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1 Introduction

1

2

Applied

PURPOSE

Superconductivity

MD

SCOPE

This document
is meant to aid the U.S. Department
of Energy (DOE), Assistant
Secretary
for Conservation
and Renewable
Energy, Office of Energy Storage and Distribution,
by
discussing
the likely
impacts
of recent
results
from research
on superconducting
materials.
Substantial
discussion
is also given to the impacts
of hoped for, but not yet
achieved,
advances.
These discussions
indicate
research
goals that appear realistic
and,
if reached,
would enable commercial
application
of the new materials.
The discussions
that follow concern
terrestrial
applications
that would substantially affect the production
and use of electricity.
Such applications
occur on the “utility
side of the meter” (e.g., transmission
of electricity)
and on the “customer
side” (e.g.,
magnetically
levitated
trains).
The prospects
for such applications
cannot
now be
described
precisely.
The engineering
properties
of the recently
discovered
superconductors
have not yet been explored,
and forecasts
of energy prices and supplies are
difficult
at best.
However,
promising
applications
and needed property
improvements
can be discerned,
and these are emphasized.
One area of application,
utility system process
monitoring
and control,
was not
discussed
but does deserve future consideration.
Two other areas of application,
digital
computation
and measurement
of very weak magnetic
fields, are not discussed
because
their direct
impact
on energy
production
and use appears
negligible.
Nonetheless,
products
made for these applications
may have significant
impact on the economy (e.g.,
Moreover,
the
measurement
of weak fields
may enhance
geologic
exploration).
manufacture
of these
products
will increase
the number
of persons
familiar
with
superconductivity,
thus increasing
the likelihood
that “superconducting
solutions”
will be
found to problems that now appear remote from superconductivity.

ORGAN’IZATION

OF THIS REPORT

This report is organized
to make its contents
accessible
to various readers,
each
The Overview
(Sec. 2) introduces
the
with his or her own interest
and background.
principal
challenges
facing
applied
research
on superconductivity
and the economic
benefits
that may result from success.
The sections
that follow the Overview,
prepared
by different
teams of experts,
each address a particular
topic.
Because these sections
vary in length and technical
detail, a summary
of each has been prepared
to serve as an
introduction.
Finally,
the base
economic
assumptions
used by the authors
and
information
about the properties
of one bulk sample of YBa2Cu307_x
(one of the new
superconductors)
are presented
in Apps. A and B, respectively.

2 Overview

A.M. Wolsky, E.J. Daniels, and RF. Giese
Argonne National Laboratory
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4

Applied Superconductivity

The recent and sudden discovery
of a family of materials
that become superconducting
at
temperatures
above 77 K raises the likelihood that further advances
are at hand and that
these advances
will lead to commercial
applications
that conserve
energy.
Materials
in their superconducting
state
offer
a means
to circulate
direct
electric
currents
(DC) with no resistive
loss.
Materials
in their superconducting
state
also offer a means to convey low-frequency
alternating
currents
(i.e., AC at 60 Hz) with
unusually small losses.
The absence or significant
reduction
of losses prompts
universal
interest in superconductors
as energy savers.
Materials
become
superconducting
only in certain
circumstances,
which differ
for each material.
These circumstances
(e.g., low temperature)
are unusual and have
been expensive
to arrange
and maintain.
In the past, that expense has been too great to
permit
widespread
commercial
applications
of superconductivity,
although
commercial
applications
have been made in high-energy
physics, medical magnetic
resonance
imaging
(MRI), and -- most recently
-- industrial
materials
separation.
Now, there is hope for
further
advances
that will lower the cost of applications
and enable adoption
of the
technology
by utilities
and industry.
The
most
well-known
characteristic
affecting
superconductivity
is the
temperature
of the material.
Niobium-tin,
Nb$n,
becomes
superconducting
when its
temperature
is less than 16.05 K; the corresponding
transition
temperature
for niobiumtitanium,
NbTi, is 9.8 K. (On this scale, the Kelvin scale, room temperature
is generally
considered
as 298 K.) The total cost of refrigeration
to cool these materials
to 1.8-4 K
and maintain
their operating
temperatures
is formidable.
This cost includes capital
and
Capital
is required
to purchase
thermal
insulation,
which slows
operating
components.
the rate at which ambient
heat reaches
the superconductor
and, in some cases,
to
purchase equipment
to refrigerate
the coolant.
Operating
costs pay for the coolant (i.e.,
helium) makeup and, in some cases, for the energy required
to remove
the heat that
penetrates
the thermal insulation.
As noted above, the new materials
(e.g., YBa2Cu307_x)
become superconducting
at temperatures
in the range 77-100 K. This range of temperatures
is above a significant
threshold
-- it provides the opportunity
to use liquid nitrogen
instead of liquid helium as
Furthermore,
operating
in this temperature
regime would
the superconductor
coolant.
reduce the total cost of refrigeration
for two reasons:
(1) for the same insulation,
the
rate of heat transfer
from ambient
temperature
to cold superconductor
declines
as the
cold temperature
increases
(alternatively,
the same heat-transfer
rate may be obtained
with less costly thermal
insulation)
and (2) the cost of removing
the heat that penetrates
the thermal insulation
declines as the cold temperature
increases.
The cost savings for heat removal depend on the type of refrigeration
and
insulation system used in a particular superconductor
application.
Under idealized
conditions, the energy required to remove one unit of heat at 77 K is less than 5% of the
energy required to remove the same amount at 4 K, and the amount of heat that can be
removed by the vaporization of 1 L of liquid nitrogen is 60 times that of 1 L of liquid
helium. Because the cost of liquid nitrogen (per liter) is less than 10% of the cost of
a significant
potential for cost reduction in the
liquid helium, this represents
As a practical example, a typical MRI solenoid,
refrigeration
of superconductors.

