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1. Introduction 
I am an electrical engineer. Electricity, and electric technology were built on a long series 
of experiments and findings by men and women of science. This started with ancient 
Greek philosophers such as Democritus. 

At around 450 BCE Democritus, a later Greek philosopher, developed an atomic theory 
that was similar to modern atomic theory. His mentor, Leucippus, is credited with this 
same theory. The hypothesis of Leucippus and Democritus held everything to be 
composed of atoms. But these atoms, called "atomos", were indivisible, and 
indestructible. He presciently stated that between atoms lies empty space, and that 
atoms are constantly in motion. He was (partially) incorrect only in stating that atoms 
come in different sizes and shapes, and that each object had its own shaped and sized 
atom.1 

Authors comment: The reality is that each element’s atoms are a different size, but 
there are only about 100 stable elements. Different types of material are mostly 
composed of different compounds (combinations of different elements), and there are an 
almost infinite number of these. The above early scientists had no way of deducing 
elements and compounds, much less isotopes, and other complex variants. 

Thales of Miletus, an ancient Greek philosopher, writing at around 600 BCE, described a 
form of static electricity, noting that rubbing fur on various substances, such as amber, 
would cause a particular attraction between the two. He noted that the amber buttons 
could attract light objects such as hair and that if they rubbed the amber for long enough 
they could even get a spark to jump. 

The Greek root-word for electricity is electricus, which means “of amber”. 

In the 17th and 18th centuries, scientists like Benjamin Franklin, Georg Ohm, and 
Alessandria Volta continued their experimentation and slowly began to understand this 
force of nature. The scientists developed theories, which led to laws, which are the 
earliest mathematical expressions describing how electricity and magnetism behaved.  

Notable developments early in the 19th century include the work of Georg Ohm, who in 
1827 quantified the relationship between the electric current and potential difference in a 
conductor. Michael Faraday was the discoverer of electromagnetic induction in 1831. In 
the 1830s, Georg Ohm also constructed an early electrostatic machine. The homopolar 
generator was developed first by Michael Faraday during his memorable experiments in 
1831. It was the beginning of modern dynamos — that is, electrical generators which 
operate using a magnetic field. The invention of the industrial generator, which didn't 
need external magnetic power (was) in 1866 by Werner von Siemens. This made a large 
series of other inventions in (its) wake possible. 

                                                 
1 Wikipedia Article on “History of Electrical Engineering”, 

https://en.wikipedia.org/wiki/History_of_electrical_engineering  

https://en.wikipedia.org/wiki/History_of_electrical_engineering
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One of the early laws was Ohm’s Law (mentioned above) which states that the current 
passing through a conductor is proportional to the voltage across the conductor and 
inversely proportional to the resistance of the conductor, or: 

𝐼 =
𝑉

𝑅
 

Intrinsic to this law is that all materials that conduct electricity have some resistance 
(division by zero is an illegal operation). 

Then, in 1911, this law was violated. In that year Dutch physicist Heike Kamerlingh 
Onnes immersed a wire made of mercury in liquid helium, and discovered, that it had no 
resistance. Kamerlingh Onnes had discovered superconductivity.  

All superconductors have a critical temperature: the temperature below which a material 
has zero resistance, and above which it becomes a normal conductor. And we do mean 
“zero”. Experiments have shown that if a current is induced in a mercury ring at a 
temperature of 4.5 K (see first comment in next section), it will continue to flow for years 
without taking any power from the source of supply. 

This paper is about superconductivity, what it is, technologies that use superconductivity 
and how we might expand these technologies in the future.  

2. What is Superconductivity 
First I will violate one of my own rules. I try hard to use units-of-measure that most of my 
readers are familiar with, but when I’m dealing with superconductivity, I need to use 
kelvins (K). By the way, the proper nomenclature is “kelvins” not “degrees kelvin”. Each 
kelvin is equal to one degree Celsius, except its scale starts at absolute zero (-273°C). 
Thus there is no “below zero” in this scale.  

Surprisingly many elements were found to be superconducting, all below 10 kelvins. But 
no one really understood what superconductivity was. 

In the 1920s quantum mechanics was developed, and it explained many previously 
unfathomable phenomena. One of the primary principals of quantum mechanics was 
that a minimum unit of matter (say an electron) or energy (say a photon) could behave 
as both a particle and a wave. 

