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THE ROLE OF POLYCHLORINATED BIPHENYLSIN ELECTRICAL EQUIPMENT
SUMMARY

P olych lo rinated  biphenyls (PCB) have been used  in m any applications fo r 
over fo rty  y e a rs , but only recen tly  was evidence d iscovered  that these  m a te r ia ls  
a re  widely d isp e rsed  in the environm ent. S ystem atic investigations of the 
toxic and b io logical effects of P C B 's  have been undertaken  within the p a s t few 
y e a rs  to es tab lish  the effects of specific form ulations upion specific spec ies. 
S im ultaneously, significant steps have been taken by U. S. in dustry  to fu rth e r  
lim it PCB re le a se s  to the environm ent.

The th ree  b road  types of applications of P C B 's  have been: (a) "open 
ended" a p p lic a tio n s .. . .  fo r example* in pain ts , specia lty  inks, pap er coatings, 
p la s tic s , e tc . ,  (b) "nom inally c losed" a p p lic a tio n s .. . .  fo r exam ple, as the 
working fluid in hydraulic or heat t ra n s fe r  system s; and (c) "c losed  sy stem " 
a p p lic a tio n s .. . .  specifically , as the insulating  fluid  in c e rta in  types of t r a n s ­
fo rm e rs  and cap ac ito rs.

The M onsanto Company is  the sole U. S. p ro d ucer of P C B 's , and has 
discontinued supplying the m a te r ia l fo r a ll applications of type (a) and (b).
Public recom m endations that have been m ade fo r d iscontinuance of type (c) 
app lications have not been accom panied by any consideration  of the r is k /  
benefits and a lte rn a tiv e s  involved. The purpose of th is re p o rt is  to provide 
inform ation  fo r such consideration .
B enefits

1. A sk are l* -in su la ted  tra n s fo rm e rs  do not bu rn  or explode under condi­
tions of e le c tr ic a l arcing  that can cause f i r e s  o r incendiary  explosions in oil-« 
in su la ted  tra n s fo rm e rs . T h erefo re , they a re  used  in or n e a r  public , co m m er­
c ia l o r in d u s tria l buildings w here o il-in su la ted  tra n s fo rm e rs  would p re se n t a 
po ten tia l danger to life  and p ro p erty .

2. A sk a re l-f ille d  power and in d u s tria l cap ac ito rs a r e  significantly  sm a lle r , 
m o re  re liab le , m o re  durable , and sa fe r than o il-filled  cap ac ito rs . As a re su lt, 
a s k a re ls  have supplanted m in e ra l o ils in m o re  than 90% of the pow er and 
in d u s tr ia l cap ac ito rs m ade today. O ver the p a s t few decades m ost of the 
equipm ent that in co rp o ra te s  such cap ac ito rs  has been configured to take 
p a r tic u la r  advantage of the s ize , safe ty  and re liab ility  benefits  of a sk a re l 
cap ac ito rs  (e. g . , m any types a re  today le s s  than 14% of the size  of equivalent 
oil cap ac ito rs  and have a life  expectance of 10 to m ore  than 20 y ea rs).

*P C B 's used  in tra n s fo rm e rs  and cap ac ito rs  a r e  designated  by the 
in tern a tio na l te rm  "a sk a re l. "
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The v ita l ro le  tha t a sk a re l- in su la te d  tra n s fo rm e rs  and cap ac ito rs have 
played in the safe , re liab le , and efficient delivery  of e le c tr ic  power is  
re flec ted  in various stan d ard s, codes, and regulations that now effectively  
req u ire  o r  encourage continued use .

R isks
In the United S ta tes, m ed ical re co rd s  show that over a n early  4 0 -y ea r 

period  the only ad v e rse  health  effects experienced  by U. S. w ork ers exposed 
to P C B 's , e ith e r during the m anufactu re of these  liquids o r of e le c tr ic a l 
equipm ent containing th ese  liqu ids, have been lim ited  to  occasional cases  of 
non-chron ic ch loracne o r  o th er tem p o ra ry  skin lesions o r ir r i ta t io n s .

A sk a re l-f illed  tra n s fo rm e rs  and cap ac ito rs a re  d e livered  to cu sto m ers 
as sealed  units from  which th e re  is  no escape of a sk a re l under no rm al o p e ra ­
tion. While ce rta in  types of equipm ent fa ilu res  can ru p tu re  the case  and 
p erm it lo ss  of som e a sk a re l to the environm ent, such fa ilu re s  a re  lim ited  to 
approx im ately  0.02% of the un its in se rv ice  per y ear. In addition, P C B 's 
can get into the environm ent during the m anufactu re, d e livery , im p ro p e r 
u se , m ain tenance, re p a ir  and d isposa l of tra n s fo rm e rs  and cap ac ito rs . 
Specific con tro l m easu re s  have a lread y  been in stitu ted  by individual m anufac­
tu re r s  and w ill be supplem ented and streng thened  by national s tan d ard s and 
p rocedures which a re  now being developed by a C om m ittee of the A m erican  
N ational S tandards In stitu te . T hese forthcom ing standards w ill be designed 
to p reven t the inadverten t lo ss  of P C B 's to the environm ent a t a ll stages 
from  equipm ent m anufactu re through u ltim ate  d isposa l.

A fter im plem entation  of the con tro l m ea su re s  contem plated, i t  is  e s t i ­
m ated  tha t the annual re le a se  of P C B 's to the environm ent w ill be le s s  than 
one one-thousandth  of the p resen t burden, m ainly from  failed , sm a ll cap ac i­
to rs . F u rth e rm o re , since in 1971 the in dustry  standard ized  on a cap ac ito r 
form ulation  containing le s s  than 0.4% pentach lorinated  biphenyls and h igher, 
the frac tio n s of m ain concern , the eco logical significance w ill be fu rth e r  
reduced .

A lte rn a tiv es
1. A sk a re l tra n s fo rm e rs  a lread y  in sta lled  cannot be rep laced  by oil 

tra n s fo rm e rs  of equivalent ra ting  w ithout m ajo r construction  changes in 
buildings and asso c ia ted  equipm ent req u ired  to com pensate fo r the safety  
fea tu res  of the a s k a re l  un its . F o r ce rta in  applications and loca tions, d ry - 
type tra n s fo rm e rs  can rep lace  a s k a re l tra n s fo rm e rs , but not w ithout red u c­
tion in sy s tem  re liab ility .
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2. The p rincipa l a lte rn a tiv e  to a sk a re ls  for cap ac ito rs  is m in e ra l oil, 
but such rep lacem en t would re tu rn  capacito r technology to its  pre-1932 
level and would n ecess ita te  redesign  and rep lacem en t of such w idely used 
equipm ent as flu o rescen t light fix tu res and rack s for power and induction 
heating cap ac ito rs , which could not now accom m odate the in c re a sed  size  of 
o il cap ac ito rs while m aintaining th e ir  p re sen t ra tin g s .

3. The cost of a sk a re l liquids is about $3. 00 p er gallon, com pared  to 
about $0. 30 per gallon for m in e ra l o il. Thus, long befo re th e re  w ere  any 
environm ental concerns about P C B 's , th e re  was a strong  econom ic incentive 
to find o ther le s s  expensive insu la ting  liquids with the d es irab le  c h a ra c te r ­
is t ic s  of a sk a re ls . Since the 1930's, a t le a s t  10 m ajo r chem ical o r e le c ti-  
ca l com panies have invested  la rg e  am ounts of tim e and money in th is  sea rch , 
a ll  with no su ccess . While potential substitu tes tha t a re  m ore costly  than 
P C B 's have a lso  rece ived  som e consideration  (e. g. , fluorinated  liquids) 
lit t le  is  known about e ith e r th e ir  e le c tr ic a l  perfo rm ance o r possib le  i ll  
effects upon the environm ent. T h ere  a re  today no fluids that can be used  as 
on e-fo r-o n e  rep lacem en ts fo r P C B 's.

■*¥
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INTRODUCTION

P olych lo rinated  biphenyls (PCB) have been used in a wide v a rie ty  of 
in d u s tria l and consum er applications over the past 40 y e a rs , but i t  was only 
recen tly  that evidence began to appear tha t these  m a te r ia ls  had been widely 
d isp e rse d  throughout the environm ent. By le t te r  dated F e b ru a ry  18, 1970 
the M onsanto Company, sole U .S . p roducer of P C B 's notified a ll of its  
cu sto m ers of "the po ten tial problem  of environm ental contam ination" by 
these  liquids and recom m ended " th a t a ll  possib le  c a re  should be taken in the 
app lication , p rocessing  and effluent d isposa l of these  products to p revent 
them  becom ing environm ental con tam in an ts."  M onsanto has estab lish ed  a 
policy of d iscontinuance of sa les  of P C B 's fo r u se  in pain ts, p la s tic iz e rs , 
spec ia lty  inks, adhesives, paper coatings and a ll  o th er o p en -system  ap p li­
ca tions.

