94] exclusively as shown in Fig. 16a. Basically,
there are two types of coils: The encircling ones which are optimized to generate the
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Removable blanket
segments

Encircling coils

Planar shaping coils

Fig. 16 Proposed configuration from Thea Energy with exclusively planar coils (a) and proposed solution
by Renaissance Fusion based on depositing and patterning HT'S material (b). (¢) Magnetic field calculations
of the WISER Stellerator at CIEMAT

majority of the target magnetic field and a number of small dipolar coils to generate
the remainder of the target magnetic field. They are called the planar shaping coils.
The second approach comes from Reinaissance Fusion [95] a company founded in
2019 and located in Grenoble (France). Their proposal for fabricating the complex
form of the required coils, consists of directly depositing and patterning HT'S material
on a large surfaces like a torus sector to draw equivalent coils to those made from tapes
or conductors. This company also claims that the method can be used for making SC
magnets for MRI, accelerators, SMES or electrical machines (Fig. 16b).

Other companies developing HTS Stellarators are Proxima Fusion [96], a German
Company based on Munich, in the process of developing a SC Quasi-Isodynamic
Stellarator profiting of the achievements of Wendelstein 7X and Type One Energy
[97], a US company who has announced the Project Infinity One based on a modular
HTS magnet-based Stellarator. Figure 16c shows the magnetic field calculation for the
superconducting coils of a Stellerator, in the framework of a Private-Public initiative
for the construction and exploitation of WISER (WInd tunnel for a StEllarator Reactor)
at CIEMAT, with the goal of promoting the development of critical technologies for
the construction of a type of reactor with a high commercial potential.

4.1.2 Application to renewable generation

Renewable energies are the cornerstone of a sustainable future, offering clean and
increasingly cost-effective alternatives to traditional fossil fuels while addressing the
urgent need to reduce greenhouse gas emissions and combat climate change. Among
all the renewable energy sources, wind and hydrokinetic energy generation are the
two candidates that can potentially benefit from the use of superconductors. Those
are the ones that relay their strategy in capturing and transforming kinetic energy
from wind or water into electric power by using generators. In the case of water, in
turn, the energy source takes different forms such as waterfalls, river flows, ocean
waves, ocean currents and tides. Most of those generators are rotative with two sides:
The stationary one, which constitutes the stator of the machine and the rotating one,
constituting the rotor which turns around the stator. For some particular applications,
the generators are linear with also a steady stator and a moving side which is now
called translator and travels along the stator. In both cases, the relative movement of
the rotor or translator with respect to the stator is converted into electricity. There are
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many different configurations of electrical machines and in general terms, the moving
part has either electromagnets or permanent magnets to generate the excitation field or,
is a solid piece of only iron or iron and other highly conducting material that interacts
with the field generated by the stator creating a torque or a force which can either be
opposite to the velocity (generator) or in the same sense (motor). The stator side has
windings (coils) which are normally circulated by AC currents which are in charge
of generating the magnetization field when it is not created by the rotor/translator
and also of the conversion of the mechanical energy into electric energy. For the
case of wind energy, depending on their operating location, wind turbines can be
classified into two main groups, namely, onshore and offshore. Onshore wind farms
are generally easier and cheaper to install and maintain compared to offshore wind
farms. Access to the sites is simpler, and the infrastructure required (such as roads
and electrical connections) is often already in place or easier to develop. Nevertheless,
even if onshore wind technology is well-developed, there are certain aspects in which
offshore wind farms offer unbeatable advantages. Offshore wind farms benefit from
higher and more consistent wind speeds compared to onshore sites, leading to greater
energy production and efficiency, allowing for the deployment of much larger turbines,
providing greater capacities. Apart from the capacity of single generators, offshore
wind farms can be built in expansive ocean areas, offering the potential to install
large amounts of turbines and generate renewable energy without competing for the
space with other interests such as agriculture, urban development or even population
comfort.

The world has seen a rapid growth of wind power [98] over the past two to three
decades. The added global capacity of wind energy reached 1017 GW, of which only
7% (73 GW) comes from offshore wind farms [99]. By the decade of the 2030s, wind
power generation capacity is expected to increase up to 2000 GW, which is more than
50% of the overall renewable energy generation capacity in 2023. In such a scenario, a
larger share of offshore wind power generation is expected reaching 13% of the over-
all wind power generation [100, 101]. Hydropower on the other hand (hydrokinetic
energy from waterfalls in dams, or river-flow and current oceans), is the technology
with the largest share (50% in 2019, 40% in 2022) of global renewable electricity
generation capacity. It is remarkable how the trend decreases as other renewable gen-
eration technologies such as wind or photovoltaics are growing. As of the end of 2022,
the projects in the global development pipeline combined total capacity of 557 GW.
By 2023, new projects added around 117 GW to the global fleet, representing a 9%
increase in global capacity in one single year [102]. Marine power generation is the
third hydropower renewable energy source worth mentioning, which by 2023 repre-
sented still less than 1% of the total hydropower capacity, leading to a high margin
of growth scenario in which, as shown below, important developments are already
being carried out. Water turbines are divided into two groups,i.e. reaction turbines and
impulse turbines. Reaction turbines are used in very high-head applications (> 300 m).
Reaction turbines are used in low-head (< 30 m), and medium-head (30-300 m) appli-
cations as well as run-in-river systems in which the turbine uses the natural flow of a
river without the need for large reservoirs or significant water storage. In both wind
and hydropower applications the energy is transferred through the turbine’s main shaft
to the generator. The generator transforms then the mechanical energy of the turbine
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into electricity. Either for wind or water energy, there is a wide range of generator
designs which can be split into two main types, i.e. direct and indirect drives. In the
first one, the generator is directly connected to the power source, without intermediate
components such as gearboxes, in such a way that the generator shaft rotates at the
same speed as the power source. In the second type, the generator is connected to the
power source through an intermediate mechanism, typically a gearbox, which adjusts
the speed from the power source to an optimal speed for the generator. For example,
in a wind turbine, the slow rotation of the blades is increased by the gearbox to a
higher speed suitable for the generator. Direct drive (DD) generators are an attractive
option for both, wind and hydropower generators. In the two cases, the use of DD
generators is particularly well-suited for several reasons like the reduced maintenance
requirements derived from the absence of a gearbox, which is one of the most failure-
prone components in traditional turbines. This is especially true in the case of offshore
wind turbines which are difficult and expensive to access, so reducing the number of
components that require regular maintenance is a significant advantage. Moreover, off-
shore environments are harsh, with high humidity, salt spray, and strong winds [103].
The simpler sealed design of direct drive generators makes them more resistant to
corrosion and other environmental factors that can affect traditional gearbox systems.
Similarly, small-scale hydropower plants where the low maintenance requirements
are crucial, can profit as well from the simplicity of DD generators. Since in a direct
drive system the generator is directly connected to the rotor of a turbine, the speed at
which the generator operates is directly determined by the speed of this power source.
In the absence of a gearbox, which is typically used to increase the rotational speed of
the generator, the rotational speed of the source is relatively low. This characteristic
aligns well with the necessities of low-head hydropower plants and run-of-river sys-
tems where the kinetic energy of water is directly intercepted from a river’s natural
flow. The major drawback of DD generators shows up when scaling up the genera-
tor’s power capacity. The electromagnetic power of an electrical machine is defined
by the product of the mechanical rotational speed of the machine’s rotor times its
electromagnetic torque. Since they need to be designed to operate at lower speeds, the
elctromagnetic torque must be sufficiently high to achieve the nominal output power.
In this sense, two key figures of merit in electric machines are the torque and the
power densities, defined as the ratio between the produced torque and the generated
power, respectively, divided by the rotor volume (volumetric density). Modern wind
and hydropower stations demand high specific power and, especially, high specific
torque generators since they must be as light, small and efficient as possible to reduce
their LCOE (levelized cost of energy) [104]. For the case of Hydropower applications
where new machines are meant to replace old ones increasing their generated power but
keeping their footprint, the issue of power and torque densities is especially relevant.
The torque density (per unit rotor volume) is the magnetic shear stress which, in turn,
is the product of the electric load (stator amperes per unit length distributed in the air-
gap), times the magnetic load which is the magnetic flux density in the gap. The power
density is the torque density times the rotating speed. To increase the power density
of a generator, there are, then, three options: (a) increasing the speed using a gearbox,
which is contradictory to what was previously said about system robustness and main-
tenance, (b) increasing the electric load, which means increasing the current density
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in the AC side. (c) Increasing the magnetic load, which basically means providing the
machine with powerful excitation-side magnets to work at the highest possible field
density [105]. Once discarded option (a), alternative (b) means improving the cooling
capacity at the stator side. Different refrigeration techniques are commonly used in
traditional generators. Depending on the specific requirements of each system either
air, liquid (typically water and oil) or gaseous hydrogen are the most common options.
The maximum current densities that can be reached in such cases range between 3 and
50 A/mm? [106, 107]. By making use of superconductors such current densities can
be dramatically increased up to two orders of magnitude. Finally, regarding option (c)
traditional generators use either normal conducting copper electromagnets or perma-
nent magnets with a high content of rare earth elements for generating the excitation
field. To increase the field at the airgap, the strategy of upscaling permanent magnet or
the normal conducting electromagnets finds a technical limit in the iron magnetic sat-
uration (see Sect. 3), leading to a significant increase in mass and volume. Moreover,
the permanent magnet option stresses the already challenging rare-earth supply chain
to a greater extent [108]. As an example, the world’s largest operating wind turbine is
the Vestas V236. It is an offshore permanent magnet-based design. It operates in the
direct drive configuration with a capacity of 15 MW [109]. There are other projects
under development aiming to achieve up to 18 MW such as the Haliade-X [110], MySE
18.X-28X [111], and CSSC Haizhuang H260-18MW [112]. Such developments are
as well based on permanent magnets pushing the performance of such technology
to its limit reaching a saturation point in terms of affordable capacity. Under these
circumstances, the only possible alternative to increase the generator’s shear stress is
by making use of superconductivity since this technology can positively affect options
(b) and (c), once (a) is discarded.

Following these ideas, there are a number of motor/generators topologies imple-
menting superconductors either in the form of wires/tapes or in the form of bulk
conductors (alternatively stacked tapes) [113]. In the first case to build the electro-
magnets that constitute the stator and rotor windings and in the second one to perform
three alternative missions: (a) acting as SC permanent magnets (trapped field mag-
nets) to provide the excitation field, (b) acting as flux shields for reluctance and flux
modulation machines or (c) using their flux pinning capability (see Sect. 2) for the
case of hysteresis machines [114]. Historically, wind power generators have been one
of the main drivers for applications of SC machines, together with aircraft and ship
propulsion, each with its own personality. The main developments done so far in these
sectors belong to the type of radial field SC topology [113, 115] whose structure is
shown in Fig. 17a. It is basically a conventional synchronous machine with an SC
excitation which is located in the rotor and, consequently, is turning, involving three
associated issues: (a) how to cool down the moving coils (b) how to energize these
moving coils (¢) how to transmit the produced torque from the cold side to the warm
one.

The solution is based on a rotating cryostat and a hollow torque tube through which
the current and the coolant are injected into the SC coils, at the time the torque is trans-
mitted to the warm side. Two major shortcomings are associated with this solution:
(1) a big air gap is required to allow the presence of the cryostat, (2) a limited electric
load is achieved since stator coils are non-SC. A step forward is the development of
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fully SC synchronous machines where both sides (rotor and stator are cold and share
the same cryostat) [113, 116] (see Fig. 17b). This allows increasing significantly the
electric load and consequently the torque for the same machine sizes but it also gener-
ates AC losses in the stator with additional cryogenic loads. Special multifilamentary
wires or tapes must be used for this application. Nevertheless, there seems to be a
consensus on the fact that only from 20-30 MW, SC machines start to become com-
petitive for wind energy applications. Unlike wind power, in which the goal aims at
developing new systems expanding the limits of the achievable capacity, opportuni-
ties for superconductivity technology in hydropower are focused on the refurbishment
and upgrade of current facilities aiming to maximize the performance and output of
existing assets. Among those, special efforts are put into small to medium run-of-river
that use reaction turbines, which have the lowest environmental and ecological effects
[117].

Superconductivity also offers advantages in terms of grid performance. On the one
hand, due to stronger magnetic fields generated by SC windings; a SC generator can
be designed with a higher air gap compared to traditional ones without losing mag-
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netic flux density. In synchronous machines, there is an inverse relationship between
air gap length and the synchronous reactance, which can be defined as the oppo-
sition to the flow of the AC at the armature winding due to the combined effects of
inductance and magnetic fields. The synchronous reactance of a synchronous machine
is inversely related to its dynamic stability during transient grid faults. Higher syn-
chronous reactance typically reduces dynamic stability and the machine’s ability to
damp oscillations. Hence by allowing a reduction of the synchronous reactance of the
machine, the use of superconductors improves the dynamic stability of the machine
during transient grid faults. On the other hand, the efficiency (the ratio of the electrical
output power to the mechanical input power) of SC machines is almost independent of
how effectively electric power is converted into useful work output in an AC electrical
system, namely the power factor. The latter is defined as the ratio of the real power
(measured in kilowatts, kW) that does useful work to the apparent power (measured
in kilovolt-amperes, kVA) that flows through the circuit. For this reason, SC machines
maintain high efficiency regardless of the power factor or the amount of excitation cur-
rent applied. This characteristic allows them to be over-excited to correct the power
factor without needing additional equipment such as synchronous reactors or capacitor
banks as in the case of traditional generators. As a result, these machines can enhance
the reactive power management and overall stability of the power system [118, 119].
This is especially true in the case of small to medium run-of-river turbines which, as
mentioned above, are the ones taking the major advantage of superconductor tech-
nology. Such hydro stations are subjected to a high degree of variability throughout
the year. For these reasons, the focus of the development of SC technology is on
applying variable-speed turbine applications at existing stations that contain older,
fixed-speed turbines. Such a solution based on the implementation of variable-speed
turbines enables the conversion of a greater amount of water energy into electrical
energy because they can operate with very high efficiency across a wide range of
speeds and power outputs, meaning that when the water flow changes, the SC genera-
tor can quickly respond by either increasing or decreasing its power output, matching
the turbine’s operating conditions almost instantaneously. The latter allows for har-
nessing the lower power levels drawn from reduced water flows, which eliminates the
need for the turbine to operate in part-load (as is the case of traditional fix-speed gen-
erators), where their efficiency levels drop dramatically. Despite the above-described
advantages that superconductivity can bring to electric generators, there are still sev-
eral technical challenges that this technology poses. SC generator must be carefully
designed to allow for superconductor refrigeration below its critical temperature. For
this reason, whereas availability and established processing are major advantages for
LTS, the necessity of cooling well below 10 K is a major drawback. This is because
usually, such cooling is performed with LHe, which is produced through the radioac-
tive decay of natural gas and is a non-renewable asset. Hence the volatility of LHe
price together with the risk of its scarcity are preventing the use of LTS materials and
systems in more price-sensitive fields of applications such as the energy sector. One
of the enablers of SC generator technology is the possibility of using HTS due to their
superior operating temperature which allows to efficiently refrigerate the SC coils at
temperatures around 40 K by means of gaseous helium flowing in a closed circuit and
cooled down by using cryocoolers, as shown in Fig. 9b, leaving aside the need for huge
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Fig. 18 General electric,
GE—ecomagination generator

Stator assembly

amounts of LHe. Previous studies [120] have estimated that in a hydropower turbine
generator, the power consumed by the cryogenics of a SC rotor is a small fraction
of the normal losses in a normal conducting conventional one, being about 25 kW
compared to 300 kW for a 25 MW machine.

Moreover, to reduce the heat leakage from the cold section of the machine, the SC
parts must be placed in a vacuum vessel at pressures around 10~ mbar [121]. Such
a requirement adds extra complexity to the design which implies the use of vacuum
leak-tight bearings properly sealed to allow rotary movement as presented previously
and shown in Fig. 17. In a similar way, the rotor must be kept at cryogenic temperatures
while keeping thermal losses to a minimum when transferring the high torque from
the shaft. The choice of the material to be used for such purposes must fulfil not only
the low thermal conductivity requirement to behave as an insulation between the cold
mass and warm mass of the machine, but also the mechanical resistance to withstand
the high torques that in a DD generator act directly on the machine’s rotating part. For
this purpose, fibreglass and carbon fibre-based materials are commonly used [122].

