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EFFICIENT ALTEIZABTIVES FOR ELECTRIC DRIVES 

G .  Alan Comnes 
R€chard W. Barnes 

ABSTRACT 

Th€s a n a l y s i s  o€  i n d u s t r i a l  e l e c t r i c  m o t o r s  
d e s c r i b e s  t h e  c u r r e n t  motor s t o c k ,  i t s  energy u s e  and 
o p e r a t i n g  c h a r a c t e r i s t i c s ,  and i n n o v a t i o n s  t h a t  c o u l d  
change c u r r e n t  u se  p a t t e r n s .  It p r o v i d e s  c a l c u l a t i o n s  
c h a r a c t e r i z i n g  t h e  economic a t t r a c t i v e n e s s  of s e v e r a l  
e x i s t i n g  and p o t e n t i a l  o p t i o n s .  One a t t r a c t i v e  o p t i o n  
g i v e n  p a r t i c u l a r  a t t e n t i o n  i s  t h e  a d j u s t a b l e - s p e e d  d r i v e  
which can r e p l a c e  t h r o t t l e s  o r  v a l v e s  f o r  many pumping 
o p e r a t i o n s .  A major c o n c l u s i o n  i s  t h a t ,  t h r o u g h o u t  
i n d u s t r y ,  o p t i o n s  t h a t  a r e  b o t h  e n e r g y - s a v i n g  and 
economical ly  a t t r a c t - l v e  a p p e a r  t o  p e n e t r a t e  markets more 
s l o w l y  t h a n  wou ld  be s o c i a l l y  o p t i m a l .  The f i n a l  
s e c t i o n  examines c h a r a c t e r i s t i c s  of i n d u s t r y  t h a t  may 
c o n t r i b u t e  t o  s l o w  market p e n e t r a t i o n .  

1. I#TBODUCTIQN 

This  r e p o r t  examines a l t e r n a t i v e  t e c h n o l o g i e s  t h a t  improve 
t h e  e f f i c i e n c y  of e l e c t r i c  d r i v e  systems. The g o a l  of t h i s  r e p o r t  
i s  t o  e v a l u a t e  e a c h  a l t e r n a t i v e ' s  energy e f f i c i e n c y ,  e c o n o m i c  
e f f i c i e n c y ,  a n d  p o s s i b l e  e f f e c t  on f u t u r e  e l e c t r i c i t y  demand. 
Three t e c h n o l o g i e s  are examined:  ene rgy-eEf  I c i e n t  i n d u c t i o n  
motors ,  new motor d e s i g n s ,  and a d j u s t a b l e - s p e e d  d r i v e s  (ASDs).  

Although i t  i s  r e l a t i v e l y  e a s y  t o  i d e n t i f y  t e c h n o l o g f e s  t h a t  
o f f e r  s i g n i f i c a n t  energy e f f i c i e n c y  improvements t o  d r i v e  s y s t e m s ,  
the g r e a t  d i v e r s i t y  i n  t h e  t y p e ,  s i z e ,  and u s e  of e l ec t r i c  motors ,  
and t h e  l a c k  of comprehensive d a t a  t o  c h a r a c t e r i z e  t h e  e x i s t i n g  
motor s t o c k  make i t  d i f f i c u l t  t o  de t e rmine  t h e  economic e f € i c i e n c y  
of a n  "average" a p p l i c a t i o n .  I n  a l l  t echno1og i . e~  e v a l u a t e d ,  an 
e f f o r t  i s  made t o  c o n s i d e r  t y p i c a l  a p p l i c a t i o n s .  However, common 
v a r i a t i o n s  are a l s o  e v a l u a t e d  t o  show t h e  s e n s € t i v i t y  of t h e  eco- 
nomics t o  t h e s e  v a r i a t i o n s .  

The examples do not a t t empt  t o  e v a l u a t e  all t h e  f a c t o r s  nec- 
e s s a r y  t o  de t e rmine  a c c u r a t e l y  t h e  t r u e  economic e f f i c i e n c y  of a 
technology.  To do s o ,  one would have t o  show t h a t  t h e  o p e r a t o r  of 
a motor p r o c e s s  i s  u s i n g  t h a t  p r o c e s s  i n  an economica l ly  o p t i m a l  
manner and t h a t  t h e  p r i c e s  t h a t  t h e  u s e r  pays f o r  e l e c t r i c i t y  and 
f o r  c a p i t a l  a c c u r a t e l y  r e p r e s e n t  t h e  c o s t s  i n c u r r e d  by t h e i r  



2 

producers .  Although t h e s e  f a c t o r s - - e s p e c i a l l y  e l e c t r i c i t y  p r i c -  
ing--can cause  s i g n i f i c a n t  economic d i s t o r t i o n s  t h a t  p r e v e n t  t h e  
op t ima l  u t i l i z a t i o n  of a n  e n e r g y - e f f i c i e n t  t echno logy ,  t h e y  are 
n o t  examined here .  Ra the r ,  t h e  economics of each technology i s  
e v a l u a t e d  by p r i m a r i l y  u s i n g  a payback a n a l y s i s  of a c t u a l  end- 
u s e r  c o s t s  f o r  c a p i t a l  and e l e c t r i c i t y .  In  o r d e r  t o  d i f f e r e n t i a t e  
between t h i s  l i m i t e d  view of o p t i n l a l i t y  and a more g l o b a l  view, 
t h e  terms "economic a t t r a c t i v e n e s s "  and " c o s t  e f f e c t i v e n e s s ' '  are 
used r a t h e r  t han  "'economic e f f i c i e n c y .  I' 

E v a l u a t i n g  t h e  e f fec t  t h a t  new t e c h n o l o g i e s  w i l l  have on 
e l e c t r i c i t y  demand i s  d i f f i c u l t  due t o  t h e  l a c k  of d a t a  on e x i s t -  
i n g  motor s t o c k s  and a l s o  due t o  t h e  l a c k  of s a l e s  o r  p e n e t r a t i o n  
d a t a  on t h e  t e c h n o l o g i e s  examined. Although t h e  d a t a  are i n s u f f i -  
c i e n t  t o  a l l o w  a c c u r a t e  p r e d i c t i o n  of e l e c t r i c i t y  demand e f f e c t s ,  
a l l  a v a i l a b l e  d a t a  are  p r e s e n t e d  h e r e i n ,  and impor t an t  v a r i a b l - e s  
n e c e s s a r y  f o r  de t e rmin ing  demand e f f e c t s  are i d e n t i f i e d .  Also  
e x i s t i n g  r e s e a r c h  p r e v i o u s l y  preformed on demand e f f e c t s  i s  sum- 
ma  r i z ed. 

Besides  t h e  main s e c t i o n  ( S e c t i o n  4 )  t h a t  e v a l u a t e s  s p e c i f i c  
t e c h n o l o g i e s ,  t h e  r e p o r t  h a s  t h r e e  more g e n e r a l  s e c t i o n s  t h a t  
examine impor t an t  e n g i n e e r i n g  and economic condi. t ions a f f e c t i n g  
motor energy consumption. Below i s  a b r i e f  d e s c r i p t i o n  of each of 
t h e  S e c t i o n s  2 through 6. 

S e c t i o n  2 c h a r a c t e r i z e s  t h e  c u r r e n t  U.S. motor p o p u l a t i o n ,  
e l e c t r i c i t y  consumption, and a p p l i c a t i o n s  ( e n d i i s e s ) .  Froiii t h e  
general .  p a t t e r n s  of motor u se  p r e s e n t e d ,  p a r t i c u l a r  u s e r s  who have 
c o n t r o l  ove r  l a r g e  amounts of motor c a p a c i t y  and who are  s e n s i t i v e  
t o  e l e c t r i c  motor o p e r a t i n g  c o s t s  are i d e n t i f i e d .  

S e c t i o n  3 d e s c r i b e s  t h e  environment i n  which e l e c t r i c  motors 
a r e  employed, t h e  b a s i c  energy conve r s ion  p r i n c i p l e  of an e l e c t r i c  
motor,  and t h e  d e s i g n  of t h r e e  d i f f e r e n t  t ypes  of motors ,  w i t h  a 
f o c u s  on t h e  a l t e r n a t i n g  c u r r e n t  ( a c )  i n d u c t i o n  motor. This  s e c -  
t i o n  g i v e s  background f o r  t h e  technology o p t i o n s  i n v e s t i g a t e d  and 
e x p l a i n s  why ac i n d u c t i o n  motors dominate i n  i n d u s t r y .  

As d e s c r i b e d  above, S e c t i o n  4 d e t a i l s  t h e  energy e f f i c i e n c y ,  
economics,  and demand e f f e c t s  of e f f i c i e n t  motor t echno log ie s .  

S e c t i o n  5 d i s c u s s e s  f o u r  g e n e r a l  f a c t o r s  t h a t  a f f e c t  d e c i -  
s i o n s  conce rn ing  t h e  pu rchase  of e l e c t r i c  motors--future product  
demand, c a p i t a l  a v a i l a b i l i t y ,  s p l i t  i n c e n t i v e s ,  and i n f o r m a t i o n  
a v a i l a b i l i t y  and r e l i a b i l i t y .  The s e c t i o n  shows t h a t  f a c t o r s  no t  
i n c l u d e d  i n  t h e  economic a n a l y s e s  of S e c t i o n  4 can a f f e c t  d e c i -  
s i o n s  conce rn ing  motors ,  and t h a t  t h e s e  f a c t o r s  can l e a d  t o  a sub- 
op t ima l  c h o i c e  f o r  t h e  i n d u s t r i a l  motor u s e r .  

S e c t i o n  6 summarizes t h e  r e p o r t .  



2. CBBBBCTEBISTICS OF U.S. ELZCTEIC DRIVa STOCK 

Electric d r i v e  (motors)  i s  t h e  l a r g e s t  g e n e r a l  end-use  of t h e  
e lec t r ic  ene rgy  proqpced by u t i l i t i e s .  To d a t e ,  the most d e f i n i -  
t i v e  work on motor s t o c k  c h a r a c t e r i s t i c s  i s  a 1980 s t u d y  sponsored  
by t h e  Depar tmen t  of Energy (DOE) e n t i t l e d  C l a s s i f i c a t i o n  and 
E v a l u a t i o n  of Electr ic  Motors and Pumps.' The s t u d y  e s t i m a t e d  t h e  
consumption of e lec t r ica l  ene rgy  by motors f o r  d i f f e r e n t  s e c t o r s ,  
i n d u s t r i e s ,  and motor s i z e  classes. A pr imary r e s u l t  of t h e  s t u d y  
i s  p r e s e n t e d  i n  F i g u r e  1, which shows t h e  p r o p o r t i o n  of t o t a l  
e l e c t r i c i t y  consumption of motors by major i n d u s t r y  groups and 
households  i n  1977. The f i g u r e  shows t h a t ,  e x c e p t  f o r  t h e  
r e s i d e n t i a l  s e c t o r ,  mo to r s  consume the l a r g e  m a j o r i t y  of a l l  
e l e c t r i c i t y  produced. Electr ic  motors consume 80% of t h e  elec- 
t r i c i t y  purchased by t h e  i n d u s t r i a l  and commercial s e c t o r s  and 58% 
of t h e  e l e c t r i c i t y  s o l d  t o  a l l  s e c t o r s .  

* 

The pr imary f u e l  r e q u i r e d  t o  produce t h e  e l e c t r i c i t y  f o r  a l l  
motors i s  n e a r l y  20% of U.S.  primary energy consumption. Thus, 
any t e c h n o l o g i c a l  improvement a v a i l a b l e  t o  t h e  e n t i r e  class of 
e lec t r ic  motors cou ld  have a s i g n i f i c a n t  impact on U.S. e lectr i -  
c i t y  consumption. U n f o r t u n a t e l y ,  no one technology would be ap- 
p l i c a b l e  t o  a l l  motors. The models,  s i z e s  and d e s i g n  of motors 
number i n t o  t h e  t e n s  of thousands.  Motors are used by pumps, com- 
p r e s s o r s ,  f a n s ,  mechanical  p r o c e s s e s ,  and t r a n s p o r t a t i o n  v e h i c l e s  
and are o p e r a t e d  f o r  v a r y i n g  p e r i o d s  of t i m e  ( d u t y  c y c l e ) .  The 
end-use of a n  e l ec t r i c  motor has j u s t  as much importance i n  d e t e r -  
mining i t s  energy consumption as does t h e  e f f i c i e n c y  i n h e r e n t  i n  
i ts  des ign .  

Thus, i n  o r d e r  t o  de t e rmine  a n  i n d u s t r y ' s  e l e c t r i c i t y  demand 
impact from a d o p t i n g  new motor t e c h n o l o g f e s ,  more t h a n  j u s t  t h e  
a b s o l u t e  amount of motor e l e c t r i c i t y  consumption by t h e  i n d u s t r y  
must be cons ide red .  An i n d u s t r y ' s  d i s t r i b u t i o n  of motor t y p e s ,  
s i z e s ,  and d u t y  c y c l e s  must a l s o  be known or  e s t i m a t e d  i n  o r d e r  t o  
de t e rmine  t h e  e f f e c t  of a new technology. 

* Elec t r ic  d r i v e  i s  a g e n e r a l  t e r m  f o r  any e l e c t r i c a l l y  powered 
system that  p r o v i d e s  motion f o r  a p rocess .  The p r inc ipa l .  compo- 
n e n t  of most e lec t r ic  d r i v e s  i s  a n  e l ec t r i c  motor,  bu t  o ther  p a r t s  
of a n  e l ec t r i c  d r i v e  i n c l u d e  t h e  power s u p p l y ,  c o n t r o l  system, and 
any g e a r i n g  o r  speed-con t ro l  components. Electr ic  d r i v e  and elec- 
t r i c  motor are g e n e r a l l y  used synonymously a l t h o u g h  e lec t r ic  d r i v e  
sometimes r e f e r s  s o l e l y  t o  the components powering t h e  motor. I n  
t h i s  r e p o r t ,  t h e  t e r m  e lec t r ic  d r i v e  i s  p r i m a r i l y  r e s e r v e d  f o r  
s i t u a t i o n s  w h e r e  more t h a n  t h e  m o t o r  o f  a s y s t e m  is  b e i n g  
cons ide red .  

3 



4 

w
 

>
 

C
L 
cl M
 
0
 

t- 0
 

E
 

- 

Q
 

J
 

m
 
1
 

M
 

W
 

m
 

2
 

E
 

0
 

0
 

a
 
0
 

I- CE 
3
 

D
 I 
z
 

ck: 
3
 

Q
 

z
 
0
 

0
 

z
 

E
 

- W
 

Q
 



5 

One way of predicting the importance an industrial technology 
change will have on electricity demand is to examine the average 
motor size of the industry's stock. Table 1 shows the average 
rated motor size for each of the major industry groups presented 
in Figure 1. It shows that mining; durable manufacturing; non- 
durable manufacturing; and transportation, communication, and 
utilities have significantly higher average motor sizes. Average 
motor size is an important characteristic for analysis because the 
largest motors, as a class, consume the greatest amount of elec- 
tricity. This can be seen in Figure 2 and Table 2 which show the 
population and yearly electricity consumption for electric motors 
by size class. Although the greatest number of motors fall into 
the smaller size categories, their small sizes and light duty 
cycles make their energy consumption almost negligible. The class 
of motors larger than 125 hp consumes the most electricity even 
though it makes up less than 0.05% of the national inventory. 
Thus, the decisions made by industry groups who u s e  large, average 
motor sizes will have the greatest effect on electricity demand. 

Table 1. Average rated motor size of major industry groups--1977 

Industry group Average rated size 
(hp) (kW) 

Agricultural 
Mining 
Construction 
Mfg. non-durable 
Mfg. durable 
Transportation, comuni- 

Commercial 
Services 
Househo Ids 

cation, utilities 

3 .9  
14.5 
1.0 

20.0 
24.0 

150.0 
6.0 
2.0 
0.4 

2.9 
10.8 
0.7 

14.9 
17.9 

111.9 
4.5 
1.5 
0.3 

Also an important measure of an industry's motor intensity is 
its proportion of yearly motor operating costs to total sales. 
Table 3 shows the industries with the six highest ratios for 1977. 
These industries are primarily from the non-durable manufacturing 
industry group. These industries are also a part of the industri- 
al classification known as process industries. Process industries 
are typically considered to be the s i x  industries listed in the 
table along with food processing and petroleum refining. 
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Table 3. Motor d r i v e  c o s t s  as a p e r c e n t a g e  of 
t o t a l  sales of s e l e c t e d  i n d u s t r i e s  - 1977 

I n d u s t r y  ( % >  

Primary Metals 3.0 
Pulp and Paper 2.6 
C he m i  ca 1 s 2.2 
S tone ,  Clay,  and Glass 2.0 
T e x t i l e  M i l l  P roduc t s  1.4 
Rubber, Misc. P l - a s t i c s  1.3 
Avg. f o r  All Manufactur ing 1.0 

Source: Adapted from U.S. DOE Report DOE/CS-0147 
( R e f .  l ) ,  p. 3-63. 

Process  i n d u s t r i e s  are a l s o  t h e  major u s e r s  of pumps, com- 
p r e s s o r s ,  and f a n s .  A l a t e r  s e c t i o n  i n  t h i s  r e p o r t  w i l l  show t h a t  
t h e s e  a p p l i c a t i o n s  have opti .ons a v a i l a b l e  t o  them t h a t  can s i g n i f -  
i c a n t l y  improve t h e i r  motor d r i v e  e f f i c i e n c y .  

The d a t a  p r e s e n t e d  h e r e  i n d i c a t e  t h a t  p rocess  i n d u s t r i e s  are 
s u b s t a n t i a l - l y  more s e n s i t i v e  t o  motor e l e c t r i c i t y  consumption t h a n  
t h e  ave rage  f o r  a l l  manufactur ing.  Thus, t hey  are l i k e l y  t o  have 
a s i g n i f i c a n t  e f f e c t  on e l - e c t r i c i t y  demand when a d o p t i n g  new 
t echno log ie s .  Consequent ly ,  t h i s  r e p o r t  w i l l  f o c u s  p r i m a r i l y  on 
o p t i o n s  a v a i l a b l e  t o  p r o c e s s  i n d u s t r i e s .  



3.1 TEE ENVIRONMENT OF ELECTRIC MOTORS 

Comparing t h e  mechanical  work o u t p u t  t o  t h e  ene rgy  i n p u t ,  
i n d u s t r i a l  motors have h i g h e r  e f f i c i e n c i e s  than  many o t h e r  energy 
p r o c e s s e s  ( u s u a l l y  80% o r  above) .  However, a moto r ' s  incoming 
e n e r g y  i s  e l e c t r i c i t y  which r e q u i r e s  s i g n i f i c a n t  energy l o s s e s  
when i t  is  gene ra t ed .  A l so ,  o t h e r  p a r t s  of t h e  motor system may 
have energy l o s s e s  greater t h a n  t h a t  of t h e  motor. 

Tab le  4 breaks  down l o s s e s  f o r  a t y p i c a l  motor-driven f a n  o r  
pump system. It shows t h a t  a system may produce a d e s i r e d  mechan- 
i c a l  work o u t p u t  of o n l y  13% of t h e  o r i g i n a l  pr imary ene rgy  i n p u t .  
Although t h e  motor d r i v e  a l o n e  h a s  a n  i n t r i n s i c  efficient-y of 84%,  
e x t r i n s i c  e f f i c i e n c i e s  are much s m a l l e r .  Nominal e l e c t r i c i t y  gen- 
e r a t i o n  from f o s s i l  f u e l  i s  on ly  31% e f f i c i e n t ,  and t h e  rest of 
t h e  system i n  t h i s  example i s  o n l y  52% e f f i c i e n t .  