The M onsanto Company has d ec la red , how ever, that it w ill continue to 
se ll  P C B 's for c lo sed -sy s tem  e le c tr ic a l u se s . This decision  is  a ta c it 
recognition  of the im portan t ro le  tha t P C B 's play in the safe , re lia b le , and 
efficient d e livery  of e le c tr ic  power from  the generating  plant to the u se r .
In the spate of published re p o rts  and sta tem en ts that have appeared  in 
re ce n t y ea rs  on P C B 's th e re  has been no m eaningful exposition of th is ro le  
of P C B 's in e le c tr ic a l  equipm ent - -  why, w here, and how they a re  used; 
what a lte rn a tiv e s  a re  availab le; and what the consequences would be to the 
u s e rs  of such equipm ent if P C B 's w ere  no longer availab le . We hope that 
th is re p o r t  w ill provide such an exposition.
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BACKGROUND

P C B 's a re  used by the e le c tr ic a l industry  as com ponents of ce rta in  
types of tra n s fo rm e rs  and cap ac ito rs . The n atu re  and function of these de­
v ices a re  d escribed  in the sep ara te  sections of this re p o rt devoted to them . 
At th is point i t  is  sufficient to say:

1. T ra n sfo rm e rs  a re  devices for converting e le c tr ic a l power from  
one voltage and c u rre n t leve l to ano ther, and the conducting 
p a rts  of these  devices m ust be sep ara ted  from  each o ther by
a su itab le insu lating  m edium .

2. C apacito rs a re  devices for sto ring  e le c tr ic a l  energy through 
the physical separa tion  of charged m eta l su rfaces  by an 
insu lating  m edium .

P r io r  to 1930 the m ost commonly used insulating  m edium  was m in e ra l 
oil. The ea rly  1930's saw the co m m ercia l developm ent of insu lating  liquids 
tha t w ere  m ix tu res of synthetic ch lo rina ted  a ro m atic  hydrocarbons, p r in c i­
pally v ario u s polychlorinated biphenyls. By controlling the com position of 
th ese  m ix tu res , the m an u fac tu rer could obtain d es ired  com binations of 
th e rm a l, chem ical and d ie le c tric  p ro p ertie s  tha t re su lted  in insu lating  
liquids with much g re a te r  oxidation and f ire  re s is tan ce  than m in e ra l o ils . 
During the p ast 40 y ea rs  these  liquids have becom e widely used  in ce rta in  
types of tra n s fo rm e rs  and cap ac ito rs and a re  recognized  as a d istin c t 
c la ss  of insu lating  m a te ria ls  designated  by the in te rn a tio na l te rm  "a sk a re l" . 
The definition of the te rm  "ask ara l" , the com positions of the liquid that 
co m p rise  th is c la ss  of m a te r ia ls , and the various tra d e m ark s  by which 
they a re  known com m ercia lly  a r e  d esc rib ed  in the following section  headed 
"A sk are l" .

The p a rtic u la r  a sk a re ls  used in tra n s fo rm e rs  and cap ac ito rs  a re  d if­
fe ren t; so a lso  a re  the reaso n s fo r, and the extent and consequences of, 
th e ir  u se  in these  two types of e le c tr ic a l  equipment» H ow ever, c e rta in  
g en e ra l com m ents can be m ade concerning common asp ec ts  of th e ir  u se  in 
both types of equipm ent:

1. A sk are l-in su la ted  tra n s fo rm e rs  and cap ac ito rs a r e  d e liv e red  to 
cu sto m ers a s  sealed  units from  which th e re  is  no escape of 
a s k a re l under no rm al operation  during th e ir  expected life tim es 
of 10 to m o re  than 30 y e a rs . H ow ever, c e rta in  types of equip­
m ent fa ilu re s  can ru p tu re  the case  and p e rm it the lo ss  of som e 
a s k a re l to the environm ent. Such fa ilu res  occu r a t a  ra te  of 
about 0.02% of the units in se rv ice  per y ea r.
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2. ' PC B 's' can get into the environm ent during the m anufactu re,
delivery , im p ro p e r use , m ain tenance, re p a ir , and d isp o sa l of 
tra n s fo rm e rs  and cap ac ito rs . In addition to specific  con tro l 
m ea su re s  in stitu ted  by individual m an u fac tu rers and re co m ­
m ended by them  to the equipm ent u s e rs , the A m erican  N ational 
S tandards In stitu te  has estab lish ed  ANSI C om m ittee C107 on Use 
and D isposal of A sk are l Used in E le c tr ic a l Equipm ent. Its 
m em bersh ips (see Appendix 1) is divided into se p a ra te  w orking 
groups on tra n s fo rm e rs  and cap ac ito rs which w ill recom m end 
national s tandards and p rocedures n ec essa ry  to preven t the lo ss 
of P C B 's to the environm ent a t a ll stages from  equipm ent m anu­
fac tu re  through u ltim ate  d isposa l.

3. The re c o rd  of re liab le  and safe perfo rm ance that a sk a re l-  
in su la ted  tra n s fo rm e rs  and cap ac ito rs have com piled during the 
past decades is  re flec ted  in the v arious codes, s tan d ard s , and 
regu lations th a t now effectively  re q u ire  o r  encourage the con­
tinued use  of a sk a re l- in su la te d  equipm ent in many app lications.
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AS KAREL

D efinitions
1. A synthetic nonflam m able insu la ting  liquid which, when decom posed 

by the e le c tr ic  a rc , evolves only nonflam m able gaseous m ix tu res .
(F rom  the N ational E le c tr ic a l  Code 1971 and the A m erican  
N ational S tandards In stitu te  C-42 s e r ie s ,  "D efinitions of 
E le c tr ic a l  T e rm s ." )

2. The te rm  a sk a re l generally  d e sc rib e s  a  w idely used, b road  c la ss  of 
nonflam m able synthetic halogenated hydrocarbon  insu la ting  liquids used  as 
e le c tr ic a l  insu lating  m edia.

A sk are ls  of various com positional types a re  used . U nder arc ing  
conditions the gases produced, while consisting  of predom inantly  non­
com bustible hydrogen ch lo ride , can yield varying am ounts of com bustible 
gases depending upon the a sk a re l type.

Insu lation  system s incorporating  th ese  a sk a re ls  and ce llu lo sic  o r 
o th er organ ic m a te ria ls  m ay, when a rced , produce gaseous m ix tu res  which 
a re  m odera te ly  flam m able. ,  <■ ; .. < ^ --

S r ?
(F rom  ASTM (A m erican Society fo r T esting  and M ateria ls) 

y ' Method D 2283-71, P a r t  29, 1971 issu e ; w ill a lso  appear
in the 1972 issu e  of the IEEE (Institu te of E le c tr ic a l  and 
E lec tro n ic s  E ng ineers) "Guide for A cceptance and M ain­
tenance of T ra n sfo rm e r A sk are ls  in Equipm ent. " Adoption 
was a lso  recom m ended to the In terna tiona l E lec tro tech n ica l 
C om m ission by its  Subcom m ittee 10B (Insulating Liquids 
O ther than H ydrocarbon O ils) of Com m ittee 10 (Liquid and 
G aseous D ie lec tric s) as rep o rted  in item  num ber 9 of 
m inutes RM 1364/SC 10B, M arch 1971.)

C om positions
P o lych lo rinated  biphenyls a r e  d eriv a tiv es of the hydrocarbon , biphenyl, 

which has the chem ical form ula F ro m  one to ten of the hydrogen
atom s in a m olecule of biphenyl can be rep laced  by ch lo rine a tom s, and the 
chem ical identity  of the resu ltin g  ch lo rinated  compound depends both on the 
num ber of ch lo rine atom s tha t have been in troduced  into the m olecule and on 
the specific  s ite s  in the m o lecu la r s tru c tu re  a t which they a re  in troduced .

The com m erc ia l m a te r ia l m anufactured  by M onsanto under i ts  r e g is ­
te re d  tra d e m a rk  A roc lo r co n s is ts  of m ix tu res  of th ese  specific  ch lo rinated  
com pounds. They a re  usually  identified  by the weight percen t of ch lorine
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in the to ta l m ix tu res , e. g. A roc lo r 1254 contains 54% ch lo rine . The 
A ro c lo rs  that have commonly been used in the e le c tr ic a l in dustry  a re  
A ro d o rs  1260, 1254, and 1242.

A roc lo r 1242, used  p rim arily  in cap ac ito rs , contains about 7% of 
pentachlorobiphenyls and h igher. In Septem ber 1971 M onsanto in troduced  a 
new cap ac ito r-g rad e  a sk a re l, A roc lo r MCS-1016, which is e ssen tia lly  
A roc lo r 1242 that has been specia lly  p ro cessed  to reduce the content of 
pentachlorobiphenyls and h igher ch lo rinated  frac tio n s to le s s  than 0.4% .

