Lawrence Berkeley National Laboratory
Recent Work

Title
SUPERCONDUCTING POWER TRANSMISSION BY LOW VOLTAGE CABLE

Permalink
https://escholarship.org/uc/item/7vg6559d

Author
Merriam, Marshal F.

Publication Date
1970-03-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7vg6559g
https://escholarship.org
http://www.cdlib.org/

foF

Submitted to Journal of Applied Physics UCRL-19190

Preprint c. ‘ z

P

SUPERCONDUCTING POWER TRANSMISSION
BY LOW VOLTAGE CABLE

Marshal F. Merriam

RECE!\/ED
Ln(«'-:.-» - -1;
RADIAY U Lhe sV
AFK 15 19/0

LIBRARY AND
DOCUMENTS SECTION

March 1970

AEC Contract No, W-7405-eng-48

TWO-WEEK LOAN.COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

. o »

LAWRENCE RADIATION .ABORATORY
UNIVERSITY of CALIFORNIA BERKELEY

06761-T19D0N



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



- iii - - ~ UCRL-19190

 SUPERCONDUCTING POWER TRANSMISSION BY LOW VOLTAGE CABLE

Marshal F. Merriem
iﬁorgaﬁic Materials Research Division, Lawrence Radiétion Laboratory,
and Department of Materials‘Science_and,Engineering,
College of Engineering, University of California,
Berkeley, California 94720
.ABSTﬁACT
' fhe concept of multiple ﬁaralled circuits carrying power at. low
_yoltage_{(below 20bkv) is considered. An ill;strétive desigh»is worked
out for a 5000 MW line at + 13 kv and for a 500 MW line at + 1300 volts.
It is shown that superconducting t?énsmiSsion is moét efficient.( in the
sénée of”ﬁaking the'beSt use of conductor materiai) at'léw voltages,
which is just'QPPOSite to the situationvfor non4superconductoré. 'The
5000 MW line c;nsists of over 1000 conductors in parallel. Each cénductor
carries”360 amps at + 13 kv, dc, and consists of a superconduéting (Mo 48n)
core of diameter 0.096 mm,.surrqundea by normal metal (Ai) cladding to a
diameter .of 0.70 mm, with insulation to an outside diameter of 7.0 mm.
Alternatively, wifh:the same number of ¢onduétors ohe canJhave‘a 500 MW
iine»af :_1300 volts dc¢, and a conductor outsidé diameter of oniy 1.4 mm.

The"superconductor design current density is 5 x 106 A/cm2 at 15 koe.

The design voltagé stress on thevinsuiation is 16 kv/mm;fqr the 5000 MW
3Sn is requifed

per km'of.cable in eithervcasé. The examples are dc, but the general con-

line and 8 kv/mm for the 500 MW line. Only 69 kg of Nb

cept appliesvto'ac supéfConducting transmission also. It is argued that

~a low voltage supgrconducting cable could be economically interesting,

even for dc.
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The transmission of electrical energy is a large-scale. industry

" and is growing steadily larger. Some 15 to 25% of the total plant in-

Vestmen£ of ‘the. electric power industry in the United States is in
transﬁiésioﬁ eqﬁipmeﬁt. Thus, an economic justification exists for
exploratiéﬁ bf neﬁ approachesvtb.power transmission.

.The.gredt bulk_of £ransmission‘is via the.familiar overhead line, -

which is efficiently cooled by air convection. A small amount (1% or

less) isvby;underground cable. A cable is typically much more expensive

(20 timés) thén an dverhead line of equivalent capacity. Nevértheless,
interest in cablé transmission and ekpeﬁditure on large caﬁacityvcabies
is éurrently very high. -Tn.cities_ cables are becoming more and more
essential. Large genéfafing,sﬁations musﬁ bé sited where cooling water
is available and (especially fdr nucléar.planté) hot in the midst of
populétion‘centérs. Load.densities in‘cities c@ntihue to‘inérease, as :
does'populaf obpdsitidn to overhead.lines;

Boﬁh ac;and dc EHV fransﬁission cabléé are in use today, ac being

(1)

the prepbhderant type. Transmission by“aé'cable has, of course, the

 great advanfage of compaﬁibility with existing transmission lines and

~distribution systems. Otherwise, it is not very satisfactory. There

afe-two major problems; .
The first of these, which limits the lehgth of acv=cables, is that
the cable.looks like a>capécitorvto the generator, énd tﬁe longer the
cable,.the bigéer its capacitance. ‘Each half-cycle,'this capacitor must

be charged and discharged. A charging current must be provided by the

generator, and this charging current.cannot be delivered to the load.



