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CHAPTER 1

INTRODUCTION

It  is  now co m m onp lace  to  a c k n o w le d g e  t h a t  th e  e r a  o f  an  a b u n ­

d a n t  f o s s i l - f u e l  supp ly  w ill  soon d raw  to  a c lo se .  H u b b e r t  w as am ong 

th e  f i r s t  to  s u g g e s t  th i s  l ik e l ih o o d ,  n o t in g  t h a t  80 p e r  c e n t  o f  th e  

fo s s i l  fu e ls  o f  th e  E a r th  w ill  h a v e  b e e n  consum ed in a s h o r t  p e r io d  o f  

time spanning about 300 years .^  Following Hubbert, Fowler po in ted  out 

t h a t  p e t ro le u m  mining in some p a r t s  o f  th e  U nited  S t a t e s  (1976) was 

b e in g  e n e r g e t i c a l l y  s u b s id iz e d  by p e t ro le u m  mining in o th e r  p a r t s .  He 

a lso  h e ld  t h a t  by a b o u t  1987 p e t ro l e u m  m ining in th e  U nited  S t a t e s  w ill 

be s u b s id iz e d  ( e n e r g e t i c a l ly )  by p e t ro le u m  mining o u ts id e  t h e  U n ite d  

S ta te s .^

T h e re  is  som e d is p u te  as  to  th e  num ber o f  y e a r s  o f  su p p ly  of 

c o a l  t h a t  w il l  be a v a i l a b l e  to  u s ,  b u t  som e, such  as M erk le in  and 

H ardy , p o in t  ou t t h a t  th e  c o a l  su p p ly  of th e  U n ite d  S t a t e s  c o u ld  be

^M. King Hubbert, "The E n erg y  R e so u rc e s  of th e  E a r th ,"
Science 1 0 9 , (February 1949), pp .255-272.

^ R ic h a rd  G. Fowler, "The L o n g ev i ty  and S e a rc h  w o r th in e s s  of 
Petroleum Resources," Energy 2 (1977), pp. 189-195. The term " e n e rg e t­
ic a l ly "  w as used  by F ow ler  to  r e f e r  to  th e  am ount of e n e rg y  (p e t ro le u m  
in th i s  c a s e )  t h a t  was b e in g  e x p e n d e d  to  f in d  and  f e t c h  th e  p e t ro l e u m .  
This notion is similar to  Odum's n e t -e n e rg y  concept.



r e d u c e d  to  s ix ty  y e a r s  a t  a  5 p e r  c e n t  g ro w th  r a t e . ^  The is su e s  

r e s u r r e c t e d  in th i s  s tu d y  seem  to  be r e l a t e d  to  th e  b ro a d  q u e s t i o n :  

What a r e  o u r  e n e rg y  c h o ic e s  as  we run o u t  o f  f o s s i l  fu e ls ?

I t  has  a lso  b e e n  co m m o n p lace  to  r e a s o n  t h a t ,  as fo s s i l  f u e l s  a re  

d e p l e t e d ,  s o u rc e s  of e n e rg y  su ch  as o i l  s h a le ,  s o l a r ,  g e o th e r m a l ,  w ind, 

an d  n u c l e a r  f i s s io n  and  fu s io n  th a t  may h a v e  o n c e  b een  u n e c o n o m ic  w ill 

t h e n  be  e c o n o m ic .  W e s te rn  s o c i e t y  in g e n e r a l  seem s to  be p e r s u a d e d  by
O

th is  reasoning . For exam ple, see Landsberg, Arrow, e t  a l.

H u b b e r t^  and  F o w le r ,^  b o th  lo o k in g  a t  th e  p rob lem  in te rm s  o f  

p h y s ic a l  y ie ld  v e r s u s  p h y s ic a l  e f f o r t ,  im p l i c i t l y  s u g g e s t  t h a t  th e  

t r a d i t io n a l  economic view is an inappropria te  way to  look a t  th e  problem 

o f  e n e r g y  su p p ly .  H ow ard  T. Odum jo in e d  th i s  d is c u s s io n  n o t in g  t h a t  i t  

ta k e s  a g re a t  deal of energy  to  acquire energy. The Odum school focuses 

on th e  id e a  t h a t  t h e r e  m ust a t  a l l  t im es  be an in d e p e n d e n t  s o u rc e  of 

e n e r g y  w h ich  y ie ld s  s u b s t a n t i a l l y  m ore o u t p u t - e n e r g y  th a n  r e q u i r e d  

input-energy.®  At the p re sen t  time the  c u r re n t  source of ne t energy  is 

in  c e r t a i n  f o s s i l - f u e l  p r o c e s s e s .  The q u e s t i o n  is .  What w il l  be  t h a t  

independen t n e t -e n e rg y  source  a f te r  the  fossil fuels  are gone?

^ H elm ut A. Merklein and W. C arey  Hardy, Energy  
Economics (Houston: Gulf Publishing Company, 1977), p. 205.

^Hans H. Landsberg and  K en n e th  J . Arrow, e t  a l . .  E nergy ,
The Next Twenty Years. (Cambridge, Mass.: Ballinger Publishing Co.,
1979).

^M. King Hubbert, "Resources of the E a r th ,"  Idem.

^ Richard G. Fowler, "Searchw orth iness,"  Idem.

 ̂ Howard T. Odun, Energy Basis For Man and N a tu re , (New York: 
W iley -ln tersc ience , 1971).



The following main points of th e  Odum argum ent are  ex tra c ted ;

. . . The t r u e  v a lu e  o f  e n e r g y  to  s o c i e t y  is  th e  n e t  e n e rg y ,^  
w hich  is t h a t  a f t e r  th e  e n e rg y  c o s t s  o f  g e t t i n g  and  c o n c e n t r a t i n g  
t h a t  e n e r g y  a re  s u b t r a c t e d .  . .

Many calcu la tions  of energy  re s e rv e s  which are supposed to  o f fe r  
y e a r s  o f  su p p ly  a r e  as g ro ss  e n e r g y  r a t h e r  th a n  n e t  e n e rg y  and th u s  
may be o f  much s h o r t e r  d u r a t io n  t h a n  o f t e n  s t a t e d .  . .

Energy sources  which a re  now m arginal,  being supported  by hidden 
s u b s id ie s  b a s e d  on fo s s i l  f u e l ,  b e c o m e  le s s  ec o n o m ic  w hen th e  h id d e n  
su b s id y  is re m o v e d .  . .

I n c r e a s i n g  e n e rg y  e f f i c i e n c y  w i th  new te c h n o lo g y  is n o t  an 
e n e rg y  s o lu t i o n ,  s in c e  m os t t e c h n o l o g i c a l  in n o v a t io n s  a r e  r e a l l y  
d iv e r s io n s  o f  c h e a p  e n e rg y  in to  h id d e n  s u b s id ie s  in th e  fo rm  of 
fancy, energy-expensive  s t ru c tu re s .  . .

S o la r  e n e r g y  is v e ry  d i l u te  a n d  th e  i n h e r e n t  c o s t  of c o n c e n ­
t r a t i n g  s o l a r  e n e rg y  in to  fo rm s  fo r  hum an use  has  a l r e a d y  b e e n  m ax i­
m ized  by f o r e s t s  and food p r o d u c in g  p l a n t s .  W ithou t e n e rg y  su b s id y  
t h e r e  is  no y ie ld  from  t h e  sun p o s s ib le  b ey o n d  th e  f a m i l ia r  y ie ld s  
from  f o r e s t r y  and  a g r i c u l t u r e .  . .

N u c le a r  e n e rg y  is now m a in ly  s u b s id iz e d  w ith  fo s s i l  f u e l s  and  
b a r e l y  y ie ld s  n e t  e n e rg y .  . .

The Odum view has genera lly  been ignored or allegedly  re fu te d  by 

t h e  s c i e n t i f i c  com m unity . As w il l  be  d is c u s s e d  in d e t a i l  th ro u g h o u t  

th i s  s tu d y ,  c h a l l e n g e r s  ( n e t - e n e r g y  a n a l y s t s )  to  th e  Odum sch o o l  have  

chosen to  use more narrow en e rg y -ac co u n tin g  conventions than  the  Odum 

s c h o o l  u se d .  A lso , th e  c h a l l e n g e r s  u s e d  p r e l im in a r y  e n g in e e r in g  c o s t  

i n f o r m a t io n  as th e  b as is  of t h e i r  n e t - e n e r g y  e s t i m a t e s  in t h e i r  s tu d ie s .  

Subsequent experience  has shown th a t  those e a r l ie r  cost es tim ates ,  even 

in re a l  te rm s ,  w ere seriously flaw ed.^

^Howard T. Odun, "Energy, Ecology, and Economics," Whole Earth  
Epilog, (Baltimore: Penguin Books, 1974), pp. 469-473.

^C harles  Komanoff, Power P lan t  Escalation : Nuclear and Coal,
Regulation and Economics. (New York: Komanoff Energy Assoc., 1981).



Odum h e ld  t h a t  t h e r e  was a c lo s e  r e l a t io n s h ip  b e tw e e n  th e  

ec o n o m ic  c o s t  o f  an e n e r g y - t r a n s f o r m a t i o n  e n t i t y  and e n e rg y  in p u t  to  

t h a t  e n t i t y .  O th e r  e n e r g y  a n a ly s t s ,  who a re  l a t e r  i d e n t i f i e d  in th is  

s tudy  as mainstream energy  analysts, adap ted  c e r ta in  energy-accounting  

c o n v e n t io n s  f o r  do ing  E nergy  A nalysis  an d  in th e  f in a l  a n a ly s i s  co u n t 

as  in p u t s  only th e  d i r e c t  use o f  fu e ls  and th e  i n d i r e c t  e n e rg y  em bod ied  

in  p h y s ic a l  m a te r i a l s  as th e  bas is  of t h e i r  e n e rg y  a n a ly s i s .^  The more 

r e c e n t  work of Robert Costanza, a former Odum s tu d en t now at The Center 

For Wetlands Research a t  Louisiana S ta te  University, has convincingly 

argued  for expanding th e  system boundary of accounting  to  include labor 

and government serv ices  as energy-input c o s ts .2

In th i s  s tu d y  an a rg u m e n t  is m ade t h a t ,  n o t  only shou ld  la b o r  

and  g o v e rn m e n t  s e r v ic e s  be c o u n te d  as e n e rg y  c o s t s ,  bu t  l ik e w is e ,  

i n t e r e s t  ( th e  r e n t a l  c o s t  o f  b o rro w ed  m oney) shou ld  a lso  be in c lu d e d  as 

an energy  cos t.

The m odels  a d a p te d  in th is  s tu d y  in c o r p o r a t e  t h a t  ex p a n d e d  

b o u n d a ry  and a lso  r e f l e c t  th e  m ost r e c e n t  c o s t  d a t a  and  p r o je c t io n s  fo r  

nu c lea r  power s ta t io n s  and wind machines — da ta  th a t  were not available 

a t  t h e  t im e  o f  th e  e a r l i e r  s tu d ie s .  C o n s e q u e n t ly ,  th e  c o n c lu s io n s  

r e a c h e d  in th i s  s tu d y  a r e  even  more p e s s im is t ic  th a n  th o s e  r e a c h e d  by 

Odun.

^D irect consumption of energy re fe r s  to cu rren t  consumption of 
f u e l s  o n - s i t e ;  i n d i r e c t  r e f e r s  to  e n e rg y  t h a t  is consum ed  a t  e a r l i e r  
s ta g e s  of processes and is o ften  called embodied energy.

2 Robert Costanza, "Embodied Energy in Economic Evaluation." 
Sc ience  210 (December 12, 1980): 1219-1224.



Purpose of th is  Study

The p u rp o s e  o f  th i s  s tu d y  is to  d e te r m in e ,  by a p p ly in g  w e l l -  

c o n s id e r e d  n e t - e n e r g y  a c c o u n t in g  m ode ls ,  w h e th e r  tw o  o f  th e  e n e r g y -  

t r a n s f o r m a t io n  t e c h n o lo g ie s ,  now h e ld  up as r e p la c e m e n ts  fo r  U n ited  

S t a t e s - d e p l e t i n g  f o s s i l  f u e l s ,  a re  p r im a ry  s o u rc e s  of e n e rg y ,  or do th e y  

r e q u i r e  l a rg e  e n e rg y  s u b s id ie s  fo r  t h e i r  e x i s t e n c e .  The tw o  t e c h n o lo ­

g ie s  a n a ly z e d  in t h i s  s tu d y  a r e  n u c l e a r - p o w e r e d  and  w in d -p o w e re d  

e l e c t r i c i t y - g e n e r a t i n g  and  d i s t r i b u t io n  s y s te m s .  A m a jo r  q u e s t io n  is 

a n s w e re d :  Will t h e s e  te c h n o lo g ie s  p ro v id e  enough  e n e rg y  to  r e p l i c a t e  

th e m s e lv e s  (o r  v ia b le  s u b s t i t u t e s )  o u t  o f  t h e i r  own o u t p u t - e n e r g y  and  

le a v e  e n e r g y  fo r  t h e  r e s t  o f  s o c ie ty  to  u s e ,  or a r e  th e y  m e re ly  ro u n d ­

about ways of consuming fo ss i l- fu e l  sources  th a t  have high n e t  energy?

Overview

This is  an i n t e r d i s c i p l i n a r y  s tu d y  in c lu d in g  e c o n o m ic s .  A b r i e f  

summary of the  methodology used by mainstream  economics in dealing with 

r e s o u r c e  s h o r t a g e s  in g e n e r a l  and e n e r g y  in p a r t i c u l a r  is  in c lu d e d  in 

c h ap te r  2. It is held th a t  mainstream economic approaches are  in te l l e c ­

t u a l ly  t i e d  to  s u b s t i t u t i o n  r e a s o n in g  w hich  can  be s im p ly  s t a t e d :  As

s h o r t a g e s  o f  a p a r t i c u l a r  good a r i s e ,  p r i c e s  will i n c r e a s e ,  t r i g g e r in g  

e n t r e p r e n u r i a l  a c t i v i t y  to  in c r e a s e  t h e  supp ly  of th e  good or th e  supp ly  

of an acc e p ta b le  su b s t i tu te .

T h e re  is no l im it  s p e c i f i e d  in eco n o m ic  th e o ry  as to  th e  e x t e n t  

t h a t  su ch  s u b s t i t u t i o n  can  o c c u r .  T h e r e f o r e ,  such  r e a s o n in g  seem s to 

r e s t  on a d u b io u s  f o u n d a t io n  w ith  r e s p e c t  to  e n e rg y  and , p e r h a p s ,  o th e r  

c r i t i c a l  r e s o u r c e s  su ch  as m e ta ls ,  m in e ra ls ,  c l e a n  a i r ,  c l e a n  w a te r ,  

h e a l th y  to p s o i l s ,  and  a d iv e r s i ty  of l iv in g  s p e c ie s .



I t  w i l l  be a rg u e d  th a t  t h e r e  is  no f u n c t i o n a l  s u b s t i t u t e  fo r  

energy , a lthough i t  is acknowledged th a t  our demand for energy serv ices  

can  change th rough  eff ic iency , conserva tion , and li fe s ty le  a l te ra t io n .

In c h a p t e r  3 th e  c o n c e p t  of n e t  e n e rg y  is d e v e lo p e d .  A c o n t r o ­

versy  developed  be tw een  those having an Energy-Analysis pe rspec tive  and 

som e e n e rg y  e c o n o m is t s .  I t  is  th e  a u t h o r 's  v iew  t h a t  m ost o f  th e  

c o n t r o v e r s y  t u r n s  o u t  to  be more " t e r r i t o r i a l "  t h a n  a s c h o la r ly  e f f o r t  

by e i t h e r  s id e  to  b r id g e  th e  w ide p e r c e p t u a l  g a p  t h a t  s t i l l  p e r s i s t s  

b e tw e e n  th e  tw o  d i s c ip l in e s .  At t h e  h e ig h t  o f  th e  c o n t r o v e r s y  b o th  

s c h o o ls  w e re  j o c k e y in g  fo r  " f a v o r  a t  c o u r t "  as to  who w ould a d v ise  th e  

governm ent on energy -po licy  m atte rs .  The energy analysts  perhaps w eak­

en e d  t h e i r  c a s e  by  g e t t i n g  in v o lv ed  in  a d is c u s s io n  of e n e rg y  t h e o r i e s  

o f  v a lu e .  E c o n o m is ts  w ith  more th a n  a h u nd red  y e a r s  of e x p e r i e n c e  in 

debating value theo ry  co rrec t ly  dismissed the v a lu e - th eo ry  arguments of 

some e n e r g y  a n a l y s t s .  U n fo r tu n a te ly ,  in so do ing  th e y  have  a lm o s t  

succeeded  in dismissing a m a tte r  of v i t a l  s ign ificance; th a t  rep lacem ent 

energy  sources  may no t be as read ily  available  as previously thought.

Odum w as  a m a jo r  p a r t i c i p a n t  in  t h a t  e a r l i e r  d e b a t e  b e tw e e n  

e n e rg y  a n a l y s t s  and  e c o n o m is ts .  I t  is  a u th o r 's  o p in io n  t h a t  th e  is su e s  

r a i s e d  by Odum h a v e  te m p o ra r i ly  f a l l e n  in to  d i s f a v o r  as  a r e s u l t  of 

th re e  major reasons :

F i r s t ,  t h e  e co n o m ics  p r o f e s s io n ,  b e c a u s e  of i t s  p r e s t i g io u s  

position and sh ee r  s ize , overwhelmed th e  discussion.

Second, th e  mainstream energy  analysts , by choosing the narrow er 

system -boundary  defin ition  along with the  energy economists, succeeded  

in reducing  fu tu re  energy supply to a nonproblem. Many studies done by



m ainstream  e n e rg y  analysts  found th a t  most forthcoming e n e rg y - t ra n s fo r -  

m a t io n  t e c h n o lo g ie s  y ie ld e d  s u b s t a n t i a l  n e t  e n e rg y .  T h e re fo re ,  f u tu r e  

e n e r g y  su p p ly  w as  n o t  in j e a p o rd y  - -  a t  l e a s t  n o t  in th e  n e a r  f u t u r e .

T h ird ,  a g lu t  o f  fo re ig n  f o s s i l  fu e ls  o c c u r r in g  from 1983 

through the  p re s e n t  (1985) allayed e a r l i e r  public perceptions of energy- 

su p p ly  p ro b le m s  and  fo c u s e d  e v e n  s c i e n t i f i c  a t t e n t i o n  aw ay  from  th e  

i s s u e .  I t  is  t h e  a u t h o r 's  op in ion  t h a t  th e  c u r r e n t  e x c e ss  su p p ly  is  

only tem porary . I t  is th e  expec ted  outcom e of an ex trao rd inary  amount 

o f  m in ing  e f f o r t ,  w hich  has s e rv e d  o n ly  to  h a s t e n  th e  d e p le t io n  of t h e s e  

precious re so u rces .  The u ltim ate energy-supp ly  problem remains much the  

same as descr ibed  by Hubbert^, Fowler^, and Odum^.

A c r i t i c a l  d is c u ss io n  of th e  m o s t  p r e v a l e n t  m e th o d o lo g ie s  b e in g  

e m p lo y ed  in E n e rg y  A nalysis  w ill  be in c lu d e d  in c h a p te r  4. Most 

a n a l y s t s ,  w hen c o u n t in g  th e  in p u t s  n e e d e d  to  f a b r i c a t e  and o p e r a t e  

e n e r g y - t r a n s f o r m a t i o n  s y s te m s ,  a c c o u n t  o n ly  fo r  th e  in p u ts  of d i r e c t  

b u rn in g  o f  f u e l s  and  in d i r e c t  e n e r g i e s  em b o d ie d  in p h y s ic a l  m a te r i a l s .  

Most e n e rg y  a n a l y s t s  s p e c i f i c a l ly  e x c lu d e  t h e  e n e rg y  em bod ied  in goods 

and s e r v i c e s  c o n su m e d  by w o rk e rs ,  f o r  e x a m p le .  Also, a l l  c o s t s  r e l a t e d  

to  such  i t e m s  as i n t e r e s t ,  t a x e s ,  p r o f i t s ,  and  p ro fe s s io n a l  f e e s  a re  n o t  

a p a r t  o f  th e  M ain s tream  Energy A n a ly s is  a c c o u n t in g  p ro c e s s .  This 

f a i l u r e  c o n s t i t u t e s  a m ajor w e a k n e s s  in M ains tream  E nergy  A nalys is  

methodology. A case  will be made for including all economic cos ts  as 

energy  costs .

^M. King Hubbert, "The E nergy  R e s o u rc e s  of th e  E a r th ,"  Idem. 

^Richard G. Fowler, "Searchw orth iness," Idem.

^Howard T. Odun, Energy Basis  fo r  Man and Nature, Idem.



The c lo se  h i s t o r i c a l  r e l a t io n s h ip  b e t w e e n  e n e rg y  use  an d  e c o ­

nomic a c t iv i ty  will be rev iew ed in ch ap te r  5. The argument is made th a t  

a l l  d o l l a r  o u t l a y s  a r e  p ro x y  in d i c a to r s  f o r  a s e t  o f  p r io r  e n e r g y  o u t ­

lays r e la te d  to  the  cons truc t ion  and o pera t ion  o f  en e rg y - tran sfo rm atio n  

e n t i t i e s .  A c a s e  fo r  a new  and  s im p l i f ie d  E n e rg y  A nalys is  m e th o d o lo g y  

w il l  a lso  be m ade .  T h e re  has  b e e n  a f a i r l y  s t a b l e  r e l a t i o n s h ip  b e tw e e n  

e n e r g y  c o n s u m p t io n  and  r e a l  G ross N a t io n a l  P ro d u c t  (GNP).^ A nnual 

Energy/G N P R a t io s  w e re  c a l c u l a t e d  u s in g  1972, 1979, and  1983 a s  b a se  

y e a r s  fo r  Gross N a t io n a l  P ro d u c t .  For e x a m p le ,  fo r  1979 th e  3 7 - y e a r  

m ean  v a lu e  is  35 ,791  B tu 's  p e r  1979 d o l l a r  o f  G ross  N a t io n a l  P ro d u c t ;  

i . e . ,  i t  t a k e s  35 ,791  B tu 's /$ 1 9 7 9  to  p ro d u c e  e a c h  d o l l a r ’s w o r th  o f  r e a l  

GNP ($1979). The years  1979 and 1982 w ere chosen because two valuable  

d a t a  s e t s  f o r  n u c l e a r - p o w e r - p l a n t  c o s t s  e x p r e s s e d  in 1979 and  1982 

dollars, re sp ec t iv e ly ,  were availab le . Energy/GNP Ratios, using 1983 

as  a b a se  y e a r ,  w e re  c a l c u l a t e d  b e c a u s e  Wind E n e rg y  C o n v e rs io n  System  

cos ts  w ere  expressed  in 1983 dollars. C alcu la t ions  were made using the 

3 7 - y e a r  m ean  v a lu e s ,  as w e ll  as th e  e x t r e m e  h ig h  and low v a lu e s  of th e  

re sp e c t iv e  co e f f ic ie n ts .  C oeffic ien ts  w ere also  ca lcu la ted  for th e  year 

1972 to  u se  in c o n ju n c t io n  w ith  th e  c a l c u l a t i o n s  in c h a p t e r  5 p e r t a i n i n g  

to  feedback  energy  needed to  obta in  fossil fuels .

I t  w il l  be  a rg u e d  t h a t  e v e ry  d o l l a r  e x p e n d e d  in t h e  l i f e c y c l e  of 

en e rg y - t ran sfo rm a tio n  system s (development, opera tion , decommissioning, 

and disposal of r e la te d  wastes) c o n s t i tu te s  a p roportiona l expend itu re

^Cutler J .  C leveland, e t  a l ,  "Energy and the U. S. Economy:
A B io log ica l P e rsp ec tiv e ,"  Science 189 (31 August 1984).

^ T h ro u g h o u t  th e  s tu d y  r e a l  d o l l a r s  m eans " c o r r e c t e d  fo r  
i n f l a t i o n . "



of e n e rg y  and m ust be c o u n te d  as an e n e r g y - i n p u t  when d e te r m in in g  th e  

n e t  e n e rg y  to  be e x p e c t e d  from  f u tu r e  e n e r g y - t r a n s f o r m a t i o n  t e c h n o l ­

o g ie s .  The p r o c e d u r e  is  to  d e te rm in e  th e  l i f e c y c l e  c o s t  o f  t h e  t r a n s ­

fo rm a t io n  e n t i t y  in u n i n f l a t e d  d o l la r s  and to  m u l t ip ly  th e  r e s u l t  t im es  

th e  chosen Energy/GNP co eff ic ien t .

I t  is  a rg u e d  t h a t  t h e  f a i l u r e  to  c o n s id e r  a l l  m o n e ta ry  e x p e n d i ­

tu r e s  r e l a t e d  to  th e  e x i s t e n c e  o f  e n e r g y - t r a n s f o r m a t i o n  f a c i l i t i e s  has 

r e s u l t e d  in an o v e r e s t i m a t e  of th e  am ount o f  n e t  e n e rg y  t h a t  can  be 

e x p e c t e d  from  c e r t a i n  t e c h n o lo g ie s  and  in c o r r e c t l y  v a lu e s  t h e i r  r e a l  

b e n e f i t  to  s o c ie ty .

The m e th o d o lo g y  o u t l in e d  in c h a p t e r  5 will be a p p l ie d  to  tw o  

t e c h n o lo g ie s :  (1) l a rg e  n u c l e a r  pow er s t a t i o n s  and (2) Wind Energy  

C o n v ers io n  S y s tem s . Both of th e s e  te c h n o lo g ie s  a re  so m e w h a t  w ell  

developed, have a lready  undergone some scru tiny  by m ainstream energy 

analysts  and econom ists, and a re  generally  hera lded  as renew able  energy 

te c h n o lo g ie s  to  r e p l a c e  th e  fo s s i l  fu e ls  as th e y  a re  d e p l e te d .

A b r ie f  re su m e  of th e  r e s u l t s  of c ru d e  n e t - e n e r g y  c a l c u l a t i o n s  

using  s e l e c t e d  t i m e - s e r i e s  d a t a  fo r  p e t ro le u m ,  n a t u r a l  g a s ,  an d  c o a l  is 

a lso  in c lu d e d  in c h a p t e r  5 . This in fo rm a t io n  w as in c lu d e d  to  e x t e n d  th e  

arguments of Hubbert,^ Fowler,^ and Odum^ th a t  we are a lready  involved 

in a s i t u a t i o n  w h ere  m ore and  m ore fe e d b a c k  e n e rg y  is n e e d e d  e a c h  y e a r  

to  acquire  fossil fuels . The phenomenon of continuing feedback  energy

^Richard G. Fowler, "Searchworthiness," Idem.

^M. King Hubbert, "Energy Resources," Idem.

^Howard T. Odun, "Energy, Ecology, and Economics," Idem.



is  n o t  s p e c i f i c a l l y  c o n s id e r e d  in  th i s  s tu d y ,  and to  in c lu d e  i t  m akes 

for more even le ss -favo rab le  conclusions.

I t  a p p e a r s  t h a t  a l l  p r io r  e n e rg y  a n a ly se s  o f  n u c le a r  and w ind 

power have been made by drawing the  system boundary around those te c h ­

n o lo g ie s  to  in c lu d e  on ly  th e  e l e c t r i c i t y - g e n e r a  t in g  p la n t .  I t  is  

con tended  th a t  th is  co n s ti tu te s  an additional major spec if ica t ion  e r ro r .  

E l e c t r i c  p o w e r  is  n o t  u s e f u l  u n t i l  i t  r e a c h e s  t h e  i n d u s t r i a l ,  

com mercial, and re s iden t ia l  consum ers. Since the c a p i ta l  cost of Other 

P la n t  is  m ore th a n  150 p e r  c e n t  o f  th e  c o s t  o f  G e n e ra t in g  P la n t ,  m ore  

th a n  h a l f  o f  th e  e n e r g y - i n p u t  c o s t s  have been  u n a c c o u n te d  fo r  in  p r io r  

a n a ly s e s .^  The c a s e  w il l  be m ade  t h a t  th e s e  p r io r  s tu d ie s  h av e  b een  

flaw ed accordingly.

Also, m ost p r io r  e n e r g y  a n a ly s e s  t r e a t e d  e n t i t i e s  such  as 

nuc lear  power s ta t ions  and wind energy  conversion machines as indepen­

dent and disconnected  e n t i t ie s  from the  la rger  system of which they are  

a p a r t  ( i .  e . ,  th e  t o t a l  e l e c t r i c a l  g r id ) .  In c h a p t e r  6 i t  is  a rg u e d  

th a t  th is  too rep resen ts  a serious  system -boundary spec if ica tion  e r ro r .  

Simply s t a t e d ,  one c a n n o t  g iv e  fu l l  c r e d i t  fo r  th e  p e r fo rm a n c e  o f  an 

in d iv id u a l  e n t i t y  when r e d u n d a n t  s y s te m s  a re  r e q u i r e d  to  back  up th e  

p r im a ry  s y s te m s  when th e  p r im a ry  sy s te m s  a re  o u t  o f  s e rv ic e  fo r  m a in ­

t e n a n c e ,  a c c i d e n t s ,  or r e f u e l i n g .  In th i s  s tu d y  t h e  c o s t  of r e d u n d a n c y  

is not allowed to escape the  accounting  process.

T y p ic a l ly ,  o th e r  e n e r g y  a n a ly se s  have  assum ed  th a t  e l e c t r i c  

p o w er  s t a t i o n s  w ould  p ro d u c e  e l e c t r i c i t y  a b o u t  75 p e r  c e n t  o f  th e  t im e  

(24 ho u rs  p e r  day ,  365 days p e r  y e a r )  o v e r  t h e i r  l i f e c y c l e s .  C h a p te r  6

^See appendix A.
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a lso  s u m m a r iz e s  th e  r e s u l t s  o f  a 3 0 - y e a r  t i m e - s e r i e s  a n a ly s i s  w h ich  

show s t h a t  t h e  e l e c t r i c a l - u t i l i t y  sy s te m  in  th e  U n ite d  S t a t e s  is  b e c o m ­

ing le s s  e f f i c i e n t  w ith  th e  p a s s a g e  of t im e .  The p r e c i s e  c a u s e  fo r  th i s  

t r e n d  is n o t  e n t i r e ly  e s t a b l i s h e d  in t h i s  s tu d y ,  b u t  p r e l im in a r y  

a n a ly s i s  sh o w s th a t  i t  seem s  to  be r e l a t e d  to  t h e  i n t r o d u c t i o n  o f  

n u c l e a r  p o w e r  p la n ts .  In o r d e r  to  e s t i m a t e  t h e  n e t - e n e r g y  o u tp u t  to  be  

e x p e c t e d  from  e n e r g y - t r a n s f o r m a t i o n  e n t i t i e s ,  i t  i s  n e c e s s a r y  to  h a v e  

som e id e a  o f  f u tu r e  sy s te m  e f f i c i e n c y .  I t  is  sh o w n  t h a t  th e  U n ited  

S t a t e s  e l e c t r i c a l  g rid  a c h ie v e d  a maximum t o t a l - s y s t e m  u se  of 57 p e r  

c e n t  in 1956 an d  th a t  t h e  e f f i c i e n c y  has  s t e a d i l y  f a l l e n  to  a b o u t  40 p e r  

c e n t  in  1982. In th e  Base C ase  a 50 p e r  c e n t  E f f ic ie n c y  F a c to r  was u se d  

fo r  b o th  t h e  n u c l e a r  and  wind s tu d ie s  in th i s  s tu d y  in o r d e r  to  be on 

the  conserva tive  side.

The m e th o d o lo g y  o u t l in e d  in c h a p t e r  5 ,c o n s id e r in g  th e  c o n ­

s t r a i n t s  m e n t io n e d  in c h a p t e r  6, w ill be a p p l i e d  to  n u c l e a r - p o w e r e d  

e l e c t r i c  s y s te m s  in c h a p t e r  7. The r e s u l t s  show  t h a t  n u c l e a r  p o w e r  

s t a t i o n s  a r e  n o t  l ik e ly  to  be s o u r c e s  o f  n e t  e n e r g y  b u t  w il l  r e q u i r e  

som e s o r t  o f  e x t e r n a l  e n e rg y  s u b s id y .  This is p a r t i c u l a r l y  e v id e n t  in 

the  Dynamic Net Energy Analysis. Various s e n s i t iv i ty  analyses a re  done. 

As w il l  be d is c u s s e d  in t h e  c h a p t e r ,  th e  n e t - e n e r g y  r e s u l t s  a r e  r e l a t e d  

to the rea l economic costs  of ca rry ing  out th e  p rocesses .  Real economic 

c o s t s ,  among o th e r  th in g s ,  a r e  r e l a t e d  to  t h e  l e v e l  of l i f e s t y l e s  of t h e  

human p a r t ic ip a n ts  in th e  re la te d  processes. T here fo re ,  the  n e t -e n e rg y  

b e n e f i t  of a p a r t icu la r  technology  could be im proved by any a rrangem ent 

t h a t  lo w e rs  c o s t s ,  in c lu d in g  lo w e r in g  m a t e r i a l  l i f e s t y l e s  of th e  r e l a t e d  

human p a r t ic ip a n ts .
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The methods of ch ap te rs  5 and 6 are  also applied  to  w ind-pow ered 

e l e c t r i c i t y - g e n e r a t i n g  s y s te m s  in  c h a p t e r  8. T hese  r e s u l t s  show  t h a t  

th e s e  s y s te m s  a lso  r e q u i r e  an  e x t e r n a l  e n e r g y  su b s id y  fo r  t h e i r  

ex is ten ce .  The same comments above, with re sp e c t  to  economic cos t  and 

n e t -e n e rg y  b en e f i ts ,  also apply to  wind systems.

C h a p te r  9 r e l a t e s  t h e  f in d in g s  of c h a p t e r s  7 an d  8 to  a l im i te d  

s e t  o f  b ro a d  i s s u e s  t h a t  s o c i e t y  is  a l r e a d y  f a c i n g .  I t  is a rg u e d  t h a t  

m ost o f  th e  c i t e d  p ro b le m s  w e re  m ade on th e  p r e s u m p t io n  t h a t  a 

continuing n e t -e n e rg y  supply would no t be cons tra ined  in a way th a t  the 

f in d in g s  o f  th i s  s tu d y  s u g g e s t .  I t  is a rg u e d  t h a t  t h e  p ro b le m s ,  as 

p r e s e n t e d ,  w ill  be e x a c e r b a t e d  in  an  i n t e r a c t i n g  m a n n e r ,  m aking  them  

much m ore  d i f f i c u l t  to  so lv e  th a n  o r ig in a l ly  t h o u g h t .  C h a p te r  9 will 

a lso  in c lu d e  a d is c u s s io n  o f  c e r t a i n  b ro ad  p o l ic y  i s s u e s  t h a t  m ust be 

considered as we face  a s i tu a tio n  of continuing d e te r io ra t io n  of energy- 

m a te r i a l s  a v a i l a b i l i t y .  T hese  w i l l  in c lu d e  som e of th e  o r g a n iz a t i o n a l  

and  e t h i c a l  i s s u e s  f a c in g  s o c i e t y  in th e  l ig h t  of th e  c u r r e n t  s tu d y .

The f in a l  chap ter  provides an o v era l l  sumnary.

An In te rd i s c ip l in a ry  Approach 

The overview should confirm th a t  th is  s tudy  was bes t ca rr ied  out 

as a s i n g l e - d i s c ip l in e  s tu d y .  In f a c t ,  p a s t  e n e rg y  a n a ly s e s  h a v e  b een  

done by systems bio logists ,  eng ineers ,  econom ists, and physic is ts .

Most energy  analyses  use economic cos t  as a basis fo r  es tim ating  

e n e r g y - i n p u t  q u a n t i t i e s .  T h e r e f o r e ,  r e a c h in g  in to  th e  d i s c ip l in e  of 

e c o n o m ic s  was n e c e s s a r y .  H o w ev er ,  th e  c o n c lu s io n s  r e a c h e d  in  th i s  

s tu d y ,  w ith  r e s p e c t  to  f u t u r e  e n e r g y  su p p ly ,  a r e  c o n t r a d i c t o r y  to  th o s e  

r e a c h e d  by m a in s t r e a m  ec o n o m ic  a n a ly s e s .  C h a p te r  2 is e s s e n t i a l l y  a
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d i s c u s s io n  o f  t h e  way  t h a t  M ains t ream  Economic  A na lys is  d e a l s  w i th  

resource  shor tages .  Chap te r  3 deals  with the con t rove rsy  between  some 

energy economists  and energy  analysts .  It was necessary  to gain support  

and  g u id a n c e  from f i e l d s  o u t s i d e  of  eco n o m ic s  w h ich  p r o v id e d  t h e  bas i s  

for  including the  discipl ines of  engineering,  envi ronmenta l  science,  and 

g e o g r a p h y .  If  t h e  m e th o d o l o g y  and c o n c l u s i o n s  of  t h i s  s t u d y  a r e  u l t i ­

mately a c c e p te d  in the  s c ien t i f i c  community,  then the  broad philosoph­

ic a l  and  e t h i c a l  i s su es  in v o lv in g  t h e  o r g a n i z a t i o n  an d  m a n a g e m e n t  of  

human r e s o u r c e s  m us t  be  d e a l t  w i th .  This was  t h e  b a s i s  fo r  in c lu d in g  

the  discipl ines of philosophy and organiza t ional  behav ior.  Much ass is t ­

ance was was rece ived  from a professor of physics, who formerly held the 

David Ross Boyd Chair at  the Univers i ty  of Oklahoma.

Sunmary Ccmnents

This s t u d y  is r e l a t e d  to th e  e a r l i e r  w orks  of  H u b b e r t^ ,  Fow le r ,^  

Odum,^ C o s t a n z a , a n d  Komanoff;® however,  the  au thor  has been grea t ly  

influenced  by Georgescu-Roegen,® and Daly.^

% .  King Rubbert,  "Energy Resources,"  Idem.

^Richard G. Fowler, "Searchworthiness," Idem.

^Howard T.Odun, Energy Bas is  For Man And Natu re , Idem.

^Robert Costanza,  "Ehibodied Energy," Idem.

^Charles Komanoff,  Power Plant  Cost Escalation, Idem.

^Nicholas Georgescu-Roegen, The Entropy Law and the Economic 
P rocess , (Cambridge, MA: Harvard Ik i ivers i ty  P ress ,  1971).

^Hemtian E. Daly, Economics, Ecology, E th ics :  Toward A Steady-
S ta te  Econony, (San Francisco ;  W. H. Freeman and Co. , 1973).
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The a u t h o r ' s  main concern is fourfold:

F i r s t ,  i t  is  n e c e s s a r y  to  d e v e l o p  a r a t i o n a l e  fo r  t h e  g r e a t l y  

expanded system boundary which includes the energy embodied in the  wages 

pa id  to  l a b o r ,  t h e  t a x e s  p a id  to  g o v e r n m e n t ,  t h e  i n t e r e s t  pa id  to  money 

l e n d e r s ,  and t h e  p r o f i t s  pa id  to  o w n e r s  of  money c a p i t a l .  In o t h e r  

w o rd s ,  Odum's o r i g i n a l  model ,  w h ich  shows f low s  o f  e n e rg y  ( f u e l  and  

e n e r g y  em bod ied  in goods  and s e r v i c e s )  in one d i r e c t i o n  and f lo w s  of  

money  in t h e  o p p o s i t e  d i r e c t i o n ,  is t h e  u n d e r ly i n g  s imple  model  f o r  t h i s  

study.

Second, to d e v e lo p  mode ls  fo r  Net  Energy  Analys is  of  e n e r g y -  

t r a n s f o r m a t i o n  s y s t e m s  and to  i n c o r p o r a t e  t h e  l a t e s t  c o s t s  and  

performance  information of  nuc lear -powered  and wind-powered systems into 

the models.

Thi rd ,  to  d e t e r m i n e  i f  n u c l e a r - p o w e r e d  and  w in d - p o w e r e d  

e l e c t r i c i t y - g e n e r a t i n g  s y s t e m s  a r e  i n d e p e n d e n t  s o u r c e s  of  n e t  e n e r g y ;

i . e . ,  would  t h e y  be ab le  to  r e p l i c a t e  t h e m s e l v e s  ou t  of  t h e i r  own e n e r g y  

and  l e a v e  n e t  e n e r g y  to  m e e t  t h e  n e e d s  and  w a n t s  o f  s o c i e t y ,  or ,  a r e  

th e y  m e re ly  r o u n d a b o u t  ways of  d e p l e t i n g  t h e  n e t - e n e r g y  s u p p l i e s  of  

f o s s i l  f u e l s ?

F o u r th ,  to  r e l a t e  th e  f i n d i n g s  of  t h e  s t u d y  to  some of t h e  o t h e r  

broadly defined problems tha t  s o c ie ty  al ready faces.
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CHAPTER 2

ECX)NCMIC ANALYSIS AND RESOURCE DEPLETION 

Precis

Mainstream economists  have not considered fu tu re  energy  supply 

to be a p a r t i c u l a r  p ro b le m .  A 1979 s tu d y  by R e s o u r c e s  f o r  t h e  F u tu r e  

w il l  be d i s c u s s e d  as r e p r e s e n t a t i v e  of t h e  p r e v a i l i n g  econom ic  v i e w ­

p o in t  w i th  r e s p e c t  to f u t u r e  e n e r g y  supp ly .   ̂ S ince  th i s  s t u d y  com es  

to  d i f f e r e n t  c o n c l u s i o n s ,  i t  s eem s  n e c e s s a r y  to com ment on th e  m e t h o ­

do logy  o f  e c o n o m ic s  w i th  r e s p e c t  to s h o r t a g e s  of  r e s o u r c e s  in g e n e r a l  

and energy  in pa r t i cu la r .

I t  w i l l  be  a r g u e d  t h a t  t h e r e  is a a ma jor  w eak n es s  in  t r a d i ­

t iona l  economic theory  which result s  in an overes t imate  of the amount of 

E a r t h  r e s o u r c e s ,  e s p e c i a l l y  en e rg y ,  w hich  w il l  be a v a i l a b l e  fo r  

s o c i e t y ' s  u se .  This p ro b le m  is r e l a t e d  to  G e o r g e s c u - R o e g e n ' s ^  l i n k a g e  

of mainstream economics to the Newtonian world view and the fa i lu re  of 

e c o n o m is t s  to  in c lu d e  t h e  i m p l i c a t i o n s  of  t h e  Second  Law o f  T h e r m o ­

dynam ics  ( the  e n t r o p y  law)  in to  econom ic  th e o r y .  The a r g u m e n t  w il l  be 

made  t h a t  t h e  law o f  e n t r o p y  p l a c e s  e n e r g y  in a un ique  r o l e  in t h e

^Hans H. Landsberg and Kenneth J. Arrow, e t  al . ,  Energy The 
Next Twenty Years.  (Cambridge,  MA: Ballinger Publishing Co., 1979), 
p.  237.

^Nicholas Georgescu-Roegen, The Entropy Law and the 
Economic Process .  (Cambridge,  MA: Harvard University Press, 19 76).
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c o n d u c t  of  e c o n o m ic  a c t i v i t y . ^  As n o t e d  by F o w le r ,  i t  is t h e  " L i f e b lo o d  

of the economic body, in teg ra l ,  undivorceable,  bu t  nonetheless ,  v i t a l .

Mainstream Economics and Shortages 

Modern economists  a re  unders tandably  wary of  anyone who ta lks 

about impending d isas te r  resu l t ing  from resource  shor tages .  They o f ten  

c i t e  J e v o n s ' s  1865 f o r e c a s t  o f  doom in  w hich  he w o r r i e d  t h a t  England  

would  run s h o r t  o f  e a s i l y  mined  c o a l . ^

H o w e v e r ,  t h e r e  is p r o b a b l y  l i t t l e  d i s a g r e e m e n t  t h a t  t h e  f o s s i l  

f u e l s  of  t h e  E a r th  m u s t  be c o n s i d e r e d  as a f i n i t e  s t o c k .  H u b b e r t  ho lds  

th a t  the i r  geological  t rans format ion  has been underway for  the la s t  600 

mi l l ion  y e a r s  and  t h a t  our  c u r r e n t  r a t e  of d e p l e t i o n  g r e a t l y  e x c e e d s  

the r a t e  of formation. '^

I t will be argued  th a t  Mainstream Economic Analysis, as p r e s e n t ­

ly  p r a c t i c e d ,  migh t  be u n a b le  to  a n t i c i p a t e  th e  p o s s i b i l i t y  of  s h o r t a g e s  

of t h e  s o - c a l l e d  f i n i t e  m a t e r i a l s  t h a t  a r e  c r i t i c a l  f o r  c a r r y i n g  o u t  th e  

economic processes .  Energy is cons idered to be one of  the most c r i t i c a l  

resources  for  the sus tenance  of human civi l iza t ion.

l l b i d .

^Richard G. Fowler,  Personal  Communication,  June,  1985, Norman, 
Oklahoma, Ener i tus  Professor of  Physics,  Univerisity of  Oklahoma.

^W. Stanley Jevons, "The Coal Question," c i ted  by Earl 
Cook: Man Energy and S oc ie ty , (San Francisco: W. H. Freeman and 
Company, 1976), p. 428.

^M. King H u b b e r t ,  "The E ne rgy  R e s o u r c e s  of  t h e  E a r th , "
Science 109 (February 4, 1949): 63.
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w. w. Rostow c i t e s  t h e  a s s u m p t i o n s  t h a t  u n d e r l i e  th e  e n e r g y -  

economy models:^

They s t a r t  w i th  f o u r  e m p i r i c a l  and ,  as  n e a r l y  as we know, c o r ­
r e c t  assumptions.

1. T h e re  is  no f o r e s e e a b l e  p h y s i c a l  l i m i t  on t h e  U. S. E n e rg y  
supp ly  o v e r ,  s a y ,  t h e  n e x t  h a l f  c e n t u r y ;  t h a t  is ,  c o a l ,  s h a l e ,  and 
advanced forms of  nuc lear  power could supplant  the  probable  decline 
in oi l ,  n a t u r a l  g a s ,  and  u ra n iu m  r e s e r v e s ,  e v e n  w i t h o u t  t h e  l a rg e  
s c a l e  s o l a r  or fu s ion  p o w e r .

2. The m a rg i n a l  (and  a v e r a g e )  c o s t  of  e n e r g y  w i l l  r i s e ;  t h a t  is ,  
f o r  some t im e  we c a n  e x p e c t  t h e  r e a l  c o s t  o f  r e p l a c i n g  a u n i t  o f  
energy  consumed to exceed  i t s  p re sen t  average  p r ice .  We do not  know 
w i th  c o n f i d e n c e  w h a t  t h e  r i s e  in t h e  r e a l  p r i c e  of  e n e r g y  wil l  p ro v e  
to  be .

3. The t o t a l  c o s t  of  e n e r g y  in th e  U. S. e c o n o m y  as  a p r o p o r t i o n  
o f  GNP is r e l a t i v e l y  sm a l l ,  s a y ,  5% in 1975.  T h e r e f o r e ,  e v e n  a q u i t e  
s u b s t a n t i a l  r i s e  in t h e  p r i c e  o f  e n e r g y  w i l l  y i e ld  o n ly  a m o d e s t  
dam ping  in t h e  r a t e  o f  i n c r e a s e  o f  r e a l  GNP, a s s u m in g  GNP c o n t i n u e s  
to r i s e  r e g u l a r l y  a t  r a t e s  n o t  g r o s s l y  d i s s i m i l a r  to t h o s e  we h av e  
exper ienced  since the  end of th e  second world war.

4. We c a n n o t  e s t i m a t e  r e l i a b l y ,  on th e  b a s i s  o f  p a s t  e x p e r i e n c e ,  
w h a t  t h e  p r i c e  e l a s t i c i t y  o f  d e m a n d  f o r  e n e r g y  w i l l  p r o v e  to  be  in 
t h e  f a c e  of  a gross  a l t e r a t i o n  of  e n e r g y  p r i c e s  o v e r  a  long  p e r io d  of  
t i m e ;  nor  c a n  we e s t i m a t e  r e l i a b l y  long  p e r i o d  c h a n g e s  in t a s t e  and 
in  th e  inc om e  e l a s t i c i t y  o f  dem an d  fo r  e n e r g y ,  as  r e a l  incom e  p e r  
c a p i t a  r i s e s ;  nor c a n  we e s t i m a t e  r e l i a b l y  w h a t  t h e  l o n g - r u n  e l a s ­
t i c i t y  of  s u b s t i t u t i o n  o f  o t h e r  f a c t o r s  of  p r o d u c t i o n  f o r  e n e r g y  wil l  
prove  to be.  Therefore ,  in s t r ik ing  long-run  demand-supply  ba lances ,  
cons iderable ranges are app rop r ia te .

Rostow also c r i t i c i ze s  the  energy-economy models because  "they  fai l  to

c a p t u r e  t h e  m a jo r  f e a t u r e s  of  t h e  e n e r g y  p ro b le m  c o n f r o n t e d  by th e

U n i te d  S t a t e s  and th e  w o r ld  ec o n o m y  - -  now a n d  o v e r  t h e  d e c a d e  o r  so

a h e a d , "  a l t h o u g h  he ho lds  to  t h e  s u b s t i t u t i o n  p o s t u l a t e  in a s s u m p t io n

"1" above.

^W.WRostow, "Energy  and  Full Em ploym ent ,"  ed .  C h a r l e s  J.  
Hitch:  Energy Conservation and Economic Growth, American Associa­
t ion For The Advancement Of Science ,  Selected Symposium 22, 
(Boulder: Westview Press,  1978), pp. 59-112.
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Rostow's quote  from Santayana seems appropria te  for the discus­

s ion  in  t h i s  c h a p t e r : ^

T here  is  a  s o r t  of  p o e t i c  i n e p t i t u d e  in a l l  human d i s c o u r s e  when 
i t  t r i e s  to  d e a l  w i th  n a t u r a l  a n d  e x i s t i n g  th i n g s .  P r a c t i c a l  men 
may n o t  n o t i c e  i t ,  b u t  in f a c t  human d i s c o u r s e  is i n t r i n s i c a l l y  
a d d r e s s e d  n o t  to  n a t u r a l  e x i s t i n g  t h i n g s  b u t  to  i d e a l  e s s e n c e s ,  
p o e t i c  or  l o g i c a l  t e r m s  w hich  t h o u g h t  may d e f i n e  and  p lay w i th .  
When f o r t u n e  or  n e c e s s i t y  d i v e r t s  ou r  a t t e n t i o n  from th i s  c o n g e n i a l  
i d e a l  s p o r t  to  c r u d e  f a c t s  and p r e s s i n g  i s s u e s ,  we tu r n  our f r a i l  
p o e t i c  i d e a s  i n t o  symbols  f o r  t h o s e  t e r r i b l e  i r r u p t i v e  th in g s .  In 
t h a t  p a p e r  money  o f  our own s t a m p in g ,  t h e  l e g a l  t e n d e r  of  th e  mind,  
we are  obliged to reckon all the movements and values of  the world.

Although somewhat c r i t ica l  of the energy-economy models, Rostow 

goes  on to  p r e s u m e  t h a t  s u b s t i t u t i o n s  o f  a l t e r n a t i v e  e n e r g y  fo rm s  of  

n u c l e a r ,  s o l a r ,  and  fu s ion  pow er  can  be s u b s t i t u t e d  fo r  t h e  d e p l e t i n g  

fo s s i l  f u e l s .

I t  is h e l d  t h a t  t h e  e c o n o m is t ' s  v iew of th e  f u t u r e  e n e r g y  supply  

a r i s e s  o u t  of  b a s i c  eco n o m ic  c o n c e p t s  of  c o n s u m e r  and  e n t r e p r e n u r i a l  

b e h a v i o r  i n v o l v in g  th e  s u b s t i t u t i o n  o f  one  good f o r  a n o t h e r .  For
9

example,  Samuelson notes:

S u b s t itu t io n -e f te c t :  The f i r s t  f a c t o r  e x p l a in in g  d im in ish ing  
c o n s u m p t io n  when  p r i c e  r i s e s  is an o b v ious  one .  If  t h e  p r i c e  of  t e a  
goes  up w h i le  o t h e r  p r i c e s  do n o t ,  t h e n  t e a  has b e c o m e  r e l a t i v e l y  
d e a r e r .  I t  p a y s ,  t h e r e f o r e ,  to  s u b s t itu te  o t h e r  goods  fo r  t e a  in 
o r d e r  to m a i n t a i n  o ne ' s  s t a n d a r d  of  l i v in g  most  c h e a p ly .  Thus t e a  
b e c o m e s  a r e l a t i v e l y  d e a r e r  s o u r c e  of  s t i m u l a t i o n  t h a n  b e f o r e ,  and 
l e ss  of  i t  w i l l  be bo u g h t  and  more of  c o f f e e  or  c o c o a .

T ha t  is  r e a s o n a b l e  enough  as  f a r  as  i t  goes .  T hese  p r e f e r e n c e  

notions a c c u ra t e l y  describe the behavior of  consumers who want to make

^W.W. Rostow, "Energy and Full Employment," ed. Charles J. 
Hitch:  Energy Conservation and Economic Growth, American Associa­
t ion For The Advancement Of Science,  Se lec ted  Symposium 22,
(Boulder: Westview Press,  1978), pp. 59-112,  ci t ing Santayana
without  a c i t a t i o n  included.

2paul A. Samuelson, Economics, An In t roduc to ry  Analysis, Sixth 
Edition,  (New York: McGraw-Hill Book Company, 1964), p. 438.
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choices  among available a l te rna t ives  before them. However, the majority 

of  e c o n o m is t s  t h e n  goes  on to  i m p l i c i t l y  assume t h a t  t h e  p o s s i b i l i t i e s  

f o r  s u b s t i t u t i o n  a r e  i n f i n i t e .

The t rad i t iona l  economic model goes like this: When a commodity

such  as a i r  is  p l e n t i f u l ,  i t s  e c o n o m ic  v a lu e  is s m a l l  or  ev en  f r e e .  

When a d e s i r e d  com m odi ty  b eco m es  s c a r c e ,  i t  a c q u i r e s  ec o n o m ic  v a l u e .  

Under appropr ia te  economic condit ions of  demand for  a commodity,  e n t r e ­

p r e n e u r s  wil l  s e i z e  an o p p o r t u n i t y  to  make a p r o f i t  and  make t h a t  com -  

m o d i t y ( o r  a c c e p t a b l e  s u b s t i t u t e s )  a v a i l a b l e  to  d e m a n d in g  c onsum ers .  

If  t h e  com m odi ty  is c o n t in u o u s ly  d e m a n d e d ,  i t  w i l l ,  t h e r e f o r e ,  be c o n ­

t i n u o u s l y  s u p p l i e d  b e c a u s e  of  t h e  p r o f i t  m o t iv e .  The e c o n o m ic  va lue  of  

a pa r t i cu la r  commodity may be reduced  by subst i tu t ions in the  exchange 

a r e n a ,  e . g . ,  c o f f e e  fo r  t e a ,  ho n ey  fo r  s u g a r ,  and o a t s  f o r  w h e a t .

Hogan and Manne^ are typ ica l  of mainstream economists  who use 

th i s  ty p e  of  r e a s o n i n g  to  a r g u e  t h a t  c a p i t a l  and  l a b o r  c a n  be s u b s t i ­

t u t e d  for  e n e r g y .  R ec a l l  from a b o v e  t h a t  Rostow n o t e s  t h e  d o l l a r  v a lu e  

of  e n e r g y  has  b e e n  only a b o u t  5 p e r  c e n t  of  t o t a l  GNP. A cco rd ing ly ,  

many economists  have tended to minimize the impor tance of  energy in the  

economy since i t  rep resen ts  only a small proport ion of  economic value.