As a g enera l ru le , the nonflam m ability  of liquid  P C B 's , th e ir  v ap o rs , 
and a rc -fo rm e d  gaseous products is  g re a te r  the h igher the deg ree  of 
ch lo rination  of the liquid. Studies by M onsanto suggest that the re s is ta n c e  
of P C B 's to degradation  in the environm ent m ay also  in c re a se  with in c re a s ­
ing ch lo rine content. A nalytical m ethods fo r low leve ls of P C B 's  (rep o rted  
in p a rts  per m illion o r p a rts  per billion) in m arin e , aquatic , and w ildlife 
envirnom ents do not alw ays identify  the specific  compounds tha t a r e  p resen t, 
but in its  le t te r  of F e b ru a ry  19, 1970 to its  cu s to m ers , M onsanto stated ' 
that "P C B 's  with a ch lo rine content of le s s  than 54% have not been found in 
the environm ent and ap p ear to p re sen t no potential p roblem  to the env iron ­
m ent. "

T rad em ark s
The following trad em ark s  a r e  used by e le c tr ic a l m an u fac tu re rs to d es ig ­

nate the a sk a re ls  used  in th e ir  p roducts:
M anufactu rer T rad em ark

A eroyox Hyvol
A lii s - C halm e r  s C hlor extol
A m erican  C orp. A bestol
C orne ll D ubilier Dykanol
G enera l E le c tr ic P y rano l
Kuhlman E le c tr ic S af-T -K uhl
M cG raw -E dison E lem ex
Sangamo E le c tr ic O iaclor
W agner E le c tr ic N oflam ol
W estinghouse E le c tr ic In erteen

Toxic and B iological E ffects of P C B 's
S ystem atic  investigations of the toxic and bio logical effects of P C B 's  

have been undertaken  only within thè past few y e a rs , and the descrip tio n  and 
evaluation of the re su lts  is beyond the scope of th is  rep o rt. Some in v estiga­
to rs  suggest c e rta in  toxic: reac tio n s .'that have been rep o rted  m ay be caused
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by highly poisonous compounds (e. g. ch lo rinated  dibenzofurans) found to be 
contam inants in som e PCB p rep ara tio n s. In the United S ta tes , m ed ical 
re co rd s  show that over a n early  4 0 -y ea r period the only ad v e rse  health  
effects experienced  by U.S. w ork ers  exposed to P C B 's , e ith e r during the 
m anufacture of these liquids o r  of e le c tr ic a l equipm ent containing these  
liqu ids, have been lim ited  to occasional cases  of non-chron ic ch loracne o r 
o ther tem p o ra ry  skin lesions o r ir r i ta tio n s .

736728



I

-10-

ENVIRONMENTAL BURDEN

To a s se s s  the environm ental burden of P C B 's one re q u ire s  inform ation 
about (1) the orig in  and possible am ounts of P C B 's in the environm ent and 
(2) the b io logical effects that specific  form ulations have upon specific  living 
sp ec ies . The la t te r  a re  the sub ject of a growing body of investiga tive w ork 
that w ill not be review ed in th is paper. This section  w ill concen tra te  upon 
estim ating  the am ounts of P C B 's that m ay get into the environm ent from  the 
continued use of the sev m ate r ia ls  in the e le c tr ic a l industry .

F ro m  recen tly  published data*it is  possib le to es tim ate  that, since the 
in troduction  of P C B 's in the ea rly  1930's, U .S. dom estic  usage of these  
m a te ria ls  has am ounted to 4. 3 x 10^ tons. The e le c tr ic a l  industry  used 63% 
of th is to ta l, a lm o st en tire ly  for "c lo sed "  applications. The rem ain ing  37% 
went fo r "open" app lications, such as pain ts, p la s tic iz e rs , specia lty  inks, 
etc . , o r for "nom inally closed" applications such as h e a t- tra n s fe r  sy stem s 
and hydrau lic  sy s tem s. On the assum ption  that 10% of the e le c tr ic a l industry  
usage and 80% of the n o n -e le c tr ic a l usage may have leaked into the env iron­
m ent, the estim ated  to ta l burden for the United S tates becom es 1. 5 x 10^ tons.

The ra te  of in troduction of these  m a te ria ls  into the environm ent has now 
been slowed to a sm all fraction  of the fo rm er ra te . Responding to studies 
indicating w idespread  d isp e rsa l of P C B 's , the M onsanto Company has ceased  
supplying the m ark e ts fo r open applications and for nom inally -closed  ap p lica­
tions. The only rem aining applications for .which M onsanto w ill se ll P C B 's 
a re  the closed ones, specifically  tra n s fo rm e rs  and cap ac ito rs . P ro v is io n s , 
including the design of contro lled  incineration , have been m ade to handle 
w aste from  the production and se rv ic ing  of these  item s. M anufactu rers have 
tightened production con tro ls to d ec rea se  the form ation of w aste and have 
in c re a sed  the re -u se  of m a te r ia l fo rm erly  lo s t as w aste . (See the "R ecom ­
m endations" section  of the re p o rt en titled  "The U se and D isposal of E le c t r i ­
cal Insulating  L iq u id s,"  issued  in June 1971 by the E le c tr ic a l  and N uclear 
Sub-Council of the N ational In d u stria l Pollution C ontrol C o u n c il.) As noted 
in the "Background" section  of th is p re sen t re p o rt, the A m erican  N ational 
S tandards In stitu te  has estab lish ed  a com m ittee with public, governm ent, 
and in dustry  re p re se n ta tiv e s , which is  now actively  working to streng then  
and standard ize  the p rocedures designed to prevent the lo ss  of P C B 's to the 
environm ent a t a ll stages from  equipm ent m anufacture through u ltim ate  
d isposa l.

A calculation  of the effect of these m easu re s  on fu ture re le a se s  of PC B 's 
can be m ade on the b as is  of the following conclusions and p rem ises :

1. F ac to ry  w aste w ill be p ro p erly  handled and kept from  the env iron­
m ent.

^M onsanto Ind u stria l C hem icals Company, re le a se  of PCB production, figu res 
to D epartm ent of C om m erce, N ovem ber 30, 1971. •■v736729 U
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2. P ro ced u res  for the se rv ic in g  and rebuilding of tra n s fo rm e rs  
a lread y  in use  w ill be contro lled  tightly enough to v irtu a lly  
elim inate  lo sse s  to the environm ent from  these  opera tions.

3. C apacito rs p re sen t a m ore  se rio u s problem  because m illions 
a re  produced each y ea r, they a re  widely d isp e rsed  in 
thousands of in sta lla tio n s , and, unlike tra n s fo rm e rs , they 
a re  never reb u ilt but a re  d iscard ed  a t the tim e of f i r s t  
fa ilu re . The d isposa l of la rg e  power cap ac ito rs  can be 
contro lled  by the u tility  com panies tha t use them , but the 
sm a ll in d u s tria l cap ac ito rs  used in m illions of flu o rescen t 
b a lla s t and a ir  conditioning units w ill probably never be 
fully accounted fo r. The assum ption  is  m ade tha t leakage
of P C B 's from  failed cap ac ito rs  w ill be cut in half in each 
of the next se v e ra l decades, as  w aste d isposa l p rac tice s  
im prove.

4. The to ta l usage of e le c tr ic a l  energy  and consequent em ploy­
m ent of PCB tra n s fo rm e rs  and cap ac ito rs  w ill in c re a se  a t
a ra te  of approxim ately  7% p er y ea r, i. e. , doubling every  
ten y ea rs . Growth in use  w ill be o ffse t by im proved con tro l 
p ra c tic e s , and the resu ltin g  annual contribution to the 
environm ental burden w ill rem ain  constant and w ill come 
a lm o st en tire ly  from  the d isp o sa l of failed  cap ac ito rs .

The rep lacem en t capacito r m a rk e t m ay be taken as a m easu re  of 
annual fa ilu re s , and the am ount of PCB now going into rep lacem en t cap ac i­
to rs  is  es tim ated  as 345 tons per y ear. C apac ito rs a re  so co n stru c ted  
tha t approx im ately  80% of the im prégnan t is absorbed  by the solid  portions 
of the d ie le c tr ic  sy stem , with only the rem ain ing  20% fre e  to leak  out of a 
rup tu red  o r eroded  cap ac ito r case . If a ll  of th is re sid u e  should reach  the 
environm ent, the annual contribution would be 70 tons. Thus, the m axim um  
in c re a se  in the ex isting  env ironm ental burden to be expected from  the con­
tinuation of the e le c tr ic a l applications of PCB is _ s 0. 00047, i. e. ,1 .5  x 105le s s  than one one-thousandth  of the am ount presum ed, to be a lrea d y  in the 
environm ent.

Since the fa ll of 1971, cap ac ito rs  have been m ade with a new PCB fo rm ­
ulation tha t is  a lm o st fre e  of the h ig h e r-ch lo rin a ted  frac tio n s tha t have been 
d iscovered  in the environm ent (section  on "A sk are l"). As the percen tage of 
th ese  new -generation  cap ac ito rs  among the fa iled  population in c re a se s , the 
eco logical significance of the in d u s tr ia l usage of PCB w ill be co rresp o n d ­
ingly reduced.
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TRANSFORMERS

Definition j
A tra n s fo rm e r is  a device fo r tra n s fe rr in g  e le c tr ic a l  energy from  one 

a lte rn a tin g  cu rren t c ircu it to ano ther by e lec trom agnetic  m eans. I t has no 
moving p arts  and perfo rm s its  function by linking two e le c tr ic  c u rre n t-  
ca rry in g  c ircu its  (the co ils , usually  copper w ire) via a common m agnetic 
flux c a rry in g -c irc u it (the co re , usually  a sp ec ia l g rade of iron). A t r a n s ­
fo rm er m ay be designed to effect a change in voltage o r c u rre n t from  one 
c irc u it to the o th er o r sim ply to obtain e le c tr ic a l energy from  one e le c tr ic a l  
c irc u it without m aking a conductive connection betw een it  and a second 
e le c tr ic a l  c ircu it.