- - -~ UCRL-19190

For cabie leﬁgths greater than 26Uto hO'miles, the capacitive charging
vcurrent”eiceeds the load current.

The_éecond problem is heating. Tﬁé héaf is géneratediby ohmic
loss invthe condﬁctofvand ﬁyidié;ectric loss in thé insulation and the
surrounaing_eérth. There can aléo be edd&—curréht'heatiﬁg in nearby |
metallic 6bjects, such as the pipe‘containing the cable. Conduction
of heat through dielectric»ana earth does.not érOVide Véry effective
cooliné, and capacity is much less than iﬁ wou;d.Be for an overhead line
of the same conductor‘secfion. Mény'exiéting éc cables incorporate 0il
and watér»cooling.systemS'to heip removebthevheét, |

:Most of the dc cables now in use are underwater intersystem ties.(e)‘
Difect cﬁrreﬁt is'particularly'suitable for-intersystem ties Becaﬁse
SYnchrOnization aﬁd stability problems are eliminated; As an extreme
examﬁle of:this,vsystems of différent frequéncy can be tied together,.as
with the Hopshu iﬁtersystem tie (Japan):

"High—voltage de cables for transporting_bulk power into centefs

df»densevload are béginning to appear. One such line (1_226 kv, 86 km, .

640 MW) for bringing power into London is now Eeing built.(3)

| More dc cable links will probably be.built since th of the dis~

advéntages of ac cables, the éharging éurrent_length¢1imita£ionwand tﬁe “
.heating‘from dielectric loss, are avoidéd completely with dec. .The

curreht limitation is set by Joule heating and the length limitation by
: véltage‘drop along‘the conductor; thesé limitations are much_léss stringent'
Aléo, insﬁlation requirements are eased in dec transmission.. |

-~ "Because of these considerations, the installed cost of a particular
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cable to handle 500 MW at 250 kv dc is pfojected td be less than half
(4)

of the cost of a 275~kv ac cable of the sama capacity. Any cost
comparison oOf de¢ and ‘ac transmission systems ié,vof course dependent on
line length, both becéuse bf the conve?sion terminals needed'atbthe ends
of é de line, and also because of the charging current problem in aé
cables; Whiph gets wofsé'as the cables get lohger} The crossover point
is usuaily Quoted:as 20 .to 30'miles.

The Kingsnoythuscheme for bringing dc power»into London(3) is
81 km long, with a taé‘at 59'km. An.important'aspect’of the econbmiés:

here is that the line runé direct from generating station to load center.

The requirement for underground transmission into load centers is

for high capacity links, consequently cables now in use operate. at high

voltages. A number of 275 kv ac cables have been placéd in service in

England since 196L. All are short, the lohgest'being 20 miles. A number

- of 400 kv ac cables are to be installed in Englahd,.ih order to increase

capacity evenlmore, and to connect with the national 400 kv grid. A

(5) s designed for 4400 MVA at 400 kv, using two

‘double circuits each of six 250 mm2 copper conductors. About 3.4 MW

‘is diséipated in a two mile length of cable, which in this case is cooled

(6)

of cables in use in the Western hemis-

phere at 69‘kv and above lists over 2000 circuit miles, but no individual

cable over 15 miles.  The great majority are under 5 miles. The largest

capacity and highest voltage is a 345°%kv, 500 MW cable under New York.
Higher capacity transmission cables of conventional type will réquire

even higher wvoltage levels.
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Presenf trends in the growth of power station sizes snd load = - s
center requirements indiqatexfhat if is realistic to plan for. cables in
fhe 1000 to 10 000 MW’range. 'Generating plahts with capacities over 2000
- MW are being built today; futhre ones will be considerably larger. Average
station 51ze in the 1980 s has been estimated by one author at 4000 MW. (7)
- Load center requlrements are already very large in maJor 01t1es (40,000 MW
for London and 10,000 MW for Tokyo in 1969) and seem to be growiné at
about 10% per-year.‘ Intersystem tieslalso require capacities in the lOOO.
to 10 OOOvMW réhgeg according‘to the‘criterion that the capacity ef ﬁhe
tie should be a_subsfantial.fraction.of the capacity of the smaller systeﬁ,
| Ecdnomics bf large schemes are always uncertain until after.
eompletion, sometimes even then. High -capacity cable transmission is ex-
' vpens1ve, but there is no alternatlve The Kingsnorth scheme (i_226 kv,

