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Abstract

The results of a comprehensive techno-economic design study of power transmission cables utilising High-
Temperature Superconductors are presented. A cable design is described, based upon superconductors oper-
ating at liquid nitrogen temperatures. The dimensions and operating parameters of an optimized underground
cable are calculated. Based on this design the manufacture, installation, losses and operating costs ofan AC
High-Temperature Superconducting (HTSC} Cable are estimated and compared with conventional under-
ground cables for a new power link. Significant conclusions of the study are: for transmitted powers greater
than 1 GVA the HTSC cable transmission costs become the same as for conventional cables when the super-
conductor critical current density exceeds 200 kA/em? at liquid nitrogen temperature; the HTSC-based cable
is capable of transmitting up to seven times as much power (1o 700 MVA at 66 kV) as a conventional cable in

a 150 mm fixed diameter duct at the same transmission cost.

1 Introduction

This paper is based on the results of a 21 month
study into the techno-economic aspects of the applica-
tion of High-Temperature Superconductivity (HTSC) to
electrical engineering. The project was financed by the
Furopean Commission under the Joule initiative and by
the major European cable makers on theirown initiative.
This was in response to the rapid developments in HTSC
worldwide and, in particular, the significant funds now
being allocated to this topic in the United States and
Japan. The objective was a co-operative study between
the major European cable makers in order to prevent
overlap and duplication in pre-competitive research into
the economic and environmental issues underlying the
commercialisation of high-temperature superconduc-
tivity. Similar motives and concerns were behind the for-
mation of a Brite-Euram project in which the same part-
ners undertook materials investigations, process devel-
opment and measurement of HTSC artifacts of rele-
vance to cables.

The emphasis in the study was toward the high-
temperature superconducting cable (some 80 % of the
overall effort). The technical and economic aspects of
the HTSC cable were examined in detail, resulting in
the production of eleven substantial reports over the
period covering various aspects of the technology or
economics.

The majority of the work described above must re-
main confidential to the Consortium, but in order to pro-
vide a wider audience with some idea of the scope and
results of the studies this paper has been prepared for
general publication. In Section 1 the motivation for the
development of a high-terperature superconducting
cabte and the superconducting materials likely to be
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available in the future are discussed. Section 2 outlines
the proposed design of the phase conductors, the cable
construction and cooling system. The scheme for calcu-
lating the various dimensions of the conductors and
cable is then outlined, as are the important design as-
sumptions. The results of the calculations are presented
in Section 3 in ferms of predicted cable losses, and most
importantly for the development of such a cable, the first
estimates of the economics of the proposed supercon-
ducting cable. These are compared with the costs of the
best conventional, copper based, cables.

The final scction deals with another possible appli-
cation of a HTSC cable which has received some atten-
tion in the past, this is the replacement of fixed diame-
ter-ducted low-power (to 100 MVA) links in metropoli-
tan areas.

1.1 Background

The idea of transmitting electrical power without
loss using superconducting cables dates back almost to
the time of Kamerlingh Onnes and his discovery of zero
resistance in superconductors in 1911, Until the mid-
1960’s the technical problems seemed insurmountable,
superconducting materials were not available and cryo-
genic technology was not sufficiently developed. From
the mid-196(0’s onwards serious effort was directed to-
ward the development of the helium-cooled supercon-
ducting transmission cable [1], culminating in the con-
struction of two prototype cable sections in the 1980°s
[2, 3]. Both these cables utilised superconductor based
on niobium cooled with liquid helium, the operating
temperature being up to 5 K.

These low-temperature superconducting cables can
be considered to be a technical success, in that they dem-
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onstrated that a superconducting cable could be de-
signed, constructed and would carry the design load.
They also furnished much data, whose value may not yet
be fully realised. Unfortunately these prototypes also
demnonstrated that, except at very high power ratings, a
helinm-cooled superconducting cable was not an 2¢o-
nomically viable alternative to the conventional power
transmission cable. Consequently, by the mid-1980’s
very little experimental work was slill being carried out
on the application of superconductivity to power trans-
mission [4].

The same is broadly true of superconductivity in
power engineering in general, although there are some
notable exceptions. Techno-economic studies on energy
storage using low-lemperature superconductors contin-
ued around the world throughout the 1980’s, the major
engineering studies though centred in Japan where work
on a high-speed levitated train and Magneto-Hydro-Dy-
namic (MHD) drive ship both resulted in the construc-
tion of substantial prototype machines.