Overview
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maintained below 4.2 K, provides a magnetic field of 1.5-2.0 T in a l-m bore.
The
capital cost of the thermal insulation (also known as a cryostat) is about $100,000, and
the annual cost of liquid helium makeup is about $30,000. Were the solenoid maintained
at 77 K, the capital cost of the needed thermal insulation would be $50,000, and the
annual cost of liquid nitrogen makeup would be $3,000 - a very substantial reduction in
the total cost of refrigeration.
The second circumstance
affecting superconductivity
is the strength of the
magnetic field around the material. if this field strength is too great, superconductivity
cannot be achieved.
The new materials are expected to maintain superconductivity
at
field strengths greater than those that would prevent superconductivity
in the
This property could enable the production of lighter-weight
commercial
materials.
magnets with strong fields induced by currents circulating within the superconductor
itself. Present practice is to insert iron, with a density of 7.9 g/cm’, within the core of
an electromagnet,
where the field it contributes is at most 2.2 T. However, magnetic
field strength is also limited by the ability to accept the mechanical stress that the
magnetic field exerts on the currents that produce it. For example, the outward stress
or pressure on the interior walls of a long, air-filled solenoid producing the magnetic
field B is given by 3.9 atm x (B/l T)2 - thus, a 5-T field exerts a stress of 97.5 atm -and the concomitant tension (tangent to the solenoid’s wall and perpendicular to its
radius) is given by the product of that pressure and the solenoid’s radius.
The third circumstance
affecting
superconductivity
is the electric
current
density, usually described in amperes per square centimeter
(A/cm2),
within the
The maximum or critical current density depends on the material, its
material.
temperature, and the magnetic field around it. Although the popular press has given
much more attention to the critical temperature than to the critical current density, the
latter is now equally important, or more so, for the following reasons:
1.

Weight. The weight of material (the density of YBa2Cu307_x is
about 6.3 g/cm3) required to convey a given total current for a
given distance is inversely proportional to the current density within
the material.
Reduced weight means reduced cost for supporting
structures or increased payload for levitation (cranes or trains).
This is a reason for avoiding the use of iron.

2.

The volume of material required to convey a given total
Size.
current for a given distance is inversely proportional to the current
density within the material.
Reduced size means increased
opportunity to replace equipment for which floor space has already
been allotted.

3.

Flexibility.
Over equal lengths, material with a large cross section
is less flexible than material with a small cross section, and thus
less easily wound in the form of wire or tape. The needed cross
section is inversely proportional to the current density within the
superconducting filaments embodied in the wire. Increased flexibility means increased ease of handling and increased reliability in
the face of mechanical perturbations.
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Cost of Raw Materials.
The cost of raw materials is likely to be
proportional to the weight or volume of the final product superconductor, which (as noted above) is inversely proportional to the
current density within it.

4.