(3 )‘($16OO per.meter!). A -

(8)

paper on the economics of hlgh power cable c1rcu1ts © gives (depending

640 MW, dc) is supposed to cost’ $110 mllllon

on copper prices), $l 2 million per double circuit mile ($770/meter) for
400 kv, ac, 1100 MVA cable. Barnes et al in the discussion following

(L)

their paper quote costs more than double thls for LOO kv cable of twite
bthe capacity, Neither of the 400 kv estimates 1nclude rlght—of—way and
overhead. The cost of manufacturing and laying the_cable comes to about
60—76%,of the total, the remainder being civil works,‘cooling installations,
‘and'joints.

| hIt is apparent that the cost of convenﬁional cable transmission is

large eneugh to encourage the.examinatibn of alternative concepts, such

as superconducting cables. -
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IT. ©SUPERCONDUCTING POWER TRANSMISSION

A. Background and General Considerations

Superconducting power transmission has been discuséed by many

(9—21). Perhaps the earliest proposal is that of Mc Fee(g). A

most ambitibus project was outlined by Garwin and Matisoo(lo)."A

authors

summary. of superconducting and cryogenic transmission has been given by

(21).

Minnich and-Fok The most detailed engineering design has been

(15-18).

A Very»encouraging recent development

has been the demonstration of what appears to be a suitable material for

(19)

an ac cable . Although superconducting'transmissionlStill is under

(20)

active discussion little or no attention has been given to the fact

that the properties of.supefconductors encourage the use of low voltages

(12)

in transmission. This is implicit in Klaﬁdy’s papér but has apparently
not been considered by subsequent authors.
'The'characteristic of superconduétérs that_cémes immediately to

mind in connection with transmission of power is the complete absence of

resistance (at least. for direct current).b Loss-free transmission appeals

to the Utopian instinct. Without doubt, zero loss is a substantial

advantage, aé is also zero voltage drop on a long line. Since, h§WeVer,
éapit51 c§ét is more important than losses in ordinary transmissién systems,
the complete eiimination of ohmic loss in a superconducting lihe is not
’the'cruciai édvanﬁage. The essential_property of~suberqonductors for
power'tréhsmissiép appliéatiéns'is not zero resistance but high current-
cafrying.capacity.v

A conventional copper or aluminum transmission link is usually
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'designed and opérated to transmit as much power éS»possible. This N
means that the ohmic and other losses are made very nearly as large as

s

they can be, without damagihg the line.’ The maiimum practical current -
densities fér copper cénductors are in the range 1.2 to 1_5-A/mm2’
vand for alﬁminum,'0.6lt6 ;?O A/mmz. .Superconducting NbSSn, by:comparison?
can cafry supercurrent'densitieé iﬁ éxcess of 10 000 A/mmz.

1_For pbwer transmission then, there are two new possibilities.
'Either 1) tfanéﬁissiQn cab;es can be designea wiﬁh capacities'Well in.
.excess of.aﬁy ffactical conventional cable, or 2) powef in mpdefate or
large a@ounts’cénvbe tfansmitted without the reqﬁifeméht of either large
conductor cfoss sections orvhigh voltages.

The first of thesé‘possibilities (a line with very large trén;-
vmission,capacity) is iliustréted by the Superconducﬁing line proposed by
Garwin»ahd.Métisoo."Thej proposed a lOOO—km.line_cérrying direct current
at 200 kv, and having a:pbwér transmission capaéitylof'loo 000 MW.  This
capacity:ié-mﬁch greater-(ZS times) than anj exiéting transmission lines;
it is approxiﬁately half the present power generating capacity of the
 United Statéé. The high capacity is made possible by the high critical

current dénSity‘and the long length by thé zero resistance property of ‘
;the superconduéting material..
'Although the Garwin-Matisoo proposal appears technically sound,
the‘trénémissidn line they describe will probably not bé built in the
forseéable future. An énormous;initial investment is reqﬁi?ed, and the

need for a 100 000 MW link is not obvious right now.

