from :

Date
Subject:

: Attached Mailing List

Bast Pittsburgh - 7L

Dictribution Systems Engrg. .
236-2867 :
March 1, 1976

ECOROMIC IMPACT OF ALIERHAIIVZS TO PCB P

Attached {s the revised draft of the report on the econenmic
{mpeet of various alternztive straotegies for removal, replacement or
alteration of PCD-£filled transformers &nd capacitors. The report has
been sent to the Commerce Department under the encloced cover letter
prepared by Mr. D. M. Sauter.

This report was written in response to a Commerce Depértment

‘request for a chort cconcmic story to be used to coxbat the latest EPA

cove to eliczinate polychlorinated biphenyls from electrical equipment.

The report focuses on the effects of industry as a whole, not Westirghouse
specifically, Our purpose w2s to gecerate reascnable 2nd defendcble
figures for the various alternatives vhich sre-discussecd.

I would like to thank John LaDronkas, leon Plaster, and John Harder
for their-efforts in preparing the econozic impact story. If there y
should be any cozments or questions concerning the contents of the Teport,
please do not hesitate to let me knmow,

D . E . B\-&-&ﬂ‘f.ﬂ\:‘)
D. E. Buettner

Attachﬁent:
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Westinghouse Power Systems Distrtanion Aparatus Diviskn

Eleciric Corporation Company : Boz 341
. ] Bloominpton Indiand 47401
' B12)324421

February 25, 1976

‘Mr. John B, Cox

Office of Environmental Affairs

Main Commerce

U.S. Department of -Commerce -
14th & Constitution Avenue - Rm, 3425
Washington, D.C, 20230

Dear Mr, Cox:

Attached to this letter is a report prepared by Messrs. Buettner and Ladronka, Con-
sulting Engineers in Westinghouse Electric's Transmission & Distribution Systems
Engineering. This report was prepared in a short period of time to g1ve some sub-
stance to the economic impact that electrical power equipment using PCB's might
have upon the U. S economy if precipitous action were initiated by the EPA.

Dur1ng the meeting called by Mr. Train, head of EPA, on January 14, 1976, you
advised me that you would be 1nterest°d in receivirg any 1nformat1on Lhat
Westinghouse had collected on the economic impact of a PCB ban for electrical
equipment, These gentlemen were able to summarize various Hestinghouse information
into this report which might give the Commerce Department some additional informa-
tion to evaluate environmental concerns with safety and commercial concerns.

The Electronic Industries Asscciation and the Edison Electric Institute have also
been alerted to your interest in economic impact data in this area. The EIA repre-
sents menufacturers of capacitors other than power capacitors. These capacitor
manufacturars supply their eguipment for use in home appliances, TV sets, lighting
systems and electrenic equipment, There would be another significant impact
associated with changeover on these industries.

Westirghouse and the capacitor industry will continue to cooperate with the Federal
Government to find substitute dielectric fluids that will be safe for man and his
environment. In the meantime, we are requesting the EPA to document all data and
information they have on Aroc]or 1016 (the PCB used exclusively in capacitors) so
that proper decisions can be made in the future, At present, 1 feel that Aroclor
1016 provides a balance between protecting the environment and protecting the public
from undue r1sLs of electrical fires.

If you have any questions concern1ng this report or letter. feel free to call or
vrite me.

Sincerely yours,

WJJ«WA’ 906126

D. M.. Sauter
Division General Manager
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EZECUTIVE SUMBARY

Polychlorinated Biphenyls (PCB's) hsve found wide acceptence in
the electrical industry in the zanufecture of transformers and capacitors.
Since 1972, their usage in other 2reas has been discontinued, sc that
presently the'e tvo types of electricel equipment represent the only ap-
plication for these chemicals. The reacons for the elimination of I'CB's
are releted to the toxicity and long-term persistence of various PCB isorers,
if they ere ellowed to enter the environment. Up to now the rationale for
their continued scceptance in transformers and capacitors has been that
these devices represent closed systems, whereby the PCB's are effectively
contained, except under uausual circumstences. '

Recently it has been propoced that PCR misitures be eliminated in
electricel equipment as well. This paper explores various alternztive
measures vhich may be taken in this regard and eaamines the approx;aa:e
costs involved for their izplementation,

In the czse of transformers, the complete replaccneht of 211 PCB-
filled transformers would cest billions of dotlars., Draining of these
existing transformers and refilling them with & substitute fluid could bde
less costly, but would leave a2 swmall amount of residuzl FCB &1 the trans-
formers, that would be unrecoverable., The oost recson2ble progrsn would
involve m=Znufacturing &1l new transformers with an scceptable subs:itu:e

coolznt where FCB would normally be used.

In the case of capacitors, the eliminztion or discontinued usage of
- these devices could impose cstaggering costs on the economy. The simple
replacement of PCB-filled c- »citors with those using a substitute fluid
could be achieved at a cost ..2 billions of dollcrs. The wost reasonable
approach involves manufacturing all new units with an acceptable substitute
£fluid, and &llowing the colder PCB units to be retired by nommal attrition
over & tize span of 25-30 years.

