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Abstract

For decades superconductor materials have promised high power, high efficiency, and compact
machines. However, as of 2024, commercial applications are limited. One of the few successful
examples is represented by low temperature superconductor (LTS) materials that are used for
magnetic resonance imaging (MRI) in hospitals worldwide. High temperature superconductors
(HTS) can support currents and magnetic fields at least order of magnitude higher than those
available from LTS and non-superconducting conventional materials, such as copper. However,
HTS are seldom used, even if there are important areas where these materials could perform
better than conventional ones or LTS. For example, HTS can replace conventional materials in
wind turbines and aeroplane motor-engines to improve power to weight ratios. In tokamak fusion
reactors, HTS might enable sustainable positive power outputs. Additionally, in medicine, HTS
might replace LTS for smaller MRI machines, producing high-resolution images, without the need
to use a scarce resource like Helium (fundamental for LTS). The primary barriers to deployment
are alternating current loss, quench, heat losses, and costs. Developments in HTS manufacture
have the potential to overcome these barriers. Here we set out the problems, describe the poten-
tial of the technology and offer (some) solutions.

[H1] Introduction

A superconductor is a material that, when its temperature drops below a certain point, known
as the critical temperature (T.), shows a direct current (DC) electrical resistance of 0 Q. Supercon-
ductors are classified according to their T.. When a specific current density magnitude is reached
(the critical current density, Jc), superconductivity is lost. J. depends on the material, the temper-
ature, the ambient pressure and the local magnetic flux density (B) 2 3.

Superconductivity was discovered in 1911, while investigating how electrical resistance of mer-
cury varied with temperature 4. At the time there were three different high-profile theories de-
scribing the behaviour of electrical resistance at low temperature: the first one stated that it
should rise to infinity °, the second one that it should drop steadily and gradually to zero >, and
the third one that it should level off to a finite value °. The fact that, for certain materials, there
was a temperature at which resistance disappeared altogether was a surprise. Various supercon-
ducting materials were discovered in the following decades, all of them either metals or alloys ¢ 7
8910

Prior to 1986, all superconductors operated at less than 35K and were described as low tem-
perature superconductors (LTS). In 1986, superconductivity was discovered in Ba-La-Cu-O ! and,
soon after, in yttrium barium copper oxide (YBCO) at 93K 2. This temperature is above the boiling
point of Nitrogen (77 K). Liquid Nitrogen is cheap, non-toxic, easy to handle and readily available.
Since Yttrium can be substituted by a range of rare earths, a whole family of superconductors was
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identified, commonly known as rare earth barium cuprates (REBCO). A revolution in superconduc-
tivity had begun and the attention shifted to the new high temperature superconductor (HTS)
materials 13141516 1718 19 4TS can have over 200 times higher current carrying capability than LTS
at 4.2 K in self-field 2° 2! and over 60 times higher than copper at 77 K in self-field 22 23, This discov-
ery opened the way to a greater range of materials and applications than was previously thought
possible. 40 years later, large scale applications encompass superconducting generators for wind
turbines 2* %, superconducting aeroplane motors %%, small and light magnetic resonance imaging
systems (MRI) ¥, and compact tokamak fusion reactors 28 2°

However, there are challenges, or barriers, for HTS, that need to be overcome before they can
see widespread use in large scale applications. The first is losses, most notably alternating current
(AC) losses 3°. Second generation REBCO tapes commonly known as coated conductors are tapes
and consequently have much higher losses than LTS which are typically wires when conducting
AC 3L, Losses reduce efficiency and can, causing local heating, lead to quench. Quench is the sud-
den and violent termination of superconductivity. The sudden release of energy can cause sub-
stantial damage that can destroy the entire or large parts of a machine. Traditional means such
as current leads can be responsible for some heat losses 32, Providing the necessary amperage to
fully use the superconductor’s capabilities is not trivial. The final barrier is cost, this is due to a
mixture of factors, such as raw material cost and manufacturing, currently HTS are more expen-
sive than LTS and conventional materials 3.

Revolutions can sometimes be slow and may take an unexpected course. Usually, the original
invention or discovery is only part of the story, and it takes further development for the item to
really take off. Back in the 19th century some of the earliest cars were electric but it has taken
more than a century for electric cars to be widely adopted. Similarly, superconducting materials
have fantastic properties, but, since their inception, we have been working out ways to use those
properties. This review looks at some available materials and assesses the barriers to their use.
Also, it highlights successful applications and looks at the near and far future for superconductors.

[H1] Materials

There are a very large number of metals and compounds, which can be made to display super-
conductivity 34 Superconductors can be classified according to the critical temperature: LTS and
HTS. LTS normally refers to the most widely used LTS for engineering applications: Nb-based alloys
(most commonly Nb-47wt.%Ti) and A15 (NbsSn and NbsAl) superconductors. The critical temper-
ature below which these materials display superconductivity is usually below 20 K. HTS includes
REBCO (for example, YBCO, GdBCO), other cuprates (such as bismuth strontium calcium copper
oxide, BSCCO, Bi,Sr,CaCu,0x or Bi,Sr,Ca>CusOx and those based on Mercury and Thallium) and
MgB,. There are also other superconductors such as Pnictides which have Tcs up to 56 K *°.

From a large-scale applications point of view, the most interesting materials are LTS, the cu-
prates, and MgB,. In addition, there are various exotic materials which have high critical temper-
atures, but which require high pressure in the range of GPa. For example, superhydrides have
been often reported as having “room temperature” critical temperatures 3. However, these
claims are open to challenge 3° Starting in 1911, maximum T increased only slightly from 10K to
around 25K in the 1970s, it was from 1986 to 1988 where the Cuprates took Tc from 30K to nearly
140K. At ambient pressure HgBaCaCuO at 133K in 1993 has not been surpassed to this day .

[H2] Relevance to large scale applications

Of the myriad number of HTS materials, there are, as of 2024, only three materials which
are relevant to large scale engineering applications: REBCO, BSCCO, MgB, (Fig. 1). REBCO offers
several advantages, including a high critical temperature of 93K, high critical current >10° A/m? at

2



96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

121
122
123
124
125
126
127
128

129
130
131
132
133

134

135
136
137
138
139
140

77 K, and a high irreversibility line compared to the other two materials. However, REBCO also
has drawbacks such as a high aspect ratio and vulnerability to AC losses. Additionally, REBCO bulks
can be challenging to magnetise due to their high current density. In contrast, BSCCO exhibits
lower AC losses than REBCO in wire form, but it has a lower critical current and its price is influ-
enced by the use of silver in the matrix 3. MgB, stands out for its lower cost compared to REBCO
and BSCCO, but it has a lower critical temperature and critical current, making it more suited as a
replacement for Nb-Ti . Unlike REBCO, BSCCO and MgB; do not contain rare earth elements,
giving them a material cost advantage.