For Hogan and Manne,  t h e  e n e r g y  s i t u a t i o n  is l i k e n e d  to  an 

e l e p h a n t - r a b b i t  s tew consist ing of  one rabbit  (analogous to energy) and 

one e l e p h a n t  ( a n a lo g o u s  to  t h e  r e s t  of  th e  econom y) .  Even if  one added  

a n o t h e r  r a b b i t  or  tw o  to  th e  p o t ,  a rg u e  Hogan and  Manne,  "w o u ld n ' t  i t

^ Hogan, W i l l i am  W., a n d  A lan  S. Manne, " E n e r g y -  
Economy I n t e r a c t i o n s :  The F a b le  of  the  E le p h a n t  an d  t h e  R abb i t?"
ed.  Robert S. Pindyck: The S t ruc tu re  Of Energy Markets,
(Greenwich, CT: Ai Jai Press I n c . ,  1979), pp. 7-26.
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s t i l l  t a s t e  a l o t  l i k e  e l e p h a n t  s t e w ? " ^

The i n d i f f e r e n c e  c u rv e  m o d e ls ,  such  as f i g u r e  2 .1 ,  f a m i l i a r  to
O

economists , are used to  i l lu s t ra te  the  point  by Hogan and Manne.

Yes, rabb its  and e lephants  may be somewhat func tiona lly  subst i­

t u t a b l e  fo r  e a c h  o t h e r  In a s t e w ,  b u t  i f  one e x t e n d e d  t h e  ana lo g y  to

Figure 2.1 

THE ELASTICITY OF SUBSTITUTION CONCEPT

Other Inputs  (Capi ta l  and Labor)

Constant Output 
Curves

Zero e l a s t i c i t y  
of

s u b s t i t u t i o n
Current 
Input Mix Uni ta ry  e l a s t i c i t y

of s u b s t i tu t io n

I n f i n i t e  E l a s t i c i t y

Energy Inputs ->

NOTE: In t h e  above  d ia g ra m  a p r o d u c t i o n  p r o c e s s  is im pl ied .
The manager can have  the same amount of  output  by a range  of combina­
t i o n s  of  in p u t s  of  e i t h e r  e n e r g y  or  c a p i t a l  and l a b o r .

l l b i d .

^ Ib id .

2 0



l i s t  the  necessa ry  ingred ients  for  making the  stew,  he would no t ice  t h a t  

su c h  a s t e w  r e q u i r e s ,  n o t  on ly  an e l e p h a n t ,  a r a b b i t ,  an d  p r o b a b l y  some 

w a t e r ,  b u t  a l so  a p o t  and  some f i r e w o o d .  W i thou t  t h e  p o t  or  t h e  

f i r e w o o d  t h e r e  would be no s t e w ,  a l t h o u g h  one co u ld  h a v e  e i t h e r  r a b b i t  

o r  e l e p h a n t  s t e w  or  a c o m b in a t i o n  o f  the  b o t h .  One c a n  s u b s t i t u t e  c o a l  

fo r  t h e  f i r e w o o d ,  bu t  one c a n n o t  s u b s t i t u t e  t h e  r a b b i t  f o r  t h e  f u e l  or  

t h e  p o t  a n d  s t i l l  h av e  c o o k e d  s t e w .

The  a s s u m p t io n  of  i n f i n i t e  s u b s t i t u t i o n  c a n n o t  be a p p l i e d  to  

e n e r g y  a s  a g e n e r i c  c l a s s  o f  e c o n o m ic  goods .  Yes, c o a l  c a n  be  s u b s t i ­

t u t e d  f o r  f i r e w o o d ,  p e t ro l e u m  f o r  c o a l ,  and n a t u r a l  g a s  fo r  p e t r o l e u m ,  

but  can  c a p i t a l  and  l a b o r  be  s u b s t i t u t e d  f o r  e n e r g y ?  I t  i s  a r g u e d  t h a t  

n o th i n g  s u b s t i t u t e s  fo r  e n e r g y .  When th e  s y s t e m  b o u n d a r y  is a p p r o -  

p r i a t e i y  d r a w n ,  i t  can  be u n d e r s t o o d  t h a t  t h e  e x i s t e n c e  o f  c a p i t a l  

( b u i l d in g s ,  m a c h in e ry ,  t o o l s ,  t r a c t o r s )  in s o c i e t y  is  p o s s i b l e  on ly  by 

consuming a propor t iona l  amount of  energy a t  many s t a g e s  of  the economic 

process and which occurs over a long period of  time.

W ant ing  to  s u b s t i t u t e  c a p i t a l  f o r  e n e r g y  is  a s k in g  fo r  t h e  

p r o v e r b i a l  f r e e  lu n c h .  C o s t a n z a  has  s u c c i n c t l y  p u t  i t  t h i s  way;  " I t  

is e a s y  to  th in k  you can  g e t  a f r e e  lu n c h  by lo o k i n g  a t  on ly  sm a l l  

p a r t s  o f  t h e  s y s t e m  in i s o l a t i o n .  When t h e  w ho le  s y s t e m  is a n a l y z e d ,  

h o w e v e r ,  i t  b eco m es  c l e a r  t h a t  a l l  you  can  do is t r a n s f e r  t h e  c o s t  of  

your lunch  to ano ther  segment of the  system."^

The subs t i tu t ion model seems to provide a s a t i s f a c to r y  explana­

t i o n  of  c o n s u m e r  b e h a v i o r  in r e g a r d  to  o r d i n a r y  goods  an d  s e r v i c e s  as

^Rober t  Costanza, "Embodied Energy and Economic Evaluation," 
Science 210 (12 Decanber 1980): 1224.
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long  as t h e y  c a n  be  s u p p l i e d  o r  s u b s t i t u t e s  c a n  be  p r o v id e d  and  as long  

as t h e  a v a i l a b i l i t y  of  a p a r t i c u l a r  c l a s s  of  com m od i ty  is no t  a b s o ­

l u t e l y  c r u c i a l  f o r  a l l  a c t i v i t i e s  to  be c a r r i e d  o u t .  But, i f  one 

g r a n t s  t h a t  e n e r g y  is  v i t a l  f o r  a l l  e c o n o m ic  p r o c e s s e s ,  t h e n  t h e  t r a d i ­

t i o n a l  e c o n o m ic  m ode l  may h a v e  s e r i o u s  l i m i t a t i o n s  in e x p l a i n i n g  

economic behavior,  leave many quest ions unanswered,  and cas t  doubt  on 

i t s  d e p e n d a b i l i t y  f o r  gu id in g  s t r a t e g i c  s o c i a l  c o n s i d e r a t i o n s ,  e s p e c ­

i a l l y  w i th  r e s p e c t  to  p u b l i c - p o l i c y  m e a s u r e s  s u c h  as t a x  and s u b s id y  

policies for  new ene rgy- t ransfo rm at ion  technologies.

The e c o n o m ic  l i t e r a t u r e  is  r e p l e t e  w i th  s t a t e m e n t s  and e v e n  

p r e d i c t i o n s  t h a t ,  w hen  t h e  p r i c e  of  p e t r o l e u m  r e a c h e s  a c e r t a i n  h ig h e r  

level,  energy  form "x" will be "economic."^ For example,  they say;

. . . " a t  $ 3 0 / l b . ,  2.1 t h o u s a n d  to n s  o f  u ran ium  a r e  r e c o v e r a b l e ,  b u t  a t  

$50/lb. ,  2.9 thousand tons are recoverable ."

S l e s s e r  n o t e d  t h a t  one of  t h e  m o s t  b l a t a n t  e r r o r s  was t h e  

pred ic t ion by some economists  th a t  oil  shale  would be economical when 

th e  p r i c e  of  oi l  r e a c h e d  $ 6 /b b l .^  I t  m igh t  be n o t e d  t h a t  t h e  p r i c e  of  

o i l  has  i n c r e a s e d  t o  o v e r  $ 2 8 / b b l . ,  and t h e  e x t r a c t i o n  of  oi l  s h a l e  is 

s t i l l  n o t  e c o n o m i c .  One w o n d e r s  i f  o i l  s h a l e  wil l  e v e r  be e c o n o m ic  as 

a f u e l  s o u r c e ;  i . e . ,  can  i t  be t h e  s o le  s o u r c e  o f  i t s e l f  p lu s  an 

adequa te  supply fo r  society?

Such  p r e d i c t i o n s  seem to  be made in a c e t e r i s  p a r i b u s  vacu u m .  

Many economists  implici t ly ignore th e  s trong  likel ihood,  barr ing rad ica l  

t e c h n o l o g i c a l  b r e a k t h r o u g h s ,  t h a t ,  i f  t h e  p r i c e  of  o i l ,  c o a l ,  and  o t h e r

^Hans Landsberg, Arrow, e t  al . ,  Next Twenty Y ears , Idem. 

^Malcolm Slesser, Science,  (15 April 1977): 259.
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b as ic  m a t e r i a l s  c o n t i n u e s  to  r i s e ,  t h e  p r i c e  of  e v e r y t h i n g  n e e d e d  to 

e x t r a c t  o i l  s h a l e  or  u ran iu m  wil l  r i s e  c o r r e s p o n d i n g l y ,  in c lu d in g  th e  

price  of machinery  and labor  needed in those ex t ra c t i o n  processes.

For example ,  uranium from Tennessee Shale (0.001 per cent)  may 

a lw ay s  be  q u i t e  d i f f i c u l t  to  e x t r a c t  in p h y s i c a l  t e r m s  ( e n e r g y ,  l a b o r ,  

and m a t e r i a l s  r e q u i r e d ) ,  r e g a r d l e s s  of  w h a t  h a p p e n s  to  p r i c e s ,  un less  

t h e  e f f i c i e n c y  of  t h e  p r o c e s s e s  c a n  be r a d i c a l l y  im p ro v e d .  The mining 

of  u r a n iu m ,  o i l  s h a l e ,  o r  any o t h e r  m in e ra l  is c o n s t r a i n e d  by th e  t e c h ­

nical  s t a t e - o f - t h e - a r t  and the  availab il i ty of  the needed  resources ,  not 

th e  l e a s t  of  w h ich  is t h e  am oun t  o f  e n e r g y  ( d i r e c t  and  i n d i r e c t )  t h a t  is 

needed to  drive th e  processes.

An e x a m p l e  migh t  i l l u s t r a t e  th e  i n a d e q u a c y  of  t h e  i n f i n i t é -  

s u b s t i t u t i o n  r e a s o n i n g  w i th  r e s p e c t  to e n e r g y .  Suppose  t h e r e  was  a 

sudden  i n t e r r u p t i o n  of  o i l  im p o r t s .  P ro b a b ly  t h e  p r i c e  of  p e t ro l e u m  

would i n c r e a s e  s u b s t a n t i a l l y ,  w e l l  above  t h e  p r i c e  l e v e l s  which  a r e  to 

t r i g g e r  t h e  u s h e r i n g  in o f  p e t ro l e u m  s u b s t i t u t e s .  In su c h  a s c e n a r i o  

th e  money  s u p p ly  c a n  be i n f i n i t e l y  e x p a n d e d ,  t h e  i n t e r e s t  r a t e  can  

become nega t ive  10 per  cen t ,  the most imaginative tax  incen tives  can be 

o ffered ,  c o s t - p l u s - 1000 per  cent  co n t ra c t s  can  be o f fe red ,  and d ic ta to rs  

may d e c r e e  a c t i o n ;  b u t  w i th o u t  a g r e a t  d e a l  of  l o c a l  e n e r g y  to  s u b s id iz e  

i t ,  no a l t e r n a t iv e  energy  source would be forthcoming regardless  of how 

much one  may w ish  i t  to  b e .

I t  is g e n e r a l l y  a c c e p t e d  t h a t  d e p l e t i o n  o f  p e t r o l e u m  wil l  o c c u r  

f i r s t  an d  n a t u r a l  g a s  s e c o n d .  T h e re  is a l so  w i d e s p r e a d  b e l i e f  t h a t  the  

w or ld  has  s u b s t a n t i a l  r e s e r v e s  of  c o a l ,  b u t  a b o u t  80 p e r  c e n t  of  th e

23



t o t a l  co a l  r e s o u r c e  e v e r  a v a i l a b l e  on Ear th  wil l  be p r o d u c e d ,  rough ly ,  

in t h e  3 0 0 - y e a r  p e r io d  f rom y e a r s  2000 to  2300,  s ay  Merkle in  and Hardy,  

wri t ing in 1978:^

. . . The one m a jo r  U. S. f o s s i l  f u e l  o u t s i d e  of  h y d r o c a r b o n s  
is c o a l ,  b u t  even  t h e r e  o u r  e x p e c t a t i o n s  a r e  p ro b a b ly  to o  h ig h .  At 
1970 P ro d u c t i o n  r a t e s ,  U. S. c o a l  r e s e r v e s  a re  good fo r  300 y e a r s .  
At a 3% g r o w t h  r a t e ,  t h e  r e s e r v e - l i f e  is only 85 y e a r s ;  a t  a 596 
g ro w th  r a t e ,  i t  s h r in k s  to  60 y e a r s .  And, of c o u r s e ,  su c h  a g ro w th  
r a t e  becom es  i m p e r a t i v e  i f  we s w i t c h  to c o a l  in ou r  s e a r c h  fo r  
a l t e r n a t e  e n e r g y — i m p e r a t i v e ,  bu t  n o t  n e c e s s a r i l y  t e c h n i c a l l y  
feasib le ,  because of  the ev e r -p re s e n t  capacity  problem.

Most e c o n o m is t s  assume t h a t  we can  a lw ays  d e p e n d  on h ig h e r  

p r i c e s  and  t e c h n o l o g i c a l  i n g e n u i t y  to  u s h e r  in  r e p l a c e  m e n t - e n e r g y  

sources.  Many point to hi s to r ica l  exper ience  and reca l l  how we formerly 

r e l i e d  on f i r e w o o d ,  w h a le  o i l ,  and  c o a l .  Then we s u b s t i t u t e d  p e t r o l e u m  

and n a t u r a l  gas  which  w e re  b o th  ch ea p  and c l e a n .  The sam e r e a s o n in g  

ho lds  t h a t  we must  now t e m p o r a r i l y  s h i f t  e i t h e r  to  c o a l  or  n a t u r a l  gas  

u n t i l  n u c l e a r  f i s s io n  an d  fu s io n  becom e th e  d o m in a n t  e n e r g y  fo rm s .  

L a n d s b e rg ,  Arrow, e t  a l . ,  in The R e s o u rc e s  fo r  t h e  F u tu r e  s tu d y  seem 

rep re sen ta t ive  of th is  posi tion;^

ARE WE RUNNING OUT OF ENERGY?

REALITY ONE: The w orld  is  not running ou t o f  e n erg y . The
p o t e n t i a l  f o r  e n e r g y  r e s o u r c e s  o f  t h e  United  S t a t e s  an d  t h e  w or ld  
a r e  so l a r g e  t h a t  t h e  u l t i m a t e  p h y s i c a l  e x h a u s t i o n  of  e n e r g y  in 
g e n e r a l  is h a rd ly  a m a t t e r  fo r  p r e s e n t  c o n c e r n .  In t h e  long  run o f  
ha lf  a cen tury  or more,  some of the more specula t ive  forms of  energy  
p r o d u c t i o n ,  such  as  n u c l e a r  fu s io n  and  new a p p l i c a t i o n s  of s o l a r  
e n e r g y ,  wil l  in a l l  l i k e l i h o o d  be c a p a b le  of  su p p ly in g  e s s e n t i a l l y  
u n l i m i t e d  am o u n ts  o f  e n e r g y  a t  c o s t s  t h a t  wil l  p ro b a b ly  be  h igh ,  b u t  
e a s i l y  m a n a g e a b l e  w i th  t h e  incom e  l e v e l s  of  t h a t  t im e  . . .

^Helmut A. Merklein and W. Carey Hardy, Energy Resources,  
Idem. p. 205.

^Hans  H. Landsberg and  K e n n e th  Arrow, e t  a l .  Energy  
Next Twenty Years,  Idem, p. 7.
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. . . For t h i s  r e a s o n ,  i t  i s  i n c o r r e c t  and  m i s l e a d i n g  to  d e f in e  
t h e  l o n g - r u n  e n e r g y  prob lem s  in t e r m s  of  a gap ,  or  a s h o r t f a l l ,  or 
s h o r t a g e ,  as th o u g h  th e re  w e re  some n a t u r a l  d e f i n i t i o n  of  e n e r g y  
n eeds  and  some p h y s ic a l  supp ly  l im i t s  p r e v e n t i n g  t h e s e  n e e d s  from 
b e in g  m e t .  The e n e r g y  is t h e r e  to  be h a d ,  a t  a  c o s t ,  in v i r t u a l l y  
w h a t e v e r  q u a n t i t i e s  may be d e m a n d e d ;  and  dem and  i t s e l f  is a v a r ­
i a b l e ,  d e p e n d in g  on cos t  and a v a i l a b i l i t y  of  e n e r g y  . .

The f o r e g o in g  s t a t e m e n t  s eem s  to  r e s t  more on a s s e r t i o n  than  

f a c t .  The a u t h o r s  a d m i t ,  on t h e  one h a n d ,  t h a t  n u c l e a r  f i s s io n  and 

fusion are "specu la t ive"  forms of energy t ransformation .  Yet they  go on 

to  a s s e r t  t h e  l i k e l i h o o d  of t h e i r  s u p p ly in g  " u n l im i t e d  a m o u n ts  of 

e n e r g y ,  a l b e i t  a t  h igh  p r i c e s ,  b u t  m a n a g e a b l e  w i th  t h e  incom es  of  th e  

t ime."

The i n f e r e n c e  of  th is  s o r t  of r e a s o n i n g  is t h a t  a l l  we n eed  to 

do is throw enough money into the energy-deve lopment processes  and out 

will come energy.  Such propositions are made in complete isolat ion from 

the  quest ion of  how much energy goes into the process of  developing and 

operat ing  such systems.

Energy — Not J u s t  Another Comnodity

E x ce p t  fo r  g e o t h e r m a l  e n e r g y ,  on ly  t h e  sun p r o d u c e s  e n e rg y .  

Human systems can in i t i a te  various tr ansformation processes ,  but energy 

is n o t  p ro d u c e d  on t h i s  g lobe .  We mine t h e  s t o c k s  o f  f o s s i l  fu e l s  and 

u ran iu m  from t h e  E a r t h  and t r a n s f o r m  t h e  f r e e  e n e r g y  in to  m ore  u se fu l  

fo rm s  ( h e a t  or  work) b u t  a lways  a t  a lo ss  a t  e a c h  s t a g e  o f  t h e  t r a n s ­

formation process .  Such is the ir revers ib le  na ture  of the  Second Law of 

Thermodynamics (or the  entropy law).

When energy  was perce ived as an abundant  and eas i ly obtainable

l l b i d .
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r e s o u r c e ,  we did  n o t  r e c o g n i z e  t h a t  i t s  a v a i l a b i l i t y  w as  c r u c i a l  to  al l  

e a r t h l y  t e m p o r a l  a c t i v i t y .  From t h e  long  p e r s p e c t i v e  of  g e o l o g ic a l  

t i m e ,  i t  is  g e n e r a l l y  a g r e e d  t h a t  m os t  e n e r g y  d e r i v e s  f rom t h e  sun.  

A l th o u g h  e n e r g y  f rom  t h e  sun is a b s o r b e d  i n t o  t h e  E a r t h ,  most  of  i t  is 

t r a n s f e r r e d  b a c k  i n t o  t h e  a t m o s p h e r e  w h e r e  i t  d r iv e s  t h e  h y d r o lo g i c a l  

p r o c e s s e s .  S u b s e q u e n t l y ,  n e a r l y  a l l  is t h e n  r a d i a t e d  b a c k  in to  s p a c e .  

A m in u te  f r a c t i o n  o f  t h e  i n c i d e n t  s u n l ig h t  is c a p t u r e d  in p l a n t  s y s t e m s  

of  t h e  E a r t h  w h e re  i t  is t r a n s f e r r e d  by l i v in g  s y s t e m s  t h r o u g h  food  

c h a i n s  and  u l t i m a t e l y  r e t u r n e d  to s p a c e ,  as  h e a t ,  or  b u r i e d .  The b u r i e d  

p l a n t  m a t t e r ,  w h ich  i s  s lo w ly  t r a n s f o r m e d  i n t o  f o s s i l  f u e l s  by g e o c h e m ­

i c a l  p r o c e s s e s ,  has  p r o v i d e d  our  c u r r e n t  s t o c k s  of  c o a l ,  p e t r o l e u m ,  and 

n a tu ra l -g a s  re sources .

Some t h e r m a l  e n e r g y  comes f rom  t h e  warm i n t e r i o r  of  t h e  Earth  

t h r o u g h  c o n d u c t i o n ,  h o t  s p r in g s ,  and v o l c a n o e s .  T ida l  e n e r g y  d e r iv e s  

from the  forces  of g rav i ty  of the p lane ta ry  system. A ce r t a in  amount of 

h e a t  is  a l so  s e a s o n a l l y  s t o r e d  in r o c k s ,  s o i l s ,  o c e a n s ,  l a k e s ,  r i v e r s ,  

pavem ents ,  and buildings.

Man has  a l so  h a r n e s s e d  th e  h y d r o l o g i c a l  c y c l e ,  a s o l a r - d r i v e n  

system, by such cons t ruc t ions  as dams, wate rw hee ls ,  and windmills. We 

have developed the technology to focus and s to re  solar  energy  by the use 

of solar  co l lec to rs  and s to rag e  systems.

No good or  s e r v i c e  ( inc lud ing  any  c a p i t a l  good) ,  h o w e v e r ,  is 

b r o u g h t  i n t o  a u s e f u l  s t a t e  e x c e p t  t h r o u g h  t h e  i r r e v e r s i b l e  e x p e n d i t u r e  

of  e n e r g y  and  m a t e r i a l s ,  b o th  d i r e c t l y  and  i n d i r e c t l y .  Even as one s i t s  

m o t io n l e s s  in  a d e e p  s t a t e  of  m e d i t a t i o n ,  t h e  body is i r r e v e r s i b l y  

burning food energy  t h a t  came from food chains via the  sun.  The ca n t a -
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loupe  t h a t  s p r a n g  f rom  l a s t  y e a r ' s  s e e d  has  c o l l e c t e d  s u n l i g h t  f o r  

around n ine ty  days,  is h a rv es te d  and consumed,  and in tw e n t y - fo u r  hours 

is a d e g r a d e d  p i le  of  f e r t i l i z e r .  The c a l o r i e s  o f  t h e  c a n t a l o u p e  and  

th e  r e l a t e d  em b o d ie d  e n e r g y  o f  t h e  whole  a g r i c u l t u r a l  and  m a r k e t i n g  

process  have been i r reve rs ib ly  dispersed.  As one's  pencil  le aves  g raph­

i t e  t r a c e s  on t h e  p a p e r ,  t h a t  g r a p h i t e  f o r  a l l  p r a c t i c a l  p u r p o s e s  is 

i r r e v e r s i b l y  d i s p e r s e d .  Most of  t h e  o r i g i n a l  s o l a r  e n e r g y  c o l l e c t e d  by 

w ha t  r e m a in s  o f  t h e  t r e e  (w ooden  p a r t  of  t h e  p e n c i l )  is  d i s p e r s e d  in t h e  

s h a v in g s  of  t h e  p e n c i l  s h a r p e n e r .  All t h e  e n e r g y  u sed  in  m a k in g  and  

o p e r a t i n g  t h e  c h a in  s a w ,  t h e  log g in g  t r u c k s ,  t h e  saw mi l l s ,  t h e  d e p r e ­

c ia ted  ca p i t a l  equipment,  the  graph it e  mining, is p ropor t ionally  gone — 

rad ia ted  into  space  never  to be available to humanity again.

The c h a i r  on w hich  one  s i t s ,  t h e  lamp t h a t  l i g h t s  t h e  p a p e r ,  and 

th e  room a r e  a l l  be ing  u n i d i r e c t i o n a l l y  d e g r a d e d  i n t o  a common soup  of  

i r r e t r i e v a b i l i t y ,  u n i f o r m i t y ,  and  r a n d o m n e s s .  If one  is lu c k y  and  

e x p e n d s  t h e  n e c e s s a r y  e n e r g y  on m a i n t e n a n c e ,  o n e ' s  house  may l a s t  as  

long as a l i f e t i m e ;  a c h a i r  may n e e d  r e p l a c e m e n t  in as few  as t e n  y e a r s ;  

t h e  p e n c i l  may n e e d  r e p l a c e m e n t  n e x t  w e e k ;  t h e  c a n t a l o u p e  is a l r e a d y  

gone.

Economic Science and Entropy

Many e c o n o m i s t s  a l so  a r g u e  t h a t  t h e r e  a r e  no e n e r g y  s h o r t a g e s ,  

on ly  i m p r o p e r l y  low p r i c e s .  The id e a  is t h a t  h i g h e r  p r i c e s  an d  p r o f i t s  

a re  s u p p o s e d  to  b r in g  f o r t h  e n t r e p r e n e u r i a l  a c t i v i t y  t o  p r o v id e  m ore  

e n e r g y  or  v i a b l e  s u b s t i t u t i o n s .  The f a l l a c y  h e r e  is t h e  f a l s e  p r e m i s e ,  

perhaps held unconsciously,  t h a t  ne t  energy can  be c r e a t e d  out  of  some­
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t h i n g  e l s e  o r  by some s o c i o t e c h n i c a l  i n v e n t i o n  or  wish .  The r e a s o n in g  

s e e m s  to  be b a s e d  on th e  F i r s t  Law of  T he rm odynam ics  (or  N ew ton ian  

m e c h a n ic s )  an d  ig n o re s  or  f a i l s  to  r e c o g n i z e  t h e  d ead ly  i m p l i c a t i o n s  of  

the Second Law of Thermodynamics. Odum's def ini t ion  of  entropy seems 

adequate;^

. . .  E n t ro p y  i s  a t e c h n i c a l  m e a s u re  of  th e  am o u n t  o f  d i s o r d e r  
.. . is d e f i n e d  by th e  a m o u n t  o f  h e a t  in v o lv e d  in c h a n g i n g  f rom a 

condi t ion  of  maximum order  of molecular  motion a t  zero tem pere ra -  
t u r e  ( a b s o l u t e  ze ro )  on t h e  Kelvin  s c a l e  to  an o b s e r v e d  c o n d i t i o n  
c o n t a i n i n g  h e a t .  E n t ropy  c h a n g e  is  t h e  r a t i o  of  c h a n g e  in c a l o r i e s  
of  h e a t  to  t h e  t e m p e r a t u r e  in d e g r e e s ,  Kelvin .  . .

The  p o in t  has  been  made  by G e o r g e s c u - R o e g e n  t h a t  t h e  s t u d y  of 

N e w to n ia n  m e c h a n ic s  was a l o g i c a l  e x t e n s i o n  of G a l i l eo ' s  p e r c e p t i o n  of  

t h e  u n i v e r s e  as a c e l e s t i a l  m a c h in e  t h a t  p o s s e s s e d  th e  f o r c e s  of mot ion  

w hich  w ou ld  k e e p  th ings  go ing  i n f i n i t e l y ;  i . e . , a body in m o t ion  te n d s  

to  r e m a in  in m o t ion ,  and so f o r t h .  The id e a s  of  i n f i n i t e  s u b s t i t u t i o n  

and p e rp e tu a l  motion seem to be in te l l ec tua l ly  re la ted  concepts .

The c l a s s i c a l  f o r m u l a t i o n  of  t h e  f i r s t  tw o  law s  of  t h e r m o ­

d y n a m ic s  c a m e  as th e  r e s u l t  o f  Sad i  C a r n o t ' s  work in 1824 on th e  e f f i ­

c i e n c y  of  s t e a m  e n g i n e s . ^  The f i r s t  law s t a t e s  t h a t  t h e  e n e r g y  of  the  

u n i v e r s e  r e m a i n s  c o n s t a n t ;  i . e . ,  t h e r e  is  no g a in  or  lo ss  of  e n e r g y  in 

t h e  u n i v e r s e .  The s e c o n d  law s t a t e s  t h a t  t h e  e n t r o p y  a t  a l l  t i m e s  moves 

t o w a r d  a maximuni;  or  p u t  a n o t h e r  way,  o n ce  e n e r g y  is d e g r a d e d  ( t r a n s ­

f o r m e d ) ,  t h e  h e a t  is d i s p e r s e d  in n a t u r e  to  a p o in t  w h e re  r e c o v e r y  is 

no t  p r a c t i c a l  — i .e. ,  more energy  is expended than recovered .

^Howard T. Odum and El izabeth C. Odum, Energy Basis For 
Man And N a tu re , (New York: McGraw-Hill Book Company, 1971), p. 1.

^Encylopedia Br i t ann ica , 20th ed.  22. v. "Thermodynamics," 
by A. W. Po. pp. 88.
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Georgescu-Roegen comments on the close iden ti f ica t ion  of econom­

ics and class ica l  mechanics:^

. . .  The w ho le  t r u t h  is t h a t  e c o n o m ic s ,  in t h e  way th i s  
d i s c i p l i n e  is  now g e n e r a l l y  p r o f e s s e d ,  is  m e c h a n i s t i c  in t h e  same 
s trong sense in which we genera l ly  bel ieve only class ical  mechanics 
to be .  In t h i s  s e n s e  C l a s s i c a l  m e c h a n ic s  is m e c h a n i s t i c  b e c a u s e  i t  
c an  n e i t h e r  a c c o u n t  f o r  t h e  e x i s t e n c e  of  e n d u r in g  q u a l i t a t i v e  
changes in na tu re  nor acc e p t  this ex is tence  as an independent  fac t .  
Mechanics only knows locomation,  and locomotion is both revers ible 
and quali tyless.  The same drawback was buil t  into modern economics 
by i t s  f o u n d e r s ,  who on th e  t e s t im o n y  of J e v o n s  and Walras ,  had  no 
g r e a t e r  a s p i r a t i o n  th a n  to  c r e a t e  an eco n o m ic  s c i e n c e  a f t e r  th e  
e x a c t  p a t t e r n  of  m e c h a n i c s .  . .

The i n t r i g u i n g  e a s e  w i th  which  N e o c l a s s i c a l  e c o n o m is t s  l e f t  
n a t u r a l  r e s o u r c e s  o u t  o f  t h e i r  own r e p r e s e n t a t i o n  of  t h e  econom ic  
p r o c e s s  may n o t  be u n r e l a t e d  to  Marx's dogm a  t h a t  e v e r y t h i n g  in 
n a t u r e  o f f e r s  us is g r a t i s .  A more  p l a u s i b l e  e x p l a n a t i o n  o f  th i s  
is t h a t  t h e  no d e p o s i t ,  no r e t u r n  a n a l o g u e  b e f i t s  t h e  b u s i n e s s ­
man 's  v iew  o f  e c o n o m ic  l i f e  . . .

All in a l l ,  t h e  w h o le s a le  a t t a c h m e n t  of  a lm o s t  e v e r y  e c o n o m is t  
of the  l a s t  one h u n d r e d  y e a r s  to  th e  m e c h a n i s t i c  dogma is s t i l l  a 
h i s t o r i c a l  p u z z l e .  Once ,  i t  is t r u e ,  p h y s i c i s t s ,  m a t h e m a t i c i a n s ,  
and p h i l o s o p h e r s  w ere  one in s ing ing  th e  a p e o h e o s i s  [ s ic ]  of  m e c h ­
a n i c s  as t h e  h i g h e s t  t r i u m p h  of human r e a s o n .  But by th e  t ime  
Jevons  and  Walras  b e g a n  la y in g  th e  c o r n e r s t o n e s  of  modern  
economics, a s pec tacu la r  revolution in physics had a l ready  brought 
the downfall  of the  mechanis t ic  dogma both  in the na tu ra l  sciences 
and in p h i lo so p h y .  And th e  cu r io u s  f a c t  is t h a t  none of th e  a r c h i ­
t e c t s  o f  'm e c h a n i c s  of  u t i l i t y  and  s e l f - i n t e r e s t '  and  even  none  of  
t h e  l a t t e r  day  model  b u i l d e r s  seem to  have  b e e n  a w a r e  a t  any t ime  
of  th i s  d o w n f a l l .  O th e r w i s e ,  one co u ld  n o t  u n d e r s t a n d  why th e y  
have clung to the mechanis t ic  framework with the  fervor  with which 
th e y  have .  Even an e c o n o m is t  o f  F rank  H. Knigh t ' s  p h i l o s o p h i c a l  
f i n e n e s s  no t  long  ago r e f e r r e d  to m e c h a n ic s  as t h e  ' s i s t e r  s c i e n c e  
of economics ' .

In t h e  c o n t e x t  of t h e  f o r e g o in g ,  i t  is a rg u e d  t h a t  m a in s t r e a m  

economists  are in te l lec tua l ly  d isconnec ted  from the implicat ions of the 

e n t r o p y  law.  Most e c o n o m is t s  t r e a t  e n e r g y  as an o r d in a r y  com m odi ty .

^Nicholas Georgescu-Roegen, The Entropy Law and the 
Economic-Process, (Cambridge, MA: Harvard Univers i ty  Press,
1971), pp. 1-3.
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They assume t h a t  subst i tut ions can always be found for  ordinary commod­

it ies ,  and energy  is considered to be ju s t  another commodity.

Although there  is a wide range of  evidence th a t  the subs t i tu t ion  

p o s t u l a t e  h o ld s  f o r  a wide r a n g e  o f  e c o n o m ic  goods and  s e r v i c e s  and  

even holds be tw een  various forms of  ene rgy  under r e s t r i c t e d  condi t ions,  

i t  is a r g u e d  t h a t  to  e x p e c t  t h a t  s u b s t i t u t e s  fo r  d e p l e t i n g  e n e r g y  

sources  can be infini tely discovered  is nothing more than  a s t a t e m e n t  of 

technological  f a i th  and is dangerously misleading.

Chapman c i t e s  S k in n e r ' s  i n t e r e s t i n g  d iv i s ion  o f  r e s o u r c e s ; ^

. . . The  sum of m a t e r i a l s  won f rom the  E a r th  num bers  in  t h e  
h u n d r e d s ,  b u t  we can  g roup  r e s o u r c e s  in to  f ive  b r o a d  g r o u p s :  (i)
food  and  c l o t h i n g  d e r i v e d  f rom p l a n t s ;  (ii) s t o n e ,  c e m e n t ,  a b r a s ­
iv e s ,  a n d  s i m i l a r  m a t e r i a l s  w i th  s p e c i a l  p h y s ic a l  p r o p e r t i e s  s u i t ­
ab l e  f o r  a c t i v i t i e s  such  as b u i l d in g ,  g r ind ing  and  p o l i sh in g ;  ( i i i )  
m a t e r i a l s  u s e f u l  fo r  t h e i r  c h e m i c a l  p r o p e r t i e s ,  e s p e c i a l l y  f e r t i l ­
i z e r s  to  i n c r e a s e  p l a n t  y ie ld s ;  ( iv )  m e ta l s  and s p e c i a l  m i n e r a l s  
fo r  m a c h in e s  and (iv) e n e r g y  to  ru n  th e  m ach ines .  . .

I t  s e e m s  c l e a r  t h a t  S k inner  a n d  Chapman a r e  p o i n t i n g  o u t  t h a t  

t h e r e  a r e  b r o a d  c l a s s i f i c a t i o n s  of  e a r t h  m a t e r i a l s  t h a t  h ave  p r o p e r t i e s  

t h a t  p l a c e  th e m  in m u tu a l ly  e x c l u s i v e  f u n c t i o n a l  c a t e g o r i e s  a n d  t h a t  

i n t e r s u b s t i t u t i o n s  among t h e  c l a s s i f i c a t i o n s  a re  n o t  e a s i l y  m a de  - -  

p e r h a p s  n o t  a t  a l l .

Ayers,  who does research  in th e  a rea  of  mater ia ls  ba lance ,  and 

In d i ra  Nai r ,  n o t e d  t h e  fo l lo w in g :^

. . .  I t  is c l e a r  t h a t  t h e  l a w s  of  c o n s e r v a t i o n  - -  of  m a t t e r  
and  e n e r g y ,  f o r  exam ple  — h a v e  im p l i c a t i o n s  fo r  t h e  u s e  of

J .  Skinner,  " E a r th  R e s o u r c e s , "  ed .  P. F. Chapman:
Metal Resources And Energy, (London: Butterworths,  1983). p. 7. 
Proceedings Of The National Academy Of Sciences, USA 76 (1979) p. 4212.

 ̂R o b e r t  U. Ayres and  I n d i r a  N a i r , " Therm odynam ics  a n d  
Economics," Physics Today (November,  1984) 62-71.
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re sources  and for  the  genera t ion and t r e a tm e n t  of  wastes.  The law 
of the increase  of  en t ropy — the second law of thermodynamics — 
cons t ra ins  economic processes to those  th a t  reduce available work, 
i n c r e a s i n g  th e  e n t r o p y  of  th e  U n iv e r s e .  . .

We hope to dem ons t ra te  th a t  i t  has s ignif ican t  - -  i f  not  world- 
s h a k in g  i m p l i c a t i o n s  fo r  eco n o m ic  t h e o r y ,  e s p e c i a l l y  as a p p l i e d  to  
resource ,  envi ronment  and technology policy.  . .

I t  is  c l e a r l y  m ore  r e a l i s t i c  to  r e g a r d  t h e  econom y,  l ik e  t h e  
e a r t h  i t s e l f ,  as  an  open  s y s t e m  t h r o u g h  w hich  m a t e r i a l s  and e n e r g y  
c o n t i n u o u s l y  f lo w .  The laws  of  t h e r m o d y n a m i c s  now a s s e r t  t h e m ­
se lv e s . ^

A b r o a d  i s s u e  u n d e r  c o n s i d e r a t i o n  in t h i s  s t u d y  is  r e l a t e d  to 

Ayer's quo te  of  Solow:^

If  i t  is e a s y  to  s u b s t i t u t e  o t h e r  f a c t o r s  fo r  ( e x h a u s t i b l e )  
n a t u r a l  r e s o u r c e s ,  t h e n  t h e r e  is ,  in p r i n c i p l e ,  no p rob lem .  The 
world can ,  in e f f e c t ,  ge t  along withou t  na tu ra l  resources.  Exhaus­
t i o n  is an  e v e n t ,  n o t  a  c a t a s t r o p h e  . . .  I f ,  on th e  o t h e r  h a n d ,  
o u t p u t  p e r  u n i t  o f  r e s o u r c e s  is e f f e c t i v e l y  bounded  - -  c a n n o t  
e x c e e d  some u p p e r  l im i t  of  p r o d u c t i v i t y  w h ich  is,  in t u r n ,  n o t  too  
f a r  f rom w h ere  we a r e  now - -  th e  c a t a s t r o p h e  is u n a v o i d a b le .  . . .  
F o r t u n a t e l y ,  w h a t  l i t t l e  e v i d e n c e  t h e r e  is s u g g e s t s  t h a t  t h e r e  is 
qu i te  a lot  of subs t i tu tab i l i ty  be tw ee n  exhaust ible  resources  and 
renew able  or reproducib le  resources.

Only a few e c o n o m i s t s ,  such  as  Brown,^  Ayers ,^  Daly ,^  and 

Mishan® have shown an expressed concern  about  fu ture resource-supply  

problems.

l l b i d :  71.

^ Ib id :  71.

®Lester Brown, "Food Prospects;  Shadow of  Mai thus ,"  Chal lenge, 
(July-August 1980).

'^Robert U. Ayers,  "Theimodynamics and Economics," Idem.

®Herman EPaly, Economics Ecology Ethics: Essays Toward A 
S te a d y -S t a t e  Economy (San Francisco:  W. H. Freeman and Company, 1980).

®E. J. Mishan, "Growth and Anti-Growth,  What Are The 
Issues?"  Challenge (May/June, 1973); 28.
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o t h e r  e c o n o m i s t s  who have  e x p r e s s e d  c o n c e r n  a b o u t  f u t u r e  su p p l i e s  o f  

resources  include Baumol,^ Georgescu-Roegen,^  Schumacher,^ Boulding,^

and Kneese.®

Svinnary Remarks

With r e s p e c t  to  f u t u r e  r e s o u r c e  supp ly ,  e s p e c i a l l y  e n e r g y ,  t h e  

p r e v a i l i n g  w o r ld  v iew is g r o u n d e d  in t h e  p e r s p e c t i v e s  o f  m a in s t r e a m  

e c o n o m i c s .  The v iew s  of  t h e  e c o n o m is t s  c i t e d  a b o v e  a r e  g e n e r a l l y  

ignored .  Since the conclusions reac hed  in this  s tudy  seem con t rad ic to ry  

to  m a i n s t r e a m  v ie w ,  i t  s e e m e d  n e c e s s a r y  to  a t t e m p t  t o  a c c o u n t  f o r  t h e  

d i f f e r i n g  conclusions.

The r o l e  t h a t  i n f i n i t e - s u b s t i t u t i o n  r e a s o n i n g  p la y s  in t h e  

m e th o d  o f  e c o n o m ic s  in d e a l i n g  w i th  the  d e p l e t i o n  of  f i n i t e  m a t e r i a l s  in 

genera l  and energy  in pa r t i cu la r  was summarized.

D e s p i t e  th e  f a c t  t h a t  e n e r g y  c o s t  has a c c o u n t e d  f o r  a p p r o x i ­

m a t e l y  o n ly  5 p e r  c e n t  of  t o t a l  n a t i o n a l  p r o d u c t  in t h e  p a s t ,  i t  is t h e  

author 's  judgement tha t  energy  cannot  be considered  as an ord inary good 

fo r  w h ic h  o t h e r ,  s o - c a l l e d  f a c t o r s  of  p r o d u c t i o n ,  su c h  as c a p i t a l  and

^Will iam J .  Baunol, Sue Blackman and Ann Batey, "Unprofi t­
ab le  Energy i s  Squandered Energy," Challenge (July-August ,  1980).

^Nicholas Georgescu-Roegen, The Entropy Law, Idem.

^E. F. Schunacher, Small Is  B eau t i fu l ;  Economics As 
Though People Mattered (New York: Harper and Row P ub l i she rs ,
I n c . ,  1973).

^Kenneth Boulding, "The Economics of  the Coming Spaceship 
Ear th ,"  ed .  Henry J a r r e t t ,  Environmental Quali ty  In A Growing 
Econony (Balt imore:  Johns Hopkins Univers i ty  P ress ,  1966).

^Alan Kneese, and Ralph C. D'Arge, Economics And 
The Environment: A Mater ia ls  Balance Approach. (Balt imore:
Johns Hopkins Press,  1970).
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l a b o r ,  c an  be s u b s t i t u t e d .  Energy m us t  be t h o u g h t  of  as  a unique  and  

i n d i s p e n s a b l e  a s p e c t  of  n a t u r e .  The bas i s  of  t h i s  v iew  r e s t s  in t h e  

l o g ic  t h a t  n e i t h e r  c a p i t a l ^  n o r  l a b o r  can  be m ade  a v a i l a b l e  e x c e p t  

through expendi tu re  of  energy.  The cap i ta l  involves the embodiment of 

e n e r g y  t h r o u g h  a c o m p le x  w eb  of  p r o c e s s e s .  L a b o r ,  in l ik e  m a n n e r ,  is 

s u s t a i n e d  by goods  a n d  s e r v i c e s ,  a l l  o f  which  r e q u i r e  an em bod im en t  of  

e n e r g y .  In o t h e r  w o rd s ,  e n e r g y  c a n n o t  be  s u b s t i t u t e d  fo r  i t s e l f .

I t  is a l so  h e l d  t h a t ,  as  th e  fo s s i l  f u e l s  a r e  d e p l e t e d ,  e n e r g y  

c o s t  wil l  p la y  a much  more  dom inan t  c o s t  r o l e  in r e a l  Gross N a t io n a l  

P r o d u c t .  H ow e ve r ,  t h e  c o s t s  of o t h e r  goods  w i l l  r i s e  a l so  b e c a u s e  

e n e r g y  is v i t a l  f o r  t h e i r  a v a i l a b i l i t y ,  and i t  m ig h t  n o t  be r e a d i l y  

r e c o g n i z e d  t h a t  i t  is t h e  g row ing  e n e r g y  s h o r t a g e  t h a t  is t h e  d r iv in g  

f o r c e  b eh ind  i t  a l l .

I t  is h e l d  t h a t  econom ic  p r e d i c t i o n s  of  f u t u r e  e n e r g y  supp ly  

a r e  c a r e l e s s l y  r e s t i n g  on a s s e r t i o n s  of  f a i t h  in t e c h n i c a l  p r o g r e s s  t h a t  

is  to  b r in g  f o r t h  m e c h a n i c a l  sy s tem s  t h a t  can  be s u b s t i t u t e d  fo r  t h e  

d e p l e t i n g  n e t - e n e r g y  s u p p l i e s  of  f o s s i l  f u e l s .

M a ins t rea m  e c o n o m ic  t h e o ry ,  w i th  i t s  u n d e r ly i n g  p r e m is e  of 

i n f i n i t e  s u b s t i t u t i o n ,  does  n o t  seem to  p r o v id e  a f r a m e w o r k  for  a n t i c i ­

p a t i n g  e n e r g y  s h o r t a g e s  in th e  f u t u r e .  If  i t  is  a s su m ed  t h a t  e n e r g y  

t r a n s f o r m a t i o n  is  v i t a l  to  a l l  o r g a n i z e d  s o c i a l  a c t i v i t y ,  t h e n  i t  s eem s  

wise for  energy  (and perhaps  other  broad ca tegor ies  of resources such as 

those descr ibed by Skinner above) to be a major focus of  a t t en t ion  when 

loo k in g  a t  f u t u r e  r e s o u r c e  p rob lem s .  E nergy  A na lys is  is an e m e rg in g

^ N o te :  The t e rm  c a p i t a l  is u sed  t h r o u g h o u t  th i s  s tu d y  in t h e
t r a d i t i o n a l  e c o n o m ic  s e n s e  to  mean p h y s i c a l  c a p i t a l ,  i . e . ,  bu i ld ings ,  
m a c h in e r y ,  and so f o r t h ,  as  opposed  to  o t h e r  u s e s  r e f e r r i n g  to money .
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d i s c i p l i n e  w i th  such  a f o c u s  and  w i l l  be c r i t i c a l l y  r e v i e w e d  in the  

following chap ter .
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CHAPTER 3

ENERGY ANALYSIS; INTRODUCTION AND HISTORY 

Prec is

In t h i s  c h a p t e r  t h e  c o n c e p t  o f  E n e r g y  A n a l y s i s  w i l l  be  

d i s c u s s e d .  The s e c o n d  s e c t i o n  o f  the  c h a p t e r  s u m m a r iz e s  t h e  d e b a t e  

b e t w e e n  e n e r g y  a n a l y s t s  and e c o n o m is t s  on t h e  ro l e  of Energy  Analys is  

as a basis for  na t ional  energy policy and technology  assessment.

Concept of Energy Analysis

Some energy must always be expended to  make energy available in 

a form tha t  is valuable to human endeavor.  Perhaps the most f ree  p o t e n ­

t i a l  e n e r g y  is t h a t  p r o v id e d  by e c o l o g i c a l  s y s t e m s  and  t h e  h y d r o l o g i c a l  

c y c l e ;  a i r ,  w ind ,  and r a i n .  If  we happen  to  be n e a r  a wild  pe rs im m on  

t r e e ,  t h e  food  e n e r g y  may be u s e d  w i th  l i t t l e  e n e r g y  e x p e n d i t u r e ,  b u t  

i f  t h e  f r u i t  m us t  be f e t c h e d  f rom  a d i s t a n c e ,  i t  is a n o t h e r  m a t t e r .  

One might s t a rv e  to  dea th  walking to  the t r e e .

Firewood was re la t ive ly  easy to f ind when Earth's populat ion was 

sm al l ,  as  l i t t l e  e n e r g y  was n e e d e d  to c o l l e c t  f a l l e n  tw igs  and b r a n c h e s .  

Some e n e r g y  was n e e d e d  to  m a in t a i n  t h e  f i r e s  and c o a l s  and l a t e r  to  

o b t a in  the  f l i n t  or  o t h e r  i g n i t i o n  s y s t e m s .  Man was  a b l e  to  g e t  m ore  

f i r e w o o d  e n e r g y  w i th  t h e  t e c h n o l o g i e s  of  m a t c h e s ,  a x e s ,  and saw s ,  b u t  

considerable energy was needed to  assemble these  devices from the mining
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of t h e  raw  m a t e r i a l s ,  f a b r i c a t i o n  o f  d e v i c e s ,  t r a n s p o r t a t i o n  a t  many 

s t a g e s ,  and  t h e  u l t i m a t e  d i s p o s i t i o n  of  t h e  r e s i d u a l s  from a l l  t h e  

p r o c e s s e s .  Most o f  us who h av e  k e p t  t r a c k  of  th e  T r a n s - A l a s k a  P ipe l ine  

n e e d  n o t  be r e m in d e d  t h a t  i t  t a k e s  a g r e a t  am ount  of  e n e r g y  to l o c a t e ,  

mine ,  t r a n s p o r t ,  an d  t r a n s f o r m  t h e  f i n i t e  s t o c k s  of  f o s s i l  fue l s  t h a t  

h av e  b e e n  a c c u m u l a t i n g  in t h e  p a s t  m i l l ions  of  y e a r s .  I t  also t a k e s  a 

lo t  of  e n e r g y  to  m ake  th e  m a c h i n e r y  a v a i l a b l e  which  u s e s  those  fu e l s .  

A d d i t i o n a l  e n e r g y  must  be e x p e n d e d  to  s e q u e s t e r  or t r a n s f o r m  r e s i d u a l  

was tes  from al l processes ,  including energy tr ansformation ,  before they 

c a n  s a f e l y  be r e - e n t e r e d  i n t o  b i o l o g i c a l  s y s t e m s  w i t h o u t  h a rm fu l  

r e s u l t s .

Some substances ,  such as chemica l  and rad io logica l  wastes,  may 

n eed  s e q u e s t e r i n g  and  t e n d i n g  fo r  t h o u s a n d s  of  y e a r s  i n t o  th e  f u t u r e ,  

well beyond the usefulness of the transformation  systems which produced 

th e m .  C o n s id e r i n g  t h e  h i s t o r i c a l  s t a b i l i t y  of  p o l i t i c a l  s y s tem s ,  i t  

may be a r r o g a n t  to  p r e s u m e  t h a t  ou r  s o c i a l  s t r u c t u r e s  a r e  im p re g n a b le  

to  c h a n g e ,  t h a t  we can  a s s u r e  such  s a f e k e e p i n g  wil l  a c t u a l l y  be p o s ­

s ib le  f o r ,  in some c a s e s ,  a  q u a r t e r  mi l l ion  y e a r s  or  m o r e ,  and t h a t  

t h e r e  wil l  be s u f f i c i e n t  e n e r g y  on h a n d  to  c a r r y  ou t  t h e  s a f e k e e p i n g .  

Love C an a l  in New York and Times Beach  in Missouri  a r e  d r a m a t i c  

r e m i n d e r s  o f  our t e n d e n c y  to  p u t  t h i n g s  aw ay  and f o r g e t  w here  we pu t  

t h e m .  F u r t h e r ,  i f  e n e r g y  is in c r i t i c a l l y  s h o r t  su p p ly  fo r  consum p­

tion,  one wonders whether  energy would be d iverted  fo r  safekeeping of 

dangerous depositor ies .

The c o n c e p t  of  n e t  e n e r g y  is l ike  t h e  c o n c e p t  of  n e t  p r o f i t .  

One su b t ra c t s  the to t a l  cos t  from t o t a l  revenue to de te rmine  net  prof i t .
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N et e n e r g y  is o b t a i n e d  by s u b t r a c t i n g  t o t a l  i n p u t - e n e r g y  f rom  t o t a l  

o u tpu t -ene rgy .  The cen t ra l  problem, hence ,  the g r e a t e s t  controversy ,  

in Net  E nergy  A n a ly s i s  is how t o  p r e s c r i b e  t h e  a p p r o p r i a t e  b o u n d a ry  

around a system for  acc u ra te  measurement of  inputs .

At some t i m e  in the  l i f e c y c l e  o f  any  o i l  or  gas  f i e l d  or  coa l  

deposi t ,  for  example ,  i t  becomes appa re n t  t h a t  the con t inued  expendi ture  

of  energy for  mining and processing of  the  remaining re sou rce  might  very 

w e l l  be g r e a t e r  t h a n  th e  e n e r g y  t h a t  w ould  be a v a i l a b l e  f rom  t h e  fue l  

t h a t  was  be in g  r e c o v e r e d ,  p a r t i c u l a r l y  i f  n e t  e n e r g y  is m e a s u r e d  a t  the  

p o i n t  of  end  u s e . l

Econom ic  Analys is  m igh t  f a i l  t o  a n t i c i p a t e  a t  w h a t  p o i n t  th i s  is 

o c c u r r i n g .  In f a c t ,  i t  is p o s s i b l e  f o r  c a p i t a l i s t s  t o  e a r n  s h o r t - r u n  

f inancia l  p ro f i t s  when the n e t - e n e r g y  ba lance  of the process  under study 

is smal l  or  n e g a t i v e .  By way of e x p l a n a t i o n ,  c u r r e n t  hum an  a c t i v i t y  is 

s u b s i d i z e d  by o u r  p a s t  a c t i v i t y .  T h a t  is to  s ay ,  much of  w h a t  we are  

producing today  is from the tools  and s t ru c tu re s  (economic cap i ta l )  tha t  

w e re  c o n s t r u c t e d  w hen  p e t r o l e u m  an d  n a t u r a l  gas w e r e  much e a s i e r  to 

o b t a i n .  E n t r e p r e n e u r s  in a c o m p e t i t i v e  m a r k e t  t e n d  to  s e t  p r i c e s  and 

c r e a t e  p r o f i t  on t h e  bas is  of s h o r t - r u n  o p p o r t u n i t y  r a t h e r  t h a n  on the  

b a s i s  of  l o n g - r u n  r e p l a c e m e n t  c o s t s .  This  is  p a r t i c u l a r l y  t r u e  fo r  

deple tab le  r e s o u r c e s .%

^ M e a s u r e m e n t s  have  o f t e n  b e e n  a t  th e  w e l l  s i t e  o r  mine mouth  
and have not  inc luded subsequent  re f in ing  and o ther  process ing  cos ts  such 
as t r an s p o r ta t io n ,  for  example.

^A s u b s t an t i a l  amount of  our in f r a s t ru c tu r e  and s tand ing  cap i ­
t a l  was  p r o b a b ly  c o n s t r u c t e d  when  o i l  was  c h e a p  ( e . g . , $ 1 . 5 0 / b b l . )  All 
c u r r e n t l y  p r o d u c e d  s t u f f  is e n j o y in g  th i s  b e n e f i t .  Oil m in e r s  may 
p r o f i t  f rom t h e i r  a c t i v i t i e s  b u t  may n o t  be  p r o v id i n g  n e t  e n e r g y .
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Som eday ,  in th e  r e l a t i v e l y  n e a r  f u t u r e ,  we may f i n a l l y  r e a l i z e  

t h a t  c o n t i n u e d  e f f o r t s  to  e x t r a c t  p e t r o l e u m ,  n a t u r a l  gas ,  a n d  c o a l  from 

t h e  E a r th  w i l l  r e s u l t  in n e g a t i v e  n e t  e n e r g y  from th o s e  e f f o r t s .  Fossi l  

f u e l  w il l  s t i l l  be in t h e  g ro u n d ,  b u t  an  e x t e r n a l  e n e r g y  s u b s i d y  wil l  be 

r e q u i r e d  f o r  i t s  r e t r i e v a l .  This  was  Fowler ' s  1977 p o s i t i o n ,  s t a t i n g  

t h a t  th e  U. S. p e t r o l e u m  r e s e r v e s  s h o u ld  be r e s e r v e d  f o r  c h e m ic a l  

feeds tock  purposes ra the r  than used as fuel .^

It is quest ioned whether  e f f o r t s  to obtain the l e s s - c o n c e n t r a te d  

o r e s  such  as o i l  s h a le  and t a r  s a n d s  w i l l  y ie ld  n e t  e n e r g y  or  w h e th e r  

s u ch  a c t i v i t i e s  w il l  be m e re ly  r o u n d a b o u t  ways of  us ing  up t h e  c u r r e n t  

s tocks  of ne t  energy.  Similar conclusions have been r e a c h e d  by Merklein 

and Hardy  who n o t e  t h a t  " s h a l e  o i l  i s ,  and  wil l  r e m a in  fo r  a long t im e ,  

a w h i t e  e l e p h a n t  . . . Tar  s a n d s  a r e  a p ipe  dream . . ^

E ne rgy  Analys is  is a r e l a t i v e l y  new d i s c ip l in e  t h a t  has g rown 

o u t  of  th e  a p p a r e n t  u n e a s i n e s s  t h a t  som e s c i e n t i s t s  h a v e  h a d  w i th  le ss  

spec ia l ized  Economic Analysis.