. ' 906127
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ECONOMIC TMPACT OF ALTERRATIVES TO FCB's

Polychlorinated biphenyls (PCB's) are used in the electrical
industry for their dielectric and heat transfer properties. Substantisl
quantities of PCB's 2re used in the production of capacitors and transformers.
A ccn:oply used name for those PCR'c éhic§ gre usgble in the electrical

industry {s gskeral,

A study of the econozmic impect of varioﬁs piograms to reduce or
eliminate the uszge of polychlorinated biphenyls is presented in two sectione:
the impzct oo the ultizate purchaser of the transformer, and the impact on
the ulticate user of capacitors. '

Transformers !

I. Introduction ond Rackeround

The majority of the pcwer transforrers used in the United States use
wineral oils s¢ lasulating end cooling mediums. Rowever, mineral oils have
one serious~&rawback: they ere flammable., Where iransforner failures may
result in fires and expiosions causipg threats to life and property, the use
of mineral oils is greatly restricted. Fire underwriters generzlly will not
accept the use of flampable liquids for indoor transformers, 2nd electrical

codes will nct permit flacmabdle liquid filled transformers in congested arecs

‘or buildings. As & result, non-flammable PCB £illed transformers are used
" vhenever fire protection is important or laws demand. Most PCB filled trans~
' formers are installed {n or on buildings or at close proximity to buildings.

Whenever f£ire 2nd explosion are concerns, PCB filled transformers meet the
requirements without additional containwment,

Several possible substitutes exist for replacing PCB usage in trans-
formers. There zre two technically fezsible alterzetives to PCB's: (1) minercl
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oil.fillcd and (2) dry. A third substitute, silicone based fluids, exists,
but the operating experience has becn limited., Each of these substitutes
has its disadvantages,

“In itself, a mineral oil £illed tramnsformer is more econcmical
then & FCB filled troasformer., 04l is substantially less expensive thean
PCB's. Overall, the FCB filled transforzer is 30% - 50% more expensive .
than the oil-filled unit. As a result, in many applications, mineral oil
trensformers zre preferred, Fowever, 2 mireral oil transformer canoot
dircetly substitute for & PCB transformer, vhere PCD transformers are prescntly
being used. Flammability s the primery considerztion. With minersl oil .
'transfo;mers to meet the laws, electrical codes, and f£ire undervri;ers requirc-v,
ments, significant installation costs would be incurred by the user to mske
the transformers safe., These costs may result £roxm the use of fireproof
vaults in buildings, br, where land availability-perﬁits. outdoor substctiens
with their 2ttendant reconductoring requirecents. The effective cost of
the trensforzer that cust be paid by the wtility customer could espproach

twice the co;t of tr+ PCB transformer,

The dry type transformer offers comparsble nonflazmability of a ILB
trapsformer, Llacking a flam=able oil, it could sctisfy the legal require-
ments. They are somevhat larger end wouid, therefcre, require more floor
‘space. Also, dry type units are 5-10 db., noisier. To eschieve 2 sound level
equivalent to @ PCB unit of the szme rating; vtilicies and industry must
pay 2 price premium for a typical unit., Furthermore, dry type transformers
do not have the overload cepacity of a liquid (PCB or oil) £illed unit.’
Liquid filled units would easily survive overload conditions that would cause
the failure of 2 dry type unit. Special ventialation facilities may be required
to improve dry type transformer. loadability. The overall prenium in price
tequifcd to achicve an equivalent rating for the dry type transformer would
be in the range of 102-602, depending on the value of th; floor space, if

such space is available,
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An abundance of operating experience information does not exist
on the silicone based fluid.suhstitute. It is less flammable than mineral
oils, but more flemmable than PCB's. It is nmot &s good a heat transfer
agert 2s PCB. It has & larger thermal coefficient of expansion (epproximately
40% grcSter) vhich could require a larger or modified transfofmer tenk
decign., It i{s believec to be a morc ervircnmentzlly acceptable fluid beczuse
it hes not been chown to be toxic, but it offers mo improvement irn bio-
degradcbility over BCB. It 45 corc expensive than PCB's., Overall a price
prexium of approxixately 20% above the PCB unit would be required for the
silicone fluid design. If a_larger or modified trzusformer tank were rcquired,

the price premium would inmcrease significantly,

Bearing in mind that there are cdisadvantagzes to the substitute
fluids, three alternative programs h2ve been studied to determinme their
econcnic impact on transformer users, The first alternative ccsumes that
no new PCS fillad units will be menufactured: npew transformers will use
one of the cubstitute inculating and cooling mediums. The next prograa
assumes that existi.g PCB units will be drained and filled with eithaxr mineral
0il or siliconc fluids and all new transforvers will use one of the substitute
medivns. The final slternate progrem zssusmes that a8ll PCE £filled units will
be rcooved from service 2nd be replaced with transformers using substitute

{nsulating 2nd cooling mediums,

IX. Alternative Strategies

A. New Transfcrzers Use Substitute Mediums
In 1974 approximately 3,500 PCB'filled transformers, representing
5,000 VA, were shipped by 21l domestic manufacturers. These units were
applieé in networks, power centers, substations, and as pad mounted equipment.
It is estimated that 187 of these units were purcha#ed by industrial, com-
mercial, or medical estzblishments or by governmentzl agencies.. PCB filled

trznsformers have a2lso found eccceptance in special applicaticms such as

906130

GBRNOOI502



rectifier stations, railway power supplies, industrial furnace facilitles,
and precipitator power supplies. These special application trznsformers

have not been included in the economic impact snalysis presented herec,

Nearly all of these transformers were 1n§ta11ed in, on, or near
buildings .so o0il would not be & viable substitute €for the PCB's. Major
alterations to building designs would be requircd to house the oil units,‘
and the cost would be prohibitive. ) - N

If silicone fluids were uced the price of the transformers would
be increased at least 20%, adding approximstely 9 MILLION dollsrs to the
purchzse prices paid in 1974.