REBCO materials are available in bulk and tape conductor forms. REBCO tapes are commonly
manufactured with a multilayer structure, known as coated conductors, consisting of various lay-
ers. REBCO coated conductors can be sliced and stacked to create artificial bulks, which can be
magnetised and used in the same way as bulk samples. Both REBCO bulks and tape stacks can
serve as trapped field magnets after magnetization, finding possible applications in motors, gen-
erators, levitation systems, and more. REBCO tape stacks are transformed into trapped field stacks
after magnetisation. The highest trapped fields achieved by trapped field magnets are 17.6 T for
REBCO bulks at 26 K %°, and 17.89 T for REBCO trapped field stacks at 6.5 K #*. Both BSCCO and
MgB; are available in bulk, tape, and wire forms. While BSCCO bulks have been discussed in many
studies * % they have seen limited real-world applications due to their lower current density
compared to REBCO. A fundamental parameter for applications is, in fact, the critical current den-
sity, defined as the amount of current per unit area which can be carried before superconductivity
is lost. This parameter is related both to temperature and to the local magnetic field strength. The
typical engineering current densities Je?!, which is the current density across the entire tape cross
section, of the three materials in tape (for REBCO and BSCCO) or wire (for MgB;) forms are in the
order of 2~¥9-10° A mfor REBCO, approximately 7~8-108 A mfor Bi-2223 and 2~3-108 A m™% for
Bi-2212 in terms of BSCCO, and 3~4-10° A m™ for MgB; at 4K and self field*® (Fig. 1j).

[H1] Barriers to application

There are four main aspect that prevent HTS from being widely adopted for practical applications:
AC losses, quench, heat losses, and costs. AC losses means that some applications such as motors
(for aircraft) cannot be fully developed at present. Quench can cause catastrophic damage to a
machine. Heat losses arising from conventional power supplies, based on power electronics con-
nected by accompanying current leads, need to be minimised or ideally eliminated altogether.
Lastly, as of 2024, we are limited to high value applications, or applications where budget is less
of a concern.

[H2] AC Loss and low loss cables

AC losses occur when a conductor is subject to an alternating field or current. Considering that
the loss is incurred at low temperatures (typically < 77K), the equivalent loss — had it been in-
curred at room temperature — must be multiplied by a large factor. The maximum efficiency is
given by the Carnot Cooler efficiency:

e+ 100% (1)

Ty-Tc

Where Tc and Ty are the temperatures of the cold and hot reservoirs.

However, the full Carnot Cooler efficiency can never be achieved in a cryocooler. A typical max-
imum percentage of full Carnot would be 30%. For example, the cooling power of the Sumitomo
CH110 single stage cooler, when the temperature is as low as 20 K, falls off rapidly to effectively
zero (capacity chart). The F-70 compressor when driven at 60 Hz consumes 8 kW of power. Thus,
when operating temperature of 40 K, each 1 W of heat needs 80 W to remove it.
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Both BSCCO and MgB; can be made in the form of wires that can be twisted. Consequently, the
loss can be reduced (but not eliminated altogether). REBCO HTS is the most promising material,
having the best properties at the highest temperatures?! . However, REBCO can be only made in
the form of tape (and the AC loss is proportional to the x-sectional area of the tape). Hence there
is a large driver to mitigate, or even solve, the AC loss problem. AC losses can also lead to quench
which could damage the device. Unless AC losses are reduced to manageable levels (in the order
of 10 mJ/cycle/m), large-scale applications that include AC conditions will not be economic. The
operating and maintenance cost will increase by 20 % - 30 %. In a motor, for example, an induction
machine has very high losses. A possibility is to consider a synchronous machine, in which only
the rotor is superconducting and which sees a static field. In this case, however, the machine will
only be half-superconducting and much of the advantage of using superconductors lost. Conse-
guently, weight-sensitive applications such as aeroplane engines are difficult to optimise to the
extent required for, for example, a wide-bodied jet.

There are several sources of AC losses, but the most important ones are coupling loss and hys-
teresis loss. Hysteresis loss is a function of the width of the conductor and can be reduced by
filamenting the conductor. For example, cutting it into thin strips, or, as with BSCCO and MgB,,
drawing it down to a fine wire. This approach, however, leads to another source of loss, the cou-
pling loss. Coupling loss occurs because the interaction between the magnetic fields of adjacent
conductors leads to an electric field between them. Consequently, a current flow between the
conductors which is flowing through the matrix which is non-superconducting. Twisting the con-
ductors leads to magnetic field cancellation, hence reducing the electric field and, consequently,
the coupling loss.

There are many different designs of cables all of which satisfy at least in part the need for twist-
ing or filamenting (Fig. 2). Rutherford cables — named after the Oxford laboratory where they
were developed — are the most popular and have been used since the early 1970s for LTS cables
4 Other examples include the Roebel assembled coated conductor (RACC)¥, the patterned su-
perconductors for AC Loss minimisation and current maximisation (PSALM, previously referred to
“Roebel tapes”)*, the twisted stacked tape cable (TSTC)*, and the cable on round core (CORC)*°.