In 1957 three scientists: John Bardeen, Leon Cooper, and Robert Schrieffer published a 
theory based on quantum mechanics that explained some forms of superconductivity. 
The theory was known as BCS (last-name initials). The explanation follows: 

 Electricity is produced when a negatively charged electron travels through the 
atomic lattice of a conductor. 

 The electron’s charge distorts the lattice’s (positively-charged) ions, pulling them 
towards it. 

 The resulting bunching of the positively charged ions pulls another electron 
towards the first  

 In a superconductor, the two electrons form a connection that links them into a 
new entity called a Cooper-pair (a.k.a. BCS pair). 
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 As many electrons moving through the lattice of a superconductor form Cooper 
pairs, they form a “superfluid of a Bose gas and a strongly-correlated Fermi gas” 
(a gas of Cooper pairs). The Fermi gas starts to behave as waves, forming a 
Bose-Einstein condensate that is large enough to pass through the lattice with no 
resistance. 

The BCS theory facilitated many extensions of knowledge regarding superconductivity, 
including predictions of the critical temperature.  

However it could not predict which materials would make good superconductors. 
Between 1955 and 1973 the highest critical temperature of known superconductors only 
rose from 17 kelvins to 23 kelvins.  

Then in 1986 two IBM scientists, Georg Bednorz and Alex Müller, discovered 
superconductivity in a series of complex layered ceramics: cuprates. These materials 
still have some of the highest critical temperatures of any material at normal pressures. 
The highest known critical temperature for any cuprate is 135 kelvins. This temperature 
suddenly makes superconductivity more useful. 

Liquid helium has the lowest vaporization (boiling) temperature of any gas at 4.2 kelvins. 
There are other gasses with somewhat higher vaporization temperatures, but liquid 
nitrogen at 77 kelvins, is relatively easy to produce and maintain. Thus this is the go-to 
refrigerant for high-temperature superconductors. 

But the dream is room-temperature superconductors, and this may be possible, albeit 
with artificial intelligence (AI). 

Over 12,000 known superconducting materials have been discovered to date, but how 
many remain to be discovered? Lots: there are approximately 100 stable elements. If 
you combine two elements into a compound, there are a bit less than 5,000 such 
compounds. If you combine three elements, there are more than 160,000, and if you 
vary proportions of each element – the numbers become extremely large. It’s time to call 
in the smart guys. 

A few years ago scientists started using machine learning algorithms (a type of artificial 
intelligence) to predict which compounds could be superconducting, and also calculate 
their critical temperatures. Not only were they producing new candidates, they were also 
developing new principals from which future candidates could be predicted.  

In the future, computational developments such as the above may produce new 
superconducting materials that approach “room temperature” (at normal pressures), and 
greatly reduce the cost and complexity required to maintain their required critical 
temperature. 

3. Applications 

3.1. Basic Superconductors 
Currently there are only two classes of high-temperature superconductor (hereafter 
HTS) that ticks all of the practicality boxes. The most widely used is BSCCO (bismuth 
strontium calcium copper oxide, acronym is pronounced “bisko”). The chemical formula 
for this class is Bi2Sr2Can−1CunO2n+4+x. BSCCO was the first class of high-temperature 
superconductors discovered in 1988. Like other complex electronic / electrical 
compounds there is a shortcut for specifying a particular BSCCO variant (as one might 
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expect). For instance, Bi-2201 is the n = 1 compound: (Bi2Sr2CuO6+x), and Bi-2212 is the 
n = 2 compound: (Bi2Sr2CaCu2O8+x).2 

The popular variants of BSCCO are shown below along with their critical temperature: 

Bi-2201 has Tc (critical temperature) ≈ 33 K 

Bi-2212 has Tc ≈ 96 K 

Bi-2223 has Tc ≈ 108 K 

Bi-2234 has Tc ≈ 104 K, but is very difficult to fabricate 

In order to cool a superconductor with liquid nitrogen. It must have a critical temperature 
higher than 77 kelvins. Thus Bi-2212 and Bi-2223 are good candidates. 