I d e a l l y ,  a p r o c e s s  d e s i g n e r  i s  i n t e r e s t e d  i n  t h e  most c o s t -  
e f f e c t i v e  way of r educ ing  l o s s e s .  The most economical o p t i o n  may 
o r  may n o t  i n v o l v e  t h e  motor. For example, a f l u i d  sys t em w i t h  
f o u l e d  p i p e s  would b e n e f i t  from a more e f f i c i e n t  motor i n  t h a t  
t o t a l  power r equ i r emen t s  would be reduced but  i t  might s a v e  as  
much energy and be less expens ive  t o  s imply  c l e a n  t h e  s y s t e m ' s  
p i p e s .  Another example of a n  o p t i o n  n o t  i n v o l v i n g  t h e  motor i s  
f u e l  swi t ch ing .  Some l a r g e  d r i v e  systems are powered by steam o r  
g a s  t u r b i n e s ;  however, when t h e  c o s t  of l i q u i d  f u e l s  rises rela- 
t i v e  t o  e l e c t r i c i t y  and t h e  u n c e r t a i n t y  s u r r o u n d i n g  the c o s t  and 
r e g u l a t i o n  of c o a l  combustion c o n t i n u e s ,  t h e r e  w i l l  be p r e s s u r e  
f o r  marg ina l ly  e f f i c i e n t  u s e r s  t o  s w i t c h  t o  e l e c t r i c i t y .  

I f  t h e  boundar i e s  of a motor system are b r o a d l y  d e f i n e d ,  t h e  
number of a v a i l a b l e  technology o p t i o n s  w i l l  i n c r e a s e .  To f o c u s  on 
o p t i o n s  t h a t  have t h e  wides t  a p p l i c a t i o n ,  t h o s e  e v a l u a t e d  h e r e  are 
t h e  o p t i o n s  t h a t  c l o s e l y  i n v o l v e  a s y s t e m ' s  motor. 

3.2 TEE DESIGN OF ELECTKIC MOTORS 

The d e s i g n  of an e lec t r i c  motor de t e rmines  i t s  impor t an t  
energy c h a r a c t e r i s t i c s .  Below are d e s c r i p t i o n s  of three motor 
t y p e s  - ac polyphase i n d u c t i o n  motors ,  d i r e c t  c u r r e n t  motors ,  and 
synchronous motors.  The b a s i c  energy conve r s ion  p r i n c i p l e  and 
p o p u l a r  a p p l i c a t i o n s  f o r  each t y p e  are inc luded .  The main focus  
w i l l  be on ac polyphase i n d u c t i o n  motors because t h e y  dominate 
motor e l e c t r i c i t y  consumption. 

An e l e c t r i c  motor c o n s i s t s  of a s t a t i o n a r y  component, known 
as t h e  s t a t o r ,  and a moving component, known as t h e  r o t o r  o r  arma 
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t u r e .  These components react w i t h  each  o t h e r  t o  create a t o r q u e  
on t h e  moving component. 

3.2-1 Alternating Current (ac) Polyphase Induction Motors 

The t h r e e  phases  i n  t h e  e lec t r ica l  l i n e  c u r r e n t  s u p p l i e d  from 
a c o n v e n t i o n a l  g e n e r a t o r  a r e  run  through d i f f e r e n t  p o l e s  i n  t h e  
motor ' s  s t a t o r ,  t h u s  g e n e r a t i n g  a r o t a t i n g  magnet ic  f i e l d .  T h i s  
f i e l d  i s  a b l e  t o  induce  a c u r r e n t  i n  t h e  r o t o r  i f  t h e  r o t o r  t u r n s  
a t  a speed s l i g h t l y  s lower  t h a n  t h e  r o t a t i n g  f i e l d  i n  t h e  s t a t o r .  
The induced c u r r e n t  i n  t h e  r o t o r  g e n e r a t e s  i t s  
and t h i s  f i e l d  reacts w i t h  t h e  s t a t o r  f i e l d  t o  
ca l  f o r c e .  Most i n d u c t i o n  motors have r o t o r s  
tween non-conducting l a m i n a t i o n s  on t h e  r o t o r .  
b a r s  h a s  caused t h i s  t y p e  of ac motor t o  be 
cage" o r  "cage" motor. 

own magnet ic  f i e l d ,  
create t h e  mechani- 
made up of b a r s  be- 

The shape  of t h e s e  
c a l l e d  a " s q u i r r e l -  

The a b i l i t y  of a motor t o  induce  i t s  own r o t o r  c u r r e n t  i s  a 
v e r y  a t t r a c t i v e  f e a t u r e s .  There are no electrLcal connec t ions  be- 
tween t h e  r o t o r  and t h e  s t a t o r .  Also,  t h e  three-phase  n a t u r e  of  
t h e  l i n e  c u r r e n t  s e r v e s  as a r e a d i l y  r o t a t i n g  f o r c e .  No d e v i c e  t o  
m a i n t a i n  e l ec t r i ca l  connec t ion  w i t h  a r o t a t i n g  f i e l d  ( c a l l e d  a 
commutator) i s  necessa ry .  Th i s  makes f o r  a r e l a t i v e l y  i n e x p e n s i v e  
and d u r a b l e  p i e c e  of equipment. I n d u c t i o n  motors are a l s o  charac-  
t e r i z e d  as be ing  s e l f - s t a r t i n g ,  having  a c o n s t a n t  speed ( a l t h o u g h  
v a r y i n g  s l i g h t l y  a t  d i f f e r e n t  l o a d s ) ,  and having  a r e l a t i v e l y  
s t r o n g  s t a r t i n g  to rque .  

These characteristics have l e d  t o  t h e  dominance of i n d u c t i o n  
motors  i n  medium and l a r g e  ( l a r g e r  t han  5 hp )  i n d u s t r i a l  a p p l i c a -  
t i o n s .  DOE'S C l a s s i f i c a t i o n  r e p o r t 1  e s t i m a t e d  t h a t  93% of a l l  
e x i s t i n g  motor c a p a c i t y  c o n s i s t s  of i n d u c t i o n  motors  l a r g e r  t h a n  5 
hP* 

Losses  f o r  a t y p i c a l  motor are graphed as a f r a c t i o n  of r a t e d  
l o a d  in F i g u r e  3.2 Three l o s s  components - f r i c t i o n ,  windage, and 
magnet ic  c o r e  l o s s e s  - are c o n s t a n t  w i t h  t h e  load  of t h e  motor. 
Thus, as l o a d  i s  i n c r e a s e d ,  t h e s e  l o s s e s  dec rease  i n  p r o p o r t i o n  t o  
t h e  mechanPcal energy  o u t p u t  oE t h e  m o t o r .  Two componen t s -  
c u r r e n t  ( l 2 R >  i n  F i g u r e  3 and s t r a y  load  l o s s e s  - i n c r e a s e  w i t h  
t h e  s q u a r e  of t h e  load  on t h e  motor. The r e s u l t  is a n  e f f i c i e n c y  
cu rve  t h a t  t y p i c a l l y  looks l i k e  t h e  cu rve  shown i n  F i g u r e  4 .  Note 
t h a t  t h e  e f f i c i e n c y  drops  o f f  s i g n i f i c a n t l y  i f  t h e  l o a d  on t h e  
motor 1s less  t h a n  50% of i t s  r a t e d  load. 

S t r a t e g i e s  t o  i n c r e a s e  i n d u c t i o n  motor e f f i c i e n c i e s  are n o t  
new. S i n c e  a 1% i n c r e a s e  i n  e f f i c i e n c y  f o r  a motor w i t h  an e x i s t -  
i n g  e f f i c i e n c y  of 90% r e p r e s e n t s  a 10% r e d u c t i o n  i n  l o s s e s ,  any 
e f f i c i e n c y  improvement i s  d i f f i c u l t .  Tn g e n e r a l ,  i nc remen ta l  
e f f i c i e n c y  improvements are made by i n c r e a s i n g  t h e  a c t i v e  metals 
i n  t h e  motor ,  which d e c r e a s e s  t h e  c u r r e n t  and c o r e  l o s s e s .  The 
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r e s u l t  i s  a motor similar t o  t h o s e  commonly produce twenty y e a r s  
ago--more e f f i c i e n t  bu t  h e a v i e r  and more expens ive .  

Although n o t  d i r e c t l y  measured by e f f i c i e n c y ,  an  impor t an t  
energy- loss  c h a r a c t e r i s t i c  of an  i n d u c t i o n  motor i s  i t s  power f a c -  
t o r .  A motor ' s  power f a c t o r  i s  t h e  r a t i o  of t h e  in-phase ,  o r  ac- 
t i v e  c u r r e n t  t o  t h e  t o t a l  c u r r e n t  i n  t h e  l i n e .  For  nonmotor elec- 
t r i c  d e v i c e s ,  t h e  power f a c t o r  i s  e q u a l  t o  u n i t y .  ~ n d u c t i o n  
motors ,  by v i r t u e  of t h e i r  d e s i g n ,  produce a magnet ic  f i e l d .  This  
f i e l d  creates a r e a c t i v e  c u r r e n t  t h a t  adds  t o  t h e  t o t a l  c u r r e n t  i n  
t h e  p l a n t  and d i s t r i b u t i o n  l i n e s .  When r e a c t i v e  c u r r e n t  e n t e r s  
t h e  d i s t r i b u t i o n  sys tem,  h i g h e r  l o s s e s  occur  i n  t h e  sys t em ' s  l i n e s  
and t r ans fo rmers .  Accord ingly ,  most i n d u s t r i e s  are charged a t  a 
h i g h e r  rate f o r  t h e i r  e l e c t r i c i t y ,  i f  t h e i r  power f a c t o r  i s  s i g -  
n i f i c a n t l y  lower than  u n i t y .  

The power f a c t o r  of a t y p i c a l  s t a n d a r d  motor i s  graphed i n  
F igu re  4 .  Note t h a t  t h e  power f a c t o r  q u i c k l y  d rops  o f f  a t  l o a d s  
less than  f u l l  load.  Energy-ef f i c i e n t  motors  u s u a l l y  have h i g h e r  
power f a c t o r s ,  bu t  they  a l s o  e x h i b i t  t h i s  same drop-off a t  reduced 
load.  

I n d u s t r i a l  p l a n t s  can reduce  t h e i r  power f a c t o r  f rom a c t i o n s  
w i t h i n  t h e  motor and i n  ser ies  w i t h  i t .  Most e n e r g y - e f f i c i e n t  
motors  have i n h e r e n t l y  b e t t e r  ( h i g h e r )  power f a c t o r s ,  which f e a -  
t u r e  adds t o  t h e i r  va lue  (and i n i t i a l  c o s t ) .  The power f a c t o r  of 
a p l a n t  can be reduced o u t s i d e  t h e  motor by i n s t a l l i n g  c a p a c i t o r s  
i n  series w i t h  t h e  motor o r  by s imul t aneous ly  running  a synchron-  
ous motor t h a t  has  a power f a c t o r  g r e a t e r  t h a n  u n i t y  ( s e e  3 . 2 . 3  
below). 

3.2.2 Direct Current (dc) Motors. 

A dc  motor r u n s  e l ec t r i ca l  c u r r e n t  through bo th  I ts  s t a t o r  
and i t s  armature .  Curren t  i s  brought  th rough t h e  a r m a t u r e  v i a  
b rushes  mounted on t h e  commutator a t  t h e  end of t h e  a rmature .  
Unl ike  an  ac motor,  t h e  magnet ic  f i e l d  i n  t h e  s t a t o r  remains s ta-  
t i o n a r y .  I n  o r d e r  t o  m a i n t a i n  a c o n s t a n t  d i r e c t i o n  of t o r q u e ,  
t h e  d i r e c t i o n  of t h e  c u r r e n t  i n  t h e  a rma tu re  i s  r e v e r s e d  v i a  t h e  
commutator when i t  passes between t h e  p o l e s  of t h e  s t a t o r ,  t h u s  
producing  a magnet ic  f i e l d  which c o n t i n u o u s l y  r e a c t s  w i t h  t h e  
s t a t o r  f i e l d .  

For  d c  motor o p e r a t i o n s  where d c  e l e c t r i c i t y  supp ly  i s  no t  
a v a i l a b l e  ( t h e  u s u a l  s i t u a t i o n ) ,  incoming ac power must be  con- 
v e r t e d  t o  dc  v i a  a motor-generator  set o r  a r e c t i f i e r .  Although 
t h i s  adds t o  t h e  d r i v e ' s  t o t a l  c o s t ,  t h e s e  components are u s u a l l y  
a b l e  t o  va ry  t h e  v o l t a g e ,  g i v i n g  t h e  d r i v e  t h e  added f e a t u r e  of 
speed  c o n t r o l .  Although a d j u s t a b l e  speed can  be a very  d e s i r a b l e  
f e a t u r e  i n  many a p p l i c a t i o n s ,  dc  motors  are more c o s t l y  t o  produce 
and r e q u i r e  more maintenance;  t h e r e f  o r e ,  t h e y  h a v e  b e e n  u s e d  
mainly where speed c o n t r o l  i s  e s s e n t i a l .  Also ,  dc  motors  have ve ry  
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h i g h  s t a r t i n g  t o r q u e s ,  making them necessa ry  f o r  h a r d - t o - s t a r t  and 
very  slow-moving a p p l i c a t i o n s .  

3.2.3 Synchronous Motors. 

Another t y p e  of ac motor i s  t h e  synchronous motor. It has  
d i r e c t  c u r r e n t  i n  i t s  r o t o r  and polyphase c u r r e n t  i n  i t s  s t a t o r  t o  
create t h e  necessa ry  magnet ic  f i e l d s .  D i r e c t  c u r r e n t  ( d c )  e x c i t a -  
t i o n  of t h e  r o t o r  a l l o w s  t h e  motor t o  " lock-in"  w i t h  t h e  f requency  
of t h e  ac  l i n e  c u r r e n t ,  g i v i n g  t h e  machine c o n s t a n t ,  p r e c i s e  
speed. Like t h e  dc motor ,  however, a synchronous machine needs d c  
c u r r e n t  and a brush  commutator t o  t r a n s m i t  t h e  c u r r e n t  t o  t h e  
r o t o r .  It i s ,  t h e r e f o r e ,  more c o s t l y  and less durable .  

Synchronous motors  are used where p r e c i s e l y  c o n s t a n t  speed i s  
needed ove r  va ry ing  l o a d s  o r  i n  sys tems needing  power f a c t o r  co r -  
rect ion.  

Although t h e  wide ly  used i n d u c t i o n  motors show s u p e r i o r i t y  
ove r  dc  motors and o t h e r  t ypes  of a c  motors f o r  t h e  r easons  no ted  
a b o v e ,  t h e r e  i s  s t i l l  room f o r  improvement of i n d u c t i o n  motor 
e f f i c i e n c y  and speed c o n t r o l .  Thus, t h e  t e c h n o l o g i e s  cons ide red  
i n  t h e  nex t  s e c t i o n  are p r i m a r i l y  a l t e r n a t i v e s  t o  o r  r e f inemen t s  
of t h e  i n d u c t i o n  motor. 
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4. EAEKGY-EFFICIENT OPTIONS FOR ELECTRIC MOTOBS 

4.1 ENEKGY-EFFICIENT IHDUCTION 

F i g u r e  5 shows t h e  range  of e f f i c i e n c i e s  a v a i l a b l e  f rom s t a n -  
d a r d  and e n e r g y - e f f i c i e n t  motors  i n  s i z e s  from 5- t o  100-hp (3.7- 
t o  75-kW). The f i g u r e  shows t h a t  t y p i c a l  e f f i c i e n c i e s  f o r  s t a n -  
d a r d  motors  are r e l a t i v e l y  h igh ,  r ang ing  from 82% t o  93%. The e f -  
f i c i e n c i e s  of r e a d i l y  a v a i l a b l e  e n e r g y - e f f i c i e n t  motors  range  from 
88 t o  94%. Although t h e  i n c r e m e n t a l  improvement brought  by energy-  
e f f i c i e n t  motors  may seem s m a l l ,  t h e  y e a r l y  e l e c t r i c i t y  s a v i n g s  
are l a r g e  compared t o  t h e  i n c r e m e n t a l  c o s t s  between t h e  two t ypes  
of motors. An i n d u c t i o n  motor o p e r a t i n g  w i t h  a du ty  c y c l e  t y p i c a l  
f o r  t h e  p r o c e s s  i n d u s t r i e s  w i l l  consume 5 t o  10 t i m e s  i t s  c a p i t a l  
c o s t  i n  o p e r a t i n g  c o s t s  eve ry  yea r .  Thus,  even a 1% i n c r e a s e  i n  
e f f i c i e n c y  i s  l i k e l y  t o  be advantageous compared t o  t h e  e x t r a  c o s t  
(premium) of buying a more e f f i c i e n t  motor. F i g u r e  5 a l s o  shows 
t y p i c a l  pu rchase  c o s t  premiums between s t a n d a r d  and e n e r g y - e f f i c i -  
e n t  motors. A s  i l l u s t r a t e d  i n  t h e  figure, t h i s  premium i s  t y p i -  
c a l l y  10 t o  25% of t h e  o r i g i n a l  c a p i t a l  c o s t  of a s t a n d a r d  motor. 

The f o l l o w i n g  i s  a n  example of t h e  energy  s a v i n g s  and t h e  
e c o n o m i c  e f f e c t s  of choos ing  an  e n e r g y - e f f i c i e n t  motor over  a 
s t a n d a r d  motor €o r  a 25-hp load.  From t h e  f o l l o w i n g  t y p i c a l  char -  
acter is t ics  one can compute t h e  y e a r l y  energy saved by c o n v e r t i n g  
t o  an e n e r g y - e f f i c i e n t  motor: 

0 motor s i z e :  25 hp  = 19 kW (1 hp  = 0.7457 kW) 
0 s t a n d a r d  motor e f f i c i e n c y :  87.5% 
0 e n e r g y - e f f i c i e n t  motor e f f i c i e n c y :  91.4% 
0 du ty  c y c l e :  4000 h / y r ,  f u l l  load. 

The y e a r l y  energy  s a v i n g s  f o r  t h i s  example i s  3636 kWh/yr. 
T o  d e t e r m i n e  t h e  t o t a l  d o l l a r  va lue  of t he  s a v i n g s  from t h e  
e n e r g y - e f f i c i e n t  motor ,  t h e  €allowing i n f o r m a t i o n  i s  needed: t h e  
p r e s e n t  and f u t u r e  c o s t  of e l e c t r i c i t y ,  t a x e s  a f f e c t e d  by equip-  
ment purchases  and n e t  income, and t h e  d i s c o u n t  r a t e  o r  t h e  
r e q u i r e d  ra te  of r e t u r n .  Table  5 l i s t s  one set of v a l u e s  chosen 
f o r  t h e s e  v a r i a b l e s  and summarizes t h e  c a l c u l a t i o n s  of t h e  n e t  
p r e s e n t  v a l u e  (NPV) of energy  s a v i n g s 3  ( s e e  Appendix B).  The v a l -  
u e s  f o r  i n i t i a l  e l e c t r i c i t y  p r i c e  and real  y e a r l y  p r i c e  e s c a l a t i o n  
are ave rage  v a l u e s  t aken  from Energy In fo rma t ion  Admin i s t r a t ion  
(EIA) s u r v e y s  and f o r e c a s t s .  Three real d i s c o u n t  rates--S%, lo%,  
and L5%--are used a s  examples of t h e  r e q u i r e d  r a t e  o f  r e t u r n  
n e c e s s a r y  f o r  a low, ave rage ,  and h i g h - r i s k  inves tment .  Note t h a t  
t h e  " e f f e c t i v e  d i s c o u n t  ra te"  i s  t h e  d i s c o u n t  r a t e  a d j u s t e d  f o r  
the e s c a l a t i o n  of e l e c t r i c i t y  p r i c e s .  
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Table  5. Cumulat€ve n e t  p r e s e n t  va lue  (NPV) of energy  sav ings :  
25-hp motor ,  avg. d u t y ,  avg. e l e c t r i c a l  c o s t  

V a r i a b l e s  Chosen Value 

F i r s t  y e a r ' s  s a v i n g s ,  kwh 
E l e c t r i c i t y  pr ice  e s c a l a t i o n ,  %/yr 
I n i t i a l  c o s t  of e l e c t r i c i t y ,  $/kWh 
Tax rate on n e t  income, % 
F i r s t - y e a r  t a x  c r e d i t  on premium, % 
Length of d e p r e c i a t i o n ,  y r s  

3636 
0.5 
0.0553 

40 
10 
10 

Summary of C a l c u l a t i o n s  ---------- ---------- 

cost of 
money 

5% 

10% 

15% 

Ef  f e e t i v e  
d i s c o u n t  

rate 

4.5% 

9.5% 

14.4% 

Time Cumulative N e t  P r e s e n t  Value ( N P V )  
ho r i zon  of conserved energy  

( y r s )  ($1 

1 
4 
8 

12 
16 
20 

1 
4 
8 

12 
16 
20 

1 
4 
8 

12 
16 
20 

131.42 
537.76 

1082.03 
1551.87 
1912.54 
2215.25 

125.25 
474.76 
862.43 

1136.55 
1312.73 
1435.49 

119.64 
423.10 
705.90 
671.83 
961.77 

1014.23 
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The NPV d a t a  from Table  5 f o r  t h e  10 and 15% d i s c o u n t  rates 
are graphed and compared t o  t y p i c a l  p remium f o r  energy-ef f i c i e n t  
motors i n  Fig.  6 .  Premium A ,  $200, i s  a t y p i c a l  p r i c e  f o r  t h e  
extra c o s t  between a s t a n d a r d  and e n e r g y - - e f f i c i e n t  25-tip motor. 
The payback p e r i o d  i s  ve ry  s h o r t - - l e s s  t h a n  two y e a r s  a t  any d i s -  
count  rate.  Such premium would apply t o  s i t u a t i o n s  where new 
c a p a c i t y  i s  be ing  i n s t a l l e d  o r  worn-out (and r e t i r e d )  motors a r e  
b e i n g  r ep laced .  