In parallel, in the search for optimization and adequation to the special requirements
of each specific application, many alternative designs have been developed diverging
from the above-mentioned mainstream strategy. Especially worth mentioning is the
case of the generator developed by General Electric, GE—Ecomagination, aimed to
wind power generation one of the novelties of such a generator is that the SC field wind-
ing is stationary while the rotating armature is rotating [ 123] such option eliminates the
cryogenic coupler and simplifies the SC coil design, however, the armature requires
high current electrical brushes with extremely efficient electrical conductivity. Figure
18 shows a graphical description of its configuration. Moreover, unlike the majority of
SC generators, it is designed with the NbTi wires instead of HTS due to the low cost
and mature technology, paying the burden of a more complicated cooling strategy.
As mentioned above, the following step towards increasing the power capacity of SC
generators is to also replace the normal conducting windings of the armature (stator)
with SC ones (besides a SC field winding, constituting the fully SC version shown
in Fig. 17 b) to boost the machine’s electrical load, hence further increase the shear
stress. The use of such fully SC generators, drastically increases the power densities
achievable, leading to a reduction in generator size, which as mentioned above is one
of the motivations for offshore wind farms and hydropower turbines [124]. Illustrative
size estimations [125] showed that a 10m diameter fully normal conducting 10MW
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direct drive generator could be downsized to 4.3 m diameter by using superconductive
field winding. Moreover, such size reduction can be enhanced down to 3.8 m diameter
by using superconductive windings both at the rotor and stator. The major drawback of
fully SC generators is the power dissipation due to AC losses generated at the armature
winding due to the oscillating magnetic field to which it is exposed. Whereas such an
oscillating magnetic field is also present in partially SC machines, power dissipation
would not constitute a concern at room temperature, but can become a significant chal-
lenge when considering the refrigeration costs. This is especially true when using HTS
conductors which are manufactured in the shape of tapes and the winding of SC coils
with multifilamentary strands is much more complicated and practical applications
are scarce. HTS tape-like geometries with high aspect ratios are especially susceptible
of generating AC losses, which are proportional to the area enclosed in the magnetic
hysteresis loop that occurs due to the repetitive magnetization of the superconductor as
it cycles through AC. Moreover, tape-shaped wires have larger areas exposed to oscil-
lating magnetic fields enhancing AC losses. Such a problem can be tackled from two
fronts. The first one is the improvement efficiency of cooling techniques and the sec-
ond one is to minimize the AC losses following strategies based on a design solution.
Regarding the last one, the use of the LTS conductor MgB5; has been often proposed
as a candidate to use in AC windings of fully SC generators [126]. This is due to the
fact that it is available in the form of thin multifilamentary conductors to minimize
AC losses by limiting the size of current loops (hysteresis) and by increasing inter-
filament resistance to suppress coupling currents [126]. MgB, critical temperature is
the highest among all LTS (39 K) allowing it to remain within the current cooling
capacities. As of today, fully SC generators are conceived as a long-term solution,
allowing SC technologies and cooling techniques to develop into a feasible option.
Nevertheless, there are ongoing different proposals to also develop multifilamentary
HTS REBCO tapes, aimed at including these types of conductors in AC applications
due to their outstanding transport properties [127—129]. Several studies have gauged
the average cost of electricity generation over the lifetime of SC-based wind turbine
generators through the LCOE metric [101, 126]. These studies have been carried out
by upscaling calculations, with current the 5 MW capacity generators as reference. In
2022, it was pointed out that the major bottleneck of this technology is relevant to the
price of SC material and cryogenic systems. As a rule of thumb, it was established
that only for power capacities above 8 MW the use of SC generators in offshore wind
farms would result in favourable values of LCOE [104]. Above such a threshold, due
to their high power density, generators are not only lighter but cheaper. Its low weight
helps to reduce the turbine mass together with installation costs. In this regard, Fig.
35 presented in Sect. 4.2.2 shows a clear explanation, extracted from [130] on how
the power density of SC machines can be dramatically increased with respect to con-
ventional electric ones. Moreover, the figure shows that beyond 10MW an increase in
power generation does not constitute a remarkable increase in machine weight. As a
result, the estimated LCOE of a fully SC wind generator was found to be significantly
lower (about 7% at Pn = 20 MW) compared with its permanent magnet counterpart
[104]. Interestingly enough, several projects based on traditional non-SC technology
are evolving to reach the 18 MW goal [110-112], very close to 20 MW and well above
the 8MW previously mentioned and proving a strong variation of LCOE calculations
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within a very short period of time. The latter shows that traditional technologies are
still rapidly evolving, raising the threshold value that SC technology aims to overpass.

From 2018 onwards, different projects [103, 131, 132] have been focused on the
development of SC generators with the goal of optimizing such 20MW goal. In 2019,
the EcoSwing consortium [133] successfully designed and comissioned a 3.6 MW
partially SC prototype generator based on HTS technology [132]. Such a prototype was
areduced-size demonstrator of a baseline generator design of 30 MW. The prototype
was 15% cheaper and 40% smaller than the baseline. Besides, its weight is 68 tons,
which is 24% less than a scaled PM generator with the same outer diameter and the
same torque. It requires about 35 kW of cooling power to maintain the operating
temperature of the HTS field winding at 30 K. The generator’s stator is the same as
that in conventional electric machines. Noticeably, the air gap shear stress in the HTS
generator is 113 kPa, which is about twice that when compared to a conventional DD
permanent magnet (PM) generator for wind turbines [134].

Regarding the hydropower sector, SC generators have not yet been widely adopted
in commercial hydroelectric power plants. While there has been significant research
and development in SC technology for power generation, its application in hydro-
electric plants is still in the experimental or pilot stage. As a matter of fact, the last
report on advanced manufacturing and materials for hydropower [135] published in
2023, barely mentions the use of superconductors as an immediate goal. In this sector,
the installation and operation of the world’s first HTS SC generator in a real-world
hydroelectric application took place at the Hirschaid plant, in Germany, under the
framework of the project Hydrogenie [120]. Hirschaid is a run-of-river plant com-
posed of three reaction turbines. A 1.7 MW SC generator based on HTS rotating coils
was installed as a replacement for one of the three originally installed 1.25 MW tra-
ditional generators. In 2013 it was commissioned and successfully connected to the
German electrical grid marking a significant milestone in the use of SC technology in
renewable energy generation. This situation is also very similar to the case of ocean
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hydrokinetic energy, particularly currents and waves. For the first case, the specific
idea of using a SC magnetohydrodynamic generator is quite old [136]. Some years
later and even presently, more advanced proposals have been developed at a prototype
scale. The introduction of Helical-Type MHD allows the utilization of solenoidal SC
magnets which are easier to manufacture, especially due to their requirements for
high field. The hydrogen generation which results in the process has become nowa-
days an added benefit which makes the application more attractive [137]. Due to the
similarities with SC for naval propulsion, additional comments can be found in the
corresponding section of this article. To finish this section, a short reference to wave
energy generation, another form of water hydrokinetic energy conversion. There are
different ways of converting the energy associated with the kinetic energy of the waves
into electricity. Their complete description is out of the scope of this paper, but we shall
just mention the heaving point absorber formed by a buoy and a moving float with a
vertical reciprocating oscillation. In one solution, the float is mechanically connected
to the translator of a linear machine, while the stator of the machine is fixed to the
stationary (rather pseudo-stationary) buoy constituting a direct drive power take off
(DDPTO) [138]. The relative displacement between float and buoy is converted into
electricity. The system design is done in a way that resonates with the wave frequency,
amplifying the oscillation amplitude and maximizing the extraction of energy. Reso-
nance is achieved by tuning the system and this can be done with the linear generator
itself which must provide the required reactive force, usually higher than the active
one. Wave energy generators must produce high forces with low losses constituting
an ideal application for superconductivity.

Different linear SC generators have been proposed, some of which are in a proto-
typing phase [139], suggests linear synchronous machines with bulk HTS to create
the excitation field while [140] proposes a switched reluctance machine with solely
iron in the translator and either MgB, or HT'S ReBCO coils in the stator. A prototype
is now under development and it has the main peculiarity of using a flexible cryostat.
Also, a linear generator with stationary SC coils was designed some years ago at the
University of Edinburgh [141]. Figure 19 shows, on the left hand figure a schematic
view of the heaving point absorber while on the right hand, a 3-D scheme of the SC
switched reluctance reciprocating generator.

4.1.3 Application to electric power transmission

A power transmission line is defined by its current and voltage ratings. The first one
indicates how much electrical current the cable can safely conduct without overheating
or suffering damage. The second one indicates the maximum electrical potential the
cable can handle without causing insulation failure or arcing. The combination of
current and voltage represents the apparent power rating (in VA or W), which is a
key indicator of the power transmission capacity of the line. The ratings of traditional
power transmission lines can vary significantly depending on factors such as the type
of transmission line, the distance of transmission, and the specific application. The
higher the voltage, the more power can be transmitted over long distances with lower
losses, which is why extra-high (> 230 kV) and ultra-high (> 800 kV) voltage lines
are used for major transmission lengths. Current ratings are lower at higher voltages,
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as the same power can be transmitted with less current. This helps reducing losses
due to impedance in the conductors that increase with the square of the transmitted
current. As a representative example, the Changji-Guquan Ultra-High Voltage Direct
Current (UHVDC) transmission line in China [142] is the most powerful and longest
distance power transmission line in the world with a voltage rating of 1.100 kV and a
transmission capacity of 12 GW to transmit electricity along more than 3000 km.

Moreover, as described in Sect. 4.1.2, renewable energy generation is rapidly evolv-
ing to contribute to satisfying such energy demand. In this regard wind, solar and
hydropower generation assets are typically sited far away from the populations they
serve [143]. Hence as renewable generation increases, so do transmission distances.

Long power lines can use high voltage direct current (HVDC) systems which are
more efficient over long distances since they require fewer conductors and are suscep-
tible to less power loss due to impedance than equivalent AC lines. This is because
they are not subjected to AC losses. Moreover, power transmitted through an HVDC
line can be controlled independently of the phase angle of AC grids at source and
load, where AC/DC conversion takes place, even if they are not synchronized. In this
regard, HVDC also allows the transfer of power between remote grid systems running
at different frequencies, such as 50 and 60 Hz, improving the stability and economy of
each grid. However, the strategy based on upscaling voltage ratings according to line
length reaches a saturation point. Conventional long-distance transmission systems
using aluminium and copper conductors experience power losses of around 10%. This
amounts to around 180 TWh annually in Europe, which is enough to power three
large cities [144]. Such losses are ascribed not only to inductive effects but also to
the need to use power converters and transformers. These converters use electronic
components that generate heat. Additionally, converters have voltage limitations that
affect the overall efficiency and design of HVDC systems. This leads to the need of
finding an efficient solution since higher voltages are needed to reduce transmission
losses, but converters cannot always handle such high voltages efficiently. As the
world population grows, and consequently its energy demand increases, power line
losses must be minimized. Despite the advantages of DC power lines, in the case of
urban power grid systems, AC transmission lines are preferred, allowing for shorter
distance transmission without the need for using converters within metropolitan areas.
In the last 20 years, the electricity consumption of large cities has increased rapidly
[145] and power grids have been estimated to need an upgrade to enable an expected
60% increase in electricity demand over the next 20 years [146]. Therefore, municipal
power supply systems have been in urgent need of expansion, especially in the central
districts. In the case of AC power transmission lines, similarly to their DC counter-
part, power losses are a limiting factor, as such lines transmit power in the form of
AC current, impedance issues are to be tackled not only due to cable resistance but
also to those derived from AC losses. A typical 380 kV 1.1 GW transmission power
line shows losses of roughly 1%, or 11 MW, per 100km [147]. This results in yearly
losses of 96 MWh per 100 km.

SC cable systems have a critical role to play in addressing the above-mentioned
challenges. Especially those related to power losses. The design of such supercon-
ductor cables for power transmission is primarily based on the use of HTS tapes.
The development of HTS technology has been an enabler for superconductivity to
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be applied to cables for high-capacity power. The major advantages of HTS when
compared to the LTS option are the efficiency and operational benefits derived from
the use of LN2 as a coolant [148]. The major repercussion of the use of SC power
line cables is related to the energy savings associated with near-zero resistance con-
ductors. Even if there is an energy demand associated with SC cooling, the power
saving achieved in this way is, in many cases, greater than the energy expended to
maintain conductors at a low temperature. The energy demand of an SC transmission
line is dominated by superconductor cooling, insulation vacuum pumping and coolant
circulation system [149]. These represent passive power losses that apply at any time
even when power is not being transmitted. For this reason, the efficiency of a SC trans-
mission line must be carefully evaluated as a function of its load factor, which can be
expressed as the average load of the line divided by its peak load. A high load factor
means a constant load (or close to the peak load) and an absence of periods in which
power is not transmitted [149]. Specially delicate in this regard is the transmission
of power generated by renewable energies such as wind and solar, where the energy
sources strongly depend on uncontrollable weather-related parameters, leading to low
load factors. In the case of wind power generation, as mentioned in Sect. 4.1.2, a
solution to this problem is found in the use of offshore wind farms, where wind speeds
are considerably steadier than for those onshore. The second important parameter
that influences SC transmission lines efficiency is the capacity rating [150]. Higher
capacities cause greater thermal losses due to increased diameter, raising heat influx.
Thus, power consumption for maintaining cryogen temperature depends on the cool-
ing system’s outer diameter, driven by hydraulic diameters meeting mass flow and heat
transport needs. Additionally, cooling station distance and cryogen type significantly
affect this. In [150] an intensive analysis of the efficiency of SC transmission lines
(excluding energy losses originated at converters) with respect to traditional normal
conducting ones is carried out. The results show that for load factors between 50 and
100% and capacity ratings of 4 GW and 10 GW, power losses of HTS are between
one and two orders of magnitude lower than for traditional normal conducting ones.

Apart from power loss efficiency, the other main advantage is the reduced cross-
section area due to the higher current densities that SC power cables can conduct.
Thus, the grid capacity can be increased without laying new power reducing the cost
of rights-of-way (ROW) [151], i.e. the legal right to use a specific strip of land for
the construction of power transmission lines. The latter has a direct positive impact
towards the decrease of the amount of land required for transmission lines, which
in turn minimizes the disruption to natural habitats, and reduces the costs associated
with purchasing land and construction work. An important aspect worth mentioning
of SC power lines is the fact that they can be installed underground, buried deeper
than conventional ones because heat exhaust is not an issue, meaning that there is no
reduction in transmission capacity when other cables are run in proximity and there is
no soil drying effect. In [151], the ROW needed for a 5-10 GW capacity SC HVDC is
compared to that of a traditional one showing that the use of superconductivity allows
to drastically reduce the traditional 125 m to a mere 5.5 m corridor width.

In a SC power cable, depending on the type of electrical insulation of the HTS
tapes, the designs can be divided into two main types, i.e. warm dielectric and cold
dielectric design. The first one is based on flexible support with twisted HTS tapes
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forming the cable conductor. This conductor, cooled by the flow of LN2, is placed
in the space between two concentric flexible stainless steel corrugated tubes forming
a cryostat. In this way, the dielectric core remains within the space enclosed by the
smallest corrugated tube, outside the cryostat, at room temperature [148, 152]. On
the other hand, in the cold dielectric cable, the dielectric is impregnated with liquid
nitrogen (LN2) providing both an electric insulation and an effective cooling [152].
Figure 20 a shows a schematic description of a cold dielectric SC power cable for
DC applications. Cold dielectric designs are by default the option chosen by the large
majority of SC power line developments [145].