The next question is, can a candidate be fabricated into wire. Per reference 2: 

BSCCO was the first HTS material to be used for making practical superconducting 
wires. All HTS have an extremely short coherence length, of the order of 1.6 nm. This 
means that the grains in a polycrystalline wire must be in extremely good contact – they 
must be atomically smooth. Further, because the superconductivity resides substantially 
only in the copper-oxygen planes, the grains must be crystallographically aligned. 
BSCCO is therefore a good candidate because its grains can be aligned either by melt 
processing or by mechanical deformation. The double bismuth-oxide layer is only weakly 
bonded by van der Waals forces. So like graphite or mica, deformation causes slip on 
these BiO planes, and grains tend to deform into aligned plates. Further, because 
BSCCO has n = 1, 2 and 3 members, these naturally tend to accommodate low angle 
grain boundaries, so that they remain atomically smooth. Thus first-generation HTS 
wires (referred to as 1G) have been manufactured for many years now by companies 
such as American Superconductor Corporation (AMSC) in the USA and Sumitomo in 
Japan, though AMSC has now abandoned BSCCO wire in favor of 2G wire based on 
YBCO. 

Thus some of the applications described below probably use BSCCO although AMSC 
and other companies also use YBCO (yttrium barium copper oxide). The latter includes 
AMCS’s Amperium wire. YBCO has a critical temperature of 93 kelvins. It appears that 
they only way YBCO can be synthesized is into tapes, and the process to produce it is 
complex.3 However, I have seen diagrams with the YBCO tapes fabricated into 
(cylindrical) wires by combining it with other materials used for structural support and 
thermal conductivity. Yttrium is also a rare earth metal. BSCCO has no rare earth 
materials. 

3.2. Products 
Once a wire or tape has been produced, this can be used in many other products that 
require conducting electricity. Some products would not be practical without 
superconductivity, and some have functional advantages that give them an edge over 
products based on conventional conductors for specific applications. 

                                                 
2 Wikipedia Article on “Bismuth strontium calcium copper oxide”, 

https://en.wikipedia.org/wiki/Bismuth_strontium_calcium_copper_oxide  
3 Wikipedia article on “Yttrium barium copper oxide”, 

https://en.wikipedia.org/wiki/Yttrium_barium_copper_oxide  

https://en.wikipedia.org/wiki/Bismuth_strontium_calcium_copper_oxide
https://en.wikipedia.org/wiki/Yttrium_barium_copper_oxide
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3.2.1. Superconductor Systems 

All of the products described below are really systems, and superconductors require one 
subsystem that products based on conventional conductors do not - cryogenic cooling 
systems. The link below is to a good description of one of these system from a company 
that makes them. This system required for high temperature superconductors is closed-
loop, and single stage. Low temperature superconductors use liquid helium, which 
generally requires a two stage system. 

https://www.stirlingcryogenics.eu/en/products/custom-closed-loop-cooling-systems/closed-loop-liquid-
nitrogen-cooling-systems  

3.2.2. Low Temperature Superconductor Applications 

Medical magnetic resonance imaging (MRI) is one of the largest applications for 
superconductivity. MRI requires large-volume, stable, and high-intensity magnetic fields. 
This represents a multi-billion-US$ market for companies such as Oxford Instruments 
and Siemens. The magnets typically use low-temperature superconductors (LTS) 
because high-temperature superconductors (HTS) cannot yet cost-effectively deliver the 
required magnetic field characteristics.4 

MRI Principal: Certain atomic nuclei are able to absorb radio frequency energy when 
placed in an external magnetic field; the resultant evolving spin polarization can induce a 
radio frequency signal in a coil and thereby be detected. In clinical and research MRI, 
hydrogen atoms are most often used to generate a macroscopic polarization that is 
detected by antennas close to the subject being examined. Hydrogen atoms are 
naturally abundant in humans and other biological organisms, particularly in water and 
fat. For this reason, most MRI scans essentially map the location of water and fat in the 
body. Pulses of radio waves excite the nuclear spin energy transition, and magnetic field 
gradients localize the polarization in space. By varying the parameters of the pulse 
sequence, different contrasts can be generated between tissues based on the relaxation 
properties of the hydrogen atoms therein.5 

There is a technology called nuclear magnetic resonance (NMR) that is used in non-
medical imaging. NMR uses equipment very similar to MRI, even though it operates on a 
somewhat different principal. Like MRI it uses low-temperature superconductors. 

Other applications that uses low-temperature superconductors include the 
electromagnets in particle accelerators and magnetic fusion devices. 

3.2.3. Transmission Electric Power Cables 

Two major projects have used superconducting systems for electric power transmission. 
Each of these projects are described below. Both projects use high-temperature 
superconductors. The first short description below comes from the Wikipedia article on 
the title text. 