In addition to current density, three other classes of engineering properties
deserve attention.
The first is the ability of new superconductors to join with or be
coated by other materials.
Present practice often requires that superconductors form
composites with other materials.
For example, the “tape” used in Brookhaven National
Laboratory’s transmission line is a sandwich of stainless steel (for strength), Nb3Sn, and
copper (to shunt current during a fault).
The usefulness of new superconductors will
almost certainly increase when they, too, can be part of such composites.
The second class of properties involves chemical stability.
The new materials
show a propensity to lose oxygen and, with it, their superconducting properties.
It may
be important to know if the composites required for electrical systems also act to
preserve the chemical stability of the superconductor.
The third class of properties affects the AC losses in the new superconductors.
As already noted, superconductors circulate only direct currents without loss. However,
many applications in the electric power system require superconductors to experience
time-dependent magnetic fields, or AC currents. Hysteresis loss deserves attention, as
does the effect on losses of the condition of the superconductor’s surface.
When superconductors with favorable properties ;Ipe fabricated, they are likely to
find profitable applications on both sides of the meter. Below, we describe our essential
findings, including the essential findings of the topical sections that follow.
Some of
these findings are also presented in Table 2.1.
1.

The critical current densities that have been observed in bulk
samples of the new superconductors are too small to permit their
terrestrial commercial application.
Research should be devoted
to increasing these critical current densities.

2.

Because the chemical stability of the new superconductors in the
presence of oxygen (e.g., air) and water is unknown, their
potential for terrestrial application cannot be evaluated without
speculation.
Research should be devoted to measuring the
chemical stability of these materials and, if needed, to developing
suitable protective coatings.
These coatings might also serve to
add mechanical strength (e.g., stainless steel) or provide a heat
sink and electrical shunt (e.g., copper and aluminum).

3.

The AC properties of the new superconductors are unknown.
Thus, their potential for application in generators, transformers,
AC power lines, and motors cannot be evaluated without
Research should be devoted to measuring the AC
speculation.
properties of new superconductors.
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TABLE 2.1 Design Goala and Economic Benefits for Selected &@icatiOns

Application

Ge”erators,c

Life-Cycle
Dollar
Savings
of High-T
System (%I

Design
Operating
Current
Dtnsity
(10
A/cm2)

300 MU

Design
Operating
Field
(T)

Compared with
Liquid
Helium
Systema

2

3d

Compared with
Conventional
Systemb

27e

63e

Transform
rs,
1,000 MVAP

10

0.30g

36

60

Transmission
lines,
113,000 HVA, 230 kV

23h

no.1

23

43i

SMES systems,
5,000
MWh

60i

1.6-5

5-a

Motors
Haglev

2-3

llrn

21m

1”

3

NA’

NA

3p

2-5

15

20

0.1-0.251
systems

Magnetic

separators

aSavings
bSavings

= [(LHe - High
= [(Conventional

Note

T,)/LHe]
- High

x 100.
T,)/Conventional]

k

x 100.

‘Generators,
which account
for l-22
of the capital
cost
of conventional
power
plants,
convert
shaft
power to electrical
power.
The rest
of the plant
produces
shaft
power and is unaffected
by superconductivity.
Superconductivity
may substantially
affect
future
power plants
using
MHD or fusion.
dDesired
bulk critical
current
density
= 4.5 x IO4 A/cm2;
operating
current
density
in wire (including
copper
cladding)
= lo4 A/cm2.
eBased on materials
and operating
costs,
with refrigeration
costs
proportional
to refrigeration
power.
fl MVA = 1 MU, if there
is
go.30
T maximum in the coil

no phase
windings

difference
and 1.75

between
T in the

current
and voltage.
transformer
core.

hBulk critical
current
density
= 230 x lo4 A/cm2;
bulk
operating
current
denor equivalent
operating
surface
current
= 500 A/cm.
,sity
= 23 x lo4 A/cm2,
tconventional
underground
transmission.
JDesired
bulk critical
current
density
= 70 x lo4 A/cm2.
kDepends on utility
characteristics
(e.g.,
load shape and capacity
mix).
‘Based
on copper
windings
with a” iron core.
mAssuming a 20% capital
cost
reduction
for coolant
refrigeration.
“Based
on both U.S. and Japanese
research
during
the 1970s.
‘Not available.
pBased on a small
prototype.
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4.

Although the foregoing
research
and the
for below may increase
the efficiency
and transmission
from all sources,
the
different.
In particular,
the choice
selected
conventional
sources
may be
following examples:

specific
advances
called
of electricity
production
impact
on each may be
between
renewable
and
We offer the
affected.