The discovery in 1986 of superconductors exhibit-
ing zero resistance above 77 K changed the perception
of many power engineers toward superconductivity. The
dramatically simplified cryogenic requirements, in-
creased heat capacity of materials and the reduced cost
of cooling to 77 K, using liquid nitrogen, ratherthan5 K,
using liguid helium, made superconducting power ma-
chinery secm aitractive again. A number of papers have
appeared since 1988 on the conceptual design of super-
conducting cables (for example [5]).

The present paper extends some of those works by
considering not only the technical aspects of the HTSC
cable but also the requirements for the cable to be eco-
nomically viable. Studies on low-temperature supercon-
ducting cable identified a “break-even” rating, above
which the economic choice would be a helium-cooled
cable as opposed to the conventional cable solution. This
rating was estimated to be of order 5 GVA, considerably
higher than any foreseen requirernent. The much simpli-
fied HTSC cable should reduce this break-even rating,
and values below 3 GVA would bring the cable into con-
tention. The length of the link studied is also important,
the longer links favour the superconducting cable (due
to the reduced losses per km) a value of 10 km was cho-
sen as representative for this study.

Both AC and DC transmission have been considered
in this study as superconducting cables are particularly
suited to DC transmission (the majority of the direct
power losses are proportional to frequency). Unlortu-
nately, unless a DC link is required for system purposes
the cost of AC to DC conversion (and vice versa) makes
DC transmission more expensive than AC. Ttis estimat-
ed that the capitalized costof a 10 km DC cable system
rated at | GVA is five times higher than that of a similar
AC system, but over 90 % of the DC system cost arises
from the capital costs and losses ol the AC-DC conver-
sion equipment. If, on the other hand, DC lransmission
is required (for example, to isolate two linked systems
as in the UK/France DC link) the superconducting cable
may become even more atiractive. The cost of AC-DC
conversion has decreased in recent years with the devel-
opment of better high-power solid-state devices, s0 the
DC cable may become important,
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1.2 Motivation

Before contemplating the design of a HTSC cable,
the possible advantages of such a cable must be exam-
ined. There are three possible advantages of a HTSC
cable over a conventional power transmission cable:

— reduced energy loss,
— compact cable designs, and
~ possible lower cost of power transmission.

In some cases these advantages are mutually exclu-
sive, for example a very compact cable will always have
higher energy losses than a larger diameter cable.

The vast majority of power transmission links are
overhead lines, this is due to the much lower cost of the
overhead line as compared to buried cables. For this rea-
son, high-power underground cables have traditionally
only been considered in built-up areas or in places where
the visual impact of overhead lines is not considered ac-
ceptable. All underground cables have minimal visual
impact, and in addition, the design adopted in this study
results in both the electric and magnetic ficlds being al-
most wholly confined within the cable. A superconduct-
ing cable must otfer either a less ex pensive power trans-
mission solution or some capability that a conventional
cable cannot provide.

One of the major problems to be addressed in the de-
sign of a conventional high-power underground cable is
the need to remove the heat generated in the cable. This is
done either by active cooling (forced flow of oil through
the cable) or by conductive cooling to the surrounding
soil. In the latter case, the cable phases must be separated
by asufficient distance so as to keep the overall cable tem-
perature within acceptable limits. The natural cooling so-
lution would be the economic choice for ratings < 1 GVA!
the minimum trench size for the cable (which strongly in-
fluences the cost of a conventional cable installation) is
determined by the required separation between phases for
cooling purposes. The force-cooled cable is more eco-
nomical in trench space for a given rating, but the cable
and cable accessories tend to be more expensive. The
HTSC cable can be viewed as an extension of the force-
cooled cable. There is essentially no thermal interaction
between phases and they can be packaged as close 1o geth-
er as their diameters will allow.

Most conventional high-power cables are raled at
very high voltages (up to 450 kV) to minimize the cur-
rent and consequently the resistive heating in the con-
ductor. The superconducting phase conductor can be de-
signed for higher currenis than the conventional copper
conductor, thus the working voltage can be much lower
for a given power. This reduces the dielectric diameter
required, significantly reducing the overall cable diam-
eter. There is an inevitable compromise though between
acceptable losses and overall cable diameter.