Holbrook Superconductor Project: The Holbrook Superconductor Project is the 
world's first production superconducting transmission power cable. The lines were 
commissioned in 2008. The suburban Long Island electrical substation is fed by a 600 
meter long tunnel containing approximately 155,000 meters of high-temperature 

                                                 
4 Wikipedia article on “Technological applications of superconductivity”, 

https://en.wikipedia.org/wiki/Technological_applications_of_superconductivity  
5 Wikipedia article on “Magnetic resonance imaging”, 

https://en.wikipedia.org/wiki/Magnetic_resonance_imaging  

https://www.stirlingcryogenics.eu/en/products/custom-closed-loop-cooling-systems/closed-loop-liquid-nitrogen-cooling-systems
https://www.stirlingcryogenics.eu/en/products/custom-closed-loop-cooling-systems/closed-loop-liquid-nitrogen-cooling-systems
https://en.wikipedia.org/wiki/Technological_applications_of_superconductivity
https://en.wikipedia.org/wiki/Magnetic_resonance_imaging
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superconductor (HTS) wire manufactured by American Superconductor. The tunnel is 
underground and the wire is chilled to superconducting temperature with liquid nitrogen. 

RWE AmpaCity project: The world's longest superconductor cable is supplying 
electricity to about 10,000 households in Essen, Germany. German utility RWE's project, 
run in partnership with cable manufacturer Nexans, aims to extend the use of HTS 
cables. Since commissioning the 1km-long 10kV underground cable on 30 April 2014, 
RWE has successfully integrated it into the inner city grid of Essen and used the cable to 
deliver around 20 million kilowatt-hours.6 

3.2.4. Electro-Magnetic Products 

Maximum magnetic field achievable in a superconducting magnet is limited by the 
“critical field” Hc at which the winding material ceases to be superconducting. In type-II 
superconductors (see note below) this is its upper critical field. Another factor is the 
"critical current", Ic, at which the winding material also ceases to be superconducting. 
Advances in magnets have focused on creating better winding materials. 7 

The superconducting portions of most current magnets are composed of niobium-
titanium. This material has critical temperature (Tc) of 10 kelvins and can superconduct 
at up to about 15 teslas.  

More expensive magnets can be made of niobium-tin (Nb3Sn). These have a Tc of 18 
kelvins. When operating at 4.2 K they are able to withstand a much higher magnetic field 
intensity, up to 25 to 30 teslas. Unfortunately, it is far more difficult to make the required 
filaments from this material. This is why sometimes a combination of Nb3Sn for the high-
field sections and NbTi for the lower-field sections is used. Vanadium-gallium is another 
material used for the high-field inserts. 

High-temperature superconductors (e.g. BSCCO or YBCO) may be used for high-field 
inserts when required magnetic fields are higher than Nb3Sn can manage. 

Note that in superconductivity, a type-II superconductor is a superconductor which 
exhibits an intermediate phase of mixed ordinary and superconducting properties at 
intermediate temperature and fields above the superconducting phases. It also features 
the formation of magnetic field vortices with an applied external magnetic field. This 
occurs above a certain critical field strength Hc1. The vortex density increases with 
increasing field strength. At a higher critical field Hc2, superconductivity is destroyed…8 

The SI unit for magnetic flux is the weber (Wb). If this flux changes by 1 Wb over a time 
of 1s, then a voltage of 1 V is induced in a conductive loop encircling it: 1 Wb = 1 Vs.  

The flux density is called induction. The SI magnetic induction unit is tesla (T): 1 T = 1 
Wb/m2 = 1 Vs/m2. A magnetic field with density of 1 T generates one newton of force per 
ampere of current per meter of conductor. 

3.2.5. Wind Turbines 

There were several project teams working in the EU on next class of offshore wind 
turbine (20 MW). After doing quite a bit of research, I only found one team that produced 
results: EcoSwing (Energy Cost Optimization using Superconducting Wind Generators). 