The dry type transformer alternative would}add 8t least 5 MILLIOK
dbllars to the price paid for the PCB trzasformers in 1974, '

Each of thesc substitute mediuss would reqﬁire come modificztions
to the building design. A conserveztive estimate nf the cost of required .
ninor strugtﬁral chianges could run as high &s 9 KMILLION dollars, Additional
construction costs of 80 MILLION dollars or more would be accrued i€ sub-
stantial structural modifications &re required beczuse of the usc of the

substitute mediums.

B. Existing FCB Units Drained 2nd Flushed witn Substitute Medium,
New Trezansformers Use Substitute Mediums

A second, wore costly elternative, is to leave the existing
askarel conteining units in plsce, but drain the PCB paterial out aﬂd
flush the units with some alternate fluid, then re-£ill with this necw
alternate fluid, This has the advantage of avoiding the high cost of
direct unit replocement, but it does present scme tra2de-offs which would

heve to be made,
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For the purpose of this analysis we have estimated that there arc ap-
proximnteiy 42,000 ackarel £illed transformers currently 4n.use {n the
United States, exclusive of those special applications referred to in
Section A above., It should algo be noted that this estimate mny be
conservative, The Environmzental Protection Agency estimates that there

are 67,000 of these units in current operzation.

. ESTDIATED
TOTAL NMDUSTRY PCR TPARSFORER MARIET

Type : Transforoers in Service

Applicatien : _ Units GVA
Network Units : 4,500 5.3
Pcwer Centers 30,500 39.2
Substations | 4,100 11.9
Pad Mounts 2,500 , _jhji
“Totel 41,600 .~ 59.4

kn-icportant consideration for this alternative is that not 2il
the PCB could be recovered from the trznsformer. It is estimated that a
residual of about 3-10 percent would rezz2in imbedded in the trznsfeormer
insulation if normsl flush-refill procﬁdures were used. By using more
sophisticated techniques such 8s vapor extrzction &nd repeated trichioro-
bernzene washings; a 2-3 percent residual level is obtzined, Additionzlly,
while units containing PCB's can be re-filled with mineral oil, about 10
. percent of the units in service may be tank space limited if silicone £fluid
is the replacement medium. That is, 2pproximately 4200 units could not be
£flushed and refilled with silicon fluid but would have to be replaced out-
right. This presupposes that the flush-refill methpd would work with silicones.

The cost of the flush-refill method can be broken into direct labor,
fluid cost and PCB disposal cost. Additionally, freight charges for the PCB
disposal would eppear, but this is geography dependent and is not included
in the analysis,
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The cost per average unit forAflqghing-refilling with mineral
oil {s sbout $2700 per unit. This includes the labor of two men for
two days, the use of 400 gallons of ninegal 0il, and the disposal of
eight drums of contezminant, The total cost for z11 41,600 uniiS would
then be in the neighborhood of $112 MILLION.

* The cost for using & silicone £fluid on the 90% of those units
vhere this might be possible, would be about $8000 per unit, btsed on &
20 to 1 price differcntial between oil end silicone. The flusherefill
of 37,500 units would thus emount to sbout $300 MILLION. The additional
cezplete replacezent of the rcmaining'IO percent of the units would be
about $194 MILLION. Thus, the totel cost of this alternative, with
silicone fluid, would approech $490 MILLION.

The additionzl 2rnual cost of using substitute fluiés in new
trensforeers as given in the preceeding section emounts to $§S MILLION.
These costs 2re relatively emall compared to the overall $490 MILLION
flushing-refilling cost. |

C. Replacement of 0ld PCB Units and New Transformer Use Substitute
Mediuvas

If replacement of all existing units containing zskarel compounds
is reguired, the three most likely present possibilities are oil designs,
dry type units, or units coataining silicone fluid. Again we will use our
;stimste that there are espproximately 41,600 askerel-containing units
'presently in service; with a combined capacity level of 59.4 GVA. 'These
units are of four types: ne;work, powver ceater, threcephase substation and .
three-phase pad mounted. The largest group of these transforsers is of the
power center type. Taking into account the mix of units, the reletive nuzber
of cach, and the differences in cost per kVA of cach, the replacement cost
picture for the total number of units is roughly as follows:
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Replacement Unit Total Cost

OIL $ 1.13 BILLION
DRY "¢ 1.56 BILLION
SILICOKE " $ 1.94 BILLION

_ These figures ere based on the assumption that the removal and
installation cost would be about twice the unit cost. The total cost figure

includes the purchase price of the necw units.

0il is, of course, the leact expensive substitute, but may not be
acceptable from & flenmability standpoint. Dry type units 2re more expensive,
and m2y pose other problems associsted with their volume, ventilation require-
ments 2nd noice levels, as discussed previously, Silicone cooled units are
the cost expensive alternative, and 2y present enough of a flsnmability
hazard so &s not to meet present fire preventiog codes for the types of

locations vhere they would heve to be imstalled.