This leads to thé second possibility——transmissioﬁ at low or
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‘moderate véltage.' Reasonably high capacity is still possible. The

outline design in this paper is for a transmission cable of moderate
length (iO-to lOO"km), carrying 5000 MW at + 13 kv dc. The line is
intended for use within or between metropolitan areas.

B. Propertieskof the Materials

- The properties of-superconductors lead naturally to low voltage

3Sn (Fig. 1). The

material can carry direct current with zero resistance if temperature,

transmission. Consider the dc properties of Nb

magnetic'figld,‘and cufrent.are all belOW’their critical values.
vAitérnating current isinot cérried'without‘loss. If this were

not so, ac power transmission links woﬁld probably be uhdér construcfion

already._;Iﬁ'is not the loss éf power from the line thét-matfers, but

the additiqnal load on the refrigeration system. The loss mechanisms

are structure sensitive, leading to hope that with better understanding

they can be eliminated or inactivated. The work of Meyérhdffiand coworkers

(19)

at Linde in producing eleétroplated niobium which reportedly carries

up to lOS.amp/cm2 with power dissipation of only 1.0 x 107713 watts/km,

at 60 hz, is extremely encouraging. It may thus be possible in the

future to use superconductors for ac transmission. For the moment, we

Wiil consider only dc transmission where the materials properties are better

~known. The advantages of low voltage operation apply'to ac transmission.

also.
A géod superconductingvmaterial with well-known properties is
3Sn'at zero magnetic field and 4.2°%K

A/cm2 for the best specimens, and it is dependent

NbBSn. ‘The critical current of Nb
T

is in the vieinity of 10
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on the mgthqd of making the ﬁaterial; Like thé'streﬁgth:of.steel, tﬁe

" supercondﬁcting Critical current dénsity is not a fundamental limit, and
will likely increasé, perhaps by an order of magﬁiﬁqde, as a result of
future reséarch. For design purposes, a critical current density lower
.fhan the ﬁaximum;'by-several.ordérs‘gf magnitude}_muét be used'whén
~the superéohductor is in a‘high magnetic field environment. Futhermore,
it ié cquomary to surround the superconductor with a substantiai amount
of copper or aluminum'for stabilization.

'By_ﬁsing é_multiélé conductor configﬁratjonqthe magnetic field-
in which:thé'supefcénductor‘muét operate camﬁinfour céncéptﬁal design;
be kepf to a reésonably low value. The design operating point (Fig. 1
(v ) is J=5 x‘106 amp/émg; H=15 koep

“C. . Cbndﬁctbr Diameter and Low Voltage Operaﬁion

'Whén a cOnventiongl tranémission 1ine is cénstructed and in‘place,
it is characfefized by'alcertéin resistance. A supérconducting iine,
on the otﬁer‘hand ié characterized Eyva certain.critical current. An
important conseQﬁence of this distinctionvisvthétfthé incentive for
goiﬁg to extremely high tfansmiésion voltages-is mﬁch reduced. The
superconducting'material is more efficiently utilized at low véltage!

In the cqpventional line, Pmax’ the maximum power that can be
gengrated in’ the conductor by ohmic heating and'safely dissipatediwith--
out daméging the line, and:R, the line resisténce (both per unit‘length),
detefmineiimax, the maximum allowable current thét can be put'fhrough the

line:
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The Valﬁe'of»ImaX‘depends, of course, on the conductor radius r, and

P depends on the'surface area of the conductof, Since P is per
max - . _ max

vunit length, it is proportional to r. On the other hand, the resistance

r is proportional to l/re. Thus ,

I ~ r3/2
max

‘The power tranéported by the line is the product of Iméx and the voltage

v impresséd én the line. However, V cannot be arbitrarily 1arge; Ifr

is_small_and V is too large,‘the electric field at fhe surface of the con-

ductor will be too high and corona breakdown will result.

v_'The electric field E at the surface of a cylindrical wire at

voltage-V is given by

where f is a slowly Varjing logarithmic factor<con£aining r and the dis-

tances to other cbnductdrs in the'vicinity. There is a limit to E, call
it Emax’ which 'is the breakdown field of air, vacuum, plastié; or whatever
is' surrounding the wire. Thus; there is a maximum permissible voltage 

v ~ T
. max

Consequently; conductors of very small radius are not suitable for high

voltage. Since they are not suitable for high currents either, it follows
that conVentional conductors for transmitting high power must be large.