However, despite the major advantages that cold dielectric strategy offers over its
warm counterpart, it implies a more ambitious design involving complicated devel-
opments in the field of dielectric materials which shall be impregnated with LN2. In
this regard, the cooling requirements are extremely challenging with the need to evac-
uate power losses along the whole cable’s length, ensuring that the nitrogen remains
in the liquid state at every point. Any boiling of the LN2 would result in a dielec-
tric breakdown due pressure increase. Typically, LN2 cooling circuits require forced
flow provided by a circulation pump. Electrical insulation requirements and height
differences forbid 2-phase flow systems. Commonly sub-cooled LN2 at 65-70 K is
commonly used. Then, the heat input to the circulation system is removed by re-cooling
LN2 in a heat exchanger often cooled by cryocoolers [153, 154]

One important characteristic of the cold dielectric design is that insulation is sur-
rounded by a shielding layer. Depending on the specific application of the cable, such
shielding can be formed with normal conducting copper or HTS [148], preventing
stray electromagnetic field generation. This allows to minimize effects on nearby
infrastructure so there is no interference with surrounding power, telecom and pipe
networks. The latter represents a major advantage of SC power cables in comparison
to traditional normal conducting ones, in which case stray electromagnetic fields can
not be avoided.

In the case of AC power transmission lines, a three-phase system is needed to ensure
a constant and balanced power flow for system efficiency. In a three-phase system,
there are three separate currents, each with its own sine wave. The sine waves of these
three currents are offset by 120 degrees from each other, meaning they reach their
peak values at equally spaced times. Since traditional power lines are not shielded,
the space between their phases needs to be large enough to eliminate electromagnetic
interactions between phases. If the phases are too close together, capacitive or inductive
coupling can take place, which could cause unwanted interference, energy losses, or
even damage to the power system.

However, HTS tapes allow for compact designs in which three cable phases can
be put together into a single cryogenic envelope. Two options are available: (i) three
single-phase cables next to one another, i.e. three-in-one configuration (Fig. 20a) and
(ii) one single cable arranged in a triaxial configuration (Fig. 20a). The first one profits
from the fact that as mentioned above, the stray field of SC cold dielectric power
cables can be minimized due to shielding, limiting the coupling between phases.
Regarding the second one, in such a triaxial design the three-phase conductors are
concentrically arranged on a single support element divided by wrapped dielectric to
withstand the phase-to-phase voltage. A specially motivating characteristic of coaxial-
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type HTS cables is the fact that the amount of SC wires needed can be reduced
because self-balancing shielding layers are not necessary in three-phase equilibrium
conditions [156] leading to lower superconductor demand together with an even more
compact structure. The major drawback of this strategy is related to the critical current
diminishment of each phase due to the presence of the magnetic field generated by
the other two [157]. Nevertheless, the compactness associated with the triaxial design,
brings a major advantage in terms of power line operation and installation due to the
subsequent reduction of land take and a reduced need for electrical infrastructure. As
mentioned above, rights of way for HTS cables have been estimated to be up to ten
times narrower than those for conventional cables and lines. This reduces the need for
permitting, minimizes disruption to the public, accelerates deployment and contributes
to lower costs [144, 155]. An illustrative example of the latter can be seen in Fig. 21
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A very important aspect to take into account when considering SC AC power cables
is the potential limitations that AC losses may originate related to the appearance of
heat generation when a time-varying current circulates along a superconductor. To
address such limitations, SC cables can be designed in such a way that these AC
losses are minimized, being able to reduce the impedance to values much lower than
conventional cables. Generally, in the uniform current density (UCD) model [149,
158-160], the HTS tapes are twisted around a dielectric core to reduce the effects of
flux jumping and eddy currents, which are significant sources of AC losses in super-
conductors, mitigating the formation of large magnetic flux gradients and reducing
localized heating. The twisting is a key process to optimize SC cables in which the
main design parameters are the twist pitch and pattern [157, 161], chosen based on
the specific application and performance requirements. Special attention must be paid
when considering three axial cable designs. In the multi-layer cable, due to differ-
ent radii between each phase and because of the difference in the magnetic coupling
between the inner and outer SC layers, the layer-to-layer current distribution becomes
uneven [156, 158, 162] generating complicated electromagnetic field distribution in
the superconductors. This results in an increase in the AC losses of the cable which
drastically complicates the design of the cables enhancing the complexity of the sys-
tem.

Another operational thread of both AC and DC transmission power lines is related
to fault currents. These are abnormally high electrical currents that occur when there
is a short circuit or other electrical fault in the system. Fault currents are potentially
dangerous for the integrity of the power line systems and are to be mitigated. Most of
the power system works as a voltage source. In a voltage source system, the only way
to limit the fault currents is to increase the line transmission impedance, inserting a
series impedance into the circuit as fast as possible after the fault current is detected
[163, 164]. For these purposes, fault current limiters (FCL) are used. The traditional
overcurrent protection in power systems is made with electromechanical circuit break-
ers, which usually need more than one current cycle to open the circuit. Moreover,
often involves mechanical components (such as circuit breakers or relays) that require
frequent maintenance. Up to medium voltage levels there are fuses and fuse-like explo-
sive devices that offer such a function. However, they have to be serviced after each
trigger and their scalability to high voltage levels is very limited.

Especially interesting are the strategies based on SC FCL devices (SCFCL) which
have the advantage of being able to, recover quickly and automatically and can be used
even at high voltage levels [165, 166]. There is a vast variety of SCFCL designs, among
which the one known as Resistive SC FCL (R-SFCL) has been widely demonstrated on
a large scale due to its simple concept and compactness [164]. The R-SFCL operation
is based on the SC fast resistivity increasing due to the superconductor quenching
caused by the overcurrent during a fault. It is especially attractive due to its self-
triggered character. When a short circuit happens, the current passing through the
SC becomes much higher than its critical current (/..), resulting in the fast transition
from the SC to the normal state or quench [164]. Figure 22a and b show a 3D CAD
model of an actual R-SFCL designed for the ECCOflow project [167] and the R-FCL
installation of the AMPACITY project [168] respectively.
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Fig.22 (a) 3D CAD model of an actual R-SFCL designed for the ECCOflow project [167]. (b) The R-FCL
installation of the AMPACITY project [168]

When the superconductor quenches, it suddenly introduces a significant amount of
electrical resistance into the circuit. This resistance limits the amount of current that can
flow, thereby reducing the peak fault current to a safer level. The main advantage of the
Resistive type of SCFCL is that they are fail-safe and can be built to be very compact
with negligible impedance during normal operation. On the other hand, the major
drawback is related to the need for current leads from room to cryogenic temperature
that cause heat losses due to heat conduction even in standby operation without current.
Moreover, due to the quench and the heating of the superconductor a recovery time is
needed [164]. In this regard, an issue that must be carefully addressed is related to the
thermal management of the heat released in the quench and the heat generated in the
SC during the fault limitation time. In the case of cold dielectric cables for instance,
as mentioned above, no bubbles are allowed at any point during a fault. As a result
of this condition, the operating pressure, coolant flow rate, cryostat dimensions and
operating temperature must be carefully chosen, adding an extra degree of complexity
to the design of SC power cables [169]. A very simple strategy can be applied to
further optimize R-SFCL design by introducing an external magnetic field. When a
current fault occurs the quench starts at the weakest point of the superconductor and
the growing resistance forces the current to flow in the parallel coil. The resulting
magnetic field of the coil lowers the critical current in the still SC portions where the
quench is therefore accelerated, which in turn mitigates the hot-spot problem. Such a
variant is known as magnetic field-assisted R-SCFL.

Besides the resistive type, it is also worth mentioning the SCFCL that focuses its
strategy on inductive phenomena. Among those, the most popular is the DC-biased
saturated iron core type (SIC-FCL) [127, 170]. It consists of an iron core, which is
driven into saturation by a DC SC bias supply wound around the iron. During normal
operation, nominal AC power line currents pass through coils wound around the iron
in the opposite direction of the DC bias winding, but are not enough to take out the
core from the saturation region. Due to the saturation, the cores behave such as air
core reactors, presenting a relative magnetic permeability close to 1. Under faults,
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Fig.23 Electrical circuit of SC fault current limiter [164] in the (a) resistive type configuration and (b) DC
biased iron configuration

the increasing current in the AC brings the core out of saturation. This causes the
inductances of the coils to increase which reduces the rise of the fault current. SIC-
SFCLs are not based on superconductor quenching like the resistive type. Hence, since
there is no need to cool down the superconductor after the fault current limitation, the
device can return to normal operating conditions before the circuit breaker attempts
to reclose. The SC coil is in DC mode and not connected to the AC circuit, hence
less superconductor material is needed and a small cryogenic system is sufficient to
remove the low cryogenic losses [164]. Figure 23 shows schematic descriptions of
both resistive and DC-biased FCL electrical circuits. One of the major drawbacks of
such design is related to its size and weight since due to the iron core the whole setup
is relatively bulky. Moreover, If the fault current increases over the expected value, the
reactor will be driven to the saturation region again and will not limit the fault current.
Besides, during the limitation of the fault, the iron core is driven from the saturated state
to the unsaturated in a strong nonlinear transition, introducing harmonics in the line
voltage. It is important to take also into account that in AC power transmission lines
a three-phase system is needed, thus requiring three identical single-phase identical
limiters adding extra complexity to the overall system [171].

SCFCLs are typically used in all parts of power systems, typically divided into
power generation, power transmission, and power distribution. Nowadays there are
four technologies, apart from the superconductor-based ones, for FCL that are pro-
duced in full commercial application: the high impedance transformer, the neutral
earthing resistor, the air coil reactor FCL, and the pyrotechnic FCL, with a TRL index
of 9 [164, 172]. The above SCFCL development is currently at the TRLS level, with
a margin for improvement following an actual trend to develop into a more mature
technology, evolving into a commercial product.

In 2013, the Zenergy group presented the 15 kV/30 MVA SIC-SFCL, which was
installed at the low side of the 115 kV/12 kV Avanti Substation of Southern California
Edison [173]. More recently, a 500 kV prototype has been [174] developed. The main
coil was built using Bi-2223, and the YBCO tapes were used to optimize the magnetic
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field distribution. Also, in the framework of the Innopower research project, a SIC-
FCL was developed for medium and high voltage levels (35 kV and 220 kV) [166].
The development of the first fully operating product applications carried out with
SCFCL, bringing the technology to TRL8 was carried out within the AMPACITY
project, previously described, in which case a resistive SCFLC was implemented to
limit 38 kA peak short circuit to about 10 kA as a complement of the 1 km DC SC
transmission line. The SCFCL is manufactured using BSCCO operating at 77K. It is
remarkable that the line worked successfully during 7 years, without interruption. In
that period of time SCFL experienced several faults and operated exactly as designed
[175].

The energy efficiency of power transmission lines is dramatically biased by their
converters and transformers at each end of the DC and AC power transmission line,
respectively. Such effect is especially remarkable when using SC cable for power
lines in which the implementation of superconductivity adds considerable design and
manufacturing complexity with power efficiency as one specific goal. In this respect,
SC solutions are also found to substitute traditional devices. In the case of DC power
lines in which power must be converted to AC for distribution SC converter designs
have been carried out by making use of SC switches or cryotrons [176]. Such devices
consist of a SC pathway surrounded by a coil. While the current is lower than the
critical one in the absence of magnetic field, it is passed through the superconductor.
When switching is desired, the coil is energized to generate a magnetic field that lowers
the critical current of the superconductor below the present value.

In the case of AC transmission lines transformers are used to step up the volt-
age for transmission (high voltage reduces current and minimizes losses) and step it
down at the distribution level. The key components of a transformer are the primary
and secondary windings together with a ferromagnetic core. SC alternatives for such
transformers have also been developed using SC materials (typically HTS) in their
windings (see Sect. 4.3). Different types are available depending mainly on the refrig-
eration technique (conduction or LN2 bath) and the temperature of the ferromagnetic
core [177]. These transformers can operate with minimal resistive losses, significantly
improving energy efficiency and increasing energy savings.

The first grid installation dates back to 2001, when NKT operated three HT'S cable
sections in a grid coupling in a substation in Copenhagen [178]. Since then, during the
lastdecades, SC power transmission cables have taken a big step forward and integrated
pilot systems have already been demonstrated. In [151, 164] a very complete summary
of AC SC cables projects is presented.

In 2007, a 600m SC cable was installed under the project LIPA and installed at
the Long Island Power Authority grid in New York, representing the world’s first
installation of a SC cable in a live grid at transmission voltages. It was the cable
working at the highest voltage level and power rating (138 kV/574 MVA) at the time
of its construction. The cable was developed following a cold dielectric design in the
three-in-one arrangement by using BSCCO 2223 as SC material [169]. The project
served as a replacement for an existing right-of-way delivering power to 300,000
homes.

In the framework of the project AMPACITY [168] a 10 kV, 40 MVA and 1km
REBCO cable has been developed, manufactured and installed in the city of Essen,
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Germany. The cable design is a cold dielectric based on a triaxial arrangement. In
this case, there is a common screen concentrical to the former made of stranded
normal conducting copper wires. This project represented an important milestone
being the first time for a one-kilometer HTS cable system to be installed in a real
grid application within a city center area. Moreover, its outcome is representative of
the huge improvements that superconductivity can bring to power transmission in
metropolitan areas. Four out of ten 110/10 kV transformer substations were removed
in the downtown area by using 10kV cable systems. SC technology allowed to transmit
power at 10% of the voltage needed for conventional cables. In comparison to 110
kV conventional cables, 10 kV SC systems allowed a much simpler grid structure,
less space for cable routing and smaller areas for equipment installations. Another
important outcome of this project is a reduction in the overall costs in comparison to
the grid with conventional 110 kV systems.

In October 2024, a prototype of the world’s longest SC power cable system was
successfully commissioned at the Menzing substation in Munich under the framework
of the Super-Link project [179] in collaboration between NKT, Stadtwerke Miinchen
(SWM), THEVA, Linde, as well as the University of Applied Sciences South West-
phalia and the Karlsruhe Institute of Technology (KIT). The cable, designed in a
three-in-one configuration, will span approximately 15kms with a power transmis-
sion capacity of 500 MW at a voltage level of 110 kV and is intended to connect key
substations in Munich, facilitating efficient power distribution within the city’s dense
urban environment. Ideally, it will fit into partially existing empty conduits with a
diameter of 150 mm. The slim design and especially the long length over 12km carry
considerable technical challenges. The solution was found on a modular HTS cable
solution with standardised intermediate cooling stations that are adaptable to various
application scenarios and line lengths by cascading.

Besides transmission power lines, especially remarkable are the applications of
superconductivity to those transmission systems that, contrary to the above-mentioned
long-distance HVDC lines, are related to short-distance DC busbars for application
within small-sized premises. As well as in the case of long and medium transmission
lines, the benefit of superconductors, therefore, is not only the absence of ohmic losses,
but also a substantial gain with respect to smaller size, less material weight, reduced
costs and more flexibility at the installation site.

The development of this technology has been considerable within the last years.
A representative example is the German government-funded project 3S (German
acronym for SupraStromSchiene) within which framework a prototype of a busbar
on a medium scale was developed by using REBCO tapes. It was designed for a DC
current of 20 kA and a total length of 25 m and installed and tested as a current connec-
tion between a rectifier and an electrolysis device at the BASF site in Ludwigshafen,
Germany [180]. The main HTS busbar assembly strategy is based on HTS tape stack-
ing. The stack configuration of HTS tapes in DC busbars involves layering multiple
SC tapes to enhance current capacity and optimize current flow, making it ideal for
DC applications. Figure 24 shows representative examples of HTS tape stacking for
busbar applications as developed under the framework of the 3S project. The main
challenges of such configuration are related to ensuring uniform current distribution
and effective cooling to prevent hot spots.
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Fig.24 (a) Stack of 23 SC tapes in waveform (overdrawn) with undulated copper tapes as distance holders
[180]. (b) Flexible Copper to HTS contact with low resistance and a high number of stacks [181]

Interesting feasibility studies on the application of SC power cables to DC oriented
to next generation electric railway system feeders (see Sect. 4.2.3) have also been
carried out [182—-184]. Traditional train feeders are made of normal conducting mate-
rials. Such studies considered the option of using SC cable as a feeder of the overhead
contact line system, in which case the voltage decay could be significantly reduced
and thus also the number of substations along the railway route. This application can
potentially have a positive impact on regenerative brakes, which recycle the energy
produced when a train slows down by pumping it into a train that is being powered up.
The advantages of the regenerative brake are energy saving and reduced wheel wear
among others. The regenerative brake systems based on traditional normal conductors
carry strict operating conditions which require both trains to be close enough to one
another. One of the goals of using SC feeders is to make such conditions less stringent
and easier to meet [185].