These cables are all designed based on different application scenarios and have their own ad-
vantages and disadvantages. The Rutherford, the RACC, and the PSALM cables are designed to
provide the minimum loss for the maximum current density, the TSTC maximises the current den-
sity and the CORC minimises the loss. The Rutherford cable has been around a long time, originally
designed to prevent quench in LTS magnets, it is very successful, and its design is largely opti-
mised. The Rutherford cable inspired both RACC and the PSALM. In both, an essentially flat HTS
tape is interleaved with other tapes to create an effective twist and thereby reduction of loss. The
difference between the Rutherford cable and the RACC cable is that a RACC cable is created by
cutting multiple tapes in a zig-zag pattern and physically interleaving the multiple pieces of tape.
The PSALM cable seeks to create the same effect by taking a single section of tape, patterning it
into a zig-zag pattern, depositing another layer of superconductor on top and patterning it. The
process is repeated as required. It is designed to use very large-scale integration techniques to
achieve a continuous production process where the patterns are produced as the tape moves
along the production line. The resulting tape is expected to have very high current per unit vol-
ume. The PSALM cable includes multiple REBCO layers with buffer layers in between, making the
current density of such tape or cable higher than any other existing HTS cables. Each buffer layer
is patterned into filamentary meander shapes which is mirrored by the REBCO layer. Adjacent
REBCO layers have patterns in different directions so that the magnetic field generated by them
can cancel each other. This field cancelling effect can not only mitigate the critical current degra-
dation caused by the field generated by nearby layers, but also can reduce the AC losses when the
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tape is carrying AC transport currents >1. As of August 2024, demo samples of the cable containing
a single layer REBCO patterned have been manufactured, and tested in liquid nitrogen 2. Com-
pared with normal HTS tapes, single-layer cables can reduce the transport AC loss by 60% due to
patterning and double-layer cables can reduce the loss by a further 20% due to the field cancelling
effect. The magnetisation loss reduction is proportional to the filament numbers: a 70% reduction
can be obtained using 4 filaments °3. These results have verified the high-current and low-loss
features of the PSALM and indicate that it might be promising for compact and efficient magnets
for fusion coils.

The CORC cable, firstly proposed in 2009 *°, contains several HTS tapes wound on a round core,
also known as the former. The tapes are interlaced to make the current distribution more uniform.
The former is usually made of metal, such as copper or aluminium alloy, to conduct heat and
enhance mechanical strength. The CORC cable is considered one of the most promising cable
structures for high-current (kA level) applications. In CORC, multiple layers of HTS tapes are in-
cluded to increase the current capacity. It can contain up to 13 layers with 40 tapes in each layer
> which means an extremely high current capacity can be realized. However, the engineering
current density of a CORC cable (6.78-108 A-m2at 12T, 4.2K *°) is still lower than original HTS tapes
because the round former does not carry any current. When the cable is carrying an AC or exposed
to an alternating field, the former also generates eddy current losses, which make up the largest
part of the total losses of the CORC cable . Therefore, it is recommended to make the former
hollow or insulating to reduce losses and allow coolant to flow inside. To further reduce the mag-
netization losses, filamentary HTS tapes can be used to make CORC cables *¢. Compared with
simply stacking HTS tapes in parallel, this structure makes all the tapes experience the same elec-
tromagnetic environment by transposition and thus remarkably reduces the coupling losses. The
isotropy also allows the cable to be wound into any shape within the bending allowance of the
tape and the former. Fusion magnets using CORC cables are being tested around the world while
the performance and the feasibility are still be to verified 57 8 . The simplest way to assemble
HTS tapes and increase the current capacity is stacking. However, due to the anisotropy of the
REBCO tapes, stacked tape cables can only bend in-plane, and each tape experiences different
magnetic environments. By twisting, the bending direction of the TSTC is no longer limited, and
the magnetization performances to the magnetic fields in different directions are identical. TSTC
cables have been proposed and fabricated for high-current magnets in fusion ¢ 1, Compared with
CORC cables, the engineering current density of the TSTC is higher because of the absence of the
former. However, the twisting process makes the cross-sectional area no longer rectangular but
circular, which introduces current-free helix space. Besides, limited by the mechanical strength of
HTS tapes, the twisting angle cannot be large, which means the twisting pitch is long and the
reduction in the magnetization losses is limited. A similar cable structure is the twisted soldered-
stacked-square wire 2 %3, The basic structure of the twisted soldered-stacked-square wire is the
same as the TSTC, but the tapes are only 1 mm wide and are soldered together to enhance the
mechanical strength. The wire product is much thinner (normally several mm) and can be wound
into almost any shape as normal copper wires do. The AC losses of the twisted soldered-stacked-
square wire are also markedly reduced because of the small width of the tapes and the twisting
treatment. However, the manufacturing process requires highly delicate techniques to cut wide
tapes into 1 mm wide ones and solder them together orderly.

[H2] Quench and quench protection

Whilst it is well-known that employing superconductors on the stator of a rotating machine
result in an AC loss — which must be considered when evaluating the machines efficiency — less
obvious is that, in an application such as fusion where the current in the coils is ramped up and
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down, AC loss incurs . The main concern in this regard is quench, not efficiency. Quench is a
lasting problem with superconducting magnets that can be mitigated by using protection circuits
to minimise the damage. However, a better solution is to reduce the probability of quench hap-
pening by reducing the loss (such as AC loss) that occurs during ramping events and causes local-
ised heating.

Quench is relatively common in LTS magnets. Famously in 2008, a quench occurred in the Large
Hadron Collider affecting 100 magnets and requiring the replacement of 53 of them®. The quench
was rapid enough to cause an electric arc (or discharge) which damaged the integrity of the su-
percooled helium's enclosure and vacuum insulation, causing the coolant's temperature and pres-
sure to rapidly rise beyond the ability of the safety systems to contain it.

It is quite common for LTS magnets to quench and they are often deliberately quenched in a
process known as training ®. Quench is often caused by friction when adjacent conductors move
relative to each other, causing local heating. Training processes enable the conductors to move
into their final positions minimising further motions. An LTS wire is relatively robust and has a low
minimum quench energy [G] (in the order of W) and a high normal zone propagation velocity [G]
(typically in the order of m s2), so the problem is not acute because the energy associated with
the quench is not too localised and can be dissipated rapidly.

HTS tapes are fragile and have a high minimum quench energy [G] (typically 2 or 3 orders of
magnitude higher than for LTS) and low normal zone propagation velocity [G] (typically 2 or 3
orders of magnitude lower than LTS). The combination of these two factors means that there can
be a rapid evolution in temperature in a relatively small part of the magnet. Thus, quench in an
HTS magnet can be catastrophic. The onset of quench is difficult to predict and typically, once
started, does not stop until there is no more energy left to dissipate. Because of the low normal
zone propagation velocity [G] in HTS, localised hot spots can lead to rapid rise in temperature of
100’s of degrees, damaging to the coil. Hence, training is not an option in HTS coils.