G i l l i l a n d  w r i t e s ; ^

Net E ne rgy  Analys is  has  b e e n  d e f i n e d  as the  am o u n t  o f  e n e r g y  
th a t  remains  for consumer use a f t e r  the costs of f inding,  producing,  
u p g r a d i n g ,  and  d e l i v e r i n g  t h e  e n e r g y  have b e e n  p a i d .  . . . I n d i c a ­
t i o n s  a r e  t h a t ,  as  we e x t r a c t  m ore  d i l u t e ,  d e e p e r ,  a n d  d i r t i e r  
e n e r g y  s o u r c e s ,  t h e  e n e r g y  s u b s i d y  r e q u i r e d  to e x t r a c t  a n d  u p g ra d e  
t h e  new s o u r c e s  i n c r e a s e s .  . . . C o n s e q u e n t ly ,  an  i n c r e a s e  in e n e r g y  
demand or consumption may not  r e p re s e n t  an increase  in th e  amount of 
e n e r g y  a v a i l a b l e  to  do w ork  in t h e  consuming  s e c t o r s  o f  s o c i e t y .  
The e n t i r e  i n c r e a s e  may be r e q u i r e d  to  get  t h e  new e n e r g y .  Note

^Richard G. Fowler, The Longevity And Searchworthiness Of 
Pe tro leun  Resources , Idem: 189.

^Helmut A. Merklein, e t .  a l . .  Energy Economics, Idem: 204.

^ M ar tha  W. G i l l i l a nd ,  "E n e rg y  Analysis  and  P u b l i c  P o l icy ,"  
Science,  189 (September 1975): 1051.

38



s u b s i d i e s  to  e n e r g y  e x t r a c t i o n .  C o n s e q u e n t ly ,  i n c r e a s e  in t h e  
a m o u n t  of  e n e r g y  a v a i l a b l e  to  do work  in t h e  consum ing  s e c t o r s  of  
s o c i e t y .  The e n t i r e  i n c r e a s e  may be to  g e t  t h e  new e n e rg y .  . .

The m e a s u r e m e n t s  a r e  in u n i t s  of  e n e r g y ,  s uch  as Btu 's ,  j o u l e s ,  

o r  k i l o w a t t - h o u r s .  Most e n e r g y  a n a l y s t s  use som e t e c h n i q u e  for  c o n ­

ver t ing  moneta ry  d a t a  to energy units.

Debate Between Economists and Energy Analysts

G i l l i l a n d ' s  1975 a r t i c l e  i n i t i a t e d  a h e a t e d  d e b a t e  among some 

e c o n o m i s t s  and  e n e r g y  a n a l y s t s .  In t h a t  p a p e r  she  was c r i t i c a l  of  

Economic Analysis,  saying:^

. . . E co n o m is t s  o f t e n  use s o p h i s t i c a t e d  t e c h n i q u e s  to c o n v e r t  
a  b r o a d  r a n g e  of  " a p p le s  and  o r a n g e s "  i m p a c t s  in to  d o l l a r s .  
E n v i r o n m e n t a l  im p a c t s  a r e  t y p i c a l l y  t r e a t e d  as e x t e r n a l i t i e s  and  
s t a t e d  in  d o l l a r  am oun ts .

In t h a t  p a p e r  she e n c o u r a g e d  th e  s u b s t i t u t i o n  of Energy  

Analysis for  Economic Analysis for  the following reason:

. . . E n e rg y  Analys is  of  a l t e r n a t i v e  e n e r g y  s u pp ly  t e c h n o l o g i e s  
c a n  p r o v i d e  m ore  i n f o r m a t i o n  of  a le s s  c o n f l i c t i n g  n a t u r e  to  
policymakers.  Assuming th a t  more and b e t t e r  information improves 
t h e  q u a l i t y  of  d e c i s i o n s ,  t h e n  Energy  A na lys i s  can  im prove  
government  policies in a reas  such as managing public energy lands,  
r e g u l a t i n g  g a s ,  oi l ,  and  u t i l i t y  r a t e s ,  p r o v i d i n g  t a x  i n c e n t i v e s ,  
and es tab l ish ing  research  emphasis.

H u e t t n e r ,  an  e c o n o m i s t ,  r e s p o n d e d  t o  G i l l i l a n d ' s  p a p e r ,  

expressing conce rn  th a t  Energy Analysis might r ep la ce  Economic Analysis 

in na t iona l  policy m a t te rs  with respec t  to energy .  Huettner  writes:^

Of d e e p e r  c o n c e r n ,  h o w e v e r ,  a r e  c r i t i c i s m s  t h a t  s e e k  an  
a l t e rn a t iv e  framework to guide dec ision-making or to value inputs

l l b i d .

%Ibid: 1056.

^David A. Huet tner ,  "Net Energy Analysis: An Economic Assess­
ment," Science ,  192 (9 April 1976): 101.
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and  o u t p u t s .  While no n e t  e n e r g y  a d v o c a t e  has to  my k n o w led g e ,  
e x p l i c i t l y  f a v o r e d  t h a t  i t  r e p l a c e  t r a d i t i o n a l  eco n o m ic  a n a ly s i s ,  
t h e  use of  n e t  ene rgy  a c c o u n t i n g  to  v a lu e  in p u t s  and o u t p u t s  and  to  
g u id e  d e c i s i o n  making has  f a r - r e a c h i n g  im p l i c a t i o n ,  p a r t i c u l a r l y  
fo r  t h e  a l l o c a t i o n  of  r e s o u r c e s  . . .

. . . More th a n  ju s t  t h e  a p p r o p r i a t e  s e l e c t i o n  of  t h e  n u m e ra i r e  
is im p l ie d ,  h o w e v e r ;  p r i c e s  a r e  f o r m u l a t e d  as i f  e n e r g y  w ere  the  
o n ly  r e l e v a n t  r e s o u r c e  c o n s t r a i n t ,  and  t h e  r e l a t i v e  s c a r c i t y  of  
n o n - e n e r g y  in p u t s  becom es  a f a c t o r  on ly  i f  i t  l e a d s  to  a c h a n g e  in 
t h e  e n e r g y  c o n t e n t  of  t h e s e  i n p u t s .  In e s s e n c e ,  a l l  n o n - e n e r g y  
resources  are viewed as t r ans fo rm ed  energy,  and in this one-commod­
i t y  w or ld  a l l  d e r i v a t i v e  p r o d u c t s  a r e  p r i c e d  a c c o r d i n g  to t h e i r  
energy co n ten t .

In 1 9 7 7 ,  S l e s s e r  r e s p o n d e d  t o  H u e t t n e r ,  f i r s t  c r i t i z i n g  

H u e t t n e r ' s  t h r o w i n g  t o g e t h e r  a l l  e n e r g y  a n a l y s t s  in to  one  s c h o o l  of  

thought .  He dist inguished be tween  two approaches to Energy Analysis:^

. . . Net  Energy  Analys is  d o e s  n o t  use " n e t  e n e r g y  a c c o u n t i n g  
to v a l u e  i n p u t s  and o u tp u t s " ;  i t  u se s  g ross  e n e r g y  a c c o u n t i n g  nor 
does  H u e t t n e r  d i s t i n g u i s h  b e t w e n  th e  two s c h o o l s  of  e n e rg y  
a n a l y s i s :  t h a t  of Odum, to  w h ic h  G i l l i land  . . .  a p p e a r s  to be an
a d h e r e n t ,  an d  t h a t  which ,  b r o a d l y  s p e a k in g ,  s u p p o r t s  t h e  c o n v e n ­
tions from the  workshop on ene rgy  anlysis methodology convened by 
t h e  I n t e r n a t i o n a l  F e d e r a t i o n  o f  I n s t i t u t e s  f o r  A dvanced  Study  
(IFIAS) in Sweden in 1974.  . .The fo rm e r  schoo l  p l a c e s  an e n e r g y  
v a l u e  on t h e  sun and on l a b o r .  The l a t t e r  group  r e g a r d s  th e  sun as 
a f r e e  goo d  a n d  a rgues  t h a t ,  s i n c e  t h e  o b j e c t i v e  of  t h e  econom y is 
to  f u r n i s h  p e o p le  w i th  t h e i r  n e e d s ,  to  c o u n t  t h e  e n e r g y  fo r  l i f e  
s u p p o r t  o f  l a b o r  is to d o u b l e - c o u n t .  This g roup  t r e a t s  e n e r g y  
analysis  as  the "determination of  the  energy (resource)  seques te red  
in t h e  p r o c e s s  of making a good  o r  s e r v i c e  w i th in  th e  f r a m e w o rk  of  
an a g r e e d  s e t  o f  c o n v e n t io n s .  . .

Odum, f o u n d e r  of w ha t  S l e s s e r  t e rm s  th e  " n e t - e n e r g y  s choo l , "
O

also responded  to Huettner:

. . . N e t  e n e r g y  c a l c u l a t i o n s  a r e  one of t h e  b y - p r o d u c t s  of  
d o in g  g e n e r a l  e n e rg y  a n a l y s i s ,  in w hich  a l l  f lows b e l i e v e d  to  be 
im p o r ta n t— including flows of money— are diagramed.  Each is then 
ev a lu a te d  in energy terms,  f i r s t  in degraded hea t  equivalents ,  then

^Malcolm Slesser, "Let te r  s to the Editor,  Energy Analysis," 
S c i e n c e , 196 (10 Apri l  1977):  259 .

^Howard T. Odum "Let te rs  to  the  Editor,  Energy Analysis," 
S c i e n c e ,  196 (10 Apri l  1977):  262 .
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in co a l  e q u i v a l e n t s .  Net  e n e r g y  is  c a l c u l a t e d  t o  e v a l u a t e  th e  
c o n t r i b u t i o n  to  t h e  e conom y  of an e x t e r n a l i t y ,  su c h  as fu e l ,  min­
e r a l s ,  e n v i r o n m e n t a l  i n t e r a c t i o n ,  sun ,  w in d ,  l a n d ,  and so f o r t h .  
S ince  money  f lo w s  only  w i th i n  c l o s e d  loops  of  t h e  econom y,  one 
c a n n o t  e v a l u a t e  in d o l l a r s  w h e t h e r  an i n f l o w  f rom  an e x t e r n a l  
e n e r g y  s o u r c e  o r  an e n v i r o n m e n t a l  i n t e r a c t i o n  is e c o n o m ic .  The 
v a l u e  of  money o v e r a l l  is p r o p o r t i o n a l  to  t h e  e n e r g y  in f lo w s  from 
ou ts ide .

The requirement for  ne t  energy ca lcu la t ion  was represen ted  to 
us by t h o s e  w r i t i n g  Public  Law 9 3 -577  ( t h e  N o n - N u c l e a r  Energy  
Research  and Development Act of  1974) with the  simple diagram . . .^ 

. . . Net  Energy  w as  d e f i n e d  as th e  d i f f e r e n c e  b e t w e e n  th e  y ie ld  Y 
and the  feedback  F, where both are expressed  in equ iva len t  energy

Figure 3.1 

(»UM MODEL

FEEDBACK
OF GOODS, F
SERVICES, <--------
FUELS, —-- —-  —- •$-——>
LABOR,
ETC. MAIN

ECON(MY
ALL

EXTERNAL ----> ENERGY <- OTHER
ENERGY PROCESSING SOURCES

SYSTEM Y

SOURCE
TO BE
EVALUATED 1

Notes: F = feedback of  energy-embodied goods and se rv ice s
Y = GNP, [energy embodied goods and s e rv ic e s )

Source:  Howard T. Odum, "Let te r  to the Editor ,"  Science  196
(10 A pr i l  1977):  260.

Ib id .
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u n i t s  (o f  t h e  sa m e  q u a l i t y  an d  e n e r g y  c o s t .  C a l c u l a t i n g  t h e  y ie ld  
r a t i o  (Y/F) he lp s  to  e s t i m a t e  t h e  f r a c t i o n  of  th e  e c o n o m y  t h a t  mus t  
be  r e t u r n e d  to  t h e  p r o c e s s i n g  o f  e n e r g y .  For  e x a m p l e ,  a y ie ld  o f  6 
for  1 re tu rned  seems to be c h a r a c t e r i s t i c  of  the main primary energy  
s o u r c e s  a v a i l a b l e  to  The U n i te d  S t a t e s  w i th  t h e  p r i c e  of  f o r e ig n  oi l 
a t  $12 p e r  b a r r e l .  The y i e l d  f rom n u c l e a r  p l a n t s  is  no t  as  h igh .  
Proposed a l t e r n a t iv e  energy technologies,  such as so la r  heat ing,  oil 
s h a l e ,  s o l a r  c e l l s ,  and  l o w - v e l o c i t y  w indmi l l  g e n e r a t o r s  h av e  v e r y  
p o o r  y i e ld s .  Net  e n e r g y  c a l c u l a t i o n s  c u t  t h r o u g h  c o n f u s io n  in 
showing which proposed primary energy  sources  a re  poor.^

S le s s e r  a r g u e d  t h a t  t h e  r e a s o n  t h a t  Energy  A na lys is  r e a c h e s  

d i f f e r e n t  c o n c l u s i o n s  from t h o s e  r e a c h e d  by Economic  Analys is  is  t h a t  

m a r k e t s  a r e  i m p e r f e c t . ^  H u e t t n e r ' s  p o in t  is t h a t ,  e v e n  i f  m a r k e t s  a r e  

f r e e  or  p e r f e c t ,  a n a l y s t s  e m p lo y in g  E n e rg y  Analys is  w i l l  r e a c h  f a r  

d i f f e re n t  conclusions from those r eac h ed  by analysts  employing Economic 

A na lys is  and t h a t ,  r e g a r d l e s s  o f  w h ich  s c h o o l  of E n e r g y  A na lys is  is 

u sed ,  "When in I t a l y ,  a l l  r o a d s  l e a d  to  Rome.^ By t h i s ,  H u e t t n e r  

m eans  t h a t  t h o s e  h o ld in g  an E nergy  Analys is  p e r s p e c t i v e  seem to  v iew  

t h e  w o r ld  from a d i f f e r e n t  p e r s p e c t i v e  th a n  t h a t  of  e c o n o m i s t s .  In t h i s  

s t u d y  t h e  a u t h o r  ho lds  t h a t  i n t e g r a t i n g  t h e  i m p l i c a t i o n s  of  th e  e n t r o p y  

law into one's pe rspec t ive  changes the  perspec t ive  substan ti al ly .

Georgescu-Roegen en te red  th is  exchange,  conce rned  with what  he 

t e r m s  t h e  " e n e r g e t i c  dogma,"  t y p i f i e d  by "one o f  t h e  e a r l i e s t  p r o ­

p o u n d e r s ,  F red  C o t t r e l l  . . . who a r g u e d  t h a t  a l l  t h a t  m a nk ind  n e e d s  is 

to  ob ta in  'n e t  energy' ."^ Georgescu-Roegen  would seem to be on th e  side

l l b i d .

^Malcolm Slesser ,  "Le t te r  to the Editor ,"  Science  Idem: 259.

^David A. Huettner ,  "L e t te r  to  the  Editor," Science Idem: 262.

^ N ic h o la s  G e o r g e s c u - R o e g e n ,  "Energy  A na lys i s  and  Economic  
Evaluation," Southern  Economic Journa l ,  (April 1979): 1023-1058.
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of e n e r g y  a n a l y s t s  who s h a r e  his c o n c e r n  w i th  th e  i m p l i c a t i o n s  of the  

entropy law on the economic process,  bu t  he turns against  them,  bel iev­

ing t h a t  " m a t t e r  m a t t e r s , "  as  w e l l  as  e n e r g y .  Q uite  c o r r e c t l y ,  he 

a r g u e s  a g a i n s t  th o s e  who f e e l  t h a t ,  g iv e n  enough  e n e r g y ,  a n y t h in g  is 

p o s s ib le .  Second ,  he t a k e s  i s sue  w i th  t h o s e  e n e r g y  a n a l y s t s  who would 

s u b s t i t u t e  Energy  Analys is  fo r  Economic Analys is  as t h e  b a s i s  f o r  major 

policy considera t ions .  Although fundamenta l ly holding th a t  " th e  entropy 

law is t h e  t a p r o o t  of  econom ic  s c a r c i t y , "  he  also  ho lds  t h e  fo l low ing  

p os i t ion ;^

. . .  I t  w o u ld  be  a g r e a t  m i s t a k e  t o  t h i n k  t h a t  i t  [ t h e  
eco n o m ic  p ro c e s s ]  c a n  be r e p r e s e n t e d  by  a v a s t  s y s t e m  o f  t h e rm o ­
dynam ic  e q u a t i o n s  . . . The e n t r o p i e  p r o c e s s  moves t h r o u g h  an 
i n t r i c a t e  web  of  a n th ro p o m o r p h ic  c a t e g o r i e s ,  o f  u t i l i t y  and  labor,  
above  a l l .  I t s  t r u e  p r o d u c t  is n o t  a p h y s ic a l  f low of d i s s i p a t e d  
m a t t e r  and  e n e rg y ,  b u t  th e  e n j o y m e n t  of  l i f e .  . .

Georgescu-Roegen addresses Huettner 's  challenge to the energy
2a n a l y s t s  in t h e  s e r i e s  in  S c i e n c e , n o t i n g ;

Huettner  followed the fal lac ious  p rac t ice  in s tandard  economics 
of  ignoring the  essenti a l  d i f fe rences  between flows — the  material  
elements  th a t  are changed by a production  process - -  and funds - - the  
a g e n t s  t h a t  p e r f o r m  th e  ch a n g e .  As a r e s u l t ,  his p r i c e  e q u a t io n s  
had  e x a c t l y  th e  s am e form as his  e q u a t i o n s  fo r  p r e s u m e d  e n e rg y  
equ iva len ts .

H u e t t n e r ,  in an u n p ub l i she d  a r t i c l e ,  sa id :^

. . . G e o r g e s c u - R o e g e n  . .  . has  a rg u e d ,  q u i t e  b r i l l i a n t l y ,  
t h a t  m a t t e r  m a t t e r s ,  t h a t  e n e r g y  a n a l y s i s  is no t  t h e  r a t i o n a l  bas is  
for  economic evaluat ion,  th a t  economic choice is a purely economic 
m a t t e r  and  n o t  a p h y s i c o - c h e m i c a l  o n e ,  and t h a t  o u r  p r e s e n t  
approach to technology assessment requires  a thorough reo r ie n ta ­
t i o n .

l l b i d .

^ Ib id .

^David  A. H u e t t n e r ,  "Energy  A n a ly s i s  and Economic  E va lua t ion :  
Conment, Unpublished Article,  University of Oklahoma.
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H ow ever ,  H u e t t n e r  doub ts  t h a t  G e o r g e s c u - R o e g e n ' s  f l o w - f u n d  

a n a l y s i s  is l i k e ly  to  s e t t l e  th e  i s sue  and t h a t  t h e  pu rp o se  of  his 

[ H u e t t n e r ' s ]  a r t i c l e  was  to  show why Energy  A na lys is  gives  a d i f f e r e n t  

answer from Economic Analysis.^

In t h a t  s e r i e s  of  e x c h a n g e s  in S c i e n c e , S le s s e r  c a l l s  for  

h u m i l i t y  on a l l  s id e s . ^

Energy  A nalys is  is  no t  l i k e ly  to  t a k e  t h e  p l a c e  of  Economic 

Analys is .  H owever ,  p e r h a p s  t h e r e  is room f o r  c o l l a b o r a t i o n  and 

i n t e g r a t i o n  of  a s p e c t s  of  Energy  Analys is  c o n s i d e r a t i o n s  in to  econom ic  

mode ls .  At l e a s t  i t  s e e m s  p a r a m o u n t  t h a t  e c o n o m i s t s  must a n s w er  the 

charges  of  Georgescu-Roegen of the "mechanist ic" connection and must 

i n t e g r a t e  t h e  i m p l i c a t i o n s  of  th e  e n t r o p y  law  i n t o  t h e i r  th ink ing .

E conom is ts  may a lso  f ind  t h a t  the  v i e w p o i n t s  b rough t  f o r t h  by 

Energy  Analys is  may add  a new d im ens ion  to  t h e i r  u n d e r s t a n d i n g  of the 

s o c i a l  p r o c e s s e s .  E n e rg y  a n a l y s t s ,  on th e  o t h e r  h a n d ,  would b e n e f i t  

f rom th e  n o t io n  t h a t  c h o i c e s  and p r e f e r e n c e s  of  c o n s u m e rs ,  e n t r e p r e ­

n e u r s ,  and p o l i t i c i a n s  a r e  p r i n c i p a l l y  p s y c h o c u l t u r a l ,  a l t h o u g h  u l t i ­

m a te ly  c o n s t r a i n e d  by p h y s i c a l  r e a l i t y .  E co n o m is t s ,  h o w e v e r ,  need  to 

c a t c h  on to t h e  n o t io n  t h a t  the  u l t i m a t e  l i m i t s  of  t h e  econom ic  sys tem 

a r e ,  a t  some p o in t ,  c o n s t r a i n e d  by c e r t a i n  p h y s i c a l  r e a l i t i e s .

New i n f o r m a t i o n  a b o u t  p h y s i c o - c h e m i c a l  l i m i t a t i o n s  is also 

l i k e ly  to  m e a s u r e a b ly  i n f l u e n c e  t a s t e s  and  p r e f e r e n c e s  of  consum ers ,  

en t rep reneurs ,  pol i t ic ians,  and economists.  Energy analysts  and econo­

m is t s  such  as G e o r g e s c u - R o e g e n  a r e  c o r r e c t l y  a r g u i n g  t h a t  t h e  e n t ro p y

I jb i d .

^Malcolm S les se r ,  "Let te r  to the E d i to r , "  Iden: 259.
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l a w  is  p e r v a s i v e  and  t h a t  the  m a i n s t r e a m  e c o n o m i s t ' s  w ay  o f  th in k in g  

a b o u t  e n e r g y  supp ly  and  t h e  s u pp ly  o f  o t h e r  r e s o u r c e s  is  s e r i o u s l y  a t  

f a u l t .

I t  is he ld  t h a t  most  m a i n s t r e a m  e c o n o m i s t s ,  u s in g  i n f i n i t é -  

s u b s t i t u t i o n  r e a s o n i n g ,  would  a r g u e  t h a t  t h e  p r i c e  m e c h a n i s m  wil l  p r o ­

v i d e  t h e  m os t  r e l i a b l e  c lues  o f  r e s o u r c e  a v a i l a b i l i t y  b o t h  in t h e  s h o r t  

r u n  a n d  in t h e  long  ru n .

I t  is a r g u e d  t h a t  th e  f a i l u r e  to  i n c l u d e  th e  i m p l i c a t i o n s  of  the  

law of en t ropy  into the i r  method may have led mains tream economists  into 

a  dangerous  in t e l l ec tu a l  t r ap  ( the t r ap  of  in f in i te - s u b s t i tu t io n  reason­

ing) and may, consequently,  p lace  human civ i l iza t ion  in deep  peril .

The arguments of  Georgescu-Roegen are cu r ren t ly  being defended,  

among o the rs ,  by Daly^ against  those of  Burness, e t  al .^

Sunnary

The concep t  of Energy Analysis was in t roduced .  The deba te  tha t  

broke  out  be tw een  economists and energy analys ts  was summarized.  Energy 

a n a l y s t s  a r o u s e d  t h e  i r e  of some e n e r g y  e c o n o m i s t s  by  p u s h in g  fo r  the  

a c c e p ta n c e  o f  an energy  theory of  value.  Some economists  were  concerned 

t h a t ,  no t  only might the government seek  council  from o th e r  than econo­

m i s t s  on e n e r g y  p o l i c y ,  b u t  m o re  i m p o r t a n t l y ,  t h e  c o n c l u s i o n s  of  the  

e n e rg y  ana lys t s  were l ikely to  be d i f f e r e n t  from conclusions  reached  by 

e c o n o m i s t s .  The Odum n e t  e n e r g y  m ode l ,  w h ich  w i l l  b e  u s e d  as t h e  con-

^H erm an  E. Daly,  "T h e rm o d y n a m ic s  and E conom ic  C o n c e p t s  as 
R e la ted  to Resource-Use Policies,  A response ,"  Land Economics ( fo r th ­
coming) 1985.

^S tua r t  Burness, et  al ,  "Thermodynamic and Economic Concepts  as 
Related  to Resource-Use P o l i c i e s , "  Land Economics, 56 (February 1985).
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c e p t u a l  b a s i s  f o r  d r a w i n g  t h e  s y s t e m  b o u n d a r y  a r o u n d  e n e r g y -  

t r a n s f o r m a t i o n  e n t i t i e s  in th i s  s t u d y ,  was  i n t r o d u c e d  and  show n as 

f i g u r e  3 .1 .

I t  is a g r e e d ,  w i th  H u e t t n e r ,  t h a t  E nergy  Analys is  w i l l  l e a d  to  

d i f f e r e n t  conclusions from those reac hed  by mainst ream economists  based 

on t h e  i n f i n i t e - s u b s t i t u t i o n  m ode l .  The c o n c l u s i o n s  r e a c h e d  in t h i s  

s tudy are  no exception .

The d i f fe rences  in perspec t ive ,  however,  a re  fundamenta l .  I t  is 

a r g u e d  t h a t  e n e r g y  is  a un ique  a s p e c t  of  n a t u r e  f o r  w h ich  t h e r e  is no 

s u b s t i t u t e .  I t  is u n iq u e  b e c a u s e  of  t h e  l a w s  of  t h e r m o d y n a m i c s ,  

espec ial ly  the  second law. Georgescu-Roegen has eloquently argued th a t  

m a i n s t r e a m  e c o n o m ic s  is  i n t e l l e c t u a l l y  d i s c o n n e c t e d  from t h e  i m p l i c a ­

t i o n s  of  t h e  Second  Law of T he rm o d y n a m ic s .  I t  was a r g u e d  t h a t  t h e  

f a i l u r e  of  m os t  e c o n o m is t s  to  come to  g r ip s  w i th  t h i s  i s s u e ,  n o t  only  

i n t e l l e c t u a l l y  m i s l e a d s  them ,  bu t  s i n c e  t h e i r  i n f l u e n c e  is  g lo b a l ly  

p e r v a s i v e ,  a l so  p l a c e s  c i v i l i z a t i o n  in d e e p  p e r i l  a c c o r d i n g l y .
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CHAPTER 4

A CRITICAL VIEW OF STANDARD ENERGY ANALYSIS 

Prec is

T h e re  is a m a jo r  and  a minor m e th o d o l o g y  in  E n e rg y  A nalys is .  

The d o m i n a n t  s c h o o l  c h a r a c a t e r i z e d  in  t h i s  s tu d y  as  S t a n d a r d  Energy  

A nalys is  (SEA) i n c l u d e s  w r i t e r s  s u c h  as  Chapm an ,^  H e re n d e e n  and 

B u l l a rd ,^  and  t h e  l i k e s .

The o t h e r  f a r  l e s s - i n f l u e n t i a l  s c h o o l  is c l o s e l y  a s s o c i a t e d  w i th  

s t u d e n t s  of  Howard  T. Odum,^ a s y s t e m s  b i o l o g i s t  a t  t h e  U n iv e r s i t y  of  

F lo r id a ,  and  th e  more  r e c e n t  work  of  C o s t a n z a ^ .  This a u t h o r ' s  p o s i t i o n  

is c l o s e l y  r e l a t e d  to  t h a t  o f  Odum. The p ro b lem  of  s y s t e m  b o u n d a r y  wil l  

be d i s c u s s e d  a t  some l e n g t h .  A c r i t i c a l  d i s c u s s io n  o f  t h e  c u r r e n t  

s t a t e - o f - t h e - a r t  in S t a n d a r d  Energy  A na lys is  and  s u g g e s t i o n s  fo r  a 

re la t ive ly  simple n e t - e n e r g y  method will  conclude the ch ap te r .

^P .  F. Chapman, G. Leach, and  Malcolm S lesser ,  "The Energy  Cost  
of  Fuels," Energy Policy, 2 (September 1974): 231-243.

^ R o b e r t  A. Herendeen and  C la r k  W. Bullard ,  111, "The Energy  
C os t  of Goods and S e r v i c e s , "  1963 a n d  1 9 6 7 ,  CAC D o c u m e n t  No. 1 4 0 , 
(U r b a n a , I L :  [ 1 9 6 7 ] .

^Howard T. Odun, Energy Basis  For Man And N atu re , Idem.

^Robert Costanza,  "Unbodied Energy," Idem.
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A C r i t i c a l  Discussion  Of Standard Energy Analysis

Diversi t ies  in methodology in Energy Analysis led to a number of 

conferences  and the  u l t im a te  adoption of  a s tandard ized  s e t  of "conven­

tions" so tha t  ana lys ts  could b e t t e r  communicate among themselves .  The 

I n t e r n a t i o n a l  F e d e r a t i o n  of  I n s t i t u t e s  f o r  A dvanced  S tudy  (IFIAS) c o n ­

d u c t e d  t h e  f i r s t  c o n f e r e n c e  in G u ld s m e d s h y t t a n ,  S w e d en ,  in August  of  

1974.  A s e c o n d  IFIAS c o n f e r e n c e ,  a go a l  o f  w h ich  was  to b r in g  t o g e t h e r  

e c o n o m is t s  and  e n e r g y  a n a l y s t s ,  was  he ld  in  1975 a t  L id ingo ,  Sweden .  

Apparently,  th is  was no t  very  successful .  An addit iona l  conference  was 

o r g a n i z e d  by The I n s t i t u t e  of Energy  S tu d ie s  a t  S t a n f o r d  in August ,  

1975.1

Rich s o u r c e s  of  b a c k g r o u n d  in f o r m a t i o n  a r e  a l so  c o n t a i n e d  in 

Hannon,^ Herendeen,^ and Webb and Pierce,'^ among others .

Th ree  S t a n d a r d - E n e r g y - A n a l y s i s  t e c h n i q u e s  a r e  d e s c r i b e d  by 

Chapman,  a l e a d i n g  w r i t e r  in th e  f i e l d .  The f o l l o w in g  is a summary  of  

his review:

1 Energy Accounting As A Policy Tool, Subcommittee on Energy 
Research,  Development and Demonstrat ion, of the  Committee on Science and 
Technology,  U. S. House of Represen ta t ives ,  94th Congress,  Second Ses­
sion, by the Environment and Natural  Resources Division, Congressional 
Research Service,  U. S. Government Printing Office,  [1976].

^Bruce M. Hannon, "An Energy Theory of  Value," Annals Of The 
American Academy Of Poli t ical  and Social Science 410 (1973).

 ̂R o b e r t  A. Herendeen and C la rk  W. Bullard  III,  "Energy  Cost  o f  
Goods and Services," CAO Document No. 140, Center for Advanced 
Computat ion, Universi ty of  Illinois, Urbana-Champaign,  [1974].

^Michael Webb and David Pearce "The Economics of  Energy Analy­
sis," Energy Policy,  3 (December 1975): 332-344.
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1. S t a t i s t i c a l  A n a ly s i s . In th i s  t e c h n i q u e ,  Census  o f  P ro­

d u c t i o n  d a t a  a r e  u sed  to  e s t i m a t e  e n e r g y  p e r  un i t  o f  o u t p u t .  These 

d a t a  a r e  c o u p l e d  w i th  d a t a  on i n d u s t r i a l  o u t p u t  and a l low  an e s t i m a t e  

to  be  made o f  t h e  e n e r g y  c o s t  p e r  u n i t  o f  o u t p u t . ^

2. I n p u t - O u t p u t  A na lys i s . This  t e c h n i q u e  in v o lv e s  t h e  use of 

n a t i o n a l  I n p u t / O u t p u t  (1/0)  t a b l e s .  M o n e ta ry  va lues  a r e  t r a n s f o r m e d  

mathematica l ly  to  energy  values to show the amount of energy  embodied in 

e a c h  c o m p o n e n t  of  t h e  I /O t a b l e .  I t  is b a s e d  on th e  m a t r i x  a p p r o a c h  

developed by Leont ief  for  use in economics.^ .

3. Process Analysis. The fol lowing is quoted from Chapman;^

P r o c e s s  a n a l y s i s  invo lves  t h r e e  s t a g e s .  The f i r s t  is to 
i d e n t i f y  t h e  n e t w o r k  of  p r o c e s s e s  w h ich  c o n t r i b u t e  to  a f in a l  
p r o d u c t  . . . Nex t  eac h  p r o c e s s  w i th in  th e  n e t w o r k  has  to be 
a n a l y s e d  in o r d e r  to  i d e n t i f y  t h e  in p u t s ,  in the  fo rm of e q u i p m e n t ,  
m a t e r i a l s ,  and  e n e r g y .  Final ly  an e n e r g y  va lue  has  to be a s s ig n e d  
to  e a c h  in p u t .

H i s t o r i c a l l y ,  we have  r e c o r d e d  a g r e a t  dea l  of  f i n a n c i a l  d a t a  

on physical  ma te r ia ls  and energies r a th e r  than on the physical q u a n t i ­

t ies  of  m a te r ia l s  by volume and weight .  Most of  the various techniques  

have been developed to  t rans la te  the f inancia l  da ta  to physical  (energy 

and  m a t e r i a l s )  d a t a .  For exam ple ,  t h e  I n p u t / O u t p u t  c a l c u l a t i o n s  of 

Bullard, showing the number of Btu's embodied in each dollar’s wor th  of 

each  i tem in the  United S ta tes  Standard Industr ial  Classif icat ion Code, 

show t h a t  33,938 Btu 's  w e re  r e q u i r e d  to  p r o d u c e  eac h  d o l l a r ' s  w o r t h  of

^P.F.Chapman, "Energy  C o s ts :  a r e v i e w  of  m e th o d s ,"  Energy  
Policy (June 1975): 95-96.

^W ass i ly  Leont ie f ,  The S t ruc tu re  Of The American Economy, 
(New York; Oxford U n i v e r s i t y  P r e s s ,  1941), pp. 1919-1939.

^P. F. Chapman, "Energy Costs :"  Idem.
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c i g a r e t t e s  and 517,502 Btu's to produce each d o l l a r ' s  worth of cement.^

S ta n d a rd  a n a l y s i s  has been used in  t h e  U n i te d  S t a t e s ,  t h e

U n i t e d  Kingdom, and o t h e r  c o u n t r i e s  in Europe.  R e g a r d l e s s  of  the

s u b s e t  used  ( i n p u t - o u t p u t  or  p r o c e s s ) ,  t h e s e  methods r e q u i r e  an

account ing  (as inputs)  only for the  d i r e c t  use of  fue ls  and the in d i r e c t

energ ies  embodied in the phys ical  m a te r ia l s .  For example, Bullard notes

the fo l lowing in a footnote;^

As a f i r s t  approximation,  we could m u l t ip l y  the d o l l a r  cos t  of 
the  power  p l a n t  (88 m i l l i o n *  a t  1970 p r i c e s . . . )  by th e  a v e ra g e  
i n t e n s i t y  for  a l l  goods and serv ices in 1970 (68,690 Btu/$).  This 
c o e f f i c i e n t  i s  s imply the r a t i o  of t o t a l  U.S. energy use to gross 
na t io n a l  product in 1970 . . .Wages and taxes  are excluded to be 
compatib le  with  system boundary of  the I-O model which corresponds 
to CMP. Using t h i s  convention,  energy to produce i tems bought 
w i th  wages are charged to the wage earner,  not  the employer.

I t  should be noted tha t  Bullard uses the word convention, and i t  

is  argued tha t  such a p r a c t i c e  i s  va l id  as a convention only,  a m is lead ­

ing one a t  th a t .  I t  c o n s t i t u t e s  a major s p e c i f i c a t i o n  e r r o r  in desc r ib ­

ing  th e  boundary  t h a t  s h o u ld  be a b s t r a c t l y  drawn around  an en e rg y -  

t rans format  ion system in order to do accura te  Energy Analysis .  Note 

th a t  Bul la rd  e x p l i c i t l y  excludes wages and taxes " to  be compatible with  

system boundary."^

What i s  l e f t  i s  an accounting for  the d i r e c t  use of fue ls  and 

the in d i r e c t  energy embodied in  physical  m a t e r i a l s  only. Wages and 

taxes  are monies paid to  workers and governments,  r e s p ec t iv e ly ,  who buy 

a c tu a l  goods and se rv ice s  with  those monies. None of these  goods or

^Clark W. B u l l a rd  111, Peter  S. P e n n e r  and David A. P i l a t i ,  
Net-Energy Analysis ;  Handbook For Combining Process and Input-output  
Ana lys is ,  Energy Research Group Univers i ty  of  111, [1976], p. 22.

Ib id .
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s e r v i c e s  is b r o u g h t  i n t o  t h e  e c o n o m ic  a r e n a  e x c e p t  t h r o u g h  th e  use of  

energy and materia ls .^

The p r a c t i c e  of  excluding wages and taxes  re f l e c t s  a somewhat 

incomplete unders tand ing of National Income and Product  Accounting.  

Gross N a t i o n a l  P r o d u c t  (GNP) is a m e a s u re  of  t h e  m o n e t a r y  v a lu e  of  t h e  

t o t a l  p h y s i c a l  p r o d u c t  of  th e  e co n o m y ,  u s u a l l y  in  a n n u a l  q u a n t i t i e s .  

N a t io n a l  Incom e (NI) m e a s u r e s  t h e  money p a y m e n t s  to  t h e  f a c t o r s  of  

p r o d u c t i o n  in v o lv e d  in  p r o d u c in g  th e  p h y s i c a l  goods  and s e r v i c e s .  

These f a c t o r  p a y m e n t s  i n c l u d e  w a g e s ,  t a x  d i v i d e n d s ,  i n t e r e s t ,  and 

p r o f i t s . ^

The two economic accounts  (Product and Income) are somewhat 

m i r ro r  im ages  of  one  a n o t h e r ,  and  th e  sums of  t h e  tw o  a c c o u n t s  a r e  

eq u a l  a m o u n ts .  The a p p a r e n t  log ic  used  by H e r e n d e e n  and Bu l la rd  is 

tha t  count ing wages would involve a double count ing  because wages and 

o ther  fac to r  payments appear in the  Income accoun ts ,  whereas fuels  and 

physical mate ria ls  appear  only in the Product  accounts .  If economists  

f o l l o w e d  s u c h  a p r a c t i c e ,  a m ic ro e c o n o m ic  a n a l y s i s  would n o t  be 

poss ib le .

Argument for Expanded System Boundary 

I t  is a r g u e d  t h a t  E nergy  Analys is  is a n a l o g o u s  to  a m i c r o -  

econom ic  a n a l y s i s .  In m ic ro e c o n o m ic s  on e  d e a l s  w i th  t h e  f irm or

^Direct  r e fe r s  to fuels  and e l e c t r i c i ty  a c tu a l ly  consumed 
on s i t e  o f  t h e  e n t i t y  b e in g  e v a l u a t e d ,  and  i n d i r e c t  r e f e r s  to  t h o s e  
consum ed  in t h e  web o f  i n d u s t r i a l  p r o c e s s e s  b e f o r e  t h e y  a re  b r o u g h t  to  
the f ac i l i ty  under evaluation .

O
R ic h a r d  G. L ipsey ,  e t  a l .  E c o n o m ic s , 7 th  e d . ,

(New York: Harper & Row, Publishers, 1984), pp. 5 04-511.
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industry,  w hile  in Energy Analys is ,  one deals  w i th  an ene rgy- t ransfo r ­

mation e n t i t y  or system (for  example, a nuclear  power p lant .)

In an e a r l i e r  p r o p o s i t i o n  i t  was h e l d  t h a t ,  in o rd e r  fo r  

anything to be made useful  for  human consumption, some amount of energy 

must be expended. The amount of  energy involved i s  out of  a complicated 

network of  p r io r  expendi tu res  (money/energy). Therefore,  i t  fol lows 

tha t  any payment of money i s  re p re s e n t a t iv e  of  some rea l  amount of goods 

or  se rv ice s .  Hence, when money c rosses  the company fence ( the system 

boundary), outbound, then the company expects r ea l  goods and serv ices  to 

t r a v e l  in  th e  o p p o s i t e  d i r e c t i o n  a c r o s s  th e  same s y s t e m  boundary ,  

inbound.  T h e r e f o r e ,  a l l  money payments  a r e  p r o p o r t i o n a l  to ene rg y  

f lo w s .  A11 f i n a n c i a l  payments  made by a company,  say ,  an e l e c t r i c -  

u t i l i t y  company, a re  for ac tua l  goods and se rv ices  tha t  are made a v a i l ­

ab le  only through a r ea l  s e t  of  p r io r  energy expendi tures .  Recall from 

above t h a t  wages ,  i n t e r e s t ,  t a x e s ,  and so f o r t h  ( s o - c a l l e d  f a c t o r  

payments) a re  not counted as energy cos ts  in Standard Energy Analysis.  A 

Robinsoe  C ru s o e - ty p e  example may help in understanding the author ' s  

reasoning as to why they must be included.

Suppose tha t  the Army Corps  of  E n g in e e r s  (Corps) is designated 

the respons ib le  agency to co n s t ru c t  a nuclear  power system on a remote 

i s l a n d .  The s y s tem  boundary  i s  drawn around th e  i s l a n d .  Suppose 

fu r th e r  t h a t  the remote i s l a n d  has i t s  own uranium source.  Assume tha t  

the Corps has complete techn ica l  c a p a b i l i t y  to move to the i s land  with  

a l l  of the equipment needed to  cons t ruc t  a complete f a c i l i t y .  Also l e t  

us assume th a t  the amount of  energy embodied in a l l  tha t  equipment and 

m a te r i a l  taken to the i s land  i s  known.
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standard  ana lys i s  procedure includes only the energy embodied 

in the phys ica l  m a te r i a l s  and any d i r e c t  use of  f u e l s / e l e c t r i c i t y  as 

inputs.  Normally, they do not  count the wages pa id  to the members of the

Corps or the i n t e r e s t ,  taxes,  and so fo r th  r e l a t e d  to  the p ro jec t .

Now suppose t h a t ,  in s tead  of paying the members of the Corps a

s a l a r y ,  e v e r y t h i n g  t h a t  w orke rs  and t h e i r  f a m i l i e s  need f o r  l i v i n g

(food, c lo th ing ,  s h e l t e r ,  en te r ta inm en t ,  educa tion,  hea l th  care,  r e t i r e ­

ment, and so fo r th )  i s  furn ished  in kind . Since standard ana lys t s

normally count the energy embodied in physical  m a t e r i a l s  and fue l s ,  they

would be remiss i f  they did  not count the energy embodied in those goods 

and serv ices  consumed by the workers,  al though they would f a i l  to count 

them when money payments are involved.

A d o l l a r  can be viewed as a t i c k e t  w i th  r ig h t s  to have energy- 

embodied goods and serv ices .  The holding of  the money is  an i n s t i t u ­

t iona l  en t i t l e m e n t  of the holder to have those energy-embodied goods 

and s e r v i c e s ,  e i t h e r  now or l a t e r .  Th is  same lo g i c  a p p l i e s  to  a l l  

money payments, for example, i n t e r e s t ,  taxes,  and p rofess iona l  fees for 

ap p ea rances  b e f o r e  r e g u l a t o r y  commiss ions  ( t h e  N uclea r  R eg u la to ry  

Commission, public  u t i l i t y  commissions, and l e g i s l a t i v e  committees at

the fede ra l ,  s t a t e ,  and local  le ve ls ) ,  made by any energy e n t i ty .

Equipment opera tors ,  engineers ,  and a r c h i t e c t s  involved in the 

cons t ruc t ion  of energy- transformat  ion f a c i l i t i e s  who rece ive wages, as 

w e l l  as  the  bankers  who lend  the money, e x p e c t  t h a t  the  money they 

rece ive w i l l  be of an acceptable  exchange value ,  e n t i t l i n g  them, a t  

some t ime,  to energy-embodied fue ls ,  goods, and se rv ices  of  an expected 

q u a l i t y  and quan t i ty .  They expect th a t  th e i r  t i c k e t s  w i l l  be redeemable
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in energy-embodied goods and serv ices.

Standard ana lysts  do not deal w i th  the energy costs  of  us ing  the 

in f r a s t r u c tu r e  or  the commons. In economics, taxes a re  payments for  the 

use of the i n f r a s t r u c tu r e  or commons.^ A recent  s tudy by Pat Choate 

suggests  th a t  an add i t iona l  $3 t r i l l i o n  w i l l  have to be se t  as ide  for  

i n f r a s t r u c t u r e  r e p a i r  over  th e  nex t  few y e a r s  in  o rde r  to  keep th e  

highways, b r idges ,  sewers,  w a ter - t rea tm ent systems, etc . ,  from f a l l i n g  

a p a r t .  C h o a te ' s  s tudy  s u g g e s t s  t h a t  we a r e  no t  pay ing  as we go fo r  

deprec ia t ion  of  the i n f r a s t r u c tu r e  or the commons by cur rent  taxes.^ To 

that  ex ten t ,  we are unders ta t ing  the energy- inputs  tha t  might be appro­

p r i a t e ,  even in the cu r ren t  study.

This phenomenon may a lso  account for  the apparent decl ine in the 

r a t i o  of  GNP to  energy consumption over time (see appendix A). We are 

al lowing the in f r a s t r u c tu r e  to d e t e r io r a t e  and environmental resources 

to be degraded. Indus tr ie s  escape much of  the cos t  for  th e i r  use of the 

commons, inc luding environmental resources. These resources include 

clean a i r ,  c lean  water,  and hea l thy  to p so i l s ,  which are,  not only being 

deple ted in quan t i ty ,  but degraded in q u a l i t y  by in d u s t r i a l  p o l lu t ion .  

This degradation w i l l  r equ i re  s u b s tan t i a l  energy-m ate r ia ls  resources to  

be fed back t o  c l e a n  up w a s t e  s i t e s ,  and p o l l u t e d  w a te r  and r e s t o r e  

po l lu ted  and degraded a g r i c u l t u r a l  areas — i f  t h i s  i s  possible.

^Garre t t  Hardin, "The Tragedy of  the Contmons," Science 162 
(December 15, 1968): 1243-1248. As used by Hardin,  the commons is  the 
comnon proper ty  of  the body p o l i t i c .

^Pat C h o a t e  and Susan Walker, America In Ruins; The Decaying 
In f r a s t r u c t u re ,  (Durham, NC: Duke Press Paperbacks,  1983).
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On Double Counting

As noted e a r l i e r ,  s tandard ana ly s t s  argue tha t  counting wages 

and s a l a r i e s  r e s u l t s  in double counting.  The fol lowing reasoning is 

brought to  t h i s  debate:

Gross  N a t i o n a l  Product  i s  a c om pre hens ive  m easu re  of  th e  

n a t i o n ' s  t o t a l  annua l  p r o d u c t i o n  of  c o m m o d i t i e s  and s e r v i c e s .  The 

Bureau of  Economic Analysis ,  U. S. Department of  Commerce, def ines  

Gross National  Product in  the fol lowing manner

. . .  i s  the market value of  the goods and se rv ices  produced by 
the labor and proper ty  suppl ied  by r e s id e n t s  of the United S ta t e s ,  
be fore deduction of  deprec ia t ion  charges and other  al lowances for  
bus iness  and i n s t i t u t i o n a l  consumption of c a p i t a l  goods. Other 
business  products  used up by business are deducted.  Gross na t iona l  
product  comprises the purchase of  goods and serv ices  by consumers 
and government, gross p r iv a te  domestic investment ( inc luding  the 
change in  b u s i n e s s  i n v e n t o r i e s ) ,  and n e t  e x p o r t s  ( e x p o r t s  l e s s  
imports) .  Beginning 1960, the e s t im a te s  include da ta  for  Alaska 
and Haw ai i .  . .

Only th e  end p r o d u c t s  of  a y e a r ' s  economic a c t i v i t y  a r e  i n ­

c lu d e d .  For exam ple ,  th e  v a l u e  of  w hea t  s o l d  in  the  economy i s  no t  

included in the accounting for  GNP — only the f i n a l  product  "bread" is 

included to avoid double counting.

I t  has been argued tha t  to include labor cos ts  as an energy cos t  

in  s tandard  an a ly s i s  would be to double count.  Presumably the reasoning 

i s  t h a t  we have two t o t a l s :  (1) a P ro d u c t  t o t a l  and (2)  an Income 

t o t a l ,  the one n ea r ly  a m i r ro r  image of the o the r .  Bullard  has argued 

t h a t ,  in order  to be cons i s ten t  with  GNP accounting,  the energy-embodied 

goods consumed as a  r e s u l t  o f  the  p u r c h a s e s  o f  l a b o r e r s  w i t h  l a b o r

^ U n i ted  S t a t e s  D epar tm ent of  Commerce,  Bureau of  Economic 
Analys is ,  Business S t a t i s t i c s , in Explanatory Notes, fo l lowing  page 
181.
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incomes must be charged to  the laborer  and not  counted as an energy- 

input  to  the energy- t ransformat ion en t i ty .^

The author holds t h i s  to  be in c o r re c t .  Spending wage income 

buys goods and se rv ice s  t h a t  a re  accounted for  out of the Product s ide 

o f  t h e  a c c o u n t s .  These  goods and s e r v i c e s  a r e  pu rch ased  in  r e t a i l  

markets ,  and they w i l l  be worn out ,  u sua l ly  by the purchaser  (exchanges 

of  used merchandise a re  i r r e l e v a n t ) .  The goods a re  consumed once only,  

and they are counted once. I t  i s  a m a t te r  of  consequence, however, as 

to  whether such consumption of  energy-embodied goods and se rv ices  should 

be charged as an energy- input  to the energy- t ransformat ion e n t i ty .

R e fe re nce  the  Bureau o f  Economic A n a ly s i s  d e f i n i t i o n  o f  GNP  

above. I t  should be noted th a t  the GNP i s  the d o l l a r  value of the end 

p r o d u c t  o f  goods and s e r v i c e s  a n n u a l l y  p roduced  in  th e  economy. I t  

should a lso  be noted,  however, tha t  the value of  the end product is  the 

summation of  a l l  the "values added" a t  each s tage  of  the production  and 

d i s t r i b u t i o n  p r o c e s s .  In o t h e r  words ,  each i n t e r m e d i a t e  good i s  a 

subset  of the f in i shed  commodity or service .  Therefore,  a money expend­

i t u r e  for  an in te rmedia te  good, such as a wholesale purchase or a pur­

chase of  raw m a te r i a l s ,  which i s  not r e a l l y  counted d i r e c t l y  as a p a r t  

of  GNP, J_s u l t i m a t e l y  included because i t  is  phys ica l ly  included and 

accounted for  f i n a n c i a l l y  as a subset  of  the f i n a l  good or  service .

For example, a  farmer might get  $4 for  a bushel of wheat a t  the 

g r a in  e l eva to r ;  the commodity broker may get  $5 from the f l o u r -m i l l in g  

company; the f lour  m i l l e r  may ge t  $6 from the baking company; the

^Clark W. B u l l a rd  I I I .  e t  a l .  Net Energy Analysis; Handbook, 
Idem. p. 22.
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baking company may get  $10 from the supermarket for  the baked loaves of 

bread; the supermarket may get  $20 for the loaves of bread — a l l  made 

from the one bushel  of  wheat. The main poin t  i s  tha t  the $4 paid to  the 

farmer for  the bushel of  wheat is  included in the $20 in cos ts  to  the 

f in a l  consumer.

However, i f  one i s  analyzing income and expenses of the farmer 

who p roduced  th e  w h e a t ,  t h e r e  i s ,  in  t h i s  m icroeconom ic  s e n s e ,  no a 

double counting of  anything.  The $4.00 rece ived for  the wheat i s  counted 

as p a r t  of  farm income, and the $3.99 tha t  the farmer spent on producing 

th e  wheat  i s  no t  a double  c o u n t in g  o f  expenses  when we a n a l y z e  h i s  

p r o f i t  s i t u a t i o n .  I f  we want to  know the p r o f i t  and loss of a farm, we 

must look a t  a l l  of  the r e l a t e d  re c e ip t s  and expenditures.

L ik e w is e ,  th e  sy s tem  boundary  fo r  an e n e r g y - t r a n s f o r m a t i o n  

e n t i t y ,  must co incide p re c i se ly  with  the economic boundary. I t  is  in 

t h i s  same s e n s e  t h a t  th e  Odum n e t - e n e r g y  mode l ,  which shows energy  

f lowing in one d i r e c t i o n  and money f lowing in the opposite ,  descr ibes  

what goes on in energy flows ( f ig .  3-1). I t  i s  my conclusion th a t ,  i f  

money i s  f l o w in g  (payments a r e  b e in g  made),  i t  i s  fo r  goods and 

se rv ice s ,  a l l  of  which requ ire  an energy expenditure for  th e i r  being.

Everything is  u l t im a te ly  accounted for  in the Gross National  

Product.  For example, every d o l l a r  expendi ture  involved in the con­

s t r u c t i o n  and opera t ion  of  an e l e c t r i c i t y - g e n e r a t i n g  system u l t i m a t e l y  

ends in  some y e a r ' s  w o r th  of  GNP (or N a t i o n a l  Income). For exam ple ,  

i n t e r e s t  income on a cons t ruc t ion  loan is  included in cur rent  CMP; the 

wage income for  cons t ruc t ion  workers is  shown c u r r e n t ly  as the income is  

received; cur ren t  purchases of goods and se rv ice s  are shown in  the GNP;
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income is rece ived;  cu r ren t  purchases  of goods and serv ices  are shown in 

th e  GNP; t h e  u t i l i t y ' s  p u r c h a s e  of  fu e l  is r e f l e c t e d  in t h e  p r i c e  of  

e l e c t r i c i t y  ( a b o u t  50 p e r  c e n t  of  t h e  c u r r e n t  p r i c e  o f  e l e c t r i c i t y  from 

c o a l - f i r e d  and  n a t u r a l  g a s - f i r e d  p l a n t s ) ;  e l e c t r i c a l  s a le s  to r e s i d e n ­

t i a l  c u s t o m e r s  is a l i n e - i t e m  in GNP a c c o u n t i n g ;  e l e c t r i c a l  s a l e s  to  

industr ia l  and commercial  cus tomers u l t imate ly  make the i r  way into some 

f u t u r e  y e a r ' s  GNP v ia  t h e  p r i c e s  o f  a l l  f i n a l  p r o d u c t s .  L i t t l e  r e a l l y  

escapes  the n e t .