The diameter reduction is offset to some extent by
the need fora thermal insulation barrier around the cable,
but the possibility still exists to produce a very compact
cable. This could be increasingly important in the future
when the provision of power to metropolitan areas be-
comes increasingly difficult due to the high density of
underground services. The possibility of re-equipping
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existing ducts to allow higher transmitted powers is also
very attractive and is discussed in Section 4.

The energy losses of HTSC cable need also to be ex-
amined as a possible motivation for construction. These
are more fully described later (Section 2.3) but in gener-
al the losses of the cable itself are very low (around 5 %
of the losses of a conventional cable). Unfortunately,
these are losses at liquid nitrogen temperatures and must
be removed by refrigeration. The efficiency of refriger-
ation at this temperature is of order 10 %, so the advan-
tage of the superconducting cable is not as straightfor-
ward as it may at first seem.

1.3 HTSC Materials

In the five years since the discovery of high-tem-
perature superconducters & range of materials have
been developed which become superconducting when
cooled to 77 K in liquid nitrogen. Unfortunately, as yet
the highest critical temperatures are no more than
130 K. This immediately implies that any supercon-
ducting cable one can realistically foresee at the present
time will have to be cooled by liquid nitrogen. The most
promising HTSC conductor at the moment contains
2223-BSCCQO, 7. = 110 K, formed into silver sheathed
tapes by a powder in lube technique.

In the “powder in tube” manufacture method, the
2223-BSCCO powder is packed into silver tubes, the
composite is then drawn down to < | mm diameter wire.
The wire is then rolled to a tape typically 2 mm wide and
= 100 wm thick. A lengthy process of cold working and
heat treatment is then required to produce the highest
current density samples. A considerable world-wide re-
search effort is under way at present to increase the cur-
rent density and simplify the production process.

The maximum current density J, in wires containing
this material has been increasing steadily over the past
two years, with changes in processing techniques [6].
Critical current densities of nearly 10000 kA/em?
(10® kA/m?) have been achieved in samples of thin film
2223-BSCCO at 77 K and very low magnetic fields
(« 0.2'T). These values of J; are all at low magnetic
fields and the value of J, falls with increasing magnetic
field. The cable application is unusual in that the mag-
netic field will be moderate i. e. < 0.2 T. Wires carrying
over 60 kA /cm?at 77 K are now possibleinshortlengths
(< 10 ¢m) and there is no reason to believe that a limit
has been reached. Researchers involved in this work are
confident that J, > 100 kA/ecm? will be achieved for
wires in the near future. It is also reasonable to expect
that with increased experience of processing the lengths
0f2223-BSCCO superconducting wire will be increased
to the km scale. 2223-BSCCO tape is now being pro-
duced in lengths to 100 m with a critical current density
of 10 kA/em* at 77 K.

1t was felt important that the assumptions made in
this paper should be as justifiable as possible. For this
reason it has been assumed that the HT'SC material used
in the cable will be 2223-BSCCO with a transition tem-
perature of 110 X (i. e. no new higher T, materials will
become available), the proposed design of the cable as-
sumes & Je s in the region of 100 kA/em? (10° kA/m?)
isattained. This represents a conservative view of the po-
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tential results of the world-wide research effort into
BSCCO (and other) wires. If significantly higher criti-
cal current densities are attained in long lengths a more
appropriate cable design may be required.

2 Cable Design
2.1 Phase Conductor Outline

The proposed cable design is similar to that dis-
cussed by a number of authors for both low- and high-
temperature superconducting cables {7] and is shown
in Fig. 1.

‘A steel support helix defines an internal duct carry-
ing the liquid nitrogen coolant. Copper tapes are then
wound on the helix, these perform the vital task of cryo-
genic stabilisalion of the conductor. The superconductor
tapes arc then wound over the copper. The conductor
screening and dielectric layers are as for conventional
cables. There are then superconductor and copper return
conductors, with the whole phase conductor being en-
closed by a binder tape.