Reliably detecting rises in temperature or coil voltage prior to the quench is difficult. However,
there are various techniques that could be employed. An active quench protection system in-
volves heaters which drive large parts of the coil normal out of the superconducting state (rather
than a small hot spot) so that the energy is dissipated over larger volumes, limiting the tempera-
ture rise®”. Passive techniques involve a system of diodes that divert the current to external dump
resistors . Ultimately, in an HTS magnet, the best solution is trying to avoid quench running at
current densities lower than J. and reducing the AC loss to diminish the local heating.

[H2] Heat losses and thermal isolation

The third problem is providing the necessary amperage whilst minimising heat losses. Most
applications of superconducting magnets are to generate very strong magnetic fields by trans-
porting very large currents, ranging from hundreds of amperes (for example, in MRI) to tens of
thousands of amperes (for example, in fusion). To reach such high DC output, conventional power
supplies based on power electronics are expensive, bulky and energy consuming . Current leads
are also bulky and are required to be connected to external power supplies, forming a bridge
between the room temperature and cryogenic environments that causes heat loss. The supply
can be thermally isolated from the machine using a flux pump. Based on power consumption, that
is a function of the squared current, the non-superconducting power electronics, and copper cur-
rent leads (R # 0) can easily cause very large power dissipations.

LTS magnets have superconducting joints with zero resistance thus, the current can flow in the
magnet without decaying. This process is known as persistent current mode (PCM). In PCM, an
LTS MRI runs without a power supply, indefinitely, saving energy and enabling the power supply
and the current leads to be removed and used elsewhere. The thermal bridge to the outside world

6
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is also removed. For HTS, especially the crystalline compound REBCO, PCM remains a challenge
as the perfect HTS joint is too difficult to manufacture and joint resistance is almost unavoidable
70 A large HTS magnet can contain dozens of such joint resistances, causing current decay in the
HTS magnet. Moreover, at higher operating temperatures, a phenomenon known as flux creep
can also cause the decay of current 7. These two factors prohibit the HTS from working in PCM.
Power supply and current leads cannot be removed as for LTS.

This problem has been mitigated with the invention of superconducting wireless DC power sup-
plies, named HTS flux pumps 7273, Flux pumps enable an HTS magnet to operate in a regime similar
to PCM without the current leads, substantially reducing the power consumption and heat loss.
Moreover, any HTS magnet system equipped with a flux pump is more likely to become portable
due to less auxiliary equipment such as a cryocooler, bulky power supplies, and current leads. Two
categories of flux pumps, based on different mechanisms 7* 7, travelling wave 76 77 78 79 80 81 gpq
transformer rectifier 8 8 84 85> have been shown to reach more than kilo-ampere output % 7 ,
Additionally, current leads and flux pump can be simultaneously removed from the cryostat 8.
Fast current regulation and accurate bipolar current control were also demonstrated %° %%, With
these developments and further advance in HTS flux pumps, addressing the barrier of heat loss,
the inability for HTS magnets to operate in PCM is expected to be fully overcome in the next 5-10
years.

[H2] Cost of superconductors and their trend

The barrier of high cost of superconductors arises partly because there has never been, as of the
middle of 2024, a true enabling application. Except for research magnets and large capital projects
such as the Large Hadron Collider and the ITER, the only obvious large-scale market is given by
MRI systems. These applications are all based on LTS systems

With respect to HTS, a surge in demand for superconducting cables and tapes has been regis-
tered, fuelled by advancements in fusion reactors and electrical machines. A compact tokamak
fusion reactor such as the Commonwealth fusion SPARC reactor requires 10,000 km of 4mm wide
REBCO superconducting cable %2. EcoSwing — an European commission funded project — devel-
oped a 3.6 MW superconducting generator with 40 poles of 500m of superconducting tape on the
rotor . Airbus UpNext have launched the ‘advanced superconducting and cryogenic experi-
mental powertrain demonstrator’ project to develop a superconducting electrical aircraft to meet
their net zero target . Thousands of kilometres of superconducting materials are used for each
project, constituting a significant portion of their overall costs. Wind turbines will be the biggest
beneficiaries from the potential price drop of HTS materials, because of the original intention of
maximizing power generated at low-cost. This project has established a greatly increased demand
for HTS, and cost reductions will surely follow.

When considering conductor pricing, it is important to differentiate between the manufactur-
ing cost and the purchasing price. The manufacturing cost of a conductor is markedly influenced
by the volume and the continuity of the production process. The purchasing price is determined
by various factors that include manufacturing cost, profit margin, competition, market conditions,
overhead expenses, taxes, etc., and it is ultimately set by the manufacturer. In general, the 2024
indicative purchase-prices of @ 0.8 mm Bi-2223 and Bi-2212 are around 20 US$ m* and 75 USS m
! respectively. The typical purchase-price for a4 mm REBCO is around 40 USS m™42 but this value
depends on the quality of the tape in terms of critical current and tends to be fixed at the point
of sale. A substantial surge in demand for 2" generation HTS tapes, attributed to fusion develop-
ment, that will reduce the overall manufacturing cost thanks to a larger volume of production is
expected *°. Since the 2010s , the price of REBCO has dropped to about one-tenth of its previous
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level, with a projected linear reduction over the next 5-10 years (2030-2035). Additionally, ad-
vancements in manufacturing technology have substantially enhanced the critical current density
of REBCO tapes, offering greater flexibility with tape width during the design phase. Manufactur-
ers can now produce wide tapes and then slit them into narrower ones or filaments according to
specific requirements, thereby expediting the overall manufacturing process .

Conversely, projections cannot be relied upon solely for all materials. For instance, the price of
NbsSn has been increasing over since 2010, while the price of BSCCO remains stable. This differ-
ence is likely to be driven by mineral costs: BSCCO requires a silver matrix, and this tends to dom-
inate the price. Although for REBCO the material cost is insignificant, accounting for only 1% of
the current cost, meaning that reductions in price through increased production volume or im-
proved manufacturing methods are not negatively offset by material costs.

The levelized cost of energy (LCOE) is one of the most important factors to determine whether
a power generating system can break-even over its life cycle. LCOE values, expressed in USS MWh"
! can be estimated using the standard given by the United Kingdom Department for Energy Secu-

rity & Net Zero:

5 CAPEX, + OPEX,
n aA+rn 2)
5 APPret
1+nrn

where CAPEX,, OPEX,, and AEP..:n are the capital expenditures, operational expenditures, and
net average annual energy production in year n respectively, and r represents the discounted rate
% Fundamentally, LCOE is the minimum cost of energy that must be sold at for a project to break
even by the end of its lifetime.