Apparently some energy ana lys ts  and economists  have overlooked 

t h e s e  dynam ic  c o n s i d e r a t i o n s .  I a r g u e  t h a t  t h e r e  is no doub le  c o u n t i n g  

in t h e  Odum m ode l ,  as d e s c r i b e d  in f i g u r e  3 .1 .  Money f lows a c r o s s  t h e  

company fence ,  outbound, and energy-embodied  goods and serv ices  flow in 

the  o p p o s i t e  d i r e c t i o n  to th e  com pany .  I t  is an i n e s c a p a b l e  c o n d i t i o n .  

Money out lays  fo r  the cons truc t ion  and operat ion  of  ene rgy - t rans fo rm a­

tion en t i t i es  crudely measure the amount of energy  being used as inputs.  

The t r i c k ,  o f  c o u r s e ,  is  to  a d e q u a t e l y  d e f i n e  t h e  r e l a t i o n s h i p  b e t w e e n  

the flows of energy  and the flows of money.

A Model Of The Discrepancy

A m ode l  should  c l a r i f y  w h a t  I ho ld  to  be a s e r io u s  e r r o r  in 

S t a n d a r d  E n e rg y  Analys is  m e th o d o lo g y ,  ( i . e . ,  t h e  f a i l u r e  to  c o u n t  a l l  

d o l l a r  o u t l a y s  by an e n e r g y - t r a n s f o r m a t i o n  e n t i t y  as e n e r g y  o u t l a y s ) .  

P e rh a p s  th i s  model  and  t h e  a c c o m p a n y i n g  r e a s o n i n g  wil l  a l so  a s s i s t  in 

c l a r i f y i n g  w h a t  th e  Odum s ch o o l  has  not  y e t  s u c c e s s f u l l y  made c l e a r  in 

i t s  w ork .

The t r a d i t i o n a l  e c o n o m ic  mode l  is u s u a l l y  i l l u s t r a t e d  in most  

t e x t b o o k s  s h o w in g  th e  two b as ic  s e c t o r s  as th e  b u s in e s s  s e c t o r  and th e
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househo lds  s e c t o r .  P e o p le  l iv e  in househo lds  an d  t r a v e l  to t h e  bus ines s  

s e c t o r  fo r  a p a r t  o f  t h e i r  day fo r  which  th e y  a r e  pa id  a w ag e .  Workers 

use t h e  money e a r n e d  as  w ages  to  p u r c h a s e  r e a l  goods and s e r v i c e s  from 

the business s ec to r .

In f i g u r e  4 .1  n o t e  t h a t  no p a r t i c u l a r  s e t  of  w o rk e r s  is i d e n t i ­

f ied with a pa r t i cu la r  s e c to r  of  the  economy. The underlying

Figure 4.1 

SIMPLE ECONOMIC MWEL

BUSINESS

<—Labor----------

SECTOR 

(K = C ap i ta l )

HOUSEHOLDS 

(L = Labor)
—Goods & Serv->

(Y)

Note ;  The m ode l  is:  Y = f(K,L,), w h e re  Y = GNP.

a s sum pt ion  of  any e c o n o m i c  model  is t h a t  t h e  f a c t o r s  of  P ro d u c t i o n ,  

Labor  (L), a n d  C a p i t a l  (K) (m a c h in e s ,  s t r u c t u r e s ,  and so f o r t h )  a re  

functionally s u b s t i tu tab le  for  one another.

The a d a p t e d  c o n v e n t i o n  of  S t a n d a rd  Energy  A nalys is  is t h a t  to  

count wages as an energy  cos t  would be to double count .  Standard Energy 

Analys is  does  c o u n t  as  i n p u t s  t h e  d i r e c t  use  of  f u e l s  and t h e  e n e r g y  

embodied in physical  mate r ia ls .  Since machines are physical  mater ia ls ,  

they would na tu ra l ly  be counted as energy- inputs .
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s tandard  Energy Analysis  c o r r e c t l y  counts the energy embodied in 

physical  Cap i ta l  (K). I f  Labor (L) is  f u n c t io n a l ly  s u b s t i t u t a b l e  for 

Cap i ta l  (K), then how can one lo g i c a l l y  avoid counting the energy cos t  

o f  t h e  f u n c t i o n a l  s u b s t i t u t i o n ?  T h e re in  l i e s  the  f a l l a c y  o f  the  

reasoning.  The energy embodied in machines is  always c o r r e c t l y  counted 

as an en e rg y  in p u t  by s t a n d a r d  ene rgy  a n a l y s t s .  There  i s  no l o g i c a l  

reasoning for  o m i t t i n g  the energy embodied in the goods and se rv ices  

p u r c h a s e d  by w o r k e r s .  The goods and s e r v i c e s  a r e  th e  i n c e n t i v e s  

necessary  to a t t r a c t  the workers and a re ,  th e re fo re ,  an inherent cost  of 

doing bus iness .  The same ana ly s i s  app l ies  to i n t e r e s t ,  taxes,  p r o f i t s ,  

and p ro fe s s iona l  se rv ice s .

Let us assume th a t  the community under s tudy is  an i s o la ted ,  

s e l f - s u f f i c i e n t  community. The only t e r r e s t r i a l  energy source ava i lab le  

i s  a  n e a rb y  coa l  m ine .  The community economy i s  d i v i d e d  i n t o  four  

s ec to r s  and each s e c to r  annual ly  requ i res  exac t ly  four energy u n i t s  to 

ca r ry  out i t s  a c t i v i t i e s .  Fur ther ,  i t  i s  assumed tha t  the farmland is 

op t im a l ly  used for maximum output  and tha t  th e re  i s  no room for  expan­

sion. Only s ix te en  f a m i l i e s  can be supported from the land. Fur ther ,  

the re  i s  no oppor tun i ty  fo r  exchange w i th  ou ts ide  economies.

The fo u r - s e c to r  Robinsoe Crusoe model ( f igu re  4.2) i s  introduced 

for  f u r th e r  c l a r i f i c a t i o n :

1. Energy. The sec to r  i n i t i a l l y  requ i re s  four f am i l ie s  to mine 

s ix te en  u n i t s  of  coal  energy annually,  the exact  amount needed for  the 

annual production of  the t o t a l  economy. Four of  these u n i t s  are used by 

each of  the s e c to r s ,  inc luding  four u n i t s  for  coal  mining.
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Figure 4-2 

R(»INSOE CRUSOE CONCEPTUAL MWEL

ENERGY (E)

4E
4P, IE 

4E

4T,1E

(4o

FOOD (F) TOOLS (T)
(4É)

4F

4T

(4P)

(4o)

4o

(4P)4F

(4o)

OTHER (o)

61



2. T o o l s . The second s e c t o r ,  which a n n u a l l y  r e q u i r e s  the  

e f f o r t  of  four f a m i l i e s ,  is responsib le  to provide to o l s  needed by a l l  

o f  t h e  o t h e r  s e c t o r s ,  r e q u i r e s  fo u r  ene rg y  u n i t s  to  c a r r y  out  t o o l -  

making processes.

3. Food. This sec to r ,  which a l so  requires  the e f f o r t  of four 

fam i l i e s ,  i s  r espons ib le  for  a l l  farming a c t i v i t i e s ,  inc luding including 

the p rovis ion  of  food, f ib re ,  and t imber for lumber for  the Food Sector 

and a l l  of the o ther  four sec to rs .  I t  a l so  requ i re s  four energy u n i t s  

to ca r ry  out i t s  a c t i v i t i e s .

4. Other. This  sec to r  is  respons ib le  for providing housing, 

f u rn i tu re ,  e tc . ,  to  f i l l  i t s  own needs and the needs of  a l l  the other  

fam i l i e s .  The sec to r  a l so  uses four energy u n i t s  annua lly  to  carry  out 

these a c t i v i t i e s .

Energy and Tools are considered in te rmedia te  goods. Food and 

Other are considered f in a l  goods, and th e i r  value would be counted in 

CNF. The model in f ig u re  4.2 shows the i n t e r r e l a t i o n s h i p  between the 

s ec to r s .

In t h i s  h y p o t h e t i c a l  s i t u a t i o n .  What i s  t h e  e n e r g y  c o s t  of  

mining coal ,  or  how much ne t  energy can the coal -producing fam i l i e s  

provide? The fo l lowing is  presented;

Using Standard Energy Analysis  the energy-inputs  would be as

follows ;

(4 u n i t s  d i r e c t )  + (1 u n i t  i n d i r e c t  from Too l s )  = 5. The 

Output/Input  Ratio would be 16/5,  or 320 per cent .

This r e s u l t  i s  reached by counting only the d i r e c t  fue ls  con­

sumed and the i n d i r e c t  energy involved in the physical  m a te r i a l s  needed
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in the cons t ruc t ion  and ope ra t ion  of  the energy-1ransformation en t i ty .  

The end-use goods and serv ices  (Food and Other) consumed by workers who 

opera te  the coal mine are  not included in  t h i s  procedure.

Net Energy A n a ly s i s  p r e s e n t s  a  d i f f e r e n t  p i c t u r e ;

A c l o s e  e x a m in a t io n  o f  t h e  model  shows t h a t  ene rgy-em bod ied  

goods are  al so  being re tu rned  to the energy sec tor  from the other  two 

s ec to rs  in the form of Food and Other consumer items.  The fol lowing 

shows what these inputs  are:

(4 u n i t s  in t e rn a l )  + (1 u n i t  from Tools) + ( 1 u n i t  from Food)

+ (1 u n i t  from Other) = 7.

The Output/Input  Ratio i s  16/7, or 228.6 per cent  — not 320 per 

cent ,  as shown in  Standard Energy Analysis.

I f  the  l o g i c  of  the  f o r e g o i n g  i s  upheld ,  one can see t h a t  

S tanda rd  Energy A n a ly s i s  c o u n t s  o n ly  a p a r t  of  the  e n e r g y - i n p u t s  

involved in the example. Odum is  c o r re c t  in holding tha t  money flows in 

one d i r e c t i o n  and energy (fuel  and energy-embodied goods and services)  

f lows in the o ther  (see f ig u re  3.1). The problem is  to  iden t i fy  the 

na tu re  of tha t  r e la t io n sh ip .

Sunnary

The methodology being p r a c t i c e d  by Standard Energy Analysis was 

q u e s t i o n e d .  I t  was a rgued  t h a t  th e  p r a c t i c e  of  c o u n t i n g  as energy-  

inputs  only the energy in fue l s  and e l e c t r i c i t y  and the energy embodied 

in physical  m a te r i a l s  used "on s i t e "  a t  the energy-1 rans forma t  i on e n t i t y  

is  an incorrec t  procedure.  The Standard Energy Analysis  method excludes 

the energy embodied in goods and se rv ice s  consumed by persons assoc ia ted  

w i th  labor,  government, and f in a n c ia l  serv ices.
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I t  was argued tha t  the Odum model, which shows money and energy 

f lo w in g  in  o p p o s i t e  d i r e c t i o n s ,  i s  th e  c o r r e c t  model f o r  Energy 

A n a ly s i s .  Although S ta n d a rd  Energy A nalyses  may have been s l i g h t l y  

usefu l  for making r e l a t i v e  comparisons between various forms of  energy 

t r a n s f o r m a t i o n ,  i t  i s  no t  th e  a p p r o p r i a t e  model  f o r  u n d e r s t a n d i n g  

whether var ious energy- t ransformat ion  e n t i t i e s  a r e  independent sources 

of  energy. I t  is held th a t  the Odum model is the cor rec t  one for  such 

an understanding.
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CHAPTER 5 

A SIMPLIFIED NET ENERGY METHODOLOGY 

Prec is

In c h a p te r  4 the  case was made th a t  mainstream energy  analysts ,  

in t h e i r  a d o p t i o n  o f  a s e t  of  c o n v e n t i o n s ,  a r e  t h e r e b y  t r a p p e d  in w h a t  

is b e l i e v e d  to  be a c o n c e p t u a l  e r r o r  in d e f i n i n g  th e  a p p r o p r i a t e  sys tem  

b o u n d a r y  f o r  E n e rg y  A nalys is .  This  t r a p  r e s u l t s  f rom  t h e  p r a c t i c e  of  

counting  as ene rgy- inpu ts  only the d i rec t  consumption of fuels  and the 

i n d i r e c t  e m b o d ie d  e n e r g y  in p h y s i c a l  m a t e r i a l s .  These  a n a l y s t s ,  l ike  

many e c o n o m i s t s ,  h a v e  s e r i o u s l y  u n d e r r a t e d  t h e  p ro b le m s  of  f u t u r e  

energy  supply.

The Odum n e t - e n e r g y  mode l  ( see  f i g u r e  3.1)  is a much more 

r e a l i s t i c  f r a m e w o r k  t h a n  t h a t  u sed  in S t a n d a r d  Energy  A na lyse s .  The 

Odum model shows money flowing in one di rec t ion  and energy-embodied 

goods and se rv ice s  flowing in the o ther .  When an ene rgy- t ransfo rm at ion  

e n t i t y  p a y s  o u t  c o n s t a n t  d o l l a r s  fo r  a s y s t e m ,  t h o s e  d o l l a r  q u a n t i t i e s  

a r e  p r o p o r t i o n a l  to  t h e  e n e rg y  n e e d e d  as i n p u t s  f o r  t h e  s u s t e n a n c e  of  

s uch  a t r a n s f o r m a t i o n  a c t i v i t y .  S t a n d a r d  E nergy  A na lys i s  mode ls  

e x c l u d e  i t e m s  t h a t  m us t  be i n c lu d e d .  The s y s t e m  b o u n d a r y  must  be 

e x p a n d e d  to  a c c o u n t  fo r  the  e m bod ied  e n e r g y  in t h e  goods  and  s e r v i c e s  

t h a t  a r e  c o n s u m e d  by  w o r k e r s ,  g o v e r n m e n t ,  and by t h o s e  who r e c e i v e  

i n t e r e s t  income for  rent ing out the i r  money.
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The c a s e  w i l l  be made t h a t  t h e r e  is  a p r o p o r t i o n a l i t y  b e t w e e n  

energy consumption and the  production  of  goods and serv ices ,  Costanza^ 

p r o v i d e s  a r i c h  b a c k g r o u n d  fo r  t h e  Net  Energy  A na lys i s  m e th o d  t h a t  is 

u s e d  in t h i s  s t u d y .  A sum m ary  of  his  i m p o r t a n t  c o n t r i b u t i o n  is 

i n c l u d e d  in t h i s  c h a p t e r .  His p o s i t i o n  s u p p o r t s  my a d o p t i o n  o f  an 

a v e r a g e  r a t i o  of  a n n u a l  e n e r g y  c o n s u m p t io n  and  a n n u a l  Gross  N a t i o n a l  

Product  as a basis  for  making n e t - e n e rg y  ca lcu la t ions .

A c a s e  w i l l  be  m ade  fo r  a m e th o d o lo g y  to  e s t i m a t e  t h e  n e t  

energy  avai lab le from fu tu re  energy- t ransfo rm at ion  technologie s  which 

incorpora tes  the expanded  boundary. Using t im e- s e r ie s  da t a  of  annual 

e n e r g y  use  and r e a l  CNF (1947 to 1983) ,  i t  w il l  be shown how an 

Energy/GNP c o e f f i c i e n t  was  c a l c u l a t e d .  This  c o e f f i c i e n t  wil l  be used  

in es t imat ing  the  in p u t -e n e rg y  needed to sustain  e n e rg y - t r an s fo rm a t  ion 

e n t i t i e s .

The genera l  p rocedure  for  es t imating the  n e t - e n e r g y  inputs  will 

be o u t l i n e d .  B r i e f l y ,  t h e  p r o c e d u r e  is to  d e t e r m i n e  t h e  l i f e c y c l e  

economic cos t  of the  ene rgy- t ransfo rm at ion  system and mult iply t h a t  cost  

t im e s  an Energy /GNP c o e f f i c i e n t .  In d ynam ic  a n a l y s i s ,  t h e s e  c o s t s  a re  

apport ioned be tw een  those th a t  are incurred befo re  the  plan t  begins to 

o p e r a t e  and  t h o s e  c o s t s  t h a t  a r e  i n c u r r e d  as t h e  p l a n t  o p e r a t e s .

Also,  in t h i s  c h a p t e r  t h e  r e s u l t s  of  o r d e r - o f - m a g n i t u d e  n e t -  

e n e r g y  c a l c u l a t i o n s  of  f o s s i l - f u e l  a c q u i s i t i o n  in t h e  U n i te d  S t a t e s  

will be shown. The ca lcu la t ions  are based on w el l -head  and mine-mouth 

p r i c e s  o f  f o s s i l  f u e l s  an d ,  t h e r e f o r e ,  do n o t  c o n s i d e r  t h e  e n e r g y  c o s t s  

o f  r e f i n i n g ,  t r a n s p o r t a t i o n ,  m a r k e t i n g ,  and  so f o r t h .  As a c o n s e -

^Rober t  E. Costanza, "Embodied Energy," Sc ie nce , Idem.
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q u e n c e ,  t h e  e s t i m a t e d  n e t  e n e r g y  a v a i l a b l e  from th e s e  fu e l s  is s u b s t a n ­

t i a l ly  o v e r s t a t e d .  Never the less ,  the  t r e n d  shows a marked inc re a s e  over 

t i m e  in t h e  a m o u n t  of  e n e r g y  t h a t  is b e i n g  f ed  back  in to  t h e  e n e r g y -  

acquisi t ion p r o c e s s .

Background

How to  c h o o s e  t h e  a p p r o p r i a t e  t im e  f r a m e  fo r  m e a s u r i n g  t h e  

d e p l e t i o n  of  a p a r t i c u l a r  am oun t  of  e n e r g y  is a d i f f i c u l t  p r o b le m .  We 

a r e  a l w a y s  u s in g  o u t  o f  our  p a s t  a c c u m u l a t i o n s  of k n o w le d g e ,  i n f r a ­

s t r u c t u r e ,  c a p i t a l ,  and  so f o r t h .  T oday ,  oi l  w e l l s  a r e  b e i n g  d r i l l e d  

w i th  e q u i p m e n t  t h a t  may have  b e e n  made  in s t e e l  mil ls  and f o u n d a r i e s  

t h a t  may h a v e  b e e n  c o n s t r u c t e d  more  t h a n  f i f t y  y e a r s  ago .  T hose  s t e e l  

mi l l s  a r e  l i k e l y  to  h a v e  b een  c o n s t r u c t e d  us ing the  c a n a l s ,  fo r  e x a m p l e ,  

th a t  were co n s t ru c t e d  a hundred or so years  ago.

Even m ore  com plex  to  p o n d e r  is t h e  c o n s i d e r a t i o n  t h a t  t h o s e  

cana ls  were  co n s t ru c t e d  using virgin lumber th a t  was grown in e n e r g e t ­

ical ly  r ich,  highly productive ,  biological  circumstances,  c h a r a c t e r i s t i c  

of  e a r l y  s e t t l e m e n t  day s ,  t h a t  a r e  n o t  l i k e ly  to  be d u p l i c a t e d  a g a i n ,  

e v e r .

From t h e  e a r l i e s t  t im e  t h a t  man began  to  i n h a b i t  t h e  N or th  

A m er ic an  c o n t i n e n t  in p o p u la t i o n  s i z e  t h a t  would t a k e  a n o t i c e a b l e  t o l l  

on t h e  d e p l e t i o n  o f  i t s  r i c h  r e s o u r c e s ,  we have  t r a n s f o r m e d  t h e s e  

s o l a r - e m b o d i e d  e n e r g y  r e s o u r c e s  and  m i n e r a l  r e s o u r c e s  i n t o  s t o c k s  of  

e q u i p m e n t  and  s t r u c t u r e s  (eco n o m ic  c a p i t a l )  t h a t  l a s t  fo r  a p e r i o d  of  

t im e .  The e n t r o p i e  p r o c e s s ,  h o w e v e r ,  r e d u c e s  al l  such  s t r u c t u r e s  and  

the lo w -en t ropy  m ate r ia ls  f i rs t  to debr is  and ul t imately into randomness 

and disorder.
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The lush  v i r g i n  f o r e s t s ,  r i ch  in w i l d l i f e  ( c o n c e n t r a t e d  p r o ­

t e in s )  f o r  t h e  e a s y  t a k i n g  o f  humans,  h av e  b e e n  c o n s t a n t l y  and e v e r  

i n c r e a s i n g l y  e x p l o i t e d  and  r e d u c e d  in s i z e  and  q u a l i t y .  The to p s o i l s  in 

fo res ts ,  plains,  and bo ttomlands are being e roded  a t  fr ightening ra te s ,^  

l e a v i n g  s u c c e e d i n g  g e n e r a t i o n s  w i th  le ss  o f  t h i s  kind of  r e s o u r c e  to  

u se .  We b u i ld  up s t o c k s  o f  m a n -m a d e  c a p i t a l  ( f a c t o r i e s ,  d w e l l in g s ,  

c a n a l s ,  r a i l s ,  h ig h w a y s ,  a i r p o r t s ,  s t e e l  m i l l s ) ,  b u t  t h e s e  c rum ble  i n t o  

ruin too quickly.  They are no t  renewable excep t  to the ex ten t  th a t  the  

supplies of  needed energy  and materials  are renewable .

We h a v e  b een  a c c u m u l a t i n g ,  a t  h igh  r a t e s  and fo r  some t im e  - -  

p r o b a b l y  s in c e  t h e  t h e  b e g in n in g  o f  t h e  i n d u s t r i a l  e r a  in t h e  U n i t e d  

S t a t e s  - -  a fund  of  e c o n o m ic  c a p i t a l  c r e a t e d  ou t  of  s to c k s  of  n a t u r a l  

r e s o u r c e s .  I t  is a s s e r t e d  t h a t  we a c c u m u l a t e  t h e s e  c a p i t a l  funds  in 

spur ts .  Depending on economic conditions, we tend to live out of these  

accumula ted  funds of cap i ta l^  for  periods of t ime unaware th a t  we may be 

c o n s u m in g  c a p i t a l  r a t h e r  t h a n  l iv ing  ou t  of  c u r r e n t  income.  We may be 

t e m p t e d  to  say  t h a t ,  no t  o n ly  a re  we do ing  b e t t e r ,  bu t  we have  d i s ­

c o v e r e d  t h e  f r e e  lu n c h .  This  mind s e t  l e d  to  t h e  c la im  of some to  ho ld  

t h a t  nuc lea r -pow ered  e l e c t r i c i t y  would be "too cheap to meter ."

With the  nuc lear  power industry cu r ren t ly  in economic d isar ray,  

t h e  p r o m o t e r s  of  n u c l e a r - f u s i o n  pow er  a r e  s p e c u l a t i n g  t h a t  th i s  t e c h ­

n o logy  wil l  p ro v id e  us  w i th  an i n f i n i t e  e n e r g y  su p p ly .  P ro m o te r s  a p p e a r

^ D e s e r t i f i c a t i o n  In The United S ta t e s ;  S ta tus  And Issues,  
Working Draf t  Review, U. S. Department of  I n t e r i o r ,  undated, received 
in 1980 p r e l i m i n a r y  to  a s e r i e s  of  c o n f e r e n c e s  he ld  t h r o u g h o u t  t h e  
United S ta tes  in 1980, pp .25-60.

^Capital  is m e a n t  to  mean s t r u c t u r e s ,  such  as f a c t o r i e s ,  s t e e l  
mills, machinery ,  and so fo r th ,  ra the r  than money.
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to  be s o m e w h a t  o b l iv io u s  to  t h e  f a c t  t h a t  a l l  o f  t h e  money  ( h e n c e ,  

e n e rg y )  be ing  s p e n t  on fus ion  d e v e l o p m e n t ,  as w e l l  as  t h a t  t o  be s p e n t  

on each new system, must  be su b t r a c t e d  from the  hoped-for  ene rgy-ou tpu t .

A Money-Energy P ro p o r t io n a l i t y  Argunent 

The a r g u m e n t ,  which  s a y s  t h a t  a l l  money o u t l a y s  a r e  fo r  r e a l  

e n e r g y - e m b o d i e d  goods  and s e r v i c e s ,  to  t h e  b e s t  o f  my k n o w le d g e ,  

orig inates  with Odum.^

C o s t a n z a ,  of  t h e  Odum n e t - e n e r g y  s c h o o l ,  s h o w e d  t h a t  t h e r e  is  a 

t igh t  relat ionship be tween  c o ns tan t -do l la r  money expendi tures  and the  

consumption of  energy.  Following Odum, Costanza revived the 1933 a rg u ­

m e n t  made by F r e d e r i c k  Soddy t h a t  " t h e  f low o f  e n e r g y  should  be  t h e  

primary concern of  economists."^ Costanza also argued;^

. . .Most p r o p o s a l s  to  i n c r e a s e  e n e r g y  e f f i c i e n c y  v ia  t e c h ­
n o logy  a r e  u l t i m a t e l y  b a s e d  on t h e  a s s u m p t i o n  of  t h e  m u t u a l  
i n d e p e n d e n c e  of  p r im a r y  f a c t o r s  o f  p r o d u c t i o n ;  t h a t  is ,  c a p i t a l ,  
l a b o r ,  n a t u r a l  r e s o u r c e s ,  an d  g o v e r n m e n t  s e r v i c e s  . . . a r e  t h e  
c o n v e n t i o n a l  p r i m a r y  f a c t o r s  . . .  f r e e  f rom  i n d i r e c t  e n e r g y  
costs?" [emphasis added].

O
Costanza cites Georgescu-Roegen:

. . .  On p a p e r  one  can  w r i t e  a p r o d u c t i o n  f u n c t i o n  any  way one 
l i k e s ,  w i t h o u t  r e g a r d  to  d im ens ions  or  to  o t h e r  p h y s i c a l  c o n s t r a i n t s  
. . .  In a c t u a l i t y ,  t h e  i n c r e a s e  of  c a p i t a l  im p l ie s  an a d d i t i o n a l  
deplet ion of resources .

C o s t a n z a  t h e n  goes  on to  make  th e  c a s e  t h a t  t h e  p r im a r y  f a c t o r s

^Howard T. Odun, Energy Basis for Man and Nature, Idem.

^Frederick Sodcfê , Wealth, Virtual  Wealth and Debt,  The Solution 
of  the Economic Problem, (New York: Dutton,  1933), Quoted by: Robert
Costanza,  "Embodied Energy," Idem, p. 1219.

^Nicholas Georgescu-Roegen,  in Scarcity and Growth Reconsidered 
ed .  V. K. Smith,  Ed. (New York:  Johns  Hopkins  P re s s ,  1979),  c i t e d
in R. Costanza ,  "Embodied Energy," Idem, p. 1220.
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( c a p i t a l ,  l a b o r ,  and  r e s o u r c e s )  a r e  n o t  i n d e p e n d e n t ,  b u t  q u i t e  i n t e r ­

d e p e n d e n t ,  e . g . ,  t h a t  t h e  a v a i l a b i l i t y  of  c a p i t a l  is  d e p e n d e n t  on t h e  

a v a i l a b i l i t y  o f  e n e r g y .  C o s t a n z a  m o d i f ie s  t h e  9 0 - s e c t o r  i n p u t - o u t p u t  

model  u sed  by th e  Energy  R e s o u r c e s  Group a t  t h e  U n iv e r s i t y  of  I l l ino is  

no ting :^

. . . The m o d i f i c a t i o n s  t o  in c lu d e  l a b o r  and g o v e r n m e n t  in t h e  
model  r e q u i r e  e x p a n d i n g  t h e  t r a n s a c t i o n s  m a t r i x  (x) to  i n c lu d e  tw o  
more sec to rs ,  households and government . . .

He took the  resu lt s  of  the changed inpu t -ou tpu t  model and put  the  energy

i n t e n s i t i e s  i n t o  r e g r e s s i o n  f o r m a t .  The c a l c u l a t e d  e n e r g y  i n t e n s i t i e s

were mult ipl ied  by the sec to r ' s  t o t a l  output  and used as the independent

v a r i a b l e .  T o ta l  o u t p u t  was u s e d  as the  d e p e n d e n t  v a r i a b l e .  I t  wil l  be

n o t e d  in t a b l e  5.1 t h a t  t h e  r e s u l t s  of t h e  r e g r e s s i o n  c o e f f i c i e n t s

improve s ign if icantly  when labor and government se rv ices  are included as

Table 5.1

OOSTANZA REGRESSIW ANALYSIS RESULTS^

Including Energy Sectors Excluding Energy Sectors

A l te r . r2 F
S i g n i f . 
of  F - t e s t r2 F

Sign i f .  
of F - t e s t

A .0210 1.89 0.1729 .5539 100.57 0.0001
B .0629 5.90 0.1710 .2042 20.78 0.0001
C .7809 313.73 0.0001 .9907 8633.95 0.0001
D .8535 512.74 0.0001 .9454 1401.31 0.0001

Explanation:
A -  excludes labor,  government and so la r  as inputs 
B -  includes labor and government 
C -  includes labor and government 
D -  includes labor ,  government, and so la r

^Costanza,  "Dnbodied Energy," Idem: 1220.
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endogenous var iab les .  Costanza notes the  following:^

The resu lt s  ind ica te  a  s igni f icant  re la t ionship  be tween  embodied 
energy  and do llar  ou tpu t  when labor and government a re  included as 
e n d o g e n o u s  s e c t o r s  ( A l t e r n a t i v e s  C and D). S e v e r a l  p ro b lem s  s t i l l  
e x i s t ,  b u t  t h e  t r e n d  is c l e a r .  As m ore  of  t h e  i n d i r e c t  e n e r g y  c o s t s  
a r e  t a k e n  i n t o  a c c o u n t ,  t h e  r a t i o  of  em b o d ie d  e n e r g y  to  d o l l a r s  
b e c o m e s  m ore  n e a r l y  c o n s t a n t  f rom  s e c t o r  t o  s e c t o r .  The p r im a r y  
in p u t  s e c t o r s  ( S e c t o r s  1 t o  7) a re  t h e  i m p o r t a n t  e x c e p t i o n s  to t h i s  
r u l e .  One i n t e r p r e t a t i o n  . . .  is  t h a t  t h e i r  d i r e c t  and i n d i r e c t  
p r o d u c t i o n  c o s t s  in e n e r g y  t e r m s  a r e  much le s s  t h a n  th e  e n e r g y  
e m b o d ie d  in t h e i r  o u t p u t s ,  t h e  d i f f e r e n c e  b e in g  t h e  am oun t  b r o u g h t  
into  the  economy from the outside.

Costanza r a i s e s  the following major i s sue ;^

. . . S e v e r a l  a u t h o r s  [ c i t i n g  Lovins ,^  and S tobaugh  and 
Yergin^] have sugges ted  t h a t  "decoupling" energy  and GNP is possible 
a n d  w o u l d  a l l o w  t h e  e c o n o m y  to  c o n t i n u e  t o  g ro w  w h i l e  
d e c r e a s i n g  e n e r g y  c o n s u m p t io n .  . . .  I f t h e  s e c t o r  to  s e c t o r  d i f ­
f e r e n c e s  in e m b o d ie d  e n e r g y  i n t e n s i t i e s  im p l ie d  in t h e s e  c a l c u l a ­
t i o n s  w e re  r e a l ,  t h e n  i t  migh t  be p o s s i b l e  to  s im ply  s h i f t  p r o d u c ­
t i o n  f rom  h i g h - i n t e n s i t y  s e c t o r s  to  low e n e r g y  i n t e n s i t y  s e c t o r s  to 
lo w e r  e n e r g y  use w i t h o u t  s a c r i f i c i n g  e c o n o m ic  a c t i v i t y .  This c o n ­
c lu s io n  would  fo l low  f rom  th e  u n d e r ly i n g  a s s u m p t i o n  t h a t  th e  c u r ­
r e n t l y  d e f i n e d  p r im a r y  f a c t o r s  a r e  i n d e p e n d e n t .  But b e c a u s e  i t  
t a k e s  a v a i l a b l e  e n e r g y  to  p r o d u c e  l a b o r  and  g o v e r n m e n t  s e r v i c e s ,  
c ap i ta l  and o the r  na tu ra l  resources,  the assumption of  independence 
is n o t  w a r r a n t e d .  . . . The p o s s i b i l i t y  f o r  l a r g e  c h a n g e s  in e n e r g y  
e f f i c i e n c y  is sm a l l  s i n c e ,  a l l  t h i n g s  c o n s i d e r e d ,  t o t a l  e n e r g y  
e f f i c i e n c y  is f a i r l y  c o n s t a n t  from s e c t o r  to  s e c t o r .  Any r e d u c t i o n s  
in d i r e c t  e n e r g y  c o n s u m p t io n  a r e  o f f s e t  by i n c r e a s e s  in i n d i r e c t  
e n e r g y  c o n s u m p t io n  t h r o u g h  i n c r e a s e d  use  o f  l a b o r ,  l a n d ,  or  
c a p i t a l

Costanza concludes with  the fol lowing;^

l l b i d :  1222 

2 Ib id :  1223

^Amory Lovins,  Soft  Energy Paths :  Toward a Durable Peace,
(Cambridge, MA; B a l l in g e r ,  1977).

^Rober t  Stobaugh and Daniel Yergin,  Energy Futures; Report of 
The Energy Project at  the Harvard Business School,  (New York: 
Random House, 1979).

^Costanza,  "Bnbodied Energy," Idem: 1224
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What d o es  a l l  t h i s  imply  fo r  n a t i o n a l  po l i c y ?  The most  im p o r ­
t a n t  i m p l i c a t i o n  is t h a t  t h e  p h y s i c a l  d im ens ions  of  eco n o m ic  
ac t iv i ty  are not  separab le from l imitat ions  of energy  supply. The 
u n i v e r s a l l y  a p p e a l i n g  n o t i o n  of  u n l i m i t e d  ec o n o m ic  g r o w th  w i th  
r e d u c e d  e n e r g y  c o n s u m p t io n  must  be p u t  f i rm ly  to  r e s t  b e s id e  t h e  
e q u a l ly  a p p e a l i n g  b u t  im p o ss ib le  i d e a  o f  p e r p e t u a l  m o t io n .  I t  is 
e a s y  to  t h i n k  you can  g e t  a " f r e e  lu n c h "  by look ing  on ly  a t  smal l  
p a r t s  o f  t h e  s y s t e m  in i s o l a t i o n .  When t h e  w ho le  sy s t e m  is 
a n a l y z e d ,  h o w e v e r ,  i t  be c o m e s  c l e a r  t h a t  a l l  you can  do is t r a n s f e r  
t h e  c o s t  of  yo u r  lu n c h  to  a n o t h e r  s e g m e n t  of t h e  s y s t e m .  . . .

This  w r i t e r  has  n o t  s t u d i e d  th e  n e t - e n e r g y  a s p e c t s  of  v a r io u s  

e f f ic iency  improvements or various conservat ion  a l te rna t ives ;  but this 

m a t t e r  w il l  h a v e  a h igh  p r i o r i t y  in f u t u r e  r e s e a r c h  p la n s .
2

F i r s t ,  in s u p p o r t  of  t h e  c o n s e r v a t i o n i s t s ,  i n c lu d in g  San t ,  

t h e y  a r e  c o r r e c t l y  mak ing  t h e  c a s e  t h a t  e n e r g y  c o n s e r v a t i o n  and 

ef f ic iency  improvements,  r a th e r  than  investment in cen t r a l  e l e c t r i c i ty -  

g e n e r a t i n g  s y s t e m s ,  p r o v id e  a n e t  b e n e f i t  t o  s o c i e t y .  C e n t r a l  po w er  

s t a t i o n s  s im ply  c o s t  too  much when c o m p a re d  to  c o n s e r v a t i o n  and 

ef f ic iency  improvements.  This author genera l ly  supports  this  posi tion.

In a 9 0 - y e a r  a n a l y s i s ,  C le v e la n d ,  e t  a l ^ ,  show ed  a d d i t i o n a l  

e v i d e n c e  f o r  t h e  t i g h t  r e l a t i o n s h i p  b e t w e e n  f u e l  use and e c o n o m ic  

p r o d u c t i o n .  In t h e  a u t h o r ’s op in ion ,  t h e  C le v e l a n d  s tu d y  p ro v id e s  a 

f u r t h e r  b a s i s  f o r  th e  p r a c t i c e  used  in t h i s  s t u d y  of  a p p ly in g  a 3 7 - y e a r  

mean  v a l u e  f o r  t h e  Energy/GNP c o e f f i c i e n t  to  t h e  L i f e c y c l e  Cost  of  

ene rgy - t r ans fo rm a t ion  en t i t i e s .^  Using a 90-year  mean-value coe f f ic ien t  

would have yielded le ss - favorab le  n e t -e n e rg y  resu lt s .

i l b i d

^Roger W. Sant ,  The Least  Cost Strategy; Minimizing The Costs 
Through Conservation,  (Arlington; Mellon Ins t i tu te ,  1978).

^ C u t l e r  J .  C le v e l a n d ,  R o b e r t  C o s t a n z a ,  C h a r l e s  A. S. Hal l ,  and 
R o b e r t  K aufm ann ,  " Energy  a n d  th e  U.S. Economy: A B iophys ica l
P e r s p e c t i v e , ” Science 225 (31 August 1984): 890-897.
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The l a r g e r  q u e s t i o n  b e in g  a d d r e s s e d  by C o s t a n z a  and by th i s  

a u t h o r  does  n o t  in v o lv e  t h e  r e l a t i v e  m e r i t s  o f  v a r io u s  t e c h n o l o g i c a l  

r e c i p e s .  Both of  us a r e  r e l a t i n g  to a l a r g e r  i s s u e .  Yes, t h e  c u r r e n t  

g e n e r a t i o n  c a n  h av e  a h ig h e r  s t a n d a r d  of  l i v in g  by making the  most  

e f f i c i e n t  use of  t h e  r e s o u r c e s  i t  chooses  to  d e p l e t e .  However ,  n e i t h e r  

e n e r g y  nor E a r th  r e s o u r c e s  a r e  c o n s e rv e d  f o r  f u t u r e  g e n e r a t i o n s ,  fo r  

e x a m p le ,  i f  money is  s p e n t  on a c o n s e r v a t i o n  g a d g e t  ( r e s u l t i n g  in a 

s av ings )  and  t h e  d i f f e r e n c e  is s p e n t  on o t h e r  goods  and s e r v i c e s .  This 

is  b e c a u s e  none  of  t h e  o t h e r  goods  and s e r v i c e s  co u ld  have  been  made 

a v a i l a b l e ,  e x c e p t  t h r o u g h  a s e t  of e n e r g y - m a t e r i a l s  d e p l e t i o n s  in 

a n o t h e r  p a r t  o f  th e  econom y .  Yes, t h e  i n d i v i d u a l  has  made th e  most  

e f f i c i e n t  u s e  o f  h i s  i n c o m e  by i n v e s t i n g  in  c o n s e r v a t i o n  a n d  

ef f ic iency- improvement technology,  but he has no t  fo res ta l led  the r a t e  

of  e n e r g y - m a t e r i a l s  d e p l e t i o n  un less  he does  n o t  consume e i t h e r  the  

c e n t r a l - p o w e r - S t  a t  ion  o u t p u t  or th e  c o n s e r v a t i o n  g a d g e t .  Almost  

face t ious ly ,  t ru e  conservat ion  would occur when one takes  the  cash and 

burns  i t  in a h i g h - e f f i c i e n c y  s to v e  or  p u t s  i t  in a com pos t  p i l e  to 

serve his garden.

I t  s e e m s  a p p r o p r i a t e  to  c lose  th i s  s e c t i o n  w i th  th e  fo l low ing  

quote from Georgescu-Roegen vdio concludes the following:^

If  we a b s t r a c t  f rom o t h e r  c a u s e s  t h a t  may knel l  t h e  d e a t h  
b e l l  o f  t h e  human s p e c i e s ,  i t  is c l e a r  t h a t  n a t u r a l  r e s o u r c e s  
r e p r e s e n t  th e  l i m i t a t i v e  f a c t o r  as c o n c e r n s  t h e  l i f e  span  of  t h a t  
s p e c i e s .  Man's e x i s t e n c e  is now i r r e v o c a b l y  t i e d  to  t h e  use of  
e x o s o m a t i c  i n s t r u m e n t s  and  h ence  to  t h e  use  of  n a t u r a l  r e s o u r c e s  
j u s t  as  i t  is t i e d  to  t h e  use  o f  his  lu n g s  a n d  o f  a i r  in b r e a t h i n g ,  
for  example.  We need  no e labora ted  argument  to see tha t  the maxi­
mum of l i fe  quan t i ty  requi res  the minimum r a t e  of  na tura l  resources 
d e p l e t i o n .  By us ing  t h e s e  r e s o u r c e s  to o  q u i c k ly ,  man th ro w s  away

^Nicholas Goergescu-Roegen, The Entropy Law, Idem, p . 21.
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t h a t  p a r t  o f  s o l a r  e n e r g y  t h a t  wil l  s t i l l  be r e a c h i n g  th e  e a r t h  f o r  
a long  t i m e  a f t e r  he has  d e p a r t e d .  And e v e r y t h i n g  man has  done  
d u r in g  t h e  l a s t  tw o  h u n d r e d  y e a r s  p u t s  him in t h e  p o s i t i o n  o f  a 
f a n t a s t i c  s p e n d t h r i f t .  T h e re  can  be  no d oub t  a b o u t  i t :  any use  of  
t h e  n a t u r a l  r e s o u r c e s  f o r  t h e  s a t i s f a c t i o n  of  n o n v i t a l  n e e d s  m e ans  
s m a l l e r  q u a n t i t y  of  l i f e  in t h e  f u t u r e .  If we u n d e r s t a n d  w e l l  t h e  
p ro b le m ,  t h e  b e s t  use of  o u r  i ron  r e s o u r c e s  is to  p r o d u c e  p lows  or  
harrows as they are needed,  not Rolls Royces,  not  even agr icu ltu ra l  
t r a c t o r s .

Net Energy Procedures 

The  a r g u m e n t s  d e v e l o p e d  in c h a p t e r  4 and  t h e  d i s c u s s io n  in t h e  

foregoing sec t ion  provide the  underlying philosophy for  t h e  n e t - e n e r g y  

p r o c e d u r e s  d e v i s e d  f o r  t h i s  s t u d y .  The r e a s o n i n g  p r o v i d e s  a f i rm b a s i s  

f o r  t h e  a r g u m e n t  t h a t  t h e r e  is  a p r o p o r t i o n a l i t y  b e t w e e n  t h e  r e a l  

m o n e t a r y  c o s t  of  eco n o m ic  goods  and  s e r v i c e s  a n d  t h e  e n e r g y  t h a t  is 

required to make them avai lable .

To d e t e r m i n e  th e  n e t  e n e r g y  to  be e x p e c t e d  f rom an e n e r g y -  

t r a n s f o r m a t i o n  e n t i t y ,  th e  g e n e r a l  p r o c e d u r e  is t o  s u b t r a c t  e s t i m a t e d  

t o t a l  inpu t -en e rg y  from es t im ated  to t a l  o u tpu t -ene rgy .  The f i r s t  s tep  

is  to  c o n s i d e r  how t h e  b o u n d a ry  is to  be d r a w n  a r o u n d  t h e  s y s t e m  t h a t  

is to be measured.  In this s tudy  the n e t - e n e r g y  boundary will match the  

economic boundary.

O u tpu t -ene rgy  can be es t imated  by comparing engineering e s t i ­

m a t e s  of  f u t u r e  p e r f o r m a n c e  w i th  a c t u a l  e x p e r i e n c e  an d  making  a 

judgement as to expec ta t ions  about  fu tu re  trends.

M e a s u re m e n t  of  t h e  i n p u t - e n e r g y  is a n o t h e r  m a t t e r  and  t h e  

s o u r c e  of  g r e a t e s t  c o n t r o v e r s y .  The g e n e r a l  p r o c e d u r e  w i l l  be to  : (1) 

de termine  the  l i fecycle  rea l  economic co s t  of  the ene rgy - t rans fo rm at ion  

e n t i ty  to be studied,  (2) de termine  an appropr ia te  Energy/GNP Ratio,  (3) 

m u l t ip l y  t o t a l  c o s t  t im es  th e  Energy/GNP R a t io  to  o b t a i n  e s t i m a t e d
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s t a t i c  i n p u t -e n e rg y ,  and (4) compare inp u t -en e rg y  with ou tpu t -energy .

All economic costs  for nuc lea r -pow ered  e l e c t r i c i ty -g e n e ra t i n g  

p l a n t s  w e r e  b a s e d  on the  d a t a  d e v e l o p e d  by K o m a n o f f .^  V a r ia b l e  d a t a  

fo r  t h e  w i n d - s y s t e m  models  w e re  from q u e s t i o n n a i r e  i n f o r m a t io n  an d  

accompanying brochures .  The es t imate  for  the  transmission and d i s t r i ­

butions system co s t  for  both nuc lear  and wind is es t imated  as a p e r c e n t ­

age of t h e  g e n e r a t i n g  c o s t  and  is e x p l a i n e d  in  c h a p t e r s  7 and 8.

Annua l  d a t a  (1947 -  1983) for  e n e r g y  c o n s u m p t io n  and  Gross 

N a t io n a l  P r o d u c t  (GNP) w ere  c o l l e c t e d .  The n o m i n a l  (or  c u r r e n t )  GNP 

num bers  w e r e  d i v i d e d  by t h e  r e s p e c t i v e  i m p l i c i t  p r i c e  d e f l a t o r s  w i th  

t h e  b a s e  y e a r  o f  1979 fo r  n u c l e a r  and  1972 f o r  w ind .  Annual  r e a l  GNP 

was t h e n  d iv id e d  in t o  a n n u a l  p h y s i c a l  e n e r g y  use (Btu 's)  to d e t e r m i n e  

th e  en e rg y /G N P  c o e f f i c i e n t  fo r  e a c h  y e a r .  The d e t a i l e d  c a l c u l a t i o n s  

are shown in appendix A and a summary is shown in tab le  5.2.

T h r e e  s e p a r a t e  s e t s  of  Energy/GNP R a t i o s  w ere  d e r i v e d  u s ing  

Gross N a t i o n a l  P r o d u c t  i n f o r m a t i o n  fo r  t h e  y e a r s  1979,  1982, and 1983 .  

The n u c l e a r  c o s t  e s t i m a t e s  w e re  e x p r e s s e d  in  1979 an d  1982 d o l l a r s  and  

the wind da ta  w ere  expressed in 1983 dollars .  Calculat ions were made for  

e a c h  y e a r  f rom 1947 to  1983 and mean  v a l u e s  w e r e  c a l c u l a t e d  for  e a c h  

se t .  The n e t - e n e r g y  es t imates  were made using low es t -va lue ,  mean-va lue ,  

and h ig h e s t -v a lu e  Energy/GNP Ratios for  nuc lear  power systems and wind 

systems.

Appendix A shows da ta  comparing annual  Gross National Product  

and a n n u a l  e n e r g y  c o n s u m p t io n  f rom 1947 t o  1983 .  Table  5 .2 ,  w h ic h  

f o l l o w s ,  is an  e x c e r p t  of  t h a t  d a t a  fo r  s e l e c t e d  y e a r s .

^Charles E. Komanoff, Power P lant  C os t ,  Iden.
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Table 5.2 

ENERGY/GNP RATIOS SELECTED YEARS

(A)

YEAR

(B) 
BTU'S 
Btu'  s 

Cons lined

(C)

Nominal
GNP

(D)
Energy/GNP

Rat io
(1979=100)

(E)
Energy/GNP

Ratio
(1982=100)

(F)
Energy/Q

Ratio
(1983=101

1947 3.305el6 2.313ell 43461 34324 34141

1950 3.362el6 2.848ell 38752 30605 30443

1955 3.917el6 3.980el l 36728 29007 28853

1960 4.375el6 5 .070el l 36264 28828 28675

1965 5.262el6 6.910el l 34635 27597 27452

1970 6.636el6 9.930el l 37364 28889 30236

1975 7.048el6 1.054el2 35030 27665 27519

1979 7.884el6 2.418el2 32605 25750 25614

1980 7.590el6 2.632el2 31484 24865 24733

1981 7.394el6 2.954el2 29886 23603 23478

1982 7.082el6 3.073el2 29181 23046 22924

1983 7.045el6 3.305el2 27134 21436 21324

37-year mean values : 35791 28266 28116

Notes: See appendix  A for de ta i led  information.
A Quad r e f e r s  to a q u a d r i l l i o n  ( l . lO e lS )  b t u ' s  of  energy. 
N o t a t i o n  " e l 5 , " f o r  e x am p le ,  m e a n s  t h e  d e c im a l  p o i n t  is 
a c t u a l l y  15 places  to the  r ight  of  where i t  is shown.

For  e x a m p l e ,  column D, t a b l e  5.2  shows  t h a t  t h e  3 7 - y e a r  m e a n -  

value Energy/GNP Ratio is 35,791 Btu's per  1979 dollar of  Gross National 

P r o d u c t ,  i . e . ,  i t  h a s  on a v e r a g e  t a k e n  a b o u t  35 ,791 Btu 's  to  p r o d u c e  

e a c h  1979 d o l l a r ' s  w o r th  of  r e a l  GNP. A s c a n  of  th e  Energy/GNP R a t io s  

w i l l  show an a p p a r e n t  d e c r e a s e  in t h e  v a lu e  of  t h o s e  r a t i o s  s in c e  1950.
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C l e v e l a n d ,  e t  a l ,  h o w e v e r ,  show t h a t  t h i s  t r e n d  d i s a p p e a r s  when 

d i f fe rences  in energy qual i ty  a re  taken  into account .^

For t h e  s t a t i c  e n e r g y - i n p u t  n u m b e r ,  t o t a l  e c o n o m ic  co s t  is 

m u l t i p l i e d  t im e s  t h e  s e l e c t e d  Energy/GNP R a t io ,  i . e . ,  f o r  exam ple ,  

35 ,791  B tu ' s /$ 1 9 7 9 ,  28,266 Btu’s /$ 1 9 8 2 ,  or  28,116 B t u ' s / $ 1 9 8 3 .  S t a t i c  

n e t  e n e r g y  fo r  a s i n g l e  e n t i t y  is  a m a t t e r  of  s u b t r a c t i n g  e s t i m a t e d  

t o t a l  inpu t -ene rgy  from es t im ated  to t a l  ou tpu t -energy .  The Output/Input 

R a t io  is found by d iv id ing  e s t i m a t e d  o u t p u t - e n e r g y  by e s t i m a t e d  in p u t -  

e n e r g y .  S t a t i c  Net  Energy  A na lys is  g ives  t h e  t o t a l  O u t p u t / I n p u t  Ratio 

f o r  a s ing le  e n t i t y  o v e r  i t s  e n t i r e  c o n s t r u c t i o n ,  o p e r a t i o n ,  and 

decommissioning cycle.

Dynamic a n a ly s i s  shows the  a c c u m u l a t e d  O u t p u t / I n p u t  Rat io ,  

t o t a l  n e t  e n e r g y ,  and a v e r a g e  a n n u a l  n e t  e n e r g y  to be e x p e c t e d  from an 

e n t i r e  s y s tem  (a g roup  of  s in g l e  e n t i t i e s )  a t  p o i n t s  in t i m e .  This 

p rocedure takes  into considera t ion  plants  under cons t ruc t ion  and those 

t h a t  a r e  be ing  r e t i r e d .  For dynam ic  a n a ly s i s ,  i t  is n e c e s s a r y  to 

se p a ra t e  the cos ts  between  those incurred before the p la n t  is completed 

and  th o s e  t h a t  a r e  i n c u r r e d  o v e r  t h e  l i f e c y c l e  of  t h e  p l a n t  a f t e r  i t  

begins to opera te .  A computer  model was developed which will show the 

a c c u m u l a t e d  n e t  e n e r g y  ( p o s i t i v e  or  n e g a t i v e )  for  any  s e l e c t e d  y e a r .  

Dynamic analyses were ca l c u la te d  for  50 and 100 years involving varying 

r a t e s  of  c o n s t r u c t i o n ,  e x p e c t e d  l i f e c y c l e s ,  c o s t  r a n g e s ,  p e r f o r m a n c e  

c a p a b i l i t i e s ,  and so f o r t h .

^ C u t l e r  C l e v e l a n d ,  e t .  a l .  "Energy  and th e  U.S.  Economy: A
Biophysical Perspect ive,"  Science 225 (31 August 1984): 890-897.
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Estimated Net Energy, Fossi l  Fuel Mining 

The e n e r g y  e s t i m a t e s  t h a t  a r e  be ing  m a de  in th i s  s t u d y  invo lve  

specula t ion about  energy  considerat ions more than  a hundred years  into 

th e  f u t u r e .  I t  s e e m e d  i m p o r t a n t  to  have  a d d i t i o n a l  s u p p o r t  as  to 

w h e t h e r  t h e  p r o d u c t i v i t y  of  th e  e n e r g y - a c q u i s i t i o n  p r o c e s s  was 

im prov ing  or  d e t e r i o r a t i n g . ^  The s u b s t u d y  shows t h e  t r e n d  of  the  

am oun t  of  e n e r g y  t h a t  was  f ed  back  in t o  t h e  p r o c e s s  of  a c q u i r in g  fo ss i l  

fu e l s  f rom 1949 to  1983.  Tab le 5.3 shows t h e  r e s u l t s  of  t h a t  inqu i ry .  

Detai led  information is con ta ined  in appendix A.

Earl ier ,  i t  was mentioned th a t  one of my major concerns was the 

looming p o s s i b i l i t y  t h a t  we may be f a c i n g  a s i t u a t i o n  w he re  more  and 

more e f f o r t  (energy) may be required in the energy-acqu is i t ion  process,  

leaving less and less avai lable  energy  for o the r  purposes.

O r d e r - o f - m a g n i t u d e  c a l c u l a t i o n s  w e r e  made to  e s t i m a t e  the 

am oun t  of  f e e d b a c k  e n e r g y  t h a t  is r e q u i r e d  in t h e  p r o c e s s  of  a c q u i r in g  

en e rg y  in th e  U n i ted  S t a t e s .  Table 5.3 shows t h e  am oun t  of  n e t  e n e r g y  

t h a t  we h ave  r e a l i z e d  f rom  1949 to  1983 f rom  t h e  mining of  p e t r o l e u m ,  

n a t u r a l  gas ,  and  c o a l .  I t  w il l  be s e e n  t h a t  n e t - e n e r g y  c o n s u m p t io n  

(costs  a t  the well head and mine mouth) inc reased  from approximate ly 28 

quads  in 1949 to  a b o u t  51 quads  in 1982.

T o ta l  o u t p u t - e n e r g y  d a t a  and  e c o n o m i c - c o s t  d a t a  fo r  e a c h  fuel  

a re  from Energy Informat ion Agency da ta .^  Inpu t -ene rgy  information was 

o b t a i n e d  by: (1) c a l c u l a t i n g  an a v e r a g e  Energy/GNP c o e f f i c i e n t

^ P r o d u c t i v i t y  r e f e r s  to th e  am oun t  of  y ie ld  v e r s u s  t h e  am oun t
e f f o r t .