Not included here 4is the additicnal economic impact of using one of
these three alternatives for all new units from now on. The annual cest
associzted with this was discusced under Section A and is relatively small

when compzred to the replacement costs.

1II, Trensformer Summery

The replacement of all existing PCPE £illed transformers ﬁould be an

" extremely espensive proposition, involving between 1,13 and 1.94 BILLIONS of
dollars; Eliminating the PCB's in existing transformers slready in service
would cost $490 MILLION, but there will still be 2-3 percent residuzl remain-
ing within the transformer. If it is decided to ban the use of PéB fluids,
the most practical approach would be to require substitute 1nsﬁ1nting and

| cooling mediums only in the new transformers being manufactured. Such a progr:
would reflect a 5-9 MILLION dollar annual increase in the price of transformer:

using 1974 sales figures as a base,
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Capacitors

I. Introduction
(A discussion of the usefulness 2nd elerentary design of power

capacitors for utility 2nd industrial uses).

In a2 genercl sense, 8 power systam consists of power generators, a
netwerk of lines to carry the pouer; and loads, or the points where the‘poger
is.ultizztcly used., Within the network of linss are various pileccs of equip-
ment that allow the power to be distributed in the most favorzble oanner,
taking into accocunt such things as costs, operating constraints, safety, reli-
ability, end other similar considerations. Because of the physical nature of
the network or load equipment, two distinct kinds of power are required. The
first i1s what is known &s "real" power, measured in uaits of watts. This is
the pcwer thst is associated with performance of work at the load site, and
is the power for which most consucers actually ﬁiy: The second kind of power
is referred to as "reasctive" power, 2nd gensrally appsars as the énergy required
to establish znd maintsin electric or m2gnetic £inlds in equipment, such as
transfcrmerﬁland zotors, or in the lines themselves. Reactive powar is measurcd

in units of "vars'"., (The term "var" 4s a chortening of "Volt-Ampere-Rezctive".)

In the most sizple case, both of these types of power arc genérated
at the source, transmitted around the network and distributed to the loads.
A drawback to this type of system operation is that both types of power, while
flowing through the system, creste losses. Also, the generators and other
picces of equipment on the system must be rated to han@}e':he duty imposed by
cerrying both types of power. This is very incfficient, particularly since
the reactive power, while it is nccesssry, often docs not contribute to the
utility's revenues. Industrial customers are usually billed 4in & manner that
reflccts both real and reactive power usage, but reactive power generally does

not-appenr 2s a part of the residential consumer's electric bill,
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A favorable alternative,thgn, would be to ”generatc".this
reactive power at the points where it is needed, thus reducing system
losses essociated with the var flows.'and to allow the gehcrators and
various other equipment to have lower ratings, while actually supplying
the same amount of uscful load power. Ideally, these localized “resctive
pover generators" would 2lso be very inexpensive compered to the large
rotating turbine-gonerators that supply the recl power to the lcads.

Fortunzately, such ean d{deal reactive generator does exist, It
is the czpacitor. A capacitor is essentizlly a grouping of parallel metallic
sheets separated from one another by & szill thickness of insuvlating materizl.

By sto;ing cncrgy between the plates 2t one time and returning it to the system
at another time, the cazpacitor successfully supplies the rcactive pcrer require-
ments of the system, thus freeing the gererztors, lines, etc., from the burden
of carrying this extra lczd cozponent, &nd nlso~reduéing the system losses,

The systenm thus becomes much more efficient.

Since real znd reactive power are 'vectc-" quantities which do not cid
linezrly, the degree to which the system is improved c2n be illustrated threuvgh
the use of a "power triamgle”. CSuch 2 triangle is shown 2s Figure 1. 1f a
right triéngle is constructed with real power as the horizontal leg, and re-
ective pover as the verticzl leg, the hypctenuse represents the total power
generati{on requirezent. The ratio of the real power divided by the hypotenuse
is called the "power_factor" of the system., 1If this ratio is near unity, the
required generation is only Slightly larger than the real load requirements.

If, on the other hand, the vertical leg of the t:ianglé is very large, represent-
ing high reactive powaer requirements, the hypotenuse increases in length, and
there is 2 large gep between the generation requirements and real load delivered.
The power factor thus decreases, 2nd the system is less eificient, since more

’caﬁability is required without being able to deliver any more useful 1load power,
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vars (Reactive Power)

3

 Hetts
Volt-Amperes

q&“’ ‘908 = Pover Facter

Watts (Real Power)

Figure 1. Power Triangle

Reduced Capability Requirement
From That of Fig. 1.

Cepacitors

Uncoapensated Vars

Watts (Ssme os in Pig. 1.)

Figure 2. Power Factor Correction With Capacitors
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By spplying ccpacitors to a system, the vertical leg of the
tricogle can be shortened to whatever degree is shown to be economically
favorable, This is shown in Figure 2. Generzlly, it is not economically
desirable to increase the power factor to unity under 2ll system conditions.
This is beceuse of the fact that as capscitors are added, each successive
block of capacitors is somewhat less cffcctive then the preceeding block,
and a point of diminishing returns is reached as one nears unity power factor.
The 2zount of correction that seems to be in effect today will be discus#ed
later. Suffice it to say that cepecitors do an extrezely effective job of
shortening the reactive leg of the pover triangle, &nd they do so in 8 very

cost cffective menner.