A conventional fixed-bottom offshore 10 MW level wind turbine has a standard LCOE of 95
USS MWh?, and the generator itself takes 36.6% of overall component cost (CAPEX) %. This means
if electricity is sold at this price, the project will break even over the course of its lifecycle of 25
years. This gives 21 million USS as the total sum cost across those 25 years. Increasing the elec-
tricity price higher than the estimated LCOE or reducing the overall expenditures will accelerate
the project break-even point and lead to earlier profitability (Equation 2). If electricity is sold at a
price 50% higher than the estimated LCOE, the project is likely to break even in year 15.

The LCOE of a 11 MW permanent magnet superconducting generator using about 300 km of
MgB, on its rotor and 246.64 km on its stator, assuming 3 USD m™, consists of about 18.2% of
total generator cost *°. A 10 MW generator made with HTS materials with similar conditions as
EcoSwing, has an estimated LCOE of 212.88 USS MWh?, which is 6.1 USS MWh? higher than the
one of the permanent magnet at 206.78 USS MWh™ % With a projected cost reduction of 40%,
the LCOE of the super conducting turbine drops to 205.56 USS MWh™. The calculations that pro-
duced these numbers assumed 25 years as the lifecycle of as turbine, the cost of the conductor
to be 76 USD m™ (price of 2021). Without that 40% reduction in conductor cost, the permanent
magnet turbine is still more cost-effective with approximately 13 million USS saved over the 25-
year lifetime. Considering the reduction in conductor cost, the superconducting turbine comes
out to be 2.6 million USS cheaper over that lifetime. It should be noted that there is no data for
either a permanent magnet- or a superconducting- turbine operating for 25 years. This is im-
portant because if the lifetime of the turbine is shorter than the capital expenditure is more im-
portant. The permanent magnet turbine costs around 7 million USS and the superconducting tur-
bine costs around 14.2 million US$'®. Thus, the cost of superconductors is incredibly important.
An in-depth analysis of cost evaluation presented for a magnet that constructed using Nb—Ti,
NbsSn, Bi-2223, or REBCO, in terms of capital-cost and operating-cost!?, showed that the total
cost for REBCO is more than double that of Bi-2223, and more than four times the one for Nb-Ti

LCOE =
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and NbsSn*? . Additionally, MRI is a very mature market and is largely satisfied by LTS. Conse-
quently, historically, the MRI manufacturers have shown little interest in HTS solutions.

[H1] Applications

Superconductors would be ubiquitous, but for the fact that they require certain conditions to
work such as low temperature or extremely high pressures, their practical applications are limited
in the real world. As of 2024, HTS materials are always accompanied by cooling systems which
make the whole device less compact and efficient. Despite this drawback, some applications, such
as MRI, rotating machines, and nuclear fusion, are promising financially and efficiently.

[H2] MRI

The first MRI was proposed in 1969 by Damadian 12, who filed a patent in 1972 1%, The first
commercial MRI, a whole-body scanner, was built by FONAR in 1980 %, Following a rapid pro-
gress, the first mobile MRI system was produced in 1985 and, in the same year, a surgical proce-
dure was performed inside an MRI at University of California Los Angeles'®.

An MRI scanner presents three main components (Fig. 3a): the main magnet, which generates
the high magnetic field; the gradient coils, which can produce a varying magnetic field for the
spatial encoding of signals; and the radio frequency (RF) coils, that are used to transmit a RF field
that excites protons in the body and caused them to emit a signal that is detected by the scanner.

Typically, an MRI system uses a magnetic field of 1.5 T or 3 T (the higher the field the better
the resolution of the images). Nevertheless, there are low-field examples based on permanent
magnets and variations include open MRI and sit or stand-up MRI. As of 2024, most of the devel-
opments are concentrated on “low-cost” permanent magnet MRI’s and ultra-high field systems
(> 10 T) %, Because the majority of MRIs are based on LTS, interest has been expressed in using
MgB, 197 108 As for NbTi, MgB, is available as a wire and could potentially provide a direct replace-
ment. The cost of the material (MgB,) is comparable to that of Nb3Sn and NbTi. However, MgB,
magnets can be run at a higher temperature with respect to NbsSn and NbTi ones. Thus, the pri-
mary driver behind the potential move to MgB; is the cost of power to keep the material cold .

REBCO, specifically YBCO, is also under consideration 19° 110111 The price of the material is still
prohibitive, with $70-100/m for 12mm wide tapes, but the running costs will be lower and, thanks
to its much higher current density, the opportunity to build lighter, higher field, truly portable
MRIs is a potential driver 1°, When comparing MgB,, REBCO and BSCCO as potential alternatives
to NbTi, the cost of the materials and other technical shortcoming, e.g. AC losses and quench of
HTS conductors are still major barriers 2. Quite a few HTS MRI magnets have been built and
tested since the beginning of the 2010s. For example, a 1.5 T MRI scanner magnet was developed
and tested in 2013 using YBCO tape 3. A 3 T Bi-2223 HTS magnet was developed and tested in
2013 in Japan 14 A 3 T HTS magnet was successfully used for imaging in 2016 °. In addition, the
recent interest in Compact tokamaks using YBCO, is driving the cost of YBCO down?!?®,

[H2] Rotating machines

Superconductors can be used to construct rotating machines, either motors or generators. The
rated power of a rotating machine depends on factors such as size, rotation speed, armature load-
ing (stator current), and magnetic field strength. Superconducting machines have the potential
for higher armature loading and magnetic field strength than those present in conventional ma-
chines. In the case of wind turbines, these characteristics can compensate for the relatively low
rotation speed without the need for a gearbox; in weight-sensitive applications like airplane and
ship engines, superconductors can reduce the size and weight of the motor.
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[H3] Generator

Numerous projects have focused on wind turbines, which are one of the most suitable and devel-
oped applications for superconducting generators. Both LTS and HTS wind turbines have been
researched and developed thus far 17 118 LTS generators have historically lower costs due to the
price of MgB,; however, the development of REBCO material with increased critical current and
gradually lower price have made HTS generator promising. The latest development of EcoSwing
9396 js a direct drive HTS synchronous generator used on an existing permanent magnet one, with
its corresponding power converter being replaced (Fig.3b). This project was tested on a commer-
cial wind turbine and can operate under stable conditions at 2 MW level, as well as achieving the
targeted 3.6 MW level 128,