The cable is assembled from three such phase con-
ductors, each phase having liquid nitrogen flowing
along its inner duct. The whole cable is enclosed by a
double walled steel vessel, in the space between the
walls is a vacuum and a number of layers of superinsu-
lation (an aluminium-coated plastic which greatly re-
duces heat transfer in cryogenic thermal insulation). The
liquid nitrogen is returned in the interstitial space
between the cores of the cable. Cooling is by forced con-
vection to the liquid nitrogen. Although boiling heat
transfer is more efficient than convective, the problems
associated with multi-phase flow along the cable are
considerable. Accordingly the liquid nitrogen pressure
is always such that the liquid is sub-cooled and no boil-
ing takes place, with the temperature and pressure vary-
ing between 70 K and 20 bar (at the entry) and 85 K,
10 bar (exit).

Pressure

case \ .

Vacuum insulation

LN return stream

Phase conductors

Binder LN go

stream

PPL dielectric
phase HTSC™ "
Copper  Sieel helix
ETI6L A Cable trefoil Cable cores
Fig, 1. Cable construction (LN: Liguid Nitrogen; HTSC: High-
Temperature Superconducter; PPL: Polypropylene/Paper Lam-
inate)
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2.2 Phase Conductor Dimensions

The scheme for calculating the various dimensions
of the phase conductor is outlined in Fig. 2.

The duct diameter and dielectri¢ diameter are ob-
tained by balancing the superconductor dissipation
against the cooling capability of the flowing liquid ni-
trogen. Although superconductors have zero DC resis-
tance they do not have zero AC dissipation. The move-
ment of the magnetic self field due to the AC current
generates a voltage in the superconductor, which leads
to a dissipation. This can be estimated using the Criti-
cal State model [8].

The copper tape layers are present to by-pass current
around any low J, areas of the superconductor (caused
cither by local mechanical damage or heating) and to
provide a larger thermal mass Lo reduce temperature rise
during & current overload. The current overload consid-
ered is double the design working current for a period of
1 s; the cable is designed to be capable of carrying full
load immediately after the overload. This assumed over-
load current may require the development ol a supercon-
ducting fault-current limiter.

Following Fig. 2, the working current can be calcu-
lated from the power and voltage. The voltage deter-
mines the thickness of dielectric required. In this study,
Polypropylene/Paper Laminate (PPL) tape dielectric
was assumed. The properties at reduced temperature are
well known and the windings can more easily accom-
modate differential contraction during the cool down of
the cable.

Parameler: Power vollage

Data: Materials, Data: System,

e. g. critical current e. g. allowed temperature
density J, rise,

electric stress and loss, coolant pressure drop,
thermal conductivity heat leaks

¥ < |

Calculation: Coolant duct diameter,
other cable dimensions,
self-field and copper stabiliser,
losses and heat leaks,
refrigerator spacing

4

Calculation: Repeal for other phase
conductor diameters; find
optimum diameter giving
minimum averall cost

&

Calculation: Repeat for other system
voltages to find minimum
cost optimum

v

Caleulation: Repeat for different J_
and power

ETI61.2A

Fig. 2. Schematic diagram of calculation for minimum cost
cable
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Cable component Outside diameter Thickness
in mm in mm

Duct 24.8 -
Steel Support 283 2.0
Copper 308 1.0
HTSC phase conductor 309 0.1
Screen 1 319 0.5
Dielectric 573 12.7
Screen 2 58.3 0.5
HTSC neutral conductor 584 (.05
Copper 59.4 0.5
Cable core: 60.0 -
Three core assembly 128 -
Metallic tube 154 3
Thermal insulation 182 14
Quter Tube 192 5
Cable Diameter: 192 -

Tab. 1. 1 GVA optimum cable dimensions (voltage: 220 kV;
current (rms value): 2.625 kA)

An example of the installed cable dimensions are
shown in Tab. 1 for the minimum cost 1 GVA, 220 kV
cable. This calculation assumes a critical current density
at nitrogen temperature of 2- 106 kA/m?. Note that the
actual thickness of the HTSC layer is only 0.1 mm to
carry the rated current (rms value) of 2 625 A, and as such
contributes very little to the overall dimensions of the
cable cores. The HTSC material does contribute signif-
icantly to the cost of the cable though.

2.3 HTSC Cable: Sources of Loss

The losses of the HTSC power cable arise from:

— Superconductor Losses (sometimes referred to as
‘hysteresis losses”). They are generated in both super-
conductor layers, although the losses in the neutral
conductor are much lower. For the optimum cable de-
sign these losses become very small at the higher val-
ues of J, (>3- 10°kA/m?).