If capacitors ere'ccnpared to other picces of electrical equipz=ent
or plant cn a dellars-per-unit-cf-pover basis, capacitors ere clearly seen
to be cne of the best bargzins sveilable. For exsxmple, they are lecs expensive
than gcne:ating plants by a fzctor of 200, end Ie;s expersive than cozbined
transpicsion and dictribution fzcilities by a facter of 50, on the ebecve basis.
Thus, en ik;xpensive unit of capacitors cen be very cffective in “releasing”
the capacity of the much more expensive system clements for supplyinmg useful,

revenue~-producing load.

The modern power cepaciter in use by electric utilities &nd industrizl
custozers consists of interccznected secticns ccoposed of alternating layers
of conducting fcil end insulation. The foil is much like ordinary food-
_wrapping aluminum foil. The insulation system consists of layers of high grade
plestic film and draft paper usuvally scturated with zn askarel mixture.
Westinghouse uses "Aroclor 10165 one of the askarel mixtures menufactured by
Monsanto. PCB's provide the best knovn combinttion of electrical properties,
heat transfer properties and fire-recistent properties knowm to date, For
this reason, virtually all power capacitors manufactured in the U.S. :oﬁay con-
tain PCB's. A more detailed discussion of the properties requirad of a capacitor
dielectriec fluid will be included under a later discussion of substitute. fluids,

906138

-11- : GBRNOO3IS510



II. The Present Situetion

At precent, approximately 270 GVAR of shunt capacitors ere in service
on power systems in the United States. ‘One GVAR, or gigavar, is equal to one
billion vars, or onc million kilovars (kVAR). The kVAR is the most coz=on unit
of peasure of reactive power, ag the kilowztt (kW) is the most comzon unit of
real power. The 270 GVAR on line rcpreseant an acéual inetallation of about
300 GVAR over the past thirty ycais or so0, with the assumption that sbtout 10
percent of installed units have.been rotired, This will tend to give conserva-
'tiic 2nd optimistic economic impact figures, 4if there are sctually more czpaci-
tors in service than has been 2ssumed. This figurc can be readily contrasted
with the approximately 400 GW (Gigawatts) of reel power prescntly being sup-
plied oa & naticnwide besis., Thus, every 4 units of real pover being gererated

require about 3 units of rezctive power, from capacitors, to keep the nztion-
wide power system operating &t a8 reasordbly efficiext level. At the present
rate of load growth in this country, about 25 GVAR of new ccpacitors are
added esch yecr. The instelled cost of these cdpacitors is generally on the
order of $4,C0 pcr kVAR, wvhich means a totzl annuzl capacitor investment of
ebout $100°MILLICN. This is very inespensive in ccmparison to the installed
cost of generating plants and transmission &nd distribution fzcilities (lines
and substa2tions). The total cost per kW of combined generztion, transmission
and distributicn is on the order of $1000. Czapacitors thus represent a very

economical source of rezctive power.

The present proposal to climinate PCB's froam the eavironment will
_have a direct bearing on the usage of all capacitors. Our cowments apply
‘only to power cspacitor applicatiorns. 'Ihe actuzl economic impact varies
tremendously, depernding on the particular alternative requiréuent that zust
be met. There are four identifisble alternatives to the present situation:

1, Total removal of capacitors

2. Existing capacitors left in place, no new capacitot; added
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3. Replacement of existing capacitors with those having
8 substitute fluid. .

4. Existing units lefr in place, with only new additions
using a substitute fluid.

These will be analyzed as reasonzbly as poesible in the next section. The
analysis treazts only "chunt" copacitors, which sccount for the vast majority
of applications. Some czpacitors are installed 4a large "serics" banks in

the Western United States, to eliminate the need to instzll extra very long,
very high voltage trensmission fecilitics. These scries banks zre only
econozically justifizble if the 1ines in question are on the order of 100

miles long. Hence, their eppliceticn is highly restricted, &nd their inclusion
in the foregoing enalyses would not change the econonic izpect figures by more

than zbout 3-5 percent,

III. Alternative Strateecies

- v

A. Eliminstion of All Prescnt PCD Ccpaciters, 2nd No Installation
of Rew Copzcitors

As ‘stated previously, cbecut 270 GVAT. cf capaciters Aare installed on
a "pationwide power system" that {s gemerating rezl power at 2 pesk level of
about 400 GW. 1In order to analyze the eccasmic impact of re=oving these
capacitors entirely, a few assuzptions have to be made about what amount. of
ver cocpensation the 270 GVAR actually represent, and about whet the systenm
would lLehave lilke in the tctel abseace of thase capeseitors. The anelysis is
‘based on the appearance of the system during the peak generation peried, since
this more accurately reflects the amount of system capability (generation,
. transmission, distribution) sctuzlly nceded, than does the case of average

loading conditions.,

Ve have sssumed that the 270 GVAR coxpensates for enough reactive
power to bring the overall nationzl system to &bout .94 power factor during
peak conditions. Using the power triangle approach referred to 4in the intro-
‘diction, this means that sbout 145 GVAR of rezctive power is still being delivered
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by generation facilities, The hypotenuse of this triangle, v%th a horizontal
leg of 400 and & verrical leg of 145, is &bout 425 GVA (Gige Volt Amperes).
This represents the actual system ccpability that must be available to'supply
the 400 GW of load power and 145 GVAR of reactive pover. . . \