* 

Premium B ,  $750, r e p r e s e n t s  t h e  premium r e q u i r e d  f o r  choosing 
a new e n e r g y - e f f i c i e n t  motor o v e r  rewinding a s t a n d a r d  motor. I t  
i s  recommended i n  one r e p o r t  t h a t  rewinding a motor shou ld  on ly  
occur  i f  i t  can be done f o r  approx ima te ly  50% of t h e  replacement  
c o s t  of t h e  motor.5 Thus, t h i s  premium i s  t h e  a d d i t i o n  of one- 
h a l f  t h e  s t a n d a r d  motor cost p l u s  t h e  premium between t h e  two 
t y p e s  of motors. It shows a payback r ang ing  from 6.5 t o  9 yea r s .  

Using t h e  sales i n f o r m a t i o n  f o r  1977 l i s t e d  i n  Tab le  2 ,  one 
can  c a l c u l a t e  t h a t  t h e  combination of new c a p a c i t y  and replacement  
sales occur red  a t  an a n n u a l  r a t e  o f  3 . 7 %  of  e x i s t i n g  m o t o r  
c a p a c i t y .  The ave rage  rewinding ra te  w a s  7.4%. ** Thus, t h e  
port i -on of t h e  e x i s t i n g  s t o c k  t o  which t h e s e  t y p e s  of premiums 
app ly  i s ,  a t  most,  11% p e r  year .  

J u s t i f y i n g  t h e  r ep lacemen t  of a p r o p e r l y  o p e r a t i n g  motor 
would r e q u i r e  t h a t  s a v i n g s  exceed t h e  i n s t a l l e d  c o s t  of t h e  new 
motor minus t h e  s a l v a g e  v a l u e  of t h e  scrapped motor. Premium C ,  
$1300, i s  t h e  t o t a l  c o s t  of a n  e n e r g y - e f f i c i e n t  25-hp motor and i s  
r e p r e s e n t a t i v e  of t h e  c o s t  a s s o c i a t e d  w i t h  complete  replacement.  
F i g u r e  6 shows t h a t  t h e  payback of t h i s  s i t u a t i o n  i s  15.6 y e a r s  a t  
a 10% d i s c o u n t  rate and greater than  20 y e a r s  a t  a 15% d i s c o u n t  
rate. 

Motors have long  l i v e s ,  o f t e n  l a s t i n g  l o n g e r  t h a n  20 yea r s .  
Thus, excep t  f o r  t h e  r e t r o f i t  made under a 15% d i s c o u n t  r a t e ,  
upgrad ing  t o  a n  e n e r g y - e f f i c i e n t  motor i s  economical ly  j u s t i f i a b l e  
i f  one i s  c e r t a i n  t h a t  t h e  motor w i l l  be used f o r  i t s  f u l l  l i f e .  
However, i n d u s t r y  w i l l  u s u a l l y  make long-term c a p i t a l  improvement 
inves tmen t s  on ly  if t h e  investment  i s  p a r t  of a n  o v e r a l l  c a p a c i t y  
expans ion  program. I n  cases of r e t r o f i t ,  t h e r e  i s  i n c r e a s e d  r i s k  

Cost d a t a  were t aken  from a GE motors c a t a l o g  and from * 
F i g u r e  5. 

The new c a p a c i t y ,  replacement ,  and rewinding rates of 
each  motor s i z e  class ( s e e  Table  2 )  were weighted by t h e  c l e c t r i -  
c i t y  consumption of t h e  s i z e  class when t h e  ave rage  rates w e r e  
c a l c u l a t e d .  

** 
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a s s o c i a t e d  w i t h  t h e  l i f e  of t h e  p r o c e s s ,  and less  funds  are a v a i l -  
a b l e  f o r  c a p i t a l  pu rchases ,  so t h e  i n d u s t r y  c o n s t r a i n s  i t s e l f  t o  
o n l y  t h e  most a t t r a c t i v e  inves tmen t s .  Of t en ,  t h i s  c o n s t r a i n t  re- 
q u i r e s  that  t h e  r e t r o f i t  pay f o r  i t s e l f  i n  two y e a r s  o r  less. By 
imposing t h i s  s h o r t  t i m e  h o r i z o n  on t h e  s a v i n g s  from t h e  energy- 
e f f i c i e n t  motor, a n  i n d u s t r i a l  dec i s ion -makcr  would no t  c o n s i d e r  
t h e  r e t r o f i t  o r  rewinding o p t i o n s  t o  be economical ly  a t t r a c t i v e .  

There i s  much v a r i a t i o n  in both t h e  d u t y  c y c l e s  of motors and 
e l e c t r i c i t y  c o s t s  among d i f f e r e n t  i n d u s t r i e s  and r e g i o n s  i n  t h e  
United S t a t e s .  Thus, t h e  r e s u l t s  of t h e  payback a n a l y s i s  i n  t h e  
example above could t o t a l l y  change i n  d i f f e r e n t  r e g i o n s  o r  indus-  
t r ies .  F i g u r e  7 demons t r a t e s  t h i s  v a r i a t i o n  among r e g i o n s  and 
du ty  c y c l e s  by l i s t i n g  t h e  s a v i n g s  t h a t  would be made f o r  a 25-hp 
motor running on a 1500-h/yr du ty  c y c l e  ( t y p i c a l  f o r  a 40-h/wk 
o p e r a t i o n )  and u s i n g  power g e n e r a t e d  a t  a c o s t  t y p i c a l  f o r  t h e  
P a c i f i c  Northwest. I n  t h i s  example, t h e  f i r s t  y e a r ' s  d o l l a r  sav-  
i n g s  are dec reased  approx ima te ly  75%. 'The f i g u r e  shows t h a t  t h e  
payback f o r  premium A i n c r e a s e s  from less than  2 y e a r s  t o  9 t o  15 
yea r s .  Although t h e  premium shou ld  s t i l l  be j u s t i f i a b l e  i n  cases 
of new c a p a c i t y ,  conve r s ion  would obv ious ly  n o t  be performed as 
f r e q u e n t l y .  F i g u r e  7 a l s o  shows t h a t  t h e  preidums r e q u i r e d  by t h e  
rewinding o r  r e t r o f i t  o p t i o n s  wauld never  have a payback w i t h i n  
Lhe 20-year nominal motor l i f e .  

4.2 EFFICIENCY APJID LING STANDARDS FOR H 

I n  view of t h e  small  e f f i c i e n c y  inc remen t s  between s t a n d a r d  
and e n e r g y - e f f i c i e n t  motors,  t h e  s t a n d a r d s  t h a t  apply t o  perform- 
ance t e s t i n g  and l a b e l i n g  p l a y  as much o f  a r o l e  i n  improving 
motor e f f i c i e n c y  as do t h e  e f f i c i e n t  t e c h n o l o g i e s  themselves.  

S t a n d a r d s  f o r  e f f i c i e n c y  t e s t i n g  h a v e  b e e n  s e t  by t h e  
I n s t i t u t e  of E lec t r ica l  and E l e c t r o n i c  Engineers  ( IEEE)  and t h e  
N a t i o n a l  E lec t r ica l  Manulacturers  A s s o c i a t i o n  (NEMA), LEEE h a s  
d e f i n e d  s e v e r a l  t e s t i n g  methods and NEMA h a s  adopted one of t h e  
s t a n d a r d s ,  I E E E  s t a n d a r d  112b (NEMA s t a n d a r d  MG-121,  as b e i n g  t h e  
p r e f e r r e d  tes t  procedure." It ca l l s  f o r  d i r e c t  t e s t i n g  of e f f i c i -  
ency w i t h  a dynamometer. Other  methods of performance t e s t i n g  are  
mort? i n d i r e c t  and t end  t o  g i v e  r e s u l t s  w i t h  h i g h e r  e f f i c i e n c i e s .  
Although most U.S. manufac tu re r s  comply w i t h  t h e  NEMA s t a n d a r d ,  
some f o r e i g n  p roduce r s  do not.  For medium-to-large i n d u c t i o n  
motors ,  f o r e i g n  made w e r e  app rox ima te ly  5% of t o t a l  domes t i c  u s c  
(1973-77). Thus, t h e  l a c k  of a u n i v e r s a l  s t a n d a r d  could c r e a t e  
d i s t o r t i o n s  i n  performance i n f o r m a t i o n ,  as s h o m  i n  DOE CS-0147, 
Table  3-10.l 

* 
NEMA s t a n d a r d s  are d i s t r i b u t e d  by t h e  VSMF microf i lm 

s e r v i c e ,  c a r t r i d g e  No. 4020. 
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Labeling standards play a crucial role in providing reliable 
performance test information to the decision-maker Considering the 
purchase of an electric motor. Currently, NEMA standard MG1- 
12.53b calls for efficiency labeling on the terminal box of each 
motor. The standard specifies that the average result of the per- 
formance testing i s  t o  be labeled as the motor's average, or nomi- 
nal, efficiency. Thirty-three incremental efficiencies are allow- 
ed starting at 95% and continuing downward in approximately 0.5% 
increments. Along with the nominal efficiency, the standard calls 
for the labeling of a minimum efficiency. The minimum efficiency 
is the resulting efftciency if the average losses measured are 
increased 20% which is considered sufficient bounds t o  allow f o r  
variation among motors as actually sold. 

It is important t o  note that conformance to these standards 
is not required by NEMA. Also, the labeling standard calls for 
labeling only on the terminal box of the motor. N o  standard 
exists for listing efficiency information in motor catalogs which 
are the key medium for transmission of information on motors. A s  
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a r e s u l t ,  e f f i c i e n c i e s  f o r  s t a n d a r d  m o t o r s  a r e  d i f  f i cu1 . t  t o  
o b t a i n ,  of t e n  on ly  a v a i l a b l e  i n  p u b l i c a t i o n s  separate from normal 
o r d e r i n g  catalogs. .  

There 'nave always been i n d u c t i o n  motors a v a i l a b l e  w i t h  high 
e f f i c i e n c i e s ,  but  on ly  s i n c e  t h e  l a t e  1970s have manufac tu re r s  
d e v e l o p e d  moto r  p r o d u c t  l i n e s  s p e c i f i c a l l y  marketed as be ing  
e n e r g y - e f f i c i e n t .  DOE'S C l a s s i f i c a t i o n  r e p o r t '  (page 3 - 4 3 )  est i -  
mated t h e  t e c h n i c a l  c o n s e r v a t i o n  p o t e n t i a l  of energy-ef  f i c i e n t  
motors t o  be 2.4% of U.S. e l e c t r i c i t y  consumption, bu t  t h e  p s e v i -  
ous s e c t i o n  i n d i c a t e s  t h a t  on ly  a l i m i t e d  number of a p p l i c a t i o n s  
are  econoinically a t t r a c t i v e .  S ince  energy-cff i c i e n t  motors are 
now r e a d i l y  a v a i l a b l e  t o  p o t e n t i a l  u s e r s ,  c u r r e n t  d a t a  on energy-  
e f f i c i e n t  motor s a l e s  shou ld  i n d i c a t e  t h e  a c t u a l  market p e n e t r a -  
t i o n  t h a t  t h e s e  motors have had a t  c u r r e n t  c a p i t a l  and energy 
c o s t s .  

U n f o r t u n a t e l y ,  sales d a t a  are  d i f f i c u l t  t o  o b t a i n .  Although 
d a t a  f o r  domes t i c  p roduc t ion  of polyphase i n d u c t i o n  motors have 
been kep t  by t h e  Rureau of t h e  Census6 s i n c e  1960, t h e  sales  of 
s t a n d a r d  and e n e r g y - e f f i c i e n t  motors are no t  s e p a r a t e d .  S a l e s  
d a t a  f o r  e n e r g y - e f f i c i e n t  motors are now be ing  c o l l e c t e d  by NEMA, 
bu t  t h e i r  su rvey  was s t a r t e d  i n  1982,  and on ly  a l i m i t e d  number of 
manufacturers  p a r t i c i p a t e .  A l so ,  t h e r e  h a s  been no industry-wide 
t e s t i n g  t o  s e e  i f  t h e  r a t e d  improvement i n  e f f i c i e n c y  r e s u l t s  i n  a 
s imi l a r  demand r e d u c t i o n  i n  t h e  f i e l d .  

* 

From t h e  f e w  d a t a  t h a t  are a v a i l a b l e ,  i t  appea r s  t h a t  energy- 
e f f i c i e n t  motors arc  having l i t t l e  success p e n e t r a t i n g  t h e  induc-  
t i o n  motor market and ,  t h e r e f o r e ,  are hav ing  l i t t l e  e f f e c t  on 
e l e c t r i c i t y  demand p a t t e r n s .  F i g u r e  8 i s  a g raph  of t o t a l .  sales 
f o r  e n e r g y - e f f i c i e n t  rnotors i n  t h e  1- t o  200-hp, 0.74- t o  149-kW 
range ,  a s i z e  group t h a t  has  a h i g h  p o t e n t i a l  f o r  energy e f E i c i -  
e n c y  improvemen t .  A l s o  shown i n  Fig,  8 are  t h e  sales  d a t a  
a v a i l a b l e  from NEMA on e n e r g y - e f f i c i e n t  motor sa les  f o r  1 2  manu- 
f a c t u r e r s .  Th i s  group of manufac tu re r s  probably r e p r e s e n t s  50 t o  
100% of t h e  p roduc t ion  of a l l  motors s o l d  i n  e n e r g y - e f f i c i e n t  

* Census Bureau d a t a  are p u b l i s h e d  t h e  y e a r  f o l l o w i n g  t h e  
d a t e  of t h e  s t a t i s t i c s .  Most r e c e n t  d a t a  a v a i l a b l e  as of t h i s  
w r i t i n g  a r e  f o r  1982. Note t h a t  t h e  S I C  codes f o r  a c  polyphase 
i n d u c t i o n  motors are 36212-29. 
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* 
p r o d u c t  lines. For t h e  one year  t h a t  the sales d a t a  o v e r l a p ,  
F ig .  8 i n d i c a t e s  t h a t  e n e r g y - e f f i c i e n t  motors may c o n s t i t u t e  10% 
of t o t a l  i n d u c t i o n  motor sales. 

Table  6 estimates t h e  e f f e c t  that  one y e a r ' s  sales of energy- 
e f f - l c i e n t  motors i s  hav ing  on e l e c t r i c i t y  demand based on sales  

As of t h i s  wrl i t ing,  NEMA w a s  unab le  t o  estimate what 
f r a c t i o n  of t h e  e n e r g y - e f f i c i e n t  motors are r e p r e s e n t e d  by the 
companies r e p o r t i n g .  The companies are: Baldor  Electr ic ,  Doerr 
I n d u s t r i e s ,  Electra ( D r e s s e r ) ,  Gene ra l  Electr ic ,  Century Elec t r ic ,  
L i n c o l n  Elec t r ic ,  LOIS A l l i s  ( L i t t o n ) ,  Marathon Elec t r ic ,  R e l i a n c e  
Elec t r ic  (Siemens A l l i s ) ,  US Electr ic  Motors (Emerson E l e c t r i c ) ,  
and Westinghouse E lec t r i c .  Th i s  is a l a r g e ,  % E  no t  complete ,  
p o r t i o n  of t h e  e n e r g y - e f f i c i e n t  motor market. 

* 



Table 6. Es t ima ted  e l e c t r i c i t y  demand r e d u c t i o n  from energy- 
efficient motors - 1982, based upon sa les  d a t a  f o r  t h a t  y e a r  

S i z e  class Avg. S tanda rd  & NEMA EE EE p o r t i o n  D u t y  E.E. Demand 
s i z e  EE motors motors of t o t a l  c y c l e  motor r e d u c t i o n  

s o l d  
(hp 1 (kW) (kW) (1982) 

so ld  s av i  ngs 
(1982) ( X I  ( h r / u n i t / y r )  ( X I  (kWh/yr) 

8 1 O24 8.4 1500 10.4 18850914 1-5 0.75-3.7 1.5 962031 

Iu 
f- 

5.1-20 3.8-15 8.9 327740 42409 13.0 1500 7.1 40606573 

21-50 16-37 23.9 116023 13660 11.8 3000 4.3 42048890 

51-125 38-92 64.9 45177 7361 16.3 4000 1.8 34383708 

126-200 93-149 126.8 14941 1612 10.8 5000 0.3 3065274 

T o t a l s  and a v g ' s  1,465,912 146 , 266 10.0 
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*. d a t a  from NEMA and Cur ren t  I n d u s t r i a l  Reports .  S i n c e  sales  d a t a  
are reco rded  i n  s i z e  g r o u p s ,  i t  i s  p o s s i b l e ,  by u s i n g  s t o c k  cha r -  
a c t e r i s t i c s  e s t i m a t e d  i n  DOE' s  C l a s s i f i c a t i o n  r e p o r t 1 ,  t o  t r a n s -  
l a t e  t h e  sales d a t a  i n t o  ene rgy  s a v i n g s .  The t a b l e  shows t h a t  f o r  
one y e a r ' s  sa les ,  16 MWY ( 1  MWY = 8 - 7 6  m i l l i o n  kWh) of e l e c t r i c i t y  
w a s  saved by u s i n g  e n e r g y - e f f i c i e n t  motors i n s t e a d  of s t a n d a r d -  
e f f i c i e n c y  motors. The i n d u s t r i a l  s e c t o r ' s  e l e c t r i c i t y  consump- 
t i o n  i n  1982 was 88,600 MWY, so  t h e  s a v i n g s  e s t i m a t e d  h e r e  are 
v e r y  small compared t o  t h e  t o t a l  requirement  f o r  t h e  s e c t o r . *  

4.4 NEW MOTOR DESIGNS 

A s  no ted  b e f o r e ,  polyphase i n d u c t i o n  motors dominate indus-  
t r t a l  motor u s e ,  compris ing 93% o f  a l l  a d v a n c e s  i n  m a t e r i a l  
d e s i g n ,  w i l l  create a l t e r n a t i v e s  t o  t h e  i n d u c t i o n  motor i n  some 
a p p l i c a t i o n s .  These new d e s i g n s  have improved e f f i c i e n c i e s  o v e r  
t h e  most e f f i c i e n t  i n d u c t i o n  motors i n  t h e i r  class. B e l o w  are 
some h i g h l i g h t s  of t h e  l a t e s t  developments.  

4.4.1 Permanent Magnet Motors 

Genera l  Electr ic ,  tinder a c o n t r a c t  from t h e  Power Systems 
Technology Program of the Energy D i v i s i o n ,  Oak Ridge N a t i o n a l  
Labora to ry  ( O W L ) ,  h a s  des igned  a n  i n d u s t r i a l  g r a d e  ac motor t h a t  
u t i l i z e s  permanent magnets i n s t e a d  of e l e c t r o m a g n e t i c  f i e l d s - 9  
Losses  i n  t h e  s t a t o r  due t o  magne t i za t ion  are i n h e r e n t  i n  a n  
i n d u c t i o n  motor because e l ec t r i ca l  c u r r e n t  is used t o  create t h e  
magnet ic  f i e l d .  By r e p l a c i n g  the e l e c t r o m a g n e t i c  f i e l d  component 
w i t h  a permanent magnet, a s i g n i f i c a n t  l o s s  f a c t o r  is  e l imina ted .  