— Dielectric Losses —these are calculated from the
standard equation [9].

— Thermal Losses — due to heat leak from ambient tem-
perature through the thermal insulation barrier of the
cable. Vacuum insulated pipelinc is already manufac-
tured by a number of companies as cryogen transfer
pipeline. The heat-leak values in this study were ob-
tained from exirapolation of manufacturers data.

— Pumping Losses — calculated from the pressure drop
and velocity of the liquid.

— Joint Losses — at the junction between cable sections,
it will probably prove difficult to produce supercon-
ducting joints in siru, consequently there will be local
generation of heat.

All the above losses generale heat in the liguid nitro-
gen, which must be removed by the refrigeration system
at 10 % efficiency as discussed earlier. There will also be
a number of losses at ambient temperature, for optimum
cable designs these tend to be less than the “cold” losses
but, for example, losses in the reactive compensation
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Source inW/m
HTSC phase conductor = 0.68
Dielectric losses = 1.13
HTSC neutral conductor * (.19
Thermal in-leak {+) 1.68
Hydraulic losses (coolant pumping) (z) 0.32
Terminations — resistive losses = 0.15
Terminations — thermal leak {+) 0.26
Various — power losses = 0.05
Various — thermal leak (+) 0.50
Total Cold

Losses (sum of =) 2.52

Heat flow (sum of + and =) 496
Total room temperature losses 55.6 W/m
This caleufation assumes a 10 km long cable with two pumping and

cooling stutions and does not include reactor losses which will be
upproximately | % of the transmitted power. It is further assumed
that 1 W ot heat flow at liquid nitrogen tcmperature requires 10.7 W
of power to refrigeration at ambient lemperature.

Tab. 2. 1 GVA/220kV cable losses

equipment can be siguificant. Tab. 2 contains the calcu-
lated losses for the | GVA, 220 kV example of Tab. 1.

2.4 Important Design Assumptions

In calculating the dimensions given in Tab. [ the fol-
lowing important assumptions have been made:

— The cable has been designed for minimum overall
cost. These costs include clements for cable materi-
als, construction, installation, refrigeration, accesso-
ries (terminations, joints, pumps, coolers) and for
capitalized losses (phase conductor losses, dielectric
losses, pumping losses, thermal heat-leak losses and
losses due to resistive cable joints). If, alternatively
greal emphuasis was to be placed on energy conserva-
tion the cable losses could be significantly reduced by
increasing the cable diameter and accepting greater
overall costs. The design could also be optirnized for
minimum diameter but this would tend to increase the
transmission costs.

— The working voltage has been adjusted from the op-
timum voltage for minimum cost to the nearest com-
mon system voltage (220 kV in the examples).

— The superconductor critical current density has been
assumed to be in the range 10° kA/m?... 10" kA/m?.

— The temperature rise in the lquid nilrogen coolant
along a section of cable is assumed to be no greater
then 15 K.

2.5 Cooling System

The cooling system for the cable is assumed to con-
sistof a bulk liquid-nitrogen storage (or production stor-
age) facility at one end of the cable with pumps and Stir-
ling refrigerators spaced as required along the length of
the cable. The proposed coolant circuit is shown sche-
matically in Fig. 3; also shown in Fig. 3 is the variation
incoolant temperature and pressure along one section of
the cable. The liquid nitrogen requirements of the cable
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Fig. 3. Cooling system and variation along cable (p Pressure;
T Temperature; x¢; Cooling section)

Pump and cooler

are considerable, 30 t/d ... 100 t/d of liquid will need to
be pumped each way along the cable. Calculations indi-
cate that the liquid nitrogen will require recooling every
1 km... 10 km, depending on J., load and cable design.
As indicated above the maximum lemperature rise at any
point in the cable is limited to 15 K. Due to the complex
interaction between the two liquid nitrogen flows, the
temperature does not linearly increase along the cable,
but has a maximum at some point between the refriger-
ator stations. The efficiency of the cooling system is cal-
culated for the working temperature and load, but is ap-
proximately 10 % (i. e. for every 1 W of dissipation in
the cable, 10 W of power are required to remove the heat
generated), this can be compared to cooling at liquid he-
lium temperatures where the efficiency is below 1 %.