[H3] Motors

In addition to wind turbines, the category of rotating machines includes motors, which present
similar economic considerations. In this case, with a growing market demand for airplane motors,
weight sensitivity is paramount. In a 2" generation HTS motor used for electric propulsion, the
permanent magnets on the rotor are replaced with HTS coils to produce magnetic fields (Fig. 3c)
113 For a fully superconducting design, HTS coils can also be used in the stator windings. The tar-
geted power-to-weight ratio is 20 kW kg for wide-bodied long-range jets. Achieving this target is
exceptionally ambitious, given that conventional electrical machines currently claim a maximum
of approximately 10 kW kg ref.1?°, Building a superconducting machine to meet this demand
involves integrating a cryocooling system, which adds weight (typically 10-30 kg kW, ref.}?!). To
double the electric or magnetic loading necessary for such a machine poses challenges, especially
considering that most electric motors are limited to a maximum flux density of 2 T due to the
saturation flux density of iron. While air-cored machines are conceivable, they still face obstacles.
Thus, practically, an all-superconducting machine is required, where both the magnetic and elec-
tric loading are increased by the presence of superconductors. However, this approach introduces
the challenge of AC losses, which could reduce the efficiency of the machine to less than the >99%
efficiency required. There are examples of superconducting electric motors for aeroplanes, such
as ASCEND and the ‘advanced superconducting motor experimental demonstrator (ASUMED)’
project; however, the targets are still a long way away.

Hydrogen fuel-cell powered electric aircrafts have the potential to reduce climate impact by
75-90% and hydrogen turbine based electric aircrafts could reduce climate impact by 50-75% 2.
Large-scale hydrogen-powered electric aircrafts at a multi-MW level have highly demanding re-
quirements regarding the power density and efficiency of the superconducting machines. The use
of liquid hydrogen as the fuel source offers a cryogenic environment for the superconducting ma-
chines. For an aircraft like a Boeing 777, with two GE 90-115B engines, each engine produces
roughly 23 MW or a total of 46 MW. A typical latent heat for hydrogen is 447 kJ kg*. At 1 % inef-
ficiency, 460 kW of cooling would be needed meaning to boil off 1 kg s of hydrogen. For a 12-
hour flight, around 40000 kg of hydrogen would be needed. This value is lower than the capacity
of a Boeing 777-200 (around 85200 kg) *?3. The numbers seem to work. However, this evaluation
does not consider the mass (or indeed the volume) of the storage. “Whereas aviation fuel consti-
tutes about 78 % of the combined weight of tank and fuel, liquid hydrogen accounts for just 18 %
of the total in current storage designs. To compete with fossil fuels, the fuel weight fraction has
to reach at least 28 %” 14, it is hard to see how this can be reached.

[H2] Fusion
To tackle the energy shortage and net-zero challenges, commercialized nuclear fusion is regarded
as a necessary part of the solution. Fusion reactors are being developed in a type of magnetic
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confinement device, named Tokamak. An HTS tokamak 3D model provided by SPARC is shown in
Fig. 3d. The toroidal field coils generate a strong magnetic field that encircles the torus-shaped
vacuum vessel, shielding the plasma from the wall and divertor. The poloidal field coils shape the
plasma by adjusting the current, preventing instabilities using prepared models. The central sole-
noid coils and ion cyclotron heating can rapidly charge and heat plasma for operation. In a Toka-
mak, the energy gain and the power density are proportional to the third and fourth power of
magnetic field strength respectively 12°. Developments in HTS magnets have demonstrated their
potential of providing an over 20 T peak magnetic field in large magnet. In comparison, for LTS
magnets, the largest existing tokamak ITER only achieves 8 T %%, The net power production of
tokamaks is expected to increase employing HTS over LTS. This change could not only reduce the
size and cost of tokamak research facilities, but it also lead to the design of a potential new toka-
mak, called spherical Tokamaks ?’. Spherical Tokamaks have an aspect ratio of 2, between the
major radius and the minor radius. Spherical Tokamaks have better confinement ability than a
normal tokamak ?8. Better confinement leads to higher power output, which makes spherical
Tokamaks a potential choice for future commercialised fusion reactors 2. However, one necessary
part of a spherical Tokamak, to produce a net positive power output, is a high magnetic field (>
15 T) which can only be provided by a HTS magnet.

Billions of USS have been spent on tokamak prototypes 2%, such as ST-series tokamak by Tokamak

Energy, SPARC tokamak by Commonwealth Fusion System, STEP tokamak by Culham Centre for
Fusion Energy. To sufficiently use HTS, data and experience from LTS tokamak prototypes are a
good reference in tackling engineering issues such as quench and AC losses. Examples include ITER
tokamak in France, EAST tokamak in China, KSTAR tokamak in Korea **°. Among these proposals,
SPARC tokamak and ST-series are the only two so far focusing on testing hybrid LTS-HTS and full
HTS for large scale 20 T magnets. The structure of a typical spherical HTS tokamak magnet pre-
sents three formations of coils, including the toroidal field coils, the poloidal field coils and central
solenoid field coils. SPARC tokamak is focusing on the construction of toroidal field coils and To-
kamak Energy is assembling poloidal field coils. Most of other projects aim to test first wall, blan-
ket, divertor, spherical structure, plasma confinement, etc 3. Central solenoid field, poloidal field,
and toroidal field coils magnet are proposed to be the most expensive parts in a tokamak among
all the subsystems, according to the experience from ITER 31, SPARC ST suggested that a total of
10000 km HTS tape will be needed for the construction of just the toroidal field coils, which is
approximately the total amount of HTS tape manufactured globally in a year 2. Therefore, for
future commercialised nuclear fusion research and construction, cost reduction and simplified
processes for manufacture are priorities to satisfy the incoming demand. According to trends and
predictions we are moving towards this 133,