The s t u d y  r e p o r t e d  t h a t  f o r  an i n c r e a s e  i n  material c o s t  of 
20% o v e r  t h a t  of a nominal e n e r g y - e f f i c i e n t  motor,  e f f i c i e n c y  
cou ld  be i n c r e a s e d  1 t o  2%. The payback p e r i o d  on the premium was 
e s t i m a t e d  t o  be less t h a n  a y e a r  f o r  a motor o p e r a t i n g  w i t h  a 50% 
d u t y  cyc le .  Permanent magnets are f e a s i b l e  f o r  motors i n  t h e  7 . 5 -  
t o  25-hp power range and could m e e t  speed-torque c h a r a c t e r i s t i c s  
s imi l a r  t o  i n d u c t i o n  m o t o r s .  A l s o ,  p e r m a n e n t  magnet  m o t o r s  
p r o v i d e  i m p r o v e d  power f a c t o r  ove r  o t h e r  e n e r g y - e f f i c i e n t  ac 
motors.  

Table  6 estimates f rom D O E ' s  c l a s s i f i c a t i o n  r e p o r t  f o r  
a v e r a g e  motor s i z e  of each  s i z e  c lass ,  t h e  p e r c e n t  ene rgy  saved ,  
and as a b a s i s  f o r  t h e  ave rage  du ty  c y c l e  f o r  motors i n  each s i z e  
class. Duty c y c l e s  h i g h e r  t h a n  a v e r a g e  were c h o s e n  b e c a u s e  
e n e r g y - e f f i c i e n t  motors t end  t o  be chosen f o r  a p p l i c a t i o n s  w i t h  
h i g h  du ty  c y c l e s .  S a l e s  d a t a  are t a k e n  from NEMA. Dec. 1982 and 
from Bureau of t h e  Census,  1982. 

* 
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It shou ld  be noted t h a t  t h e  r e s u l t s  of t h e  above s t u d y  were 
based s o l e l y  on a n  e n g i n e e r i n g  model, and no p r o t o t y p e s  w e r e  b u i l t  
t o  t es t  t h e  performance p r e d i c t i o n s .  

4.4.2 Beluctzlaee and Doubly-Excited luctance Hotors 

Reluctance motors are  d e s i g n e d  s i m i l a r l y  t o  s y n c h r o n o u s  
motors excep t  t h a t  t h e r e  i s  no e l ec t r i ca l  e x c i t a t i o n  of t h e  r o t o r .  
Some of t h e  b a r s  i n  t h e  cage have been removed a t  s y m m e t r i c  
i n t e r v a l s  t o  cause  t h e  motor t o  run synchronously a t  f u l l  speed. 
No c u r r e n t  i s  induced i n  t h e  r o t o r s ,  t h u s  e l i m i n a t i n g  c o r e  l o s s e s  
and i n c r e a s i n g  e f f i c i e n c y .  A doubly-exci ted r e l u c t a n c e  motor h a s  
d c  and ac e x c i t a t i o n  of t h e  s t a t o r  which f u r t h e r  i n c r e a s e s  motor 
e f f i c i e n c y .  

Under  a n  O R N L  s u b c o n t r a c t  w i t h  t h e  Westinghouse Electr ic  
Corpora t ion ,  t h e  e f f i c i e n c i e s  of t h e s e  motors have been experimen- 
t a l l y  t e s t e d . 1 °  Th i s  work found e f f i c i e n c y  improvements of 1 t o  
3% and e s t i m a t e d  t h e  market c o s t  t o  be 86% g r e a t e r  t h a n  t h e  c o s t  
of a t y p i c a l  e n e r g y - e f f i c i e n t  motor. Even w i t h  t h i s  h i g h  premium, 
payback f o r  a normal du ty  c y c l e  w a s  less t h a n  two y e a r s .  Also,  
s i n c e  these motors do  no t  induce c u r r e n t  i n  t h e  r o t o r s ,  t hey  have 
h i g h  power f a c t o r s .  

The p r i n c i p l e  behind a rei-uctance motor i s  n o t  new, but  t h e s e  
new d e s i g n s  are making r e l u c t a n c e  motors more e f f i c i e n t  a t  a lower 
p r i c e .  They o f f e r  p r e c i s e  speed maintenance and d u r a b i l i t y  e q u a l  
t o  o r  g r e a t e r  t h a n  a n  i n d u c t i o n  motor. Cur ren t  l i t e r a t u r e  i n d i -  
cates that  they  are be ing  marketed w i t h  v a r i a b l e  f requency con- 
t r o l l e r s  f o r  speed c o n t r o l .  I t  i s  no t  c lear ,  however, whether 
t h e y  of f e r  a s i g n i f i c a n t  cost- to-perf  ormance advantage over  v a r i -  
a b l e  s eed ac i n d u c t i o n  motors ( d i s c u s s e d  i n  t h e  s u b s e c t i o n  on 
ASDs 1. f 1 

4.4 .3  Amorphous Metal Motors 

Amorphous metals are a l l o y s  t h a t  a r e  cast i n  a non-c rys t a l -  
l i n e  form. They e x h i b i t  e x c e l l e n t  magnet ic  p r o p e r t i e s .  A r e p o r t  
by General  E l e c t r i c  f o r  a p r o j e c t  s u b c o n t r a c t e d  from OKNL claims 
t b a t  c o r e  l o s s e s  i n  a motor cou ld  be reduced 80% as a r e s u l t  of 
u s i n g  amorphous metals.  11 Based on r e l a t i v e  s i z e s  of motor l o s s e s  
shown i n  Fig.  5,  a n  80% r e d u c t i o n  i n  c o r e  l o s s e s  would r e s u l t  i n  
a n  i n c r e a s e  of motor e f f i c i e n c y  of approximately 1%. 

The performance of amorphous metals i s  p o t e n t i a l l y  q u i t e  
good; however, t h e  development of such  motors h a s  been impeded by 
c u r r e n t  c a s t i n g  technology. The p r o j e c t  developed new c a s t i n g  
t e c h n i q u e s  t h a t  formed t h e  amorphous metals i n t o  r ibbons  u s e f u l  
f o r  e l ec t r i c  motors.  Th i s  technology i s  s t i l l  i n  t h e  develop-  
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menta€ scage, and t h e r e  bas been no r e p o r t  of a d e t a i l e d  d e s i g n  o r  
ans1jrs is of :m a c t u a l  motor. 

Although t h e  t h r e e  new motor d e s i g n s  d e s c r i b e d  above o f f e r  
s u p e r i o r  perforruance o v e r  i n d u c t i o n  motors ,  t h e y  have n o t  been 
developed enough to a l l o w  an estimate of t h e i r  u l t i m a t e  e f f e c t  on 
eiect-rici t y  demand. A s  with  any a l t e r n a t i v e  motor t echno logy ,  
the i r  penet rat  Ion w i l l  depend on t h e  a c t u a l  c o s t  and performance 
of ma nu f ac t u t e  d u n i t  s . 

A t  the time t h i s  r e p o r t  was p u b l i s h e d ,  s u p e r c o n d u c t i v i t y  had 
n o t  been e v a l u a t e d  as a technology f o r  improved motor e f f i c i e n c y .  
It. appears t h a t  the a p p l i c a t i o n  of t h e  r e c e n t l y  d i s c o v e r e d  high-  
t e m p e  rat  u re s i x  p c  r conduc t o r  s may a 11 ow the deve lopmen t of mot o r  s 
that  have energy hoses some 40 t o  60% less t h a n  p r e s e n t  designs.  
These very prcLiminary l o s s  estimates i n c l u d e  t h e  o p e r a t l o n  of the 
necessary r e f r i g e r a t i o n  system. Thus, a 1500-hp i n d u c t i o n  motor 
o p e r a t i n g  at 9 5 X  w i t h  c o n v e n t i o n a l  t echno logy  may p o t e n t i a l l y  
opera te  a t  537 t o  98% e f  E ic i ency  w i t h  supe rconduc t ing  t echno logy ,  
assuinirig t h a t  c e r t a i n  c a n t  r o l  a n d  mater ia l s  p r o b l e m s  c a n  b e  
r e so lved .  

Table 7 i s  a summary of t h e  p r e d i c t e d  c o s t  and performance of 
tlar new des igns .  

The a l t e r n a t i v e s  examined  t h u s  f a r  reduce t h e  i n t r i n s i c  
l~xsses of  he m k o r .  A s  i l l u s t r a t e d  ear l ie r ,  motor l o s s e s  are 
u s u a l l y  o n l y  a p a r t  of a s y s t e m  of power conve r s ions  and power 
losses. One t y p e  of technology that  reduces l o s s e s  i n  t h e  o v e r a l l  
r;ys%_em rather than i n  j u s t  t h e  motor and t h a t  h a s  wide a p p l i c a t i o n  
$11 t h e  p rocess  i n d u s t r i e s  i s  v a r i a b l e  o r  a d j u s t a h l e  speed d r i v e s  
( A S D s  I*  

ASUe have been used f o r  y e a r s  i n  p r o c e s s e s  where speed con- 
troL is esse*nkhab .  Such c o n t r o l  i s  n e c e s s a r y  f o r  a p p l i c a t i o n s  
such  a s  C O l l i J e J O r S  and t e x t i l e  looms. However, many p r o c e s s e s  con- 
trcsl t h ~  flow of f l u i d s  w i t h  pumps o r  f ans .  In  t h e s e  a p p l i c a -  
t i o n s ,  flow can be c o n t r o l l e d  by v a r y i n g  t h e  speed of t h e  motor 
d r i v e  o r  hy r e s t r i c t i n g  t h e  flow. T r a d i t i o n a l l y ,  c o n t r o l l i n g  f low 
has been clone w i t h  a v a l v e  o r  t h r o t t l e  r a t h e r  t han  by r educ ing  t h e  
speed o i  t kw pimip o r  fan.  Th i s  r e s t r i c t i o n  c a u s e s  a s i g n i f i c a n t  
amount cli- power t o  be Post i n  t h e  form of heat. Flow r e s t r i c t i o n  
has been w i d e l y  used ,  however, due t o  i t s  r e l i a b i l i t y  and i t s  low 
c o s t  c o m p s ; r - c ~ d  to t h e  c o n t r o l s  r e q u i r e d  f o r  speed c o n t r o l .  
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'Table 7. Es t lma ted  c o s t  and performance of 
new motor d e s i g n s  

__ 
Abs o 1 u t  e 

Design S i z e  e f f i c i e n c y  Cost T y p i c a l  
Type range improvement premium payback 

(hp 1 ( % I  ( W  o v e r  ( y r s )  
EE motor)  

Perm. magnet 7-25 1-2 20a < I  

Reluctance >5 1-3 86 <2 

- - 1 - Am0 rphous 

Super- 
conduc t ing  >125 2-3 b C 

__- 
Source: ORNL/Sub-l74527l(Ref. g ) ,  ORNL/Sub--95013/1(Ref. 

10 )  and ORNL/Sub-81/70519/1(Ref. 11). 

a Based on material c o s t s  only.  
Could he i n  t h e  range of 0-40%. 
Could be less t h a n  2 y e a r s  i f  development problems 
are solved.  

Convert ing flow a p p l i c a t i o n s  t o  ASD c o n t r o l  has t h e  p o t e n t i a l  
f o r  l a r g e  energy sav ings .  Pumps consume 50% of t h e  e l e c t r i c a l  
motor energy i n  t h e  United S t a t e s .  O f  t h e  t o t a l  n a t i o n a l  inven-  
t o r y  of pumps, 75% are  e s t i m a t e d  t o  be c e n t r i f u g a l  pumps which 
have a good p o t e n t i a l  f o r  e l e c t r i c i t y  s a v i n g s  w i t h  ASD. Also 
o v e r a l l  ave rage  pump s i z e s  are l a r g e r  t h a n  ave rage  motor s i z e s  i n  
many i n d u s t r i e s ,  i n d i c a t i n g  t h a t  pumps are t h e  pr imary a p p l i c a t i o n  
of large motors. * 

An i l l u s t r a t i o n  of  how sys t em power r equ i r emen t s  can be 
reduced i s  shown i n  F ig .  Th i s  f i g u r e  p o r t r a y s  a g e n e r a l i z e d  
r e l a t i o n s h i p  between o u t p u t  f l o w ,  o u t p u t  p r e s s u r e  ("Head") a n d  
energy use  f o r  a t y p i c a l  c e n t r i f u g a l  pump. E q u i l i b r i u m  between 
the pump f low and t h e  energy load  o c c u r s  where t h e  pump and l o a d  
c u r v e s  i n t e r s e c t .  Flow can be v a r i e d  by either t h r o t t l i n g  t h e  
system, which s h i f t s  t h e  l o a d  curve inward,  o r  by r educ ing  t h e  

9. l 2  

* 
Compare ave rage  motor and pump s i z e s  by i n d u s t r y  i n  Tab les  

3-11 and 4-15 i n  DOE r e p o r t  DOE/EC-0147 (Ref. 1). 
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Fig. 9. T y p i c a l  pump and system l o a d  curves f o r  a 
centrifugal pump system. 
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pump's speed ,  which 1owe:rs t h e  pump's o p e r a t i n g  curve.  The power 
r e q u i r e d  t o  d r i v e  e i t h e r  system i s  e q u a l  t o  t h e  f low t i m e s  the 
p r e s s u r e  arid can be measured g r a p h i c a l l y  by t h e  ha t ched  and t h e  
c ros s -ha tched  a r e m  i n  Fig.  9. The f i g u r e  shows t h a t  t h e  system 
power r-clquired i s  s u b s t a n t i a l l y  lower f o r  v a r i a b l e  speed c o n t r o l  
( c ros s -ha tc .hed )  than  f o r  t h r o t t l e  c o n t r o l  (ha t ched  p l u s  c r o s s -  
ha t ched  !. 

Therc are s e v e r a l  t y p e s  of ASDs. As d i s c u s s e d  b e f o r e ,  d c  
motors a r e  used Lor a p p l i c a t i o n s  r e q u i r i n g  p r e c i s e  speed c o n t r o l .  
hlrhomgh t hey  are manufaccured i n  large s i z e s  ( g r e a t e r  t han  125 
h p ) ,   hey have n o t  become popu la r  f o r  use i n  f l o w  p rocesses .  Most 
l i t e r a t u r e  o n  t h e  s u b j e c t  n o t e s  d c  d r i v e s '  b rush  maintenance 
requirement-s as be ing  a p r i m e  r eason  f o r  t h e i r  u n p o p u l a r i t y  i n  
F l o w  a p p l i c a t i o n s .  

For a p p l i c a t i o n s  t h a t  r e q u i r e  on ly  two f i x e d  f low l e v e l s ,  
double-winding ac motors are used because t h e y  can  be run a t  two 
speeds.  Large a p p l L c a t i o n s  have t r a d i t i o n a l l y  used mechanical  o r  
h y d r a u l i c  c o n i r o l s  i n  combinat ion w i t h  a n  ac i n d u c t i o n  m o t o r .  
Another popu la r  t y p e  of con t ro l  i s  an eddy c u r r e n t  speed c o n t r o l -  
l e r .  An eddy c u r r e n t  c o n t r o l l e r  i s  a coup l ing  i n s t a l l e d  on t h e  
s h a f t  of i h e  motor t h a t  a l l o w s  r e d u c t i o n  of f u l l  s h a f t  speed 
( s l i p )  by v a r y i n g  t h e  magnet ic  * ' g r ip"  i n  t h e  coupl ing.  The major- 
i t y  of t h e  c o n t r o l s  i d e n t i f i e d  above are n o t  very e f f i c i e n t  and 
r e q U i r r  p e r i o d i c  inaintenance. Thus, t h e i r  p e n e t r a t i o n  i n  f low 
si t . t ia t ioas  has been very small. 

The t y p r  of speed c o n t r o l  t h a t  h a s  a great d e a l  of p o t e n t i a l  
f o r  p e n e t r a t i o n  i n  f l o w  a p p l i c a t i o n s  i s  t h e  v a r i a b l e  f r equency  
c o n t r o l l e r s .  Rather  than change t h e  speed of the d r i v e  a t  t h e  
s h a f t  of t h r  :~ io to r  as do most of t h e  ASD c o n t r o l s  d e s c r i b e d  above, 
v a r i a b l e  Frequency  c o n ; r o l l e r s  can c o n t r o l  t h e  speed of a n  induc-  
t i o n  motor d i r e c t l y  because the motor speed i s  d i r e c t l y  propor-  
t i o n a l  t o  t h e  frequency of t h e  incoming ac c u r r e n t .  

Recent improvements i n  power e l e c t r o n i c s  have g r e a t l y  i n -  
creased ihe p i e s e n t  e f f i c i e n c y  and r e l i a b i l i t y  o f  the a d j u s t a b l e  
freqiinncy ~ y p e  o€ ASD control.13 A l s o  known as ac s y n t h e s i z e r s  
( A C S s )  a n d  ac f r equency  c o n t r o l l e r s ,  t hey  g i v e  i n d u c t i o n  motors 
s u p e r i o r  a t t r i b u t e s  €or many d r i v e  a p p l i c a t i o n s .  L ike  t h e  dc 
d r i v e ,  as fi-eqiieilcy c o n t r o l l e r s  can va ry  t h e i r  o u t p u t  w i thou t  t h e  
a d d i t i o n  O F  a dpv ice  on t h e  s h a f t .  Unl ike dc d r i v e s ,  however, ac 
f r equency  c o n t r o l l e r s  are u s ~ d  w i t h  i n d u c t i o n  motors t h a t  are f r e e  
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* of t h e  commutators and b rushes  t h a t  dc  motors  must have. Also, 
e l e c t r o n i c  ASDs can  now c o n t r o l  a lmost  any s i z e  i n d u c t i o n  motor. 
P r e v i o u s l y ,  speed  c o n t r o l  of motors  g r e a t e r  t h a n  50 hp u s u a l l y  re- 
q u i r e d  mechanica l ,  h y d r a u l i c ,  o r  eddy c u r r e n t  c o n t r o l s .  Although 
r e l i a b i l i t y  of t h e  new c o n t r o l l e r s  h a s  been u n c e r t a i n  due t o  t h e i r  
n o v e l t y  i n  t h e  l a r g e r  s i z e s ,  r e c e n t  news i n d i c a t e s  t h a t  p rocess  
i n d u s t r i e s  are a d o p t i n g  them f o r  many a p p l i c a t i o n s .  1 4 ,  l5  

Another r e a s o n  t h a t  e l e c t r o n i c  ac f requency  c o n t r o l l e r s  have 
s i g n i f i c a n t  economic a t t r a c t i v e n e s s  is t h a t  t h e y  can be i n s t a l l e d  
on a l a r g e  p o r t i o n  of e x i s t i n g  ac i n d u c t i o n  motors  f o r  a r e l a t i v e -  
l y  l o w  i n s t a l l a t i o n  cos t .  I n  r e t r o f i t  s i t u a t i o n s ,  dc  ASD d r i v e s  
r e q u i r e  rep lacement  of t h e  motor. Mechanical and h y d r a u l i c  con- 
t r o l s  used i n  r e t r o f i t s  a l s o  i n c u r  e x t r a  c o s t s  because they  o f t e n  
r e q u i r e  t h a t  t h e  moto r ' s  base  be moved t o  f i t  t h e  new c o n t r o l l e r .  

The remainder  of t h i s  s e c t i o n  f o c u s e s  on an  example of t h e  
energy  s a v i n g s  and c o s t - e f f e c t i v e n e s s  of an  a d j u s t a b l e  f requency  
ASU a p p l i c a t i o n ,  a summary of 1 3  i n d u s t r y  case s t u d i e s  examined i n  
a p rev ious  s t u d y ,  and a summary of c u r r e n t  op in ions  on such  ASDs 
f rom i n d u s t r y  personnel .  

4.5.1 Examaple of an Adjustable Speed 125-h~ Pump 

An example of  t h e  energy  s a v i n g s  from a n  ac a d j u s t a b l e  f r e -  
quency d r i v e  c o n t r o l l i n g  a 125-hp c e n t r i f u g a l  pump are computed 
and summarized i n  Table  8. The d u t y  c y c l e  chosen (column 2 )  i s  
c o n s i d e r e d  t y p i c a l  from r e p o r t s  on ASD  application^^^, 17. The 
t a b l e  shows t h a t  y e a r l y  energy  r equ i r emen t s  are reduced by approx-  
i m a t e l y  25%. 