This is not true, however, for superconductors, Wheré Pﬁax and R .~
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‘are not applicable.’ For a superconductdr the only material. properties
that matter are the coordinates - call them J¥, H¥, - of the operating
point below the critical current curve of the superconducting material
.—-point x in Fig. 1(b). The coordinates of the operating point determine
the conductor radius r. Thus, since H has its highest value at'the con-
ductor surface,

fH.ds =1

2 Mr H*¥ = I
On ‘the other hand, I = J¥* Tre, Thus,

oM r HY = J* T r°, and

2 H¥
J¥* b

r = (mks units).

Fér H*¥ = 15000 oersted and J¥* = 5 x 106 amp/cm2, r éomes out té
be 0.048 mm. Thﬁs‘condpctors of smali radius are.weil suited‘for supef—
conduéting lines, In ordef.to usé the high criticai’currents”of supéf—
éoﬁductors at low fields, the cbnductqrs must be of small radius. Since
corona iimitations are.the same'for Shperéonductors as for normal
cohductbrs, small radius iﬁplies low voltage operatién. Superconducting
transmission is thus most efficient at low voltages, just the opposite
of the situation for convéntiongl transmission. 'Inbfacf, since rmax='

2 H¥/J*, and Sincevcritical current versus field ploﬁs praétically
alvays shov the highest critical currents at the lowest fields, the

superconducting material is used most effectively if the conductors are

e
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made very smail——as small as possible. If one thinks of the conductors
‘as Wires,;fhen there are_certainly.gding to be practical limits set by
fabriCation_and handling problems. However, thére are other limits. vThe
maximum voltage permissible becomes lower and lower as the conductor
dimenéions dfob; because of the coronéjlimitation, énd it.would probably
not be advisable to go belo& thé voltage levels at which the power would
ultimately be used, say'hho volts.i The minimum conductor radius fixed by
this limit»depends a little on the insulﬁtion thickness used and a great
deal onjbfeakdown strength,,Ema#. Takiné 16 kv/mm for the latter, and
assuming the conductor to Befperfectly cylindrical and free from surface
irregularities; the conductor radius caifulatédlfme Emax = V/r comes
out to be about 0.03 mm for 440 volts. The 16 kv/mm is about the highest
valqe-for EmaX ﬁe could réaéonably take. |
I1I. ILLUSTRATIVE'DESIGN FOR A'5000 MW CABLE (DC)

| vThiévis not a summary of a completed engineefing design. Rather;

what follows is intended as .an illustrative design,'tb illustrate the

-applicatién of the low voltage concept to a specific transmission
- situation. This is to be a DC transmission cable. |

To begin with, it is.ﬁeceSSéry to choose scme (reasonably low)
' operating‘véltage. If the voltage is too high'most of the special
advantage of the superconductor is losﬁ. If it is toé low, the capacity
will.be small, unless thé number of conductors is made ﬁnreasonably large.
The voltagé determines thevconductorAdimeﬁsions. ‘The capacity desired

then'détérmines the number of conductors. We choose + 13 kv as a

reasonable operating voltage. The conductor dimensions are more



- 12 - : o UCRL-19190

attractive for voltages lower than this; é6'kv is chosen mostly because

‘it approximately matches.generator voltages. If there is a system

requiremeni for some differeht voltage the conductor design can be ad-
justed accordingly. However, higher voltages become increasingly

awkward;'7The 5000 MW 1is chosen rather arbitrarily as a large but

" reasonable capacity likely to be needed in the next decade. The case

of + 1300 volﬁs and 500 MW is also considered, briefly.

A. Conductors
The discussion of conductor diameter in the preceding section

omitted any mention of stabilization. Stabilization, usually with copper,

- is well'éstablished practice in design of supercohductihg solenoids. In

the case. of a trahsmiséion iine»With manyﬁparallel éonductofé it would
seém.thafistabilizatibh with normal metal cladding is ﬁnﬁecéssary."How—
ever,bnorﬁél metal cladding is needed for other reasons.