The tran sm iss io n  of e le c tr ic a l energy from  one point to ano ther is 
e ssen tia lly  the tra n sm iss io n  of a req u ired  num ber of k ilo vo lt-am p eres (kva).
By m eans of tra n s fo rm e rs  the k v a 's  m ay be generated  a t a low voltage su it­
ab le fo r the windings of g en e ra to rs , stepped up to h igher voltages and low er i
cu rren ts  su itab le for tra n sm iss io n  of e le c tr ic ity  over long d istance  w ire s , j
and then a t the d es ired  destination  stepped down to a low er voltage and 
la rg e r  c u rre n t su itab le  for u tiliza tion  by e le c tr ic a lly  powered equipm ent. j

The a lm ost u n iv e rsa l use of the a lte rn a tin g  c u rren t sy stem  fo r the 
tra n sm iss io n  and d istribu tion  of e le c tr ic a l  energy is  la rg e ly  due to th is |
ab ility  of tra n s fo rm e rs  to link  up c ircu its  of d ifferen t voltages and c u rre n ts . i
Thus the g en era to r, the tra n sm iss io n  lin e s , the secondary  d istrib u tio n  
sy stem , and finally the g rea t v a rie ty  of u ltim ate  loads can each be opera ted  
a t the voltage m ost su ita b le  to its  p a rtic u la r  function. W ithout th is unique 
ab ility  of the tra n s fo rm e r  to adapt the c irc u it voltage to the individual 
req u irem en ts  of the d iffe ren t p a rts  of the system , the enorm ous develop­
m ent and p ro g ress  in the tra n sm iss io n  and d istribu tion  of e le c tr ic a l  energy  
during the past 80 y ea rs  would not have been possib le .

Why A sk are ls  a r e  U sed in T ra n sfo rm e rs
The co ils and co re  of m ost tra n s fo rm e rs  a r e  enclosed in sealed  m eta l 

tanks tha t a re  filled  with an insu la ting  liquid, usually  m in e ra l o il. U nder 
'c e r ta in  conditions of sudden power su rg es h ig h -cu rre n t e le c tr ic  a r c s  a r e  
produced inside the tra n s fo rm e r  which cah g en era te  and ignite flam m able 
and explosive gas m ix tu res fo rm ed  from  the m in e ra l oil and ce llu lo sic  in ­
sulating com ponents in the tra n s fo rm e r .

B ecause of the nonflam m ability  of liquid a s k a re ls , th e ir  vapors and 
th e ir  a rc -fo rm ed  gaseous p roducts, tra n s fo rm e rs  filled  with a sk a re ls  a re  
free  of th ese  f ire  and explosion h azard s  and m ay be used  in locations w here
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fa ilu res  of o il-in su la ted  tra n s fo rm e rs  would p resen t a potential danger to 
life  and p roperty . This safety  fac to r is  the only advantage tha t a s k a re l-  
insu la ted  tra n s fo rm e rs  have over o il-in su la ted  tra n s fo rm e rs  of the sam e 
sixe and ra ting . The density  of a sk a re ls  is  about 1. 7 tim es that of m in era l 
o il, so a sk a re l- in su la ted  tra n s fo rm e rs  a re  h eav ie r than th e ir  o il-filled  
co u n te rp a rts . A sk are ls  them selves a re  m ore  expensive than m in e ra l o ils , 
and th e ir  solvent c h a ra c te r is tic s  re q u ire  the u se  of m ore  expensive in su la ­
tion com ponents on the in te rn a l p a rts  of the tra n s fo rm e r , w ith the re su lt  
that the com plete units a re  m ore  expensive.

As a consequence, a sk a re l- in su la ted  tra n s fo rm e rs  have captured  only 
those m ark e t applications (less than 5%, but growing) w here considerations 
of safety  and re liab ility  a re  param ount. T h e ir use in such applications is 
usually  requ ired  o r encouraged by the p rov isions of e le c tr ic a l codes, f ire  
underw riting  po licies, o r  governm ental regu la tions.

Note: P r io r  to the m id-1950 's the liquid used in a sk a re l- in su la te d  
tra n s fo rm e rs  was a 50-50 weight m ix tu re of A ro d o r  1260 (60% chlorine) 
w ith trich lo ro b en zen es; then the benzene com ponent was changed to a m ix ­
tu re  of t r i -  and te trach lo rb en zen es; and in 1971 the A ro d o r  com ponent was 
changed to A ro d o r  1254 (54% ch lorine).

Types' and A pplications of A sk are l-in su la ted  T ra n sfo rm e rs
T here  a re  two broad  c la ss ifica tio n s of tra n s fo rm e rs : power t r a n s fo r ­

m e rs , which a re  used  to step  up voltages; and d istribu tion  tra n s fo rm e rs , 
which a re  u sed  to step  down voltages. The many types of tra n s fo rm e rs  that 
a r e  included within these  two c la ss ifica tio n s a re  lis te d  in Appendix 2. The 
applications tha t accom pany the lis tin g  apply only to those units of a given 
type tha t a r e  m anufactured  with a s k a re l as the insu la ting  liquid. M ost units 
of the types lis te d  a re  s t i l l  o il-in su la ted .

We es tim ate  that the to ta l num ber of a sk a re l- in su la te d  units that have 
been put into se rv ice  in the United S ta tes since 1932 is  125,000, and v i r ­
tually  a ll  of these  un its a re  s t i l l  in se rv ice . The l ife tim e -b e fo re -fa ilu re  is  
often longer than 30 y ea rs , and a lm o st a ll units th a t do fa il a r e  rebu ilt and 
re tu rn ed  to se rv ice . The c u rre n t production ra te  of new a sk a re l- in su la te d  
tra n s fo rm e rs  un its is  about 5,000 p er y ea r.

M ost of th ese  tra n s fo rm e rs  a re  located  inside public, com m ercia l, o r 
in d u s tr ia l buildings; on the roof tops of such buildings; o r  in close  proxim ity  
to such buildings, and re q u ire  no specia l en c lo su res  o ther than what a re  
n ec e ssa ry  to p revent acc iden ta l hazardous m echan ical o r e le c tr ic a l  contact 
of persons with the equipm ent. H ow ever, the N ational E le c tr ic a l  Code does
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specify vaults fo r the indoor in sta lla tion  of a sk a re l- in su la te d  tra n s fo rm e rs  
ra ted  m ore than 35,000 volts. A sk are l-in su la ted  tra n s fo rm e rs  a r e  lim ited  
by the e le c tr ic a l p ro p ertie s  of these  liquids to ra tings below 69,000 v o lts.

The am ount of a sk a re l used  in various types of tra n s fo rm e rs  ranges 
from  40 to 500 gals . (516 to 6,450 l b s . ) with an av erag e  of about 235 g a ls . 
(3,032 l b s . ). During 1968, the la s t  com plete "norm al" y ea r for the e le c ­
t r ic a l  industry , the to ta l am ount of P C B 's used in tra n s fo rm e rs  was ap p ro x ­
im ate ly  1 .3  m illion gallons (8 .4  thousand tons).

P re se n t A lternatives to A sk a re l-in su la ted  T ra n sfo rm e rs
If PC B 'a w ere  to be no longer availab le  for c lo sed -sy s tem  e le c tr ic a l  

u ses  - -  as they a re  no longer availab le from  Monsanto for o p en -sy stem  
app lications - -  what a lte rn a tiv e s  to a sk a re l- in su la te d  tra n s fo rm e rs  could 
now be supplied by the e le c tr ic a l industry , and what would be the effect 
upon the u se r  should a sk a re l- in su la ted  tra n s fo rm e rs  no longer be availab le  
e ith e r as new o r rep lacem en t un its?

The only p resen t a lte rn a tiv e s  to a sk a re l- in su la te d  tra n s fo rm e rs  a re  
o il-in su la ted  tra n s fo rm e rs  o r d ry -ty p e  tra n s fo rm e rs  (e ither those open to 
the a tm osphere  o r those that a r e  g as-filled  and sealed).

A. O il-in su la ted  tra n s fo rm e rs
1. If one d is re g a rd s  safety  considera tions, th e re  a re  no 

tech n ica l reaso n s why o il-in su la ted  tra n s fo rm e rs  could 
not be d irec tly  substitu ted  fo r a sk a re l- in su la te d  t r a n s ­
fo rm e rs . The size  of the unit would be unchanged; the 
w eight and cost would be le s s .