The s a v i n g s  as a f u n c t i o n  of f l o w  are graphed i n  Fig. 10. 
The d i f f e r e n c e  between t h e  l i n e s  r e p r e s e n t s  t h e  power r e d u c t i o n  
b e t w e e n  t h e  two c o n t r o l  t echn iques  ( i . e . ,  ASD vs t h r o t t l i n g ) .  
Note t h a t  t h e  s a v i n g s  i n c r e a s e  as t h e  flow d e c r e a s e s ,  s o  t h e  

The r easons  f o r  ac 's  p o p u l a r i t y  ove r  dc  i s  not  t h a t  c lear  
t o  some peop le  €n t h e  i n d u s t r y .  One product  manager claims t h a t  
d e  v a r i a b l e  speed  d r i v e s  are a c t u a l l y  less expens ive  i n  l a r g e r  
s i z e s  and t h a t  t h e  o n l y  r eason  t h a t  f l ow- in t ens ive  i n d u s t r i e s  pur-  
chase  ac v a r i a b l e  speed d r i v e s  i s  because they  are f a m i l i a r  w i th  
ac i n d u c t i o n  motors  and are s k e p t i c a l  of a n y t h i n g  else. T h i s  c o s t  
claim i s  reasonab le  c o n s i d e r i n g  t h a t  t h e  v a r i a b l e  speed  c o n t r o l  
f o r  a dc  motor i s  i n h e r e n t l y  s i m p l e r  t h a n  f o r  an  ac c o n t r o l  be- 
cause  t h e  ac c o n t r o l  must r e c t i f y  and i n v e r t  t h r e e  phases .  The 
maintenance r equ i r emen t s  of a dc motor are,  however, a genuine  
discouragement  f o r  u s e  i n  any p r o c e s s  where d r i v e  f a i l u r e  could  
have  d i s a s t r o u s  consequences.  

* 



Table 8. Summary of ASD savings system 

Throttle Adjustable Speed 

Fraction Duty Duty System Pump/ Total Annual System Pump/ Total Annual Yearly 
of f u l l  cycle  cycle power motor power energy power motor/ power energy energy 

savings 

(%) (hours) (hp) (%)  (kW) ( l o 5  kWh) (hp )  ( % >  (kW) (IO5 kWh)(105 kWh) 

flow e f f i .  req’d inverter req ‘d 
e i f  ic ‘y 

( % I  

100 40 3200 104.0 75 104.0 3.34 104.0 73 106.0 3.39 -0.05 

75 40 3200 81.0 68 85.3 2.73 48.3 70 51.2 1.64 1.09 

1600 56.1 60 69.6 1.11 20.4 58 26.1 0.42 0.69 50 20 

- 
Totals 8000 7.18 

- - 
5.45 1.73 

Source: John C. Andreas  (Ref. 1 6 )  and EPRI/EM-2037 (Ref. 17).  
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s y s t e m ' s  l o a d  p a t t e r n  i s  t h e  rnost impor t an t  f a c t o r  i n  d e t e r m i n i n g  
t h e  energy sav ings .  

Given t h e  d u t y  c y c l e  chosen i n  T a b l e  8 and u s i n g  t h e  s a m e  
e l e c t r i c i t y  c o s t s  and t ax  rates of the. f i r s t  e n e r g y - e f f i c i e n t  
motor example (Tab le  51, t h e  n e t  p r e s e n t  v a l u e s  of t h e  energy sav- 
i n g s  are computed and summari-zed i n  Tab le  9. The t a b l e  shows a 
f i r s t  y e a r  s a v i n g s  of approximately $6,000. 

To de te rmine  t h e  payback of t h i s  example, i t  i s  n e c e s s a r y  t o  
know the c o s t  of a n  ASD c o n t r o l .  Cos t s  of e l e c t r o n i c  ASD c o n t r o l s  
have dropped s i g n i f i c a n t l y  s i n c e  t h e i r  i - n t r o d u c t i o n  i n  l a r g e r  
s i z e s  i n  t h e  l a t e  1970s. Estimates are t h a t  the  p r i c e s  have drop- 
ped 40 t o  50% i n  t h e  l as t  two yea r s .  l 4  F i g u r e  11 i s  a n  estimate 
of c u r r e n t  e l e c t r o n i c  ASD c o r i t r o l s  f o r  ac motors ,  based on r e c e n t  
p u b l i c a t i o n s  and a n  i n f o r m a l  su rvey  of manufac tu re r s  and end- 
u s e r s .  Note t h a t  t h e  d a t a  l a b e l s  "M1..4*' s t a n d  f o r  p r i c e s  
r e c e i v e d  from f o u r  d i f f e r e n t  manufacturers .  "E-Ul" was a c o s t  
estimate r e c e i v e d  from a n  e n d v s e r  i n  t h e  p u l p  and pape r  i n d u s t r y .  
"NEMA" l a b e l e d  d a t a  p o i n t s  came from a c  ASD sales d a t a  t h a t  NEMA 
co l l . ec t ed  from a l i m i t e d  number of manufac tu re r s  i n  1984. * 

From t h e  f i g u r e ,  i t  can be computed t h a t  t h e  c o s t  of a n  unin-  
s t a l l e d  c o n t r o l l e r  f o r  a 125-hp motor i s  c u r r e n t l y  around $17,000. 
F i g u r e  12 compares t h e  energy s a v i n g s  of t h e  ASD system t o  t h e  
c o s t  of t h e  c o n t r o l .  Premium A ( t h e  c o s t  of t h e  u n i n s t a l l e d  con- 
t r o l l e r  - $17,000) r e p r e s e n t s  t h e  c o s t  r e q u i r e d  t o  i n s t a l l  a n  ASD 
i n  new c a p a c i t y  o r  worn-out replacement  s i t u a t i o n s .  The payback 
i n  t h i s  example i s  approximately t h r e e  yea r s .  If t h e  motor i s  t o  
be r e t r o f i t t e d  w i t h  an e l e c t r o n i c  ASD c o n t r o l ,  i n s t a l l a t i o n  c o s t s  
mus t  be added t o  t h e  c o s t  of t h e  c o n t r o l .  I n s t a l l a t i o n  c o s t  es t i -  
mates are around $5,000 t o  $6,000 and premium B ($23,000) r e p r e -  
s e n t s  the t o t a l  c o s t  of a r e t r o f i t . 1 8  The payback i n  t h i s  case i s  
4 t o  5 y e a r s .  

The example a b o v e  i n d i c a t e s  t h a t  t h e  economics c u r r e n t l y  
appea r  ve ry  good f o r  ASD c o n t r o l s .  It shou ld  h e  n o t e d ,  however, 
that  t h e  c o s t  of r e t r o f i t  i n  Fig. 1 2  assumes t h a t  t h e  e x i s t i n g  
motor i s  used and t h a t  t h e  c u r r e n t  d r i v e  system can accommodate 
t h e  ASD c o n t r o l .  E l e c t r o n i c  ASD c o n t r o l l e r s  t end  t o  make t h e  
motor run h o t t e r ,  and some o l d e r  motors cannot  be c o n s i d e r e d  re l i -  
a b l e  a f t e r  add ing  a n  ASD c o n t r o l .  Also,  some a p p l i c a t i o n ,  such as 
cer ta in  commerci-a1 W A C  motors ,  are i n a c c e s s i b l e  f o r  r e t r o f i t .  

* NEMA, " D o m e s t i c  a n d  Net O r d e r s  and S a l e s  of Drive 
Systems," Product  S t a t i s t i c a l  B u l l e t i n  f o r  I n d u s t r i a l  C o n t r o l  and 
System S e c t i o n  (4-1S), (unpubl ished document),  Washington, D.C. 
f i r s t  q u a r t e r  1984. 
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Tab le  9. Cumulative n e t  p r e s e n t  v a l u e  (NPV) of energy s a v i n g s :  
ASD, avg. pump d u t y ,  avg. e l e c t r i c i t y  c o s t  

V a r i a b l e s  Chosen Value 

F l r s t  y e a r ' s  s a v i n g s ,  kWh 
E l e c t r i c i t y  p r i c e  e s c a l a t i o n ,  %/yr 
I n i t i a l  c o s t  of e l e c t r i c i t y ,  $/kWh 
Tax rate on n e t  Income, X 
F i r s t - y e a r  t a x  c r e d i t  on premium, % 
Length of 

c o s t  of 
money 

5% 

10% 

15X 

173,000 
0.5 
0.0553 
40 
10 

d e p r e c i a t i o n ,  y r s  10 

-_-___--_- Summary of C a l c u l a t i o n s  ----.-----I 

E f f e c t i v e  
d i s c o u n t  

rate 

4.5% 

9.5% 

14.4% 

Time  Cumulative N e t  P resent  Value ( N P V )  
h o r i z o n  of conserved energy 

( y r s  1 ( $ >  

1 
4 
8 

12 
16 
20 

1 
4 
8 

12 
16 
20 

1 
4 
8 

12 
16  
20 

6,253 
25 , 586 
51,483 
73,837 
90,998 

105,401 

5 ~ 960 
22,589 
41 034 
54,077 
62,460 
68,300 

5,693 
20,131 
33,587 
41,481 
45,761 
48,257 
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As w i t h  e n e r g y - e f f i c i e n t  motors ,  n o t  a l l  a p p l i c a t i o n s  make 
s e n s e  f o r  ASDs. Figure  13  i s  a g raph  of t h e  paybacks of t h e  same 
sys tem w i t h  a h i g h e r  du ty  c y c l e  and lower power c o s t s .  The f i r s t -  
y e a r  energy  s a v i n g  i n  t h i s  example is  reduced 25% from t h e  p r e v i -  
ous example. The range  of payback f o r  t h e  a d d i t i o n a l  c o s t  f o r  new 
i n s t a l l a t i o n s  (premium A) i s  from 8 t o  11 y e a r s .  The payback of  
t h e  r e t r o f i t  c o s t  (premium B )  i s  now g r e a t e r  t h a n  12 yea r s .  

4.5.2 BSD Industry Case Studies 

A s t u d y  r e l e a s e d  by Westinghouse i n  1983 examined t h e  energy  
and economic p o t e n t i a l  of ASDs i n  pump a p p l i c a t i o n s  a t  t h i r t e e n  
p l a n t s  i n  f i v e  d i f f e r e n t  i n d u s t r i e s .  l9  T h e i r  work r e p r e s e n t s  t h e  
most thorough examinat ion  of ASD p o t e n t i a l  i n  i n d u s t r y  t o  d a t e .  
Table  10 i s  a summary of t h e i r  r e s u l t s  f o r  55 s p e c i f i c  a p p l i c a -  
t i o n s .  The range  of energy  s a v i n g s  from t h e  ASD c o n t r o l  t y p i c a l l y  
r a n  f r o m  1 0  t o  30% of t o t a l  energy  use. These s a v i n g s  were 
d i v i d e d  i n t o  t h e  c o s t  of t h e  ASD f o r  new c a p a c i t y  o r  r e t r o f L t  t o  
de t e rmine  t h e  s imple  paybacks. Westinghouse examined the payback 
f o r  s e v e r a l  d i f f e r e n t  t y p e s  of ASD c o n t r o l s ,  i n c l u d i n g  e l e c t r o n i c  
ac c o n t r o l  (AFAC i n  Table  10). 

It i s  d i f f i c u l t  t o  see from Tab le  10 t h e  t y p e  of a p p l i c a t i o n s  
t h a t  have t h e  most p o t e n t i a l  f o r  ene rgy  s a v i n g s  because  each  one 
had i t s  own p a r t i c u l a r  du ty  c y c l e  n o t  l i s t e d  i n  t h i s  summary 
t a b l e .  However, a lmost  all a p p l i c a t i o n s  have good p o t e n t i a l  i n  
new c a p a c i t y  o r  replacement  s i t u a t i o n s .  Other  case s t u d i e s  i n  t h e  
u t i l i t y ,  chemica l ,  and pu lp  and paper  p roduc t ion  i n d u s t r i e s  a lso 
have shown very  good paybacks ( l e s s  t h a n  2 y e a r s )  i n  r e t r o f i t  
s i t u a t i o n s .  1 3 9 1 4  

E l e c t r o n i c  c o n t r o l s  as p r e s e n t e d  i n  Table  10 do n o t  a lways 
have t h e  b e s t  paybacks because t h e  s t u d y  found t h a t  t h e  c o s t s  o f  
e l e c t r o n i c  c o n t r o l s  were h i g h e r  t han  t h e  c o s t  of mechanica l  o r  
h y d r a u l i c  c o n t r o l s .  However, t h e  c o s t s  t h e r e i n  f o r  e l e c t r o n i c  
c o n t r o l s  are from 50 t o  150% g r e a t e r  t h a n  t h e  c u r r e n t  c o s t s  p l o t -  
t e d  i n  Fig.  1 1 . "  Thus, t h e  economics of the v a r i a b l e  f requency 
c o n t r o l s  appea r  t o  have improved s u b s t a n t i a l l y  s i n c e  t h e  y e a r  t h a t  
t h e  Westinghouse a p p l i c a t i o n s  were s t u d i e d .  

* Compare F igu re  11 w i t h  Tr i ezenbe rg  (Kef. 1 8 ) ,  Fig.  2-4. 
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Tab le  10. Simple payback t i m e s  f o r  pump applications - 1982 

Horse- S h o r t e s t  AFACb S h o r t e s t  A F A C ~  
power r e t r o f i t  r e t r o f i t  new new 

payback payback payback payback 

(hp )  ( y r >  ( y r  1 (yr 1 ( y r  1 

Miss i s  s i p  p i  Powe r 

1. Condensate 
2. Cool ing tower make-up 
3. #5 Sump 
4 .  f 6  Sump 

Los Angeles Department 
of Water and Power 

5. Condensate 
6. Condensate b o o s t e r  
7. B o i l e r  f e e d  booster 

Uni ted  I l l u m i n a t i n g  

8. Fuel  o i l  bu rne r  
9, Salt water 

10. Evapora tor  feed 

L o u i s i a n a  Power & L i n h t  #3 

11. Condensate 
12. B o i l e r  f e e d  
13. Heater  d r a i n  

L o u i s i a n a  Power 6 Light f 4  

14. Condensate 
15.  Hea te r  d r a i n  
16. C i r c u l a t i n g  water 

PIPELINE STATIONS 

C o l o n i a l  P i p e l i n e  

17. #1 Pump 
18. # 2  Pump 

3 x 900a 0.7 
2 x 200a (0.1 
30a 11 
30 >10 

3 x 200 0.7 
3 x 250 0.7 
3 x 600 0.5 

3 x 75a 0.6 
2 x 200a 0.4 
2 x 60a 1.0 

3 x 350 3.2 
3 x 1500 6.9 
2 x 125a 0.5 

2 x 1250 2 . 5  
700 2.4 

3 x 2000 1.6 

1.1 0.4 
(0.1 (0 .1 
43 4.6 
never  >10 

0.9 
(0.1 
28 
never  

1.1 0.2 0.9 
1.3 0.1 1.0 
1.8 0.3 1.7 

1.7 0.1 1.2 
0.4 (0.1 (0.1 
I. 7 (0.1 (0.1 

3.9 1.1 3.1 

2.0 (0.1 1.4 
>loo 6.3 >loo 

4.0 
4.8 
1.6 

1.6 
0.4 
1.6 

500 6.3 neve r  4.7 
1500 17.2 never 16.4 

3.4 
3 . 9  
1.6 

never 
me ve r 
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Table 10. (Continued)  

H ~ T . - s ~ -  S h o r t e s t  A F A C ~  S h o r t e s t  A F A C ~  
power r e t r o f i t  r e t r o f i t  new new 

(hp 1 ( y r  1 (yr> ( y r  ( y r  

payback payback payback payback 

Mobil P i p e l i n e  

19. T y p i c a l  pump 900 23. 5 

Sun P i p e l i n e  

20. Only pump 900 1.3 

COOLING WATER DISTRIBUTION IN BUILDINGS 

Westinghouse STG D i v i s i o n  B u i l d i n g  

21. D i s t r i b u t i o n  
pump s 3 x 15 3.6 

CBEnICAL PLANT PUMPS 

Union Carbide South C h a r l e s t o n  

22. Ash s l u r r y  40a 
23. Cooling water 8 x 500 

Union Carbide S e a d r i f t  

24. C a t a l y s t  i n j e c t i o n  30 
25. Reac to r  f e e d  75  
26. Domestic water SO 
27. Trea ted  water 200 
28. Cooling water 2 1  x 450 
29. Reflux (hypoth)  25 

PAPER HILL P W S  

Union Camp Montgomery 

30. White water 
t o  s/a 75 

31. S e p a r a t o r  # 5  20 
32. Uhle box water 15 
33. 50% pi.ne l i q u i d  

t r a n s f e r  25 

0.5 
0.5 

0.6 
0.5 
0.4 
0.5 
1.2 
1.6 

5.3 
6.9 
1.4 

11.7 

never  

4.8 

11.3 

2.2 
0.8 

2.7 
2.0 
1.6 
1.5 
1.9 
4.5 

22.5 
45.1 

4.3 

52.2 

22.9 never 

0.5 4. 0 

1.6 

(0.1 
0.3 

<o. 1 
0.1 
0.1 

<O. 1 
1.1 

<o. 1 

2.1 
0.6 
0.6 

11.4 

7.9 

0.8 
0.7 

1.6 
1.3 
1.1 
1.1 
1.8 
0.6 

3 2 - 0  
37.3 

2.1 

11.4 
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Table  10. (Cont inued)  

Horse- S h o r t e s t  AFACb S h o r t e s t  AFACb 
power r e t r o f i t  r e t r o f i t  new new 

payback payback payback payback 
(hp 1 ( y r )  ( y r )  ( y r  1 (yr 1 

Union Camp Montgomery 

34.  Hdwd. 1st e f f .  
condensa te  15 

35. P ine  1st e f f .  
condensa te  20 

36. Skim l i q u o r  r e t u r n  20 
37. Condensate  

t r a n s f e r  #I  150 
38. 65% b lack  

l i q u o r  #1 30 
39. Green l i q u o r  

t r a n s f e r  1/1 30 
40. P r e c i p l t a t o r  

l i q u o r  /I1 50 
41, Hot water 35 
42. Hot water 60 
43. H o t  water ( p i n e )  40 
44.  Liquor  f i l t e r  f e e d  20 
45. Weak b lack  l i q u o r  125 
46 .  Weak b lack  l i q u o r  200 
47.  Secondary s c r e e n  

rejects #1 25 
48. Secondary s c r e e n  

re j ec t s 15 
49. Weak l i q u o r  

t o  s t o r a g e  15 

14.2 > l o 0  1 . 2  41.0 

>loo 
3.3 

>100 
(0.1 

neve r  
10.0 

never 
2.3 

>loo never  never  neve r  

5.2 21.5 0.6 6.6 

3.4 15.6 0.6 4.7 

7.0 
4.3 
3 .9  
6.7 
2.2 
1.4 
1.4 

31.3 
19.8 
17.3 
33.6 

7.8 
3 . 3  
3.6 

3.6 
(0.1 

1.0 
(0.1 

0.7 
<o* 1 
(0.1 

13.6 
11.3 

4.2 
20.6 

0.7 
1.4 
0.5 

2.9 7.0 (0.1 0.6 

3 .  0 13.3 0.6 2.1 

1.9 6.0 (0.1 (0.1 

Loui s i ana  P a c i f i c  Antioch 

50. Cold blow 150 0.5 2.5 3.0 1.73 
51. Wash c i r c u l a t i o n  25 1.4 2.9 (0.1 . 69  
52. Bottom c i r c u l a t i o n 1 2 5  0.9 1.9 CO. 1 .87 
53. Makeup l i q u o r  2 50 0.5 1.2 0.1 1.0 
54. C e n t r t s o r t e r  

55. Washed stock 200 never  neve r  never  neve r  

SOURCE: 

d i l u t i o n  200 1.0 2.6 (0.1 1.6 

Summarized from Tr i enzenbe rg  and Lakhavani ' s  Westinghouse 
Report  No. 83-2J6-VSPUM-Rl (Ref. 18). 

a S u b s t i t u t e  a smaller motor f o r  ASD o p e r a t i o n .  
E l e c t r o n i c  Speed C o n t r o l  
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4.5.3 Current ASD Trends 

Recent c o n v e r s a t i o n s ,  w i t h  a n  i n d u s t r i a l  energy manager and a 
p r o c e s s  e n g i n e e r  employed i n  t h e  pe t ro l eum r e f i n i n g  and p u l p  and 
p a p e r  i n d u s t r i e s  r e s p e c t i v e l y ,  confirmed t h e  a t t r a c t i v e n e s s  of 
ASDs i n  t h e s e  i n d u s t r i e s .  Te rms  l i k e  " b u l l i s h "  and " t i c k l e d  p i n k "  
were used t o  d e s c r i b e  t h e i r  o p i n i o n  of ASDs. They confirmed t h a t  
ac v a r i a b l e  f r equency  c o n t r o l l e r s  c o u l d  be  i n s t a l l e d  i n  inost  
a p p l i c a t i o n s  w i t h o u t  motor replacement.  The manager from t h e  
petroleum i n d u s t r y  a l so  noted t h e  reduced maintenance cos t s  t h a t  
come from s w i t c h i n g  t o  ASDs because t h e r e  were fewer v a l v e s  t o  
wear out .  However, t h e  e n g i n e e r  i n  t h e  pu lp  and pape r  i n d u s t r y  
s t r e s s e d  t h e  i n c r e a s e d  maintenance commitment t h a t  i ? l e c t r o n i c  con- 
t ro l s  r e q u i r e .  Although they  do no t  need r e g u l a r  maintenance as 
d o  v a l v e s ,  t h e y  a r e  a s o p h i s t i c a t e d  p i e c e  of equipment t h a t  
r e q u i r e s  a n  i n c r e a s e  i n  t h e  amount of t e c h n i c i a n  t r a i n i n g  a n d  
spare  p a r t s  k e p t  i n  s tock .  * 

An i n t e r e s t i n g  q u e s t i o n  i s  whether  o r  no t  ASDs reduce  system 
l o s s e s  t o  t h e  e x t e n t  t h a t  t hey  could begin t o  compete w i t h  t h e  
ve ry  l a r g e  ( g r e a t e r  t h a n  10,000-hp) a p p l i c a t i o n s  t h a t  have tradi.-  
t i o n a l l y  used steam o r  gas  t u r b i n e s  as d r i v e s .  A s  no ted  a t  t h e  
beg inn ing  of S e c t i o n  4 ,  t h i s  would be a n  example of how a n  e f f i -  
c i e n t  d r i v e  technology coiild i n c r e a s e  e l e c t r i c i t y  demand. 