%U.S. D e p a r t m e n t  of  Energy,  Energy Information Agency, 1983 
Annual Energy Review, ta b le  4. Washington, D. C. [1984],  p. 11.
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Table 5.3

NET ENERGY FROM FOSSIL FUEL PRODUCTION IN U.S. 
1949-1983

(A) (B) (C) (D) (E) (F)
VALUE FEEDBACK BTU FOSSIL NET ENERGY PER CENT

YEAR FOSSIL ENERGY PRODUCED FOSSILS FEEDBACK

1949 1.363el0 8.285el4 2.859el6 2.776el6 2.8
1950 1.473el0 8.954el4 3.230el6 3.140el6 2.7
1951 1.549el0 9.416el4 3.550el6 3.455el6 2.6
1952 1.505el0 9.148el4 3.447el6 3.355el6 2.6
1953 1.586el0 9.641el4 3.475el6 3.378el6 2.7
1954 1.524elO 9.264el4 3.309el6 3.216el6 2.7
1955 1.630el0 9.908el4 3.676el6 3.576el6 2.6
1956 1.724el0 1.048el5 3.890el6 3.785el6 2.6
1957 1.811elO 1.100el5 3.921el6 3.810el6 2.8
1958 1.617elO 9.829el4 3.632el6 3.533el6 2.6
1959 1.628el0 9.896el4 3.796el6 3.697el6 2.6
1960 1.625elO 9.878el4 3.836el6 3.737el6 2.5
1961 1.647el0 1.001el5 3.871el6 3.770el6 2.5
1962 1.681el0 1.021el5 4.009el6 3.906el6 2.5
1963 1.720el0 1.045el5 4.228el6 4.123el6 2.4
1964 1.721el0 1.046el5 4.392el6 4.287el6 2.3
1965 1.747el0 1.061el5 4.529el6 4.422el6 2.3
1966 1.809el0 1.099el5 4.797el6 4.687el6 2.2
1967 1.879el0 1.142el5 5.035el6 4.920el6 2.2
1968 1.869el0 1.136el5 5.193el6 5.079el6 2.1
1969 1.930el0 1.173el5 5.381el6 5.263el6 2.1
1970 2.064el0 1.254el5 5.660el6 5.534el6 2.2
1971 2.048el0 1.244el5 5.440el6 5.315el6 2.2
1972 2.055el0 1.249el5 5.628el6 5.503el6 2.2
1973 2.185el0 1.328el5 5.561el6 5.428el6 2.3
1974 3.301el0 2.006el5 5.379el6 5.178el6 3.7
1975 3.574el0 2.172el5 5.230el6 5.D12el6 4.1
1976 3.712el0 2.256el5 5.259el6 5.033el6 4.2
1977 3.949el0 2.400el5 5.270el6 5.029el6 4.5
1978 4.073el0 2.475el5 5.278el6 5.030el6 4.6
1979 5.015el0 3.048el5 5.586el6 5.281el6 5.4
1980 6.738el0 4.095el5 5.670el6 5.260el6 7.2
1981 8.221el0 4.997el5 5.618el6 5.118el6 8.8
1982 7.647el0 4.648el5 5.516el6 5.051el6 8.4
1983 6.832el0 4.153el5 5.195el6 4.779el6 7.9

Source: See appendix A for  d e t a i l e d  ca l c u la t io n s .
All values are for  $1972 = 100. An Energy/GNP c o e f f i c i e n t  

of 60,789 Btu/$($1972= 100) was used to c a l c u l a t e  Energy 
Input  numbers.

Nunbers p e r t a i n  to f o s s i 1 - f u e l  production,
( i . e .  mining) in the United S ta te s ,  not  energy 
consunption in the United S ta te s .
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($1972 = 100) an d  (2) m u l t i p l y in g  t h e  Energy/GNP c o e f f i c i e n t  t i m e s  t h e  

cons tan t -do l la r  value for each fue l  for  each  year .  Net ene rgy  was found 

by sub t rac t ing  inpu t -ene rgy  from o u tpu t -ene rgy .

Column E shows the amount of ene rgy  th a t  is being fed back into 

t h e  p r o c e s s  of  m in ing  fo s s i l  f u e l s ,  m e a s u r e d  a t  t h e  w e l l  h e a d  and  t h e  

mine m ou th ,  r e s p e c t i v e l y .  Column F show s  t h e  p e r  c e n t  of  f e e d b a c k  

e n e r g y .  I t  wil l  be  n o t e d  in t a b l e  5.3 t h a t  t h e  p e r  c e n t  of  f e e d b a c k  

e n e r g y  has  b e e n  s t e a d i l y  i n c r e a s i n g  s i n c e  1949 f rom  2.8  p e r  c e n t  to  a 

p e a k  of  8.8 p e r  c e n t  in 1981 an d  d e c l i n i n g  in 1982 an d  1983 .  H ow e ve r ,  

tab le  A-3 of  appendix A, shows th a t  the  amount of ene rgy  being fed back 

into the pe tro leum industry  reached  17 per  cen t  in 1981 (appendix A.)

I t  sh o u ld  be  n o t e d  t h a t  a l l  o f  t h e s e  c a l c u l a t i o n s  a r e  b a s e d  on 

p r i c e s  a t  t h e  w e l l  h e a d  fo r  p e t r o l e u m  and  n a t u r a l  gas an d  p r i c e s  a t  t h e  

mine m ou th  fo r  c o a l .  A d d i t i o n a l  t r a n s p o r t a t i o n ,  r e f i n i n g ,  and  

marketing energ ies  a re  ac tua l ly  involved; the re fo re ,  the  numbers shown 

in t a b l e  5.3  and  a p p e n d ix  A a r e  r o b u s t  a c c o r d i n g l y .

Addit ional  Supporting Information

Hall and Cleveland,  no ted  the  following;

For  t h e  p a s t  30 y e a r s  t h e  n u m b e r  o f  b a r r e l s  o f  o i l  fo u n d  p e r  
foo t  of  dril l ing e f fo r t  in t h e  American domestic  pe t ro leum industry  
fo r  any  g iven  y e a r  can  be e x p l a i n e d  as a s e c u l a r  d e c r e a s e  of  a b o u t  
two p e r c e n t  p e r  y e a r  an d  c o m b in e d  w i th  an i n v e r s e  f u n c t i o n  of  
d r i l l i n g  e f f o r t .  E x t r a p o l a t i o n  o f  e n e r g y  c o s t s  and  g a in s  from 
p e t r o l e u m  d r i l l i n g  and e x t r a c t i o n  i n d i c a t e d  t h a t  d r i l l i n g  fo r  
d o m e s t i c  p e t r o l e u m  cou ld  c e a s e  t o  be  a n e t  s o u r c e  o f  e n e r g y  by 
a b o u t  2004 a t  low d i l l in g  r a t e s  an d  2000 a t  h igh  d r i l l i n g  r a t e s ,  
and  t h a t  t h e  n e t  y ie ld  w i l l  be l e s s  a t  t h e  h igh  d r i l l i n g  r a t e . ^

^ C h a r l e s .  A. S. Hall and  C u t l e r  Cleveland,  "Yie ld  Per  E f f o r t  and  
Net Energy  A n a ly s i s  of  th e  A m er ic an  P e t r o l e u m  I n d u s t r y , "  S c i e n c e  211 
(1981) :  576.
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Chapman, using Standard Energy Analysis, bu t  including ene rgy-  

cos ts  beyond the  well head, noted the fol lowing;^

. . . The f i v e  e n e r g y ,  or  f u e l ,  i n d u s t r i e s  - -  c o a l  min ing ,  o i l  
ref in ing,  , coke,  gas and e l e c t r i c i t y  production  — jo in t ly  consume 
more  t h a n  30% of  t h e  t o t a l  e n e r g y  in p u t  to  t h e  UK. . . . The fu e l  
i n d u s t r i e s  t h e m s e l v e s  a r e  t h e  l a r g e s t  c o n s u m in g  s e c t o r .  . . .

W al lace  E. T yner  c i t e s  F re m o n t ,  who " s h o w e d  t h a t  n a t i o n a l

income per  c a p i t a  and to t a l  commercial  energy  consumption per  cap i ta

are  closely re la ted , "  and Oarmstadter ,  having s tud ie d  al l  153 countries

in ex is tence  a t  t h a t  t ime,  concluded the  following;^

t h e  h i g h e r  a n a t i o n ' s  in c o m e  on t h e  c u r r e n t  i n t e r n a t i o n a l  s c a l e ,  t h e  
h i g h e r ,  in  g e n e r a l ,  i t s  l e v e l  o f  e n e r g y  c o n s u m p t io n ;  as  i t s  GNP 
r i s e s  o v e r  t i m e ,  so does  i t s  e n e r g y  c o n u m p t io n  - -  in c l o s e ,  e v e n  i f  
not  p ropor t iona te ,  conformity.^

T yner  a l s o  fo u n d  a c lo se  r e l a t i o n s h i p  b e t w e e n  p e r - c a p i t a  c o m m e rc i a l

energy consumption and p e r - c a p i t a  income in the economy of India.

Svnmary

The background sec t ion  provided a h is to r ica l  perspec t ive  of  the 

d e v e l o p m e n t  o f  c a p i t a l  s t r u c t u r e s  as i t  r e l a t e s  to  e n e r g y - m a t e r i a l s  

d e p l e t i o n  in t h e  U nited  S t a t e s .

The money-energy  propor t iona li ty  argument was developed drawing 

support  from Odum, Costanza,  Georgescu-Roegen,  Cleveland, e t  al, and 

o t h e r s .  C o s t a n z a  in 1980 and C le v e l a n d ,  e t  a l  in  1984,  p ro v id e  th e  

s t r o n g  a r g u m e n t s  f o r  th i s  v ie w .  C o s t a n z a  show s  t h a t  t h e  f a c t o r s  of  

product ion (Land, Labor,  Capi tal  and Resources)  are not  independent ,  but

^P. F. Chapman, e t  a l . ,  "The Energy Cost of Fuels ,"  Energy 
Policy  (September 1974), p. 231.

^Wallace E. Tÿner, Energy Resources and Economic Development 
In I n d i a , (London /B os ton :  M ar t inus  N i jho f f  S oc ia l  S c i e n c e s  D iv is ion ,
1978), pp. 1-5.
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q u i t e  i n t e r d e p e n d e n t ,  i . e . ,  t h a t  c a p i t a l  an d  l a b o r  c a n n o t  be s u b s t i t u t e d  

fo r  e n e r g y  and  m a t e r i a l s .  C o s t a n z a  and C l e v e la n d ,  e t  a l ,  a rg u e  a g a i n s t  

th o s e  who s e e  t h e  p o s s i b i l i t y  of  d e c o u p l in g  e n e r g y  c o n s u m p t io n  and 

econom ic  o u t p u t .  The p o s s i b i l i t y  o f  a d e c l i n i n g  r e s o u r c e  b a s e ,  

e s p e c i a l l y  e n e r g y ,  r a i s e s  i m p o r t a n t  e t h i c a l  i s s u e s  w i th  r e s p e c t  to  

social  ju s t i c e  and in te r -g e n e ra t io n a l  cons idera t ions  and will be fu r the r  

d i s c u s s e d  in c h a p t e r  9.

An o v e r v i e w ,  w i th  u n d e r ly i n g  r a t i o n a l e ,  was p r o v id e d  f o r  t h e  

n e t - e n e r g y  p r o c e d u r e s  t h a t  wil l  be  fo l l o w e d  in m ak ing  n e t - e n e r g y  

analyses of  both nuc lear -pow ered  and wind-powered genera t ing  systems in 

c h a p t e r s  7 and  8 r e s p e c t i v e l y .  The g e n e r a l  p r o c e d u r e  t h a t  w i l l  be 

fo l l o w e d  in t h i s  s t u d y  is to  d e t e r m i n e  t h e  r e a l  l i f e c y c l e  econom ic  c o s t  

of nuc lea r -pow er  and wind-power systems and mult iply those cos ts  t imes 

a se lec ted  Energy/GNP Ratio.  N e t -ene rgy  ca lcu la t ions  will be made using 

t h e  h i g h e s t ,  m e a n  v a l u e ,  and l o w e s t  v a l u e  Energy/GNP R a t io s  f o r  th e  

appropr ia te  t a b le s  shown in appendix A, and summarized in Table 5.2 .

T ab le  5 .2 ,  b a s e d  on t h e  t o t a l  d a t a  b a s e  in ap p en d ix  A, shows  

energy  consumption,  rea l  gross na t ional  p roduc t ,  and Energy/GNP Ratios 

f o r  s e l e c t e d  y e a r s .

Tab le  5.3 show s  th e  r e s u l t s  o f  o r d e r - o f - m a g n i t u d e  c a l c u l a t i o n s  

t h a t  w e re  made to  c r u d e l y  e s t i m a t e  th e  t r e n d  of  t h e  am oun t  of  e n e r g y  

t h a t  was b e in g  f e d  b a c k  in to  t h e  p r o c e s s  of  mining fo s s i l  f u e l s .  The 

system boundary (economic boundary) encompasses those economic costs  

t h a t  were  in cur red  a t  the well head  and mine mouth.  The energy cos ts  of 

t r a n s p o r t a t i o n ,  r e f i n i n g ,  m a r k e t i n g ,  and  so f o r t h ,  w e r e  no t  i n c lu d e d .  

As a r e s u l t ,  t h e  n e t - e n e r g y  q u a n t i t i e s  a r e  o v e r s t a t e d  a c c o r d i n g l y .  The
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f o r e g o in g  adds  a r o b u s t  q u a l i t y  to  t h e  co n c lu s io n s  of  t h e  s tudy .

A d d i t i o n a l  s u p p o r t in g  in f o r m a t i o n  fo r  th e  m o n e y - e n e r g y  

propor t ional i ty  argument was included.  Chapman shows t h a t  about 30 per  

c e n t  o f  t h e  e n e r g y  in  t h e  U n i t e d  Kin gdom  is  b e i n g  u s e d  in  t h e  

p r o c e s s i n g  of  e n e r g y .  His c a l c u l a t i o n s  in c lu d e d  p r o c e s s i n g  c o s t s  

beyond the well head ,  and the mine mouth.
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CHAPTER 6

UNITED STATES ELECTRIC UTILITY SYSTEM ENVIRONMENT

P rec is

The p u r p o s e  of  i n c l u d i n g  t h e  i n f o r m a t i o n  p r e s e n t e d  in t h i s  

c h a p t e r  is to  show how th e  c a p a b i l i t y  o f  any  e n e r g y - t r a n s f o r m a t i o n  

e n t i t y  to  d e l i v e r  e n e r g y  to  s o c i e t y  is c o n s t r a i n e d  by t h e  e f f i c i e n c y  of  

t h e  l a r g e r  s y s t e m  of  which  i t  is a p a r t ;  t h a t  is ,  t h e  n e t - e n e r g y  

c a p a b i l i t y  of  a t r a n s f o r m a t i o n  s y s t e m  is l i m i t e d  by any i n e f f i c i e n c y  

t h a t  is p r e s e n t ,  f o r  w h a t e v e r  r e a s o n ,  in t h e  l a r g e r  s y s t e m .  S t a t e d  

a n o t h e r  w ay ,  i t  is n o t  l e g i t i m a t e  to  c l a im  an e f f i c i e n c y  l e v e l  fo r  an 

i s o l a t e d  s y s t e m  when b a c k - u p  s y s t e m s  a r e  r e q u i r e d  to  i n s u r e  t h a t  t h e  

system meets  the  needs  of society .

Most n e t - e n e r g y  a n a l y s e s  up to  t h i s  t im e  have  b e e n  made us ing  

S t a n d a r d  E n e rg y  A na lys is  p r o c e d u r e s ,  a n d  m os t  h a v e  b e e n  fo r  s in g le  

i s o l a t e d  e n t i t i e s ,  s u c h  as one  n u c l e a r - p o w e r e d  p l a n t  or  one  wind 

m a c h i n e .  Most c a l c u l a t i o n s  h a v e  b e e n  s o - c a l l e d  b u s - b a r  c a l c u l a t i o n s ,  

m e a n in g  t h a t  t h e  s y s t e m  b o u n d a r y  was d r a w n  to  e x c l u d e  t h e  e l e c t r i c a l  

t r a n s m i s s i o n  and  d i s t r i b u t i o n  g r id  s y s t e m .  I t  is  h e ld  t h a t  e n e r g y  is 

n o t  u s e f u l  u n t i l  i t  is  d e l i v e r e d  to  t h e  e n e r g y  c o n s u m e r s  ( i n d u s t r i a l ,  

c o m m e r c i a l ,  and  r e s i d e n t i a l ) .  T h e r e f o r e ,  i t  is  n e c e s s a r y  to  i n c l u d e ,  

a s  an  e n e r g y - i n p u t  c o s t ,  t h e  e n e r g y  c o s t  o f  t r a n s m i s s i o n  a n d
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dis tr ibu tion  of  the  e l e c t r i c i t y - g e n e r a t i n g  system. Overhead costs  were 

a l s o  inc luded based on the money-porpor t ional i ty  argunent of  chapter  5.

S in c e  t h e  n e t - e n e r g y  e s t i m a t e s  t h a t  a r e  m ade  in c h a p t e r  7 fo r  

n u c l e a r  s y s t e m s  and  c h a p t e r  8 f o r  wind  s y s t e m s  p r o j e c t  s e v e r a l  y e a r s  

i n t o  t h e  f u t u r e ,  i t  is i m p o r t a n t  to  h a v e  some id e a  as to  t h e  t r e n d  in 

e f f i c i e n c y  of  t h e  t o t a l  sy s tem .

F u r t h e r ,  i t  s e e m s  n e c e s s a r y  to i n q u i r e  i n t o  t h e  e f f e c t  on s y s t e m  

e f f ic ien cy  of  the  in t roduct ion o f  la rge  genera t ing  systems,  par t i cu la r ly  

la rge  n uc lea r  systems.

S e l e c t e d  d a t a  a b o u t  t h e  U n i t e d  S t a t e s  e l e c t r i c i t y - g e n e r a t i n g  

s y s t e m  a r e  d i s c u s s e d  in t h e  f i r s t  p a r t  o f  th i s  c h a p t e r .  The d a t a  show th e  

t o t a l  e l e c t r i c a l  Generat ing Capacity  of  the  United S ta te s  from 1952 to 

1982 and  t h e  c o r r e s p o n d i n g  e l e c t r i c a l  s a l e s  made  by l a r g e ,  p r i v a t e l y -  

o w ned  U n i te d  S t a t e s  u t i l i t i e s .  The am o u n t  of  n u c l e a r  G e n e r a t i n g  

C a p a c i t y  is show n f o r  t h e  same p e r i o d .  The d a t a  wil l  i n d i c a t e  t h a t ,  as  

n u c l e a r  p l a n t s  a r e  i n t r o d u c e d  i n t o  t h e  s y s t e m ,  th e  e f f i c i e n t  use of  t h e  

t o t a l  s y s t e m  c o r r e s p o n d i n g l y  d e c l i n e s .  I t  is a l so  shown t h a t  t h e s e  

U n i t e d  S t a t e s  u t i l i t i e s  may h a v e  b e e n  a b l e  to  g e n e r a t e  t h e  sam e am oun t  

of  e l e c t r i c i t y  w i t h o u t  t h e  c o n s t r u c t i o n  o f  any n u c l e a r  p o w e r  p l a n t s  i f  

they had mainta ined  the level  o f  e f f ic ien cy  they were ach ieving in 1959.

Decline in U S. U t i l i t y  System Eff ic iency  

The d a t a  in co lumns  B, C, and  E of  t a b l e  6.1 a r e  t a k e n  from 

E n e rg y  I n f o r m a t i o n  A d m i n i s t r a t i o n  d o c u m e n t s .  D a ta  a r e  fo r  t o t a l  

gene ra t ing  system of the United S ta tes .  Derivit ion of columns D, F, and 

G a r e  e x p l a i n e d  a t  t h e  b o t to m  of t a b l e  6 .1 .  Column E ( i . e . ,  maximum, 

cont inuous) shows the  amount of  e l e c t r i c i t y  t h a t  could be gen e ra ted  if
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Table 6.1

ELECTRICITY-GENERATING SYSTEM EFFICIENCY 
United S ta te s

(A) (B) (C) (D) (E) (F) (G)
Total Nuclear Col. B Total

Capacity Capacity X 8760 Net.  Gen. E f f i c . Nuclear
Year (KW) (KW) (kWh) (kWh) Factor Fract ion

1952 8.220e07 0.00 7.200ell 3 .990ell 0.5541 0.0000
1953 9.140e07 0.00 8.006el l 4 .430e l l 0.5532 0.0000
1954 1.026e08 0.00 8.987el l 4 .720e l l 0.5251 0.0000
1955 1.145e08 0.00 1.003el2 5.470ell 0.5453 0.0000
1956 1.207e08 0.00 1.057el2 e.OlOell 0.5684 0.0000
1957 1.291e08 1.00e05 1.130el2 6 .320el l 0.5588 0.0007
1958 1.420e08 1.00e05 1.243el2 6.450ell 0.5185 0.0007
1959 1.560e08 1.00e05 1.366el2 7.100ell 0.5195 0.0006
1960 1.680e08 3.00e05 1.471el2 7 .560ell 0.5136 0.0017
1961 1.807e08 4.00e05 1.582el2 7.940ell 0.5016 0.0022
1962 1.911e08 7.00e05 1.674el2 8.550ell 0.5107 0.0036
1963 2.105e08 7.00e05 1.843el2 9.170ell 0.4972 0.0033
1964 2.223e08 9.00e05 1.947el2 9 .840ell 0.5053 0.0040
1965 2.361e08 9.00e05 2.068el2 1.055el2 0.5100 0.0038
1966 2.478e08 1.90e06 2.170el2 1.144el2 0.5270 0.0076
1967 2.693e08 2.90e06 2.359el2 1.214el2 0.5146 0.0107
1968 2.911e08 2.80e06 2.550el2 1.329el2 0.5211 0.0096
1969 3.133e08 4.00e06 2.744el2 1.442el2 0.5254 0.0127
1970 3.416e08 6.50e06 2.992el2 1.532el2 0.5119 0.0190
1971 3.689e08 8.70e06 3.231el2 1.613el2 0.4991 0.0235
1972 3.986e08 1.53e07 3.491el2 1.750el2 0.5011 0.0383
1973 4.424e08 2.29e07 3.875el2 1.856el2 0.4789 0.0517
1974 4.759e08 3.17e07 4.169el2 1.864el2 0.4472 0.0665
1975 5.082e08 3.33e07 4.452el2 1.917el2 0.4307 0.0655
1976 5.309e08 4.23e07 4.651el2 2.037el2 0.4380 0.0796
1977 5.602e08 4.60e07 4.907el2 2.124el2 0.4328 0.0821
1978 5.791e08 4.96e07 5.073el2 2.206el2 0.4348 0.0856
1979 5.982e08 4.93e07 5.241el2 2.247el2 0.4287 0.0824
1980 6.135e08 5.11e07 5.374el2 2.286el2 0.4254 0.0832
1981 6.348e08 5.55e07 5.560el2 2.294el2 0.4126 0.0874
1982 6.501e08 5.96e07 5.694el2 2.241el2 0.3935 0.0916
1983 6.581e08 6.28e07 5.765el2 2.310el2 0.4006 0.0954

Col.  B -  Total  Generat ing Capacity of  United States
Col. C -  Tota l  nuclear-powered genera t ing  capacity ,  U. S.
Col.  D -  Tota l  capaci ty  m u l t ip l i e d  times 8760 hours.
Col. E -  Total  repor ted  net  gene ra t ion ,  ki lowatt  hours.
Col. F -  Colunn E divided by colimn D.
Col. G -  Colunn C divided  by colunn B.
Notat ion " e l2 , "  for  example means decimal point  is 13 places r ig h t .  
Source (Col. C, D & F); Energy Information Administrat ion (EIA), 
^ n u a l  Energy Review, Department of  Energy.
KW -  Means k i lo w a t t s  of  genera t ing  capac ity .  
kWh -  Means k i lowat t -hours .
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all  of the system could have been opera ted  continuously, without  in te r ­

ruption.  The numbers in column E (maximum-continuous k i low a t t  hours) are 

obta ined  by multiplying column C ( to ta l  Generat ing Capacity)  times 8760 

hours ( to t a l  number of hours in a 365-day  year).  The p o te n t ia l  maximum, 

c o n t in u o u s  k i l o w a t t - h o u r s  a r e  t h e n  c o m p a re d  to r e p o r t e d  T o t a l  Net 

G e n e r a t i o n  ( k i l o w a t t  h ou rs ) .^  T o t a l  Net  G e n e r a t i o n  (co lum n  E) is 

d iv id ed  by m a x i m u m - c o n t in u o u s ,  k i l o w a t t  hours  (co l .  D) to  o b t a i n  the  

t o t a l  s y s tem  E f f i c i e n c y  F a c t o r .  The E f f i c i e n c y  F a c t o r  is  an  e s t i m a t e  

of  th e  s u r p lu s ,  or  b a c k u p .  G e n e r a t i n g  C a p a c i t y .  A s t e a d y  d e c r e a s e  in 

E f f i c i e n c y  F a c t o r  R a t i o s  wil l  be  n o t i c e d  in Column F, b e g i n n i n g  in 1957 

( .5684 to  1) t h r o u g h  1983 ( .4006 to  1) .  Column G. show s  t h e  N u c lea r  

Insta l led  Capacai ty  as a r a t io  of  the  Total Generat ing Capac ity .

Once a s y s t e m  is c o n s t r u c t e d ,  i t  has i n c u r r e d  a f i x e d  c o s t  t h a t  

is  d i s t r i b u t e d  o v e r  i t s  a n t i c i p a t e d  l i f e  — say ,  25 y e a r s .  R e g a r d l e s s  

of  t h e  p e r  c e n t  o f  t im e  t h a t  t h e  s y s t e m  has o p e r a t e d ,  i t  p r o b a b l y  wil l  

n e e d  to  be  a b a n d o n e d  a t  t h e  end  o f  i t s  c a l e n d a r  l i f e  b e c a u s e  o f  a g e -  

d e t e r i o r a t i o n .  H o w e v e r ,  a s y s t e m  t h a t  d e l i v e r s  99 p e r  c e n t  of  i t s  

maximum pote n tia l ,  c e t e r i s  paribus,  would be considered a more e f f ic ien t

^Department of  Energy, Energy Information Agency, Financial  
S ta t i s t i c s  of  Se lec ted  Elect r ic  Uti l i t ies  1983, [February 1985].  Also, 
see Annual Energy Review, [1985].

^ Ib id.
O

The num bers  in co lumn G a r e  n o t  to  be c o n f u s e d  w i th  t h e  way 
u ti l i ty  engineers  c a lcu la te  Capac ity  Fac tors .  Capacity  F ac to r  measures 
a s in g le  p l a n t ' s  e l e c t r i c a l  g e n e r a t i o n  as a  p e r c e n t a g e  o f  i t s  maximum 
p o s s ib le  g e n e r a t i o n  d i v i d e d  by p r o d u c t  of 8760 and d e s ig n  e l e c t r i c a l  
r a t i n g .  E f f i c i e n c y  F a c t o r  is  i n t r o d u c e d  to a c c o u n t  f o r  b a c k u p  c a p a c i t y .  
Efficiency Factor  accounts  for  to t a l  k i lowa tt  hours th a t  could have been 
g e n e r a t e d  if  a l l  o f  t h e  c a p a c i t y  co u ld  have  been  used  a l l  of  th e  t im e ,  
versus the  ac tua l  e l e c t r i c i t y  genera ted .
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p r o c e s s  th a n  one t h a t  d e l i v e r e d  only  40 p e r  c e n t  of  i t s  maximum p o t e n ­

t i a l .  C e r t a i n l y ,  t h e  n e t - e n e r g y  m e a s u r e m e n t  must  c o m p a re  t h e  t o t a l  

ene rgy- inpu t  ( to ta l - sys tem  cost) to  t o t a l  energy -ou tpu t  (sales).

Many econom ic  a n a l y s e s  and  e n e r g y  a n a l y s e s  of  e l e c t r i c i t y -  

g e n e r a t i n g  s y s t e m s  h av e  b e e n  made b a s e d  on r e l a t i v e l y  high C a p a c i t y  

F a c t o r s .  Usua lly  t h e s e  a r e  e x p r e s s e d  fo r  s in g le  p ow er  p l a n t s ,  in 

isola t ion.  They do not  take  into cons idera t ion  the redundancy th a t  must 

be  a v a i l a b l e  to m e e t ,  n o t  on ly  t h e  "down t im e"  from v a r io u s  o p e r a t i o n a l  

p ro b le m s ,  b u t  a l so  th e  v a r y in g  d e m a n d  s i t u a t i o n s  ( i . e . ,  s e a s o n a l ,  t i m e -  

o f - d a y ,  and so f o r t h ) .  In a c r u d e  way ,  t h e  r a t i o s  in co lumn G a r e  a 

u s e f u l  m e a s u r e m e n t  of  t o t a l - s y s t e m  e f f i c i e n c y ,  and t h e y  a l so  show the  

d e c l i n e  in e f f i c i e n c y  o v e r  t im e .

Table  6.2 is an e x t e n s i o n  of t a b l e  6 .1 .  Columns B and C a re  the  

same i n f o r m a t i o n  shown in t a b l e  6 .1 .  Column D shows t o t a l  G e n e r a t i n g  

Capac ity  minus Instal led Nuclear Capaci ty.  Column E shows the amount of 

e l e c t r i c i t y  t h a t  cou ld  h a v e  been  g e n e r a t e d  by Column D c a p a c i t y  if  the  

t o t a l  s y s t e m  had b e e n  o p e r a t e d  a 52 p e r  c e n t  E f f i c i e n c y  F a c t o r  t h a t  was 

b e in g  a c h i e v e d  in 1959.  Column F shows t h e  s u r p lu s e s  and  s h o r t a g e s  of 

e l e c t r i c i t y  t h a t  w ould  have  b een  e n c o u n t e r e d  by m a i n t a i n i n g  such  a 

s y s t e m ,  m a i n t a i n i n g  a 52 p e r  c e n t  E f f i c i e n c y  F a c t o r  a f t e r  1957.

I t  wil l  be n o t e d  t h a t  e l e c t r i c i t y  d em an d  fo r  t h e  U n i t e d  S t a t e s  

cou ld  h a v e  b een  m e t  ( e x c e p t  f o r  t h e  7 y e a r s  w i th  minuses)  w i th o u t  

bu i ld ing  any of  t h e  n u c l e a r  c a p a c i t y ,  by us ing t h e  n o n - n u c l e a r  

G e n e r a t i n g  C a p a c i t y ,  and  o p e r a t i n g  i t  a t  a 52 p e r  c e n t  E f f i c i e n c y  

F a c t o r .  The s h o r t a g e  y e a r s  cou ld  h a v e  b een  met by s l i g h t l y  i n c r e a s e d  

e f f ic iency  in those shor tage  years.
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Table 6.2

ELECTRICITY-GENERATING POTENTIAL WITHOUT NUCLEAR CAPACITY 
From Maintaining a 52 Per Cent Ef f ic iency  Factor

(A) (B) (C) (D) (E) (F) (G)
Total Nuclear Col.  B- (D)x8760 Actual Surplus

Capacity Capacity Col.  C X .52 Net.Gen. Elec.
Year (KW) (KW) (KW) (kWh) (kWh) (kWh)

1952 8.220e07 0.00 8.220e07 3 .5 3 e l l
1953 9.140e07 0.00 9.140e07 4 . 4 3 e l l
1954 1.026e08 0.00 1.026e08 4 .7 2 e l l
1955 1.145e08 0.00 1.145e08 5 . 4 7 e l l
1956 1.207e08 0.00 1.207e08 O.Olel l
1957 1.291e08 l.OOeOS 1.290e08 5 .87e l l 6 .3 2 e l l -4.43el0
1958 1.420e08 1.00e05 1.419e08 6 .46e l l 6 .4 5 e l l 1.38e09
1959 1.560e08 l.OOeOS 1.559e08 7.10e l l 7 .10e l l 1.55e08
1960 1.680e08 S.OOeOS 1.677e08 7 .63ell 7 .5 6 e l l 7.90e09
1961 1.807e08 4.00e05 1.803e08 8.21e l l 7 .9 4 e l l 2.73el0
1962 1.911e08 7.00e05 1.904e08 8 .67e l l 8 .5 5 e l l 1.23el0
1963 2.105e08 7.00e05 2.098e08 9.55ell 9 .1 7 e l l 3.86el0
1964 2.223e08 9.00e05 2.214e08 1.00el2 9 .8 4 e l l 2.45el0
1965 2.361e08 9.00e05 2.352e08 1.07el2 1.05el2 1.63el0
1966 2.478e08 1.90e06 2.459e08 1.12el2 1.14el2 -2.38el0
1967 2.693e08 2.90e06 2.664e08 1.21el2 1.21el2 - 4 . 94e08
1968 2.911e08 2.80e06 2.883e08 1.31el2 1.32el2 -1.57elO
1969 3.133e08 4.00e06 3.093e08 1.40el2 1.44el2 -3.30e l0
1970 3.416e08 6.50e06 3.351e08 1.52el2 1.53el2 - 5 . 55e09
1971 3.689e08 8.70e06 3.602e08 1.64el2 1.61el2 2.77el0
1972 3.986e08 1.53e07 3.833e08 1.74el2 1.75el2 -3.99e09
1973 4.424e08 2.29e07 4.195e08 1.91el2 1.85el2 5.46el0
1974 4.759e08 3.17e07 4.442e08 2.02el2 1.86el2 1 .58e l l
1975 5.082e08 3.33e07 4.479e08 7 .98ell 1.92el2 2 .43e l l
1976 5.309e08 4.23e07 4.886e08 2.22el2 2.03el2 1 .88e l l
1977 5.602e08 4.60e07 5.142e08 2.34el2 2.12el2 2 .1 7 e l l
1978 5.791e08 4.96e07 5.295e08 2.41el2 2.20el2 2 .05e l l
1979 5.982e08 4.93e07 5.489e08 2.50el2 2.24el2 2 .53e l l
1980 6.135e08 5.11e07 5.624e08 2.56el2 2.28el2 2 .75e l l
1981 6.348e08 5 . 55e07 5.793e08 2.63el2 2.29el2 3 .44e l l
1982 6.501e08 5.96e07 5.905e08 2.68el2 2.24el2 4 .4 8 e l l
1983 6.581e08 6.28e07 5.953e08 2.71el2 2.31el2 4 .0 1 e l l

T o ta l ,  colunn G: 1.45el2

Colimns B, C, and F from EIA Annual Energy Report,  1984.
Colimn D = Colunn C sub t rac ted  from colunn B.
Colunn E = Colunn D x 8760 hours /y r  x .52 Eff ic iency  Fac tor .
Colimn G = shows annual surplus or  shortage ( - ) .
The n o t a t i o n  " e 0 6 ,"  f o r  e x am p le  m eans  d e c im a l  p o i n t  is 6 p l a c e s  r i g h t .  
N ote ;  Column F s how s  th e  a m o u n t  o f  e l e c t r i c i t y  t h a t  c o u ld  h ave  been  
g e n e r a t e d  i f  t h e  U n i t e d  S t a t e s  U t i l i t y  s y s t e m  h a d  n o t  b u i l t  any 
nuc lear  plants .  A s l ight  inc rease  in t h e  E f f i c i e n c y  F a c t o r  f o r  the  
years with minuses might have met the demand, in the aggregate .
KW -  Means k i low a t t s  of genera t ing  capac i ty .  
kWh -  Means k i low a t t  hours.
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Figure 6 .1  s h o w s  t h e  s c a t t e r p l o t  o f  d a t a  p o i n t s ,  w i t h  

a c c o m p a n y i n g  l i n e a r - r e g r e s s i o n  i n f o r m a t i o n ,  o f  t h e  t i m e - s e r i e s  d a t a  

s how n  in t a b l e  6 .1 .  V a lues  fo r  b o t h  v a r ia b le s  a r e  t a k e n  from t a b l e  6 .1 .  

N u c le a r  c a p a c i t y ,  as  a p e r  c e n t  of  T o ta l  G e n e r a t i n g  C a p a c i t y ,  is p l o t t e d  

on t h e  h o r i z o n t a l  a x i s .  The t o t a l - s y s t e m  E f f i c i e n c y  F a c t o r  v a l u e s  

p l o t t e d  a g a i n s t  t h e  v e r t i c a l  a x i s .  I t  w i l l  be  s e e n  t h a t  t h e r e  is a 

f a i r l y  good c o r r e l a t i o n  in t h e  d a t a  by th e  r^ v a l u e  of  0 .867976 .

Fur ther ,  i t  seemed necessary  to de te rmine  if  the  agg reg a te  da ta  

of  t a b l e  6.1 co u ld  be  c o n f i r m e d  by a u t i l i t y - b y - u t i l i t y  a n a l y s i s .  

A lthough  th e  r e s u l t s  show n  in f i g u r e  6.2 r e q u i r e  f u r t h e r  a n a l y s i s ,  t h e  

t e n t a t i v e  r e s u l t s  s u g g e s t  t h a t  t h e r e  is some c o r r e l a t i o n  b e t w e e n  the  

i n t r o d u c t i o n  o f  n u c l e a r  f a c i l i t i e s  and  d e c l i n i n g  u t i l i t y  e f f i c i e n c y ,  

using the c ro s s - sec t io n a l  da ta .  The fol lowing reasoning is shown;

For each ind iv idual  u t i l i t y :

Let X = the nuclear  f r a c t i o n ,  and 

Let 1-x = the non-nuclear  f r a c t io n .

Leg C = t o t a l  Generat ing Capacity.

Derive f = Nuclear Duty Cycle.

f(xC) + ( l - x ) C ( l - f )
Then the ov e ra l l  e f f i c i e n c y ,  e =   (1)

C

1-e-x
Which r e s u l t s  in f =   (2)

l -2x

The r e s u l t i n g  v a l u e s  of  " f ” v e r s u s  t h e  v a l u e s  o f  "e"  ( f o r  c r o s s -  

s e c t i o n a l  d a t a  fo r  101 l a r g e .  U n i t e d  S t a t e s ,  p r i v a t e l y - o w n e d  u t i l t i e s )  

a r e  shown in a p p e n d i x  D and p l o t t e d  in f i g u r e  6 .2 .  Only t h o s e  u t i l i t i e s
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F i g u r e  6 .1

CAPACITY RATIO VS TOTAL EFFICIENCY 
V e r t i c a l ;  E f f ic iency  Factor;  

Hor izonta l ;Per Cent Nuclear Capacity

.018 .036 .054 .072
+ + + + + + + +-----

.09

.566 +*

y = a + bx
a = .533164, Std.  Error  = 
b = -1.31185,  Std.  Error  =

r^= .867976

.004567

.093410

.537 +

* * 
*
*

.508 +* 2 
*

.479 +

.45 +

+ .566

+ .537

+ .508

+ .479

+ .45

.421 +

.392 +
.+*

* *  *  

*

* + .421

+ .392

0 .018 .038 .054 .072 .09

Notes ; 32 da ta  p o in t s .  In tege rs  on char t  ind ica te  number of  obser-
v a ta t io n s  a t  tha t  loca t ion .
P lo ts  are from t im e-se r ie s  da ta  shown in tab le  6.1. 
Micro-computer s t a t i s t i c a l  program used; The S t a t i s t i c i a n .
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.665

F ig u r e  6 .2

SCATTERPLOT; NUCLEAR DUTY-CYCLE VS UTILITY EFFICIENCY 
Cross-Sec tional  Data,  1982 

101 Large United S ta tes  Privately-Owned U t i l i t i e s  
V er t ic a l  Axis: Eff ic iency  Factor  of  Each U t i l i t y

.2 .4 .6 .8 1 1.2 1.4

Linear Regression r e s u l t s  
Y = a + bx 

a = .723463, s t d .  e r ro r  -.027523
2 b = -.510546,  s t d .  e r ro r  -.043156 +.665*

r2 = .58114
2

.565 + * +.565
42

*  2 +***
2

.465 + 23* +.465
72 **

* 5
33*2

.365 + *2
3

.365

5 2
4* * 2
2 *

.265 + * * * +.265
*  *

*
*

.165.165 + Values on X ax i s :  *
(1-e-x)

F  --------------  Nuclear duty cycle ,
( l-2x)

.065 + * +.065
. + - - — + - - - - + — — - + - — - +  - + - — - + - — - + - — + .
.2 .4 .6 .8 1 1.2 1.4

Notes: See appendix A for  bas ic information.  Integers  on char t
ind ica te  niinber of da ta  points  a t  tha t  spo t .  101 data po in ts ,  
e = Eff ic iency  Factor  of  each u t i l i t y .
X = per cent  of  I n s t a l l e d  Capacity as nu c lea r .
Source: appendix A and Financia l  S t a t i s t i c s  of Selected
U t i l t i e s  1983, Energy Information Agency, Department of  Energy.
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hav ing  t o t a l  g e n e r a t i n g  c a p a c i t y  g r e a t e r  t h a n  1000 m e g a w a t t s  w e re  

se lec ted  for  analysis .  The l i n ea r - reg res s ion -ana ly s i s  resu lt s  a re  shown 

in th e  u p p e r - r i g h t - h a n d  c o r n e r  o f  f i g u r e  6.2.

A l t h o u g h  o t h e r  f a c t o r s ,  s u c h  as  " o f f - s y s t e m "  s a l e s  a n d  

p u r c h a s e s ,  l i f e s t y l e s  ( to  i n c lu d e  t h e  g r e a t e r  use o f  s e a s o n a l  a i r  

c o n d i t i o n i n g ) ,  and  a m i s c a l c u l a t i o n  of  f u t u r e  dem and  by t h e  u t i l i t y  

c o m p an ie s ,  m us t  p l a y  a r o l e  in t h e  d e c l in in g  E f f i c i e n c y  F a c t o r s ,  ove r  

t im e ,  t h e r e  is a s u g g e s t i o n  in t h e  fo r e g o in g  a n a l y s i s  t h a t  a t  a b o u t  h a l f  

of  t h e  d e c l i n i n g  e f f i c i e n c y  is r e l a t e d  to  t h e  i n t r o d u c t i o n  o f  l a r g e  

nuclear  systems.

The f indings seem reasonab le.  These la rge  systems require  tha t  

large blocks of  backup genera t ing  capabi l i ty  must be on hand when these 

la rg e  p l a n t s  a r e  s h u t  down.  I t  s eem s  r e a s o n a b l e  t h a t  t h e  r e c o g n i t i o n  of 

generic s a fe ty  problems may require  the gener ic  shutdown of la rge  blocks 

of  n u c l e a r  s y s t e m s  h a v in g  t h o s e  g e n e r i c  c h a r a c t e r i s t i c s  in o r d e r  to 

avoid the r isk of ca tas t roph ic  acc idents .

P a r t  of  t h e  r e a s o n  f o r  th e  i n c r e a s e  in e l e c t r i c a l  s a l e s  c a n  be 

a t t r i b u t e d  to f a l l i n g  " r e a l "  p r i c e s  o f  e l e c t r i c i t y  d u r in g  a l a r g e  p a r t  

o f  t h e  p e r i o d .  This  l e d  to uses  of  e l e c t r i c i t y  t h a t  w e re  l a t e r  fo u n d  to 

be to o  c o s t l y  by u t i l i t y  c u s t o m e r s .  The u t i l i t y  c om pan ie s  a p p a r e n t l y  

p re sum ed  t h a t  t h e  a n n u a l  g r o w t h  r a t e  in d e m a n d  of 7 to 8 p e r  c e n t  would 

c o n t i n u e  i n d e f i n i t e l y  as t h e y  c o n t i n u e d  to  ex p e n d  t h e i r  G e n e r a t i n g  

Capacity,  despite  warnings from conservat ionis ts^  tha t  impending higher

^Amory B. Lovins,  " E l e c t r i c  U t i l i t y  I n v e s t m e n t s ;  E x c e l s io r  or 
Confetti," Unpublished Invited Remarks the  E.F. Hutton Fixed-lncome 
Research Conference on Public  and Invester-Owned E l e c t r i c  U t i l i t i e s , 
he ld  a t  t h e  H ote l  P i e r r e ,  New York,  NY, (8 March  1979),  p . 4.
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prices  would depress  demand.

D e s p i t e  i n d u s t r y ' s  p r o m o t i o n a l  e f f o r t s  to t h e  c o n t r a r y ,  t h e r e  is

a g ro w in g  a w a r e n e s s  t h a t  e l e c t r i c i t y  is a h i g h - q u a l i t y  fo rm  o f  e n e r g y

and  i t s  u s e  s h o u ld  be r e s e r v e d  f o r  p e r f o r m i n g  h i g h - q u a l i t y  t a s k s  such  as

r u n n in g  c o m p u t e r s ,  c o m m u n i c a t i o n s  s y s t e m s ,  e l e c t r i c  m o to r s ,  and a r c

w e l d e r s .  Using e l e c t r i c i t y  f o r  s p a c e  h e a t i n g ,  in mos t  c a s e s ,  is an

i n a p p r o p r i a t e  use  of  e l e c t r i c i t y .  As Lovins*- s ays ;

I t  [ e l e c t r i c  s p a c e  h e a t i n g ]  is e q u i v a l e n t  to p a y in g  a b o u t  $130 f o r  a 
b a r r e l  o f  o i l  . . .  b e c a u s e  i t  t a k e s  from t h r e e  to  f i v e  Btu 's  of  
f o s s i l  f u e l  to  g e n e r a t e  e n o u g h  e l e c t r i c i t y  to  p r o v i d e  one Btu of  
h e a t  f rom an e l e c t r i c a l  r e s i s t a n c e  h e a t i n g  s y s t e m  . . . I t ' s  l ike  
u s in g  a c h a i n  saw to  c u t  b u t t e r .

P a r t  o f  t h e  r e a s o n  f o r  th e  d e c l i n i n g  e f f i c i e n c y  is p r o b a b l y  due  to 

e x c e s s  G e n e r a t i n g  C a p a c i t y  w h ich  a r o s e  as a r e s u l t  o f  t h e  d e c l in in g  

demand (from the  p ro jec ted  growth  rates) .

A m a jo r  p rob lem  is to  c h o o s e  th e  a p p r o p r i a t e  E f f i c i e n c y  F a c t o r  

to  use  fo r  Net E nergy  A na lys i s .  For e x a m p le ,  n u c l e a r  p o w er  p l a n t s  a r e  

sometimes c red i ted  for individually achieving from 50 per  ce n t  to 80 per  

c e n t  C a p a c i t y  F a c t o r s .  H o w e v e r ,  i t  must  be k e p t  in mind t h a t  n u c l e a r  

p l a n t s  a r e  s c h e d u l e d  as s o - c a l l e d  b a s e - l o a d  p l a n t s ,  an d  t h e  u t i l i t y  

c o m p a n ie s  s c h e d u l e  th e m  fo r  o p e r a t i o n  as much of  t h e  t im e  as p o s s i b l e .  

" S ta n d b y "  c a p a c i t y  m us t  be  on h an d  to  m e e t  t h e  p e a k  r e q u i r e m e n t s  of  

f l u c t u a t i n g  d em and  s c h e d u l e s .  T h e r e f o r e ,  i t  s e e m s  r e a s o n a b l e  to c o n ­

c lu d e  t h a t  t h e  " r e a l "  o p e r a t i n g  e f f i c i e n c y  of  a s u b - s e t  is c o n s t r a i n e d  

by t h e  o p e r a t i n g  e f f i c i e n c y  of  t h e  s e t .

P e r h a p s  an a n a l o g y  w i l l  a s s i s t  in u n d e r s t a n d i n g  t h e  r e a s o n in g .  

A s i t u a t i o n  is r e c a l l e d  w h e r e  an Air Force  g e n e r a l  fo u n d  i t  i n d i v id u a l ly

l l b i d .
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r e w a r d i n g  to  be  t r a n s p o r t e d  a ro u n d  in a r e l a t i v e l y  f a s t  ( f o r  i t s  t im e)  

exper imenta l  t r an s p o r t  plane.  Unfor tunate ly,  s ince the f a s t e r  plane was 

u n ique ,  t h e r e  w e r e  no s p a r e  p a r t s ,  t e c h n i c a l  b u l l e t i n s ,  or  m a i n t e n a n c e  

sk i l l s  f o r  i t  a t  l o c a t i o n s  t h a t  t h e  g e n e r a l  w a n t e d  to  go .  Â more  

s tandard ,  but s lower,  version of t r anspo r t  a i r c r a f t  was, th e re fo re ,  kep t  

lo a d e d  w i th  s p a r e  p a r t s  and  m a n u a l s ,  w i th  f l i g h t  c r e w s  and m e c h a n ic s  

kept  on "s tandby” to  follow th e  ego-maniaca l  genera l  around the  country  

whenever the f a s t e r  plane broke down.

The foregoing analogy provides the co n te x t  for  my argument th a t  

ne i ther  nuclear  power p lan ts  nor wind machines can  be c red i ted  with the  

h igh  E f f i c i e n c y  F a c t o r s  ( u s u a l ly  r e f e r r e d  to  as C a p a c i t y  F a c t o r s )  t h a t  

can  be a c h i e v e d  by  loo k in g  a t  t h e  p e r f o r m a n c e  o f  t h e  t r a n s f o r m a t i o n  

s y s t e m  in i s o l a t i o n .  For e x a m p le ,  w hile  some n u c l e a r  pow er  p l a n t s  may 

be " b a s e - l o a d "  o p e r a t e d  a t  80 p e r  c e n t  C a p a c i t y  F a c t o r s ,  t h e i r  r e a l  

s y s t e m  e f f i c i e n c y  is c o n s t r a i n e d  by th e  o p e r a t i n g  e f f i c i e n c y  of  t h e  

l a r g e r  s y s t e m  o f  w h ich  t h e y  a r e  a p a r t .  T ab le s  6.1 and 6.2 r e f l e c t  t h e  

amount of of s tandby capac i ty  tha t  is on hand for  "peak demand."^

Wind E nergy  C o n v e r s io n  S ys tem s  (WECS) a r e  p l a g u e d  w i th  t h e  

same problem. Promoters of wind machines market  the i r  products  on the 

bas i s  t h a t  t h e  o w n e r s  and  o p e r a t o r s  o f  wind  s y s t e m s  can  use  as much of  

t h e i r  e l e c t r i c i t y  as t h e y  n e e d  l o c a l l y  and  s e l l  th e  s u rp lu s  to  t h e  

n e a r b y  u t i l i t y  co m p a n y .  I f  t h e  m a c h in e  is c o n n e c t e d  to  t h e  u t i l i t y

^There  is a l e v e l  of  d em and  f o r  e l e c t r i c i t y  t h a t  is r e l a t i v e l y  
continuous  which is ca l led  "base- load"  demand.  Demand f lu c tu a te s  above 
th i s  " b a s e - l o a d "  v a r y i n g  w i th  t h e  t i m e  of  day  and  s eas o n  of  t h e  y e a r .  
P l a n t s  w i th  high f i x e d  c o s t s  and low v a r i a b l e  c o s t s  a r e  u s u a l ly  d e d i ­
c a ted  to meeting the "base- load ."  Additional Generat ing Capacity  must be 
on hand  to  m e e t  t h e  f l u c t u a t i n g  d e m a n d  c o n d i t i o n s .
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e l e c t r i c a l  g r i d ,  t h e  Public U t i l i t i e s  R e g u l a t o r y  Po l icy  A c t  (PURPA) 

m a n d a te s  t h a t  u t i l i t i e s  must  p u r c h a s e  s u r p lu s  e l e c t r i c i t y  a t  t h e  h o s t  

u t i l i t y ' s  a v o i d e d  c o s t .  Viewed in i s o l a t i o n  t h i s  migh t  be p e r c e i v e d  as 

a more  e f f i c i e n t  use of  t h e  e n e r g y  s u p p l i e d  by t h e  wind s y s t e m ,  bu t  t h e  

opera t ing  e f f i c i e n c y  of  the wind system is now ac tua l ly  cons tra ined  by 

th e  o v e r a l l  o p e r a t i n g  e f f i c i e n c y  of  t h e  e l e c t r i c a l  g r id  i n t o  w h ich  i t  

is f e e d i n g  i t s  s u rp lu s  e l e c t r i c a l  p o w e r .  I f  t h a t  g r id  is on ly  40 

p e r  c e n t  e f f i c i e n t ,  t h e n  t h a t  becom es  t h e  e f f i c i e n c y  c o n s t r a i n t  on t h e  

wind system.

B r i t t l e  Power

In a b r o a d e r  c o n t e x t ,  Lovins^  has a r g u e d  t h a t  our  w ho le  e n e r g y  

s y s t e m  is h ig h l y  v u l n e r a b l e  to a high l e v e l  of  d i s r u p t i o n  w i th o u t  v e r y  

much e f f o r t  ( i . e . ,  s a b o t a g e ) .  Large ,  c e n t r a l  p o w e r  s t a t i o n s  a re  

espec ial ly  vu lnerable  to in ter ruption  by almost  anyone wanting to make 

mischief .  C en t ra l  power s ta t ions  are connec ted  to complica ted  t ransm is ­

sion and  d i s t r i b u t i o n  n e t w o r k s .  Only a few p l a n t s  n e e d  to  be i n t e r ­

r u p t e d  f o r  l a r g e  s e g m e n t s  of  t h e  u t i l i t y  g r id  to be d i s a b l e d .  M a in t a in ­

ing c on t ro l  of  the  system (voltage and frequency  without  damaging power 

su rg e s )  is a v e r y  c o m p l i c a t e d  p r o c e s s  and  r e q u i r e s  t h e  c o m m u n ic a t io n s  

and  c o n t r o l  s y s t e m s  o v e r  v a s t  a r e a s  to be f u n c t i o n a l .  The c o m m u n ic a ­

t i o n s  an d  c o n t r o l  s y s t e m s  r e q u i r e  p ow er  f o r  t h e i r  a v a i l a b i l i t y ,  an d  th e  

process can degrade  prec ip i tous ly without  power.

Levins^ makes the case t h a t  small,  d ecen t ra l i zed  energy systems 

(such  as w i n d - p o w e r e d  e l e c t r i c i t y - g e n e r a t i n g  s y s t e m s )  a r e  f a r  more

^Amory B. Lovins,  B r i t t l e  Power. Andover, MA: Brickhouse 
Publishing Ccmpany, 1982.
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r e s i l i e n t  ( less  v u l n e r a b l e ) .  They  can  be d i s c o n n e c t e d  from th e  u t i l i t y  

g r id  and  c o n t i n u e  to  supp ly  p o w e r  to  a lo c a l  a r e a .  They co u ld  a l so  be 

p o s i t i o n e d  to  p r o v id e  pow er  f o r  t h e  b a c k u p  c o m m u n ic a t io n s  and  c o n t r o l  

systems.

If the system boundary were  expanded to account  for  energy  costs  

o f  the  s e c u r i t y  m e a s u r e s  n e e d e d  to  o v e rc o m e  th e  v u l n e r a b i l i t y  o f  l a r g e  

c e n t r a l  pow er  s t a t i o n s ,  e s p e c i a l l y  l a r g e ,  n u c l e a r - p o w e r e d  g e n e r a t i n g  

systems,  the  ne t  energy  benef i t s  would be re la t ive ly  smaller  for  nuc lear  

systems and re la t ive ly  la rge r  fo r  wind systems.

Sunmary

In sum m ary ,  i n f o r m a t i o n  show n in th i s  c h a p t e r  i l l u s t r a t e s  t h e  

d e c l i n i n g  e f f i c i e n t  use o f  the  U n i t e d  S t a t e s  e l e c t r i c a l  s y s t e m s  o v e r  th e  

p a s t  t w e n t y - f i v e  y e a r s .  I t  was  n o t e d  t h a t  t h e r e  has  b een  a d e c r e a s e  in 

Effic iency Fac tors  as to ta l  Generat ing  Capacity  was expanded,  and th e re  

is some e v i d e n c e  t h a t  the  d e c l i n e  is r e l a t e d  to  t h e  i n t r o d u c t i o n  of  

l a r g e  n u c l e a r  p l a n t s  i n t o  t h e  s y s t e m .  This p h e n o m e n o n  b e a r s  f u r t h e r  

i n v e s t i g a t i o n  as more n u c l e a r  p l a n t s  come on l i n e .  A l though  the  c o n ­

c l u s i o n s  o f  t h i s  s tu d y  do n o t  r e s t  on t h e  t e n t a t i v e  f in d in g s  in t h i s  

c h a p t e r ,  t h e  p r e l i m i n a r y  r e s u l t s  show t h a t  t h e r e  is some c o r r e l a t i o n  

be tween  inc reased  use of  nuc lear  power and declining overal l  e f f ic iency  

o f  t h e  U n i ted  S t a t e s  u t i l i t y  s y s t e m .