2. T h ere  a r e  legal re s tr ic tio n s  to such a d ire c t su b s ti­
tution.
a . Some lo ca l regu la tions (e. g. Chicago) prohibit the use 

of o il-in su la ted  units in ce rta in  locations w here 
a sk a re l- in su la te d  un its a re  allow ed.

b. W here o il-in su la ted  tra n s fo rm e rs  would not be 
specifically  prohibited  as o n -s ite  rep lacem ents
for a sk a re l- in su la ted  u n its , the N ational E le c tr ic a l 
Code im poses sp ecia l re s tr ic tio n s  upon th e ir  mode 
of in sta lla tio n . Although only a sk a re l- in su la te d  
tra n s fo rm e rs  ra ted  above 35,000 volts m ust be
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in sta lled  in vau lts , a ll  o il-in su la ted  tra n s fo rm e rs  
req u ire  vau lts, except that a lte rn a tiv e  f ire  p ro ­
tection a rran g em en ts  a re  perm itted  fo r un its ra ted  
not over 600 volts. A ssum ing that space w ere 
availab le  inside an existing  building to accom m odate 
these  specia l au x ilia ry  safety p rov isions, the cost 
of th e ir  construction  could range from  $5, 000 to 
$50,000 per tra n s fo rm e r.

c. O il-in su la ted  units can be in sta lled  outdoors if they 
a re  suitably iso la ted  from  flam m able s tru c tu re s  o r 
if th ese  s tru c tu re s  a r e  su itably  safeguarded  aga inst 
f ire s  orig inating  in the tra n s fo rm e rs . The power 
output m ust then be brought to the point of use 
inside the building via cables o r insu la ted  buses, and 
the cost of cable and bus ins ta lla tion  could also  range 
from  $5,000 to $50,000 per tra n s fo rm e r. The outdoor 
tra n s fo rm e r would have to be of a h igher ra ting  than 
the indoor one it would rep lace  because of voltage drop 
and consequent power lo sse s  in the cable o r bus runs.

B. D ry-type tra n s fo rm e rs
In m ost locations, d ry -type tra n s fo rm e rs  (e ither those open to the 
a tm osphere  o r those that a re  g as-filled  and sealed) could not be 
substitu ted  d irec tly  fo r a sk a re l- in su la ted  tra n s fo rm e rs . T here  
a r e  se v e ra l re s tr ic tio n s  to such a d ire c t substitution:
1. The p rovisions of the N ational E le c tr ic a l  Code a re  m ore 

str in g en t fo r ce rta in  c la sse s  of d ry -type  tra n s fo rm e rs  than 
fo r com parable a sk a re l- in su la te d  un its.

2. P re se n t technology is  not availab le  for designing and m anufac­
tu ring  re liab le  d ry -ty p e  tra n s fo rm e rs  above 2500 KVA a n d /o r 
15 KV.

3. The re liab ility  of d ry -ty p e  tra n s fo rm e rs  is  le s s  than tha t of 
com parably  ra ted  liq u id -insu la ted  tra n s fo rm e rs . O il- and 
a sk a re l- in su la te d  units show much g re a te r  re s is ta n c e  to 
sw itching and lightning su rg es than do d ry -ty p e  units. An 
EEI survey  of fa ilu res  in netw ork tra n s fo rm e r  banks showed 
a 7% p er y ear fa ilu re  ra te  fo r d ry -ty p e  units com pared to
0. 2% for liq u id -insu la ted  un its. F u rth e rm o re , liquid- 
insu lated  tra n s fo rm e rs  have a much g re a te r  overload capa­
b ility . Many liqu id -insu la ted  units can sustain  a 100% 
overload fo r 8 ho u rs and a 200% overload for 2 h o u rs.
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T hese tra n s fo rm e rs  a r e  ab le to m aintain  continuity of 
e le c tr ic a l  se rv ice  during periods of tem p o ra ry  m alfunction 
of re la te d  equipm ent.

4. Some d ry -ty p e  tra n s fo rm e rs  a re  la rg e r  by 10 to 30% than 
com parably  ra ted  liqu id -in su la ted  u n its , and m o st a r e  
m o re  expensive.

5. D ry-type tra n s fo rm e rs  a re  n o is ie r  by 5-10 dB than a re  
liqu id -insu la ted  tra n s fo rm e rs .

6. B ecause th e ir  in sides re q u ire  re g u la r  cleaning, the m ain ­
tenance co sts  for open d ry -ty p e  tra n s fo rm e rs  a re  h igher 
than those fo r sealed  d ry -ty p e  tra n s fo rm e rs  o r fo r liqu id - 
in su la ted  tra n s fo rm e rs , which a re  also  sealed .

7. Open d ry -type  tra n s fo rm e rs , which a re  cheaper than 
sea led  d ry -ty p e  tra n s fo rm e rs , cannot be used  in ce rta in  
co rro s iv e  o r hazardous a tm o sp h eres , e . g. on fu rnaces 
o r on e le c tro s ta tic  p rec ip ita to rs  n ea r hot stack s .

C. Sum m ary
1. F o r  techn ica l o r leg a l re aso n s  it would be im possib le  to 

rep lace  m ost a sk a re l- in su la te d  tra n s fo rm e rs  now in 
se rv ice  by o il-in su la ted  units of equivalent ra ting  and 
re liab ility  without m ajo r construction  changes tha t would 
be req u ired  to  com pensate fo r the f ire  and explosion 
re s is ta n c e  of the a sk a re l- in su la te d  u n its.

2. F o r  c e rta in  applications and loca tions, d ry -ty p e  t r a n s ­
fo rm e rs  could rep lace  a sk a re l- in su la te d  tra n s fo rm e rs , but 
with a sign ifican t reduction  in sy s tem  re liab ility .
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CAPACITORS

Definition
A cap ac ito r is  a device tha t s to re s  e le c tr ic a l energy. It co n sists  of 

two m eta l su rfaces o r e lec trod es sep ara ted  by an insu la ting  m edium  such as 
a i r .  paper, p lastic  film , o r  oil. When a  voltage is  applied  a c ro ss  the 
e lec tro d es , e le c tro s ta tic  energy is  s to red  in the insu la ting  m edium .

In typ ica l in d u s tria l cap ac ito rs the e lec trod e  m a te r ia l  is  alum inum  foil 
and the insu lating  m edium  o r d ie le c tr ic  is  paper tis su e  a n d /o r  p las tic  film , 
which for many applications is  im pregnated  with a liquid d ie le c tr ic . A 
liquid im pregnan t is  used  to fill the voids within the paper o r  p la s tic  film  
s tru c tu re , to fill the voids betw een sh ee ts , and to con tribu te to the cap ac i­
tance o r charge* carry ing  ab ility  of the com posite . Voids m ust be e lim inated  
within cap ac ito rs tha t a r e  to be used  above 200-300 vo lts, which exceeds 
the d ie le c tr ic  breakdown s tren g th  of a i r .

In our definition of tra n s fo rm e rs  we em phasized th e ir  im portance  in 
the tran sm iss io n  and d istribu tion  of e le c tr ic a l  power (k ilovo lt-am peres) 
from  the generating  plant to the u ltim ate  load. If the load w ere  purely  
re s is t iv e  (e. g. an e le c tr ic  heating elem ent) no fu rth e r m odification of the 
power supply delivered  to i t  would be requ ired . O ther loads (e. g. induction 
m otors) m ay re q u ire  that a portion of the k ilo vo lt-am p eres d e livered  to them  
be used  to provide a m agnetizing cu rren t, which does not contribute d irec tly  
to the usefu l power output of the load. This portion of the to ta l kva de livered  
to the load is  designated  as reac tiv e  k ilo v o lt-am p eres (kvars). It has been 
found m ore  econom ical to produce k v a rs  from  to ta l k v a 's  n ea r  the point of 
load ra th e r  than n ea r the point of kva generation , and cap ac ito rs  provide the 
m ost effic ien t way of effecting th is transfo rm atio n  a t the point of load.
Why A sk are ls  a r e  Used in C apacito rs

P r io r  to 1930 m ost liq u id -filled  cap ac ito rs w ere  m ade with m in e ra l oil. 
The subsequent substitu tion  of a sk a re ls  fo r m in e ra l oil m ade possib le  sig n i­
fican t techn ica l im provem ents in the s iz e , re liab ility , and life  of th ese  
ca p ac ito rs .

A. Size
The single m ost im portan t p ro p erty  of a liquid to be used in a 
cap ac ito r is  its  d ie le c tr ic  constan t (the ra tio  of its  ab ility  to 
s to re  e le c tro s ta tic  energy  re la tiv e  to a ir ) . The d ie le c tr ic  
constan t of cap ac ito r-g rad e  a s k a re l (A roclor 1242) is  5. 85
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while that of m in era l o il is 2. 25. When cap ac ito r tissu e  is im p reg ­
nated with these liquids the d ie le c tr ic  constan t of the p aper-liqu id  
com posite is  6. 1 for a sk a re l and 2. 9 for m in e ra l o il. F u r th e r ­
m o re , because of the re la tiv e ly  close m atch betw een the d ie le c tr ic  
constan ts of ce llu lo se , (6. 6) and a sk a re l (5. 85) it is possib le  to 
s t r e s s  a sk a re l-im p reg n a ted  paper to 400-500 v o lts /m il. , while the 
s t r e s s e s  tha t can be applied to com parable p ap e r-m in e ra l o il 
cap ac ito rs a r e  lim ited  to 300-350 v o lts /m il. The com bined effect 
of these technical advantages of a sk a re ls  has been to p e rm it a 
reduction of capac ito r s izes  to le s s  than 14% of what they w ere  in 
1924. In 1965 a new d ie le c tr ic  sy s tem  consisting  of paper - -  
polypropylene film  - -  a s k a re l  was in troduced  with s tr e s s  capa­
b ility  up to 900 v o lts /m il. o v era ll. B esides favorable s t r e s s  d is ­
trib u tio n s , the ab ility  of a s k a re l to in c re a se  the d ie le c tr ic  s treng th  
of polypropylene is partly  resp o n sib le  for th is im provem ent.