The economics of such  a conversi.on depend g r e a t l y  on whether 
t h e  s i t u a t i o n  i s  a new c a p a c i t y  o r  a r e t r o f i t  i n s t a l l a t i o n .  An 
e n g i n e e r  f o r  one manufacturer  of l a r g e  ASDs f e l t  a s m a l l  number of 
ASDs s o l d  as new c a p a c i t y  were go ing  t o  a p p l i c a t i o n s  t h a t  have 
t r a d i t i o n a l l y  used t u r b i n e s  i n  t h e  p a s t .  Thus, any f o r e c a s t s  of 
t h e  e f f e c t  of new c a p a c i t y  sales of ASDs on e l e c t r i c i t y  demand 
s h o u l d ,  i d e a l l y ,  t a k e  t h e  e f f e c t  o i  f u e l  s w i t c h i n g  i n t o  account.  
The amount of f u e l  s w i t c h i n g  o c c u r r i n g  a t  t h i s  t i m e ,  however ,  
appears t o  be small. 

** 

Ln s i t u a t i o n s  of r e t r o € i t t i n g  e x i s t i n g  t u r b i n e s  w i t h  e l ec t r i c  
ASDs, t h e  economics depend g r e a t l y  on t h e  va lue  of t h e  g a s  t u r b i n e  
o r  t h e  steam t u r b i n e  and t h e  a s s o c i a t e d  steam-producing c a p a c i t y  
t h a t  i s  scrapped.  For  a steam r e t r o f i t ,  ve ry  l i t t l e  steam may he  
s a v e d  d u e  t o  t h e  e x i s t i n g  r equ i r emen t s  of o t h e r  p a r t s  of t h e  
p l a n t .  The e n g i n e e r  who w a s  i n t e r v i e w e d  confirmed t h a t  h e  knew of  
no ASDs t h a t  were i n s t a l l e d  as replacements  f o r  e x i s t i n g  t u r b i n e s .  

* Opinions are from t e l ephone  c o n v e r s a t i o n s  i n  September 
1984. 

** T e l e p h o n e  c o n v e r s a t i o n  w i t h  a r e p r e s e n t a t i v e  from 
General  E l e c t r i c ,  September,  1984. 
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4.6 ADJUSTABLE SPEED DRIVES AND THEIR EFFECT (IN ELECTRICITY 
DezIBND 

S i n c e  e l e c t r o n i c  ASDs are e n t e r i n g  new markets  w i t h  t h e l r  
d e c r e a s i n g  p r i c e s  and i n c r e a s i n g  r e l i a b i l i t y ,  i t  cou ld  be p o s s i b l e  
t o  estimate the i r  e f f e c t  on energy demand by t r a c k i n g  t h e  sales  of 
u n i t s  e n t e r i n g  i n t o  i n d u s t r i a l  p r o c e s s e s .  U n f o r t u n a t e l y ,  e v e n  
less sales d a t a  ex is t  f o r  a d j u s t a b l e - s p e e d  d r i v e  c o n t r o l s  t h a n  f o r  
e n e r g y - e f f i c i e n t  motors. NEMA s t a r t e d  a t  t h e  beg inn ing  of  1984 t o  
s u r v e y  manufac tu re r s  f o r  s a f e s  of ac ASD c o n t r o l s  i n  u n i t s  and by 
s i z e .  U n t i l  now, t o t a l  ac ASD sales have been lumped t o g e t h e r  
w i t h  d c  ASD c o n t r o l s  i n  d a t a  c o l l e c t e d  by NEMA and i n  Current  
I n d u s t r i a l  Repor t s  ( C I R ) .  Est imates  of the t o t a l  market f o r  t h e  
p a s t  two y e a r s  have v a r i e d  widely.  S a l e s  € o r  b o t h  ac and d c  con- 
t r o l s  as r e p o r t e d  i n  C I K  have been between $250 and $270 m i l l i o n  
f o r  t h e  p a s t  two yea r s .  One market research f i r m  p r o j e c t e d  t h a t  
t h e  ac ASD c o n t r o l s  market w a s  $178 m i l l i o n  i n  1982, and r h e  t o t a l  
ac and d c  c o n t r o l s  market was $653 m i l l i o n .  T h e i r  d e f i n i t i o n  of 
t h e  d c  p o r t i o n  of  t h e  market ,  however, i n c l u d e d  t h e  motor as w e l l  
as t h e  c o n t r o l . 2 0  One m a n u f a c t u r e r ' s  ASD product  manager es t i -  
mated t h e  market € o r  1983 t o  be $100 m i l l i o n .  

* 

_I 

** 

Even i f  t h e  s i z e  of t h e  e n t i r e  ac ASD market i s  known, one 
cannot  d i r e c t l y  de t e rmine  t h e  e f f e c t  t h a t  ASD sales are havLng on 
e l e c t r i c i t y  demand. Unit  sales by s i z e  class are necessa ry  t o  
make such  a n  estimate. Assuming a t o t a l  market s i z e  of $100 m i l -  
l i o n  i n  1983, Table  11 roughly c a l c u l a t e s  t h e  u n i t  sa les  of ASD 
c o n t r o l s  by s i z e  class. Estimates of how t h e  market i s  d i s t r i b u t -  
ed  o v e r  d i f f e r e n t  s i z e  classes as a p e r c e n t a g e  of t h e  t o t a l  market 
have been developed by a market r e s e a r c h  f i r m  i n  a r e c e n t  s t u d y a  
and t h e i r  r e s u l t s  are adap ted  i n  t h i s  t a b l e  (column 2) .20  Knowing 
d o l l a r  sales made i n  a particcilar s i z e  class ,  one can compute t h e  
u n i t s  s o l d  by d i v i d i n g  d o l l a r  sales by t h e  ave rage  c o s t  of an ASD 
c o n t r o l  f o r  t h a t  s i z e  class (column 6). Note t h a t  t o  conver t  end-  
u s e r  c o s t  (Fig.  11) t o  manufac tu re r ' s  p r i c e ,  a mark-down f a c t o r  
w a s  i n c l u d e d  f o r  d r i v e s  less t h a n  126 hp t o  accoun t  f o r  d i s t r i b u -  
t o r  p r i c e  mark-up. According t o  ASD manufac tu re r s  ' r e p r e s e n t a -  

ASD c o n t r o l s  sales f i g u r e s  have been t r a c k e d  s i n c e  1970 by 
t h e  Bureau of t h e  Census,  Cur ren t  I n d u s t r i a l  Reports :  Switchgear ,  
Switchboard Appara tus ,  and I n d u s t r i a l  C o n t r o l s ,  MA36A (70.  7 1, . . 
8 2 ,  831, 1971-1984. Note that t h e  S I C  p roduc t  code i s  36222 9 4 .  

* 

NEMA h a s  c o l l e c t e d  similar ac and dc ASD c o n t r o l s  sales d a t a  f o r  
i t s  r e p o r t i n g  companies s i n c e  1982 i n  t h e i r  " I n d u s t r i a l  C o n t r o l s  
and S a l e s , "  Product  S t a t i s t i c a l  Bull .etin.  

** Telephone  c o n v e r s a t i o n  w i t h  a Westinghouse r e p r e s e n t a -  
tive, September 1984. 
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t i v e s ,  a s i g n i f i c a n t  p o r t i o n  of ASDs smaller t h a n  50-hp are  s o l d  
through d i s t r i b u t o r s  o r  o t h e r  i n t e r m e d i a t e s .  

Using t h e  u n i t s  s o l d  d a t a  a5 d e r i v e d  above,  t h e  e f f e c t  t h a t  
ASD sales have had on e l e c t r i c i t y  demand is  computed and summariz- 

sales, estimates were macle f o r  t h e  ave rage  s i z e  of t h e  motor i n  
each  c lass ,  t h e  d u t y  c y c l e ,  and t h e  energy  s a v i n g s  r e a l i z e d .  The 
t a b l e  shows t h a t  ASD sales i n  1983 may have l e d  t o  49 MWY of elec- 
t r i c i t y  s a v i n g s  compared t o  a b a s e l i n e  of  nonspeed-cont ro l led  f low 
systems.  Cons ide r ing  t h a t  t h e  market f o r  e l e c t r o n i c  ac ASD con-  
t r o l l e r s  i s  very  young and growing, t h i s  e s t i m a t i o n  i s  encourag- 
ing .  

e d  i n  Table  12. * A s  i n  t h e  a n a l y s i s  of e n e r g y - e f f i c i e n t  motor 

The a t t r a c t i v e n e s s  of ac ASD s y s t e m  h a s  l e d  t o  s e v e r a l  
s t u d i e s  a t t e m p t i n g  t o  p r e d i c t  t h e  s i z e  of the market i n  f u t u r e  
yea r s .  Two market  r e s e a r c h  f i r m s  have r e l e a s e d  s t u d i e s  on t h e  ac 
and de  ASD d r i v e  marke ts ,  and t h e y  p e r i o d i c a l l y  u p d a t e  t h e i r  
work. T h e i r  s t u d i e s ,  however, p r e d i c t  on ly  d o l l a r  sales. ** 

Two e n g i n e e r i n g  p e n e t r a t i o n  models have been deve loped  a s  
p a r t  of r e s e a r c h  p r o j e c t s  i n  t h e  p a s t  f o u r  y e a r s ,  one sponsored  by 
EPBI and t h e  o t h e r  by Westinghouse.  The f i r s t  one w a s  performed 
f o r  E P R I  by S t a n f o r d  Research I n s t i t u t e  ( S R I )  i n  1980.21 SRI  
e s t i m a t e d  t h e  e f f e c t  of e l e c t r o n i c  a c  ASD d r i v e s  i n  t h e  end-uses 
of  pumps,  compresso r s ,  blowers and Eans,  and commercial  W A C ,  
They concluded t h a t  ASDs would reduce e l e c t r i c i t y  demand i n  t h e  
y e a r  2000 by 2.5% of  t h e  p r o j e c t e d  t o t a l  from a b a s e l i n e  of 4% 
compounded growth. The i r  p e n e t r a t i o n  model used an  SRJ end-use  
d a t a  base  developed i n  t h e  e a r l y  1970s,  and t h e  r e p o r t  l n d i e a t e s  
t h a t  l i t t l e  r e s e a r c h  went i n t o  de t e rmin ing  t h e i r  e s t i m a t e d  pene- 
t r a t i o n  rates of ASDs. Thus, t h e i r  model 's  r e s u l t s  may be q u i t e  
u n r e l i a b l e .  

The Westinghouse s tudy12  developed a s i m p l e  p e n e t r a t i o n  model 
as a p a r t  o f  t h e  same r e p o r t  t h a t  performed t h e  case s t u d i e s  sum- 
marized i n  Table  10. The p e n e t r a t i o n  of ASDs i n  new and r e t r o f i t  
pump a p p l i c a t i o n s  i s  based upon a s igmoida l  payback-penet ra t ion  
r e l a t i o n s h i p  t h a t  p r e d i c t s  s i g n i f i c a n t  p e n e t r a t i o n s  ( g r e a t e r  t han  

Table  1 2  d a t a  are based on ave rage  motor s i z e s  and du ty  
c y c l e s  f rom DOE (Ref. 11, Table  3-11. Estimates o f  p o r t i o n  of 
s a l e s  g o i n g  t o  f l o w  a p p l i c a t i o n s  a r e  b a s e d  on a t e l e p h o n e  
c o n v e r s a t i o n  w i t h  an ASD product  manager, September 1984. 

* 

Besides  Ducker, Summary Repor t ,  Ducker h a s  a f u l l  r e p o r t  
and i s  e x p e c t i n g  a r e v i s i o n  t o  be performed i n  1985. Al so ,  F r o s t  
and S u l l i v a n ,  Inc.  w i l l  release an  upda te  i n  l a t e  1984 of The 
V a r i a b l e  Speed Dr ives  Market,  Report  #A815. New York. 

** 

- 



Table 12. E s t i m a t e d  demand r e d u c t i o n  of e l e c t r o n i c  ac ASD 
c o n t r o l s  - 1983, based upon s a l e s  d a t a  €or  that  year 

S i z e  class Avg. Es t imated  Duty Flow ASD Demand 
size units c y c l e  P o r t i o n  Savings  Reduct ion 

s o l d  (hr/ 
(hP)  ( k W  (kW) (1983) u n i t / y r )  (%I (XI (kWh/yr) 

1-5 0.75-3.7 1.5 12,987 1500 50 20 2 ~ 905 325 

5.1-20 3.8-15 8.9 7,303 1500 50 20 9,802,288 

21-50 16-37 23.9 3,583 3000 60 20 30,775,486 

1,739 4000 60 20 54,157,273 51-125 38-92 64.9 

126-200 93-149 126.8 1,053 5000 80 20 106,752,842 

>200 >149 706.2 400 5000 80 20 225,984,000 

T o t a l  Savings (kWh/hr) 430,377,214 

Source: Based on d a t a  r e g a r d i n g  average  motor s i z e s  and d u t y  c y c l e s  from 
DOE/CS-0147 (Ref. l), Table  3-11. 
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20%) when t h e  s i m p l e  paybacks are less t h a n  3 y e a r s .  These rates 
were reviewed and a l t e r e d  a p p r o p r i a t e l y  by i n d u s t r y  e x p e r t s  i n  an 
i n f o r m a l  su rvey .  The p e n e t r a t i o n  c a l c u l a t i o n s  are n o t  done ex- 
p l i c i t l y  i n  t h e  model, however, s o  t h e  a c t u a l  v a l u e s  of  ave rage  
i n d u s t r y  s a v i n g s  and c u r r e n t  and f u t u r e  c o s t s  o f  ASD c o n t r o l s  are  
n o t  i n d i c a t e d .  

The model does n o t  estimate t h e  energy saved by ASD pumps. It 
o n l y  p r e d i c t s  t h e  number of u n i t s  of ASD pumps i n  t h e  y e a r  2000 
f o r  a s e l e c t e d  group of i n d u s t r i e s .  The s t u d y  makes no estimate 
of t h e  a v e r a g e  ene rgy  s a v i n g s  of ASD systems o r  how u n i t  p e n e t r a -  
t i o n s  might a f f ec t  e l e c t r i c i t y  demand. This  i s  u n f o r t u n a t e  hecause 
t he i r  case s t u d i e s  r e p r e s e n t  t h e  most thorough a n a l y s i s  t o  d a t e  on 
the s a v i n g s  p o s s i b l e  from ASDs. 

Tab le  13 i s  a summary of t h e  results of t h e  model and a n  
e s t i m a t i o n  of t h e  e l e c t r i c i t y  s a v i n g s  that: would r e s u l t  from a 
b a s e l i n e  o f  n o n s p e e d - c o n t r o l l e d  pumps. The n i n e  i n d u s t r i e s  
s e l e c t e d  i n  their  model r e p r e s e n t  75% of all pump e l e c t r i c i t y  con- 

* 

sumption a c c o r d i n g  t o  DOE'S C l a s s i f i c a t i o n  r e p o r t .  ' The t a b l e  
shows a 21% p e n e t r a t i o n  of ASDs  i n  t h e  y e a r  2000 r e s u l t i n g  i n  

I 

32,700 GWh of e l e c t r i c i t y  saved ,  based on a n  ave rage  e l e c t r i c i t y  
s a v i n g s  of 15% p e r  u n i t .  For p e r s p e c t i v e ,  32,700 GWh i s  4% of 
i n d u s t r i a l  e l e c t r i c i t y  consumption i n  1983. 

The model 's  d e f i n i t i o n  of pump s t o c k  i n c l u d e d  o n l y  pumps t h a t  
were e s t i m a t e d  t o  be a b l e  t o  s a v e  ene rgy  and not  t o  be c o n s t r a i n e d  
by some o t h e r  d e s i g n  c o n s i d e r a t i o n  (e.g. ,  s t r i c t  r e l i a b i l i t y  re- 
qu i r emen t s ) .  Thus, t h e  t o t a l  s t o c k  p e n e t r a t i o n  p e r c e n t a g e s  l i s t e d  
i n  Tab le  13 are  € o r  a base t h a t  i s  t e c h n i c a l l y  c o n v e r t i b l e  t o  
A S D s .  The model a l s o  assumes t h a t  t h e  p e n e t r a t i o n  of A S D s  i n  t h e  
f i r s t  y e a r  (1982)  is  zero.  