Nevertheless, assembling HTS in the toroidal field, poloidal filed and central solenoid field coils in
SPARC tokamaks extremely challenging. The in-vessel components in SPARC are designed to a
high standard against the extreme environment, as must the HTS coils be. Central solenoid field
coils are settled in the centre, and typical HTS central solenoid field coils are proposed to contin-
uously operate at high-field (> 15 T) and high current (25 kA), as well as relatively low AC loss
during the ramp process for charging the tokamak. Furthermore, the HTS tape for the coils needs
to have strong stability against material degradation under mechanical stress, thermal cycling and
radiation damage. Additionally, reliable quench detection is necessary. Finally, all these parts
need to be cheaper in price for future commercialisation 34,
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To help construct these systems, different HTS cables have been developed and tested in different
facilities. Popular ones on research include CORC, VIPER, ROEBEL, etc. Most of them are devel-
oped for REBCO, because Bi-2212 suffers under radiation damage. CORC is an appropriate option
for ST because of its high current density and small bending radius. A 14 T background field mag-
net at 4 kA current for future ST central solenoid field coils was presented in July 2021 ref.'*®,
VIPER cable was developed for toroidal field coils in SPARC, tested in 13 T field and achieved a less
than 5% current degradation, which also shows potential to handle the magnetic flux swing during
the ramp in poloidal field and central solenoid field coils 13¢. Other than cables, methods that de-
velop low-resistance joints, cooling systems, magnet design, quench protection, AC loss analysis,
radiation shield are also popular research topics. Both government and private company funded
tokamak have set the target of connecting HTS ST to grid by 2030 (Fig. 4). Overall, fusion technol-
ogy is likely to dominate the superconducting world for decades to come 7.

[H1] Outlook

The superconductivity market is dominated by Asia Pacific Countries and North America. An
Technavio analysis done in 2023 shows that the market for 2" generation HTS wire has surpassed
that of LTS wire 38, The price of LTS is not dropping and the market which is dominated by MRI
and nuclear magnetic resonance is largely mature. Factors affecting the price of 2" generation
wire include methods of production, volumes of production and the opening of new markets as it
supplants LTS. “New” markets such as transmission and generation and data centres as well as
the worldwide demand for power increases might be the drivers in the future ¥,

Even though the cost problem might be solved soon (by the end of the 2020s), the perennial
problem of AC losses, which currently restrict the use of superconductors to DC applications, will
still be there. Applications such as wind turbines or superconducting machines could be compet-
itive if the cost is reduced. Trying to make a higher power density rotating machine requires the
use of superconductors on both the stator and the rotor. This approach runs into the problem of
AC losses: the machine might not have an efficiency high enough to be applied, for example, in
aeroplanes. Even nuclear fusion, the current driver for HTS, would require a low loss AC cable to
avoid the problem of catastrophic failure of our magnet through quench.

Notwithstanding the inherent problems, some interesting developments have been demon-
strated in improvements in tape materials, such as PSALM, the building of new magnets, and the
prevention of quench. For instance, a collaboration between the Lawrence Berkeley National La-
boratory and the National High Magnetic Field Laboratory in 2021 yielded the world’s first HTS
BSCCO (Bi,Sr,CaCu,0x) accelerator dipole magnet %°. In this context, HTS enable more powerful
magnets than LTS (such as Nb-Ti) due to the higher upper critical field (BC, above 100 T at 4.2 K).
The final magnet was based on a canted cosine-theta design using Bi-2212 Rutherford cables that
were made from 0.8 mm wires, with a dipole field of 1.64 T in a 31 mm bore at 4.2 K. In addition,
the magnet showed excellent operating properties, with a quench current of 3600 A and a field
hysteresis below 0.1 %. This example serves as a promising initial benchmark for HTS dipole mag-
nets. In addition, a new YBCO HTS tape for tokamaks was fabricated using Y,O3 nanoparticles that
can be easily produced over a long distance 133, This tape showed excellent engineering current
density, with reported values of 1000 A m?2 at 20 K per 20 T, and over 2000 A m? at 4.2 K per 20
T with a 40 um substrate. The tape formulation involved adding Y,Os nanoparticles that are native
to YBCO as the vortex pinning centres. This approach contrasts with the commonly adopted
method of introducing extrinsic nano-columns aligned about the c-axis as pinning centres. Conse-
quently, the simplified approach resulted in over 300 km of YBCO wire manufactured in 9 months
for a commercial fusion power customer. This simplicity is a key step in achieving the economies
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of scale needed to lower the price of HTS wires to an acceptable price for fusion and widespread
adoption.

Moreover, an interesting project currently underway is the EU funded Super EMFL that aims to
produce 32+ and 40+ T all-superconducting magnets. Magnets at this scale are typically hybrid,
comprising of a superconducting coil with an internal copper coil. A pitfall of this hybrid construc-
tion is the excessive power consumption (several tens of MW) and the limited time of magnet
operation. The Super EMFL explores the use of an HTS insert coil, which set the record for the
field generated by an HTS insert with a bore diameter of 38 mm %°, The insert was able to operate
in a central field of 32.5 T, of which 14.5 T was generated by the insert itself. Cuprates HTS were
used for the insert as they remain superconducting in much higher background fields than con-
ventional LTS such as Nb-Ti. The insert used metal-as-insulation windings *! to ensure stable op-
eration and reduce the risk of irreversible damage from local HTS failure. The two main factors
that hinder the development of an HTS superconductivity market are: cost which acts as a barrier
to entry; and AC losses which acts as a block on certain utilizations. Different applications would
be enabled if 1) the cost is reduced; 2) the AC loss problem is solved; and 3) nothing happens but
market drivers become the dominant force (Table 1). Great effort is being spent on both of these
factors: the magnet costs for LTS reactors rose from 37 % of the total reactor cost in 2018 to 45.9
% in 2020 '*?, so the goal may still be receding for LTS, even as we are learning. It remains to be
seen whether the same is true for HTS reactors.