B. R eliab ility  and Life
A sk are ls  a r e  th e rm a lly  and oxidatively  m ore  stab le  than m in e ra l 
o ils , and d isch a rg es , which can occur in cap ac ito rs , a re  le s s  
likely  to generate  gases from  a sk a re ls  than from  m in e ra l o ils . The 
chem ical s tab ility  of a sk a re ls  in the p resen ce  of capac ito r tissu e  
and p lastic  film s and the favorab le s t r e s s  d istrib u tio n s between 
solid and liquid re fe r re d  to above have m ade it  possib le to design 
low -cost cap ac ito rs with a life  expectancy of m ore  than 10 y ea rs  
in lighting app lications and m ore  than 20 y ea rs  in  e le c tr ic  
u tility  app lications. In each application  the f i r s t -y e a r  fa ilu re  ra te s  
a re  le s s  than 0.2% . This leve l of life  and re liab ility  had not been 
achieved p rio r  to the in troduction  of a s k a re ls . F u rth e rm o re , the 
re la tiv e  non-flam m ability  of a s k a re ls  sign ifican tly  redu ces the f ire  
h azard  that m ight o therw ise accom pany those fa ilu re s  that re su lt  in 
ru p tu re  of the case .
W hereas the tra n s fo rm e r m an u fac tu re r has had to e ssen tia lly  
"design around" the p ro p ertie s  of a sk a re ls  in o rd e r  to be able to 
take advantage of the safety  fac to r that they im p art to his equip­
m ent, the cap ac ito r m an u fac tu rer has been able to "design with" 
the p ro p ertie s  of a sk a re ls  and obtain s ig n ific an t techn ica l im prove­
m ents along with the im proved safe ty  fac to r. As a re su lt  a sk a re ls  
have supplanted m in e ra l o ils  in m ore  than 90% of the nnw*r »nd 
in d u s tria l type cap ac ito rs  m ade today. 736737

Note': P r io r  to 1952 the liquid used in a sk a re l-im p reg n a te d  cap ac ito rs  
was A ro d o r  1254 (54% chlorine); it  was then rep laced  by A roc lo r 1242 
(42% chlorine), which has b e tte r  e le c tr ic a l  p ro p e rtie s ; and as noted in the 
"A sk are l"  section , in Septem ber 1971 M onsanto in troduced  a new cap ac ito r- 
grade a sk a re l, A roc lo r MCS-1016. which is  a  m odified A roc lo r 1242.
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Unlike a sk a re l- in su la ted  tra n s fo rm e rs , the liquid in a sk a re l-im p reg n a ted  
capac ito rs co n sists  only of A roclo rs and does not contain added ch lo ro ­
benzenes.
Types and A pplications of A sk are l-im p reg n a ted  C apacito rs

The p rincipa l types of a sk a re l-im p reg n a ted  cap ac ito rs and th e ir  ap p li­
cations a re  d escribed  in Appendix 3. A lm ost 80 m illion such cap ac ito rs  a re  
m anufactured  annually, m ost of them  fo r f ir s t- t im e  use. Unlike t r a n s ­
fo rm e rs , capac ito rs a re  not rebu ilt and re tu rn ed  to se rv ice  a f te r  fa ilu re . 
They a re  d isposed of (see "Background" section , item  concerning ANSI 
C om m ittee C107) and rep laced  by new cap ac ito rs .

C apacito rs used in lighting and a i r  conditioning applications contain
0.005 to 0 .09 gals. (0.05 to 1.0 lb s .)  of a sk a re l per unit. The la rg e s t  
power capac ito rs contain about 6. 7 gals (77 l b s . ) of a sk a re l. The m ost 
popular size  contains about 3. 1 (36 lb s. ) The N ational E le c tr ic a l  Code r e ­
q u ires that any insta lla tion  of cap ac ito rs in which any single unit contains 
m ore  than 3 gallons of com bustible liquid sha ll be in a vault like tha t r e ­
quired  for tra n s fo rm e rs . During 1968, the la s t  com plete "no rm al"  y ea r 
for the e le c tr ic a l industry , the to ta l am ount of P C B 's used in cap ac ito rs  was 
approxim ately  14.4 thousand tons.
P re se n t A lterna tives to A sk are l-im p reg n a ted  C apacito rs

If P C B 's w ere  to be no longer availab le  for c lo sed -sy s tem  e le c tr ic a l 
u ses - -  as they a re  no longer availab le  from  M onsanto fo r o pen -system  
applications - -  what a lte rn a tiv e s  to ask a re l-im p reg n a ted  cap ac ito rs  could 
now be supplied by the e le c tr ic a l  industry , and what would be the effect 
upon the u se r  should ask a re l-im p reg n a ted  cap ac ito rs no longer be availab le  
e ith e r as new o r rep lacem en t un its?

P o ss ib le  a lte rn a tiv e s  to a sk a re l-im p reg n a ted  cap ac ito rs a re  cap ac ito rs  
im pregnated  with m in e ra l o il, o r  cap ac ito rs im pregnated  with ce rta in  o ther 
liqu ids.

A. M ineral Oil
R eplacem ent of a sk a re ls  by m in e ra l oil would essen tia lly  re tu rn  
cap ac ito r technology to its  pre-1932 level. Some specific  con­
sequences of such a rep lacem en t would be:

Safety . None of the possib le liquid a lte rn a tiv e s  to a sk a re ls  
a re  nonflam m able, and a f ire  hazard  would be c rea ted  by 
any cap ac ito r fa ilu res  tha t w ere accom panied by ru p tu re  of

736738 V
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the case . P re se n tly  the use o£ capac ito rs containing 
flam m able liquid is governed by the N ational E le c tr ic a l  Code 
A rtic le s  460 and 501.

2. Size and C o st. A few specific  exam ples w ill i l lu s tra te  the 
size  and co st penalties asso c ia ted  with a sw itch from  a sk a re l 
to m in e ra l oil in cap ac ito rs . The m ost popular sized  power 
cap ac ito rs today a re  ra ted  a t 200 KVAR. If m in e ra l oil w ere 
substitu ted  fo r a sk a re l the volum e of the cap ac ito r would be 
quadrupled and the d ire c t labo r and m a te r ia l co sts  asso c ia ted  
with its  m anufacture would in c re a se  by 70%. Today power 
cap ac ito rs  a re  availab le  in 400 KVAR ra tings;.w ith  m in e ra l o il 
the m axim um  would be about 100 KVAR because of in c re a sed  
heat d issipation  prob lem s with in c re ased  volum e. In addition 
to in c re a se s  in d ire c t co sts , the power cap ac ito r industry  
would face in c re ased  cap ita l expenses es tim ated  a t $2 ,000 ,000  
to provide the in c re a sed  volum e of m a te r ia l a t p ro jec ted  KVAR 
req u irem en ts . S teel com panies faced with in c reased  s ize , 
co st and flam m ability  of capac ito r banks for induction heating 
fu rnaces would probably not in s ta ll new induction heating 
capability . U tilities  would have d ifficulty  with substation  size 
in crowded urban a re a s .
An in c re a se  in the size  of cap ac ito rs fo r a i r  conditioning 
would not be c r itic a l.
In lighting applications a 3. 7 5 /. 075 m ic ro fa rad  540 VAC ra ting  
fo r high output app lications is  ty p ica l. If m in e ra l oil w ere 
substitu ted  for a sk a re l, the cap ac ito r would be 71% la rg e r  and 
m a te r ia ls  would co st 46% m o re . Lamp b a lla s t m an u fac tu re rs  
would have to in c re a se  the size  of the b a lla s t to accom m odate 
the la rg e r  capac ito r. This would change the th e rm a l p e rfo rm ­
ance of the unit and re q u ire  U .L. approval of new b a lla s t 
d esigns. Lighting fix tu re m an u fac tu re rs  would also  face r e ­
design costs to take la rg e r  b a lla s ts .

3. R e liab ility . U se rs  of cap ac ito rs  in a ll  application  a re a s  have 
com e to expect long life  and v ery  low in itia l fa ilu re  ra te s . The 
p resen t p erfo rm ance stan d ard s have been achieved a f te r  m any 
y ea rs  of field testing  and a c ce le ra ted  testing  by m an u fac tu re rs  
and u se rs . The re liab ility  of designs containing m in e ra l o il
in m any applications would be u n certa in . A vailable reco rd s  
show that cap ac ito r re liab ility  p r io r  to the av a ilab ility  of 
a s k a re l was only a fraction  of what i t  is  today.

4. R eplacem ent M arket. The im plications of changes in capacito r 
size  have been d iscu ssed  in te rm s  of new designs. In each m ajo r

736739
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application  a re a  som e cap ac ito rs  a re  sold for rep lacem en t 
b u sin ess .
Pow er .and induction-heating  capac ito rs a re  generally  in sta lled  
in rack s of a few to thousands of cap ac ito rs . It would not be 
possib le  to m ake sim ple substitu tions fo r failed  cap ac ito rs  
w hile m aintaining the sy stem  ra ting .
In a i r  conditioners rep lacem en t of failed  cap ac ito rs  m ight be 
a s  sim ple a s  in sta lla tio n  of new b rack e ts . On the o th er hand, 
tight designs m ight not take a la rg e r  capac ito r a t a ll.
Lighting system s would be se rio u sly  affected  by in c re a se s  in 
cap ac ito r size . L a rg e r rep lacem en t b a lla s ts  would not fit 
into existing fix tu res w ithout a lte re d  mounting a rran g em en ts .
I t is possible that space req u irem en ts  would fo rce  com plete 
rep lacem en t of lighting fix tu res for the want of a re p la c e ­
m ent b a lla s t.