It shou ld  be emphasized t h a t  t h e  Westinghouse model focused  
on ly  on pump a p p l i c a t i o n s  f a r  t h e  i n d u s t r i e s  s e l e c t e d .  Other  f l o w  
a p p l i c a t i o n s  t h a t  h a v e  good e c o n o m i c  po ten t i a l - - compresso r s ,  
blowers ,  and fans--are n o t  i nc luded .  The S R I  model, which looked 

* N a t i o n a l  i n v e n t o r i e s  f o r  pumps ASD u n i t s  i n  t h e  y e a r  2000 
were t a k e n  from T r i e z e n b e r g  and Lakhavani ( R e f .  191 ,  p .  5 - 4 .  
Estimates f o r  ave rage  pump l o a d ,  ave rage  hour s  of o p e r a t i o n ,  and 
a v e r a g e  s a v i n g s  ach ieved  are based e i t h e r  on the case s t u d i e s  i n  
K e f .  18 o r  on DOE (Ref. I ) ,  Table 4-15. Average pump s i z e  w a s  
e s t i m a t e d  t o  be l a r g e r  t h a n  a v e r a g e  pump s i z e s  i n  DOE (Ref. 11, 
since ASDs  would t end  t o  have h i g h e r  p e n e t r a t i o n  i n  larger s i z e s .  
Note r h a t  t h e  s a v i n g s  estimate of 15% i s  l o w e r  t h a n  t h e  20% 
estimate used i n  Tab le  12. This i s  because i t  is  assumed that ASD 
a p p l i c a t i o n s  i n  1983 went t o  a p p l i c a t i o n s  w i t h  t h e  g r e a t e s t  
p o t e n t i a l  and tha t  the ave rage  s a v i n g s  ach ieved  w i l l  be reduced by 
t h e  y e a r  2000. 
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T a b l e  13. P r e d i c t e d  p e n e t r a t i o n  and e l e c t r i c i t y  demand r e d u c t i o n  of 
ASD pumps f o r  s e l e c t e d  i n d u s t r i e s  - 2000 

Indus  t ry Pump S t o c k  Pump ASD P o r t i o n  Avg. Avg. ASD Deoland 
s t o c k  growth s t o c k  pump of s t o c k  pump d u t y  savings r e d u c t i o n  

1982 2000 2000 2000 
ra te  s t o c k  p e n ' t r t d  l o a d  c y c l e  

( % )  ( % I  (hp )  (kW) ( h / y r )  (4) (kWh/yr 1 

Base l o a d  
power p l a n t s  9,460 2.7 13,375 665 5 600 447 7000 15 312,411,015 

Load f o l l o w i n g  
power p l a n t s  10,260 2.7 14,507 8,996 62 600 447 2500 15 1,509,371,370 

M u l t i p l e  pump 
p i p e l i n e  
s t a t i o n  2,671 0.0 2,671 7 7  3 1000 746 6000 15 51,677,010 

S i n g l e  pump 
p i p e l i n e  
s t a t  ion 1,802 0.0 1,802 162 9 1000 746 6000 15 108,723,060 

C o o l i n g  water 
d i s t r i b u t i o n  
i n  b u i l d i n g s  270,000 1.1 311,264 17,387 6 15 11 2000 15 58,344,687 

Four t y p e s  
of chemical  
p l a n t  pumps 231,000 2.0 298,823 125,798 42 200 149 8000 15 22,513,816,464 

Paper  m L l l  
Pumps 66,000 1.8 82,697 17,203 21 200 149 6000 15 2,309,089,878 

Primary metals 121,000 0.0 121,000 20,763 1 7  200 149 7000 1 5  3,251,423,511 

Mining and 
o i l  f i e l d  60,000 1.7 74,701 3,100 4 200 149 7000 15 485,450,700 

Pe t ro l eum 
manufac tu r ing  69,000 0.0 69,000 11,840 17 200 149 8000 1 5  2,118,981,120 

- I _  

T o t a l s  and 
Avg. ' s  841,193 989,840 205,991 21 
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a t  t h e s e  other major a p p l i c a t i o n s ,  p r e d t c t e d  that pumps would save 
one t h i r d  of t h e  t o t a l  amount of energy saved.  





5. ECONWXC AND BEHAVIORAL FACTORS TBd"f AFFECT 
INDUSTRIAL DRIVE DECISION-M&IUWG 

When DOE'S C l a s s i f i c a t i o n  r e p o r t '  w a s  p u b l i s h e d  i n  1980, 
t h e r e  s i m u l t a n e o u s l y  appeared q u i t e  a number of a r t ic les  on motor 
e f f i c i e n c y  i n  p r o c e s s  i n d u s t r y  t r a d e  j o u r n a l s .  A t  t h a t  t i m e ,  DOE 
w a s  c o n s i d e r i n g  p e r f o r m a n c e  s t a n d a r d s  f o r  a p p l i a n c e s  and t h e  
C l a s s i f i c a t i o n  r e p o r t  recommended mandatory l a b e l i n g  and p e r f o r -  
mance s t a n d a r d s  f o r  motorsl  However, no performance s t a n d a r d s  and 
no l a b e l i n g  s t a n d a r d s ,  o t h e r  t h a n  t h e  v o l u n t a r y  NEMA s t a n d a r d ,  
were c r e a t e d .  From t h e  tone  e x p r e s s e d  i n  many of the a r t i c l e s ,  
b o t h  motor manufac tu re r s  and end-users  r e s i s t e d  a l l  m a n d a t o r y  
s t a n d a r d s .  22 Many, i n c l u d i n g  NEMA, f e l t  t h a t  v o l u n t a r y  l a b e l i n g  
was s u f f i c i e n t  t o  induce  s i g n i f i c a n t  p e n e t r a t i o n  F n  a l l  t h e  a p p l i -  
cations t h a t  made economic sense .  

The re  are many f a c t o r s  t o  s u p p o r t  the b e l i e f  t h a t  i n d u s t r y  i s  
r e s p o n s i v e  t o  new energy t e c h n o l o g i e s  a n d  c h a n g e s  i n  e n e r g y  
p r i c e s .  F o r  e x a m p l e ,  i n d u s t r y  has  s i g n i f i c a n t l y  changed i t s  
ene rgy  i n t e n s i t y  i n  t h e  p a s t  decade. N o n e l e c t r i c a l  ene rgy  demand 
h a s  d e c r e a s e d  i n  a b s o l u t e  terms i n  the p a s t  decade and e l e c t r i c i t y  
demand p e r  u n i t  of c o n s t a n t  d o l l a r  GNP has  d e c r e a s e d  t o  i t s  lowest  
l e v e l  s i n c e  196geZ3  

Tab le  14,  t a k e n  from a n  ORNL r e p o r t  on i n d u s t r i a l  energy u s e ,  
l i s t s  t h e  changes i n  energy i n t e n s i t y  t h a t  have o c c u r r e d  i n  indus -  
t r y  and s e p a r a t e s  t h e s e  changes i n t o  t h o s e  a t t r i b u t a b l e  t o  e f f i -  
c i e n c y  o r  p rocess  improvements and t h o s e  a t t r i b u t a b l e  t o  changes 
i n  i n d u s t r y ' s  product  mix .24 ,25  The t a b l e  shows t h a t  t h e  change 
i n  e lec t r ica l  i n t e n s i t y  i s  p r i m a r i l y  due t o  e f f i c i e n c y  and p r o c e s s  
improvements. 

Even though i n d u s t r y  i s  r e s p o n s i v e  t o  energy p r i c e s ,  t h e r e  
are s t i l l  f a c t o r s  t h a t  p reven t  i n d u s t r y  from r e a c h i n g  a n  economi- 
c a l l y  o p t i m a l  u s e  of i t s  energy and p l a n t  c a p i t a l .  U n c e r t a i n t y  of 
f u t u r e  p roduc t  demand, u n r e l i a b i l i t y  and s c a r c i t y  of i n f o r m a t i o n ,  
l i m i t e d  access t o  c a p i t a l ,  and m u l t i p l e  i n c e n t i v e s  are f o u r  major 
f a c t o r s  t h a t  a f f e c t  p l a n t  i nves tmen t  d e c i s i o n s .  The e c o n o m i c  
e f f e c t s  of t h e s e  f a c t o r s  are o f t e n  n o t  i n c o r p o r a t e d  i n t o  t h e  eco- 
nomic a n a l y s e s  t y p i c a l l y  used t o  p r e d i c t  p l a n t  c a p i e a l  pu rchases  
(as e x e m p l i f i e d  i n  S e c t i o n  4 ) .  However, t h e s e  f a c t o r s  g r e a t l y  
a f f e c t  t h e  economic climate s u r r o u n d i n g  p l a n t  i nves tmen t  d e c i s i o n -  
making and s h o u l d ,  t h e r e f o r e ,  be i n c o r p o r a t e d  i n  energy demand 
a n a l y s i s  whenever p o s s i b l e .  26 

Below, the f o u r  major f a c t o r s  are e x p l a i n e d  i n  more d e t a i l .  
Some of t h e s e  f a c t o r s  a f f e c t  motors u n i q u e l y ,  and o t h e r  are common 
t o  i n d u s t r i a l  c a p i t a l  pu rchases  i n  g e n e r a l .  

51 
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Tab le  14.  Change i n  energy i n t e n s i t y  i n  t h e  
manufac tu r ing  s e c t o r ,  1975 t o  1980 

T o t a l  N o n e l e c t r i c a l  E lec t r ica l  
energy u s e  energy use  energy u s e  

( X I  ( % I  (XI 

T o t a l  r e d u c t i o n  i n  
energy i n t e n s i t y  18.8 20.9 8.5 

Reduction i n  energy 
i n t e n s i t y  from 
e f f i c i e n c y  improvements 14.4 15.8 7.9 

Keduction i n  energy 
i n t e n s i t y  from product  
mix changes 4.4 5.1 0.7 

Source:  Garland Samuels, ORNL ( t o  be p u b l i s h e d )  (Ref. 23).  

5.1 PERCEPTION OF FUTURE PRODUCT DEMAND 

Meeting t h e  needs of c u r r e n t  and f u t u r e  p roduc t  demand i s  t h e  
pr imary g o a l  of i n d u s t r i a l  p l a n t  c a p i t a l  purchases .  Every indus-  
t r y  h a s  a p o r t i o n  of t h e  market and a p r e d i c t i o n  of i t s  f u t u r e  
market s h a r e ,  The p r e d i c t i o n  that  p roduc t  demand w i l l  grow beyond 
c u r r e n t  p r o d u c t i o n  c a p a c i t y  i s  t h e  pr imary impetus f o r  a c q u i r i n g  
new p l a n t  equipment. Because r e g u l a r  wear-and-tear r a r e l y  p rov ides  
t h e  i n c e n t i v e  f o r  replacement  of e l ec t r i ca l  moto r s ,  p l a n t  expan- 
s i o n  i s  t h e  primary t i m e  when new motor pu rchases  are considered.  
P l ans  f o r  r e t r o f i t t i n g  e x i s t i n g  c a p i t a l  r a r e l y  r e a c h  s t r a t e g i c  
p l a n n i n g  agendas. More o f t e n ,  r e t r o f i t s  occu r  i n  t h e  form of 
ea r ly  r e t i r e m e n t  of e x i s t i n g  c a p i t a l  a t  times when a company i n -  
t e n t i o n a l l y  b u i l d s  new c a p a c i t y  i n  excess of t h e  expec ted  growth. 
Ln t h e s e  s i t u a t i o n s ,  however, t o t a l  p r o d u c t i v i t y  i s  the d r i v i n g  
r e a s o n  f o r  e a r l y  r e t i r e m e n t  r a t h e r  t h a n  s o l e l y  for t h e  improvement 
of a new p r o c e s s ’ s  energy e f f i c i e n c y .  

Conversely,  i f  an i n d u s t r y  i s  f a c i n g  u n c e r t a i n  demand f o r  i t s  
p roduc t ,  t h e r e  i s  a h i g h  r i s k  a s s o c i a t e d  w i t h  r e t r o f i t t i n g  t h e  
e x i s t i n g  p r o d u c t i o n  p rocess .  Only i n  c a s e s  where t h e  i n d u s t r y  i s  
f a c i n g  s e v e r e  p r i c e  competLtion w i l l  b u i l d i n g  new, more p r o d u c t i v e  
c a p a c i t y  be cons ide red .  For example, a r e c e n t  s t u d y  p r e d i c t s  that  
u t i l i z a t i o n  o f  t h e  e n e r g y - e f f i c i e n t  con t inuous  c a s t i n g  p r o c e s s  by 
t h e  s t e e l  i n d u s t r y  w i l l  i n c r e a s e  f rom i t s  current 16% of t o t a l  
c a p a c i t y  t o  22% by 1990. During t h e  same t ime ,  however, f o r e i g n  
c o m p e t i t i o n  and reduced demand w i l l  d e c r e a s e  t o t a l  domes t i c  capa- 
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c i t y  7%.27,28 Again, t h e  d e c i s i o n  t o  b u i l d  new c a p a c i t y  and  pos- 
s i b l y  i n s t a l l  more e f f i c i e n t  motor c a p a c i t y  i s  governed by t h e  
t o t a l  p r o d u c t i v i t y  of the p r o c e s s  rather t h a n  by t h e  energy  e f f i -  
c i e n c y  of i t s  i n d i v i d u a l  components. 

The impor tance  of product  c a p a c i t y  expans ion  was emphasized 
by a n  e n g i n e e r  i n  t h e  pulp  atid paper  i n d u s t r y  who s a i d  t h a t  w h i l e  
many of t h e i r  ASD i n s t a l l a t i o n s  were s t a t i c  ( r e t r o f i t )  r e p l a e e -  
ments ,  fund ing  w a s  r e c e i v e d  f o r  t h e  p r o j e c t s  on ly  because of t h e  
p l a n t ' s  g e n e r a l  c a p a c i t y  expans ion  program. 

* 

5.2 CAPITAL AVAILBBILXTP 

P l a n t  i nves tmen t ,  bo th  i n  e x i s t i n g  o r  proposed p l a n t s ,  i s  
s t r o n g l y  a f f e c t e d  by t h e  amount of a v a i l a b l e  i n t e r n a l  c a p i t a l ,  t h e  
c o s t  of e x t e r n a l  c a p i t a l ,  and, t h e  budget ing  p r a c t i c e  used. The 
e f f e c t  of budget ing  methods on t h e  dec i s ion -mak ing  of i n d u s t r y  i s  
as impor t an t  i n  a f f e c t i n g  p l a n t  purchases  as i s  t h e  p r e v a i l i n g  
c o s t  of money. A l l  t h e  examples of energy  s a v i n g s  i n  t h e  p r e v i o u s  
s e c t i o n  used payback a n a l y s e s  of t h e  e n e r g y - e f f i c i e n t  t echno l -  
o g i e s ;  t h e  inc remen ta l  c o s t  of a new t y p e  of motor sys tem was 
compared t o  tlie n e t  p r e s e n t  v a l u e  of t h e  f u t u r e  sav ings .  This  
accoun t ing  is no t  common i n  p l a n t  o p e r a t i o n s .  Of t en ,  t h e  budget 
f o r  t h e  c a p i t a l  and o p e r a t i o n s  and maintenance (O&M) budgets  are 
s e p a r a t e d .  Thus , no s i n g l e  dec is ion-maker  h a s  t h e  n e c e s s a r y  
r e s p o n s i b i l i t y  and c o n t r o l  t o  make an  e f f i c i e n t  motor purchase.  
A l s o ,  o r g a n i z a t i o n a l  s t u d i e s  have found t h a t  c a p i t a l  improvement 
budgets  are c o n s t r a i n e d  more t h a n  r e g u l a r  O&M budgets .  29 

Even when an inves tment  d e c i s i o n  can he j u s t i f i e d  w i t h  e x t e r -  
n a l  f i n a n c i n g ,  t h e  a b i l i t y  t o  borrow may be c o n s t r a i n e d  by t h e  
c o r p o r a t i o n ' s  e x i s t i n g  deb t  load. Banks become more r e l u c t a n t  t o  
l end  ( o r  change h i g h e r  i n t e r e s t  r a t e s )  when deb t  l o a d  i s  h i g h  and 
s t o c k h o l d e r s  are s e n s i t i v e  t o  changes i n  t h e  deb t  load  of a cor- 
po ra  t ion. 

5.3 MULTIPLE INCENTIVES 

The s e p a r a t i o n  of c a p i t a l  improvement budgets  and O&M budgets  
i s  an  example of m u l t i p l e  i n c e n t i v e s .  The d i s t r i b u t i o n  of pur- 
c h a s e r s  and  s e l l e r s  of e l ec t r i c  motors a l s o  creates separate 
i n c e n t i v e s  f o r  t h e  o r i g i n a l  pu rchase r  of t h e  motor and t h e  u l t i -  
mate o p e r a t o r .  F i g u r e  1 4  i l l u s t r a t e s  c h a r a c t e r i s t i c s  of motor 
sales f o r  1977. F i g u r e  14 shows t h a t  o r i g i n a l  eqiiipment manufac- 
t u r e r s  (OEMs) and a r c h i t e c t u r a l  and e n g i n e e r i n g  (A&E) f i r m s  

* Telephone c o n v e r s a t i o n  w i t h  a r e p r e s e n t a t i v e  from Boise-  
Cascade, September 1984. 
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14. S u p p l i e r s  t o  motor end-users--1977. 
(Breakdown by g e n e r a l  s i z e  c l a s s )  

t o  end-users i n  a l l  but  t h e  l a r g e s t  s i z e  c l a s s e s .  
i n c e n t i v e  t o  c o n s i d e r  e f f i c i e n c y  s i n c e  t h e y  do not  

o p e r a t e  the product .  S i m i l a r l y ,  A&E f i r m s  c o n s i d e r  meet ing con-- 
s t r u c t i o n  budgets  more impor t an t  t han  o p t i m i z i n g  l i f e - c y c l e  c o s t s .  

End-users have a d i f f i c u l t  t i m e  e v a l u a t i n g  l i f e - c y c l e  c o s t s  
i n  t h i s  environment.  As mentioned b e f o r e ,  l a b e l i n g  and e f f i c i e n c y  
s t a n d a r d s  on ly  ex i s t  f o r  t h e  o r i g i n a l  motor manufac tu re r s ,  arid 
t h i s  i n f o r m a t i o n  i s  u s u a l l y  on ly  a v a i l a b l e  th rough  them o r  d i s -  
t r i bu t u r s  of mot o r  s . 

5.4 INFORMATION mLxAELILIm ISSUES 

Lack of r e l i a b l e  i n f o r m a t i o n  i s  a f a c t o r  t ha t  c o n s t r a i n s  t h e  
u s e  of any new technology. F i r s t ,  a p o t e n t i a l  u s e r  of a more 
e f f i - c i e n t  technology must be made aware of t h e  o p p o r t u n i t y  of a 



s5 

new technology and, secondly, mst be convinced that the risk of 
adoption is worth taking. The importance of the latter consider- 
ation should not be underestimated. Reliability i s  second in 
importance on ly  t o  adequate sizing when it comes to drive selec- 
tion. 

Energy-efficient motors are recognized for their reliability 
which is largely attributable to the fact that they run at cooler 
temperatures. Electronic A S D s ,  however, are still relatively new 
and reliability has been a constraint in some applications. One 
engineer who was interviewed said that the risk of every ASD 
installation was evaluated separately. I n  some cases, ASD con- 
trols were backed-up with the old throttle valve and a line cur- 
rent override. In one installation, at a critical point in the 
process, a complete back-up ASD control was installed. Thus, 
reliability needs add to the tangible cost of the technology in 
some applications. * 

Recognizing the constraint created by the perception of reli- 
ability, EPRT's Energy Management and Utilization Division has 
started an information program for its member utilities and their 
large industrial users. One of the program objectives will be to 
produce a national directory of ASD suppliers. Another objective 
is the documentation of actual ASD installations in power plants 
and in the process industries. Performance and reliability will 
be measured for the purpose of providing objective reliability 
data f o r  utilities and industries considering ASDs. EPRI expects 
this work to be available in 1985."" 

* Conversation with a representative of Boise-Cascade, 
September 1984. 

** Telephone conversation with an EPKL representat Ive 
September 1984. 





There are s e v e r a l  t e c h n o l o g i e s  a v a i l a b l e  t o d a y  t h a t  c a n  
improve the e f f i c i e n c y  of e lec t r ic  d r i v e  systems. However, t h e  
d i v e r s i t y  of d u t y  c y c l e s  and a p p l i c a t i o n s  of m o t o r s  makes i t  
d i f f i c u l t  t o  e v a l u a t e  t h e  t y p i c a l  c o s t - e f f e c t i v e n e s s  of t h e s e  
t echno  log ies . 

The demand s e c t o r  w i t h  t h e  g r e a t e s t  p o t e n t i a l  f o r  s a v i n g s  i s  
t h e  p r o c e s s  i n d u s t r i e s .  These i n d u s t r i e s  consume l a r g e  amounts of 
e l e c t r i c i t y  €or  t h e i r  e lec t r ic  motors ,  have l a r g e  a v e r a g e  motor 
s i z e s ,  and are r e l a t i v e l y  s e n s i t i v e  t o  t h e i r  m o t o r  o p e r a t i n g  
c o s t s .  

A t y p i c a l  motor-dr iven i n d u s t r i a l  p r o c e s s  h a s  s i g n i f i c a n t  
ene rgy  i n e f f i c i e n c i e s  i n  each  of i t s  components. Thus, t echno lo -  
g i e s  t h a t  improve t h e  e f f i c i e n c y  of p r o c e s s e s  may o r  may n o t  i m -  
prove t h e  e f f i c i e n c y  of t h e  motor. E f f i c i e n c y  improvements i n  
e l e c t r i c a l l y  powered systems may i n c r e a s e  e l e c t r i c i t y  demand i f  
t h e  i n c r e a s e d  e f f i c i e n c y  l e a d s  t o  i n c r e a s e d  u t i l i z a t i o n  of t h e  
p rocess .  