[H1] Glossary terms

Minimum quench energy — This is the energy required to initiate quench. If the
energy available is less than this then quench does not occur

Normal zone propagation velocity — Once quench has been initiated this is the
rate at which quench will spread to other parts of the superconductor. A low ve-
locity leads to problems because the quench energy is then concentrated in a small
volume and this can lead to burn out.
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e Large Hadron Collider: https://home.cern/science/accelerators/large-hadron-collider

e ROEBEL: https://iopscience.iop.org/article/10.1088/0953-2048/27/9/093001/meta

e SPARC tokamak: https://www.psfc.mit.edu/sparc

e ST-series: https://tokamakenergy.com/2022/10/26/tokamak-energy-announces-st80-
hts-advanced-prototype-on-path-to-demonstrate-grid-ready-fusion-power-in-the-early-

2030s/
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STEP tokamak: https://step.ukaea.uk/

Sumitomo CH110: https://shicryogenics.com/product/ch-110-77k-cryocooler-series/
Super EMFL: https://emfl.eu/superemfl/

The capacity chart of Sumitomo CH110: https://shicryogenics.com/wp-
content/uploads/2020/09/CH-110 Capacity Map.pdf

Tokamak Energy: https://tokamakenergy.com/

United Kingdom Department for Energy Security & Net Zero:
https://www.gov.uk/government/organisations/department-for-energy-security-and-
net-zero

VIPER: https://iopscience.iop.org/article/10.1088/1361-6668/abb8c0

[H1] Key Points

Low temperature superconductors (LTS) require either cryocoolers or costly and increas-
ingly rare liquid helium. Whereas high temperature superconductors (HTS), though still
needing cryogenic conditions, can operate at more accessible temperatures using liquid
nitrogen, and can support current at higher magnetic fields than LTS

The primary factors that are impeding the adoption and development of large-scale ap-
plications of HTS are high manufacturing and cooling costs the latter of which is exacer-
bated by alternating current losses

The price of LTS is stagnant, and the market, mostly magnetic resonance imaging, is fully
developed. Many applications such as motors, and fusion coils require much higher fields
than can currently be produced by LTS or conventional materials (where 2 T is the maxi-
mum practical value for iron).

Increased demand and improved manufacturing techniques for HTS, is driving the price
of HTS down.

Developments to tackle AC losses are continuing and promising. With innovations such as
PSALM, building on previous work such as Rutherford and Roebel, with other cables such
as CORC also slowing being taken up. Compared with normal HTS tapes, single-layer
PSALM cables can reduce the transport AC loss by 60% due to patterning and double-layer
PSALM cables can reduce the loss by a further 20% due to the field cancelling effect. The
magnetisation loss reduction is proportional to the filament numbers: a 70% reduction
can be obtained using 4 filaments.

[H1] Display items

Table | | The way ahead for high temperature superconductors (HTS). For each application (ro-
tating machines, nuclear fusion and HTS magnetic resonance imaging (MRI)), the role of the cost,
AC loss and market forces is reported. The colour code describes the significance of the factors
with respect to the application: high (dark blue), medium (blue), low (light blue). Alternating cur-
rent (AC); magnetic resonance imaging (MRI); direct current (DC).

Cost AC Loss Market Forces
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Climate change is a key
market driver for the
wider adoption of HTS

.R°t|3|t- machines as they offer
mg. & emissions-free operation
chines

despite the high cost.

The current costs of su-
perconductors are not a
key hindrance. Most fu-
sion projects are funded
Nuclear | by governments.

Fusion | Breakthroughs in fusion
prototypes will lead to in-
evitable cost reduction of
HTS due to economies of
scale.

AC losses are not a signifi-
cant problem as coils are
DC-operated.

Figure 1 | Characteristics of rare earth barium cuprates (REBCO), bismuth strontium calcium
copper oxide (BSCCO) and MgB.. a, an REBCO (yttrium barium copper oxide, YBCO) single grain
bulk 143, b, the layer structure of a REBCO (YBCO) coated conductor *3. ¢, REBCO stacked tapes.
d, the general pellet form for BSCCO bulks. e, a standard industrial superconducting tape, with
‘BSCCO’ filaments embedded in a matrix of silver **. f, the cross section of a 1.3 mm diameter
Bi-2212 round wire *°. g, a MgB2 bulk sample fabricated by modified precursor infiltration and
growth (MPIG) process 1. h, the cross section of a mono-filamentary MgB,/Fe tape . i, a 78-
filament low ac loss MgB, wire from Hyper Tech Research 21, j, engineering current densities of
the most common HTS materials as a function of applied magnetic field at 4.2 K %,

Figure 2 | Examples of rare earth barium cuprates (REBCO) cables. High temperature supercon-
ductor (HTS) Roebel cable or Roebel assembled coated conductor (RACC) **%; cable on round
core (CORC) 1%; twisted stacked tape cable (TSTC) 1°; Flat-type HTS Rutherford cable °}; Pat-
terned superconductors for AC Loss minimisation and current maximisation (PSALM) >3, Alter-
nating current (AC).

Figure 3 |Examples of high temperature superconductors (HTS) applications. a, HTS magnetic
resonance imaging (MRI) scanner. The main magnet is used to produce a high magnetic field;
the gradient coils can produce a varying magnetic field for the spatial encoding of signals. Radio
frequency (RF) coils are used to transmit RF fields that excites protons in the body and causes
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them to emit a signal that is detected by the scanner. b, Schematic view for the EcoSwing HTS
generator, with cooling system **2. ¢, Basic schematic of a 2" generation HTS motor used for
electric propulsion., The permanent magnets (PMs) on the rotor are replaced with HTS coils to
produce magnetic fields. HTS coils can also be used in the stator for a fully-superconducting de-
sign 1°. d, HTS Tokamak 3D model provided by SPARC. The toroidal field coils generate a strong
magnetic field that encircles the torus-shaped vacuum vessel, shielding the plasma from the wall
and divertor; the poloidal field coils shape the plasma by adjusting the current to prevent insta-
bilities using prepared models; the central solenoid coils and the ion cyclotron heating can rap-
idly charge and heat plasma for operation *>3.

Figure 4 | Development timelines for different tokamak system founded by both government
organizations and private companies. Component level timeline for ST-series by Tokamak En-
ergy (UK private company). System level timelines for ST-series by Tokamak Energy, smallest
possible arc (SPARC) by commonwealth Fusion Systems (CFS) in collaboration with the Massa-
chusetts Institute of Technology’s (MIT) and international thermonuclear experimental reactor
(ITER) developed by 7 different countries (China, the European Union, India, Japan, Russia, South
Korea and the United States). References for Tokamak Energy: 2 134 155 156 - References for SPARC
92 136 157 158 159,. References for. |TER 160 161 162

[H1] Online TOC

High-temperature superconductors are now used mostly in large scale applications, such as
magnets and scientific apparatus. Overcoming barriers such as alternating current losses, or high
manufacturing costs, will enable many more applications such as motors, generators and fusion
reactors.
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