:Thé most important of these is that the operating voltage implied
bj a conductor. diameter of Q;O96 mm'(defivédvfréﬁ.the opérating point
J¥, H* in the preceding section) is muéh 1ower‘than'13 kv. To overcome

the corona limitation of the small superconductor diameter, we surround

. the superconductor with aluminum, in the manner of Fig. 2. Thus, the

radius controlling the voltage can be increased to any desired value,
while the radius controlling the current remains small, because the
current flows only in the superconducting core. The cost of aluminum

is much less than the cost of Nb_Sn.

3
The:geometry of Fig. 2 is not optimal for making best use of the

supercoﬁducting material. Consider, for example, a superconducting pipe

i
4 3
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with the superconducting material on the outside of an aluminum core,

rather than vice-versa, as in Fig. 2. If we pass the same current in

- both cases, the magnetic field present at the outer radius of the super-

conductor will be lower in the pipe geometry. Thuﬁ, the opéfating point
iéduld be shifted to higher Jc.énd:léss material used (for the same
current),’ For simplicity, héwever, and various prac£ica1 reasons, we
proceed,with ﬁhe geometrx,of Fig. 2. Ogé advantagehof having the
superconductbr'oﬁ the inside, is that thermal contraction in aluminum

is much g#eaterfthan in Nb3

put in axial and radial: compression.

Sn, so the brittle.éuperconductor will be

To f£ix the outer diameter of the aluminum jacket we need to know
not only the operating voltage (+ 13 kv) but also the properties of the

insulatioh; espeéially Emai’ thé;breakdown field;"Conventibnal insulation'

materials for power cables are oil-paper-plastic composites. 'They can be

opérated (at'room temperature) at electric fields as high as 15.7 - 17.7

(L)

Recent experiments

kv/mm (de); 13 kv/mm (ac) according to Barnes et al.
' (22)

indicate that'the insulation is not degraded by cryogenic temperature.
(23) Without specifying
ax’

Maximum electric field will occur at the inner radius of the in-

) to be at 13 kv

sulatioh; Assuming the innef rédius of the insulation (r2

and the outer radius (r3) to be at ground potential we can compute the.

insulation dimensions.

e
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~ where the constant K contains dimensions. The voltage (13"kv) across

the insulation is given by

and the maximum field strength is

E_ _K ——— . v
)

We have the freedom to pick the-rdtiO'(rS/rg). }w¢ choose (arbitrarity)

(r3(r2) =.lO. :Wlth Emax = 16 kv/mm and V = }3 kv, t?}s leads to

0.35 mm.

i

I'2'

r

» 3.5 mnm.
‘and previously, for the radius of the supercdnducting core, we obtained

r, = 0.0 48 mm,
The percentage of cross section which is aluminum is thus about 98%. Stabil-
ization is obtained automatically,’ In a cable with mﬁltiple parallel paths,
all superCOnducting, stabilization should not be necessary. It would seem
that normal regions should not catastophically propagate because current
would be diverted thfough the other conductors.

The aluminum has another important role. Suppose a small break

3

conductor can continue to be used if the resistance introducted by the

or crack develops ih the Nb_Sn core of one of the conductors. That

. break is small enough so that negligible additional load is placed upon v



-
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the réfrigefation systen. The aluminum provides.én excellent conducting
path around>£he break and makes this possible. Assuming moderately high
purity aluminum CB3OO/RM.2 = 200) a rough éalculgtion shows that breaks

in the'Superconducting core .amounting to as much as several mm/km in the
aégfegate'cduld be tolerated. For example, we could have several huﬁdred
breaks of iO micréns each in every kilométer of condﬁctor. The resistance
introduced thereby adds less than 10% to thgvrefrigeration load. Considering

the lack of ductility of Nb_Sn (and similar compounds ) this aspect of the -

3

aluminum cladding éould prove quite important.-

" B. "GEneral Design for the Cable

' The current through a single conductor is

2

*
I1=J wry = 360 amperes

A cluster of six conductors wrapped about a central suPport vire
(Fig. 3) coﬁstitutes three dec circuits of 360 ampereé each, and is about
21 mm in diaﬁeter. .One bf the-ideas in using a éluster is to place op-
positely directed currents next to each other so that magnetic fields
cancel. prevér this is not_really vefy.important in our‘eiample, because

of the thickness of the insulation. At a voltage of + 13 kv, one cluster

can trensmit 28 MW. TFor a capacity of 5000 MW 179 clusters are required,

‘resulting in a total cross section | of ‘about 600 émg if ﬁhé'clusters

were laid in a close packed arrary. This cross section can be reduced by

half or more, by using more aluminum and less insulation.