In the realm of railway applications, the SuperRail project consists in the develop-
ment, manufacturing, installation and long-term operation of an HTS DC cable system
with the objective of reinforcing the power supply of the Montparnasse railway station
in Paris [186]. The underground in the center of Paris is saturated and ROW is scarce,
hence only the HTS cable technology allows to carry the required power to railway
tracks using the few available 100 mm conduits left. The configuration of SuperRail
will be two 60-m long 1.5 kV-3.5 kA HTS dc cables installed in parallel able to sustain
a 67 kA-200 ms short-circuit current. The cryogenic system is specifically designed
for this project based on a Reverse Turbo-Brayton cycle.

Also in the realm of transport, naval ship-to-shore SC power transmission lines are
a possibility [187]. The harbour demand for electricity supply is expected to increase
drastically due to the regulations that forbid the use of fossil fuel close to the shore.
Establishing shore power for naval ships involves using multiple heavy, cumbersome
copper cables from pier power substations to ship receptacles. Handling these cables
requires coordination between crews on the pier and the ship, often needing a crane.
Feasibility studies explored the use of HTS cables instead. In such scenario, connection
time would decrease, reducing the ship’s reliance on its generators. The lighter weight
of HTS cables would also improve safety for personnel handling them.

Moreover, with the rapidly increasing energy demand for internet-based tech-
nologies such as cloud computing architectures, Artificial Intelligence and machine
learning, global industries and organizations find the need to rely on the uninterrupted
operation of data centres [188]. The growth of internet traffic together with a notably
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deployment of IT equipments leads to the increase in electric power consumption of
data centres [189, 190]. Nowadays, there are some conceptual HTS cable designs for
data centers carried out by governments, universities and companies across the world
[191, 192] aiming to profit from the use SC DC busbar networks with the advan-
tages of virtually zero energy loss, ultra-high current-carrying capacity, and compact
size. In [188] a comprehensive design of a IOMW data centre energy supply system
using REBCO-based SC DC busbar networks is presented, evaluating not only the SC
their technical feasibility for data centres, but also the technical design and economic
evaluation.

Finally, a remarkable contribution of superconductivity to power transmission is
found in the framework of the HL-LHC project of CERN and its SC link (SC Link)
[193]. The proposed electrical layout of the HL-LHC upgrade requires the location
of the power converters of SC magnets at surface buildings in radiation-free areas to
avoid problems associated with the radiation damage of these devices and allow safe
access of personnel for maintenance. For this reason, the transfer of the current from
the surface to the LHC tunnel, where the magnets are located, is performed via SC
links transferring more than 150 kA with cable lengths ranging from 300 to 500 m.
The R&D process of this project started in 2010 considering both HTS and MgB».
The superconductor material MgB, was chosen due to its higher current temperature
in comparison to other LTS, easing the required cooling techniques at temperatures
of 25 K, with cryogenic cooling performed with helium gas. The HTS option was
discarded since by the time the decision was made, the industrialization of HTS was
not yet sufficiently evolved and the associated high costs were not viable. Especially
relevant were the limitations on the maximum lengths that, by that time, were possible
to manufacture. Given the length of the SC link, the design implied too many non-SC
connections, resulting in a difficult and poorly efficient solution.

4.1.4 Applications to magnetic energy storage (SMES)

Soon after the first practical SC magnets were available, the concept of a SMES was
proposed and developed. The idea is simple: storing energy in the magnetic field of
an SC magnet. Since it has no losses, the current will flow indefinitely in the magnet
without requiring any voltage between its terminals and consequently the energy will
remain stored permanently. The application of a negative voltage will discharge the
magnet and release the magnetic energy which can be recovered (i.e. pumped back
to the electric grid). Sequential applications of positive and negative voltage at the
magnet terminals will, alternatively, store or release energy with an extremely high
efficiency since the magnet has no losses and only those corresponding to the power
supply and the cooling system should be accounted for the global energy balance.
The first SMES system concept was proposed by Ferrier [194] in 1970 while the
first prototype was developed at the University of Wisconsin in 1971 [195]. In 1982,
the first SMES to be operated in the power grid was installed at the Bonneville Power
Administration [196] in Tacoma. From that moment, many SMES have been developed
and operated, first using LTS-based magnets which have been gradually substituted
with HTS-based magnets. Most of the applications developed over the years consist
of systems to protect sensible loads such as scientific facilities [197, 198], paper
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Fig. 25 (a) Ragone Diagram for different energy storage systems. (b) The main subsystems of a SMES

production machines [199] or a liquid crystal screen factory in Japan [200]. SMES,
together with the Supercapacitor-based Energy Storage Systems belong to the group
of Electrical Energy Storage Systems which, in turn, are one of the five existing
Energy Storage Technologies (electrochemical, chemical, electrical, mechanical and
thermal) [201]. In general, any Energy Storage Technology can be characterized by
two relatively independent magnitudes: energy and power (sometimes energy density
and power density are alternatively used). Those two magnitudes can be taken as the
(x, ¥) coordinates representing a point in an Energy-Power space (Ragone Diagram
[202]). Although it is difficult to find in the literature a good coincidence in the results
presented for these diagrams for different systems and different authors, some general
trends are recognizable. Figure 25a shows a Ragone Diagram in terms of energy and
power densities [203] for different storage technologies and where the location of
SMES is compared to the location of other systems. As can be seen, the situation of
the SMES is quite modest: low energy density and medium to high power density.
Then, why SMES are a real alternative for storing energy? Basically, according
to a different classification for energy storage systems, they can also be considered
as FESS (fast energy storage systems) together with Supercapacitors and Flywheels.
FESS are systems able to start releasing or storing energy in a very short time after
they are requested to do it (typically few milliseconds) so that they are able to cope
with applications where the actuation has to be very fast (voltage sags in the grid, for
example). Since these applications can require many cycles of operation, the life cycle
needs to be very high and here is where SMES generically finds applications such
as: power quality improvement, power fluctuations compensation, power oscillations
compensation, grid stability, voltage stability, sub-synchronous resonance compensa-
tion, frequency control, low voltage ride-through, black start, load levelling, spinning
reserve, P & Q control, uninterruptible power supplies for critical loads and some
others [204], either as individual systems or as part of hybrid storage systems where
SMES complement other energy storage devices which are not so fast but are able
to provide higher amounts of energy. SMES are in reality complete systems which
are composed of four subsystems: The cooling system, the power conditioning sys-
tem (PCS) the control system and obviously the SC Magnet [205]. Figure 25b shows
a scheme of these subsystems and how they are interconnected. The cooling system
strongly depends on the type of magnet (LTS vs HTS, basically). Like for other similar
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applications, conduction or He circulation are the most common proposal for cooling
down the magnet [206]. Nevertheless, for both cases the heart of the cooling system
will be one or several cryocoolers, either to cool the magnet down, extracting the heat
by using high thermal conductivity materials mechanically connecting the magnet to
the cryocooler (conduction) or liquid or gas helium circulating through the magnet
which is lately cooled down with the cryocooler (circulation). Proposals for using other
types of coolants (directly or indirectly) have also been made [207]. Figure 26a shows
a rendering of a conduction-cooled SMES developed at the Lublin Laboratory of SC
Technology [208], based on an HTS magnet, where all the main elements can be iden-
tified. The power conditioning system constitutes the link between the magnet and the
grid and determines how the power flows between both. There are several topologies
for the PCS depending on the type of power converter [209]. In the first SMES realiza-
tions, thyristor-based PCSs were used since they allowed a direct connection between
a single or a three-phase grid and the magnet terminals with no need for an interme-
diate DC bus. Nevertheless, this type of converter introduces a big current ripple in
the magnet with the subsequent increase of the AC losses, but they are still proposed
for ultra-high current SMES since thyristors are unbeatable in those ranges of current.
Other solutions include current and voltage source inverters normally based on IGBTs.
Closely related to the PCS is the Control System which basically commands the power
converters to inject or extract power in the grid, according to the instantaneous needs
of the application but it also controls the magnet protection system in the event of a
quench or the cooling system depending on the internal losses, for instance. The SC
Magnet is designed under two global conditions: (a) maximizing the stored energy for
a given amount of superconductor, (b) minimizing the stray field. In a non-SC magnet,
the first condition is simple to achieve: The magnet with the maximum inductance for
a given length of wire is the so-called Brooks Solenoid [210] (same height as inner
diameter and twice outer diameter) but for a SC magnet, the result is not so obvious
due to the dependence between the magnetic field (modulus and direction), and the
critical current in the superconductor. The optimal solution is difficult to accomplish
and there is no easy recipe for designing the magnet. Practically, all SMES realizations
done so far are based on either two magnet configurations: solenoids or toroids [211,
212]. Figure 26b depicts this configuration for magnets based on pancake coils, the
preferable option for HTS SMES. Solenoids have a higher energy density but also a
much more intense stray field, while toroids confine most of the field inside the mag-
net (low stray field) but achieve a lower energy density and present an added problem
when the toroid is made from circular solenoids whose axes are arranged along a
circumference; the net force for every coil is non zero, trying to pull the coil towards
the centre of the toroid. To avoid complex supporting structures, the coils, instead of
being circular, have a D-shape, somehow similar to the toroidal coils of a Tokamak
(see Sect. 4.1.1). When additional elements are added in the solenoidal version to
reduce the stray field (iron yoke, compensating coils, etc.) the higher energy density
advantage is reduced, especially for magnets using HTS tapes since the perpendicular
component of the magnetic field can be much higher for a solenoid than for a toroid.

Like in other types of energy storage systems (flywheels are the most similar case)
it becomes essential to find a figure of merit associated with the maximum amount of
energy that an SMES can store per unit volume of superconductor and this is closely
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related to the type of superconductor from which the magnet is made from. For the
simple (but non-efficient geometries for SMES applications) of a slender solenoid
(much higher than wider) or a slender toroid (average toroid radius much bigger than
cross-section radius), easy calculations can be made to find that number which will
represent a limit to the SMES performance. In fact, there are not one but two limits
for the superconductor: One is electromagnetic as could be expected and it is given
by Ke - (B - J) where Ke is one-fourth of the cross-section radius and (B - J) is the
product of the field times the current density according to the B vs J curve for a given
superconductor at a given temperature. This is an interesting result because if we plot
the B-J curve for different materials and different temperatures as shown in Fig. 27, we
can decide which is the most “energetic” superconductor and under what conditions.
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As it can be seen, Nb3Sn @ 4.2 K working at a field of 6T should be the best option,
followed by REBCO at the same temperature working at around 25 T and REBCO
at 20@K working at 15 T. Values as high as 10,000 MJ/m? (~ 0.35 KWh/kg) can
be achieved for a 1 m radius solenoid or toroid. Unfortunately, there is another limit
which is mechanical and comes from the stresses induced in the SC material due to the
electromagnetic forces. Again, for those simple geometries referred in the previous
paragraph, the maximum stored energy density can be expressed as Ko where K
for this simple case is 0.5 and o is the stress value developed along the superconductor.
Obviously, the maximum energy density value at which a superconductor can work is
limited by its maximum allowable stress beyond which its transport properties degrade.
While for Nb3 Sn this maximum allowable stress is in the range of 100 MPa, for REBCO
tapes it can increase up to 600 MPa, which yields mechanical limits half those values,
well below the electromagnetic limit. The relationship between stored magnetic energy
and stresses in the superconductors can be expressed in a more general and elegant
formulation in terms of the Virial Theorem [213], which establishes that the magnetic
stored energy in a magnet is the volumetric integral of the sum of the principal stresses
for every elementary volume. Since the energy must be positive, the sum of stresses
should also be positive. Avoiding local peak stresses and equalizing them for each
direction allows maximizing the stored energy level. In this sense different strategies
in the last years have been proposed to improve the performance of the SMES. To
overcome the mechanical limit, solutions such as Force-Balance Helical Coils [214]
or reinforced wires [215] have been considered, while for reducing the electrical limit
(for the case of HTS-based SMES) more complex solenoidal shapes with variable
separation between pancakes or different inner radius, have been suggested [215] to
minimize the perpendicular component of the magnetic field in the superconductor
(The B - J product for a REBCO tape can easily be one order of magnitude higher if
the field is parallel to the tape and this could lead to a much higher B - J value for the
same B value). And just as a final consideration, SMES is probably the application of
SC magnets for which the AC losses become the most relevant. Since the charging
or discharging time of an SMES magnet is the ratio between energy and power and
since the power for SMES is high, the time can be very small and consequently the
term (dB/dt), which determines AC losses, becomes high [216]. To reduce these losses,
actions regarding the wire or cable fabrication must be taken, such as the subdivision of
the superconductor into filaments, or the transposition of the wires. The requirement
of very high currents, on the one hand, along with the importance of reducing a.c.
losses on the other, has led to the utilization of special conductors (also used in other
applications of SC magnets) such as the CORC conductor (see Sect. 2) [217] or the
Roebel cable (After his inventor Ludwig Roebel) [218].

4.1.5 Applications to kinetic energy storage systems (KESS)

Unlike SMES (see Sect. 4.1.4), where the use of SC technology is indispensable to
make the system work, in KESS, superconductivity allows improving the performance
in terms of stored energy density and efficiency, basically. KESS, more commonly
referred as Flywheels, are rotating masses driven by an electrical machine which
acts as a motor to accelerate the mass and consequently to store energy in terms of
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Fig. 28 Form factors for different flywheel geometries

kinetic energy, or as a generator to brake the mass recovering the stored energy and
pumping it back to the grid. Although it is out of the scope of this paper, it is quite
easy to demonstrate [219] that for an axisymmetric homogeneous rotating mass, the
volumetric energy density [J m™] is proportional to the operational stress in the mass,
while the mass-energy density [J kg™'] is proportional to the ratio of the operational
stress divided by the material density. The proportionality factor only depends on
the geometry of the rotating mass and how stresses induced by centrifugal loads are
distributed inside [220]. The best possible shape is the so-called Laval Disk (named
after his proponent Gustav Laval). A prismatic cylinder will reduce the energy density
to 60.6 % of the best value for the Laval Disk and, amazingly, drilling a central small
hole in the cylinder, will reduce by half the energy density that it can store, since
it will be unable to develop radial stresses at the centre to compensate centrifugal
forces. Figure 28 shows form factors for different geometries. A high energy density
is always desired, either in terms of volume to make KESS small and easy to install
or in terms of mass to make it light, especially for movable applications. In both cases
the “recipe” is working at the highest possible stress, which implies using materials
with the highest possible yield strength. In summary, we have to make the material
working at the highest possible level of stresses at the time we guarantee that it is able
to withstand those stresses. This duality defines the two principal lines of research in
modern flywheels. On the one hand developing strong and affordable materials [221,
222] and on the other one, taking those materials to their mechanical limits which,
for the case of high mass-energy density flywheels, will be achieved by rotating light
masses at ultra-high speeds while for the case of high volumetric energy density
flywheels, it will be achieved by rotating heavy masses at moderate to high speeds.

High rotational speeds, in turn, represent a challenge for two of the subsystems of
the storage system: the electrical machine and the guidance system besides, obviously,
the rotating mass.