- Peaking power is now supplied by units fueled by natural gas.
In the future,
such units may compete
with superconducting
magnetic
energy storage
(SMES) for the peak market.
Thus,
SMES may provide the means for solar energy (e.g., wind power
or photovoltaic
cells) to displace natural gas. Solar energy will
continue
to compete
with coal and nuclear
fuel, burned
in
otherwise
idle capacity
(if any), for the “SMES charging
market.”
- Because of their ability to charge and discharge
rapidly,
SMES units may also play a role in absorbing
transient
and discharging
level power.
This conversion
of transient
to level output
may ease the burden
of incorporating
generation
into the grid.
- The cost of electricity
ocean thermal
energy
using superconducting,
lines under water.

delivered
to the shoreline
conversion
facilities
might
rather
than conventional,

small
power
input
wind

from offshore
be reduced by
transmission

5.

If current
densities
of about IO4 A/cm2 can be achieved
in wire
(including
copper
cladding)
at about 77 K and 2 T, and if the
superconductor
otherwise
behaves as Nb3Sn or NbTi, then large
(300-MWe) generators
using the new superconductors
will be more
economical
than
either
conventional
generators
or “low-T ”
generators.
In particular,
a “high-T,”
300-MWe generator
mig&
have an efficiency
of 99.7% (compared
with efficiencies
of 99.5%
for a low-T, generator
and 98.6% for a conventional
generator).
Increased
efficiency
would reduce
the quantity
of air pollution
from combustion
or reduce
the cost of air-pollution
control.
Engineering
research
and economic
evaluation
should be devoted
to smaller
generators
(e.g., 60 MWe), for which there is now a
greater
demand than for 300-MWe generators.

6.

If current
densities
of about 10 x lo4 A/cm2 can be achieved
at
77 K, and if the material
otherwise
behaves as Nb3Sn or NbTi,
then the cost of service of a l,OOO-MWe, high-T, superconducting
transformer
would be 64% of the cost of service
of a low-T,
transformer
and 40% of the cost of service
of a conventional
transformer.
These
cost
comparisons
reflect
the
higher
efficiency
of the high-T, transformer
(99.92%) compared
with the

Overview

lower efficiencies
of
(99.7%) transformers.

the

low-T,

(99.85%)

and

conventional

7.

If current densities of about 100 x lo* A/cm2 can be achieved in
wire at 77 K and 1.8-5.0 T, and if the material otherwise behaves
as NbTi, then the capital cost of large (l,OOO-MWe, 5,000-MWh)
SMES facilities might be reduced by 3-8%. The low end of this
range accounts for savings in thermal insulation and refrigeration,
whereas the high end includes savings from inexpensive (2.2-e/g)
Under reasonable assumptions, these
superconductor materials.
savings might make SMES competitive
with gas-fired peaking
plants. Lower current densities (e.g., 60 x lo* A/cm21 might be
sufficient to make SMES economical.
Research should be devoted
to determining the effect of increased specific heat, concomitant
with the increase in operating temperature from 1.8 to 77 K, on
SMES reliability.

8.

If operating current densities of about 23 x IO* A/cm2, with
critical current densities of about 230 x lo* A/cm2, can be
achieved in tapes at 77 K and less than 1 T, and if the material
otherwise behaves as Nb3Sn, then the cost of service for a 66-mi,
lO,OOO-MWe, AC superconducting transmission line appears to be
roughly 60% of the cost of service of conventional underground,
This cost advantage reflects lower
oil-filled-pipe
transmission.
transmission loss (0.73%) in the superconducting line than in the
conventional
underground line (3.60%).
Both lines are more
expensive than a conventional aerial transmission line. However,
concern about the health and environmental effects from aerial
transmission and the ability to obtain aerial rights of way may
result in future
mandates to construct
underground lines.
Research and economic evaluation should be devoted to lowercapacity (e.g., 300-1,000 MWe) transmission lines, for which there
is a greater demand than for lO,OOO-MWe lines.

9.

If current densities of about 0.1-0.25 x lo* A/cm2 could be
achieved in wire at 77 K in the range of 2-3 T, and if the material
otherwise
behaves as Nb3Sn or NbTi, then a conservative
estimate
indicates
that a large (e.g.,
1,500-hp)
high-T,
superconducting motor, with an iron alloy core, might provide
shaft power for 90% of the cost of service of a conventional
motor. This saving reflects the assumed high efficiency (97%) of
the high-T, superconducting AC motor and the lower efficiency
(95%) of a conventional AC motor.
If the capital cost of the
system
were reduced by about 20% by redesign of the
refrigeration system, the high-T, superconducting motor’s cost of
service would be about 80% that of a conventional motor.
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