5. M a te ria l S o u rce s . M ineral oil is  cu rren tly  used in a re la tiv e ly  
sm all num ber of specia lty  cap ac ito rs . In th is country th e re  is 
a  single source  of c a p ac ito r-g rad e  m in e ra l o il with lim ited  
fa c ilitie s  for acid  refin ing of crudes from  a single o il field. 
In c reased  dem and would re q u ire  expanded fac ilitie s  and in v es t­
m ent and considerab le  developm ent in defining techn ical 
req u irem en ts  for cap ac ito r-g rad e  m in e ra l oil.
E ffic ien t u se  of m in e ra l oil in cap ac ito r designs would req u ire  
h igher density  capac ito r tissu e  than is cu rren tly  produced in 
th is country. At the le a s t  th is would re q u ire  ex tensive paper 
m achine m odification. C apacito r winding techniques and 
m achines would need to be developed for winding tig h te r ro lls .

B. O ther Liquids
1. C a s to r O il. The d ie le c tr ic  constan t of c a s to r  oil is  4. 5 and 

th is m a te r ia l i s  usefu l as an im prégnant in D. C. energy  sto rag e  
cap ac ito rs . H ow ever, A. C. cap ac ito rs  filled  with th is liquid 
have re la tiv e ly  sh o rt lives and a re  not very  stab le  under A. C. 
d isch arg es  and in the p resen ce  of w a te r derivab le  from  the 
ce llu lo sic  paper.

2. Dibutyl S ebacate . This e s te r  is esp ec ia lly  useful in high f r e ­
quency p a ra lle l plate cap ac ito rs  because  of its  low, fla t lo ss 
c h a ra c te r is t ic s  o ver a b road  frequency range. In th is  type of

736740

GENP 001990



-22-

construction  the liquid is the sole d ie le c tr ic  m a te r ia l . When 
used in conjunction with paper, th is e s te r  is  a lso  unstable .

3. Silicone F lu id s . These m a te r ia ls  have a d ie le c tr ic  constant
of 2. 7 and would generally  be sub ject to the sam e disadvantages 
as m in e ra l oil.

C . A lternative  D esigns
In addition to liquid d ie le c tr ic  su b stitu te s , a lte rn a tiv e s  to the 
p ap er-liqu id  d ie le c tric  m ight be considered . T hese would involve 
the u se  of p lastic  film  coated with alum inum  foil o r  v ap o r-deposited  
alum inum  as e lec tro d es . Since the fre e  volume of the sy stem  is  
le s s  than that of paper the capacitance of the sy stem  is  le s s  depen­
dent on the d ie le c tric  constant of the liquid and the s t r e s s  d is tr ib u ­
tion between the p lastic  film s and low d ie le c tr ic  constan t liquids is 
m ore  closely  balanced. Such d ie le c tr ic  sy stem s a re  d ifficult to 
co n stru c t com pletely free  of vo ids. I t  is expected tha t se v e ra l 
y ea rs  would be requ ired  to achieve the requ ired  lev e l of re liab ility  
in such d ie le c tr ic  sy stem s.

D. Sum m ary
1. The p rincipa l a lte rn a tiv e  to a sk a re ls  for cap ac ito rs is  m in era l 

o il, but such-rep lacem ent would re tu rn  capac ito r technology to 
its  pre-1932 levels in te rm s  of safe ty , s ize , co st and re l ia ­
b ility .

2. Oil cap ac ito rs  would be se v e ra l-fo ld  la rg e r  than a sk a re l capa­
c ito rs  of equivalent ra ting  and could not be accom m odated in 
p resen t in sta lla tions of such w idely used  equipm ent as f lu o re s ­
cent ligh t fix tu res and rack s fo r power and induction-heating  
cap ac ito rs . Redesign and rep lacem en t of m uch of th is equip­
m ent would be n ecessa ry .

736741
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POSSIBLE DEVELOPMENT OF NEW INSULATING LIQUIDS

The cost of a s k a re l liquids is  about $2. 00 per gallon, com pared  to 
about $0. 30 per gallon for m in e ra l o il. Thus, long before th e re  w ere  any 
environm ental concerns about P C B 's th e re  was a strong  econom ic incentive 
to find o ther less-ex p en siv e  insu la ting  liquids with the d es irab le  c h a ra c te r ­
is tic s  of a sk a re ls . Since the 1930's, a t le a s t  10 m ajo r chem ical o r e le c tr i ­
ca l com panies have in v e s te d  la rg e  am ounts of tim e and money in th is 
se a rch , a ll with no su ccess . T here  a re  today no fluids that can be used  as 
on e-fo r-o n e  rep lacem en ts for P C B 's .

The continued sea rch  fo r new fluids would probably s ta r t  with fluoro- 
chem ica ls. F luorochem icals a re  nonflam m able, nontoxic, and as fa r as is 
p resen tly  known re p re se n t no environm ental hazard . H igh-boiling fluo ro ­
chem icals m ight thus be potential rep lacem en ts fo r P C B 's . C onsiderab le 
lab o ra to ry  study, over a t le a s t  a o n e-y ear period, of the physical, chem ical, 
and d ie le c tric  p ro p ertie s  of these  m a te r ia ls  would be req u ired  in o rd e r to 
identify specific  candidate m a te r ia ls .

At le a s t  ano ther y ea r would be req u ired  to develop a fin ished product 
based  upon a fluorochem ical. On one hand, the physical and d ie le c tr ic  p ro ­
p ertie s  would ce rta in ly  be sufficiently  d ifferen t so that su b stan tia l en g in ee r­
ing redesign  by e le c tr ic a l  m an u fac tu re rs  would be req u ired  to accom m odate 
a fluorochem ical. On the o th er hand, a o n e-y ear lead  tim e is needed to 
co n stru c t a chem ical plant to produce the identified fluo rochem ical in the 
m illions of pounds that would be req u ired  per y ea r. F u rth e rm o re , a sig n i­
ficant p ro g ram  of environm ental tes ting  would be needed to en su re  that the 
new m a te r ia l was indeed not an eco logical h azard . The foregoing a re  a ll  
highly o p tim istic  tim e es tim ates

The cost of m anufacturing fluo rochem icals is inheren tly  high. P r ic e s  
of high-boiling  liquids a r e  $10 - 15 p er pound, o r h igher. At b e s t one would 
hope that in sufficient volum e the p rice  m ight approach  that of Teflon, c u r ­
ren tly  $ 3 - 4  p e r pound. Even th is o p tim istic  figure is  approx im ately  twenty 
tim es the cost of P C B 's , and since the value of PCB in a tra n s fo rm e r  is  
roughly one-ten th  the to ta l value of the tra n s fo rm e r, the to ta l cost of a 
fluo ro ch em ical-in su la ted  tra n s fo rm e r  would be a t le a s t  th re e  tim es that of 
an equivalent a sk a re l unit.

Oos736742
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Appendix 1
M em bership  of ANSI C om m ittee C107 on Use and D isposal of A sk are l

Used in E le c tr ic a l  Equipm ent

N um ber of R ep resen ta tives O rganization R epresen ted
2
2
1
1
1
1
2

1
1

'  5

2
2
1
1

D epartm ent of the A rm y
E nvironm ental P ro tec tio n  Agency
UL S. D epartm ent of A gricu ltu re
T ennessee  V alley A uthority
G en era l S erv ices A dm in istration
N ational B ureau  of S tandards
C ertified  B a llas t M anufactu rers 
A ssociation
E dison  E le c tr ic  In stitu te
In stitu te  of E le c tr ic a l  and E lec tro n ics  
E ng ineers
N ational E le c tr ic a l  M anufactu rers 
A ssociation
M onsanto Company
C o m m ercia l W aste D isposal Com panies
E ngineering  Consulting F irm
C apacito r M anufactu rer Serving as an 
Independent M em ber
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Appendix 2

Types of A sk are l-In su la ted  T ra n sfo rm e rs

A. D istribution  T ra n sfo rm e rs

1. Network (up to 2500 KVA)
2. Single- and th ree -p h ase  (up to 2500 KVA)
3. P ole-m ounted  and station  (up to 500 KVA)

The application  of these  tra n s fo rm e rs  in power d istribu tion  
sy stem s p laces a g rea t p rem ium  upon th e ir  re liab ility  and high 
overload capability  (which they sh a re  with com parable o il- 
insu lated  units): such as  100% overload fo r 8 hours and 200% 
overload for 2 h ours.