There is no reason the clusters have to be assembled in a close

packed array. They do not have to te assembled at all, they can just be

i
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laid in-randomly. The individual conductors could be manufactured in
very lépg‘léngths,_cabléd'into clusters, and the‘clusters laid one atop
the othér:in the’refrigerated space. This approach reduces the problem -
of makiné“réiiable superconduétiné joints in the field, since quite a
long length of individuél conductor can be carriéd on onéispool. The
thermal éohtraction problem,.at least the contractién in length of the
individﬁalvconducfors, is also alle&iated, since the clustgrs can be laid
snake—lik¢ in the refrigeratéd=space, té Straighteh:out on cobldown;

| This:éénceptvof multipié conductors laid lbdsely in a refriéeréted
'épace.has great pOteﬁtial,flexibility. For exampie, clusters of different
voltages cén be laid togeﬁher in the same_trench.r If the refrigerated
space is_made large eﬁough to begin,ﬁith; moré‘conductérs can be added
from time to time as need arises. A fault.in ohe,cénductingvbair reducés
capacity only slightly; repair cén~be deferred until many faults have ac-

cumulated.

c. - . Refrigeration
Refrigergtibn needs have been»éstimated,'but the calculations will

not be outlined hére. HThey_led to a.heétvremoval requirement of 24 watts
per km froﬁ the 4.2°K space and 2 kw/km from the TTK space. Removal of
heat on this scale is not a pfobleﬁ,. Suitable_refrigerators exist today.
The réfrigération cost is." smallef than.the capitalized value of the
power which Wouid be consumed in a non—superconduéting transmiésion line
of equal capacity. The heat leak calculations are not very reliable., but

the 24 watts/km is not a critical number either.
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.D. FabricatiogliinstallgtiOn and Operation

Oncé mastered, fabricatién of;the‘conduétors is a’continuous‘hass
productioﬁ’opefé@ion. Cabies_of higher bapacity.will use more conductors
. — not bigger'ones - and so cénductors will not have to be custom made for
-each jéﬁ; | |

Getting the trench_dﬁg and the'prefabricated.sections of metal
pipe weldéd or bolted into pléce, and.legk tested, will be én expensive
and troublesémé business. Onée.iﬁ has b%en éompleted the condﬁctors are
laid down;ffhe co&éfs‘BOltéd on, and coqldowﬁ‘ﬁan begin. |

Some provision will have.to be made vfor_aividiné the current
e@ually among all the circuifs, éince the current flow in the superconductor
is volﬁageless and may;.therefore, be controlled by $mali flaws or by ‘
slight,differences invcontéct>resistance at junctioné, Oné way to do
 this is to include in'eééh circuit a s@all and acéuvately'fixed series
resistance of abdﬁp lO'-6 ohms. The»power dissipated by these terminal
resistances is modest ‘and can be removed by air cooling rather théh
cryogenic fluids.

E. FEconomic Attractiveness

"Eéohomic analyses of»novel systems, including superconduéting
dnes, have a tendency to prove the authof's'point and lea&e the reader
uni@pressed. Consequently, we make 6ni& a féw remarks., |

A major expense,‘and an #ncertain oﬁe, is the cost of.digging the .
trench and fabricating and installing'thevpipes and chambers which go |
into if. .Héﬁever, this is a'major‘expense for a conventionai transmission

cable also. - It may not'bé.too much greater for the superconducting cable
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than for the non-superconducting alternative,'especially since our cable
: : - - L . s .. (10,17)
should have many fewer joints. Estimates made for similar designs
lend encouragment.
The cost of conductor material is considerably less than for a
' copper cable of equivalent capacity. Our design'uses 69 kg of NbBSn and
1100 kg of Al per km of line (64.5 and 1020 gn/km for a single'conductor).