Conventional electrical machines have limitations in achieving high rotational
speeds from both mechanical and electrical perspectives. Mechanical limitations affect
the generation of the excitation field which is normally associated with the rotating
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Fig. 29 (a) Section of a homopolar SC motor showing the flux main path. (b) Rendering of a double
flywheel arrangement driven by a single homopolar SC machine

side of the machine. Either this excitation field is generated by electromagnets (coils)
or by permanent magnets, centrifugal stresses limit the speed or the diameter of the
machine. Regarding the electrical limitations, they basically appear from the high fre-
quency at which the machine operates, which increases the magnetic losses in the iron
and also in the conductor due to the skin effect. How superconductivity can contribute
to extend the limits? First, conventional topologies involving rotating coils or magnets
must be replaced by others with only iron, like those corresponding to switched reluc-
tance or homopolar machines. In this respect, some realizations have been proposed
[113, 223] where one step forward has been given: the introduction of HTS coils to
create a stronger excitation field [224]. This coil is located on the Stator side creating
a homopolar field (since the flux is closed axially instead of azimuthally, all field lines
have an outward or inward radial direction for all the poles in the same section, unlike
in a conventional AC machine where lines exit one pole radially in the inward direction
and enter the opposite one in the outer direction). Figure 29a shows a section of an AC
homopolar machine where the field is created by a stationary HTS Coil while Fig. 29b
shows a rendering of a double flywheel system driven by a SC homopolar machine
[224].

It is interesting to mention that the homopolar AC motor in the non-SC version has
already been developed and commercialized in the past for KESS applications using
a metallic rotating mass [225]. Also Switched Reluctance Machines with no rotating
coils or magnets have been developed in the past for KESS applications [226]. The
second challenge to solve for high energy density KESS is how to tackle the problems
associated with the suspension and guidance of the rotating mass, since the loads in the
bearings can be beyond the limits they can withstand. These loads result from a com-
bination of the high rotational speed and the suspended weight. Even modern bearings
with ceramic balls or fully ceramic parts are unable to withstand axial and radial loads
beyond a certain speed without dramatically shortening their lifetime. The weight can
be eliminated (or reduced) with the presence of permanent magnets or electromagnets.
This is a common practice in many conventional flywheels [220, 226]. Neverthe-
less, this operation does not eliminate the radial forces since there are limits to the
achievable dynamic balancing of the flywheel and, consequently to the residual loads.
Additionally, ball bearings have a small but non-negligible friction which limits their
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application to flywheels where energy must be stored for long periods. The solution to
these limitations comes from the electromagnetism in different forms. Globally, there
are available three groups of magnetic levitation systems: electro-dynamic suspension
(EDS), electro-magnetic suspension (EML) and bulk-HTS suspension [227-229]. In
EDS, a magnet is moved along a conducting plate inducing eddy currents in the sur-
face which interact with the magnetic field creating a repulsion force. Eventually, the
conducting plate can be replaced with short-circuited copper or aluminium coils. The
magnetic field can be created by permanent magnets or electromagnets which, in turn,
could be SC ones. In fact, some magnets have been developed, based on non-insulated
coils made from REBCO tapes [230]. EDS is robust, economical and can be part
of the propulsion system (for instance when using single-sided induction motors),
nevertheless they have the drawback of generating losses and drag forces which are
inadmissible for flywheels while acceptable for other levitation applications such as
high-speed trains [231].

EMS is based on the attraction force between a magnet and a ferromagnetic sur-
face and like in EDS, the magnet can be a permanent magnet, an electromagnet or
an SC magnet. In this type of suspension, Earnshaw’s theorem [232, 233] (which
states that a number of permanent magnets and fixed current coils cannot be in stable
equilibrium) is applicable implying that the levitation system requires feedback with
regulation of the magnet currents to become stable. A very extended approach uses
hybrid magnets (a combination of permanent magnets and electromagnets) where the
majority of the force is provided by the permanent magnets while the adjustable cur-
rent electromagnet contributes to stabilize the system. In this way, the consumption
of the magnets is reduced to, solely, the control current and not the full levitating
current. This configuration is very frequent for high or ultrahigh-speed transportation
[234] and it has also been used for suspended rotating masses as the so-called active
magnetic bearings where a set of coils wound in a similar way as in the stator poles of
an electrical machine are energized according to the information provided by position
sensors to keep the mass always centred and suspended [235]. A way to indicate the
performance of the system is in terms of the levitation pressure, the magnetic pressure
in this case. For a permanent magnet facing an iron surface, this pressure is given by
B?/210. With present strong permanent magnets, surface fields in the range of 1.0 T
can be achieved yielding a levitation pressure in the range of 400,000 N m~.

Bulk-HTS suspension is based on placing a bulk-HTS superconductor facing a
permanent magnet. In this case, the superconductor will behave as a magnetic mirror
for the permanent magnet creating its image with inverted polarity which produces
a repulsion force (levitation) Nevertheless, there is a notable exception with respect
to the case of having two conventional permanent magnets facing each other, which
represents an unstable system as stated by the Earnshaw’s Theorem. In the case of the
superconductor, the image magnet will always be parallel to the permanent magnet,
even if the superconductor tilts, avoiding any destabilizing torque. Flux penetrating in
the bulk superconductor in the form of flux lines pinned to the material also acts as a
stabilizing mechanism.

In a Bulk-HTS permanent magnet suspension system, the volumetric force density
in a certain point of the superconductor will be the gradient of the scalar product of
the magnetization vector inside the superconductor, times the vector field generated
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nets, (¢) axial configuration bearing based on Bulk-HTS

by the magnet in that point (f,, = V(M - B)). To achieve a high levitation force [236],
there are three aspects to optimize: (1) A high value of B, which is achieved using
strong permanent magnets with surface fields in the range of 1T. Higher fields can be
obtained with SC electromagnets. (2) A high magnetization of the HTS material. It
is limited by the critical current density at the working temperature and in an ideal
situation (where the superconductor is a perfect diamagnetic material, M will coincide
with —B/uo). (3) High gradients of the permanent magnet field distribution, which
is basically achieved with an adequate geometry.

For the simple case of two close identical magnets, magnetized in opposite direc-
tions and one in front of the other (representing the model of a permanent magnet
facing a perfect superconductor) the levitation pressure is again given by B2 /20, the
same value as when it was facing iron so, theoretically, the pressures provided by EMS
and Bulk-HTS are the same. While the EDS and the EMS can be very appropriate for
transportation applications where levitation must act along very long distances and the
device placed on the stationary side must be cheap, this does not apply to bulk-HTS
levitation for which placing superconductors or even permanent magnets all along the
track is economically unfeasible. Nevertheless, this system is especially adequate for
flywheels where loads are not huge and the required volumes of superconductors are
small, making them economically competitive, especially compared to active bear-
ings. Figure 30 shows schematically three types of magnetic bearings: (a) One based
on a Halback array of permanent magnets. Since the system is unstable it needs the
presence of conventional bearings to achieve radial stability. (b) An active bearing
with electromagnets. Stability is achieved by the feedback of the position sensors. (c)
A bulk-HTS levitation system.

Once the bulk HTS superconductors achieved the necessary properties in terms
of critical current and flux pinning force in the range of LN2 temperature, many
institutions started into incorporate them to their flywheel designs with the final goal
of increasing the specific stored energy and eliminate the complexity of active bearing
control. Selected research institutes and companies which have developed flywheels
based on bulk HTS superconductors include: The Boeing Company in the USA [237],
ATZ GmbH and Magnet Motor GmbH in Germany [238], RISO in Denmark [233],
ISTEC, the Kyushu Institute of Technology [239] and the Railway Technical Research
Institute [240] in Japan and others.
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Fig.31 (a) Complete SC KESS by the Boeing Company. (b) Bulk-HTS-based bearing installed in a KESS
by ATZ

Figure 31a shows a cutaway view of one Flywheel developed by Boeing using
a Bulk-HTS suspension bearing [241]. The KESS was able to store a maximum of
5kWh at a power of 100 kW at a maximum speed of 14,500 rpm. The flywheel rotor
is passively suspended by a permanent magnet lift bearing which is placed at the
top and a stabilizing HTS bearing at the bottom whose stator (in a later version)
is conduction-cooled by a cryocooler. Same Figure part (b) shows, specifically, the
suspension system of a SC levitated flywheel by ATZ and Magnet Motor. It is an axial
type bearing using a multi-seed melt textured YBCO rings with PM rings inside. The
SC rings are glued to an external copper ring, thermally connected to a cryocooler.
It is capable of suspending loads up to 4700 N (@72 K). The rated energy is 5 kWh
and the rated power is 250 kW and it works at a maximum speed of 10,000 rpm
[238]. A step forward to increase the performance of the bearing in terms of levitation
force consists of substituting the permanent magnets with a SC coil. The Railway
Technical Research Institute in Japan developed a Flywheel based on this concept to
manage the railway power consumption profile, recovering the trains braking energy
and supporting the consumption during the acceleration phase [242]. The coil was on
the stationary side while the bulk superconductors at the rotating one. The coil was
conduction cooled and the bulk superconductors were refrigerated through the helium
gas atmosphere at reduced pressure in which they were immersed. Most of the core
research in HTS-bulk levitated bearings was done in the past decade and it is now
when business cases start to be identified and, either already established companies
or new ones, start to foresee commercial applications for flywheels using bulk-HTS
bearings. One opportunity is the area of renewables, where low maintenance, a small
stored-energy dissipation and a very high operation cycle capability, are required.
Batteries are the perfect candidates except for the last condition. The USA company
Revterra [243], for instance, is developing a flywheel based on the three progresses
developed along this section: stronger materials for the rotor, motors with lower losses
at high speeds and ultralow friction bearings. In this regard, they are making a 100
kWh flywheel with stand-by losses of only 50 W (it will take 2000 h to fully discharge
the stored energy by its own friction).
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4.2 Applications to transport
4.2.1 Waterborne application

The contribution of international shipping to the greenhouse gas emissions in 2022
was 2% of the world’s global emissions [244]. Within the transportation sector, ship-
ping represents the third position in terms of CO, emissions after passenger vehicles
and heavy trucks and it is foreseen that unless efficient measures are taken, maritime
emissions can rise by 50-150% in 2050. Which are those efficient measurements to be
taken to counteract the environmental impact of waterborne transport? Different global
actions have been proposed so far, including a number of specific technical solutions
which can be summarized as follows [245]: (a) Harness renewable energy sources to
contribute to powering ocean-going vessels (wind, solar or even waves), (b) switching
from traditional marine fuels to cleaner alternatives (liquid gas, hydrogen, biofuels,
fuel-cells, batteries for short distances...), (c) more efficient vessels (optimization of
hull shapes, increasing the efficiency of the engines...), (d) reducing cruising speed (to
decrease power consumption), (e) Leverage technological innovations to enhance effi-
ciency (route optimization, improving on-board energy management...), (f) Providing
shore power at the harbour to turn-off ship engines and to ban the use of combustion
engines while staying and manoeuvering in the harbour or its proximities. How super-
conductivity can help to implement these actions [246]? Primarily by installing SC
electric motors to propel the ship. SC motors have a much higher force and power
densities. As defined in Sect. 4.1.2, a classical figure of merit for rotating electric
machines is the shear stress in the airgap [247] (torque volumetric density). For a con-
ventional machine in the range of a marine propulsion motor (~ 10-50 MW) the shear
stress is in the order of 50 kPa while for the corresponding SC version, the shear stress
can increase up to 350 kPa. Efficiency for a SC motor in that same range of power
can also increase by almost 2% over conventional machines [248] and this affects
directly to action (c) not only because the motor is more efficient but also because
it is much smaller for the same thrust or power and this allows reducing the sizes of
the engine room, improving the hydrodynamics of the stern or, even more, placing
the motors in external pods, increasing the manoeuverability of the vessel and also its
overall efficiency. Additionally, the size reduction of the engine room allows for an
increase in the ship payload for the same overall size and the emission per unit load is
automatically reduced. Actions (a), (b) and (f) practically involve switching to electric
propulsion where SC motors can be a better option to conventional ones and, finally,
improving the energy management of the ship for action (e) is also easier for elec-
tric ships which normally require electric power for other significant loads on board.
This is the relevant case of cruise ships, which, besides demanding large amounts of
electric power for their onboard systems, also require powerful propulsion to achieve
high speeds. Other ships such as tug-boats or icebreakers requiring a lot of propulsion
power are also in the group of candidates to be equipped with SC motors. A further
argument in favour of electric propulsion and hence of SC propulsion is the change
of shipping patterns as a consequence of demographic changes, economic develop-
ments and more advanced shipping levels and this leads to operate in more extreme
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Fig.32 (a) Configuration of the AMSC 5 MW prototype. (b) The 1 MW prototype for podded propulsion
developed by Kawasaki

environments requiring vessels that can provide more power, in a more efficient way
[249].

In this regard, the marine transport sector shares with the renewable sector the same
interest in augmenting the volumetric torque density of the electric machines, since in
both cases we are dealing with low or very low rpm applications and the only way to
increase power density is increasing torque density. Most of the relevant developments
done in the naval sector are based on the field SC synchronous generator topology as
those described in Sect. 4.1.2. Siemens developed a series of three machines [250]
consisting of a demonstrator, a ship generator and a ship motor, respectively. They all
had excitation winding based on Bi-2223 and an iron-cored on the rotor side, while
at the stator, they had copper armatures and nonmagnetic cores without iron teeth.
There was only an outer iron yoke for shielding. The elimination of stator iron led
to a big reduction of radial forces and a simplification of the supporting structure.
Among all the list of naval propulsion developments done in the past, probably those
realizations from American Superconductors (AMSC) are the most notorious. In 2016,
AMSC and Northrop Grumman Corporation successfully tested a 36.5 MW HTS ship
propulsion motor, based on a 5 MW prototype developed in 2008 [251, 252] whose
internal configuration is shown in Fig. 32. This second prototype is less than half the
size of a conventional motor and weights only one third of it. It operates at 120 rpm
producing 2.9 MNm of torque.

Kawasaki also developed a 1 MW-class HTS motor [253] operating at 190 rpm
for podded ship propulsion, which led to a reduction of the size of the stern hull and
improved the hydrodynamic efficiency. More recently, they built and tested success-
fully a 3 MW-class motor operating at rotating speeds between 20 and 160 rpm and
loads up to 180 kNm with efficiencies up to 98% [254].

Besides all these approaches based on HTS synchronous field SC machines, there
has also been a recent proposal based on LTS and the same topology. General elec-
tric (GE) presented in 2019 a notional design of a LTS version in the range of the
AMSC motor, also producing 36 MW at 120 rpm [255]. Apart from the conventional
approaches for marine HTS motors based on either only field or fully SC synchronous
motors, other configurations have been proposed. The main goal of those configura-
tions is to avoid rotating SC coils (and consequently rotating cryostats) and also to
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Fig. 33 (a) Homopolar SC Motor by General Atomics. (b) Cooling scheme for a SC field machine based
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limit the use of superconductivity to the coils on the DC side, eliminating the problems
associated with AC losses. In this regard, a compact version of the Faraday’s Disk (The
homopolar DC motor) was developed by General Atomics [256, 257] making several
prototypes of such machine: a 300 kW prototype, a 3.7 MW and finally a 36.5 MW
working at 120 rpm. They are truly DC machines and their main issue is the need for
brushes (moving contacts) for those enormous currents. Figure 33a shows a section
of their SC homopolar motor while Fig. 33b depicts the cryogenic scheme for a rotat-
ing field SC motor which is cooled down using gas helium, a preferred option in the
marine sector due to its reduced asphyxiation hazard as well as the wider operating
temperature margin.

A relatively recent line of activity proposes the use of a Modified Permanent Magnet
Vernier type machines for marine SC motors [258, 259]. Due to the significant low
speed-high torque advantages, Vernier machines have become potential enablers for
direct-drive applications like this one or others such as wind power generators where
some realizations have also been proposed. The modification over classical permanent
magnet vernier machines consists of the substitution of the permanent magnets with SC
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Fig. 34 The two sides of a SC Vernier Type Motor as extracted from [258]. (a) and (b) Stator with the
armature winding and the field winding. (c) Passive rotor

coils in their own cryostat. Which is then the advantage of SC Vernier machines over
field SC synchronous machines? Since Vernier machines have no coils in the stator
but simply a slotted iron cylinder, the stator can become a rotor without introducing
any special difficulty and this allows the rotor to become a stator keeping the coils
stationary and avoiding rotating cryostats (Fig. 34)

Other approaches have been proposed for SC marine motors like a synchronous one
based on a double-helix magnet to create a dipolar field very similar to the so-called
canted magnet used in particle accelerators dipoles. This magnet constitutes the rotor
of the machine with an SC stator which uses a flux pump [260].