3 Results for Optimized Design
3.1 Cable Losses

In Fig. 4 the calculated values for the overall ener-
gy losses of a HTSC cable are shown as a function of J,
and cable transmission rating. For comparison the loss-
es of the best copper-cable solution at 1 GVA and 3 GVA
are also shown. At 1 GVA the conventional solution is a
three-core system, each core 2 100 mm® conductor cross
section with natural cooling. The 3 GVA case requires a
more sophisticated solution, utilising three oil-filled
force-cooled cables with 2500 mm? cores. Even at the
lowest J; considered the HTSC cable losses ure signifi-
cantly lower than those of the conventional cable.

When the superconductor J. is greater than
10° kA/m? the losses in general cease to be a strong
function of J, and reach approximately 25 % of the cop-
per cable losses for the 3 GVA cuble (50 % for the
1 GVA). For the lower J; the losses are dominated by
superconductor hysteresis losses. These become negli-
gible at the higher /. though, when the thermal in-leak
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Fig. 4. Variation of transmission losses Py, with critical
current density J, for some power-transmission ratings S

losses dominate. It is interesting to note that the super-
conductor losses can be reduced to any desired value
simply by increasing the diameter of the conductor, this
reduces the magnetic field strength 7/, producing a dra-
matic reduction in losses. Doubling the diameter of the
conductor has the same effect on hysteresis losses as
using a superconductor with a J; increased by a factor
ol eight. This will of course increase the overall diam-
eter of the cable. The effect on losses of increasing the
phase conductor diameter is illustrated in Fig. 5 for a
number of cable ratings; there is a strong reduction in-
itially when the superconductor losses dominate. As the
diameter is further increased, other losses become more
important until finally heat in-leak becomes the domi-
nant loss and increases with cable diameter.

80' - e
W | |
km-ng\ , |
60| \
T\
i 5=10GVA
A R
I A, ——— B/ P ) PRSCIEN
P 40 | 1,5 GVA
2.0 GVA
3.0 GVA
20— ;
]
i ! |

26 36 46 56 66 76 86 mm 96

ETI61.5A

Fig. 5. Variation in transmission losses P, with phase con-
ductor diameter De (J, = 200 kA/cm?) for some power-trans-
mission ratings §
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3.2 Economics

The calculation of the costs of a superconducting
cable are of necessity very imprecise at this stage in the
development. This problem is approached by estimating
the cost of the various elements that make up an installed
cablei. e.:

— the cable itself,

— the cable accessories,

the cooling system,

cable installation,

1

capitalized cable losses.

The most basic unknown at present is the cost of the
superconductor itself. The cost used in these calcula-
tions has been based on an estimate of material, process-
ing and testing costs. The cable accessories have been
assumed to be of equivalent complexity to 400 kV oil-
filled conventional cables, which represent the most
costly cable accessories presently in general use. The
thermal insulation costs have been estimated from man-
ufacturers data.

Fig. 6 shows the overall transmission cost of a
HTSC cable as a function of J.. The data for convention-
al cables is also shown. It is interesting to note that the
1 GVA and 3 GVA superconducting cables both be-
come the economic choice when the superconductor
critical current density exceeds 2-10° kA/m® (rms
value). Furthermore, there is a diminishing retumn (in ec-
onomic terms) for increased J; in the 1 GVA cable over
4-10° kA/m?, the cable lifetime costs are then dominat-
ed by factors other than the losses and the superconduc-
tor specific costs.

The effect of increasing the phase conductor (and
hence the overall cable) diameter in reducing the losses
of the system were discussed above. Fig. 7 illustrates
that an optimum conductor diameter can be found,
which represents the most economic cable design.