4. P rec ip ita tio n  (high voltage DC)
T hese tra n s fo rm e rs  a re  p a rt of the power supply fo r e le c tro ­

sta tic  p rec ip ita to rs , which a re  gaining in creas in g  use in p rev en t­
ing a i r  pollution by p articu la te  m a tte r . They a re  generally  in s ta l 
led close to hot gas stacks in an atm osphere  tha t would be a f ire  
hazard  to o il-in su la ted  tra n s fo rm e rs  and a co rrosio n  h azard  to 
open d ry -ty p e  tra n s fo rm e rs . Sealed d ry -ty p e  tra n s fo rm e rs  a re  
im p rac tic a l for h igh-voltage DC<

B. P ow er T ra n sfo rm e rs
1. Secondary substation

a . Load cen te r units
b. Secondary substation  generation  units
c. Sw itchboard units
d. In teg ra l un its
e. M otor con tro l un its

T hese 5 co m p rise  the la rg e s t  group of a sk a re l- in su la te d  t r a n s ­
fo rm e rs , and they find w idespread  application  in the autom obile, 
paper, chem ical, tex tile , s te e l, nonferrous m eta l, cem ent,

736744
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m ining, and petro leum  in d u s tr ie s . They a re  used  in com m ercia l 
and public buildings, such a s  schools and h o sp ita ls ; in defense 
and n uclear energy in s ta lla tio n s; and by p riv a te  and public 
u tilitie s .

2. M aste r unit substation
3. P r im a ry  unit substation
4. L im ited  am p ere  substation
5. In d u stria l furnace

T hese tra n s fo rm e rs  a re  used  in the hot, d irty  a tm o sph ere  in 
proxim ity  to g lass m elting and induction fu rn aces , which re q u ire  
high cu rren t, low voltage power supplies (m ore than 2500 KVA a t 
no m ore than 13. 8 KV). E xisting  technology does not p e rm it con­
struc tio n  of sealed  d ry -ty p e  tra n s fo rm e rs  for th ese  power ra tin g s .

6. R ec tif ie r
T hese tra n s fo rm e rs  a re  used  fo r la rg e  ro lling  m ills  and OC 

in d u s tria l power supp lies, and a re  covered  by the sam e com m ents 
given fo r in d u s tr ia l furnace tra n s fo rm e rs .

7. T ran sp o rta tio n
a . T h ird  ra i l

T hese tra n s fo rm e rs  a re  used  fo r rap id  t r a n s i t  sy s tem s, 
and a re  b as ica lly  serv ing  a re c tif ie r  function.

b. Locom otive
P r io r  to 1932, a ll  on-board  tra n s fo rm e rs  w ere  open d ry - 

type. B ecause of prob lem s with them , ra ilro a d s  went to a s k a re l-  
insu la ted  tra n s fo rm e rs . The changes in locom otive design since 
the 1930's would not now accom m odate open d ry -ty p e  tra n s fo rm e rs  
a s  rep lacem en ts fo r a s k a re l un its . A recen t tren d  has been to 
rep lace  a sk a re l by o il un its , and th is w ill continue un less new 
D epartm ent of T ran sp o rta tio n  regu la tions re q u ire  nonflam m ability .

8. M ultip le-un it c a r  (MU)
T hese tra n s fo rm e rs  a r e  m ounted under the fla t-bed  of p assen g er 

c a rs . They ride  along in  th is location , about 8 inches above the 
ra i l ,  a t  speeds up to 150 mph. The tra n s fo rm e r  m ust be rueeedlv
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built to w ithstand the im pact of flying deb ris  and constan t v ibration . 
Pow er to the ca rs  is  brought in through an overhead  ca tenary  and 
is fed to the underside  of the c a r  w here the tra n s fo rm e r , con tro ls , 
and propulsion equipm ent a r e  located . P re se n t voltage is  11 KV 
but new e lec trifica tio n  is expected to be 25 KV.

Space and weight a re  c r i t ic a l  in th is application . T here  a re  
only about 33 inches above the ra il . The width of the tra n s fo rm e r 
is  lim ited  by the width of the c a r .

Only o il- o r  a sk a re l- in su la te d  units would provide the requ ired  
perfo rm ance leve ls in the space availab le . As with locom otive 
app lications, p re sen t D epartm ent of T ran sp o rta tio n  regu lations do 
not r e s t r ic t  the use  of flam m able liqu ids, and the use  of a sk a re l 
units has been d ictated  la rg e ly  by the econom ic considerations of 
f ire  in su ran ce  ra te s .
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Appendix 3

Types of A sk are l-In su la ted  C apacito rs

A. High Voltage Pow er
G enerally  AC cap ac ito rs a re  u sed  to im prove the power fac to r of 

a c ircu it. Pow er fac to r is  the ra tio  of tru e  power in w atts to the 
apparen t power as obtained by m ultiplying the c u rre n t flowing to the 
load by the c irc u it voltage. The power fac to r co rrec tio n  can be m ade 
d irec tly  a t the load o r a t u tility  substa tions. In the la t te r  case  high 
voltage units w ill be designed for 4, 800 to 13, 800 volt se rv ice . To the 
u tility  eng ineer the u se  of cap ac ito rs is  purely  a m a tte r  of econom ics. 
The m ain benefits tha t re su lt  from  the use  of cap ac ito rs  a re :
1. Reduction of lo sse s  a sso c ia ted  with the delivery  of e le c tr ic a l

power to the point of u se .
2. Reduction of the investm en t req u ired  in equipm ent for delivering

e le c tr ic a l  power to the point of use , which m ay be broken down
into:
a. Reduction of c u rre n t fo r the sam e kilow att load.
b. Reduction of the kva ra ting  of equipm ent req u ired  to handle 

the sam e kilow att load.
c. Reduction of the voltage drop for a given kilow att load.
d. C ontro l of delivered  voltage if the cap ac ito r kva is  v aried .
E le c tr ic  u tilitie s  a lso  use  capacito r banks in se r ie s  with d is tr ib u ­

tion c ircu its  to im prove voltage regulation . High voltage u tility  capa­
c ito rs , low voltage power cap ac ito rs , and induction heating cap ac ito rs  
a r e  m anufactured  a t the ra te  of 200,000 per y ea r , about 2 to 3% of 
which a re  fo r rep lacem en ts; the balance a re  for new in s ta lla tio n s .

B. Low Voltage Pow er
C apacito rs in s ta lled  in in d u s tr ia l plants a t the dem and s ite  (typi­

cally  la rg e  m otors and w elders) a r e  designed for 230>to 575-volt se rv ice . 
C apac ito rs in sta lled  n ea r the loads a r e  the m ost efficient way to supply 
the m agnetizing c u rre n t to produce the flux n e c e ssa ry  for the operation  
of inductive dev ices. R ates fo r the sa le  of power a re  generally  s tru c ­
tu red  to encourage power fac to r co rrec tio n  a t the s ite , e lim inating  the
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need for the e le c tr ic  u tility  to tra n sm it both pow er-producing cu rre n t 
and m agnetizing cu rren t a ll the way from  the g en e ra to r to the plant s ite .

The sam e considerations apply to induction heating app lications, 
the p rincipa l d ifference being that cap ac ito rs for th is rapid ly  growing 
application a re  designed fo r operation  a t 960 to 9600 Hz.

C. Lighting
C apacito rs im prove the efficiency of lighting sy stem s. A f lu o re s ­

cent o r m ercu ry  vapor lam p can be ba llasted  w ithout the use  of a  capa­
c ito r , but the power fac to r of the lighting system  would then be in the 
range of 50 to 60%. F o r  com m erc ia l o r in d u s tria l lighting with e ith e r 
flu o rescen t o r high in tensity  d isch arg e  lam ps, the u se  of a capac ito r 
in the c ircu it provides p a rt of the lam p ballasting  and b rings sy stem  
power fac to r into the range of 90 to 95%. The c u rre n t m ark e t for th ese  
applications is  about 44, 000,000 units annually of which about 10% a re  
estim ated  to be rep lacem ent b a lla s ts .

D. A ir Conditioning
As in the lighting app lications, the capac ito r im proves system  effi­

ciency. A ir conditioners could be m ade to o pera te  w ithout cap ac ito rs , 
as do home re f r ig e ra to r s , but because of the h igher capacity  requ ired  
for a i r  cond itioners, the re su ltan t line c u rre n t would v irtu a lly  elim inate  
hom e "p lug -ins" and would s ti l l  fu rth e r overburden  a se rio u sly  
th rea tened  national power netw ork. A lm ost a ll  a i r  conditioner pump 
m otors a re  of the split-w inding type on which the cap ac ito r provides 

. phase d iffe ren tia l fo r the so -ca lled  s ta r t  winding, thus delivering  good 
sta rtin g  torque. The p ro p er size capac ito r p e rm its  high (90%) power 
fac to r a f te r  s ta r t-u p . The c u rre n t m ark e t for th is application  is  about 
12, 000,000 units annually, w ith about 5% of these  estim ated  to be for 
rep lacem en t usage.

E . In d u stria l E lec tro n ics
This m ark e t category  is  a ca tcha ll covering many v aried  ap p lica­

tio n s, two im portan t ones being m otor run and power supply app lications. 
M otor run applications a r e  for pum ps, fans, and fa rm  feed equipm ent, 
and do not d iffer significantly  from  a i r  conditioning app lications. The 
power supply m ark e t u se s  cap ac ito rs  p rincipally  to provide high power 
fac to r, but through care fu l design the capac ito r can a lso  provide wave 
shaping w here d es ired . The m ark e t is  estim ated  a t 23 ,000 ,000  units 
p er y ea r w ith no es tim ate  as to the re la tiv e  size  of the rep lacem en t 
m ark e t.
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