To finalize this section, a short mention to magnetohydrodynamic propulsion which
is based on the circulation of seawater inside a volume where an electric field, which
generates a current in the water, and a perpendicular magnetic field are both applied
perpendicularly to the direction of the motion of the water, generating a force on
it. Like for other electromagnetic machines, the force will be proportional to the
product of the magnetic field times the current, while the losses will be proportional
to the water resistivity times the square of the current. Consequently, to increase the
overall efficiency, moderate currents and high magnetic fields are mandatory. The most
important realization done so far was the Yamato-1 prototype in Japan [261] in 1985.
It used a NbTi-based magnet achieving 4T and an efficiency of 30%. Recent successes
in high-field HTS magnets for fusion (see Sect. 4.1.1 have given renewed interest to
this type of propulsion. With a 20 T magnet, for instance, efficiencies up to 90% can be
expected. Now the challenge is focused on solving another problem: eliminating the
corrosion issues in the electrodes [262]. Electric SC motors and generators are the core
contribution of superconductivity to more sustainable and efficient shipping but not the
only one. Moreover, implementing superconductivity on board must be a global effort
affecting the complete vessel, especially for all-electric ships, as it is also for planes as
mentioned in Sect. 4.2.2. The full integration of SC components (motors, generators or
cooling systems) with non-SC systems (distribution, power electronics or protections)
constitutes a necessary exercise in order to optimize the advantages of using HTS on
board [263]. In addition to electric machines, there are other SC devices which can
find beneficial applications in the maritime sector. One example is the HTS power
cables with their high power density for the main distribution bus [264]. Their ability
to transport a high ampacity, allows replacing multiple conventional cables operating
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in parallel with a single line, reducing the overall weight and volume of the electrical
distribution system. Another example is the use of energy storage systems, particularly
SC magnetic energy storage systems (SMES) as described in 4.1.4 which can be used
to help stabilizing and supporting the on-board ship grid when overloads are required,
very especially in case of vessels with electric propulsion (manoeuvering, ship starting
or stopping, ship loading and unloading, etc. ) [265]. This particular application can
be included in action f) described in the section introduction to reduce shipping gas
emissions.

4.2.2 Applications to airborne transport

The role of airborne transportation in society has been continuously increasing, and so
the number of planes, trips, and accessibility for more population. In fact, air transport
shows the fastest growth rate compared to other transport modes and the International
Civil Aviation forecasted that by 2050 its emissions could triple compared to 2015
[266]. In 2022 aviation generated 14% of transport emissions, the second biggest
source in transportation source after road transport. The fuel efficiency of conventional
planes has been greatly improved in the last decades, but not enough to balance the
increase in usage [267]. Emissions from aviation are a significant contributor to climate
change, not only from the fact of burning fossil fuel to operate but also because of
the nitrogen oxides emissions and other vapours which are emitted at high altitude:
vapour trails and cloud significantly increase the net effects of conventional airborne
transportation to global warming [268]. There are several measures that could be taken
to mitigate the effects, ranging from logistic issues to geopolitical limitations and of
course, technical improvements. The most common approach up to now has been to
increase the fuel efficiency of the plane, by means of engine developments, materials,
and optimal sizing according to the route and payloads [269]. Some developments
related to superconductivity have been also done in the past when HTS were not
discovered yet [270]. At that time the main force for trying superconductivity as
empowering technology for airborne transportation was the high-power capabilities for
niche applications. At these first attempts, the fossil fuels and turbines for propulsion
could not be replaced, being the superconductivity used just for the electrical generator
for high power and high voltage internal loads. Nevertheless, in the past decades, there
was a common path to gradually substitute a variety of complex systems including
hydraulic, pneumatic, electric control systems, etc... into a “More Electric Aircraft”
approach where electronics and electrical power supply will integrate as many systems
as possible [271]. Historically, the main limitation for full electrification of aircrafts
is the power density. Airborne transport demands a very high power density (also
known as power-to-weight ratio PTW) to be feasible as propulsion technology. As a
rough comparison, commonly needed values are around 10 kW/kg, while conventional
electric motors are about one order of magnitude below (Fig. 35). Intense R&D efforts
are being developed to improve this value and even surpass this rough threshold for both
kW and MW power levels. They are using advanced designs and materials, including
rare-earth permanent magnets with promising results also for airborne applications in
the future [272]. Up to now, electric aircrafts have been limited to very specific niches
of applications such as small and very short-ranged unmanned aerial vehicles (UAV)
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Fig. 35 Power density chart of electric machines [130]

for surveillance, weather monitoring, or air taxi helicopters for city mobility which
are not so power and range demanding.

The SC technology could provide significant improvements in two different
approaches: hybrid and full electric (Fig. 36)

The hybrid-electric aircrafts include fuel turbines plus SC machines for reducing
emissions, fuel-burn, and noise, which are the main required parameters by EU and
US for future aircrafts [273]. This approach is also interesting for military aircrafts to
increase the electrical power available, making it possible to install MW-class electric
systems on board to be used, for example, for electromagnetic launchers and other
uses [274]. Two main architectures are being explored: hybrid propulsion and turbo-
electric propulsion [275]. It is not so straightforward that a hybrid approach, which
requires a certain level of complexity and even duplication of components could result
in a positive net result in this field where mass and volume are so critical. The point
is that this could provide a breaking change in the design and efficiency of traditional
engines for large aircrafts.

The majority of large civil transport are propelled by turbofan engines: a large fan is
coupled to a turbine providing most of the thrust to the plane. Part of the air impelled by
the fan (defined by the “bypass ratio”) is guided to the engine’s core, where the fuel is
burnt. Exhaust gases are used by turbines to provide torque to the fan shaft, and finally
some propulsion thrust is also received by the plane. This scheme is the result of the
optimization from previous generations such as turbojets, but conceptual limitations
could be foreseen: turbines naturally develop higher efficiency and power density at
high speed, while the fan performance is sensitive to its size. Values in the order of
ten thousand RPM and high bypass ratios are the most common solutions in modern
aircrafts. Being the turbine and the fan connected by a common shaft was therefore a
great advance from previous generations which is getting to a technical limit: a hard
limitation arises when the tips of the blades are getting supersonic conditions and the
efficiency severely drops. Hybrid electric aircraft technology would incorporate an
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electric motor/generator connected to the fan and turbine shaft (direct drive). It could
provide torque from electrical energy storage reducing fuel consumption. It could
also provide additional peak power when needed (take-off, for example), making it
possible to use smaller turbines, or more efficient ones, for cruise speeds. During
the take-off, all the power is needed, while just about 60% at cruising speed. The
Hybrid Turbo-electric approach is one step further, where the turbine and the fan are
completely detached. The turbine could be optimized without the constraints of the
fan blades and connected to a generator to produce electric power. This electricity
could be stored, converted, or directly used to drive a motor coupled to the fan which,
again, could be optimized as an independent component. Electrical motors and fans
could provide even better efficiency at low-medium power levels compared to turbines
because speed and torque can be independently controlled. Besides the first critical
parameter already mentioned (high power density), the second one is the high-speed
operation: the generator machine must be coupled to a turbine which is best suited for
high speed. On the other hand, torque specification is not so critical, opposite to the
usual situation in green power generation applications. For full electric large aircrafts,
HTS technology is the only option for propulsion in most of the applications due to
the PTW value compared to conventional electric machines. In this concept, as there
is no turbine powering a generator, the specification on the shaft speed is not so high,
but relatively high values are needed (in the order of one thousand RPM). Both the
superconductor generator and motor designs for airborne applications are based on
the same physical laws and technological issues already explained as any other SC
motor or generator, with a highlight on the importance of the PTW and high speed.
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Finally, airborne machines should be highly reliable: the margin to active corrections
or even secondary systems is limited in this field, while the impact of a failure is very
high. Because of these reasons, research on the application of SC machines for aircraft
propulsion has started relatively late compared to ship propulsion or power generation.
Previous experiences in these fields cannot be directly used for aircraft applications,
especially the requirement of high speeds when a turbine is to be connected. Gearboxes
could be considered but as already explained in previous sections, are prone to defects
and additional weight to consider. On the other hand, the direct drive configuration
of a SC machine having windings rotating at high speed imposes new challenges.
Different possibilities have been explored, for example keeping the HTS materials
in the stator (partially superconductor design), simple geometries (cylindrical coils),
and HTS bulk materials. One of the possibilities, also explained in Sect. 4.1.5, is the
homopolar inductor alternator (HIA) (Fig. 37), such as the one from general electric,
designed for 5 MVA generator and 9 kW/kg [276]. HIA is a good candidate when
high speeds are needed. The HTS coil is wound in the stator to provide a stationary
field, therefore coil geometry and supports are very simple, and centrifugal forces are
not present on it. The stator includes also one iron core at each side of the HTS coil
and the rotor poles are equal but aligned at different angles. The cryogenics can be
quite simple as no cryogen flow is mandatory. Cryocoolers installed in the cryostat are
enough. On the other hand, the field is reduced and constrained by the iron saturation
of the rotor. Therefore, the magnetic field is quite similar to conventional machines
and very high speeds are required to reach MW values.

The other main candidate is a fully superconductor synchronous generator [277],
similar to the ones exposed in the renewable energy section. This is the most common
architecture being explored at this time because the PTW for these machines is related
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to the product between the magnetic field in the air gap and the current on the coils
(shear stress as defined in previous Sect. 4.1.2). Thus, iron-less fully SC machines
are, in theory, the best solution as they can maximize both parameters. Given the
expected high variable dynamic loads, the SC motors for demonstrators are more
commonly focused on a slow-speed synchronous motor. The relatively low speed of
the rotor reduces the risks on the cryogenic joints and limits the AC losses, which
are important constraints as will be explained later. Cryogenics joints and seals are
considered a critical technology to be improved in the future for enabling HT'S motors
in this application, while AC losses are more related to the materials development
and/or the cryogenic power availability. Some studies have focused on any possible
variation of SC synchronous motors for aircrafts, like [278], from the topologies
to the materials combinations both resistive and superconductive for stator and/or
rotor. Concepts based on resistive stator and HTS rotor get advantages related to DC
current in the SC coil plus the simplified conventional stator. Radial flux machines are
typical but also axial flux machines have been proposed [279]. Fully superconductive
machines are usually iron-free to reduce weight while reaching magnetic fields higher
than the saturation limit of iron (iron shields for limiting fringe fields are anyway
needed, the case can cover this function). In any case, the designs are oriented to
use as simple coils as possible (solenoids and planar racetrack or double pancake
are the main ones). Some other alternatives include advanced wire/cable concepts
[280], permanent magnets [281], or superconductive bulk materials [282]. SC linear
motors have been also proposed for specific applications such as landing gear actuators
[283]. Regarding the materials, MgB, [284] and REBCO [285] are the preferred
ones to increase, as much as possible, the operating temperature. Besides generators
and motors, other components of the power system could be improved by means of
superconductivity, such as power trains, bus bars, and fault current limiters (some
examples at [286-288]). These can apply to the completely zero emissions aviation
scheme and the hybrid schemes. It is important to note that once the cryogenic system
is included, it can be more cost-effective if more superconductive devices are included
to take advantage of it. The aerospace field is also incorporating other components
made of superconductors for electronics and sensors [289]. For cryogenics in airborne
applications, there is of course a need for a highly reliable and effective cryogenic
system onboard. There are two main possibilities at first sight: liquid cryogen tanks
and electrical cryocoolers. From the point of view of efficiency, the first one is the
best, but the volume and mass of this tank could be larger than the cryocooler option.
Of course, the temperature and thermal loads are critical to determine which approach
could be the best one. The first common choices would be LHe or LN2. Helium because
of the lower temperature and nitrogen because of its low cost. There is an interesting
alternative: liquid hydrogen. Liquid Hydrogen gives a compromise between being
cold enough for nice SC properties but warm enough for cryogenic efficiency, while
the raw material cost and availability are more convenient than Helium.

Based on these conditions, a liquid hydrogen tank should be provided and refilled
for each trip. Refilling should be quite similar to the actual fossil fuels in terms of time,
and much better than batteries recharge and/or replace. Additionally, a very interesting
synergy can be exploited by combining liquid hydrogen and HTS operating at the
boiling temperature of this cryogen (20 K): The liquid hydrogen could serve both as
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Fig.38 Fully electric scheme with liquid hydrogen and fuel cell

cryogen and fuel. It can be improved even further if hydrogen is used and the turbine
is replaced by a fuel cell: it becomes a clean electricity generator, with no emissions
at all from the plane. Using green hydrogen would assure zero net emissions for the
whole cycle. This would be a complete full electrical aircraft: the liquid hydrogen
evaporation would be used for cooling the SC coils of the motors which will produce
the thrusting force from electricity produced in the fuel cell [290] (Fig. 38).

There is, of course, a long path to go before this scheme is proved. Two important
problems are to be solved: The main one is cost: this scheme is promising, but the
“hydrogen colour” should be green for the environmental advantages (grey hydrogen
is by far the most common one and it is refined from fossil natural gas) and its cost is yet
too high. A large number of projects and investments are put in both public and private
companies to reduce the costs and find actual and imminent applications to elevate the
demand [291]. Secondly, the overall efficiency of the liquid hydrogen as an energy
vector and its conversion in an embarked system where reliability and safety are critical
[292]. Hydrogen is an explosive substance and the density ratio from cryogenic liquid
to ambient gas is large. Important dynamic loads and pressure changes are probable
in this application which increase the risks and the difficulty of a successful design.
Nevertheless, hydrogen has been part of aviation history from balloons and zeppelins
to space rockets and more recent developments first as combustion fuel (both alone
or mixed) [293]. The historical reasons focused on the density of hydrogen. It is
so low, even in liquid state, that its specific energy could be as much as 2-3 times
better than fossil fuel (about 33 kWh/kg vs 12 kWh/kg). The counter side is that the
volumetric energy density is much lower even liquefied (2.4 MWh/m? vs 10 MWh/m?>
). Intermediate approaches are also being explored, where warm hydrogen is used
in a fuel cell for electric generation while the cryogenic system is Helium based for
superconductor refrigeration. In such cases, two independent systems can provide a
safer approach with the advantages of the better-established Helium technology [294].
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One promising project ongoing about these concepts is the Airbus’ Cryoprop project
[295]. It represents an initiative to develop a 2 MW superconducting electric propul-
sion system for hydrogen-powered aircraft, leveraging cryogenic cooling via liquid
hydrogen and a helium recirculation loop. This system integrates superconducting
cables, motors, and cryogenic power electronics to address the critical challenge of
high PTW for aviation electrification. By utilizing liquid hydrogen as both fuel and
coolant, Cryoprop takes advantage of superconductivity to improve the current den-
sities up to 100 times higher than conventional copper systems. The helium loop
ensures thermal stability, minimizing energy losses while cooling the superconduct-
ing elements. Cryoprop aims to validate weight reductions of up to 40% in propulsion
systems compared to traditional designs, with projected fuel savings critical for long-
range hydrogen aircraft.