We can further assume thit approzimately. 10 percent of the real power
being generated is sacrificed as system losses, Thus, the.400 GW leaving the
gederating plants represents egbout 360 GW of actual lozd and ebout 40 GW of

losses. These losses appear principzlly 2s line and equipzent heating,

To analyze what would hsppen to the system power triamgle if we
removed the czpacitors, we must start with two besic assumptions: (1) we must
supply'360 GW of actuzcl load, and (2) cystem losses will incrcase by scme
factor. A geod 2ssumption is thet this factor is the square'of the ratio
of the "uncorrected' generation requirezant divided By the present, "cor-
rected" requirement of 425 GVA.

When this new trizngle is formulated, we find that the capatility
requircments for the uncorrected system juzp from 425 GVA to €55 GVA, the
real power generation jumps from 400 GV to 455 GV, and the cystem power
factpr slips from .94 to .694.

'The enormous increase in capability requirements, 230 GVA, is economic-
ally staggering. This would translate to a requirecent for $230 BILLION worth,
of newv system physicil plent irmediately, if present loads are to be m:in:ainéd.
It would, of course, be impossible to increase the totdl amount of system
capability by 54 percent overnight, but this exercise does point out the absolute
ebsurdity of this particular alternative.

In addition to the large increase in system czpability required, there
{s aloo a largec increase in system losses, The new real power figure of 455 GW

reprcsenté 360 GW of load and 95 GW of losses, an increase of 137 percent over
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the present loss level of 40 G¥. This could translate to 2n additional an-
nual cost of about $2 BILLION because of the extra cnergy lost in the now
less efficient system. This would be'unfOttunate. in light of the present
increcascd emphasis on efficient energy usage.

Finally, the reduced povwer factor points to greater future costs,
since each unit of new resl power added in subsequent years would require 1.44
units of system capability, rather then 1.06 units with the peék power factor
corrected to .94,

Clearly, then, this first alternative is no £lternztive at zll, since
it would place a catastrophic ecoromic burden on industry, in tryizg to add
new facilities. Since these facilities could not possibly be created in a
short tinme, the load levels of tocday could not be maintzined, 2nd th: resulting
effect cn the n2tional econcmy, in terms of losg producticn, lost jebs, ete.,
would be incaleulably lazge.

L.

B. Exmisting PCB Capacitors Left in Plsce, No New Units Added 2s
Load Grows

A short~haul estimste of the effeect of not zdding new eapacitors to
supply the reactive requirenents of load growth caa be obtained by locking
at the effect over a one yeer tizme span, using projecﬁed load grouth figures.
- As & starting point, we will assume the besic power-factor-corrected pover
system of Case A. This system delivered 400 GW of real power, and required
425 GVA of system capability. Prcjections indicate &n expected increase in
real péwcr requirements from 400 GW to a naw level of #35 GW in one year.
'If this new 35 GW of load were corrected to .94 power factor, the new systeam
capability requirement would be 462 GVA, an increase of 37 GVA. Without this
correction, the :équirement would be 471 GVA, an increase of 46 GVA. Thus,
in.only one year, an extra 9 GVA of system capacity would be nceded above the
" requirements for & corrected system., Projcction for ten years indicstes that
. this 9-10 GVA of additional capacity would be required in cach ycar. This
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corresponds to an extra $9-10 BILLION investment per year, about 24 perceat
more then with cepacitor correction. It is intercsting to note that the
ﬁmount of capacitors to properly correct the power factoi §f the nev load
would cost about $100 MILLION in each of these years. Thus, tﬁese new
capacitors would yield a bencfit-to-cost ratio of betwecen 90 and 100.

The econcmic peanalty for not using any more capacitors d{n the future is thus
obvious, )

C. Substitution of 2n Alternztive, Non-PCB Fluid 4in Capacitors
This alternative can be subdivided into two distinct cases for

anzlysis and coxzparison,.

(1) TReplace Existing Capacitors with Substitute-Fluid-Pilled
Units, Menufacture All New Units with Substitute Fluid,

This ''replcocement" philosophy involves the removel of 2ll existing
units, the purchase of pewer units £illed vith Q substitute fluid, end the
installztion of these units 2t the loc2tion of pricr units., It &{s estimated
thet cthe i;bscn: purchase price of capacitors is in the neightorhood of $2.00
per kVAR, and the inctzllcticn cost is also about $2.00 per kVAR, Precent
estinstes secn to indiccte that 2 substitute fluid similar to the omes thot
have been tried to date would result imn about & twenty percent increzase in
unit prices. Thus, 2 new unit cost of $2.40 per kVAR &s assumed., The totcl

cost for replacerent of old units would be:

(270(10%) KVAR) x ($2.00/LVAR) = $540 MILLION (takedowm cost)
+ (270(10%) KVAR) x ($2.40/KVAR) = $648 MILLIOH (new unit cost)
+ (270(105) KVAR) x ($2.00/KVAR) = $540 MILLION (re-installation cost)
‘ $1.728 BILLION