At $200/kg for the Nb_Sn and $5/kg for the Al [ba51c raw material costs

3

are about $60 and '$0.6] the cost for ‘the conductors ‘alone is about
$20,000/km. " In the thO_MW conventional cable discussed earlier(u’S)
the copper alone4COmes‘to more- than ten times this.

vThevreffigeratdon cost is, as already mentiohed;' . less than
the.vaidedOf the pover.dissipated by_resistive heating in avoon—super—_
cooductinélcable. | | | |

‘vThere-is no:denying that the attractiveness of the line, from the
standpoint of compatibility with_tod&y*s'power_systems, would be greater
if it were not dec. Tefminal equibment to convert from dc to ac end vice-
versa 1s not a technlcal problem, but may be an ‘economic barrler Present
costs’ of $20 30/kw per termlnal are for hlgh voltage equipment ; equlpment
'for 13 kv.should_be cheaper. Also, the Yow voltage makes poss1ble the
’elimihation-of large‘traﬁsformers et both ends of the line.

Since the'capacitv can be easily divided, by siﬁply separsting

conductors, the line is ideaily_suited for a "tree" system--as opposed
to a simple point—to—point link. . A1l circuits could originate at a large

generating plant, then branch out to sevefal_load centers as the line

enteraﬁzthe city.  Of course, there are limits to the amount of branching
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practiCai, sincé’eéch branch mustvbe refrigerated.

F. Variation: 500 MW Cable at Lower Voltage

' Récentl?.ﬁ large'dc SupefCOndﬁéting motbr'has been built,(2h) and

the construction of a superconducting dc homopOlér generstor has been

(25)

undeftaken. Eléctrochemical industries:have been mentioned as one

‘arég of dpplication.L Transit systems ére also possible bulk consumers of
dcvpdwer. For a homcpdlar generator,713 kv may be an unreasonably high
voltage, ﬁut as we héve seen, lower voltages are ho_disadvanﬁage for super-
condﬁéting trénsmission.' Fbr 1300 volfs de, reésonable,dimensions for -

the conductor are r, = 0.048 mm, r2'= 0.070 mm, r, = 0.700 mn. These are

. obtained by relaxing'the E ox requirement to 8 kv/mm; otherwise no aluminum

at all is required to meet the corona limitation. For the same

number of conductors the capécity is ncw 500 MW, the diameter of a cluster

' (transmitting 2.8 MW) is 4.2 mm and the required cross section of the cold

space is reduced by a factor of 20. A 1000 MW fuel cell-coal plant, de-
livering power at 800 volts, has been diécusséd§26) The economics of

this projéct would certainly be improved if economical low voltage dc

transmission were available.
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IV SUMMARY AND CONCLUSIONS

’

A cqnéept’for a supefcondﬁctihg power trénsmission cablé‘wbrking
at low vpltage (belowy20 kv) has b;en worked out and illustrated. ‘The
principal advantage iﬂ using 1ow.voltage is that mosﬁlefficient use of -
"the superconduéting material is.effécted thefeby; The concept is applic-
able to either ac or dc, but the illﬁstrative deéign has been worked out
for dc, sincé the material properfies are %etter khbwﬁ#% in this case.
ThevtranSmission cable consists of a iarge number of small_éonductoré

in parallel; the dimensions of these conductors are given for two cases:

5000 MW, + 13 kv and 500 MW, # 1.3 kv.
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Fig. 1
Fig. 2.
Fig. 3

'Superconducting properties of Nb

transmit 28 MY at * .13 kV. '
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FIGURE CAPTIONS

5Sn, partially schematized. Both

e 4

 curVes,'but especially (b), ére structure sensitive. The

hypqtheticalvpperating point shown in (b)'is'the'one used in the
design considered in the text (5_x.1o6 A/cm2 at 15 Koe) - The
curve in_(b) is taken from unpublished data (D.P. Snowden, Gulf
General Atomic). | |

Tndividual cohduétdr (not.to scalé). This conductor is designed

for 360 amps at 13 kV; dc.

Conductor cluster (not to scale). This cluster is designed to

’
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“Nb,Sn (0.096 MM DIAM)

ALUMINUM (0.70 MM DIAM)

"INSULATION (7.0 MM DIAM)
' XBL 703-603
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