4.2.3 Applications to terrestrial transport

When focused on terrestrial transportation, there are quite different agents in this
heterogeneous group which account for the majority (around three-quarters) of the
transport emissions [296]. The circumstances are very different for the cases of small
or large vehicles, for short or large distances and for light or heavy loads to be carried.
It is also convenient to distinguish between city or intercity mobility, private or pub-
lic, programmed or not, and exclusive or shared paths in streets, roads, or railways.
There are possibilities for HTS materials to virtually become part of any of them in
the future, because of the known advantages that they can provide: specific power,
efficiency and emissions reduction. Of course, some other technologies are competing
and the situation of HTS performance in terms of current and temperature is very
restrictive for most of the applications at this time. Still, the future performance of SC
materials could change if their technology keeps evolving in terms of capabilities and
costs. This chapter will briefly review the actual working examples and some general
views on future developments. For the terrestrial transportation field, trains are one
of the flagships of the superconductivity applications because of three reasons: First,
the train sector has a well-established technology based on electrical motors, which
is not the case for other transport methods. Second, they are operated in railways so
the path to follow is perfectly defined and it can be controlled as desired (it can also
be a dedicated railway). Third, they are driven by professional operators and used for
medium to high loads, from public transport of people to private transport of goods, in
a controlled grid. Given all of these circumstances, the trains are well suited for inno-
vations: relatively fast implementation, controlled environment and favourable scale
size for testing the improvements, at least at the advanced railway technology devel-
opment poles: good examples are the huge activities devoted in Japan and Germany in
high-speed transportation or worldwide in the hyperloop initiative. HTS technologies
could be part of the next generation of trains in three main areas: levitation, propulsion,
and power transmission. Considering the levitation, which already existed based on
LTS magnets, HTS can provide higher efficiency from the lower cryogenics needs.
Regarding propulsion, HTS motors could be an interesting alternative as they are in
other kinds of transport. Finally, power transmission is a possibility because of the
rail-guided nature of trains, which fits nicely with static supply lines.
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Fig.39 Magnetic levitation (MagLev) modes [298]

There are three main modes of levitation in trains (MagLev) [236]: electromagnetic
(EML), electrodynamic (EDL) and SC magnetic (SML) (Fig. 39). Only EDL and SML
types can use superconductivity. The physics behind them is the same as magnetic
bearings already explained in Sect. 4.1.5: the main parameter involved is the magnetic
pressure (related to the magnetic field). The stability of the suspension force is also
critical for these applications. EML is based on the attraction between coils in the
rails and the electromagnets installed in the train. It is providing levitation but an
additional linear motor is needed to move forward. EDL is based on the induction of
current in conductors (rail) by moving magnetic sources (train). The moving magnetic
source could be permanent magnets or SC magnets. The combination of magnetic
forces could produce not only levitation (guiding) forces but also a linear impulse for
acceleration. As relative speed is needed, this scheme cannot levitate and/or start the
movement by itself, so wheels and additional coils for starting the movement are still
needed. SML is based on the interaction between permanent magnets (rail) and SC
magnets (train). This provides stable levitation even at low speeds/static [297].

SML levitation of trains started its development around the 1960s based on LTS.
In 2000, the first man-loading HTS Maglev demonstrator was tested in China [299].
It was using YBCO bulk material and LN2. Since then, other testing facilities around
the world have been created or oriented to further develop this technology and/or
demonstrators as will be explained later. HTS propulsion of a train could be done just
at the train side. This would make it possible to take advantage of the superconductivity
in the actual railways, while conventional and superconductor trains can share the
system looking for the overall optimization and a cheaper transition. The concept, in
this case, is quite similar to other applications already explained: a SC motor replacing
a conventional one to reduce the weight and slightly better efficiency. The drawbacks
are also the common ones: cryogenics system and reliability for an embarked system.
In this case, the synchronous motor is again the most common preferred solution
for ongoing projects. Nevertheless, while some applications must consider important
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constraints such as high speed (airborne) or high torque (wind energy), there are no
critical parameters for trains, so the possibilities to look for the best combination
in terms of compactness, lightweight and efficiency are open. The specifications are
completely different for a levitating train. As there is no contact between wheels and
rails (or at least not along the whole trip), the system must provide non-contact forces
and so different propulsion schemes are needed. There are two basic configurations for
the propulsion system of a Maglev system: Linear Inductor Motor (LIM) and Linear
Synchronous Motor (LSM). They can be explained as the result of “unrolling” the
circular versions, as shown in Fig. 40 for a LIM. LIM motors have been preferred
for low to medium-speed maglevs, while LSM is chosen for high-speed and the SC
versions because of higher efficiency [300].

Two significant advances can be obtained compared to conventional wheels: lower
friction which results in higher efficiency, and better control of the interface between
train and rails, which results in the possibility of higher speeds and reduced vibrations.
They produce no emissions and low noise from the train. They can also operate on
higher ascending grades than traditional railroads (typical values are 10% compared
to 4%). The main disadvantage is related to safety in a situation of malfunction of
the system (or a quench if magnets are SC). Additional braking and guidance systems
should be defined. The drawback is a more expensive and complicated rail design and
operation: copper coils or rare-earth permanent magnets installed along all the rails.
Any development on the levitation side must involve the railways, which will be not
compatible anymore with conventional trains. The initial costs are therefore a common
limitation for this technology, even more for long distances where added difficulties
can arise for crossing mountains, rivers, and altitude differences. Operational cost
studies and demonstrators are therefore extremely important to verify the technology
and its benefits [302]. The effect of getting HTS magnets is a huge change because this
could reduce the total weight of the train components to be embarked and levitated
[303], reducing the power needs but also the amount of rare-earth permanent magnets.
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Fig.41 (a) Aerial view of Maglev-Cobra demonstrator in Brazil

However, using SC materials in the rail is prohibitive for any practical distance at this
time. The number of research groups, universities, and projects working in SC trains
for test lines or experimental devices is large, some of them are the Yamanashi Maglev
Test Line in Japan [304] based on a SC LSM motor, Maglev-Cobra demonstrator in
Brazil [297], and the maglev ring test in China [305].

Apart from the motors, some other onboard electrical components of a train could
be improved by SC technology. One of the most critical parts (and up to a few tons of
weight) is the traction transformer. It is devoted to transforming AC voltage from the
grid to the appropriate value for the motors. For example, a 6.6 MVA HTS traction
transformer refrigerated by subcooled LN2 is being developed in China [306] (Fig.
41), with an overall weight reduction of 33% compared to the conventional equivalent
one (Fig. 42).

Some other possibilities are being also explored looking for compromise solutions.
For example, SC linear actuators in the stations for the first acceleration of the train,
when maximum power is needed, but conventional railways and smaller electric motors
are installed in the train for cruising speed along the route. If the rail is to be replaced
by an evacuated tube, the hyperloop concept [307], all of the previous possibilities
should be redefined as the specifications could drastically change: the installation
cost of the cryogenic rail could be lowered (in relative terms) if the evacuated tube
is to be manufactured. Maintenance costs could be reduced because it would be in
a much more controlled environment and vacuum insulated. The dramatic change
in aerodynamic friction could reduce the power specifications of the motors. Linear
HTS acceleration system at the station could provide a significant amount of the power
needed for the whole trip, especially if HTS levitation electromagnets are embarked
instead of the conventional heavy permanent magnets or copper electromagnets. The
HTS Maglev-ETT is an example of a SC hyperloop design [308] (Fig. 43).

HTS Power transmission in trains is the last possibility to be covered here. It can
provide significant advances to the overall efficiency, even for non-SC trains. The
main point is that the instant power that a train needs is not constant along the trip. Its
maximum power needs are typically located in the station areas, where the whole train
must speed up a huge inertia. One clever approach is to recover the braking energy
from the trains getting into the station and releasing it to the starting trains leaving the
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station. This can limit the overall net power needed in the station, but it is not always
easy to synchronize the instant energy requirements, and it could not be even possible
at small stations or certain time slots. In any case, it does not reduce the installed power
capabilities of the station itself. Therefore, SC power transmission inside the stations
and/or the connection between the station hub to the power station is an interesting
option to increase the efficiency of the system (Fig. 44). This can be applied to any
kind of electric train, including conventional resistive ones, and projects have been
launched in this direction for subways and local train hubs [309].

SC applications for road transportation are being also considered. Theoretical exam-
ples or scale demonstrators on transferring the HTS levitation technologies to roads
can be found for being used by any kind of vehicle such as automobiles or trucks
[311]. SC motors are also used in cars for conventional roads [312]. The specification
in power is not so high in this case: in the order of tens of kW for common-size vehicles.
From the cryogenic point of view, they are usually based on LN2 for compactness and
reduced cost. One of the most common configurations being developed is the partially
superconductor (resistive stator coils, HTS rotor) synchronous motors as a compro-
mise between simplicity and efficiency for lightweight at this power level. When they
are improved with bulk superconductors (the conventional equivalent approach is to
use permanent magnets), the magnetic field increases by one order of magnitude and
the energy density up to two orders [312]. MgB; is also interesting for this application

@ Springer



Perspectives in power applications of low...

509

Substation

Superconductin
P 0 ; Circuit

feeder cable Cooling | | preaker
system | 3 Feeder

Trolley

Y
>

s s o s

VA L L 7 B S A A v 2 2222

Fig.44 100m feeder line in operation [310]

due to the possibility of being produced in wires and its common raw materials [313].
Another possibility is a SC squirrel-cage induction motor instead of a wounded rotor
[314]. In any of these cases, the electric energy should be stored or generated on board.
While the improvements of the HTS on electrical motors are clear even for these power
levels, it is not so clear for other systems. In the case of the energy storage system,
moving from a liquid fossil tank to an advanced alternative, SC magnetic storage
systems are not so well suited compared for example to batteries. SC transformers,
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Fig.45 Electric vehicle comparison: conventional and SC versions [315]
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Fig.46 Concept design of an SC car with fuel cell and liquid Hydrogen cooling system [315]

generators, and other components could be of interest in road vehicles under some
circumstances if for example, renewable energy is to be produced on board.

In the future, much better performance can be theoretically achieved when com-
bining HTS motors, regenerative braking, generation, and electromagnetic storage
systems [316] if a source of cryogen is available and cheap. Liquid green hydrogen
with fuel cells seems more promising in the future Fig. 45 and 46 [315], especially if
this technology matures thanks to airborne transport advances. At this moment such
a system seems to be too complex for small vehicles, but large trucks for long-range
trips or niche applications could benefit from such full electric, autonomous, and green
approach in a shorter time scale.

Finally, as an additional note; HTS technology will be probably part of electric
transportation mobility even if no SC motors or devices are widely installed in future
vehicles. In the scenario where a significant amount of fully electric automobiles are
connected to the grid, its capabilities must evolve to take care of this new paradigm,
as explained in Sect. 4.1.3.

4.3 Applications for industry

Superconductivity is also present in industry, where new commercial or niche appli-
cations can be developed or the conventional ones improved, due to the benefits that
the SC technology can provide.

4.3.1 Magnetic separation and water purification

Conventional magnetic separation is a well-established technology. Their applications
were first devoted to the purification of feed with magnetic components or for the
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Fig.47 Dry drum separator [319] and filtered one for wet separation [320]

beneficiation of ferrous ores and it can be as simple as a permanent magnet. The idea is
to apply a magnetic force to a bunch of particles depending on the magnetic properties
of each particle, based on the dipolar magnetic force. In the case of a magnetizable
particle in a non-homogeneous magnetic field, the net force is proportional to the
magnetic susceptibility, the magnetic induction field (the value and the gradient) and
its size [317]. This magnetic force can be compared to any other competing force to
obtain the desired separation. These competing forces could be the weight, adhesive
forces between particles or even drag forces if the particles are immersed in a fluid. It
is interesting to briefly compare different scenarios. For example, the weight and the
magnetic force of homogeneous particles depend on their volume, while the drag forces
depend on the length (Stokes’ drag, for laminar flow) or the surface (for turbulent flow).
Therefore, in dry magnetic separation where drag force is negligible, the efficiency of
the separation does not depend on the size of the particles, and only purely magnetic
properties are relevant. On the other hand, magnetic wet separation is more challenging
when the particles are smaller (Fig. 47). The two most important values of these
systems are the capability of separation (minimum size of particle and/or minimum
ratio of permeabilities which are correctly separated) and the capacity (volume that
can be treated for certain time) [318].

The first magnetic separators were based on ferrite permanent magnets achieving
typical values lower than 1 T field and 1 T/m gradient. If replaced by rare-earth per-
manent magnets, fields up to 2 T and 100 T/m can be produced for certain geometries,
but just for small effective volumes as the field decays quickly from the magnet sur-
faces. Electromagnets can provide a much more versatile solution, with or without iron
yoke. For resistive separators, the volume can be greatly increased at the cost of large
equipment and operating costs from the electricity. A great step further in improving
the magnetic separator capability (not the capacity) is to include magnetic ancillary
components (filters) in the effective volume. The magnetic field will not increase but
the gradient can be enlarged two or three orders of magnitude. High field and high gra-
dient make it possible to focus not only on the separation of ferromagnetic materials
but also to separate diamagnetic particles from paramagnetic ones. It can be used to
separate very small particles immersed in liquids, for water treatment or biology and
health research: for these tasks a high gradient magnetic separator (HGMS) is needed,
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reaching values in the order of 10* T/m, enough to separate weakly magnetized par-
ticles in the range of 10"! mm [320]. When LTS superconductors were used in these
systems, starting around the 1980s, the main specifications that could be improved
were the effective volume for a given size, which allow for reciprocating devices (two
ferromagnetic filters are alternatively used for almost continuous operation) and oper-
ational cost as the magnet can be operated in persistent current mode. Nowadays, a
renewed interest in SC HGMS has been pushed by the possibilities of HTS, which
provides the advantages of SC at higher temperatures, for example [321].

Water treatment is therefore one interesting application of SC magnetic separation.
Both LTS NbTi [322] and HTS bulk magnets [323] can be used for water purification
after industrial processes or common wastewater (Fig. 48). Being the water quality so
critical from the environmental point of view, magnetic-assisted methods for purifica-
tion can complement other treatments [324] for efficient and affordable management
of its standard specifications for safety according to the sustainable development goals
[325].

4.3.2 Superconducting transformers

Transformers for power transmission lines are designed to transfer electrical energy
between two circuits through electromagnetic induction, with its primary role being
to either increase (step up) or decrease (step down) voltage in an AC system. The
operation of these transformers relies on AC because the changing current produces
the alternating magnetic field needed to induce voltage in the secondary coil. HTS
transformers, defined by high-current density HTS conductors and LN2 dielectric,
have many potential advantages over conventional oil-immersed transformers. Sub-
stitution of the common copper conductor windings of a transformer by SC ones has
been proven to be an effective method possible to reduce the transformers average
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energy losses by 60% [327]. Moreover, in comparison with conventional ones of the
same power rating, HTS transformers can be reduced as much as 40-60% in weight
and size. Due to the zero resistance character of superconductors, SC transformers
bring the advantage of a very low short-circuit impedance which limits the voltage
drop during short circuits and allows for more effective handling of fault conditions
without damage to the transformer. SC transformers are highly efficient because they
experience minimal energy loss as heat, The reduced energy dissipation enhances the
stability of the electrical grid, allowing for better control over the power distribution
system and reducing the likelihood of failures [177]. SC transformers, while highly
efficient, face several challenges. The use of HTS tapes leads to AC losses and can
suffer from thermal runaway when overloaded, causing rapid failure of the windings.
Additionally, their low thermal mass makes them vulnerable to rapid heating during
fault currents. The mechanical properties of the conductor are another concern, as HTS
tapes have limited formability for winding and can experience high stress from fault
current forces. The use of LN2 for cooling introduces further complexity [328]. Cryo-
genic operation increases costs and adds difficulty to the system. Moreover, during
short circuits, gas evolution from LN2 presents an additional risk, further complicat-
ing operations. These drawbacks highlight the technical challenges in implementing
SC transformers on a large scale. HTS power transformer development has mostly
followed conventional designs quite closely [328], employing similar iron yokes and
winding solenoidal LV and HV coils around them. In the case of SC transformers, the
whole structure is not enclosed in an oil-filled tank, but the windings for each phase
are contained in cryostats. Regarding the design of such cryostat and the position of
the iron with respect to it different designs are available [177]. Associated with the
cryogenic system of a SC transformer there is a cooling energy penalty that reduces
efficiency. To optimize performance, warm iron [329] (Fig. 49a) is often required,
necessitating nonmetallic cryostats with core penetrations. In such a case, the cooling
power required for the transformer operation is low. The drawback of such concept
is associated with the complexity of the cryostat design and its consequent high cost.
Moreover, in a three-phase system, three such complex cryostats are needed.
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Cold iron design [330] (Fig. 49b) is also possible in which the core is kept at cryo-
genic temperatures within the same cryostat as the SC windings. The latter carries the
advantage of a simple design of a single cryostats. Nevertheless, such a fact carries the
burden of high cooling power requirements. The iron core losses at low temperatures
increase the cooling power demand, making the system less efficient since the cryo-
genic system must cope with the hysteresis and eddy current losses that take place at
the transformers iron core. A solution that solves the drawbacks derived from both
cold and ward iron configurations is based on the use of cryocoolers to cool down the
transformer windings by conduction (Fig. 49¢). The latter option allows for simple
cryostat designs with a warm iron core. However, the recovery time of the SC coils
after a quench is rather long due to the low cooling capacity of a cryocooler. Moreover,
such a solution does not represent a competent option for high-voltage applications.