The a r g u m e n t  was m ade  t h a t  t h e  e f f i c i e n c y  of  any  p a r t i c u l a r  

g e n e r a t i n g  s y s t e m  is c o n s t r a i n e d  by t h e  o v e r a l l  e f f i c i e n t  o p e r a t i o n  of  

t h e  t o t a l  s y s t e m  of which  t h e  i n d i v i d u a l  g e n e r a t o r s  a r e  a p a r t .  When 

making  n e t - e n e r g y  a n a l y s e s  o f  e n e r g y - t r a n s f o r m  a t  ion s y s t e m s ,  t h e  

e f f i c i e n c y  of  t h e  t o t a l  s y s t e m  shou ld  be c o n s i d e r e d .  The e f f i c i e n c y  of
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t h e  t o t a l  U n i te d  S t a t e s  e l e c t r i c a l  s y s tem ,  as  d e f i n e d  a b o v e ,  has  f a l l e n  

from a p p r o x i m a t e l y  57 p e r  c e n t  in 1956 to 40 p e r  c e n t  in 1 983 .  For t h e  

B a s e - C a s e ,  in t h e  a n a l y s e s  of  n u c l e a r  and wind s y s t e m s ,  a c o n s e r v a t i v e  

50 p e r  c e n t  E f f i c i e n c y  F a c t o r  wil l  be used .  C o n s id e r in g  t h e  f in d i n g s  of  

thi s  ch ap te r ,  the conclusions of  the analyses a re  robust  accordingly.

Since wind systems a re  being in te rconnec ted  to the  u t i l i ty  grid,  

they are  no t  insula ted from th e  e f f ic iency  problems being exper ienced  by 

l a r g e  u t i l i t y  s y s t e m s .

The v u l n e r a b i l i t y  of  l a r g e  e n e r g y  s y s t e m s  to  d i s r u p t i o n  by 

v a r io u s  fo rm s  of  m i s c h i e f  ( e . g . ,  s a b o ta g e )  was  d i s c u s s e d .  I t  was n o t e d  

t h a t  the energy  cos t  of  s ecu r i ty  measures to minimize th i s  vulnerabi l i ty  

would  lo w e r  t h e  e x p e c t e d  n e t  e n e r g y  of  n u c l e a r  p o w e r  s y s t e m s .  I t  was 

a lso  o b s e r v e d  t h a t  t r u l y  d e c e n t r a l i z e d  e n e r g y  s y s t e m s ,  su c h  as i s o l a t e d  

wind systems,  will be much less vulnerable to such d is rupt ion.
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CHAPTER 7

ESTIMATED NET ENERGY FROM NUCLEAR POWER 

Prec is

As n o t e d  in c h a p t e r  4 ,  t h e r e  is a w ide  r a n g e  of  m e th o d o lo g i e s  

u s e d  in  m a k i n g  n e t - e n e r g y  a n a l y s e s .  C o n s e q u e n t l y ,  t h e r e  i s  a 

c o r r e s p o n d i n g  v a r i e t y  of  c o n c l u s i o n s .  S e v e r a l  o f  t h o s e  s tu d i e s  w i l l  be 

n o t e d .  I t  w i l l  be o b s e rv e d  t h a t  mos t  of  t h e  c i t e d  s tu d i e s  a r r i v e  a t  

conclusions much d i f fe ren t  from those reached  in the  cur ren t  s tudy.

The genera l  arguments for  the  procedures  used in this s tudy  were 

d e v e l o p e d  in c h a p t e r s  4 t h r o u g h  6. The m e t h o d o l o g i c a l  c o n t r o v e r s y  

c e n t e r s  on a s y s t e m - b o u n d a r y  d e f i n i t i o n .  In t h i s  s tu d y  t h e  s y s t e m  

b o u n d a r y  is  d e f i n e d  as the  eco n o m ic  b o u n d a r y .  All econom ic  c o s t s  a r e  

a s su m ed  to  be  p ro x y  i n d i c a t o r s  f o r  t h e  a m o u n t  o f  e n e r g y  t h a t  is n e e d e d  

to  s u s t a i n  n u c l e a r  pow er  p l a n t s .  C h a p t e r  5 m a kes  th e  c a s e  fo r  t h i s  

procedure.

Most s t u d i e s  have  c o n s i d e r e d  on ly  t h e  c o s t s  o f  th e  p r o d u c t i o n  

p la n t  ( the e l e c t r i c i ty -g e n e ra t i n g  system) in es t im at ing  energy- inpu ts  

and, even then ,  excluded the energy- inpu t  cos ts  of  labor,  government and 

f i n a n c i a l  s e r v i c e s .  The c u r r e n t  s t u d y  i n c l u d e s  a l l  econom ic  c o s t s ,  

i n c lu d in g  s o - c a l l e d  Other  P lan t  C o s t s ,  w h ich  in c l u d e  t r a n s m is s i o n  an d  

d is t r ibu t ion  cos ts ,  overhead costs ,  c a p i t a l  c o s t s ,  i n t e r e s t ,  and  t a x e s .
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A n o t h e r  a r e a  of m e t h o d o l o g i c a l  c o n t r o v e r s y  is t h e  s o - c a l l e d  

Capac ity  F ac to r  argument,  which r e l a t e s  to the  amount of ou tpu t -ene rgy  

to  be e x p e c t e d  f rom n u c l e a r  p l a n t s .  In c h a p t e r  6, t h e  c o m b in e d  G e n e r ­

a t i n g  C a p a c i t y  of  l a r g e  U n i ted  S t a t e s  u t i l i t i e s  is c o m p a re d  to  a c t u a l  

e l e c t r i c a l  s a l e s .  A maximum e f f i c i e n c y  of  57 p e r  c e n t  was r e a c h e d  in 

1957 b u t  f e l l  s t e a d i l y  to  a b o u t  40 p e r  c e n t  in 1983.  The t e rm  E f f i ­

c i e n c y  F a c t o r  is a d o p t e d  to  i n c l u d e  a c o n s i d e r a t i o n  o f  th e  am o u n t  of 

b a c k u p  G e n e r a t i n g  C a p a c i t y  t h a t  is  n e e d e d  to  m e e t  t h e  v a r y in g  c o n d i ­

t i o n s .  The a r g u m e n t  in c h a p t e r  6 p r o v id e s  th e  b a s i s  fo r  c h o o s in g  a 

smaller  Eff ic iency Factor  than  some analyst s  have chosen.  Since t o t a l -  

s y s t e m  e f f i c e n c y  has  f a l l e n  to  40 p e r  c e n t ,  i t  is b e l i e v e d  t h a t  t h e  50 

pe r  c e n t  E f f i c i e n c y  F a c t o r  c h o s e n  f o r  t h i s  s tu d y  is a c o n s e r v a t i v e  

p r a c t i c e .

The p r o c e d u r e  f o l l o w e d  in t h i s  s t u d y  is to  d e t e r m i n e  t h e  l i f e ­

c y c l e  e c o n o m i c  c o s t  of  n u c l e a r  p l a n t s  and  m u l t i p l y  t h a t  c o s t  t im es  

s e l e c t e d  Energy /GNP R a t io s  as  d e s c r i b e d  in c h a p t e r  5. E n e r g y - i n p u t  is 

then compared to ene rgy-ou tpu t .

The e c o n o m ic  c o s t  d a t a  d e v e l o p e d  by Komanoff  w il l  be  u sed  to 

develop the  ene rgy - inpu t  e s t im a tes .^  Later  da ta  published by Komanoff^ 

show t h a t  he o r i g i n a l l y  u n d e r e s t i m a t e d  t h e  f u t u r e  c o s t  of  his  s o - c a l l e d  

B a s e - C a s e  and N o r t h e a s t  p l a n t s  by  a b o u t  25 p e r  c e n t .  T h e r e f o r e ,  the  

n e t - e n e r g y  r e s u l t s  c a l c u l a t e d  f o r  t h e s e  g e n e r i c - t y p e  p l a n t s  o v e r s t a t e  

expec ted  ne t  energy  from nuc lear  power  s ta t ions  accordingly.  A summary

^Komanoff, Power Plant  Cost ,  Idem. pp.  294-296.

^Charles Komanoff, "Assessing the  High Cost of New Nuclear  Power 
Plants ,  Public Uti l i t i es  Fortn ight ly ,  (October 11, 1984): 33-38.
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of se lec ted  analyses, using recen t ly  published Komanoff  cos t  projec t ions  

(1984) ,  is i n c l u d e d .  I t  is th e  a u t h o r ' s  v iew  t h a t  t h e  1984 c o s t  e s t i ­

m a t e s  a r e  t h e  mos t  a p p r o p r i a t e  fo r  e s t i m a t i n g  f u t u r e  n e t - e n e r g y  

po ten t ia l  for nuclear  power  systems.

C o m p u te r  m ode ls  w e re  d e v e lo p e d  fo r  s t a t i c  and dynam ic  n e t -  

energy ca lcula t ions .  The models a re  explained in de ta i l ,  l ine-by- l ine ,  

in a p p e n d ix  B, a long  w i th  t h e  u n d e r ly in g  r a t i o n a l e  fo r  e a c h  e n t r y .

S t a t i c  n e t - e n e r g y  a n a l y s e s  w ere  c a l c u l a t e d  f o r  a l l  46 of  th e  

nuclear  p lants  in the 1981 Komanoff da ta  base,  using an Energy/GNP ra t io  

of  35 ,791 B tu ' s / $ 1 9 7 9 .  A summary  of  the  r e s u l t s  a r e  shown in t a b l e  7.3.  

The resul ts  show th a t  t h e r e  has been a s teady  d ec re a se  of the n e t -e n e rg y  

r a t i o s  o v e r  t im e .  S e n s i t i v i t y  a n a ly se s  w e re  done  fo r  t h e  l o w e s t  

Energy/GNP Ra t io  ( i . e . ,  27134 B tu ' s / $ 1 9 7 9 ) and  fo r  th e  h ig h e s t  va lue  

( i . e ,  37,342 B tu ' s /$ 1 9 7 9 ) .  The r e s u l t s  a r e  shown in  a p p e n d ix  B.

The resu lt s  of analyses based on 1984 Komanoff da ta  are shown in 

t a b l e  7.5 f o r  34 p l a n t s  t h a t  w e r e  no t  in the  1981 d a t a  b a s e . ^  These 

c o s t s  a r e  e x p r e s s e d  in 1982 d o l l a r s .  A na lyses  a r e  done  a t  l o w - v a l u e  

(21 ,436  B tu ' s /$ 1 9 8 2 ) ,  3 7 - y e a r  mean (28 ,266  B t u ' s /$ 1 9 8 2 ) ,  and  high 

(34,324 Btu's/$1982) va lues  of Energy/GNP c o e f f i c ien t s .  Based on mean- 

v a lu e  c a l c u l a t i o n s ,  i t  w i l l  be s e e n  t h a t  15 o f  t h e  34 p l a n t s  show 

p o s i t i v e  s t a t i c  O u t p u t /  I n p u t  R a t io s ,  a l t h o u g h  5 of  t h o s e  a r e  e s s e n ­

t i a l l y  b r e a k - e v e n  r a t i o s .  The  r e m a i n i n g  19 p l a n t s  ( a t  2 8 , 2 6 6  

B tu ' s /$ 1 9 8 2 )  have  O u t p u t / I n p u t  R a t io s  l e s s  t h a n  1 .0 .  O u t p u t / I n p u t  

R a t io s  l e s s  th a n  1.0 h a v e  n e g a t i v e  n e t  e n e r g y ,  i . e . ,  a r e  n e t - e n e r g y  

c o n s u m e r s .  I t  w il l  be o b s e r v e d  t h a t ,  as  i n s t a l l e d  c o s t s  of  n u c l e a r

^ Ib id .
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p o w e r  p l a n t s  a p p r o a c h  $2000 p e r  k i l o w a t t  (Energy/GNP R a t io  of  

2 8 , 2 6 6 /$ 1 9 8 2 ) ,  t h e  p l a n t s  b e c o m e  n e t  c o n s u m ers  o f  e n e r g y ,  even  u nde r  

S t a t i c  Net Energy  Analys is .  I t  w i l l  be  n o t e d  t h a t  t h e  b r e a k - e v e n  c o s t  

f o r  5 0 - y e a r  Dynamic  Net  E n e rg y  Anlys is  is a p p r o x i m a t e l y  $1500 p e r  

i n s t a l l e d  k i l o w a t t  o f  c a p a c i t y  ( i . e . ,  28 ,266 B tu ' s /$ 1 9 8 2 ) .  Of c o u r s e ,  

a t  t h e  lo w e r  Energy/GNP R a t io  ( i . e . ,  21,436 B t u ' s / $ 1 9 8 2 )  the  5 0 - y e a r  

Dynamic Net Energy Analysis b reak -ev e n  cost  inc reases  to approximately 

$2700 per  k i low a t t  ($1982).

The m ajo r  c o n c e r n  is w h e t h e r  t h e s e  p l a n t s  c a n  r e p l i c a t e  

t h e m s e l v e s  u s in g  t h e i r  own o u t p u t - e n e r g y  and  l e a v e  n e t  e n e r g y  to  m e e t  

o t h e r  n e e d s  of  s o c i e t y .  Or, is i t  n e c e s s a r y  to  h a v e  an e x t e r n a l  e n e r g y  

s u b s id y  fo r  t h e i r  be ing?  The c o n lu s io n s  a re  t h a t ,  i f  r e a l  c o s t s  rem a in  

as high as Komanoff pred ic ts ,  then  n u c l e a r -g e n e ra t e d  e l ec t r i c i ty  systems 

w i l l  n o t  be  i n d e p e n d e n t  s o u r c e s  of  n e t  e n e rg y  b u t  wil l  i n s t e a d  r e q u i r e  

an e x t e r n a l  s u b s id y  fo r  t h e i r  e x i s t e n c e .  As f o s s i l  f u e l s  a re  d e p l e t e d ,  

i t  is n o t  c l e a r  w h a t  th i s  e x t e r n a l  e n e r g y  s o u r c e  w i l l  be .

Findings Of Others 

In 1971 ,  K ly s t r a  and Han,^ o f  t h e  Odum n e t - e n e r g y  sch o o l ,  a rg u e d  

t h a t  the Output/ Inpu t  Ratio for  nuc lear -powered  e l e c t r i c i ty -g e n e ra t in g  

s y s t e m s  w as  a b o u t  2.7 t o  1; i . e . ,  t h a t  t h e  p l a n t s  p ro v id e d  abou t  2.7 

t imes as much o u tpu t -ene rgy  as inpu t -energy .

S e v e r a l  e n e r g y  a n a l y s e s  w e r e  done b e g i n n in g  in 1975.  Most he ld  

t h a t  t h e  n e t - e n e r g y  O u t p u t / I n p u t  R a t io s  were  c o n s i d e r a b l y  l a r g e r  t h a n

^C. K lys t ra  and Ki Han, " E n e rg y  A nalys is  of  U. S. N uc lea r  
Power Systems," ed. Howard T. Odum, Energy Models For Environment 
Power And Soc ie ty ,  (New York: W i ley - ln t e r s c ien c e , 1971).
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those  held by Klystra and Han.

For example,  Perry,  e t  al,^ in 1975 argued th a t  t h e se  nuclear-  

powered e l e c t r i c i t y -g e n e ra t i n g  systems provided a s ign i f ican t  amount of  

n e t  e n e r g y .  S tu d y in g  t h i r t e e n  d i f f e r e n t  t y p e s  o f  s y s t e m s ,  t h e y  

r e p o r t e d  O u t p u t / I n p u t  R a t io s  v a ry in g  from 4.3 to  1 t o  19.9  t o  1.

C h ap m an ^ ,  s t u d y i n g  six d i f f e r e n t  t y p e s  of  r e a c t o r  s y s t e m s ,  

found  s t a t i c  O u t p u t /  I n p u t  R a t io s  t h a t  v a r i e d  f rom 10.5  t o  1 to  16.5 

to  1.

Rombough^ found S ta t ic  Output/Input Ratios ranging from 10 to 1 

to  13 to  1.

Aussord ,^  of E lec t r ic i ty  de France concluded the following;

. . . Once t h e  p r i n c i p l e s  of  e n e r g y  a n a l y s i s  h a v e  been la id  
down w i th  p r e c i s i o n ,  i t  c an  be seen  t h a t  in f a c t  a n u c l e a r  p o w er  
plant  of the PWR [Pressurized Water Reac tor]  type produces  eleven 
t im e s  more  e n e r g y  t h a n  i t  consumes  and i t s  e n e r g y  y i e ld s  be c o m e  
p o s i t i v e  a f t e r  t h r e e  m on ths  of  o p e r a t i o n  a t  f u l l  p o w e r .

Koenne noted the fol lowing:^

. . .  I t  s h o w s  t h a t  s t a t e m e n t s  r e g a r d i n g  a n e g a t i v e  e n e r g y  
r a t i o  in t h e  c a s e  o f  n u c l e a r  pow er  s t a t i o n s  l a c k  a c o n c r e t e  b a s i s .

Amado,  in an  a m a z in g  c la im ,  s e e m s  to h av e  f o u n d  a way to  

r e v e r s e  t h e  Second Law o f  T he rm odynam ics  by  h o ld i n g  t h a t  e v e n

^A. M. Ferry ,  R. M. Rotty,  and D. B. R e i s t e r ,  "N e t  Energy  From 
Nuclear Power," Energy 1 (1975): 720.

^ Pe te r  F. Chapman, "Energy Analysis of Nuclear Power Stat ions,"  
Energy Po l icy , (December 1975): 188.

^C. T. Rombough, Total  Investment in Nuclear Power P lants ,
(Ann Arbor: U n ivers i ty  Microfilms, 1975).

^P. Aussord, Energy Research Abstract,  EDB-77-79; 130884 
U. S. Department  of  Energy (DOE).

^W. Koenne, "Net Energy Output of  Growing Power Systems," 
Energy Research A bs t rac t  EDB-78-79; 130884, Department o f  Energy.
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e l e c t r i c i t y - g e n e r a t i n g  s y s t e m s  f u e l e d  by c r u d e  o i l  y i e l d  p o s i t i v e  n e t  

energy.^  She commented  as follows on both c r u d e -o i l  systems and nuclear  

systems:

. . .  In g e n e r a l ,  i t  is c o n c l u d e d  t h a t  e v e n  a f t e r  r e d e f i n i n g  
t h e  s y s t e m  b o u n d a r y  by in c lu d in g  c a p i t a l  i n v e s t m e n t ,  r e g u l a t i o n ,  
and  R&D as an  e n e r g y  c o s t  and  a f t e r  c o m p u t e r  " u p p e r  bound"  in p u t s  
u s ing  f a i r l y  c o n s e r v a t i v e  e s t i m a t e s ,  b o th  t h e  LWR [ l i g h t  w a t e r  
r e a c t o r ]  s y s t e m  an d  c r u d e  o i l  s y s tem  o f  e l e c t r i c i t y  g e n e r a t i o n  a r e  
net -energy p r o d u c e r s .  N u c le a r  e n e r g y  is s e e n  t o  be m ore  e f f i c i e n t  
of  the two.^

P e n n e r ,  e t  a l . , ^  s t u d i e d  th e  n e t - e n e r g y  e f f e c t s  of  an " a l l -  

nuc lear  economy." Their  s tudy focused on the  e f f e c t s  of decl ining qual­

i t y  of  u ran ium  o r e s .  They  as sum ed  t h a t  a l l  n u c l e a r  p o w e r  p l a n t s  would 

be c o n s t r u c t e d  and  t h e i r  r e l a t e d  f u e l - c y c l e  f a c i l i t i e s  w ould  be c o n ­

s t r u c t e d  and o p e r a t e d  u s in g  n u c l e a r  e l e c t r i c i t y .  The s t u d y  was no t  a 

dynam ic  a n a l y s i s  l ike  t h e  one in th i s  s tudy .  F o l lo w in g  is a com m ent  on 

t h e i r  r e p o r t e d  r e s u l t s :

I n i t i a l l y  i t  t a k e s  .34 Btu of  a d d i t i o n a l  e l e c t r i c i t y  to d e l i v e r  
one  Btu to  t h e  p u r c h a s e r  ( t h e  s i t u a t i o n  of  t o d a y ' s  t e c h n o lo g y ) .  . . 
When conventional  ores  are depleted and the  t r an s i t io n  to shales is 
c o m p l e t e ,  a b o u t  .72  Btu a r e  r e q u i r e d  to  d e l i v e r  one  Btu to t h e  
u s e r .

Lovins and Pr ice,  al though following Mainstream Energy Analysis 

p r o c e d u r e s  f o r  s t a t i c  a n a l y s i s ,  n o t e d  t h a t ,  e v e n  w i t h  l a r g e r

^ N o te :  I t  is w id e l y  r e c o g n i z e d  t h a t  e l e c t r i c i t y - g e n e r a t i n g
s y s t e m s  p o w e r e d  by f o s s i l  f u e l s  r e q u i r e  more  t h a n  t h r e e  to  fou r  Btu 's  of  
inpu t -ene rgy  for  every  Btu of outpu t -energy .

^Donna Anado, "Effec ts  of  Redefining the  system boundary on the  
Net E n e rg y  of  E l e c t r i c i t y  G e n e r a t i n g  Sy s tem s ,"  (U rb a n a :  C e n t e r  fo r
A dvanced  C o m p u t a t i o n ,  U n iv e r s i t y  of I l l in o i s  a t  U r b a n a - C h a m p a ig n ,  
[1977].

^ P e t e r  S. Penner, C la rk  W. Bullard,  and  Donna L. Amado, "Net 
Energy Effects  and Resource Deplet ion , An All-Nuclear  Economy," CAC 
Document No. 238 , (Urbana: Center  For Advanced Computat ion,  University 
of  I l l in o i s  a t  U r b a n a - C h a m p a i g n ,  [1 977] ) ,  p.  9.
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O u t p u t / I n p u t  R a t io s ,  t h e  dy n am ic  I m p l i c a t i o n s  of  d e v e l o p i n g  a l a r g e  

system were subs tan t ia l .  Lovins no ted  the following;

The p o s s i b i l i t y  t h a t  s in g le  r e a c t o r s  may h a v e  z e r o  o r  n e g a t i v e  
y i e l d s  of  n e t  e n e r g y  in t h e  long  run  may sound  b i z a r r e  b u t  c a n n o t  
y e t  be  r u l e d  ou t :  t h e  main  u n c e r t a i n t y  Is f u t u r e  e n e r g y  r e q u i r e ­
ments for was te  management and safeguards .  These requirements  
may be  sm a l l  e a c h  y e a r ,  b u t  may be c u m u l a t i v e l y  s i g n i f i c a n t  fo r  
1 0 ,0 0 0 ,0 0 0  y e a r s  or  m o re ,  [ I . e .  c o n s i d e r i n g  t h e  l o n g - l i f e  o f  some 
rad ioa c t ive  mate r ia ls ] .^

In 1977 Odum^ continued to  endorse the  Klystra and Han study.^  

T h a t  s t u d y  Is more  c l o s l e y  a l l i e d  w i t h  th e  c u r r e n t  s t u d y .  Odum n o t e d :

Of a l l  ou r  s o u r c e s  of  e n e r g y ,  n u c l e a r  r e a c t i o n s  may r e q u i r e  th e  
m os t  k inds  o f  s p e c i a l  f e e d b a c k s  o f  e n e r g y .  . . For  t h i r t y  y e a r s ,  
n u c l e a r  e n e r g y  was d i r e c t l y  s u b s i d i z e d  by f o s s i l  f u e l s .  C o s t l y  as 
these  Ins ta l la t ions  and processes  were,  they  would have been  much 
more expensive If al l the  goods and se rv ices  had not  been made with 
c h e a p  f o s s i l  f u e l .  . . . The r e t u r n  fo r  e n e r g y  I n v e s t e d  may n o t  be 
as l a r g e  as w i th  o t h e r  s o u r c e s ;  e s t i m a t e s  s u g g e s t  t h a t  2.7 C a l o r i e s  
o f  e n e r g y  a r e  y i e ld e d  b a c k  f o r  1 C a l o r i e  I n v e s t e d ;  f o s s i l  f u e l s  
yield more.

Net Energy Analysis  of  Nuclear Power

Two t y p e s  of  a n a l y s e s  w e r e  done .  F i r s t ,  S t a t i c  Net  Energy  

A na lys is  Is d e s ig n e d  to  e s t i m a t e  t h e  e x p e c t e d  n e t  e n e r g y  f rom  a s in g le  

e n t i t y  o v e r  I t s  l i f e c y c l e .  S t a t i c  a n a l y s i s  m us t  be done  b e f o r e  dy n am ic  

a n a l y s i s  c a n  be d o n e ,  b e c a u s e  d a t a  f rom t h e  f o r m e r  Is n e e d e d  to  c a l c u ­

l a t e  t h e  l a t t e r .  The s e c o n d  Is Dynamic  Net  Energy  A n a ly s i s ,  w h ich  

e s t i m a t e s  t h e  e x p e c t e d  n e t  e n e r g y  f rom  t h e  s u s t a i n e d  d e v e l o p m e n t  and

^Amory B. Lovins and John H. Price Non-Nuclear  
Futures:  The Case For An Ethical  Energy S t r a tegy , (New York: Harper
Colophon Books, 1975), p. 122.

^Howard T. Odun, Energy Basis for  Man and N a tu re , Idem, p . 180.

^C. K lys t ra  and  Kl Han, " E ne rgy  A na lys is  of  Ü. S. N u c le a r  
Power Systems," Idem.
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o p e r a t i o n  o f  a  s y s t e m  (a number  o f  i n d i v i d u a l  e n t i t i e s )  o v e r  v a r i o u s  

time periods.

A ppendix  B show s  t h e  r e s u l t s  o f  t h e  num erous  c a l c u l a t i o n s .  

P ow er  p l a n t s  which  w e r e  c o n s t r u c t e d  e a r l i e r  a r e  s m a l l e r  t h a n  th o s e  

c ons t ruc ted  more recen t ly .  The smal les t  in the 1981 Komanoff d a t a  base 

was t h e  F o r t  C a lhoun  p l a n t ,  l i s t e d  a t  457  m e g a w a t t s  of  G e n e r a t i n g  

C a p a c i t y .  The l a r g e s t  p l a n t s  w e r e  S eq u o y ah  1 and 2, l i s t e d  a t  1148 

m e g a w a t t s  of  c a p a c i t y .  A p l a n t  s i z e  of  1150 m e g a w a t t s  is a t y p i c a l  

p l a n t  ( s ing le )  s i z e  to  be c o m p l e t e d  in t h e  f u t u r e .

Most o t h e r  s t u d i e s  m e a s u r e d  n e t  e n e r g y  a t  t h e  bus b a r .  O th e r  

P la n t  C o s t s  a r e  a l l  c o s t s  no t  i n c lu d e d  in P ro d u c t io n  P lan t  Cos ts  ( i . e . ,  

s o - c a l l e d  b u s - b a r  s t u d i e s  a c c o u n t  only  fo r  P ro d u c t io n  P l a n t s  C o s t s . )  

O th e r  P l a n t  C o s ts  in c lu d e  t r a n s m is s i o n  and  d i s t r i b u t i o n  c o s t s  and o v e r ­

h ead  p l a n t  c o s t s  such  as o f f i c e  b u i ld in g s  n e e d e d  in u t i l i t y  a d m i n i s t r a ­

t i o n .  S o - c a l l e d  b u s - b a r  c o s t s  a r e  u s e f u l  fo r  r e l a t i v e  c o m p a r i s o n s .  

They a r e  n o t  a d e q u a t e  fo r  a Net Energy  A na lys is  to d e t e r m i n e  i f  s y s t e m s  

can rep l i ca te  themselves  out of the i r  own energy-ou tpu t .

The d a t a  show t h a t  l a r g e  U n i t e d  S t a t e s  u t i l i t i e s  i n v e s t  in so -  

c a l l e d  O the r  P l a n t  c a p i t a l ,  on a v e r a g e ,  a b o u t  170 p e r  c e n t  of  w h a t  t h e y  

i n v e s t  in P r o d u c t i o n  P la n t  c a p i t a l ,  a l t h o u g h  t h e r e  is a v a r i e t y  o f  

r a t i o s .  D a t a  a r e  i n c lu d e d  in a p p e n d i x  A. For ex a m p le ,  O t h e r  P lan t  

C os ts  o f  O k lahom a  Gas and E l e c t r i c  w e r e  only  a b o u t  87 p e r  c e n t  o f  

P r o d u c t i o n  P l a n t  C o s t s ,  w h e re a s  P a c i f i c  Gas and E l e c t r i c ' s  O th e r  P la n t  

C os ts  w e re  196 p e r  c e n t  of P r o d u c t i o n  P l a n t  C os ts .^  For th e  B a s e - C a s e  

i t  was a s s u m e d  t h a t  a t  l e a s t  an e q u a l  am oun t  was I n v e s t e d  in O th e r  

Plant ,  the re by  causing the conclusions to be robust accordingly.
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S t a t i c  Analys is  of  Komanoff Base-Case Plant

Table 7.1 shows the  framework of the computer  model developed 

for  s t a t i c  n e t -e n e rg y  ana lyses  of  nuclear  power s ta t ions .  Calculat ions 

were made using s o -ca l l ed  "e lec tronic  spread-sheet"  so f tw are .  The da ta  

in t h e  t a b l e  7.1 mode l ,  u s in g  Komanoff  1981 c o s t  d a t a ,  a r e  f o r  a  t y p i c a l  

Komanoff Base-Case nuc lea r  power plant  expected to  come into service in 

1988 .^  A 1 1 5 0 - m e g a w a t t  p l a n t ,  c o s t i n g  $1480 p e r  k i l o w a t t  o f  

capacity ,^  would cos t  approximate ly  $1.68 billion ($1979 = 100).

A 3 0 -yea r  ex p e c te d  l i fe  of each plant  was assumed for the Base- 

Case  of  th i s  s t u d y .  The n u c l e a r  pow er  in d u s t r y  p re s u m e s  t h a t  n u c l e a r  

p o w er  p l a n t s  w i l l  l a s t  f o r  30 y e a r s .  How long t h e y  c a n  be k e p t  in 

service a f f e c t s  the ex p e c te d  economic performance and, hence ,  the ne t -  

e n e r g y  e x p e c t a t i o n s .  For  ex a m p le .  T h r e e - M i le - I s l a n d  No. 2 was in 

service for  one year  b e fo re  i t  was shut down.^ Another example,  accord­

ing  to  t h e  Union of  C o n c e r n e d  S c i e n t i s t s ,  is t h e  s i t u a t i o n  invo lv ing  

p r e s s u r i z e d  w a t e r  r e a c t o r s . ^  A p p a re n t ly ,  t h e s e  s y s t e m s  have  been  

d e v e lo p in g  u n e x p e c t e d  c r a c k s  in  th e  s team  p ipes  and  p r e s s u r e  v e s s e l s .  

T h e s e  m ay  p r e s e n t  s e r i o u s  s a f e t y  h a z a r d s ,  c o n t r i b u t e  to  h ig h

^Komanoff, Power P lan t  C os t , Idem: 281.

^ A k i l o w a t t  of  G e n e r a t i n g  C a p a c i t y  o p e r a t e d  fo r  one hour  wil l  
p r o d u c e  1 k i l o w a t t - h o u r .  One m e g a w a t t  of  c a p a c i t y  o p e r a t e d  fo r  one 
hour  wil l  p r o d u c e  1000 k i l o w a t t - h o u r s .  A 1,150 m e g a w a t t  p l a n t  wil l  
p r o d u c e  1 ,150 ,000  k i l o w a t t - h o u r s  in one hour  of  o p e r a t i o n .  One 
k i low a t t -hour  is equ iva len t  to 3413 Btu's, thermal.

^ B a r b a r a  Coff in ,  " N u c le a r  Power P lan t s  in t h e  U n i te d  S t a t e s :  
Current S ta tus  and S t a t i s t i c a l  His to ry ,"  Union of Concerned S c ie n t i s t s  
Unnunbered P anph le t , December 31, 1983.

^Union of  Concerned S c i e n t i s t s ,  " R e a c t o r  V e s s e l  R u p t u r e :  
' I n c r e d i b l e '  S a f e t y  H a z a r d  w i th  Growing C r e d i b i l i t y , "  N u c le u s , 3 (Fall  
1981): 3.
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T a b le  7 . 1

STATIC NET ENERGY ANALYSIS OF KOMANOFF BASE CASE TYPE PLANT 
Location: Central  United S ta tes

(A) (B) (C) (D) (E)
LINE ITEM VARIABLES EQUATIONS RESULTS

1 Expected Life-Cycle: 30 Years
2 Gen. Capacity,  MWe: 1150 Megawatts
3 Hours in 365-Day Year: 8760 Hours
4 Prod Plant Cost ($): $1460 ($1979) C2*C4 = 1.6790e09
5 Other Plant  Cost (=Prod): 1.6790e09
6 Elec .  Gen. @60% (kWh): 0.6000 C1*C2*C3’*C6= 1.8133ell
7 Elec Gen @50%, 30 Y r s . : 0.5000 C1*C2*C3*C7= l . S l l l e l l
8 Fix.  Chg. Prod. Plant  ($ ) : 0.1029 C1*E4*C8 = 5.1830e09
9 Fix.  Chg. Other P lan t ,  ($) 0.1029 C1*E5*C9 = 5.1830e09

10 Prod. Plant  0 & M ($): 0.0062 E6*C10 = 1.1242e09
11 Other Plant  0  & M ($): 0.0011 E6*C11 = 2.1473e08
12 Fuel Charge ($): 0.0109 E6*E12 = 1.9765e09
13 Decomn. Cost (10% C4, $ ) : 0.0021 E6*C13 = 3.8079e08
14 Total  D i s t r .  Cost ($): SUM(E8>E13)-
15 (E4+E5) = 1.0704el0
16 Lifecyc le  Plant  Cost ($): SUM(E8>E13)= 1.4062el0
17 D is t r .  Energy INPUT, (B tu ' s ) 35,791 E15*C17 = 3.8312el4
18 Total  Input Energy, B t u ' s : E16*C17 = 5.0330el4
19 Total  Output Energy, B tu ' s 3413/kWh E7*C19 = 5.1573el4
20 Output/Input  Rat io: E19/E18 = 1.0246
21 Net Energy, B tu ' s : E19-E18 = 1.2429el3
22 Front-End Energy, B tu ' s : E4+E5(C17)= 1.2018el4
23 Decomn. Energy, Btu ' s : E13*C17 = 1.3629el3

Notes: General ly,  va r ia b le s  a re  shown in colunn C, al though i t  w i l l  
be seen tha t  sometimes a nunber in colunn E i s  used in 
subsequent c a l c u la t io n s .

Equations a re  shown in  colunn D for  r e s u l t s  in colunn E.
Calcu la t ions  s t a r t  a t  l i n e  4 and proceed,  in sequence, 

through l in e  23.
The no ta t ion  C2 ( ce l l  C2),  for  example, r e fe r s  to e n t ry  

located  a t  the i n t e r s e c t i o n  of  colunn C and l in e  2.
C2*C4, for  example, means tha t  the quan t i ty  in colunn C, l i n e  2 

i s  m u l t i p l i e d  times the q u a n t i ty  a t  colunn C, l i n e  4.
SUM(E8>E13) means tha t  the q u a n t i t i e s  in colunn E from l i n e s  

8 through 13 are added toge the r .
E19/E18 is n o t a t i o n  to  mean  t h a t  c e l l  E18 is d iv i d e d  by 

c e l l  E17.
Line 20 shows the Output/Input  Ratio to  be 1.0246 to 1.
Line 21 shows tha t  over i t s  30-year l i f e c y c l e  a Komanoff

Base-Case plan t  would y ie ld  1.2429el3 B r i t i s h  thermal u n i t s  
of net  energy,  Miere "el3" means th a t  the decimal po in t  is  
13 places  to the r i g h t .  Also ,  1.2429el3 = .012429 quads.

Note: Model f i t s  computer  s o f tw are  known as e lec t ron ic  spread  shee t .
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c o s t s ,  a n d  l e a d  t o  a  l e w e r i n g  o f  n e t  e n e r g y  e v e n  f u r t h e r .

K om anof f  fo u n d  t h a t  ove r  t h e  l i f e t i m e  of  new p o w e r  s t a t i o n s : ^

. . . c a p i t a l  c o s t s  wil l  a c c o u n t  f o r  a p p r o x i m a t e l y  t w o - t h i r d s  of  
t o t a l  "bus-bar" genera t ing  cos ts  for  nuclear  and o n e - th i r d  for  coal  
p l a n t s .  . .

V i r t u a l l y  a l l  n u c l e a r  p l a n t s  c o m p l e t e d  in t h e  1 9 7 0 ' s  c o s t  much 
more  to  c o n s t r u c t  t h a n  o r i g i n a l l y  e s t i m a t e d  by r e a c t o r  m a n u f a c ­
t u r e r s  and  e l e c t r i c  u t i l i t i e s ,  e v e n  a f t e r  a d j u s t i n g  f o r  t h e  e f f e c t s  
o f  i n f l a t i o n .  The f a i l u r e  to  p r e d i c t  a c c u r a t e l y  n u c l e a r  c a p i t a l  
c o s t s  r e f l e c t s  a f u n d a m e n t a l  l i m i t a t i o n  in t h e  p o w e r  i n d u s t r y ' s  
techn ique  of engineering es t imat ion  which employs con ce p tu a l  p lan t  
designs to  c a lcu la te  the  labor,  mate r ia ls ,  equipment,  and eng ineer ­
ing  e f f o r t  n e e d e d  to  build  a p l a n t .  The t e c h n i q u e  r e q u i r e s  t h a t  
t h e  s c o p e  o f  w ork  be known a t  t h e  s t a r t  o f  c o n s t r u c t i o n ,  y e t  
n u c l e a r  p l a n t s ,  a s  t h e  l a r g e s t  r e a c t o r  b u i l d e r  h a s  n o t e d ,  a r e  
s u b j e c t  to  'n e w  r e q u i r e m e n t s  . . . im posed  a f t e r  t h e  d e s ig n  and  
c o n s t r u c t i o n  a r e  w e l l  a d v a n c e d ,  r e q u i r i n g  s u b s t a n t i a l  r e w o r k  t h a t  
i n c r e a s e s  b o th  s c h e d u l e  and  c o s t .  The 1979 n u c l e a r  a c c i d e n t  a t  
T h r e e  Mile I s l a n d  (TMI), m o r e o v e r ,  has  p r o v o k e d  a t h o r o u g h  and  
s t i l l -con t inu ing  reappra isa l  of nuclear  regula t ion t h a t  promises to 
produce  many new, more s tr ingen t  s tandards .

The K om anof f  c o s t  p r o j e c t i o n s  a r e  b a s e d  on a " s e c t o r - s i z e "
O

hypothesi s  which is explained as follows:

The s e c t o r - s i z e  a p p r o a c h  im p l ie s  t h a t  c o s t s  w i l l  r i s e  as  more  
r e a c t o r s  a r e  l i c e n s e d ,  due to  t h e  many s t r o n g  c o n n e c t i o n s  
be tw een  growth  in sec to r  s ize and increased  r egu la to ry  s tr ingency;  
i t  does  n o t  s u g g e s t  t h a t  t h e r e  is a s im p le ,  e x p l i c i t  c a u s a l  l ink  
be tween  the  number of  r eac to rs  and cos ts .

I t  im p l i e s  t h a t  l i c e n s i n g  i n t e r v e n t i o n s  a r e  am ong  t h e  f a c t o r s  
engendering inc reased  regu la to ry  s tr ingency;  not  t h a t  cons t ruc t ion  
d e l a y s  c a u s e d  by n u c l e a r  o p p o n e n t s  h a v e  b e e n  a m a j o r  f a c t o r  in 
r i s i n g  r e a l  c a p i t a l  c o s t s .

Use of  t h e  s e c t o r - s i z e  h y p o t h e s e s  to  p r o j e c t  c o s t s  a l so  
im p l ie s  t h a t ,  f o r  t h e  f o r e s e e a b l e  f u t u r e ,  i n c r e a s e s  in t h e  num be r  
of  o p e r a t i n g  p l a n t s  wil l  r e v e a l  new s a f e t y  and o p e r a t i n g  p ro b le m s ,  
leading to new regu la to ry  requ irements  and design changes  which, in 
t u r n ,  wil l  c a u s e  c o s t s  to  r i s e .  I t  does  n o t  d e n y  t h a t  r e a c t o r  
c o n s t r u c t i o n  has e v i d e n c e d  a " l e a r n i n g  c u r v e . "  R a t h e r ,  i t  im p l ie s

%oraanoff. Power Plant  C o s t , Idem, pp. 14-15. 

2 lb id ,  p . 31.
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t h a t ,  as  in t h e  p a s t ,  i n c r e a s i n g  a r c h i t e c t - e n g i n e e r  f a m i l i a r i t y  
with n uc lea r  cons t ruc t ion  will be outweighed by advancing regu la ­
t o r y  c r i t e r i a  r e q u i r i n g  A-E 's  [ A r c h i t e c t u r a l  Engineers ]  to employ 
more labor,  equ ipment,  and m a te r ia l s  to build nuclear  p lants .^

Capacity Factor  and Eff ic iency  Factor 

C a p a c i t y  F a c t o r  is an i n d u s t r y  t e rm  t h a t  is used  in a s p e c i a l  

w ay t h a t  is u n d e r s t o o d  by e l e c t r i c a l  e n g i n e e r s  and  u t i l i t y  e c o n o m is t s .  

I t  is s o m e w h a t  i n a d e q u a t e  fo r  Net E n e rg y  A na lys i s .  E f f i c i e n c y  F a c t o r  

is a t e rm  c h o s e n  to  i d e n t i f y  t h e  r a t i o  o f  t h e  e s t i m a t e d  ho u r s  a sy s tem  

a c t u a l l y  g e n e r a t e s  e l e c t r i c i t y  a t  100 p e r  c e n t  of  i t s  des ign  c a p a c i t y  to  

t o t a l - s y s t e m  l i f e .  See  t a b l e  7.2.

Used in t h i s  way ,  t h e  E f f i c i e n c y  F a c t o r  c a n  be ch o s e n  to  i n c o r ­

p o r a t e  t h e  c o n c e p t  of  t o t a l - s y s t e m  e f f i c i e n c y ,  fo r  e x am p le ,  to  t a k e  

a c c o u n t  of  t h e  c o s t  of  s e c o n d a r y  s y s t e m s  t h a t  a r e  r e q u i r e d  to back  up 

primary systems as descr ibed  in c h a p te r  6.

Table 7.2 

EFFICIENCY FACTOR EQUATION

l i f e c y c l e  hours system genera tes  e l e c .  a t  design power 
EF — "

hours in l i f e c y c l e  ( e . g . ,  8760 x 30 Yrs. )  of system

C a p a c i t y  F a c t o r ,  as  used  by  u t i l i t y  e c o n o m is t s  and  e n g i n e e r s  is 

an e x p r e s s i o n  of  t h e  i n d i v id u a l  p e r f o r m a n c e  o f  a s in g le  g e n e r a t i n g  

p l a n t .  A l th o u g h  a low C a p a c i t y  F a c t o r  f o r  an i n d iv id u a l  p l a n t  im pl ie s  

t h a t  b a c k u p  s y s t e m s  mus t  be a v a i l a b l e ,  t h e  n e e d  fo r  b a c k u p  p l a n t  

capac i ty  is exp l ic i t ly  cons idered in choosing an Efficiency Factor.

Ib id .
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Fixed Charge Costs

As n o t e d  ab o v e ,  F i x e d - C h a r g e  C os ts  have  n o t  b e e n  i n c lu d e d  in 

p r i o r  n e t - e n e r g y  a n a l y s e s ,  to  t h e  b e s t  of  t h e  a u t h o r ' s  k n o w le d g e .  They 

a r e  i n c l u d e d  in t h i s  a n a l y s i s ,  fo l lo w in g  th e  r e a s o n i n g  d e v e l o p e d  in 

ch a p te r  5. As with any o the r  p r iv a te -en te rp r i s e  endeavor ,  the company 

must earn  enough money to  compensate savers for  f inancing the  projec t ,  

pay i t s  share of  taxes ,  and provide fo r  interim equipment rep lacement .

Komanoff notes the fol lowing;^

. . .The r e v e n u e  r e q u i r e m e n t s  a r e  p r o p o r t i o n a l  to  t h e  p l a n t ' s  
c a p i t a l  c o s t ,  as  a r e  t h e  c o r p o r a t e  incom e t a x e s  on n e t  r e v e n u e ,  
p r o p e r t y  t a x e s  a s s e s s e d  by l o c a l  m u n i c i p a l i t i e s ,  a l l o w a n c e s  for  
in ter im  rep lacement of  equipment,  and insurance .  These cos ts  are 
t o g e t h e r  r e f e r r e d  to  as " f i x e d  c h a r g e s "  and t h e  r a t i o  of  an n u a l  
f i x e d  c h a r g e s  to  t o t a l  c a p i t a l  c o s t  is t h e  f i x e d  c h a r g e  r a t e .

Normally f ixed -charge  r a t e s  are r e la ted  to cu r ren t  dollars  and 

genera l ly  range from 13 to  20 per  cen t .  Accurate n e t - e n e rg y  ca lcu la ­

t i o n s  r e q u i r e  t h a t  t h e  f i x e d - c h a r g e  r e l a t e  to u n i n f l a t e d  d o l l a r s ;  t h e r e ­

f o r e ,  a r e a l  f i x e d - c h a r g e  r a t e  of  10.29 p e r  c e n t  ($1979) is u sed ,  the  

sam e  as u sed  by Komanoff  to  c o m p a re  the  r e l a t i v e  e c o n o m ic s  of  n u c l e a r  

and c o a l  p l a n t s .  The f i x e d - c h a r g e  r a t e  i s  a p p l i e d  b o th  to P ro d u c t io n  

P la n t  and  O th e r  Cos ts  ( i n c lu d in g  t r a n s m is s i o n  and d i s t r i b u t i o n  p la n t ) .

Running Costs and Deconnissioning Costs

Fuel, operat ion  and maintenance,  and decommissioning cos ts  are 

p r e s u m e d  to  be  p r o p o r t i o n a l  to  e l e c t r i c i t y  g e n e r a t e d  a t  60 p e r  c e n t  

Capaci ty Fac tor  and are expressed as a mills p e r -k i lo w a t t -h o u r  charge.  

This  p r o c e d u r e  r e s u l t s  in  a r r i v i n g  a t  c o s t s  e q u i v a l e n t  to  t h o s e  c o s t s  

u sed  by K om anof f  fo r  t h e  c o s t  of  P r o d u c t i o n  P l a n t ,  a l t h o u g h  e n e r g y -

I f b i d ,  p.  270.
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o u t p u t  is c a l c u l a t e d  on t h e  assum pt ion  of  a 50 per  c e n t  E f f i c i e n c y  

F a c to r .1

P a s q u a l e t t i  p o in t s  o u t  t h a t  t h e r e  a r e  t h r e e  b a s ic  m e th o d s  of
O

get t ing  r id  of obsole te  nuc lear  reac to rs :

(1) immediate dismantlement,  (2) safe s to rage ,  and (3) entomb­
m e n t ,  . . . f i n a n c i a l ,  s o c i a l ,  and e n v i r o n m e n t a l  i m p l i c a t i o n s  
d i f f e r  w i th  e a c h  o p t i o n  . . . Most w o r r i s o m e  is t h a t  t h e  m a j o r i t y  
of  t h e  u t i l i t i e s  h a v e  no way to  e n s u re  t h a t ,  when th e  t im e  com es ,  
money will be avai lable  for decommissioning.

Energy Output/Input  Ratio

You w i l l  n o t e  t h a t  t h e  O u tp u t / I n p u t  R a t io  on l ine  20,  t a b l e  7 .2 ,  

shows  t h a t  the  K om anof f  B a s e - C a s e  p l a n t  b a r e l y  b r e a k s  e v e n  w i th  an 

O u t p u t / I n p u t  R a t io  of  1.0246 to 1.  Tha t  is ,  o v e r  i t s  l i f e c y c l e ,  s u c h  a 

p l a n t  would  y ie ld  only  2.46 p e r  c e n t  more e n e rg y  th a n  was  r e q u i r e d  to 

cons t ruc t  and op e ra t e  i t .

A s y s t e m  of p l a n t s ,  w i th  th i s  smal l  S t a t i c  O u t p u t / I n p u t  R a t i o ,  

does not  show posi t ive ne t  energy,  even in 100 years.  Dynamic analyses 

of  p l a n t s  w i th  e v e n  h ig h e r  S t a t i c  O u tp u t / I n p u t  Ra t ios  w il l  be d i s c u s s e d  

in a f o l l o w in g  s e c t i o n .

Discussion of a Komanoff Northeast  Plant

Tab le  7.3 shows  t h e  r e s u l t s  o f  S t a t i c  Net  Energy A na lys i s  o f  a 

typica l  Komanoff Northeas t  plant ,^ where cos ts  will be considerably  more 

t h a n  one c o n s t r u c t e d  in t h e  Midwest  ( t h e  B a s e - C a s e  a r e a ) .  It  i n c r e a s e s

l l b i d ,  p . 267-270.

^ M ar t in  P a s q u a le t t i ,  "The D ecomm iss ion ing  Dilemma,"  S i e r r a , 
(September/October 1984): 263.

%omanoff , Power P lan t  Cost Esca la t ion ,  Idem, p . 281.
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Tab le  7 . 3

STATIC NET ENERGY ANALYSIS, KOMANOFF NORTHEAST-TYPE PLANT 
Location:  Northeas tern  IMited States

(A) (B) (C) (D) (E)

1 Expected Li fe-Cycle : 30 years
2 Gen. Capacity,  MWe: 1150 megawatts
3 Hours in  365-Day Year: 8760 hours
4 Prod Plant  Cost ($ ) : $1820/Kilowatt C2*C4 = 2.0930e09
5 Other Plant  Cost (=Prod): 2.0930e09
6 Elec.  Gen. @60% (kWh): 0.6000 C1*C2*C3*C6= 1.8133e ll
7 Elec Gen @50%, 30 Yrs. : 0.5000 C1*C2*C3*C7= 1.5111ell
8 Fix.  Chg. Prod. P lan t  ($): 0.1029 C1*E4*C8 = 6.4610e09
9 Fix .  Chg. Other P lan t ,  ($) 0.1029 C1*E5*C9 = 6.4610e09

10 Prod.  Plant  0 & M ($) : 0.0071 E6*C10 = 1.2874e09
11 Other Plant  0 & M ($): 0.0012 E6*C11 = 2.1759e08
12 Fuel Charge ($): 0.0109 E6*E12 = 1.9765e09
13 Deconm. Cost (10% C4, $) : 0.0033 E6*C13 = 6.0927e08
14 Total  D i s t r .  Cost ($): ($) SUM(E8>E13)-
15 (E4+E5) = 1.2827el0
16 Lifecycle P lan t  Cost ($): SUM(E8>E13)= 1.7013el0
17 D i s t r .  Energy INPUT, Btu: 35791Btu/$ E15*C17 = 4.5909el4
18 Total  Input Energy, B tu ' s : E16*C17 = 6.0891el4
19 Tota l  Output Energy, Btu 's 3413 Btu/WVh E7*C19 = 5.1573el4
20 Output/ Input  Ratio: E19/E18 = 0.8469
21 Net Energy, B tu ' s : E19-E18 = -9.3174el3
22 Front-End Energy, B tu ' s : E4+E5(C17)= 1.4982el4
23 Deconm. Energy, B t u ' s : E13*C17 = 2.1806el3

Notes: Genera l ly,  v a r i a b le s  are shown in  co lum  0,  al though i t  w i l l  
be seen tha t  sometimes a nirnber in colunn E i s  used in 
subsequent c a l c u l a t i o n s .

Equations a re  shovwi in column D for  r e s u l t s  in column E.
C alcu la t ions  s t a r t  a t  l i n e  4 and proceed, in sequence,  

through l i n e  23.
The n o ta t io n  C2 ( c e l l  C2), fo r  example, r e fe r s  to en t ry  

located  a t  the in t e r s e c t i o n  of  colunn C and l ine  2.
C2*C4, for  example, means th a t  the quan t i ty  in column C, l i n e  2 

is m u l t i p l i e d  times the q u a n t i ty  a t  column C, l i n e  4.
SUM(E8>E13) means tha t  the q u a n t i t i e s  in column E from l ines  

8 through 13 a re  added toge the r .
E18/E17 is n o t a t i o n  to mean  t h a t  c e l l  E18 is d i v i d e d  by 

c e l l  E17.
Line 20 shows the Output/Input  Rat io to be 0.8666 to 1.
Line 21 shows th a t  over i t s  30-year l i f e c y c l e  a Komanoff

Northeast  p la n t  would y i e l d  -9.3174el3 B r i t i s h  thermal un i t s  
of net  energy,  Miere "el3"  means tha t  the decimal po in t  is  
13 places  to  the r i g h t .  Also,  -9.3147el3 = - .093147 quads.

This model inc ludes  no " r e t r o f i t "  co s t s .
Model f i t s  " e lec t ron ic  spread shee t"  computer  so f tw are .
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f rom $1460 p e r  k i l o w a t t  to  $1820 p e r  k i l o w a t t .  I t  is a s s u m e d  t h a t  th e  

c o s t  of  O th e r  P l a n t  ( i n c l u d i n g  t r a n s m i s s i o n  and  d i s t r i b u t i o n )  i n c r e a s e s  

accordingly.  According to Komanoff, the f ix ed -c h a rg e  r a t e  would increase 

28 per  ce n t  over the Base-Case.  A conserva t ive  10.3 mills p e r - k i l o w a t t -  

h o u r  r e a l  f i x e d - c h a r g e  r a t e  was u s e d  ( l e s s  t h a n  t h e  28 p e r - c e n t  

inc re ase  p ro jec ted  by Komanoff) in order to  be on the  conse rva t ive  side.

The D e co m m is s io n in g  Cos t  i n c r e a s e d  to  $172 p e r  k i l o w a t t  and 

O p e r a t i o n  and  M a in t e n a n c e  (0 & M) C o s t s  f rom  62 mil ls  to  71 mi l l s  p e r  

k i l o w a t t - h o u r  in a c c o r d a n c e  w i th  t h e  K om anof f  e s t i m a t e s . ^  The n e t -  

energy resu lt s  of the  model  show tha t  a Komanoff  Nor theas t  p lan t  would 

g e n e r a t e  on ly  a b o u t  85 p e r  c e n t  ( O u t p u t / I n p u t  R a t io  in c e l l  E19 = 

0 .8469) as  much e n e r g y  as was i n p u t  i n t o  t h e  s y s t e m .  P l a n t s  with  

O u t p u t / I n p u t  R a t io s  o f  le ss  t h a n  one ,  of  c o u r s e ,  do n o t  p r o d u c e  n e t  

energy.  They c lear ly  r eq u i re  an ex te rna l  subsidy for  th e i r  ex i s tence .

If  n u c l e a r  p l a n t s  b e in g  c o n s t r u c t e d  in t h e  n o r t h e a s t e r n  p a r t  of 

the United S ta tes  con t inue  to  cos t  as much as Komanoff p red ic t s ,  then we 

must  r e a l i z e  t h a t  t h e y  a r e  c l e a r l y  be ing  s u b s i d i z e d  by o t h e r  s o u r c e s  of 

n e t  e n e r g y ,  such  as t h e  f o s s i l  fu e l s .