100 kA/em?
J,—»

10 50

ETI61.6A

150

Fig. 6. Variation of transmission costs C with critical cur-
rent density J,. for some power-transmission ratings S
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Fig. 7. Variation in transmission costs Cr with conductor di-
ameter D (J, = 200 kA/em?) for some cable ratings §

4 Results for Re-Equipping Existing Ducts

The stimulus for this cable design is the knowledge
that power requirements in urban areas are increasing,
whilst at the same time the space available for under-
ground services is becoming increasingly restricted. Itis
likely that in the future a number of utilities will require
toincrease the capacity of underground circuits in urban
areas, and this can be achieved in a number of ways:

— provide new circuits in new ducts,

— uprate the circuits in existing ducts using convention-
al “copper” cables, or

— uprate the circuits in existing ducts using high-lem-
perature superconducting cables.
In this section of the paper the economics of these

three possibilities arc examined. The aim is to maximize
the transmitted power and minimize costs and losses at

80

ECU
kW km

60 - S, W——

New duct & cable

4 66 kV copper |
)

20

Cul10kV 200 kA/em? | 300 kA/em? ‘
Y% 200 400 MVA 600
ETI518A S, —»

Fig. 8. Variation in transmission costs C} with nominal
power S, for cable; HTSC cable replaced in 150 mm duct
at various .J,
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Fig. 9. Variation in transmission losses #7;, with nominal
power S, for HTSC cable replaced in 150 mm duct at
various J,

38 kV/66 kV within the constraints of existing 150 mm
cable ducts. The same design and calculation procedure
was followed as for the high power HTSC cables.

The results of these calculations, for transmission
costs and losses, are shown in Fig. 8 and 9. From Fig. 8 it
is apparent that three-core cable with diameters up to
130 mm may be designed for an operating voltage of
66 kV with transmissible powers up to 500 MVA for
J.> 10%kA/m> The costs of this cable show a minimum
around a nominal power of 400 MVA with losses compar-
able to the conventional cable rated at 100 MVA (Fig. 8
and 9). This implies that a system could be uprated to
400 MVA, using HTSC, and occupy the same ducts as
would be required by a 100 MVA conventional system
with comparable transmission costs and losses, Also
shownin Fig. 8 are the transimission costs for the maximum
rated conventional cable in a 150 mm duct for three cases:

— re-equipped duct with the latest technology 66k V cable,

— re-equipped duct with the latest technology 110 kV
cable (this will incur other system costs e. g. trans-
formers), and

- completely new installation of a 66 kV cable (assum-
ing it is possible to install a new 150 mm duct).

A comparison of HTSC and conventional cables of
the same rating shows that the specific cable losses of a
HTSC-based cable (W per MVA per km) are a factor of
three to five lower for J. in the range (rms values)
1-10° kA/m?...2.5- 10° kA/m* with substantial cost
savings.

On comparing different types of cable to transmit
the same power in a 150 mm duct, the HTSC solution
appears to be not only capable of a substantially higher
range of power (up to 700 MVA) but also to be compet-
itive in terms of costs and losses.

5 Conclusions

The most important conclusions from this period of
work relate to the economics of the high-power cable.
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The cost of the HTSC cable has been calculated includ-
ing:

— capital cost of cable,

— capital cost of cooling system,

— cost of installation, and

— capitalized cost of transmission losses.

Based on these calculations it is concluded that:

~ The critical current density for the HTSC high power
link (greater than | GVA) to become economic
(“break-evenJ.”)is~=2- 10°kA/m? (rms value) at lig-
uid nitrogen temperatures.

— WithJ,>2-10° kA/m?, the total energy losses of the
most economic HTSC cable are significantly lower
than those of the conventional cable.

— Energy losses can be reduced still further by optimiz-
ing the cable design, although transmission costs then
increase.

— The break-even J, of the high-power link is sensitive
to superconductor costs and installation costs.

— Increasing the link length or power makes the HTSG
solution increasingly atiractive.

— The HTSC solution allows a four fold increase in
power transmission in an existing (150 mm) diame-
ter over the conventional 100 MVA solution, at the
same transmission costs (assuming J; = 200 kA/cm?).

The most important conclusion must be thatitis pos-
sible for a HTSC power transmission cable to be eco-
nomic at useful levels of transmitted power e. g 1 GVA
with moderate J,. As described in Section 1.1, previous
work with low-temperature superconductors proved the
technical feasibility of the superconducting cable given
the availability of conductor. Effort must now be direct-
ed toward developing the HTSC wire to the required
level; this effort is now underpinned by the knowledge
that the HTSC, unlike the low T, cable, has the prospect
of becoming a useful and saleable product.