In 1998 Worldwide first field test of a SC transformer was carried out in the frame-
work of a 630 KVA HTS transformer project developed by ABB [329]. The design
was a warm iron core transformer with Bi2223 windings cooled at 77 K that served
to prove the feasibility of operating HTS transformers in the network. As SC trans-
former technology evolved, fault current limitation was implemented as a valuable
feature of SC transformers since it is possible to facilitate effective current limitation
in case of a short-circuit event in the power grid [331]. Such a transformer is called
a SC fault current limiting transformer (SFCLT). It utilizes the intrinsic properties
of the superconductor material in the windings of the transformer to effectively limit
currents above an adjustable current threshold level. The fault current limiting feature
of the HTS transformer, which is one of the most important advantages of replacing
conventional windings with the SC type (see Sect. 4.1.3), provides protection and sig-
nificant mitigation of circuit breaker failures and other station equipment and reduces
the maintenance cost of system components [332].

4.3.3 Induction heating

There is a well-established technology around induction heating (IH) which has
boosted applications in industrial, domestic and medical environments since the first
patent as soon as 1887. The concept is based on Joule and Faraday laws and it can be
as simple as one varying magnetic field on a conductor producing eddy currents in it,
these currents will produce heat. The conventional approach is shown in Fig. 50, the
AC generator can operate at a frequency between Hz to MHz, according to the specific
design, for the desired application. The most important parameters are the skin depth
(related to electric conductivity, magnetic permeability and the operating frequency)
and thermal diffusivity: The higher the frequency and permeability and the lower the
resistivity and thermal diffusivity, the more localized the heat and temperature incre-
ment in the surface are. Among other electromagnetic heating processes (resistance,
infrared radiation, plasma, electric arc, laser...), IH is a high efficiency, non-contact
and versatile technique ranging from the typically high power/low to high frequencies
for industrial applications (low frequencies for mass heating, high for surface heating),
low power/high frequency and accurate control for medical and medium frequency/low
cost for domestic ones. Throughout the history of IH, the preferred solution has been
typically focused on using AC current in static coils, and so the development has fol-
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lowed the power systems evolution. Nowadays, impressive capabilities can be found
and used in very intensive energy industries such as heat treatment of steels, joining
metals and melting, for processing or recycling, where systems up to the MW levels
are commercially available [333].

Electrical heating, and particularly IH, has been gradually replacing other heating
systems for energy costs and emissions reductions. Moreover, in the last decades, SC
technology has been considered for further efficiency improvements. Although, there
is a major situation in this case. As already seen in previous chapters, SC are best
suited for DC applications, as the AC component reduce efficiency. Fortunately, the
AC component is not a must for IH even if it is used in almost every conventional IH
system. According to Faraday’s law the source of heating is the varying field, and it can
be produced by motion instead of by alternating currents. This is a new (and old at the
same time, induction motors are based on this) concept for IH which takes advantage
of the great capabilities of SC coils for producing static fields while the material to be
heated is moved (typically rotated) to generate eddy currents inside. The best part is
the null resistance of the field-generating coils, which drastically reduces electricity
consumption. Additionally, the coils can be smaller and/or the operating volume larger
for a given total system size. The drawbacks are the cryogenics for keeping the SC state
of the coils, and the need for one additional motor for the mechanical movement of the
heated part. This last point imposes one additional limitation: the maximum magnetic
field variation rate based on mechanical movement is orders of magnitude lower (tens
of Hz) than the achievable electric variation of the currents (MHz). Nevertheless, this
is not an issue for some of the most energy-consuming industries as they are already
focused on low frequencies for higher skin depths (mass heating applications), so TH
improved by SC seems to be a great opportunity for a new generation of highly efficient
IH furnaces. HTS prototypes for IH have been developed since the first one in 2008,
reaching power values up to 400 kW in 2023. The typical configuration includes one
or two HTS flat coils and one iron yoke to guide the magnetic field and support the
coils. The material to be heated (billet form) is placed in between. Once the HTS coils
are energized and the magnetic field applied, the billet is rotated. Each part of the billet
will feel an alternating magnetic field according to the rotation speed and, therefore,
heat power and torque are generated on it. The external electric motor counteracts the
torque to keep the system rotating and the heat power is completely absorbed by the
billet (Fig. 51). System parameters including the rotation speed and magnetic field
value should be matched to the thermal and electromagnetic properties of the billet
and its size for optimized cycles.
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5 Global new trends in power applications of superconductors and
concluding remarks

Previous sections have described in detail the status of the applications of superconduc-
tors in different sectors including transportation and energy generation, transmission
and management and how superconductivity can contribute to develop solutions in
those sectors which can impact significantly in their progress. As a summary and
from a general perspective, a number of conclusions can be derived from the previous
survey:

e For all the commented applications except for one (energy transmission), the way
that superconductors contribute to those applications is in the form of magnets,
which, with respect to conventional ones, create a magnetic field that can be far
more intense. The magnets themselves can be much smaller and also more efficient,
and this is why they represent a step forward in their respective applications.

e In most cases, the real advantage of using superconductors is that they allow cur-
rent densities that can be two or three orders higher than those for conventional
magnets. This, in turn, allows reducing considerably the dimensions and weight of
the corresponding magnet and this is what really makes the difference, rather than
increasing by a few percentages the overall efficiency; smaller motors for ships and
especially for planes, smaller generators in offshore wind turbines or much more
compact magnets for fusion reactors can make a tremendous leap in those appli-
cations. These two considerations are also fully applicable to other applications
which have not been considered in the paper such as scientific instrumentation
such as particle accelerators or MRI for medical applications and others.

e Most of the presented solutions are relatively old and they were previously con-
sidered in the past using LTS superconductors but some were discarded due to
the complexity of dealing with temperatures in the range of a few kelvins. The
advent of mature HTS tapes and wires allows a reincarnation of those applica-
tions where the advantages of operating at significantly higher temperatures or the
same temperatures but with much better performances, make them very attractive.
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Nevertheless, they also present for the moment, limitations which impact their
application, especially those regarding time-varying field applications.

e Parallel advances in cryogenics are also helping to foster the applications of
HTS magnets. The relatively recent development of cryocoolers with a high heat
rejection is making possible compact and autonomous use in all sectors. The com-
bination of the trendy liquid hydrogen with HTS magnets, especially in energy
and transport can become very convenient, simplifying the overall operation.

Specifically, and according to what has been said along the paper a number of
comments for each concrete sector can be presented to provide an overall perspective
of potentially massive applications of superconductivity in a number of key sectors.
The first comment has already been exposed and concerns the idea that those appli-
cations are mainly supported by the advancements in two areas of activity: materials
development and magnet technology progress including cryogenics.

Regarding the first one, both academic and industrial efforts are steadily advancing.
The academy is focused on understanding the physics behind superconductivity and
the overall manufacturing scheme for each one, which are the fundamental pillars
for finding the optimal paths to enhance the properties of the known SC materials
and, possibly, to find new ones that could push the limits for further applications and
wider usage. Critical current density is the most relevant parameter for each SC family
(according to their specific temperature margins), and the most popular and promising
approaches are based on the custom texturing of the materials to improve crystallinity,
flux pinning, and thermoelectrical stability. From the point of view of the industry,
the most important parameter to optimize is the ratio between manufacturing cost
and performance for a given applied material. Non-physical variables are therefore
important and are under study nowadays, such as raw materials availability, expec-
tations on actual and future demands, and matureness of the technology. Each of the
companies involved in this industry is getting their own know-how and specialization
yielding sometimes in significantly different specifications between suppliers. The
slow but constant evolution from NbTi (by far the most mature) to other technologies
for higher temperatures or fields is resulting very promising but, at the same time, it
requires a large demand for resources and investment in it: new products are made for
custom designs and/or they will become obsolete quickly after a not-so-high amount of
production. The general thinking in this field nowadays can be summarized as follows:
there is a need for a clear and large application of a specific advanced SC material to
establish standard specifications while reducing uncertainty on future demands. This
ideal position could provide a game-changing leap for easier accessibility and reduced
costs, a domino effect that the rest of the applications, even the niche ones, would take
advantage of.

Concerning the second, the progress direction is basically addressed towards the
development of magnets producing higher magnetic fields, working at higher tempera-
tures and globally being more sustainable. On the one hand, new magnet configurations
are being explored, like curved magnets to save space, simple geometries like com-
mon coil magnets for high fields in circular colliders, new coil geometries suitable
for superconductors with a large minimum bending radius or stress-managed coils to
deal with the large Lorentz forces in high field magnets. New fabrication and assem-
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bly techniques are under development: aluminium shells assembled with a bladder
and keys are more convenient for brittle superconductors; new resins, in some cases
doped to increase the heat capacity; or new insulating materials able to withstand the
high temperatures of the reaction cycles to sinter the superconductors. The high fields
imply a large amount of stored magnetic energy, so intense efforts are being made
to develop new protection methods in case of quench, with special attention to the
specific features of HTS magnets.

On the other hand, most of the superconductors with high critical magnetic fields
raise challenges to produce cables with large current capacity which would enable its
use in fusion reactors or particle colliders. Presently, these superconductors feature
large AC losses, but several research lines are being pursued to decrease their impact:
finer filaments, new geometries of HTS tapes or cables made with transposed or twisted
tapes and strands.

The combination of those two lines allows to manufacture magnets (and this
includes electrical machines and transformers) producing higher magnetic field den-
sities and higher force and power densities leading to more compact applications. In
the energy sector, superconducting devices are starting to be highly promising when
not indispensable. This is the case for magnetic confinement-based fusion reactors
for which conventional magnets were practically discarded a long time ago and the
first generation of magnets based on LTS have been recently replaced with HTS ones,
allowing to achieve much higher fields in smaller volumes working at higher temper-
atures and making the full system more reliable and efficient. This application and
its enormous demand for HTS tape are having a huge traction effect over the HTS
production sector which is increasingly improving their performances, augmenting
their available lengths and reducing their prices, also impacting other uses.

For other applications of energy generation, particularly renewable generation, the
situation is different and superconductivity becomes one of the competing solutions
rather than the only alternative. Applications related to hydrokinetic energy are still in
the first steps (low TRLs). In some cases, such as the extraction of ocean energy, their
success will be mainly conditioned by their reliability in such harsh environments.
In others like low and medium-head hydropower plants and run-of-river systems, the
added value relies on the size reduction and ease of maintenance of power plants
located in remote regions of difficult access close to the areas they serve. For the
case of wind turbines where several prototypes have been successfully developed
(medium to high TRLs) the main question now seems to be the determination of
the threshold power from which the superconducting solution defeats other alterna-
tives, especially permanent magnet-based generators. Technically speaking, there is
a variety of proposals closely related to those for other applications, especially ship
propulsion. Nevertheless, the predominant solution is the synchronous alternator with
superconducting DC excitation to avoid AC losses. A next step if HTS supercon-
ductors achieve a sufficiently low level of AC losses, will be fully superconducting
alternators with both sides using superconducting coils. The case of magnetic energy
storage is more evident; there is no option for resistive solutions, and the magnets have
to be superconducting anyway. Their stored energy density, which is intrinsically low
for these devices, is limited, curiously, by their mechanical properties (yield strength)
and this means that stresses in the superconductor should be controlled. Alternatively,
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the stored energy density is also proportional to the B - J product being the Nb3Sn
the material with the best B - J parameter. Also, REBCO has a high value, but AC
losses are a more limiting factor since the attainable wire subdivision in filaments is
much higher for the first material than for the second one. Kinetic energy storage (Fly-
wheels) is rather the opposite case. Conventional non-superconducting solutions have
been running for a long time and superconductivity contributes with an improvement
in the levitation/guidance systems, which allows for better performance, basically in
terms of round-trip efficiency.

For energy transmission, SC cable systems have an important role to play in address-
ing the challenges associated with traditional power transmission lines. These are, to
a great extent, related to power losses which vary from 1 to 10% in both AC and DC
lines. Due to its zero-resistance characteristic, SC cable lines have the potential to
minimize power losses during DC energy transmission. While AC power lines remain
subjected to AC losses, advanced cable designs have been developed to effectively
reduce AC-related energy dissipation. Geometric strategies allow for establishing the
correct cable twisting pattern by optimizing key parameters such as twist pitch to
reduce the effects of flux jumping and eddy currents. SC transmission line designs
are mainly based on the use of HTS tapes refrigerated at LN2 temperature. The latter
enables simpler cooling systems than those required for LTS, consequently reducing
passive power losses from cooling, vacuum pumping, and coolant circulation. SC
power line losses are dominated by such passive power losses which are present even
when power isn’t transmitted. For this reason, efficiency depends on the average load
relative to the peak load, namely the load factor. It was shown that the power sav-
ings achieved by using HTS cables, outweigh their passive energy. High load factors
minimize idle losses, and for 50-100% load factors with capacities of 4-10 GW, SC
power losses are one to two orders of magnitude lower than those of conventional con-
ductors. Apart from the cables themselves HTS tapes are used to limit fault currents
in transmission lines. SCFCL operation is based on the SC fast resistivity increasing
due to the superconductor quenching caused by the overcurrent during a fault and is
especially attractive due to its self-triggered and self-recovering character.

An extremely advantageous consequence of the use of HTS power lines is related
to space-reduced cross-section area due to the higher current densities that SC power
cables can conduct. The use of SC lines allow to drastically reduce in two orders of
magnitude the corridor widths in comparison with traditional ones.

One of the most representative examples of HTS power line application is the
AMPACITY project. Such an installation has a 10 kV, 40 MVA and 1km REBCO
cable together with a SCFCL installed in the city of Essen, Germany.

For transport applications, there is an outstanding case corresponding to ship propul-
sion where the potential benefits of superconductivity in a scenario of increasing
electrification is undoubtful. The need for more forceful and efficient ships, highly
electrified, becomes the perfect scenario for introducing superconducting propulsion
which is intrinsically more compact and allows the implementation of powerful pods
outside the hull which contribute to improving the overall hydrodynamic efficiency
of the ship and also to increase its payload. Some attempts to use homopolar motors
to avoid AC coils were substituted by superconducting excitation side synchronous
alternators, able to reduce significantly the motor sizes providing the same power as
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the conventional ones. Additionally, a more exotic solution (magneto-hydrodynamic
propulsion) is still waiting for the development of very high field magnets able to
achieve much better efficiencies.

In airborne applications, the success of superconducting motors is strongly associ-
ated with the feasibility and competitiveness of the full concept of electric planes. At
this moment, the energy density of the complete electrical propulsion system is lower
than that of fossil fuels, even if superconducting motors are used to profit from their
high-power density. Fully electrical aircrafts will dramatically change the baseline
of future designs and propulsion concepts in the field, where SC technology seems
to be the best candidate for future large planes. Therefore, this technology is being
developed at an early stage, while the expectation is put on the future performance
of the materials and cryogenic synergies are considered critical, being Hydrogen the
most promising one. Finally, some of applications in the industrial sector have been
addressed. While future technologies could be based on the advantages that SC can
provide, at this moment, the SC technology for industry is basically focused on reduc-
ing emissions and improving efficiencies without giving big qualitative improvements
on their capabilities.
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