46-Plant  Data Base

Appendix B shows summary resu l t s  of s t a t i c  n e t - e n e r g y  ca lcu la ­

t i o n s  made f o r  t h e  46 p l a n t s  in t h e  1981 K om an o f f  d a t a  b a s e .  Table  7.4 

s u m m a r i z e s  t h e  s i z e ,  c o s t ,  S t a t i c  O u t p u t / I n p u t  R a t i o s ,  a n d  5 0 - y e a r  

Dynamic O u t p u t / I n p u t  R a t io s .  D iscuss ion  of  t h e  dynam ic  n e t - e n e r g y  

r e s u l t s  w il l  be r e s e r v e d  f o r  a s u b s e q u e n t  s e c t i o n  of  t h i s  c h a p t e r .  It

l l b i d ,  p . 281.
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T a b l e  7 .4

SUMÆARY, 46-PLANT KOMANOFF 1981 DATA BASE 
S t a t i c  Net Energy Analyses

(A) (B)

Line Plan t  Name

(C)

Gen
Cap.

m

(D) (E)

Cost
Per

KW

S t a t i c
0/1

Rat io

(F) (G)
50-Year Dynsmic

Avg. Ann. 
0/1 Net Energy 

Ratio (Quads)

1 Pali sades 821 367 2.2859 1.1469 1.27
2 Turkey Point 3 745 281 2.5313 1.1980 1.52
3 Turkey Point 4 745 308 2.4487 1.1759 1.38
4 Brown's Ferry 1 1098 430 2.1344 1.0855 1.07
5 Brown's Ferry 2 1098 412 2.1756 1.0980 1.21
6 Brown' s Ferry 3 1098 421 2.1548 1.0917 1.14
7 Oconee 1 886 324 2.4023 1.1632 1.54
8 Oconee 2 886 307 2.4519 1.1767 1.65
9 Oconee 3 886 299 2.4756 1.1832 1.70

10 Vermont Yankee 514 693 1.6717 0.9312 0.42
11 Peach Bottom 2 1065 607 1.7992 0.9867 -3.14
12 Peach Bottom 3 1065 589 1.8284 0.9361 -1.77
13 T.M. 1. No. I t 819 828 1.5043 0.8679 -1.54
14 Surry 1 823 341 2.3549 1.1560 1.33
15 Surry 2 823 578 1.8467 0.9929 -0.007
16 Fort Calhoun 457 699 1.6635 0.9282 -0.44
17 P r a i r i e  Is land 1 530 784 1.5551 0.8876 -0.83
18 P r a i r i e  Is land 2 530 551 1.8953 1.0086 0.006
19 Cooper 778 590 1.8268 0.9861 -0.14
20 Pilg r im 1 670 690 1.6758 0.9327 -0.60
21 Kewaunee 560 624 1.7725 0.9637 -0.27
22 Salem 1 1090 1066 1.2786 0.7750 -3.91
23 Crys ta l  River 3 825 706 1.6540 0.9247 -0.83
24 Maine Yankee 790 530 1.9311 1.0212 0.20
25 Rancho Seco 913 605 1.8024 0.9777 -0.26
26 Zion 1 1050 468 2.0523 1.0602 0.74
27 Zion 2 1050 467 2.0544 1.0608 0.75
28 Arkansas 1 850 464 2.0606 1.0628 0.62
29 Cook 1 1090 784 1.5510 0.8876 -1.71
30 Cook 2 1090 506 1.9763 1.0359 0.47
31 Calver t  C l i f f s  1 845 816 1.5178 0.8732 -1.52
32 Calver t  C l i f f s  2 845 546 1.9022 1.0226 0.12

Notes: Colum C shows Generat ing Capacity in Megawatts.
Colum D shows Cost per I n s t a l l e d  Kilowatt  ($1979).
Colum E shows S t a t i c  Net Energy Analysis  Output/Input  Ra t io .
Colum F shows 50-Yr. Dynamic Output/Input  Rat io.
Colum G shows Average annual net  energy over 50-yr pe r iod .
All Ca lcu la t ions  a t  35,791 Btu's /$1979 for  E/GNP c o e f f i c i e n t .

115



Table 7.4 Continued 

SUMMARY NET ENERGY CALCULATIONS, 46-PLANTS

(A) (B) (C) (D) (E)
50-Year Dynamic

Gen Cost S t a t i c Avg. Ann.
Cap. Per O/I O/I Net Energy

Line Plant  Name MW KW Ratio Ratio (Quads)

33 Indian Point  3 965 859 1.4705 0.8546 -2.03
34 Hatch 1 786 757 1.5879 0.9001 -1.08
35 T. M. I.  #2t 906 942 0.0924 n /a n /a
36 Brunswick 2 821 726 1.6274 0.9149 -0.94
37 Brunswick 1 821 534 1.9238 1.0188 0.19
38 F i t z p a t r i c k 821 796 1.5409 0.8821 -1.36
39 Duane Arnold 538 843 1.4878 0.8614 -1.07
40 Beaver Valley 852 1004 1.3306 0.7972 -2.68
41 St.  Lucie 1 810 879 1.4496 0.8462 -1.82
42 Mil ls tone 2 828 784 1.5551 0.8876 -1.30
43 Trojan 1130 605 1.2786 0.9777 -0.32
44 North Anna 1 907 1066 0.7750 -3.25
45 David Besse 1 906 957
46 Far ley 1 829 1113 1.2418 0.7589 -3.25
47 Base-Casett 1150 1460 1.0242 0.6583 -7.38
48 N or theas t t t 1150 1820 0.8666 0.5781 -10.35
49 50-Yr Break-Even 1150 565.35 1.8769 1.0001 -0 -

N otes: Colum  
Colum  
Colum  
Colum  
Colum

C shows Generat ing Capacity in Megawatts.
D shows Cost per I n s t a l l e d  Kilowatt  ($1979).
E shows S t a t i c  Net Energy Analysis  Output/Input Ratio.
F shows 50-Yr. Dynamic Output/Input  Rat io .
G shows Average annual net  energy over 50-yr period.

All Ca lcu la t ions  a t  35,791 Btu's/$1979 for  E/GNP c o e f f i c ien t  
Source of  colunns C  & D :  C o s t  information from: C. Komanoff, Power

Plant  Cost E s c a l a t i o n , pages 291-301.
Dynamic analyses assune cons t ruc t ion  ra t e  @ 52 new plants/Year .  
t  T.M.I. = T h r e e - M i l e - I s l a n d .  T h r e e - m i l e - i s l a n d  No. 2 was l i c e n s e d  fo r  
13 m o n th s ,  b e f o r e  t h e  a c c i d e n t .  F ixed  c h a r g e s  c o n t i n u e .  See " N u c le a r  
Power  P l a n t s  in t h e  U n i t e d  S t a t e s ;  C u r r e n t  S t a t u s  and  S t a t i s t i c a l  
H is to ry , "  Union of  Concerned S c i e n t i s t s ,  December 31, 1983. 
t  Refers  to costs  as soc ia ted  with  Komanoff's Base Case and Nor theas t-  

type p la n t s .

wil l  be n o t e d  in co lumn E t h a t  T u rkey  Po in t  No. 3 p l a n t  ( l ine  2) h a d  th e  

h i g h e s t  s t a t i c  O u t p u t / I n p u t  R a t io  of  2.5313 to  1. This p l a n t  c o s t  on ly  

$281 per k i lowatt  of capa c i ty  to cons t ruc t .
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The O u t p u t / I n p u t  R a t io s  have  b e e n  s t e a d i l y  f a l l i n g ,  w i th  Far ley  

1 ( l i n e  46) h av ing  an O u t p u t / I n p u t  R a t io  of  only  1.2418 t o  1. I t  will  

be n o t e d  t h a t  t h e  i n s t a l l e d  c o s t  of  F a r ley  1 was  e s t i m a t e d  a t  $1113 per  

k i low a t t  of capac i ty  ($1979=100), according to Komanoff.^

Selected  resu l t s  of the  50-year  dynamic n e t - e n e rg y  analyses were 

i n c l u d e d .  I t  can  be s e e n  in co lumn F t h a t  e v e n  th o u g h  p l a n t s  may show a 

p o s i t i v e  S t a t i c  O u t p u t / I n p u t  R a t io ,  i f  t h e  r a t i o  is to o  s m a l l ,  even  a 

l a r g e  c o n s t r u c t i o n  p r o g r a m  o f  such  p l a n t s  w il l  n o t  show p o s i t i v e  n e t  

e n e r g y  in t h e  5 0 - y e a r  dynam ic  n e t  e n e r g y  a n a l y s e s .  I t  w i l l  be n o te d  

t h a t  t h e  S t a t i c  O u t p u t / I n p u t  R a t io  must  be  a t  l e a s t  1.8679  t o  1 in o rd e r  

fo r  the p lan ts  to achieve a "break-even"  s i tua t ion  under 5 0 -y e a r  Dynamic 

Net  Energy  A na lys is .  On l i n e  49,  t a b l e  7.5,  i t  is  shown t h a t  th e  50- 

y e a r  b r e a k - e v e n  i n s t a l l e d  c o s t  is $565.55 in 1979 d o l l a r s ;  i . e . ,  under  

s t a t i c  analysis  each p la n t  consumes as much energy as it  provides.

S t a t i c  Analys is ,  1984 Komanoff Data 

K om anoff  r e l e a s e d  a new s e t  of  c o s t  p r o j e c t i o n s  f o r  34 n u c l e a r

p o w e r  p l a n t  s y s t e m s  in  t h e  O c to b e r  11,  1984,  i s s u e  o f  Pub l ic  U t i l i t i e s
2

For tn igh t ly . He no te s  the following;

The c u r r e n t  g e n e r a t i o n  of  new n u c l e a r  p o w e r  p l a n t s  looms as a 
f i n a n c i a l  d i s a s t e r  f o r  t h e  Ü. S. e l e c t r i c  p o w e r  s e c t o r .  Of the 
th r e e  dozen nuc lear  p ro jec ts  completed or scheduled for  completion 
in 1982 or l a t e r ,  a h a n d f u l  a t  m os t  — and p e r h a p s  none  a t  a l l  — 
will produce power a t  a cos t  competi t ive with  c o a l - f i r e d  e l ec t r ic i ty  
o v e r  t h e  l i f e t i m e  of  t h e  p l a n t s .  The r e s t  w i l l  c o n t r i b u t e  to  an $80 
to  $115 b i l l ion  " n u c l e a r  p ow er  dam age  b i l l , "  c o m p r i s e d  of  t h r e e

I f b i d ,  p . 294-297.

^ C h a r le s  E. K om anof f ,  "Assess ing  th e  High Cos t  o f  New N uclea r  
Power P la n t s , "  Public U t i l i t i e s  F o r tn igh t ly ,  (October 11, 1984): 33-38.
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p a r t s :  $25 b i l l io n  in  r e a c t o r  c a n c e l l a t i o n s  to  d a t e ,  $10 to  $30
b i l l i o n  in p o t e n t i a l  f u t u r e  c a n c e l l a t i o n s ,  and  $45 t o  $60 b i l l io n  in 
e x c e s s  p o w er  c o s t s  f rom  p r o j e c t s  be ing  c o m p l e t e d .  . . .

T a b le  7.5 is r e p r e s e n t a t i v e  of  th e  mode l  u s e d  f o r  t h e  s t a t i c  

n e t - e n e r g y  a n a l y s e s  of  t h e  3 4 - p l a n t  (1984 c o s t  e s t i m a t e s  of  Komanoff )  

d a t a  b a s e .  You wil l  n o t e  t h a t  i t  is s l i g h t l y  d i f f e r e n t  f r o m  t h e  mode l  

u s e d  f o r  e v a l u a t i n g  t h e  4 6 - p l a n t  d a t a  b a s e .  The c a p i t a l  c o s t s  of  

r e t r o f i t t i n g  p l a n t s  w i th  n e w l y  d e s ig n e d  e q u i p m e n t  to  m e e t  c h a n g i n g  

s a f e t y  r e q u i r e m e n t s  h a v e  b e e n  a d d e d  to  t h e  m ode l .  This  c o s t  has  

b e e n  a p p r o x i m a t e l y  $40 .50  p e r  k i l o w a t t  of  i n s t a l l e d  c a p a c i t y  and  

is  e s c a l a t i n g  a t  a r e a l  ( d e f l a t e d )  a n n u a l  r a t e  o f  a p p r o x i m a t e l y  1 p e r  

c e n t  p e r  y e a r ,  a c c o r d i n g  to  W al lac h .^  I t  is a s sum ed  t h a t  e a c h  u t i l i t y  

amor tizes  these  costs  over a  30 -y ea r  period.

S in ce  th e  c o s t  e s t i m a t e s  in c lu d e d  in t h i s  d a t a  s e t  a re  b e l i e v e d  

to  b e  m o r e  r e p r e s e n t a t i v e  o f  t h e  f u t u r e  c o s t s  of  n u c l e a r  p o w e r  s y s t e m s  

t h a n  t h e  4 6 - p l a n t  d a t a  s e t ,  m ore  e x t e n s i v e  c a l c u l a t i o n s  a r e  i n c l u d e d .  

In a d d i t i o n  to  t h e  c a l c u l a t i o n s  m ade  a t  t h e  3 7 - y e a r  m e a n  v a l u e  f o r  t h e  

E nergy /G N P  R a t io ,  c a l c u l a t i o n s  a r e  shown f o r  t h e  e x t r e m e  h igh  and  low 

v a l u e s .  T a b le  7.6 is a su m m a ry  o f  Net Energy A na lys is  r e s u l t s  t h a t  w e re  

c a l c u l a t e d  us ing  t h e  l a t e s t  (1984)  K om anoff  c a p i t a l  c o s t  n u m b e rs .  I t  

w i l l  be  n o t e d  t h a t  r e s u l t s  a r e  shown fo r  t h e  l o w e s t  v a l u e  (21 ,436  

B tu * s /$ 1 9 82) ,  mean  v a l u e  (28 ,266  B tu ' s /$ 1 9 8 2 ) ,  and  h i g h e s t  v a l u e  

(34,324 Btu's/$1982) Energy/GNP Ratios (see table  5.2).

l l b i d .
O

Jo h n  W al lach ,  P e r s o n a l  C o n v e r s a t i o n ,  and  d r a f t  o f  p e n d in g  
t e s t i m o n y  b e f o r e  t h e  A rk an s as  Publ ic  U t i l i t y  Comm iss ion  p e r t a i n i n g  to 
Grand Gulf Nuclear Power System. Energy Systems Research Group, Boston, 
MA.
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T ab le  7.5

STATIC NET ENERGY ANALYSIS, BELLEFONTE (TWIN REACTCMl)

(A) (B) (C) (D) (E)
LINE ITEM VARIABLES EQUATIONS RESULTS

1 Expected Life-Cycle,  Yrs 30 years
2 Gen. Capacity,  MWe: 2426 megawatts
3 Hours in 365-Day Year: 8760 hours
4 Prod Plant  Cost ($): $1484/KW C2*C4 = 3.6001e09
5 Other Plant  Cost (=Prod) E4 = 3.6001e09
6 R e t r o f i t t i n g  Cost: $22/KW C2*C6 = 5.3372e07
7 Elec.  Gen. @60% (kWh): 0.6000 C1*C2*C3*C7= 3.8253el l
8 Elec Gen @50%, 30 Yrs . ; 0.5000 C1*C2*C3*C8= 3.1877ell
9 Fix.  Chg. Prod.  P lant  $ 0.1030 C1*E4*C9 = 1.1124elO
10 Fix.  Chg. Other P lan t ,  , 0.1030 C1*E4*C10 = 1.1124elO
11 Fix.  Chg. R e t r o f i t . 0.1030 C1*E6*C11 = 1.6491e08
12 Prod. Plant  0 & M ($): 0.0077 E6*C12 = 2.9454e09
13 Other Plant 0  & M ($): 0.0012 E6*C13 = 4.5903e08
14 Fuel Charge ($ ) : 0.0112 E6*E14 = 4.2843e09
15 Decomm. Cost (10% C4, $ 0.0034 E7*C15 = 1.3006e09
16 Total D i s t r .  Cost ($): (?) SUM(E9>E15)-
17 (E4>E6) = 2.4149el0
18 Lifecycle P lan t  Cost ($) SUM(E9>E15)= 3.1403el0
19 D i s t r .  Energy INPUT, Btu 28266 Btu/$ E17*C19 = 6.8261el4
20 Total Input Energy, Btu E18*C19 = 8.8765el4
21 Total  Output Energy, Btu 3413 Btu/WVh E8*C21 = 1.0879el5
22 Output/ Input  Rat io: E21/E20 = 1.2256
23 Net Energy, B tu ' s : E21-E20 = 2.0033el4
24 Front-End Energy, B tu ' s : E4+E5*(C19) = 2.0352el4
25 Decomm. Energy, B tu ' s : E15*C19 = 3.6762el3

Notes: Genera l ly,  v a r i a b le s  a re  shown in  colunn 0,  al though i t  w i l l  
be seen th a t  sometimes a number in column E is  used in 
subsequent c a l c u l a t i o n s .

Equations are  shown in colunn D fo r  r e s u l t s  in column E.
Calcu la t ions  s t a r t  a t  l i n e  4 and proceed,  in sequence, 

through l i n e  22.
The no ta t ion  C2 ( c e l l  C2), for example, r e f e r s  to en t ry  

located  a t  the i n t e r s e c t i o n  of  colunn C and l ine  2.
C2*C4, for  example, means tha t  the q u an t i ty  in column C, l i n e  2 

i s  m u l t i p l i e d  times the q u an t i ty  a t  colunn C, l ine  4.
SUM(E8>E13) means tha t  the q u a n t i t i e s  in column E from l ines  

8 through 13 are added toge ther .
E18/E17 is n o t a t i o n  to  mean  t h a t  c e l l  E18 is  d iv id ed  by 

c e l l  E17.
Line 19 shows the Output/Input  Ratio to be 1.2418
Line 20 shows th a t  over i t s  30-year l i f e c y c l e  a Komanoff

Base-Case p la n t  would y ie ld  1.9564el4 B r i t i s h  thenmal u n i t s  
of  net  energy,  where " e l4 ” means th a t  the decimal poin t  i s  
14 places to the r i g h t .  Also, 1.9564el4 = .19564 quads
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Based  on t h e  r e a s o n i n g  d e v e l o p e d  in c h a p t e r  5,  i t  is t h e  a u t h o r ' s  

p o s i t i o n  t h a t  t h e  mean  v a l u e  ($28 ,666  B tu ' s /$ 1 9 8 2 )  is a c o n s e r v a t i v e  

v a l u e  to  c h o o s e .  H ow ever ,  s e n s i t i v i t y  a n a l y s e s  w ere  al so  done a t  th e  

l o w e s t  and  h i g h e s t  Energy/GNP v a l u e s .  The r e a d e r  c a n  ch o o s e  his  own 

s c e n a r i o  s i n c e  none  of  th e m  a r e  v e r y  b r i g h t .  In any e v e n t ,  i f  f u t u r e  

rea l  costs  exceed  $2500 p e r  k i low a t t  ($1982), even the  s t a t i c  n e t - e n e rg y  

r e s u l t s  a r e  n e g a t i v e  (us ing  t h e  l o w e s t  Energy/GNP R a t io ,  i . e . ,  21436 

B tu ' s / $ 1 9 8 2 ) .  A d i s c u s s io n  o f  t h e  dynam ic  n e t - e n e r g y  r e s u l t s  is 

i n c l u d e d  in t h e  s u c c e e d i n g  s e c t i o n .  If t h e  lo w e r  v a lu es  a r e  u s e d ,  

higher n e t - e n e r g y  Output/ Input  Ratios resu lt ,  and conversely.

Table 7.6

34-PLANT SUMWARY 
Net Energy Analyses 

Using Low, Average, and High Energy/GNP Ratios

(A) (B) (C) (D) (E) (F)
50-Year Dynamic

Gen Cost S ta t i c Avg. Ann.
Cap. Per O/I O/I Net Energy

Group P lant  Name MW KW Ratio Ratio (Quads)

1 Braidiwood (Twin):
21436 Btu 's /$82 2240 1113 1.9641 1.6582 11.15
28266 Btu 's /$82 1.4895 1.2702 5.89
34324 Btu 's$/82 1.2266 1.0460 1.22

(S im i la r ly  for  Catawba, LaSal le , McGuire, and Watts Bar.)

2 Be H e  fonte (Twin):
21436 Btu 's /$82 2426 1484 1.6162 1.3648 8.02
28266 Btu 's /$82 1.2256 1.0350 1.02
34324 Btu 's$/82 1.0093 0.8523 -5.19

(S im i la r ly  f o r  Byron,  C om anche P eak ,  St . L uc ie ,and  Sumner) .

Notes; C o I u t t i  C shows Generat ing Capacity in Megawatts.
Colunn D shows Cost per  I n s t a l l e d  Kilowatt  ($1979).
Colum E shows S t a t i c  Net Energy Analysis  Output/Input  Ratio.
Colunn F shows 50-Yr. Dynamic Output/Input  Ratio .
Colum G shows Average annual net  energy over 50-yr per iod.
All Ca lcu la t ions  r e l a t e d  to $1982 for  E/GNP c o e f f i c i e n t s .
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Tab le  7 .6  Con t inued

SUMWARY OF NET ENERGY CALCULATIONS, 34 PLANTS 
Using Low, Average, and High Energy/GNP Values

(A) (B) (C) (D) (E) (F)
50-Year Dynamic 

Gen Cost S t a t i c  Avg. Ann.
Capac. Per O/I O/I Net Energy

MW KW Ratio Ratio (Quads)Line P lant  Name

Palo Verde (Twin) 
21436 Btu ' s /$82 2200
28266 Btu 's /$82 
34324 Btu 's$ /82

1724 1.4500
1.0096
0.9055

1.2187
0.9242
0.7611

4.89
-2.23
-8.53

(S im i la r ly  for  San Onofre, Susquehanna, Vogtle ,  and Wolf Creek)

Callaway (Twin) 
21436 Btu ' s /$82 
28266 Btu ' s /$82 
34324 Btu 's$ /82

2240 2018 1.2878 1.0775 1.99
0.9766 0.8171 -6.19
0.8043 0.6729 -13.45

(Simi la rly  for Grand Gulf , Mil l s tone 3, Perry,  and South Texas.)

5 Clin ton (Twin)
21436 Btu 's /$82 1866 2444 1.1082 0.9226 -1.93
28266 Btu ' s /$82 0.8404 0.6997 -9.90
34324 Btu 'sS/82 0.6921 0.5762 -16.92

(S imi la rly  for Fermi, H ar r i s ,  Limerick 1, and Waterford.  )

6 Hope Creek (Twin)
21436 Btu ' s /$82  2144 2797 0.9934 0.8294 -5.64
28266 Btu 's /$82  0.7534 0.6252 -15.88
34324 Btu 's? /82  0.6204 0.5148 -24.97

(S im i la r ly  for  River Bend, Seabrook 1, WPPS 2, and Zimner.)

7 Beaver Valley 2
21436 Btu ' s /$82  833 3411 0.8147 0.6956 -4.50
28266 Btu ' s /$82  0.8383 0.5275 -9.22
34324 Btu 's$/82 0.5257 0.4344 -13.40

(S imi la rly  for  Midland 2, Nine Mile P t .  2, and Shoreham)

Notes; Colunn C shows Generat ing Capacity in  Megawatts.
Colunn D shows Cost per In s t a l l e d  Kilowatt  ($1979).
Colum E shows S t a t i c  Net Energy Analysis Output/Input  Ratio.  
Column F shows 50-Yr. Dynamic Output/Input  Ra t io .
Colum G shows Average annual net  energy over 50-yr period.
All Calcu la t ions  r e l a t e d  to $1982 for E/GNP c o e f f i c i e n t s .
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B ased  on c a l c u l a t i o n s  a t  28,266 B tu ' s /$ 1 9 8 2 ,  i t  w i l l  be s e e n  in 

Column E o f  t a b l e  7.6 t h a t  15 p l a n t s  (Bra id iwood ,  C a t a w b a ,  L aS a l l e ,  

McGuire, Watts  Bar, Bellefonte,  Byron, Comanche Peak,  St. Lucie,  Summer, 

Pa lo  V erde ,  San O n o f re ,  S u s q u e h a n n a ,  V og t le ,  and  Wolf C re e k )  show 

posi t ive s t a t i c  ne t -ene rgy  Output/ Input  Ratios. However,  th e  la s t  f ive 

in t h e  a f o r e m e n t i o n e d  s e t  a r e  e s s e n t i a l l y  " b r e a k - e v e n "  o u t p u t / i n p u t  

r a t i o s  o f  1 .0096  to  1. I t  wil l  be  shown in t h e  s u b s e q u e n t  d i s c u s s io n  of  

Dynamic Net Energy Analysis t h a t  the S ta t ic  Output/Input  Rat ios must be 

s u b s t a n t i a l  b e f o r e  r e a l ,  pos i t ive^  n e t  e n e rg y  is r e a l i z e d .

Dynamic Net Energy Results 

The  q u e s t i o n  a s k e d  in  th i s  s e c t i o n  is :  Would a sy s tem  of 

Bel lefonte p lants ,  for example,  having a s ta t ic  n e t - e n e rg y  Output/ Input  

R a t io  of  1 .2256 to 1, y i e ld  p o s i t i v e  r e s u l t s  f o r  s o c i e t y  in  t h e  long 

ru n ?  The r e s u l t s  of the  dy n am ic  n e t - e n e r g y  a n a l y s e s ,  w h ich  fo l low ,  

show th a t ,  al though the  Sta t ic  Net-Energy Output/Input  Ratio of a single 

u n i t  may be p o s i t i v e ,  u nde r  dynam ic  a n a ly s i s  t h e  s y s t e m  may no t  y ie ld  

n e t  e n e r g y  f o r  some y e a r s  in t h e  f u t u r e ,  i f  a t  a l l .  This  r e s u l t s  from 

c o n t i n u i n g  e n e r g y  i n v e s t m e n t s  in f r o n t - e n d  c a p i t a l  c o n c e n t r a t e d  in 

r e l a t i v e  s h o r t  t ime  p e r io d s  (9 y e a r s )  and th e n  h av ing  th e  e n e r g y  r e t u r n s  

s p r e a d  o u t  o v e r  long p e r io d s  o f  t ime  (30 y e a r s ) .

F ig u r e  7.1 g r a p h i c a l l y  i l l u s t r a t e s  t h e  r e l a t i v e  a m o u n t s  of  o u t -  

p u t - e n e rg y  and inpu t -energy  t h a t  are involved in a cont inuous cons t ruc ­

t i o n  p r o g r a m .  In th i s  e x a m p le  i t  is as sumed t h a t  an a d d i t i o n a l  p l a n t  is 

s t a r t e d  e a c h  y e a r  and  t h a t  i t  t a k e s  9 y e a r s  to c o n s t r u c t  a s in g le  

p l a n t .  It will be no ted  th a t  ca p i t a l  energy- inpu ts  a re  shown be low
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Figure 7.1 

DYNAMIC NET ENERGY MMDEL

Alpha Units

Sun C o l s . ; 

Sun In tege rs :
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Sum co lu m n  i n t e g e r s :

1 2 3 4 5 6 7 8 9 9 9 9 9  
Sum In tege rs  hor izontal ly :

9 9 9 9 9 9 9

1 3 6 10 15 21 28 36 45 54 63 72 81 90 99  144

Notes: At the end of  the p lan t  l i f e  of the f i r s t  plan t  cons truc ted
(30 y r s ) ,  zeros would begin to appear in tha t  row and 
correspondingly ,  for  the second p l a n t ,  e t c . .
Alpha u n i t s  r e f e r  to cos ts  or outputs  "above" the zero l in e .  
Beta u n i t s  ( I ' s )  r e f e r  to cos ts  "below" the zero l i n e .
"d"s" r e f e r  to the cos ts  tha t  a re  annual cos ts  tha t  are 
d i s t r i b u t e d  over the l i f e  of the p l a n t s  and would be added 
to  each colunn t o t a l
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th e  z e r o  l i n e  ( b e t a  u n i t s )  and  t h a t ,  a t  t h e  end  of  t h e  n i n t h  y e a r ,  e a c h  

p l a n t  r e s p e c t i v e l y  b e g in s  to  g e n e r a t e  e l e c t r i c i t y .  T ha t  o u t p u t  is 

show n,  c o r r e s p o n d i n g l y ,  by th e  " I ' s "  a b o v e  th e  z e r o  l i n e  ( n o t e d  as a l p h a  

u n i t s ) ,  b e g in n in g  in t h e  t e n t h  y e a r  o f  t h e  c y c l e .

T o ta l  O u t p u t - E n e r g y  is show n by  h o r i z o n t a l l y  summing t h e  

colunn t o t a l s  a b o v e  th e  z e r o  l i n e ,  b e g in n in g  in t h e  t e n t h  y e a r  of  t h e  

cycle.  Total  Front-End Energy is ob ta ined  by summing the  column to ta l s  

( b e t a  u n i t s )  b e lo w  t h e  z e r o  l i n e .  I t  w i l l  be  n o t e d  f rom  f i g u r e  7.1 t h a t ,  

a t  t h e  en d  of 19 y e a r s  of  c o n s t r u c t i o n ,  t h e  o u t p u t  is 66 u n i t s .  This  

c o m p a r e s  to  an  e n e r g y - i n p u t  of  144 u n i t s .  This  e x p l a n a t i o n  w i l l  be 

c o n t i n u e d  in t h e  d i s c u s s io n  o f  t a b l e s  7.4 and  7.5 .  The b e t a  u n i t s  do 

n o t  i n c lu d e  t h e  r e l a t e d  e n e r g y  t h a t  is d i s t r i b u t e d  o v e r  t h e  g e n e r a t i n g  

l i f e  ( i . e . ,  t h e  "d 's"  below t h e  l i n e ) .  The "d 's"  be lo w  t h e  l ine  a r e  to  

show t h a t  e a c h  y e a r  e a c h  p l a n t  i n c u r s  an a n n u a l  d i s t r i b u t i v e  c o s t ,  

w h ich  i n c l u d e s  t h e  F i x e d - C h a r g e  C o s t s ,  Fuel  C h a r g e s ,  O p e r a t i o n  and  

Maintenance Costs ,  and so for th .

Table 7.7 is an example of  the  computer  model developed for  the 

Dynamic  Net  E nergy  A na lys is  o f  n u c l e a r  p o w e r  s t a t i o n s  used  in th i s  

s t u d y .  The t a b l e  shows t h e  m e th o d  and  r e s u l t s  of  a  5 0 - y e a r  a n a l y s i s  of 

B e l l e f o n t e  t w i n - r e a c t o r - t y p e  s y s t e m s  w h ich  sh o w e d  a p o s i t i v e  s t a t i c  

O u t p u t / I n p u t  R a t io  of  1.2256 t o  1. I t  w i l l  be n o t e d  t h a t  t h e  d ynam ic  

O u t p u t / I n p u t  R a t io  is 1.0349 to  1 ( l ine  19). This  r e s u l t s  f rom th e  

c o n c e n t r a t i o n  of  c o s t s  in t h e  9 y e a r s  of  c o n s t r u c t i o n  p r i o r  to th e  

beginning of  th e  e l e c t r i c i t y - g e n e r a t i o n  cycle.

At t h e  end  of  50 y e a r s ,  t h e  t o t a l  s y s t e m  y i e ld s  3.49 p e r  c e n t  

m o r e  e n e r g y  t h a n  w a s  r e q u i r e d  t o  c o n s t r u c t  a n d  o p e r a t e  i t .
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T ab le  7 .7

50-YEAR DYNAMIC NET ENERGY ANALYSIS MODEL 
Based on S ta t ic  Net-Energy Results  of Belefonte (Twin)

[A) (B) (C) (D) (E)
.INE ITEM VARIABLES EQUATIONS RESULTS

1 Const. Time ; 9 Years
2 Cycle in Years: 50 Years
3 Years of G eneration: 41 Years
4 No. Const. Per Year: 52 Per year
5 System L ife : 30 Years
6 No. Deconm. L ife -cy c le : 572 Twin Systens
7 Annual Output 1 Reactor
8 (C8 from E21, s t a t i c ) : 1.0879el5 C8/C5 = 3.6263el3
9 Alpha U nits : 795.0000 =SUM(1>41)-SUM(1>41)

10 Total Energy Output
11 from t o t a l  systan : C4*E8*C9 = 1.4991el8
12 Annual Front-End Energy, 1 s e t ,
13 (C14 from £24, S t a t i c ) : 2.0352el4 (C13/C1)*C4 = 1.1758el5
14 Beta U n its : 414.0000 = SUM(1>9)+ (9*41)
15 Total System Front End
16 Input Energy: E13*C14= 4.8681el7
17 Annual D is t r ib .  Energy, 1 s e t ,
18 (C19 from E19, S t a t i c ) : 6.8261el4 (C18/C5)*C4 = 1.1831el5
19 Total D i s t r .  Energy: C9*E18 = 9.4063el7
20 Decomnissioning Energy
21 (C22 from E25, s t a t i c ) : 3.6762el3 C6*C21 = 2.1027el6
22 Total Energy Input: E16*E19*E21 = 1.4484el8
23 O utput/Input Ratio : E11/E22 = 1.0349
24 Net Energy, 50 YRS.: (B tu 's ) E11-E22 = 5.0641el6
25 P lan ts  in Service: C4*C5 = 1560.0000
26 Annual Net Energy: (B tu 's ) E24/C2 = 1.0128el5

Notes: G enerally , v a r ia b le s  a re  shown in c o lu m  0 , although i t  w il l
be seen th a t  sonetimes a nunber in colunn E is  used in
subsequent c a lc u la t io n s .

Equations a re  shown in colunn D for r e s u l t s  in  colunn E.
C alcu la t ions  s t a r t  a t l in e  8 and proceed, in sequence,through l in e  26.
The n o ta t io n  C2 ( c e l l  C2), for example, r e fe r s  to  e n t ry  located  

a t  the in te r s e c t io n  of c o lu m  C and line  2.
C4*C5, for example, means th a t  the q u an t i ty  in  colunn C, l ine  4 

i s  m u l t ip l ie d  times the q u an t i ty  a t  co lum  C, l in e  5.
SUM(l>41) means th a t  in tegers  1 ,2 ,3 . . . 4 1  are  sunned.
E18/E17 is n o t a t i o n  to  m ean  t h a t  c e l l  E18 is  d iv id e d  by c e l l  E17.
Line 22 shows the  dynamic O utput/Input Ratio to  be 1.0349 to 1.
Line 25 shows th a t  over i t s  30-year l i f e c y c le  a Komanoff
Base-Case p lan t  would yield an average  annual 1 .0128el5  British 

the rm al units  of ne t energy , where "e l5 "  means th a t  the  decimal point 
i s  15 p laces to  the r ig h t .  Also, 1.0128 = 1.0128 quads of net energy.
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Over the 5 0 -y ea r  per iod , the system has gen era ted  a to ta l  of 50.64 quads 

o f  n e t  e n e rg y  ( s e e  c e l l  E24), a v e r a g in g  1 .0128  quads  o f  n e t  e n e rg y  p e r  

year .  Meanwhile, 2600 tw in - re a c to r  p la n ts  will have been s t a r t e d ,  1560 

tw in  u n i t s  w ill  h a v e  o p e r a t e d  c o n t in u o u s ly ,  an d  572 tw in  u n i t s  w il l  have  

b e e n  d e c o m m iss io n e d .  A d e t a i l e d  e x p l a n a t i o n  of th e  d y n am ic  m odel is 

con ta ined  in appendix B.

R esu lts  of 100-Year Dynamic Analysis

Does th e  s i t u a t i o n  im prove  w ith  t im e?  Not m uch , a s  t a b l e  7.8 

shows. Table 7.8 is a 100-year Dynamic Net Eenergy Analysis of a system 

of B e l l e f o n t e - t y p e  p l a n t s .  Line 4 show s t h a t  52 p la n ts  a r e  s t a r t e d  e a c h  

y e a r .  Line 5 show s t h a t  i t  is  a s su m ed  t h a t  e ac h  p la n t  w i l l  l a s t  30 

y e a r s .  This r e s u l t s  in  3172 p la n t s  b e in g  deco m m iss io n ed  o v e r  th e  100- 

y e a r  c y c le  as show n in c e l l  C6.

C ell  E24, t a b l e  7 .8 ,  show s th e  Dynamic O u tp u t / I n p u t  R a t io  has 

inc reased  to  1.1246 to  1. Over the  1 0 0 -y ea r  period, 479.66 quads of net 

energy  would be produced , averaging  4.7966 quads per year .  Meanwhile, 

5200 tw in - re a c to r  B ra id iw ood-type-p lan ts  would have been b u il t ,  and 3172 

would have been decommissioned.^ This analysis assumes th a t  no serious 

a c c id e n t s  w ould  h a v e  o c c u r r e d .  The p r o b a b i l i t y  of an a c c i d e n t  w ould  be 

r e l a t i v e l y  h igh  d u r in g  238,680 r e a c t o r  y e a r s  of o p e r a t io n ,  c o n s id e r in g  

th e  Three-M ile-Island experience.^

^Actually , 10,400, 1120-m egaw att ,  individual re a c to rs  would have 
been co n s tru c ted  and 6,344 would have been  decommissioned.

^This l a t t e r  num ber is  r e a c h e d  by m u l t ip ly in g  2295 ( c e l l  C8 
o f  t a b le  7.6) t im e s  52 ( th e  nu m b er  c o n s t r u c t e d  e a c h  y e a r  sh o w n  in c e l l  
04) t im es  2, s in c e  th e  sy s tem  is a t w i n - r e a c t o r  sy s tem .
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T ab le  7 .8

100-YEAR DYNAMIC ANALYSIS 
B elle fo n te  Twin-Reactor-Type Systems

(A) (B) (0) (D) (E)
LINE ITEM VARIABLE EQUATIONS RESULTS

1 Const. Time: 9 Years
2 Cycle in Years; 100-year cycle  of an a ly s is
3 Years of Generation: 91 Years
4 No. Const. Per Year: 52.0000
5 Syston L ife : 30 Years
6 No. Deconm. L ife -c y c le : 3172
7 Annual Output 1 Reactor
8 (08 from E21, s t a t i c ) : 1.0879el5 08/05 = 3.6263el3
9 Alpha U nits : 2.2950e03 =SUM(1>41) -SUM(1>41)
10 Total Energy Output
11 from to t a l  system: 04*E8*09 = 4.3276el8
12 Annual Front-End Energy, 1 s e t .
13 (013 from E24, S t a t i c ) : 2.0352el4 (013/01)*04 = 1.1758el5
14 Beta U nits : 864.0000 = SUM(1>9)+ (9*41)
15 Total System Front End
16 Input Energy: £13*014= 1.0159el8
17 Annual D is t r ib .  Energy, 1 s e t .
18 (018 from E19, S t a t i c ) : 6.8261el4 (018/05)*04 = 1.1831el5
19 Total D is t r .  Energy: 09*E18 = 2.7154el8
20 Decomnissioning Energy
21 (021 from E25, s t a t i c ) : 3.6762el3 06*021 = 1.1660el7
22 Total Energy Input: E16*E19*E21 = 3.8480el8
23 Output/Input R atio : E11/E22 = 1.1246
24 Net Energy, 100 YRS.: (B tu 's ) E11-E22 = 4.7966017
25 Plan ts  in  Serv ice : 04*05 = 1560.0000
26 Annual Net Energy: (B tu 's ) E24/02 = 4.7966el5

Notes : G enerally , v a r ia b le s  are  shown in colunn C, although i t  w il l  
be seen th a t  sometimes a nunber in  colunn E is  used in 
subsequent c a lc u la t io n s .

Equations are  shown in co lum  D for r e s u l t s  in co lu m  E.
C alcu la t ions  s t a r t  a t  l in e  4 and proceed, in  sequence, 

through l in e  26.
The no ta t io n  08 ( c e l l  08 ),  for example, r e fe r s  to  en try  

located  a t  the  in te r s e c t io n  of co lu m  0 and l in e  8.
04*05, for example, means th a t  the q u a n t i ty  in co lu m  0, l ine  4 

i s  m u l t ip l ie d  times the qu an ti ty  a t  c o lu m  0, l in e  5.
SUM(1>41) means th a t  in tegers  1 ,2 ,3 . . . 4 1  a re  sunned.
E18/02 means th a t  c e l l  E18 is  divided by c e l l  02.
Data in c e l l s  08, 013, 018, and 021 t r a n s fe r r e d  from tab le  7 .6 .
Line 23 shows the dynanic O utput/Input Ratio  to be 1.1246 to  1
Line 26: average annual net energy produced is  4.7966 quads.
Notation "el5" means decimal po in t is  15 places to  the r ig h t .
D e ta i led  procedures provided in  Appendix B.
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Some i n t e r e s t i n g  r e s u l t s  a r e  in c lu d e d  in  t a b l e  7.9 w hich  is a 

sum m ary  o f  a s im u la t io n  o f  e v e n t s  o v e r  a 1 0 0 - y e a r  t im e  s p a n .  I t  is 

a s su m e d  t h a t  52 B e l le f o n te  t w i n - r e a c t o r  s y s te m s  w ould  be s t a r t e d  e a c h  

y e a r  (o n e  new  s y s te m  e a c h  w eek ) .  This c o n s t r u c t i o n  r a t e  w as c h o se n  to  

show  t h a t  i t  w o u ld  t a k e  a p p r o x im a te ly  50 y e a r s  to  show  an a n n u a l  n e t -  

e n e r g y  p r o d u c t i o n  o f  m ore  th a n  one  q u ad  ( i . e . ,  E nergy/G N P R a t io  28,266 

B tu 's /$ 1 9 8 2 .)

The su m m a ry  show s th e  n e t - e n e r g y  s i t u a t i o n  a t  1 0 - y e a r  

in te rv a ls .  Column B shows the  Dynamic Net Energy O utput/Input Ratios 

a t  the  end of each  10 -year period . Column C shows the  accum ula ted  ne t 

energy  a t  the  end  of each  period . Column D shows the  average  annual ne t 

energy  over the  period . Column E shows the  number of p lan ts  th a t  would 

be  c o n s t r u c t e d  a t  th e  end o f  e a c h  p e r io d .  Column F show s th e  num ber 

th a t  would be decommissioned a t  the  end of each  period . Column G shows 

t h e  n u m b e r  o f  p l a n t s  t h a t  w ould  be c o n t in u o u s ly  o p e r a t e d  d u r in g  e ac h  

p e r io d .  I t  w i l l  be seen  t h a t  1560 t w i n - r e a c t o r  p la n t s  w ould be 

c o n t in u o u s ly  o p e r a t e d  a f t e r  30 y e a r s  have  p a s s e d .  I t  w ill  be s e e n  th a t  

a huge  e n e r g y  d e f i c i t  is in c u r r e d  in th e  e a r l y  y e a r s .  The sy s te m  w ould 

r e q u i r e  an  e x te r n a l su bsid y  of 46.8  q u ad s  o f  e n e rg y  to  d e v e lo p  th is  

s y s te m  in  th e  f i r s t  10 y e a r s  o f  o p e r a t i o n ,  in c r e a s in g  to  106 q uads  in 

t h e  f i r s t  20 y e a r s  o f  o p e r a t io n .

The m o d e ls  a re  s c a l a r  w ith  r e s p e c t  to  th e  n u m b e r  c o n s t r u c t e d  

p e r  yea r .  Smaller cons truc tion  r a te s  will show p ro p o r t io n a te  changes in 

t h e  m a g n i tu d e s  o f  t a b le  7 .9 ,  a l th o u g h  O u tp u t / I n p u t  R a t io s  and  th e  

m a them a tica l  s igns (+ /-)  of columns C and D will remain the  same.
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T ab le  7.9

SUMWARY, 100-YEAR DYNAMIC NET ENERGY SIMULATION 
B e l le fo n te  Twin-Reactor Systans, 

Construct 52 TWin-Reactor IMits Per Year 
All c a lc u la t io n s  use 28,266 Btu's/$1982

(A) (B) (C) (D) (E) (F) (G)

Year

Dynamic
O utput/

Input
Ratio

Accim. 
Net 

Energy 
(quads) t

Annual 
Net 

Energy 
( quads)t

Number
Const.

Number
Deccnrn.

Number
Operated

10 0.0291 -62.78 -4 .68 520 0 52

20 0.5030 -122.96 -6.15 1040 0 1040

30 0.7941 -112.85 -3.05 1560 0 1560

40 0.9636 -35.16 -0.36 2080 52 1560

50 1.0349 +50.64 +1.47 2600 572 1560

60 1.0707 +136.44 +2.27 3120 1092 1560

70 1.0922 +222.25 +3.18 3640 1612 1560

80 1.1066 +308.10 +3.85 4160 2132 1560

90 1.1169 +393.85 +4.38 4680 2632 1560

100 1.1472 +479.66 +4.78 5200 3172 1560

Source: Results  are  c a lc u la t io n s  using models s im i la r  to
ta b le  7 .8 .  The equations  of l in e s  9 and 15 of 
ta b le  7.8 are  changed to  account for d i f f e r in g  time spans. 
Note: tguad = one q u a d r i l l io n  ( i . e .  1 x 10^®) B tu 's .

T ab le  7 .10  is  a su m m a ry  o f  th e  n e t - e n e r g y  a n a ly s e s  c a l c u l a t e d  

fo r  r e p r e s e n t a t i v e  p l a n t s  in v a r io u s  c o s t  c a t e g o r i e s  of t h e  1984 

K om anoff  c o s t  e s t i m a t e s .  C a lc u la t io n s  w e re  m ade  u s ing  low (21 ,436  

B tu 's /$ 1 9 8 2 ) ,  m e an (2 8 ,2 6 6  B tu 's /$ 1 9 82),  and  h igh  (34 ,324  B tu’s /$ 1 9 8 2 )  

v a lu e s .  S t a t i c  O u tp u t / I n p u t  R a t io s  a r e  show n , a lo n g  w ith  D ynam ic  

O utpu t/Inpu t Ratios and m ean-value  n e t -e n e rg y  e s t im a te s ,  for bo th
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T a b le  7 .1 0

SmWARY 50-YEAR AND 100-YEAR DYNAMIC CALCULATIONS 
Varying Energy/GNP Ratios

(A) (B) (C) (D) (E)
50-Years

(F) (G)
100-Years

NAME

Energy/GNP S ta t ic  
Ratios I/O 

Btu 's/$1982 RATIO

Dynsmic Mean Dynamic Mean
O/I Annual O/I Annual

Ratio  Net Energy R atio  Net Energy

Braidiwood 21436 1 .9641 1 .6582  +11.50 1 .7997  +17.57
@ 2240MW 38266 1.4895 1.0951 + 5.89 1.3648 +10.68
$1113/KW,$1982 23324 1.2266 1.0460 + 1.22 1.1239 + 4.41
(S im ila r ly  for Catawba, LaSalle , McGuire, and Watts B ar) .

B e l le fon te  21436 1.6162 1.3648 + 8.02 1.4830 +14.10
2426MW 28266 1.2256 1.0350 + 1.02 1.1247 + 4.78
$1484/KW,$1982 34324 1.0093 0.8523 -  5.19 0.9262 -  3.45
(S im ila r ly  for Byron, Comanche Peak, St Lucie, and Sunmer).

Palo Verde 21436 1.4500 1.2187 + 4.89 1.1833 +11.28
2540MW 28266 1.0096 0.9242 -  2.23 1.0097 + 0.44
$1724/KW,$1982 34324 0.9005 0.7611 -  8.53 0.7390 -14.10
(S im ila r ly  to  San Onofre, Susquehanna, V ogtle, and Wolf Creek)

Callaway 21436 1.2878 1.0775 -  6.19 1.1833 + 6.19
@ 2240MW 28266 0.9766 0.8171 -  6.19 0.8974 -  4.60
$2018/KW,$1982 34324 0.8043 0.6729 -13.45 0.7390 -14.10
(S im ila r ly  for Grand Gulf, Mi Is tone 3 , Perry , and South Texas).

C lin ton  21436 1.1082 0.9226 -  1.93 1.0191 + 0.62
1866MW 28266 0.8404 0.6997 -  9.90 0.7728 -  9.78
$2444/KW,$1982 34324 0.6921 0.5762 -16.97 0.6364 -19.01
(S im ilary  for Fermi, H a rr is ,  Limerick 1, and W aterford).

Hope Creek 21436 0.9934 0.8244 -  5.64 0.9139 -  3.60
2144MW 28266 0.7534 0.6252 -15.88 0.6931 -16.93
$2797/KW,$1982 34324 0.6204 0.5148 -24.97 0.5707 -28.76
(S im ila r ly  for River Bend, Seabrook 1, WPPS2, and Zininer).

Beaver Valley 2 21436 0.8417 0.6956 -  4.50 0.7749 -  4.32
833MW 28266 0.6383 0.6956 -  9.22 0.5876 -10.43
$3411/KW, $1982 34324 0.5257 0.4344 -13.40 0.4839 -15.85
(S im ila r ly  for Midland 2, Nine Mile P t .  2, and Shoreham).

Komanoff Average 21436 1.2470 1.0422 + 1 .1 5  1.1461 + 5 .2 3
2300MW 28266 0.9457 0.7840 -  7.53 0.8691 -  6.18
$2104/KW,$1982 34324 0.778 0.6509 -15.25 0.7157 -16.29

Notes: A ll c a lc u la t io n s  made on b a s is  of tab le  7.5 s t a t i c  model, and 
the 50 and 100-year dynamic models, p rev iously  shown.

130



5 0 - y e a r  and  1 0 0 - y e a r  a n a ly s e s .  The r e s u l t s  from  th e  f i r s t  p l a n t  l i s t e d  

in  e a c h  c o s t  c a t e g o r y  a r e  show n. The O u tp u t / I n p u t  R a t io s  f o r  th e  o th e r  

p la n t s  in e a c h  c o s t  s e t  w ould  be th e  sa m e ,  a l th o u g h  th e  a n n u a l  n e t -  

energy values would vary  w ith  p lan t  s iz e .

The m ean v a lu e  fo r  th e  c a p i t a l  c o s t s  of th e  1984 K om anoff  d a ta  

b a s e  is  $2014 p e r  i n s t a l l e d  k i l o w a t t  o f  c a p a c i t y .  The n e t - e n e r g y  

r e s u l t s  a r e  show n as th e  l a s t  s e t  of c a l c u la t io n s  in t a b l e  7 .1 0 .  I t  can 

be s e e n  t h a t ,  i f  th e  c o s t s  o f  n u c l e a r  p o w e r  p la n t s  c o n t in u e  to  be 

g r e a t e r  th a n  $2014 p e r  k i l o w a t t ,  th e n  th e  t r u e  v a lu e  o f  th e  Energy/GNP 

c o e f f i c i e n t  m us t  be c o n s id e r a b ly  le s s  th a n  th e  m ean  v a lu e  of 28,266 

Btu's/$1982. However, even using the low -end Energy/GNP Ratio of 21,436 

B tu 's /$  1982, i t  w ill be  s e e n  t h a t ,  w ith  a m ass ive  c o n s t r u c t i o n  program  

of commencing one new 2300-m egaw att system per week (52 per  year), the 

n e t  e n e rg y  to  be  r e a l i z e d  from  such  an u n d e r ta k in g  w ould  a v e r a g e  only

1.15 q u ad s  of n e t  e n e rg y  a t  th e  end  of 50 y e a r s  and  w ould  a v e r a g e  only 

5.23 q u ad s  o f  n e t  e n e rg y  a t  th e  end  of 100 y e a r s .  H ig h er  c o s t s  and 

h ig h e r  Energy/GN P R a t io s  w ould y ie ld  le s s  f a v o r a b l e  r e s u l t s ,  and 

conversely .

All Things Considered

The e n e rg y  c o s t  of r a d io lo g ic a l  w a s te  d isp o s a l  and  o th e r  tox ic  

w a s te s  from  th e  e n t i r e  n u c l e a r - f u e l  c y c le  a re  n o t  in c lu d e d ,  e x c e p t  to 

th e  e x t e n t  t h a t  th e  c o s t s  a re  in c lu d e d  in  th e  F ixed  C h a rg e  C ost as a 

p a r t  of the  u t i l i ty 's  ta x  paym ents. The fed e ra l  governm ent has assumed 

much of the  responsib il i ty  fo r  long-term  ra d io a c t iv e -w a s te  disposal — a 

burden th a t  soc ie ty  must deal with for genera tions  to come. The author 

f e e l s  t h a t  th i s  c o s t  is n o t  c o v e re d  in th e  F ix e d -C h a rg e  C o s ts ,  and
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t h e r e b y  a d d s  a r o b u s t  q u a l i t y  to  th e  c a l c u l a t i o n s .  This  p o in t  w as 

b r i e f l y  d i s c u s s e d  e a r l i e r . ^

Energy Systems Research Group (ESRG)^ holds th a t  O perations and 

M a in te n a n c e  c o s t s  a r e  e s c a l a t i n g  a t  f a s t e r  r a t e s  th a n  a r e  c o n s id e r e d  in 

t h i s  s tu d y ,  s a y in g  t h a t  th e  c o s t s  w ould  be "$ 6 5 .5 6 /k w  in 1986 , r i s in g  to  

$ 1 7 6 .0 5 /k w  in 199 9 ."  C o n t in u a t io n  o f  th i s  t r e n d  w ill  ad d  a a ro b u s t  

q u a l i t y  ( a l b e i t  c o n s e r v a t iv e )  to th e  c o n c lu s io n s  of th i s  s tu d y  a c c o r d ­

in g ly .

ESRG a lso  a r g u e s  t h a t  th e  c o s t s  o f  n u c l e a r  fu e l  i s  i n c r e a s in g  a t  

a  r e a l  r a t e  of 1 p e r  c e n t  p e r  y e a r  (a b o v e  th e  r a t e  o f  i n f l a t i o n ) . ^  The 

p r e s e n c e  o f  th i s  f u t u r e  c o s t  a lso  adds  a r o b u s t  q u a l i ty  to  th i s  s tu d y  

since  the  increas ing  cos t t rend  was not included.

ESRG a lso  e s t i m a t e s  t h a t  s o - c a l l e d  C a p i ta l  A d d it io n s  ( i . e . ,  

p l a n t  r e t r o f i t t i n g  a d d i t io n s  due to  c h a n g in g  s a f e t y  r e q u i r e m e n t s )  w ill 

i n c r e a s e  from  "$ 3 7 .2 3 /k w  in 1986 to  $ 1 0 0 .8 1 /k w  in 1 9 9 9 . Thi s  t r e n d  

w as n o t  in c lu d e d  in th e  c u r r e n t  s tu d y  and  th e  r e s u l t s  a r e  r o b u s t  

accord ing ly .

I t  has  b e e n  a s su m ed  t h a t  a l l  of t h e  n u c l e a r  p la n t s  w il l  l a s t  fo r  

30 y e a r s  w i th o u t  a m a jo r  a c c id e n t  su ch  as  T h re e -M i le - I s la n d  No. 2 or 

w o rse .  This  is  an u n l ik e ly  s c e n a r i o .  If th e  a v e ra g e  l i f e  tu r n s  o u t  to

^Anory B. Lovins and John H. P r ic e ,  Non-Nuclear F u tu re s , Idem.

^ S te p h e n  S. B ernow  (Ph.D. E x p e r im e n ta l  P h y s ic s )  o f  Energy  
Systems Research Group (ESRG) 120 Milk S t r e e t ,  Boston, MA 02109. Draft 
of pending testim ony on Grand Gulf nuc lea r-p o w ered  e le c t r i c i ty  g e n e ra t ­
ing  s y s te m  ( r e c e i v e d  A ugust 15, 1985,) ap p en d ix  A, u n n u m b e re d  E x h ib it ,  
S c h e d u le  A, S h e e t s  1, 2, and  3.

^ Ib id .

4 lb id .
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be le s s  t h a n  30 y e a r s ,  th e n  th e  r e s u l t s  o f  th i s  s tu d y  w ill b e c o m e  becom e 

inc reas in g ly  robus t as the average lifespan  declines.