References

[1] Edwards, D. R.: IEE Proc. C 135 (1988) no. 1, pp. 9

[2] Forsvthe, E. B.; Thomas, D. A.: A Performance Summary
of the Brookhaven Superconducting Power Transmission
System. Cryogenics 26 (1986) pp. 599-610

[3] Klaudy, P. A.; Gorhold, J.: Practical Conclusions [rom
Field Trials of a Superconducting Cable. TEEE Trans.
Magn. 19 (1983) no. 3, pp. 656

[4] Forsyth, E. B.: IEEE Trans. Electr. Insul. EI-6 (1980) pp. 7-16

[51 Hara, T.; Okinawa, K. el al: Feasibility Study of Compact
High Tc Superconducting Cables. TEEE PES Winter Mee-
ting, Atlanta/Georgia/USA 1990, pap. 90 WM-073-2 PWRD

[6] Grasso, G. ct al.: Transport Properties of Cold Rolled Ag
Sheathed Bi(2223) Tapes. Bur. Conf. on Appl. Supercon-
ductivity 1993, Proc. vol. 1, pp. 179-183

[71 Suzuki, H. et al: Cent. Res. Inst. Electric Power Ind.
(CREPI), Japan: Intern. Rep. no. W88004, 1991

[8] Hankox, R.: TEEE Proc. C 113 (1966) no. 7, pp. 1221

[9] IEC-Publ. 287 (1982): Calculation of the Continuous
Current Rating of Cables {100% Load Factor). Berlin/
Germany: vde-verlag, 1982

300

Acknowledgements

The authors wish to acknowledge their co-workers from ABB,
GEC, Siemens, Alcatel Cable, Pirelli and BICC in Joule pro-
ject JTOUE-0050-GB and Brite-Euram project BE-3092-89 for
providing data used in this paper. We also wish to acknowl-
edge the financial support of the European Commission under
the Joule and Brite-Euram initiatives.

- Manuscript received on January 26, 1993

The Authors

Steve P. Ashworth (1958) trained at
Manchester  University/UK  (B.Sc
Mathematics and Physics, 1981) and
Exeter University/UK (Ph.D. Experi-
mental Physics, 1986) before lecturing
and researching on cryogenics and
superconductivity at  Southampton
University/UK. From 1990 to 1993 he
carried out research on behalf of BICC
Cables at Cambridge University into
High-Temperature  Superconducting
power cables, In 1994 he joined the staff of the Interdiscipli-
nary Research Centre in Superconductivity at Cambridge Uni-
versity and is now investigating the processing and applicati-
on of HTSC wires. (IRC in Superconductivity, Cambridge
University, Madingley Road, Cambridge CB3 OHE/UK,
T +44223/337441. Fax +44223/337074)

Plero Metra (1942) received the Dr.
Eng. degree in Electrical Engineering
from the Polytechnic Tnstitute of
Milan/ltaly in 1965. In 1967 he joined
R&D Department of Pirelli Cables in
Milan, where he was involved in partial
discharge measuring techniques and
development of extruded cables. Since
1974 he is responsible for the Funda-
mental Research Section, in particular
related to dielectric and measuring
techniques. Since 1985 he is responsible for HVDC cables
R&D and for the Dielectric Materials Section. Since 1987 he is
responsible for the research activity on High-Temperature
Superconductors at Pirelli and since 1992 of Basic Research at
Pirelli Cavi-Divisione ltalia. He has been member of six
CIGRE and IEC Working Groups related to power cables. (Pir-
elli Cavi SpA, Divisione Italia, R&D-Basic Research C.2014,
Viale Sarca 202, 1-20126 Milano/Ttaly, T +3 92/64 42-30 81,
Fux + 3 02/64 42-5502)

Raymond Jeffrey Slaughter (1925),
B.Sc., CPhys., MInstP, CEng., MIEE,
spent his early years in the electric
cable industry, on quality control and
research. He joined BICC Research
Laboratories in 1961 as a Section
Head, working amongst other things
on superconductivity and its applica-
' tion to power cables, also on power-

cable dielectrics, particularly paper-
polymer laminates. The 1970's and
1980’s were mainly spent on communications research, first
on millimetric waveguide measurements and then on optical
fibres. On the closure in 1987 of the London Laboratories of
BICC he became a consultant. (22 Ingleby Way, Chislehurst,
Kent BR7 6DD, UK, T +44 81/4 67 52 31)

ETEP Vol. 4, No. 4, July/August 1994

Supplied by The British Library - "The world's knowledge"