Because of t h e i r  d u r a b l e  d e s i g n ,  low c o s t ,  and r easonab ly  
h i g h  e f f i c i e n c i e s ,  ac i n d u c t i o n  motors dominate the s t o c k  of U.S. 
m o t o r s .  A c c o r d i n g l y ,  a l t e r n a t i v e  technology o p t i o n s  w i t h  t h e  
g r e a t e s t  p o t e n t i a l  f o r  a f E e c t i n g  e l e c t r i c i t y  demand are t h o s e  t h a t  
improve t h e  e f f i c i e n c y  of systems t h a t  are c u r r e n t l y  u s i n g  induc- 
t i o n  motors. 

"Cos t - e f f ec t iveness"  f o r  i n d u s t r y  i s  ha rd  t o  p r e d i c t  and can- 
no t  be  c h a r a c t e r i z e d  a c c u r a t e l y  by a s imple  measure such  as pay- 
back t i m e .  E n e r g y - e f f i c i e n t  t e c h n o l o g i e s  r e c e i v e  greater consid-  
e r a t i o n  f o r  u s e  and are alLowed l o n g e r  payback times when new 
motor p r o c e s s e s  are  b e i n g  i n s t a l l e d  by i n d u s t r y .  For r e t r o f i t  
i n s t a l l a t i o n s  t o  o c c u r ,  however, t h e  s a v i n g s  must be s i g n i f i c a n t l y  
larger.  I n d u s t r i e s  w i l l  o f t e n  r e q u i r e  a s i m p l e  payback w i t h i n  two 
y e a r s  i n  r e t r o f i t  s i t u a t i o n s .  

Compared t o  t h e  y e a r l y  o p e r a t i n g  c o s t s  o f  a t y p i c a l  indus-  
t r i a l  i n d u c t i o n  motor,  t h e  i n i t i a l  c o s t  of t h e  motor is q u i t e  low. 
A motor o p e r a t i n g  w i t h  a t y p i c a l  d u t y  cycle w i l l  have a y e a r l y  
o p e r a t i n g  c o s t  amounting t o  f i v e  t o  t e n  times i t s  i n i t i a l  c a p i t a l  
c o s t .  This creates a p o t e n t i a l  f o r  c o s t - e f f e c t i v e  s a v i n g s  i f  t h e  
e f f i c i e n c y  of a motor can be improved a t  a r e a s o n a b l e  c o s t .  Under 
c u r r e n t  motor and e l e c t r i c i t y  c o s t s ,  e n e r g y - e f f i c i e n t  motors can 
have a payback w i t h i n  two y e a r s  f O K  new i n s t a l l a t i o n s  and Eor 
r ep lacemen t  of worn-out motors o p e r a t i n g  w i t h  ave rage  ducy c y c l e s .  

A v a i l a b l e  d a t a  on e n e r g y - e f f i c i e n t  motor sales  i n d i c a t e  t h a t  
t he i r  p e n e t r a t i o n  i n t o  i n d u s t r i a l  motor s tock h a s  been low. S a l e s  
of e n e r g y - e f f i c i e n t  ac i n d u c t i o n  motors were approx ima te ly  10% of 

57 



t o t a l  sales f o r  i n d u c t i o n  motors  i n  1982. The e f f e c t  t h a t  t h e s e  
motors  have had on e l e c t r i c i t y  demand is  a l s o  small. The electri--  
c i t y  saved by a l l  e n e r g y - e f f i c i e n t  motors s o l d  f o r  t h a t  y e a r  was 
roughly  16 IWY (1 MWY = 8.76 m i l l i o n  kWh), a n e g l i g i b l e  amount 
compared t o  t o t a l  i n d u s t r i a l  e l e c t r i c i t y  consumption of  88,600 
MWY. 

New motor d e s i g n s  e x i s t  t h a t  o f f e r  s i g n i f i c a n t  performance 
improvements o v e r  e n e r g y - e f f i c i e n t  i n d u c t i o n  motors.  Permanent 
magnet motors e l i m i n a t e  l o s s e s  c r e a t e d  by t h e  e l ec t r i ca l  magneti-  
z a t i o n  of t h e  s t a t o r  of i n d u c t i o n  motors. R e l u c t a n c e  m o t o r s  
e l i m i n a t e  r o t o r  losses by o p e r a t i n g  wi thou t  r o t o r  e x c i t a t i o n .  
Amorphous metals w i l l  be a s u p e r i o r  material f o r  u se  i n  motors  i f  
t h e  technology can  be developed t o  cast them i n t o  u s a b l e  forms. 
However, t h e s e  new d e s i g n s  are no t  expec ted  t o  cause  a s i g n i f i c a n t  
impact  on e l e c t r i c i t y  demand i n  t h e  n e a r  f u t u r e  because t h e r e  have 
been no r e p o r t s  of t h e  manufacture  of any of them i n  l a r g e  q u a n t i -  
t ies .  Superconduct ing  motors o f f e r  even g r e a t e r  e f f i c i e n c y  g a i n s ,  
bu t  s i g n i f i c a n t  t e c h n i c a l  i s s u e s  w i l l  l i k e l y  b lock  t h e i r  market 
e n t r y  i n  t h e  f o r e s e e a b l e  f u t u r e .  

A d j u s t a b l e  speed d r i v e s  (ASDs)  show t h e  g r e a t e s t  economic 
p o t e n t i a l  of any of t h e  t e c h n o l o g i e s  examined. They have shown 
g r e a t  v i t a l i t y ,  c o n s i d e r i n g  t h e i r  novel ty .  S a l e s  of ASDs are 
e s t i m a t e d  t o  be a t  l eas t  $100 m i l l i o n  (approximate ly  27,000 u n i t s )  
i n  1983. These sales  t r a n s l a t e  i n t o  roughly 50 MWY of e l e c t r i c i t y  
saved due t o  t h e  sales i n  1983. This  s a v i n g s  i s  t h r e e  t i m e s  
g r e a t e r  t h a n  t h e  e s t i m a t e d  sav ings  by energy-ef f i c i e n t  motors  i n  
1982. 

Whe the r  o r  n o t  ASDs w i l l  a f f e c t  energy demand s o  as t o  
r e q u i r e  a change i n  t h e  way f u t u r e  energy  demand i s  p r e d i c t e d  
cannot  be a s c e r t a i n e d  w i t h  t h e  d a t a  c u r r e n t l y  a v a i l a b l e .  Better 
d a t a  are needed on t h e  sales of ASDs and on t h e  e x i s t i n g  s t o c k  of 
motors - -espec ia l ly  t h o s e  c o n t r o l l i n g  f lows.  Most l i k e l y ,  ASDs are 
a p a r t  of a g e n e r a l  t r e n d  of d e c r e a s i n g  energy  i n t e n s i t y  i n  t h e  
p r o c e s s  i n d u s t r i e s  t h a t  has  been going  on f o r  over  a decade. The 
material  p r e s e n t e d  h e r e  i s  a n o t h e r  p i e c e  of ev idence  t o  s u p p o r t  
t h e  p r e d i c t i o n  t h a t  t h e s e  t r e n d s  w i l l  cont inue .  

The a t t r a c t i v e n e s s  of a technology o p t i o n  f o r  an  e l ec t r i c  
d r i v e  sys tem can be d i f f i c u l t  t o  measure by any s imple  s t a n d a r d  
such  as payback t i m e .  A v a i l a b i l i t y  O E  c a p i t a l ,  i n f o r m a t i o n  a v a i l -  
a b i l i t y  and  r e l i a b i l i t y ,  f u t u r e  product  demand, and m u l t i p l e  
i n c e n t i v e s  are  impor t an t  f a c t o r s  of t e n  n e g l e c t e d  i n  t h e  economic 
a n a l y s i s  p r e d i c t i n g  t h e  f u t u r e  p e n e t r a t i o n  of an  a l t e r n a t i v e .  
Some o f  t h e s e  f a c t o r s ,  l i k e  i n f o r m a t i o n  a v a i l a b i l i t y ,  c a n  b e  
e x p e c t e d  t o  c h a n g e  as t e c h n o l - o g i e s  p e n e t r a t e  t h e i r  markets .  
O the r s ,  l i k e  c a p i t a l  a v a i l a b i l i t y ,  r e f l e c t  t h e  h a r s h  e c o n o m i c  
environment  i n  which e f f i c i e n t  t e c h n o l o g i e s  must perform and such  
are no t  l i k e l y  t o  change i n  t h e  f u t u r e .  
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The fol. lowing i s  a lisr of people  who w e r e  c o n t a c t e d  d u r i n g  
t h i s  s t u d y  f o r  a d v i c e  on t h e  t e c h n i c a l  and marke t ing  a s p e c t s  of 
t h e  t e c h n o l o g i e s  d e s c r i b e d  i n  t h i s  r e p o r t .  These peop le  were ve ry  
h e l p f u l  i n  g i v i n g  t h e i r  time and candid r e sponses .  The l i s t  of 
a l p h a b e t i z e d  by t h e  o r g a n i z a t i o n s  r ep resen ted .  

A l l e n  B r a d l e y ,  Dr ives  D i v i s i o n ,  Cedarburg, VI, ( 4 1 4 )  
377-1200 x 220, J i m  Bonham, A p p l i c a t i o n  E n g i n e e r ,  
d e s i g n s  a p p l i c a t i o n s  Por  ac a d j u s t a b l e  speed  d r i v e s  
(ASDs ). 

Boise -Cascade ,  Rumford, Maine Paper  M i l l ,  (207)  364- 
4521. L e o n a r d  Roy, E l e c t r i c a l  E n g i n e e r .  L e o n a r d  
s t r o n g l y  a d v o c a t e s  ac A S D s  as  p a r t  of t h e  p l a n t ' s  
g e n e r a l  modern iza t ion  p r o j e c t .  

D e p a r t m e n t  of  Energy ,  O f f i c e  of P o l i c y ,  S a f e t y ,  and 
Environment,  Washington, D.C. ( 2 0 2 )  586-4449. Dick Hol t  
i s  t h e  p r o j e c t  s p o n s o r  f o r  t h e  p r o j e c t  e n t i t l e d  
"Economic E f f i c i e n c y  A l t e r n a t i v e s  f o r  M e e t i n g  E n e r g y  
Demands. " 

Ducker  Marke t ing  Research,  Ann Arbor ,  M I ,  (313) 644- 
0086. Nicholas  A. Gutwein ,  P r o j e c t  Manager, w a s  a co-  
a u t h o r  on Ducker 's  r e p o r t  on the  v a r i a b l e  speed  d r i v e s  
market. 

Electr ic  Power Research I n s t i t u t e ,  Pa lo  A l t o ,  CA (415)  
855-2557. Ralph F e r r a r o ,  P r o j e c t  Manager i n  t h e  Energy 
Management and U t i l i z a t i o n  D i v i s i o n  i s  managing s e v e r a l  
p r o j e c t s  on ASDs i n c l u d i n g  t h e  c r e a t i o n  of a national 
d i r e c t o r y  of ASD manufac turers .  

F r o s t  and  S u l l i v a n ,  New Y o r k ,  N Y ,  ( 2 1 2 )  233-1080,  
E leanor  B u r n e t t  sells  F d S ' s  r e p o r t  on ASDs. 

Genera l  Electr ic ,  E r i e ,  PA, (814)  875-2663. Ed Kitas i s  
t h e  product  manager f o r  G E ' s  small t o  medium-large size 
( (400  hp)  ac and d c  ASDs. 

G e n e r a l  E l e c t r i c ,  S a l e m ,  VA ( 7 0 3 )  387-7000. Ron 
S q u i r e s  i s  an e n g i n e e r  f o r  G E ' s  Drive Systems Opera t ions  
which produces GE's l a r g e  0 5 0 0  h p )  ASDs. 
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N a t i o n a l  E l e c t r i c a l  M a n u f a c t u r e r s  A s s o c i a t i o n ,  
Washington, D.C. (202) 457-8400. Gerry Boyd i s  NEFLA's 
s t a t i s t i c i a n  f o r  t h e  d a t a  c o l l e c t e d  on e n e r g y - e f f i c i e n t  
motors and ASDs. 
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Ridge, TN, (615)  574-5152. Dave B jo rns t ad  i s  t h e  ORNL 
P r o j e c t  Manager f o r  "Economic E f f i c i e n c y  A l t e r n a t i v e s  
f o r  Meeting Energy Demands." 

Oak Ridge N a t i o n a l  Labora to ry ,  Power System Technology 
Program, Oak Ridge,  TN, (615)  574-0291. Tom Hudson i s  a 
P r o j e c t  Manager f o r  s e v e r a l  p r o j e c t s  t h a t  i n v e s t i g a t e d  
new motor d e s i g n s .  

Re l i ance  Electr ic ,  E lec t r ic  Drives  Group, C leve land ,  OH, 
(216) 266-7000. J e f f  I p s e r  i s  a Market Resea rche r  f o r  
R E ' S  l i n e  of ASDs.  

Square D ,  Columbia, SC, (803) 776-7500. F r e d e r i c k  W. 
Goekerman i s  a Product Manager f o r  Square D ' s  l i n e  of 
A S D s .  SD s e l l s  ASDs less than  40 hp i n  s i z e  and, 
t h e r e f o r e ,  f o c u s e s  on t h e  W A C  market.  Most sa les  are 
through d i s t r i b u t o r s .  

Trane,  Tyler, TX, ( 2 1 4 )  581-3200. Although no one was 
c o n t r a c t e d  a t  Trane,  t hey  are a n  impor t an t  a e t o r  i n  t h e  
ASD market because they are deve lop ing  what may be t h e  
f i r s t  commercially-sold ASD r e s i d e n t i a l  h e a t  pump. 

Westinghouse,  V e c t r o l  D i v i s i o n ,  Oldsmar, FL,  (813)  855- 
4621 x 260. Mike Branda i s  t h e  Product  Manager f o r  
W e s t i n g h o u s e s ' s  A S D  p r o d u c t  l i n e  a n d  i s  v e r y  
knowledgeable about  t h e  c u r r e n t  ac ASD market. 
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APPENDIX B 

ReT PRESENT VALUE OF SAVINGS 

The n e t  p r e s e n t  value ( N P V )  of s a v i n g s 3  i s  t h e  t o t a l  b e n e f i t  
t o  be expec ted  from energy  and t a x  s a v i n g s  as a r e s u l t  of a d o p t i n g  
a more e f f i c i e n t  motor technology.  NPV can be expres sed  as a 
f u n c t i o n  of t h e  f i r s t  y e a r ' s  energy  s a v i n g s  (kWh), t h e  i n i t i a l  
c o s t  of e l e c t r i c i t y  ($/kWh), t h e  t a x  rate on n e t  income (%), t h e  
f i r s t  y e a r ' s  i nves tmen t  t a x  c r e d i t  (%>,  t h e  r ea l  d i s c o u n t  rate 
(X), t h e  r e a l  e l e c t r i c i t y  price e s c a l a t i o n  rate (%), t h e  expec ted  
l i f e  of t h e  motor o r  t i m e  h o r i z o n  ( y e a r s ) ,  and t h e  d e p r e c i a t i o n  
l i f e  of t h e  motor ( y e a r s ) .  

I g n o r i n g  t h e  e f f e c t  of t a x e s  on n e t  income, inves tment  t a x  
c r e d i t s ,  and d e p r e c i a t i o n ,  t h e  s a v i n g s  a c c r u e d  i s  c a l l e d  t h e  
p r e s e n t  v a l u e  (PV) of energy  s a v i n g s  and can be expres sed  as 

where 

E = f i r s t  y e a r ' s  energy  s a v i n g  
CE = i n i t i a l  c o s t  of e l e c t r i c i t y  
R = e f f e c t i v e  d i s c o u n t  ra te  = 

( 1  + i ) / ( l  + r )  -1 

where 1 = real  d i s c o u n t  rate 
r = r e a l  e l e c t r i c i t y  e s c a l a t i o n  r a t e  

N = motor l i f e  o r  time hor i zon .  N cannot  be 
g r e a t e r  t h a n  t h e  expec ted  l i f e  of the motor. 

The PV i s  t h e  cumil la t ive p r e s e n t  v a l u e  of energy  sav ings  ( i n  
$ >  t h a t  wiLl be ach ieved  i n  N y e a r s  by s w i t c h i n g  t o  an e E f i c i e n t  
technology.  The NPV takes t h e  e f fec t  of t a x e s ,  d e p r e c i a t i o n ,  and 
f i r s t  y e a r ' s  t a x  c r e d i t  i n t o  account  and can be expres sed  as 

NPV = PV * (1  - T) + CC * (I + T/D * F )  , 

where 

T = t a x  ra te  on n e t  income 
C c  = present :  v a l u e  o f  t h e  c o s t  of new technology 
I = f i r s t  y e a r ' s  inves tment  t a x  c r e d i t  
D = d e p r e c i a t i o n  l i f e  of t h e  motor 
F = p r e s e n t  va lue  d e p r e c i a t i o n  f a c t o r  = 

( (1  + r )N<=D-l ) / r  * (I + r)N<=D) 
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where 

N<=D = t h e  v a l u e  of t h e  t i m e  ho r i zon  up 
t o ,  bu t  n o t  exceeding ,  t h e  depre-  
c i a t i o n  l i f e  of t h e  motor. Values  
e q u a l  D f o r  N g r e a t e r  t h a n  D. 

No te  t h a t  t h e  d i scoun t  rate ( r )  i s  used r a t h e r  t han  t h e  
e f f e c t i v e  d i s c o u n t  ra te  ( R )  i n  t h e  p r e s e n t  v a l u e  d e p r e c i a t i o n  
f a c t o r  because t h e  d e p r e c i a t i o n  sav ings  from a c a p i t a l  purchase  i s  
independent  of e l e c t r i c i t y  p r i c e  e s c a l a t i o n s .  The e x p r e s s i o n  
assumes s t r a i g h t - l i n e  d e p r e c i a t i o n  over  t h e  d e p r e c i a t i o n  l i f e  of 
t h e  motor. I f  t h e  d e p r e c i a t i o n  l i f e  of t h e  motor is  s h o r t e r  t h a n  
t h e  expec ted  l i f e  of t h e  motor,  t h e  d e p r e c i a t i o n  i s  cons ide red  
" a c c e l e r a t e d  " . 

When t h e r e  are s e v e r a l  c o s t s  f o r  a s i n g l e  technology o r  when 
t h e  c o s t  of a technology i s  no t  r e a d i l y  known, i t  i s  d e s i r a b l e  t o  
be a b l e  t o  compute t h e  NPV wi thou t  having  t o  known t h e  i n i t i a l  
i nc remen ta l  c o s t .  This  can be done w i t h  l i t t l e  l o s s  i n  accu racy  
by s u b s t i t u t i n g  t h e  p r e s e n t  v a l u e  of t h e  c o s t  of t h e  new techno-  
logy  (Cc) w i t h  t h e  a f t e r - t a x  ( o r  n e t )  energy  s a v i n g s  (PV * (1- 
T ) ) .  This  s u b s t i t u t i o n  i s  i n t u i t i v e l y  r easonab le  because t h e  most 
one would want t o  pay f o r  an  e f f i c i e n t  technology would be t h e  
s a v i n g s  t h a t  t h e y  would ga in .  Making t h i s  s u b s t i t u t i o n ,  NPV 
be come s 

NPV = PV * (1 - T) * (1 f I + T/D * F )  . 
The above e x p r e s s i o n  c l o s e l y  approximates  t h e  s a v i n g s  t h a t  

would  b e  a c h i e v e d  d u r i n g  t h e  "payback" y e a r  of a technology.  
During t h e  y e a r  t h a t  t h e  payback i s  ach ieved ,  t h e  n e t  e n e r g y  
s a v i n g s  w i l l  be approximate ly  t h e  c o s t  of t h e  new technology and 
t h e  s i m p l i f y i n g  s u b s t i t u t i o n  made above w i l l  be  a v a l i d  one .  
Thus, t h i s  e x p r e s s i o n  can be equated  w i t h  t h e  i n i t i a l  c o s t  of t h e  
technology and solved f o r  t h e  y e a r  t h a t  payhack occur s  ( N ) .  

T h i s  a n a l y s i s  i s  a d a p t e d  f r o m  Energy E f f i c i e n t  E l e c t r i c  
Motors (Ref. 3 ) .  
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