1f this program were sprcad over the next ten yeers, the amount of
capacitors installed in each year would be 27 GVAR plus the capacitors required
to compensate for new load. As noted before, this latter figure presently s
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in the vicinity of 25 GVAR. Thus, this replaccment could be effected in ten
years by simply doubling ccpacitor output 2nd {nstallation. This is within
reasonable bounds, and could be accompliched with a minimum of hardship, 1f
the replacement program were to be done in five years, & tripling of production
would be necessary. This would prcbahiy entzil building new menufacturing
plants vhich might be a financial burden after the five year period has expired.
Thus, shortening of the prograz would have & cost penelty associated with it,
in the form of higher unit costs. In esseace, though, the replaccment
philocorhy 2t least enters the rezlw of feascbility, compared to the previous

two alternatives.

(2) CEIxistinz PCB Capacitors Left in Place, New Units lanu-

factured with Substitute Fluid,

This 2lternetive is by far the most recscmable of those znalyzed on
an eccnomic bag;s; As stated before, the use o{_a_substitute £luid would add
about 20 perzent to the cost of capaciter units, It would probebly have a
winor, if any, 2ffect on instzllztion cests. Thus, the total imstzlled cost
of capacitors using © new fluid would probebly only inerccse by 10 percent
over present levels (20 percent unit cost increzse, with no change in instal-
lation costs). The industry would thus spend atout $110 MILLION per year on
capacitors, as opposed to the preseat $100 MILLICRK.

With the present level of yearly instzllaiions in the 25 GVAR range,
it {s very edsy to see that in about ten years only one half of all capacitors
in the field would contain FCB's. In the 15-20 yecars following this first ten
years, most of the old czpacitors with rci'. would be expected to be retired
in normal fashion. It is evident, then, that a philosophy of normal attritioen
spread over about thirty years would result in only a very slight effect on: the
budgcés_of the electric utility industry. )

Part of the problems associnted with these last two alternatives is
the actual availability of an acceptzble substitute fluid. A discussion of
this particular problem is included in the next scetion.
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Iv.

Cavacitor Nielectric Fluids

There are several factors which are important in considering any

fluid as & capacitor dielectric medium. Some of the more proﬁinent of these

are.as follows (not necessarily in their order of importance):

(L

@)

(3)

Hirh Dielectric Constent: The dielcctric constont is 2 measure of

the relative ccpacity of the material for storing clectrical cherge.'
It 4s basiczlly 2 comparison of & given thickness of the diclectric :
with the sace measure of open doy-air spoce between the plates., The
dielectric constant cf 2ir is thus 1.0; thet of minezal oil is 2,25;
that of PCB 4is 5.85. Thus, askerels represcnt a very effcctive
dielectric mediun, in that for & given eaount of insulztion and
separation distince between the capacitor plates, & wuch higher value
of capacitznce can be obtained.

.

Hirh Dielectric Strancth: This is the classsic measure of an insulator's

ebility to vithstand chort-tize overvoltages without puncturing cad
failing. It cuct be considered in conjunctien with (1), because a

low dielectric strength means greater thicknesses of insulstion ere
required, wvhich reduces capacitance and may increase the physical size of

a capacitor., Askarels are &lso very good fro=m this standpoint. Iazuf-

‘ficient dislectric strength can very rapidly decreese product reliability.

Firec Resistznce: This 4s of obvicus importance for reasons of safety,
vhere the equipment must be installed near pecple or flemmable buildings.
Since a great many capscitors are used in industrial plants, flaczsbility
considerations of & fluid can be extrecely important if fire prevention
codes 2re to be met properly. This is perbaps one of the most significant
propertics of askarels. In many cases they are the only liquids which
meet existing codes. NHone of the presently proposed substitutes is as
good as PCB fruam & fire resistance standpoint., 1f one of these substitutes
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4)

(5)

(6)

€))

were to be used, additional costs gssociated with spch things as
fireproofing of buildings, and increased fire incurangce premiums,

may be incurred. : ¢

Beat Transfer Capshility: This can be of great significance in
electrical cquipﬁent. since internzl heat generation can causc

severe design problems in meeting temperature rise and hot-spot

. eriteria, {f this hect cannot be adequztely transferrecd frem

central parts of the unit to the oitside. Askarels make excellent
coolants, 2s witnessed by their usage in certzin transformsrs,

Compatibility ¥ith Other Solid Tnsulation: The insvlation system cf
8 capzcitor consists of plastic film and fluid-inmpregnated kraft

pape., A prebles in exzxining alternate fluids is finding out whether
any long-term degradation of the insulation systenm will result frem
such thinéé 2s slow chexmicd]. resctions between the elements of the

systen.

Eieh Temmerzture Stzbilitv: It is i{mportant that the characteristics

of the dielectric cystem recain relatively constant vhile at elevated
teoperatures for long pericds of time. This is importart in improving
iong term p:bduct reliability &nd reducing proneness of the device

to f2il cr be less.cffec:ive a2t times when it is most necded. This
area has not been extensively explcred with mest of the proposed sube-

stitute fluids. .