                                                 
6 Institute of Mechanical Engineers, “World's longest superconductor cable proves successful”, Oct 30, 

2014, https://www.imeche.org/news/news-article/world's-longest-superconductor-cable-provides-hope-

30101401  
7 Wikipedia article on “Superconducting magnet”, https://en.wikipedia.org/wiki/Superconducting_magnet  
8 Wikipedia article on “Type II Superconductor”, https://en.wikipedia.org/wiki/Type-II_superconductor  

https://www.imeche.org/news/news-article/world's-longest-superconductor-cable-provides-hope-30101401
https://www.imeche.org/news/news-article/world's-longest-superconductor-cable-provides-hope-30101401
https://en.wikipedia.org/wiki/Superconducting_magnet
https://en.wikipedia.org/wiki/Type-II_superconductor
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This team actually produced a small (2 MW) turbine with a high-temperature 
superconducting rotor, commissioned it, connected to the grid, and completed an 
abbreviated testing schedule. Their report for this is linked below. 

https://ecoswing.eu/images/EcoSwing_Turbine_Tested_HTS_Drive_System.pdf  

I also found an excellent 2018 article from IEEE Spectrum on the quest for a 
superconducting wind turbine that is referenced here.9 

Of the two current (non-superconducting) state of the art designs that are being offered, 
the GE Halide X 12 MW with a 220-meter rotor does have an operating prototype, and 
the Siemens Gamesa Renewable Energy SG 14-222 DD (14 MW) will not have an 
operating prototype until next year. 

In comparing designs in the above referenced article (and other sources) with the above 
GE & SG designs, I found that the state of the art turbines had taken a major leap 
forward in their designs, and superconducting turbines may no longer be relevant. The 
main argument for the latter is that they can reduce nacelle weight. 

The largest currently offered turbine, the SG 14-222 DD touts a “low weight” 500 tonne 
(metric ton) nacelle. The GE Halide X-12 has a nacelle weight of 675 tonnes. Note that 
(1) the former is the same weight as the 8.8 MW Vestas unit below, and (2) the 20 MW 
superconducting unit in the figure below estimated weight is at least twice the weight of 
either GE or SG product (figure from reference 9). 

 

What has happened is typical of any exploding market – especially one with sales of 
seven billion dollars per year (2020): the market innovates so fast that emerging 
products simply can’t keep up. Ask someone that tried to compete with photovoltaic 
products five or ten years ago.  

                                                 
9 Samuel K. Moore, IEEE Spectrum, “The Troubled Quest for the Superconducting Wind Turbine”, July 

26, 2018, https://spectrum.ieee.org/green-tech/wind/the-troubled-quest-for-the-superconducting-wind-turbine  

https://ecoswing.eu/images/EcoSwing_Turbine_Tested_HTS_Drive_System.pdf
https://spectrum.ieee.org/green-tech/wind/the-troubled-quest-for-the-superconducting-wind-turbine
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In spite of these issues, there appears to be some continuing work developing wind-
turbines using HTS. At some point turbines may become so large that superconducting 
designs must be used for continued growth, but probably not anytime soon. 

American Superconductor has several turbine designs as well as other components. 
They appear to be offering to license their technology to front-line manufacturers of both 
onshore and offshore turbines. The text below is from a brochure on their technology 
with a focus on offshore (go through the link below). 

https://www.amsc.com/wp-content/uploads/HTSGen_Bro_0312_forweb.pdf  

AMSC’s superconductor-based generators enable reductions in the cost per MW of the 
complete wind park. Meanwhile, the operation and maintenance (O&M) of fewer, 
simpler, more reliable turbines can greatly improve the overall cost of electricity for wind 
parks. With a smaller and lighter nacelle, the superconductor generator potentially 
reduces the costs associated with the supporting mast structure, foundations and 
installation. 

A typical 10 MW superconductor generator will have a nacelle 10 meters long by six 
meters high, with a combined nacelle and rotor weight that is about 420 tons. For 
comparison, a conventional direct drive machine, scaled up to the same nameplate 
capacity, may require a nacelle 13 meters long and 12 meters high, weighing some 800-
900 tons. A geared turbine, meanwhile, would likely be topped with a nacelle 13-15 
meters long and five meters high, weighing 750-850 tons. 

I also found a GE research project on superconducting wind turbines (link below) and a 
patent from GE. There is a link to the patent on the page linked below. From drilling into 
the patent I noted two things: (1) it is dated 2010, and (2) it specifies low temperature 
superconductors. It might be reasonable that in 2010 HTS technology had not advanced 
enough to be practical for this application. 

https://www.ge.com/research/project/high-efficiency-ultra-light-superconducting-
generator  

https://www.amsc.com/wp-content/uploads/HTSGen_Bro_0312_forweb.pdf
https://www.ge.com/research/project/high-efficiency-ultra-light-superconducting-generator
https://www.ge.com/research/project/high-efficiency-ultra-light-superconducting-generator