Bigh Voltage Stability: This i3 somevhat related to high diclectric

etrength, but {s more specifically oriented to the ability of the
material to mzintain its propertics under long-term conditions of very
high normal voltage stress. This fzlls under the philosophy of “working

materials harder™ to realize cost reductions in product designs. It
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alco is significant in deternmining how well the unit will behave
in situations where normal voltégcs mey be {ncreased for periocds
of time., This ares, too, has no£ been well explored with sub-
stitute fluids,

(8) EIavironzantal Cempstibilitv: Any £luid that {s used in capacitors

should, idezlly, be non-harmful to the envirozment, should it happen
to escape from the sealed capacitor units due to tank puncture, lccks,
etc. The fluid should be ressoncdly mon-flaczable, non-toxic to life
forms, and bio-desrzdable, or at least 1n§r:. ‘While FCB's are presently
the best answer to the flzzm:=bility problem, they have beea attacked
for their toxicity and persistence in the environment. All presently
propocsed substitutes involve & tradeoff, wherein tatter degrodability,
inertacss or lowered toxicity are obtainad at the cost of increezsed
flasxzbility. o -
Qntil about thirty years eggo, mineral oil wos the standerd dielectric
fluid in éﬁ%acitors. These older designs werc much larger, heavier, &nd '
costly, &s well as being lees safe than modern designs. The intrcduction of
askerels heralded a new era in ccpacitcr decigns, vhere continuous iwprove-
ment hac been taking place up to the present day. The result {s that present
day units are very efficient, very sophisticated designs that utilize matericls
in nearly tlie best manner possible. Manufacturers have stezdily reduced losses,
&nd lowered the price per kVAR., This 4s why‘every uew £luid that has been tried

.80 far has been found wanting.

A return to oil designs would represent a gigantic step backwards in
apacitor unit design. In addition to the obvious drawbacks of flampmability
and unit size, there is mo cxperience in the long term stability of oil at
the voltage and temperature atress.levels trpical of modem day designs. Even

though 0il is commonly used in transformers and other types of equipzcnt, it
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" 45 not "worked"” at anywhere mear the levels.it would be called upon to endure
in capacitors, due to the small quantities of fluid involved and the confined
nature of the product, where internal elements are literally squeezed to make

them as small as possible,

V. FWestir~house's Pfforts for Improvement

Westinghouse, &8s just ome menufacturer, has spent hundreds of'thousands
of dollars over the past severzl yeers in trying to f£ind 2 fluid that is better
than PCB's for cezacitor applications. " None has been found to date. Lll of
the recently propoced substitutes, such as butylated usn?chlorodiphenyl oxide
fluids, or parzffin-based fluids, are besically cozpromise slterratives that
pot only do not cdvance the state-of-the-art in unit design, but sctually
represent & regression. Westinghouse 4{s mot unwilling to mske such 2 coxzpremise;
if it is wecessary, it will be dome. However, ve do not favor & headlong rush
into mass produs;ion of less effective designs, and we will continue to look

for soxething better,

A fzvorzble case can be made regarding the preseat usage procedures
essociated with PCB materials. Within the past few ye2rs, Vestinghcouse ha;
revised its handling procedures &t the menufzcturing plants using PCB's to
ensure that 2n ebsclute minicmum can escape into the enviroemment. Sewer drains
in PdB erezs have been plugged, and PCB-coantaminated moterial is packeged and
hauled cway for high temperature incinerztion. The very types of PCB's have
been changed over this time spzn, so that now Westirmghouse uses a PCB maserial
that has only 1 percent of the penta- and high-chloro isomers, vhich are the
only ones shown to be extremely persistent in the environment and vhich actual-
ly accumulate in animal tissues, Outside the menufacturing facility, only
minute a2mounts of PCB can enter the environment, since the capacitor is a sealed
system (wclded shut) &nd can only discharge the fluid i{f the tank {s punctured
or the unit fails in a violent manner, causing cose rupture. Most capacitor,
failurcs do not result in more thah a bulging of the case, if the unit is
yrop;:ly-ﬁrotectcd by fuses. Thus, we fecl that the environmental threat poscd
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by the present usege of PCEB's in cepacitors is negligible, and that the worth
of this caterial {n the prcsent generation capecitor unit design is great.

V. Ccpacitor Sum=ary . .

The czpacitor has been shova to be an extreoely vital componeat n
the efficient operation of modern power systems. If 2 total ban on PCB's
is declared, there are four possible-nltcrnative.pzograus shich caa be ef-
fected, These programs end their spproximite cogts axe:

A. Yo cepacitors st zll $230 BILLIORN +

B. Yo new capacitors, old in place $ 10 BILLION per annum

C. New dieclectric fluid

(1) TReplezcement o $1.7 BILLION over replacexent perioc
(2) Attrition of old $10 MILLION per annua (10% penzlty)

Attrition is the most sttractive alt;rnative, with replacement néxq
in order of preference. Both of these alternetives require usage of sub-
stitute Tfluids vwhich would liliely represent steps tackuvard in capacitor enit
developnent, but vhich may be neccecsary &s & cospreaise mezsure. Westinghouce
feels that the benefits of PC3's in present ca2pccitor manufacturing and uzaée
modes far outweigh the rather negligible risks, and that they sheculd continue

to be ucscd until e better, or at least equsl, substitute can be found.
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