A n o th e r  m a jo r  c o s t  t h a t  is  n o t  a c c o u n te d  fo r  in  th i s  s tu d y  is 

t h e  p o t e n t i a l  c o s t  of in su r in g  a g a i n s t  a c a t a s t r o p h i c  a c c i d e n t .  A 

s u b s t a n t i a l  p a r t  o f  th i s  in s u r a n c e  b u rd e n  fo r  U n ited  S t a t e s  n u c l e a r  

u t i l i t i e s  w as a s su m ed  by th e  g o v e rn m e n t  of th e  U n ited  S t a t e s  w ith  th e  

p a s s a g e  o f  th e  P r ic e -A n d e r s o n  A c t.  The e x i s t e n c e  o f  th i s  law  s u b s t a n ­

t i a l l y  d i s t o r t s  th e  o p e r a t in g  c o s t s  o f  u t i l i t i e s  t h a t  o p e r a t e  n u c l e a r  

p o w e r  s y s t e m s .  C o n s e q u e n t ly ,  th e  c o n c lu s io n s  o f  th i s  s tu d y  a r e  r o b u s t  

a c c o r d in g ly ,  b e c a u s e  th is  in s u r a n c e  c o s t  is  n o t  a c c o u n te d  fo r  in th i s  

s tu d y .  I t  a l so  s t r e n g t h e n s  th e  c a s e  fo r  in c lu d in g  th e  F ix ed  C h arg e  

C o s ts  as an  e n e r g y  c o s t .  P a t t e r s o n  has  d e s c r ib e d  th e  s i t u a t i o n ,  as 

follows;

Perhaps  the  most co n tro v e rs ia l  f inanc ia l aspect of c iv il  nuc lear  
p o w e r  is  in s u r a n c e  a g a in s t  t h i r d - p a r t y  l i a b i l i t y  in th e  e v e n t  of 
a c c i d e n t .  In th e  mid 1950s . . . p r o s p e c t i v e  o p e r a t o r s  o f  n u c l e a r  
power s ta t io n s  in the USA shied aw ay, w orried a t  the  m onum ental sums 
th e y  m ig h t  h a v e  to  pay o u t  in  t h e  a f t e r m a t h  of a m a jo r  r e a c t o r  
a c c i d e n t .  The num bers  p u t  f o r w a r d  by WASH-740 . . . w e re  w e ll  
o u ts ide  a c tu a r ia l  experience . On the  o th e r  hand, the p robab il i ty  of 
an  a c c i d e n t  w as c e r t a i n l y  d e c l a r e d  to  be v e ry  low . But on th e  
o t h e r ,  t h e  aw eso m e c o n s e q u e n c e s  f o r e s e e n ,  shou ld  t h i s  im p ro b a b ly  
o ccu r ren c e  nonetheless  occur, involved sums of money b e tw ee n  te n  and 
one h u n d r e d  t im e s  th e  l a r g e s t  p r e v io u s ly  c o n t e m p la te d  fo r  t h i r d -  
p a r t y  l i a b i l i t y .  W ithout e v e n  r e f e r r i n g  to  th e  human d im e n s io n s  o f  
s u ch  a d i s a s t e r  i t  was c l e a r  t h a t  th e  l a r g e s t  u t i l i t y  in  t h e  c o u n t ry  
w ou ld  be  w ip e d  o u t  f in a n c ia l ly  lo n g  b e f o r e  c o v e r in g  i t s  l i a b i l i t i e s ,  
and so would most insurers.

The dead lock  was broken by the  passage of the Price-A nderson  Act 
of 1 9 5 7 ,  w h ich  e s t a b l i s h e d  t h e  p r in c i p le  of an u p p e r  l im i t  to  
o p e ra to r  l iab i l i ty  in claims for th i rd -p a r ty  damages, and provided a 
F e d e r a l  u m b re l la  o f  e x t r a  c o v e r a g e  . . . i n i t i a l l y  $60 m il l io n  from  
p r iv a t e  in s u re r s ,  plus $500 m i l l io n  from the government.^ . . .

^Walter C. P a tte rson ,  Nuclear Power (New York: Penguin
Books, 1976), p p .231-232.
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B e y o n d  t h i s  t o t a l  t h e r e  s h a l l  b e  no f u r t h e r  f i n a n c i a l  
l i a b i l i t y . '  T ha t i s ,  in  th e  e v e n t  t h a t  t h e  $7000 m illion  p r o p e r ty  
damage fo reseen  as w orst possible by WASH-740 should someday occur,  
a maximum of . . . $500 m illion  from  g o v e rn m e n t  p lu s  $60 m illion  
from  p r i v a t e  i n s u r e r s  w ould be a v a i l a b l e .  C la im s fo r  th e  re m a in in g  
$6440 m i l l io n  would not be e n te r ta in ed .

Sunnary

In th i s  c h a p t e r ,  t h e  m e thod  o f  c a l c u l a t i n g  b o th  S t a t i c  and  

Dynamic Net Energy Analyses was outlined . The d e ta i le d  procedures for 

both  methods a re  inc luded  in appendix B.

The ch a p te r  began  with a review of n e t - e n e rg y  analyses done by a 

num ber  o f  a u t h o r s .  E x c e p t  f o r  th e  s tu d y  by K ly s t r a  and Han, a l l  o f  th e  

s tud ies  showed su b tan t ia l ly  higher s ta t i c  O u tpu t/Inpu t Ratios than those 

fo u n d  in th i s  s tu d y .  The K ly s t r a  and Han s tu d y  w as  b a se d  on e a r l y  

e n g in e e r in g  c o s t  e s t i m a t e s  and a c c o u n t s  f o r  th e  r e l a t i v e l y  h ig h e r  

O utput/Input Ratio. I t  was noted th a t  most o th e r  n e t -e n e rg y  studies  did 

n o t  in c lu d e  th e  O th e r  P la n t  C osts  (w h ich  in c lu d e  t r a n s m is s io n  and  

d i s t r i b u t i o n  p la n t )  as  an  e n e rg y  c o s t .  Most o t h e r  s tu d ie s  d id  n o t  

include the  F ixed-C harge Cost as an energy  c o s t .  Prior energy analyses 

w e r e  b a s e d  on o l d e r  c o s t  d a t a  o r  e n g i n e e r i n g  c o s t  e s t i m a t e s .  

S u b s e q u e n t ly ,  i t  h a s  b e e n  found  t h a t  c a p i t a l  c o s t s  have  s u b s t a n t i a l l y  

exceeded  the  eng ineering  es tim ates  of e a r l ie r  years .

The a n a ly s e s  in  th i s  s tu d y  a re  b a s e d  on th e  a rg u m e n t  o f  th e  

p r o p o r t i o n a l i t y  o f  r e a l  eco n o m ic  c o s t  an d  a c t u a l  e n e rg y  d i s s ip a t io n ,  

w h ich  was d is c u s s e d  in  c h a p t e r  5. C osts  o f  th e  4 6 - p l a n t  d a t a  s e t  w ere  

e x p r e s s e d  in 1979 d o l l a r s .  C os ts  of t h e  3 4 - p l a n t  d a t a  s e t  w e re  

e x p r e s s e d  in 1982 d o l l a r s .  The c o r r e s p o n d in g  Energy/GNP R atio

l l b i d ,  p . 172.

134



c a l c u l a t i o n s  a r e  show n in  a p p en d ix  A, w i th  s e l e c t e d  y e a r s  and  m ean 

v a lu e s  show n in  t a b l e  5 .3 .  L o w -v a lu e ,  m e a n - v a lu e ,  a n d  h ig h - v a lu e  

Energy/GNP R a t io s  a r e  u sed  in  n e t - e n e r g y  c a l c u l a t i o n s  o f  th e  3 4 - p l a n t  

d a t a  s e t .

S ta t ic  Net Energy Analysis of the  so -ca l led  Komanoff Base-Case 

p l a n t ,  b a s e d  on th e  1981 c o s t  e s t i m a t e s  of K o m an o ff ,  show s t h a t  i t  

bare ly  yields n e t  energy. The Komanoff N ortheas t- type  p lan ts ,  which are  

to  h a v e  an ev en  h ig h e r  c o s t ,  do n o t  y ie ld  p o s i t i v e  n e t  e n e r g y .

A sum m ary  o f  th e  r e s u l t s  o f  S t a t i c  Net E nergy  A n a ly ses  and  5 0 -  

year dynamic analyses for the  1984 Komanoff cos t e s t im a te s  a re  shown in 

t a b l e  7 .6 .  A m ore  c o m p le te  sum m ary  is in c lu d e d  in t a b l e  7 .10 .  In a l l  

c a s e s  o f  t a b l e  7 .10 ,  c a l c u l a t i o n s  w e re  made by v a ry in g  th e  Energy/GNP 

R a t io s ,  u s ing  low , m ean , and  high v a lu e s .  The l o w - v a lu e  Energy/GNP 

Ratios showed the  most favorable  n e t -e n e rg y  resu lts ,  i . e . ,  have highest 

O utput/Input Ratios. The m ean-value for ins ta lled  C ap ita l  Costs of the 

1984 3 4 - p l a n t  d a t a  s e t  w as $2014 p e r  k i l o w a t t  o f  c a p a c i t y  ($1982).  

Calculations w ere done assuming a cons truc tion  program of insta lling  52 

new t w i n - r e a c t o r  s y s te m s  p e r  y e a r ,  c o s t in g  $2014 p e r  k i l o w a t t  o f  

i n s t a l l e d  c a p a c i t y .  Even w hen th e  lo w -v a lu e  Energy/G N P R a t io  ( i . e . ,  

21 ,436  B tu 's /$ 1 9 8 2 )  is  u se d ,  th e  r e s u l t s  a re  n o t  f a v o r a b l e .  Such  a 

p ro g ra m  w ould y ie ld  o n ly  5.23 quads  of n e t  e n e rg y  p e r  y e a r  o v e r  a 100- 

y e a r  p e r io d .  L a rg e r  Energy/GNP R a t io s  and  l a r g e r  c a p i t a l  c o s t s  show 

nega t ive  net energy.

F in a l ly ,  s e v e r a l  ex am p les  of in c r e a s in g  c o s t  t r e n d s  (no t 

c o n s id e r e d  in th e  c u r r e n t  s tu d y )  w e re  b r i e f ly  d i s c u s s e d .  I f  t h e s e  

t r e n d s  c o n t in u e  th e  c o n c lu s io n s  of th is  s tu d y  w ould  tu rn  o u t  to  be
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conserva t ive  accord ingly .

I t  is  t h e  a u t h o r ' s  c o n c l u s i o n  t h a t ,  u n l e s s  c o s t s  c a n  be 

s u b s t a n t i a l l y  lo w e re d  o r  e f f i c i e n c y  m a te r i a l l y  im p ro v ed ,  n u c l e a r -  

pow ered e le c t r ic i ty  genera tin g  system s are no t likely to  be independent 

s o u r c e s  o f  n e t  e n e r g y .  They w ill  r e q u i r e  an  e x t e r n a l  e n e rg y  su b s id y  fo r  

th e i r  ex is ten ce .
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CHAPTER 8

ESTIMATED NET ENERGY PROM WIND SYSTEMS 

P rec is

The p u rp o s e  of th i s  c h a p t e r  is to  show  t h a t ,  g iv e n  th e  p r e s e n t  

s t a t e  o f  t e c h n o lo g y  and  e c o n o m ic - c o s t  s i t u a t i o n  of Wind Energy 

Conversion Systems (WEGS), th is  so la r -d r iv e n  technology, like nuc lea r-  

powered e le c t r ic i ty -g e n e ra t in g  system s, is  n o t  an independent source  of 

e n e rg y ;  r a t h e r ,  i t  is  a r o u n d a b o u t  w ay (a r e l a t i v e l y  b e n ig n  way, 

h o w ev e r)  of d e p l e t i n g  th e  c u r r e n t  s to c k  o f  fo s s i l  fu e ls .

The r e s u l t s  show  t h a t  Wind E n e rg y  C o n v e rs io n  S y s te m s ,  l ike  

n u c l e a r  p o w er  s y s te m s ,  a re  n o t  l ik e ly  to  be  in d e p e n d e n t  s o u r c e s  of n e t  

energy  a t  the p re se n t  s t a t e - o f - t h e - a r t  and leve l of l i f e s ty le  enjoyed by 

th e  hum an p a r t i c i p a n t s .  T here  w ou ld  h a v e  to  be a s u b s t a n t i a l  lo w e r in g  

o f  u n i t  c o s t s  (o r  in c r e a s e s  in e f f i c i e n c y )  in o rd e r  fo r  w ind s y s te m s  to  

become independen t sources  of n e t  energy .

The m e th o d o lo g ie s  used  in th i s  s e c t i o n  a re  s im i la r  to  th o s e  used  

in c h a p t e r  7 f o r  n u c l e a r  p ow er s y s te m s .  R e s u l t s  of s t a t i c  an d  dynam ic  

n e t -e n e rg y  analyses  o f  severa l wind system s are  summarized. Detailed 

inform ation is con ta ined  in appendix C.

The g e n e r a l  a p p ro a c h  fo l lo w e d  in t h i s  c h a p t e r  is th e  sam e as 

th a t  followed in c h a p te r  7 for n u c lea r  pow er s ta t ions .  The m oney-energy
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p r o p o r t i o n a l i t y  p r in c i p a l ,  a s  f i r s t  i n t r o d u c e d  by  Odum^ an d  f u r t h e r  

d e v e lo p e d  by C o s ta n z a ,^  w as e l a b o r a t e d  in c h a p t e r  5 and  is fo l lo w e d  in 

th i s  a n a ly s i s .  In o r d e r  to  be lo g ic a l ly  c o n s i s t e n t ,  th i s  m eans  t h a t  a l l  

cos ts  a re  included as energy-inpu t co s ts .  F ixed-Charge Costs and costs 

o f  t r a n s m is s io n  and  d i s t r i b u t io n  s y s te m s  a r e  in c lu d e d .  A lth o u g h  some 

p r o p o n e n ts  of w ind s y s te m s  m ight a rg u e  t h a t  i n t e r c o n n e c t i o n  w i th  the  

u t i l i t y  g r id  v i o l a t e s  som e o f  th e  d e c e n t r a l i z a t i o n  b e n e f i t s  ( n a t io n a l  

s e c u r i t y ,  s y s te m  r e s i l i e n c e ,  and so f o r t h ) ,  a p p a r e n t l y  th e  i n t e r c o n n e c ­

tion  is the  most c o s t - e f f e c t iv e  method of using the  wind systems. Until 

i t  can  be show n  t h a t  t h e r e  a re  ways of m ore  e f f i c i e n t l y  u s in g  d i s c o n ­

n e c te d  wind system s, the  re la te d  energy  cos t of in te rco n n ec t io n  with the  

u t i l i t y  g r id  m ust be c o u n te d  as an e n e r g y  c o s t .

This w rite r  o f te n  asks colleagues and s tuden ts ;  "What do we use 

fo r  e n e r g y  w hen th e  f o s s i l  fu e ls  a r e  in s h o r t  su p p ly ? "  The a n s w e r ,  

a lm o s t  a lw a y s ,  is: "We h a v e  n u c le a r  f i s s io n ,  l a t e r  n u c l e a r  f u s io n ,  and

f in a l ly ,  an i n f i n i t e  s o u r c e  of e n e rg y  from  th e  s u n ."  The Odum a r g u m e n t ,  

which s ta t e s  th a t  nuc lea r  fission is no t an independen t source of energy 

b u t ,  r a t h e r ,  a ro u n d a b o u t  way o f  co nsum ing  f o s s i l  f u e l s  i n d i r e c t l y ,  is 

supported  in c h a p te r  7.^

^Howard T. Odun, Environment Power And Society, (New York:
Wiley In te r s c ie n c e ,  1971).

^Robert E. Costanza, "Ehnbodied Energy," Idem.

^ H ow ard  T. Odum, "N e t B e n e f i t s  to  S o c ie ty  from  A l t e r n a t iv e  
Energy Investm ents ,"  Business & Economic Dimensions, (Winter, 1977-78), 
p . 15. Odum n o te d :  "When a l l  th e  e n e rg y  u sed  c u m u la t i v e ly  by  th e  A tom ic 
Energy Commission and all o ther  inputs to  nu c lea r  energy  are  ca lcu la ted ,  
one  f in d s  t h e r e  has  n o t  y e t  b een  any n e t  e n e rg y  from  n u c le a r  e n e rg y .  I t  
was m a in ly  ru n n in g  on f o s s i l  fu e ls  in  i t s  e a r l y  y e a r s .  . ."
N ote : I t  is th e  c o n t e n t i o n  of th i s  a u th o r  t h a t  n u c l e a r  p o w e r  is  s t i l l
running on f o s s i l  fu e ls .

1 38



Odum w as  a lso  am ong th e  f i r s t  to  q u e s t io n  th e  a b i l i t y  of th e  wind 

to be an independen t source of ne t energy. He s ta te s :^

. . . in  m os t  a r e a s  . . . w ind sp eed s  a r e  low a n d  e r r a t i c .  
Wind e n e r g y  is d i l u t e  e n e rg y  in  t h e s e  a r e a s .  I f  c h e a p  m a t e r i a l s  a re  
u se d .  . . w ind  may be u sed  to  pump w a te r .  H ow ever ,  e l e c t r i c  wind 
mills have so much energy  cos t  co n ce n tra te d  in them th a t  they  do not 
y ie ld  n e t  e n e rg y  w hen  th e  w ind  is  10 m iles  p e r  h o u r .

I t  is  r e c o g n i z e d  t h a t  t h e  o u tp u t  p ro v id e d  by w in d -p o w e re d  

e l e c t r i c i t y - g e n e  r a t i n g  sy s tem s  (a s  w e ll  as  n u c l e a r  s y s te m s)  is a h ig h -  

q u a l i t y  fo rm  o f  e n e r g y  ( e l e c t r i c i t y ) .  H ow ever ,  i t  is a s su m e d  t h a t  a 

s u b s t a n t i a l  a m o u n t  o f  th e rm a l  e n e rg y  w il l  be n e e d e d  f o r  in d u s t r i a l  

p r o c e s s e s  to  m a in ta in  th e  c u r r e n t  ty p e  o f  c i v i l i z a t i o n .  For e x a m p le ,  a 

cons iderab le  amount of therm al energy is needed in th e  production  of the 

ty p e  o f  w ind  s y s te m s  d is c u s s e d  in  th i s  c h a p t e r  and th e  n u c l e a r  s y s te m s  

d is c u s s e d  in  c h a p t e r  7. An a l l - e l e c t r i c  e n e rg y  s y s te m ,  su c h  as one 

pow ered by nuc lea r  or wind, would need to  convert much of th e  e le c t r ic a l  

ou tpu t to the rm al energy  for the  process h ea t  needs.

Wind s y s te m s  w ere  c h o s e n  as an a n a l y t i c a l  t a r g e t  o v e r  o th e r  

s o l a r - c o l l e c t i o n  s y s te m s  fo r  t h r e e  r e a s o n s ;  (1) d a t a  c a n  e a s i ly  be 

fo u n d ,  (2) th e  o u tp u t  o f  th e s e  e l e c t r i c i t y - g e n e r a t i n g  s y s te m s  is  e a s i ly  

q u a n t i f i e d  a t  t h e  b u s - b a r ,  and  (3) th e  t r a n s m is s io n  and  d i s t r i b u t io n  

system s a re  well developed and cos ts  are  genera lly  ava ilab le .

This  a u t h o r  a g r e e s  w ith  th o s e  who b e l ie v e  t h a t  t h e  lo n g - t e r m  

env ironm enta l consequences and na t io n a l  secu ri ty  im plications of nuclear 

p o w e r  a r e  s u b s t a n t i a l . ^  H o w ev er ,  in th i s  p a p e r  i t  is show n t h a t  n e i t h e r

^Howard T. Odun, Energy Basis for Man and N atu re , Idem, p. 16

^Amory B. Lovins, B r i t t le -P o w e r , (Andover, MA: Brickhouse
Publish ing  Co., 1982).

139



of th e  t e c h n o lo g ie s  ( n u c le a r  or w ind) is an in d e p e n d e n t  s o u rc e  of 

e n e rg y .  We a re  s t i l l  f a c e d  w ith  th e  q u e s t io n :  "What do we do w hen th e

fo s s i l  f u e l s  a re  g o n e ? "

R esu lts  of Net Energy Analysis 

In 1983, qu es tio n n a ires  w ere sen t  to  fo r ty  m anufac tu rers  of Wind 

Energy Conversion Systems (WEGS). Apparently, some of the  companies had 

gone  o u t  o f  b u s in e s s .  Some w e re  in  o th e r  a c t i v i t i e s  b u t  n o t  wind 

energy.

T w en ty  w ind  s y s te m s  w ere  a n a ly z e d .  The m a n u f a c tu r e r  o f  th e  

sm allest system responding to  the  questionnaire  m arkets  a small d i r e c t -  

c u r r e n t  g e n e r a t o r  w h ich  is on ly  a f r a c t i o n  o f  a k i l o w a t t  of g e n e r a t in g  

cap a c ity .  The la rg e s t  machine studied is a 4000-k ilow att  machine pro­

d u c e d  by H am ilton  S ta n d a rd ,  Inc . I t  w il l  a lso  be n o te d  t h a t  t h e r e  

a p p e a r s  to  be c e r t a i n  e c o n o m ie s  of s c a le  up to  a ro u n d  200 k i lo w a t t s .  A 

d e t a i l e d ,  l i n e - b y - l i n e  e x p la n a t io n  o f  th e  n e t - e n e r g y  a n a ly s is  m ode ls  is 

included in appendix C.

S ta t ic  Net Energy Analysis 

The E nergy  S c ie n c e s  2 0 0 - k i l o w a t t  w ind  sy s te m  had  th e  h ig h e s t  

O u tp u t / I n p u t  R a t io .  T ab le  8.1 is u sed  as a m odel f o r  i l l u s t r a t i v e  

p u rp o s e s .  The s y s te m  ( a t  fu l l  c o s t )  y ie ld s  a S t a t i c  Net Energy  O u tp u t /  

In p u t  R a t io  of on ly  0 .7098 to  1 a t  tw e lv e  m i l e s - p e r - h o u r  (MPH) a v e ra g e  

w ind s p e e d .  I t  w i l l  a lso  be  se e n  t h a t ,  e i t h e r  th e  a v e r a g e  wind sp e e d s  

m ust be h ig h e r ,  o r  c o s t s  s u b s t a n t i a l l y  lo w e r ,  to  r e a l i z e  n e t  e n e rg y .

^The O u tp u t / I n p u t  R a t io  was v e ry  sm a ll  and th e  r e s u l t s  a re  no t  
included.
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T ab le  8 .1

ENERGY SCIENCES 200-KILOWATT WECS 
12 MPH Average Wind 

C ap ita l  Cost @ $950 Fer Kilowatt

(A) (B) (C) (D) (E)
LINE ITEM VARIABLES EQUATIONS RESULTS

1 Expected L ife ,  Y r s . : 25.0000
2 Capacity  Facto r: 0.5000
3 kWe Capacity: 200.0000
4 kWh's Generated
5 @ 12 MPH: 3.5000e05 C1*C2*C5 = 4375000.0000
6 I n s ta l le d  Cost : 950.0000 C3*C6 = 190000.0000
7 Trans. & O i s t r .  P la n t : .5*E6 = 95000.0000
8 Total Front-End Cost: E6+E7 = 285000.0000
9 Fixed Charge : 0.0950 C1*E8*C9 = 676875.0000

10 Deconn. Cost : 0.0000
11 0 . & M. Cost: 2850.0000 C1*C11 = 71250.0000
12 Tot. L ife-Cycle Cost: SUM(E9>E11)= 748125.0000
13 D is t r ib u ta b le  Cost: E12-E8 = 463125.0000
14 Output in  B tu 's : 3413.0000 E5*C14 = 1.4931el0
15 Front-End Input Energy: 2.8116e04 E8*C15 = 8.0130e09
16 D is t r ib .  Input Energy: E13*C15 = 1.3021el0
17 Total Input Energy: E15+E16 = 2.1034el0
18 Net Energy: E14-E17 = -6.1024e09
19 O utput/Input R atio : E14/E17 0.7098

Notes: G enerally ,  v a r ia b le s  are shown in colimn C, although i t  w il l  
be seen th a t  sometimes a nimber in eolunn £ i s  used in 
subsequent c a lc u la t io n s .

Equations are  shown in column D for r e s u l t s  in column E. 
C a lcu la t ions  s t a r t  a t  l in e  4 and proceed, in sequence, 

through l in e  17.
The n o ta t io n  C2 ( c e l l  C2), for example, re fe rs  to  e n t ry  

loca ted  a t  the in te r s e c t io n  of column C and l in e  2.
C3*C5, for example, means th a t  the q u an t i ty  in column C, l in e  3 

is  m u l t ip l ie d  times the q u a n t i ty  a t  co lum  C, l in e  5. 
SUM(E8>E1D) means tha t the q u a n t i t i e s  in  column E from lin es  

8 through 10 a re  added to g e th e r .
E13/E16 is  n o t a t i o n  to  mean t h a t  c e l l  £13 is d iv id e d  by  

c e l l  E16.
l in e  18 shows ne t energy is  - l .G lO le lO , where "elO" is

s c i e n t i f i c  n o ta t io n  meaning decimal is  10 p laces  to  r ig h t .  
- l .e iO le lO  = .000016101 quads, 

l in e  19 shows the O utput/Input Ratio  to  be 0.7098 to  1. 
l in e  20 shows th a t  over i t s  30-year l i f e c y c le  
Model f i t s  " e lec tro n ic  spread shee t"  computer so f tw are .
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As w il l  be n o te d  in  ap p en d ix  C, o f  th e  103 s e l e c t e d  c i t i e s  

rev iew ed, only 44 show av erag e  wind speeds o f  more than  tw elve m i l e s  p e r  

h o u r .  Only 17 of t h e s e  s i t e s  show wind s p e e d s  in  e x c e s s  o f  f o u r t e e n  

m iles  p e r  h o u r .^  All o t h e r  ( e x c e p t  E nergy  S c ie n c e s )  sy s te m s  a n a ly z e d  

s h o w e d  ev e n  s m a l le r  O u tp u t / I n p u t  R a t io s  th a n  th o s e  e s t i m a t e d  to  be 

ach ieved  by th e  Energy Sciences, Inc., 2 0 0 -k ilo w a tt  machine.

Based on responses from ques tionnaires ,  wind systems a re  expec­

t e d  to  l a s t  25 y e a r s .  An E f f ic ie n c y  F a c t o r  of 50 p e r  c e n t  f o r  a l l  

system s was chosen. The argument for adopting  th is  f igure  was developed 

in c h a p t e r  6. In c h a p t e r  6 i t  was show n t h a t  th e  E f f i c i e n c y  F a c t o r  fo r  

U n ite d  S t a t e s  e l e c t r i c  u t i l i t i e s  has f a l l e n  from  a h igh  o f  55 p e r  c e n t  

in 1956 to  a b o u t  40 p e r  c e n t  in  1982. I t  is  a s su m ed  t h a t  an  a l l  w ind -  

pow ered e le c t r i c i ty -g e n e ra t in g  system would en co u n te r  the same varying 

dem and  s i t u a t i o n  as one  p o w e re d  by fo s s i l  f u e l s  o r  n u c l e a r  p o w e r .  In 

f a c t ,  i f  a r e g io n  w ere  to  r e ly  s o le ly  on w ind  p o w e r ,  th e  e n t i r e  re g io n  

might be w ithou t power unless a redundant system, or s to red  energy , was 

in p la c e  to  s u p p ly  e l e c t r i c i t y  on dem and .

Energy Sciences, Inc., reported  th a t  th e ir  2 0 0 -k ilow a tt  machine 

would cos t $950 per k i lo w a tt  of cap ac ity  (See appendix 3). Transmis­

sion and d is tr ibu tion  co s ts  were es t im a ted  a t  50 per cen t  of P roduction 

P la n t  C o s t .  This  is b e l i e v e d  to  be a c o n s e r v a t i v e  a l lo w a n c e  b e c a u s e ,  

as d i s c u s s e d  in  c h a p t e r  5, th i s  c o s t  has  b e e n  g r e a t e r  th a n  c o s t  of

^Donald Marier, Wind Power For The Homeowner, (Emmaus, PA: 
R oda le  P re ss ,  1981), pp. 2 8 6 -3 0 1 .  D a ta  from  N a t io n a l  C l im a t ic  C e n t e r ,  
Ash v i l l e ,  NC, an d  a r e  a v e r a g e  wind s p e e d s  a t  30, 50 and 100 f e e t  ab o v e  
the  su r face .  Appendix C shows se lec ted  d a ta  from 105 c i t ie s  and only 44 
of them showed an average  wind speed in excess  of tw elve miles per hour 
a t  100 f e e t  above the su r face .
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G e n e r a t in g  P la n t  f o r  U n ite d  S t a t e s  u t i l i t i e s .  The r a t i o n a l e  fo r  

charging w ind-energy  system s with a  portion  of the  e l e c t r i c  u t i l i ty  grid 

was discussed in ch a p te r  6. Most wind systems are being m ark e ted  on the 

b a s is  o f  i n t e r c o n n e c t i o n  w ith  t h e  c e n t r a l - p o w e r - s t a t i o n  u t i l i t y  g r id  

system and th e re fo re  must be charged w ith a share of t h a t  ene rg y  cos t.

A r e a l  f i x e d - c h a r g e  r a t e  o f  9.5 p e r  c e n t  w as u s e d  to  c a l c u l a t e  

t o t a l  r e a l  e co n o m ic  c o s t  o f  P ro d u c t io n  P la n t  and O the r  P l a n t  in c lu d in g  

t r a n s m is s io n  and  d i s t r i b u t i o n  c o s t s .^  This is  s l ig h t ly  lo w e r  th a n  th e  

r a t e  u sed  by K om anoff  f o r  c o a l  p la n t s  (9 .78 p e r  c e n t ) .^  The r a t i o n a l e  

f o r  in c lu d in g  th i s  c o s t  a s  an e n e r g y - i n p u t  c o s t  has  b e e n  a r g u e d  in 

c h a p t e r s  4, 5, and 6. The t o t a l  F ix e d -C h a rg e  Cost a c c o u n t s  f o r  a m o r t i ­

z a t io n  o f  i n i t i a l  c a p i t a l  c o s t ,  i n t e r e s t  c h a r g e s ,  and  t a x e s .

An Energy/GNP Ratio of 28,116 Btu's/$1983 was used for the  Base 

C ase .  The u n d e r ly in g  r a t i o n a l e  fo r  th i s  p r o c e d u r e  w as  d e v e lo p e d  in 

c h a p t e r  5 (see  a p p e n d ix  A). I t  w ill  be n o te d  t h a t  th is  E nergy /G N P  R a t io  

is  s l ig h t ly  s m a l le r  th a n  t h a t  u sed  f o r  th e  n u c l e a r  c a l c u l a t i o n s ,  w hich  

w as 35,791 B tu 's /$ 1 9 7 9 .  The c o s t s  fo r  wind m a c h in e s  a r e  fo r  1983 

d o l l a r s  (1983 was t h e  y e a r  of th e  s u rv e y ) .  The m ean v a l u e  fo r  t h e  35- 

y e a r  s u rv e y  o f  Energy/G N P R a t io s  ($1983) is 29,116 B tu 's  p e r  d o l l a r .  

See appendix A for the ca lcu la tions .

T ab le  8.2 show s th e  r e s u l t i n g  O u tp u t / In p u t  R a t io s  of th e  

20 wind systems s tud ied  under varying conditions. O u tp u t/  Input Ratios 

in column C a re  the  B ase-Case e s tim ates .

P ro d u c t io n  P la n t  p e r t a in s  to  th e  a c t u a l  e l e c t r i c a l  g e n e r a t i n g  
c a p i t a l .  O the r  P la n t  r e f e r s  to  a l l  o t h e r  c a p i t a l  c o s t s  e x c e p t  th e  
e le c t r ic i ty -g e n e ra t in g  system.

^Komanoff, Power Plant Cost Escalation , Idem, p. 281.
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T ab le  8 .2

SUMMARY OF STATIC NET ENERGY ANALYSES 
Selec ted  Wind-Energy Conversion Systems

(A)

NO.

4.

(B) (C) (D) (E)
S ta t i c S ta t ic S ta t ic
O/I 0/1 O/I

Ratio Ratio Ratio
(100%) (75%) (Zero T&D)

———————— ————————
Energy Sciences Inc: 

a . 200-KW MACH:
21333 Btu 's/$1983 0.9355 1.2474 1.8711
28116 Btu 's/$1983 0.7098 0.9465 1.4197
34172 Btu 's/$1983 0.5845 0.7794 1.1691

b. 68-KW MACH:
21333 Btu 's/$1983 0.5915 0.7966 1.1950
28116 Btu 's/$1983 0.4533 0.6044 0.9067
34172 Btu 's/$1983 0.3733 0.4978 0.7467

Boeing Co: 
2500-KW Mach:

21333 Btu's/$1983 0.6708 0.8944 1.3416
28116 Btu 's/$1983 0.5089 0.6786 0.1017
34172 Btu 's/$1983 0.3852 0.5137 0.7705

C arter Wind Systems 
a .  200-KW Mach:

21333 Btu 's/$1983 0.6029 0.7963 1.1945
28116 Btu 's/$1983 0.4531 0.6042 0.9063
34172 Btu 's/$1983 0.3732 0.4976 0.7464

b. 25-KW Mach:
21333 Btu 's/$1983 0.6021 0.8028 1.2042
28116 Btu's/$1983 0.4568 0.6091 0.9136
34172 Btu's/$1983 0.3458 0.4610 0.6916

Bergey Windpower Co. 
a .  10-KW Mach;

21333 Btu 's/$1983 0.4668 0.6251 0.7032
28116 Btu 's/$1983 0.3557 0.4742 0.5335
34172 Btu's/$1983 0.2143 0.2857 0.4286

Source: Basic cos t  and performance da ta  taken from ques tionnaires
or marketing brochures of re sp ec t iv e  m anufacturers .

Column C d a t a  a t  28 ,116  B tu 's  p e r  $1983 is  th i s  a u t h o r 's  "B ase-  
Case" r e s u l t s .  All o th e r  r e s u l t s  a re  r e s u l t s  of s e n s i t i v i t y  ana lysis  
under varying co n d i t io n s .

Colimn D shows r e s u l t s  a t  25% reduction  in  c a p i ta l  co s ts .
Column E shows r e s u l t s  w ith  no charge for Other c o s ts ,  to include 

transm ission  and d i s t r i b u t io n  cos ts  (p lus  25% cost reduction  over 
column C. See Appendix C for d e t a i l s .
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C o n t in u a t io n  o f  T a b le  8 .2

SUMMARY OF STATIC NET ENERGY ANALYSES 
Selected Wind Energy Conversion Systems

(A) (B) (C) (D) (E)
S ta t ic S ta t ic S ta t i c

O/I O/I O/I
Ratio Ratio Ratio

NO. Manufacturer (100%) (75%) (Zero T&D)

4. Bergey Wind Power Go. Continued:
b. 1 .4-KW Mach:

21333 Btu 's/$1983 0.1451 0.1934 0.2902
28116 Btu 's/$1983 0.1101 0.1468 0.2202
34172 Btu 's/$1983 0.0833 0.1111 0.1666

5. Windworks In c . :
12-KW Mach:
21333 Btu 's/$1983 0.4825 0.6433 0.9650
28116 fitu 's/$1983 0.3660 0.4881 0.7321
34172 Btu's/$1983 0.2771 0.6433 0.5542

6. Hamilton Standard:
4000-KW Mach:
21333 Btu's/$1983 0.4444 0.5925 0.8888
28116 Btu's/$1983 0.3371 0.4495 0.6743
34172 Btu's/$1983 0.2552 0.3403 0.5105

7. Jacobs Wind Elec.
a .  17.5-KW Mach:

21333 Btu's/$1983 0.3272 0.4363 0.6544
28116 Btu 's/$1983 0.2482 0.3310 0.4965
34172 Btu's/$1983 0.1877 0.2506 0.3759

b. 10-KW Mach:
21333 Btu's/$1983 0.3721 0.4961 0.7442
28116 Btu 's/$1983 0.2823 0.3764 0.5647
34172 Btu 's/$1983 0.2137 0.2849 0.4274

Source: Basic cost and performance data  taken from ques tionna ires
or marketing brochures of respec tive  m anufacturers . 

Column C d a t a  a t  28,116 B tu 's  p e r  $1983 is th i s  a u t h o r ' s  "Base- 
Case" r e s u l t s .  All other r e s u l t s  a re  r e s u l t s  of s e n s i t i v i t y  an a ly s is  
under varying cond itions .
Colimn D shows r e s u l t s  a t  25% reduction  in  c a p i ta l  c o s ts .
Colimn E shows r e s u l t s  w ith  no charge for Other c o s ts ,  to include 

transm ission and d i s t r ib u t io n  c o s ts .
See Appendix C for d e t a i l s .
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C o n t in u a t io n  o f  T ab le  8 .2

SUMMARY OF STATIC NET ENERGY ANALYSES 
Selec ted  Wind Energy Conversion Systems

(A) (B)

NO. Manufacturer

8. WTO, Inc.
a .  750-KW Machine; 

21333 Btu's/$1983 
28116 Btu's/$1983 
34172 Btu's/$1983

b. 300-KW Mach;
21333 Btu's/$1983 
28116 Btu's/$1983 
34172 Btu's/$1983

9. Hurmingbird Windpower: 
6-KW Mach:

21333 Btu's/$1983 
28116 Btu's/$1983 
34172 Btu's/$1983

10. B erto ia  S tudios:
3-KW Mach:

21333 Btu's/$1983 
28116 Btu's/$1983 
34172 Btu's/$1983

11. Flowind I n c . :
170-KW Mach Q 14 MPH 

21333 Btu's/$1983 
28116 Btu's/$1983 
34172 Btu's/$1983

12. DAF Indal L td .:  
a .  500-KW Mach:

21333 Btu's/$1983 
28116 Btu's/$1983 
34172 Btu's/$1983

(c)
s t a t i c

O/I
Ratio

(100%)

(D)
S ta t ic

O/I
Ratio

(75%)

(E) 
S ta t ic  

O/I 
Ratio 

(Zero T&D)

0.3415
0.2591
0.1961

0.4533
0.3455
0.2615

0.6830
0.5182
0.3923

0.4951
0.2504
0.1896

0.4401
0.3339
0.2528

0.6602
0.5009
0.3792

0.2878
0.2183
0.1653

0.3837
0.2911
0.2204

0.5756
0.4367
0.3306

0.2539
0.1926
0.1458

0.3385
0.2569
0.1944

0.5078
0.3853
0.2917

0.7885
0.3988
0.3019

0.6648
0.5044
0.3818

0.9972
0.7566
0.5728

0.3993
0.3029
0.2293

0.5324
0.4039
0.3057

0.7986
0.6059
0.4586

Source: Basic cos t and performance d a ta  taken from ques tionnaires
or m arketing brochures of re sp ec t iv e  m anufacturers . 

Column C d a t a  a t  28 ,116 B tu 's  pe r  $1983 is  th i s  a u t h o r ' s  "Base- 
Case" r e s u l t s .  All o the r  r e s u l t s  are  r e s u l t s  of s e n s i t i v i t y  ana lysis  
under varying c o n d it io n s .
Column D shows r e s u l t s  a t  25% reduction in c a p i ta l  c o s ts .
Column E shows r e s u l t s  w ith  no charge for Other c o s ts ,  to  include 

transm ission  and d i s t r i b u t io n  c o s ts .  See Appendix C for d e t a i l s .
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C o n t in u a t io n  o f  T ab le  8 .2

SUMMARY OF STATIC NET ENERGY ANALYSES 
Selec ted  Wind Energy Conversion Systems

(A) (B) (C) (D) (E)
S ta t i c S ta t ic S ta t ic

0/1 0/1 0/1
Ratio Ratio Ratio

NO. Manufacturer (100%) (75%) (Zero T&D)

DAF Indal L td . ,  Continued
b. 300-KW Mach:

21333 Btu's/$1983 0.1714 0.2285 0.3428
28116 B tu’s/$1983 0.1300 0.1734 0.2601
34172 Btu's/$1983 0.0984 0.1312 0.1969

13. North Wind Power Co. (Does not include cost of i n s t a l l . )
a .  16-KW Mach:

21333 Btu's/$1983 0.5531 0.7375 1.1063
28116 Btu's/$1983 0.4197 0.5596 0.8394
34172 Btu's/$1983 0.3177 0.4236 0.6354

b. 2-KW Mach;
21333 Btu's/$1983 0.3731 0.4975 0.7462
28116 Btu's/$1983 0.2831 0.3775 0.5662
34172 Btu's/$1983 0.2143 0.2857 0.4286

Source: Basic cost and performance da ta  taken from ques tionna ires
or m arketing brochures of re sp e c t iv e  m anufacturers. 

Colum n C d a t a  a t  28,116 B tu 's  p e r  $1983 is  th is  a u t h o r 's  "B ase- 
Case" r e s u l t s .  A ll o the r  r e s u l t s  a re  r e s u l t s  of s e n s i t i v i t y  a n a ly s is  
under varying co n d i t io n s .
Colum D shows r e s u l t s  a t  25% reduction  in c a p i t a l  c o s ts .
Colum E shows r e s u l t s  with no charge for Other c o s ts ,  to  include 

transm ission  and d i s t r i b u t io n  c o s ts .
See Appendix C for d e t a i l s .

Systems w ere  eva lua ted  using th e  m ean-value  Energy/GNP R atio  of 

28,116 B tu 's /$  19 8 3 , as w e ll  as th e  e x t r e m e  v a lu e s  of t a b le  5 .2 ; i . e . ,

21 ,333 B tu 's /$  f o r  1947, an d  34,172 B tu 's /$  f o r  1983.

I t  w il l  n o t e d  in  co lum n C t h a t  n o n e  of th e  s y s te m s  y ie ld  

positive  s ta t i c  n e t  energy  (under the  fu l l - c o s t  considera tions of column 

C, u s in g  th e  B a s e -C a s e  of 28,116 B tu 's /$ 1 9 8 3 )  a t  tw e lv e  m iles  p e r  hou r
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a v e r a g e  w ind sp e e d .  I f  c o s t s  a re  lo w e re d  by 25 p e r  c e n t  (co lum n D), th e  

Energy Sciences 200-k ilow att  machine almost b reaks  even a t  average  wind 

s p e e d s  o f  tw e lv e  m iles  p e r  h o u r .  C osts  w ould  n e e d  to  be lo w e re d  25 p e r  

c e n t  an d  z e ro  c h a rg e  fo r  O th e r  P la n t  C o s ts  (w h ich  a r e  m ade up m o s t ly  of 

t r a n s m is s io n  and  d i s t r i b u t i o n  p la n t )  in o r d e r  fo r  th e  E nergy  S c ie n c e s  

2 0 0 - k i l o w a t t  sy s tem  to  show  s u b s t a n t i a l ,  p o s i t i v e ,  s t a t i c  n e t  e n e rg y .  

Ig n o r in g  th e s e  e x p e c te d  c o s t s ,  h o w e v e r ,  w ould  be i n c o n s i s t e n t  w i th  th e  

reasoning  developed in c h a p te r  5, i .e . ,  th e  m oney-energy  p roportiona lity  

a rg u m e n t  fo r  r e c o g n iz in g  a l l  e co n o m ic  c o s t s  as e n e r g y - i n p u t  c o s t s .

I t  w ill  be n o te d  t h a t ,  ev e n  i f  t h e  lo w e r  Energy/GNP R a t io  of

21,333 Btu's/$1983 is used, only the Energy Sciences, Boeing, and C arter  

Wind S y s tem s  m a ch in es  show  p o s i t i v e  n e t  e n e rg y .  Even th e n ,  only  th e  

E n erg y  S c ie n c e s  2 0 0 - k i l o w a t t  m ach ine  show s s u b s t a n t i a l ,  p o s i t i v e  n e t  

e n e rg y .  More im p o r ta n t ly ,  u n le ss  th e  s t a t i c  r a t i o  is l a rg e ,  th e  dynam ic  

analysis  shows th a t  most systems a re  n e t -e n e rg y  consumers.

The 50 p e r - c e n t  E f f ic ie n c y  F a c t o r  and  th e  in c lu s io n  o f  O th e r  

Plant Costs may be challenged by prom oters  of w ind-energy  systems. They 

may c h a r g e  t h a t  th i s  c o n s t r a i n t  is  a h a r s h  s t i p u l a t i o n  fo r  d is p e r s e d  

w ind -energy  systems. However, wind systems a re  being m arke ted  under the 

p re s u m p t io n  t h a t  u s e r s  w ill  consum e a l l  t h e  p o w e r  t h a t  th e y  n e e d  from  

t h e i r  own sy s tem  and s e l l  t h e  su rp lu s  p o w e r  to  th e  e l e c t r i c a l  g r id  a t  

th e  h o s t  u t i l i t y ' s  a v o id e d  c o s t .  As a c o n s e q u e n c e  o f  th i s  i n t e r c o n n e c ­

t i o n ,  th e  WECS th e n  b eco m es  an i n t e g r a l  p a r t  of t h a t  l a r g e r  sy s te m  and 

t h e r e f o r e  c a n n o t  c la im  a g r e a t e r  e f f i c i e n c y  th a n  th e  h o s t  e l e c t r i c a l  

g r id .
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I f  w i n d - p o w e r e d  e l e c t r i c i t y  g e n e r a t o r s  a r e  t o  o c c u p y  a 

s u b s t a n t i a l  n ic h e  in  th e  e n e rg y  p i c t u r e  o f  th e  n a t io n ,  th e n  some ty p e  of 

d i s t r i b u t i o n  s y s te m  w ill  be n e e d e d .  As an o p t io n ,  s o c ie ty  m igh t 

r e o r g a n i z e  i t s e l f  in to  to  some s o r t  o f  d e c e n t r a l i z e d ,  c o m m u n ity -  

s u f f i c i e n c y  b a s i s ,  p e r h a p s  r e d u c i n g  O t h e r  P l a n t  C o s t s ,  i . e . ,  

mostly transm ission  and d i s t r i b u t io n  c o s ts .

I t  is  r e c o g n iz e d  t h a t  d is p e r s e d  e n d - u s e r s  m ig h t m ake 100 p e r ­

c e n t  u se  o f  th e  p o w e r  g e n e r a t e d  by t h e i r  s y s te m s .  To th e  b e s t  o f  my 

knowledge, how ever, th is  is not being done ex ce p t  through en e rg y -s to rag e  

s y s te m s .  E nergy  s t o r a g e  in c u rs  e co n o m ic  c o s t s ,  and  th e  a u t h o r  is 

unfam iliar  w ith any ene rgy -s to rage  systems th a t  have high c o s t -b e n e f i t  

r a t i o s .

I t  will also be no ted  in appendix C th a t  output from w ind-energy  

systems inc reases  rapidly  as average wind speeds increase . The average 

wind a t  a g iv e n  g e o g r a p h ic a l  lo c a t io n  a lso  v a r i e s  w ith  th e  h e ig h t  o f  th e  

tow er.  The amount of wind power available a t  t h a t  point in space varies  

e x p o n e n t i a l l y  w i th  th e  wind s p e e d .  For e x a m p le ,  th e  Ja c o b s  1 7 .5 -  

k i low a tt  machine a t  tw elve miles per hour will deliver  25,772 k i lo w a tt-  

hou rs  a n n u a l ly ,  b u t  a t  f o u r t e e n  m iles  p e r  h o u r  (a  17 p e r - c e n t  i n c r e a s e  

in  w ind  s p e e d ) ,  i t  w ill  d e l iv e r  37,517 k i l o w a t t - h o u r s  a n n u a l ly  (a 46 

p e r - c e n t  inc rease  in power).^

Columns D and E show the O utput/Input Ratios for more favorab le  

(less costly ) conditions. Column D re f le c ts  a 25 p e r -c e n t  reduction  in 

c o s t  o f  b o th  th e  g e n e r a t in g  sy s tem  and  th e  t r a n s m is s io n  and  d i s t r i b u -

I j u d y  W eiss, L e t t e r  from  Ja c o b s  Wind E le c t r i c  C om pany, and 
accompanying brochure.
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t ion  system. I t  is be lieved  th a t  some economies of scale  in w ind-system  

p r o d u c t io n  m igh t be a c h ie v e d  by l a r g e - s c a l e ,  a s s e m b ly - l in e  ty p e  of 

production of th e  machines them selves. However, th e  in s ta l la t io n  costs  

and the  costs  of transm ission and d is tribu tion  would probably no t change 

p roportionally .  Column E shows both  a 25 p e r -c e n t  c a p i ta l - c o s t  reduc­

t io n  and c o m p le te  e l im in a t io n  o f  O ther  P la n t  ( in c lu d in g  t r a n s m is s io n  

an d  d i s t r i b u t io n )  c h a r g e s .  This is  done u n d e r  th e  p o s s ib le  a s su m p tio n  

t h a t  d i s p e r s e d  WECS d e s ig n e r s  m ig h t  be a b le  to  e l im in a te  th e  c o s t s  of 

t r a n s m is s io n  and  d i s t r i b u t i o n  by m ore  e f f i c i e n t  m a tc h in g  o f  g e n e r a t o r  

s i z e  and  th e  c o n t r o l  of e n d - u s in g  sy s te m s .  I t  shou ld  be c l e a r l y  u n d e r ­

s to o d  t h a t  th i s  is n o t  th e  s t a t e - o f - t h e - a r t ,  h o w e v e r ,  and  w il l  n o t  be 

achieved w ithou t add itional input cost.

T ab le  8.3 is in c lu d e d  to  show th e  s t a t i c  n e t - e n e r g y  r e s u l t s  of 

lowering the  unit costs  of the Energy Sciences 200-k ilow att  WECS to 75 

p e r  c e n t  o f  th e  r e p o r t e d  c o s t  of th e  sy s tem  ($1983) and e l im in a t io n  of 

th e  Other Plant Cost (includes transmission and d is tr ibu tion  plant) . It 

w il l  be n o te d  in c e l l  C5 t h a t  th e  c o s t  is  lo w e re d  to  $712 .50  p e r  

k i l o w a t t  o f  i n s t a l l e d  c a p a c i t y  and r e s u l t s  in a S t a t i c  N e t -E n e rg y  

O u t p u t / I n p u t  R a t i o  o f  1 .4 1 9 7  to  1 . D a ta  f ro m  t h i s  t a b l e  a r e  

u sed  in th e  D ynam ic Net E nergy  A nalyses  t h a t  fo l lo w . The r e s u l t s  of 

t a b l e  8.3 a re  to  be c o m p a re d  to  an  O u tp u t / In p u t  R a t io  o f  .7098 to  1 w hen 

t h e  100 p e r  c e n t  c a p i t a l  c o s t  f ig u r e  of $950 p e r  k i l o w a t t  is  u se d  and 

O th e r  P la n t  C os t is in c lu d e d  ( a t  28 ,116 B tu 's /$ 1 9 8 3).

Dynanic Net Energy Analysis

T ab le  8.3 show s th e  r e s u l t s  of a S t a t i c  Net E n erg y  A n a ly s is  of 

t h e  E nergy  S c ie n c e s  2 0 0 - k i l o w a t t  wind m ach in e  in a h y p o t h e t i c a l
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T ab le  8 .3

ENERGY SCIENCES 200-KILOWATT WECS 
12 MPH Average Wind 

C apita l Cost Reduced 25%
Zero Transmission & D is t r ib u t io n  Cost

(A) (B) (C) (D) (E)
LINE ITEM VARIABLE EQUATION RESULTS

1 Expected L ife ,  Y rs .: 25.0000
2 C apacity  Factor; 0.5000
3 kWe Capacity: 

kWh's Generated
200.0000

4
5 @ 12 MPH: 3.5000e05 C1*C2*C5 = 4375000.0000
6 In s ta l l e d  Cost: 712.5000 C3*C6 = 142500.0000
7 Trans. & D is t r .  P lan t : .5*E6 = 0.0000
8 Total Front-End Cost : E6+E7 = 142500.0000
9 Fixed Charge : 0.0950 C1*E8*C9 = 338437.5000

10 Decomn. Cost: 0.0000
11 0. & M. Cost: 1425.0000 C1*C11 = 35625.0000
12 Tot. L ife-Cycle Cost: SUM(E9>E11)= 374062.5000
13 D is t r ib u ta b le  Cost: E12-E8 = 231562.5000
14 Output in B tu 's : 3413.0000 E5*C14 = 1.4931elO
15 Front-End Input Energy: 2.8116e04 E8*C15 = 4.0065e09
16 D is t r ib .  Input Energy: E13*C15 = 6.5106e09
17 Total Input Energy: E15+E16 = 1.0517el0
18 Net Energy: E14-E17 = 4.4147e09
19 O utput/Input R atio : E14/E17 1.4197

Notes: G enerally , v a r ia b le s  a re  shown in eolunn C, although i t  w i l l  
be seen th a t  sometimes a nurber in column E is used in 
subsequent c a lc u la t io n s .

Equations are  shown in co lum  D for r e s u l t s  in co lum  E.
C alcu la t ions  s t a r t  a t  l in e  4 and proceed, in sequence, 

through l in e  19.
The n o ta t io n  C2 ( c e l l  C2), for example, r e fe rs  to en try  

located  a t  the in te r s e c t io n  of c o lu m  C and line 2.
C3*C5, for example, means tha t the q u a n t i ty  in co lum  C, l in e  

is  m u l t ip l ie d  times the q u an t i ty  a t  co lu m  C, l in e  5.
SUM(E8>E10) means th a t  the q u a n t i t i e s  in  co lum  E from l in e s  

8 through 10 are  added toge ther .
E13/E16 is n o ta t io n  to  m ean th a t  c e l l  E13 is  d iv id ed  by 

c e l l  E16. The 0/1 Ratio  is 1.4197 to  1.
l in e  18 shows net energy is  4.4147e09, where "e09"

s c i e n t i f i c  no ta t io n  meaning decimal is  9 places to  r ig h t .  
4.4147e09 is  = .000004147 quads.

l in e  19 shows the s t a t i c  O utput/Input Ratio to be 0.7098 to 1.
Model f its  "e lec tron ic  spread shee t"  com puter so f tw are .
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s i t u a t i o n  w h e re  c o s ts  a re  lo w e r e d  25 p e r  c e n t  an d  th e  a ssum ed  a v e ra g e  

wind s p e e d  is  tw e lv e  m iles  p e r  h o u r .  Cell E17 o f  t a b l e  8.3 show s a 

p o s i t i v e  O u tp u t / I n p u t  R a tio  o f  1 .4197  to  1. C e r t a in  d a t a  from  t a b l e  8.3 

will oe used in the  Dynamic Net Energy ca lcu la tions  th a t  follow.

T a b le  8.4 is th e  m odel u s e d  fo r  a 5 0 - y e a r  D ynam ic Net E nergy  

A n a ly s is ,  b a s e d  on c e r t a i n  i n f o r m a t io n  p ro d u c e d  in T ab le  8 .3 .  I t  ta k e s  

a b o u t  6 m o n th s  (22 w eeks)  to  c o n s t r u c t  and  i n s t a l l  a s in g le  p la n t ,  

b a s e d  on in f o r m a t io n  s u b m i t t e d  by  Energy  S c ie n c e s ,  In c .  For e a s e  o f  

a n a ly s i s ,  i t  w as a ssum ed  t h a t  i t  w ould  ta k e  a y e a r  to  i n s t a l l  any s e t  of 

machines s e le c te d .  A 5 0 -y ea r  construc tion  and opera t ion  program of 

ins ta lling  500,000 units  per y ea r  r a t e  was chosen to  show the  magnitude 

of the  problem of delivering an average  of more than  one quad net energy 

p e r  y e a r  o v e r  th e  p e r io d .

The O utput/Input Ratio is ob ta ined by dividing es t im a ted  ou tp u t-  

e n e rg y  by e s t i m a t e d  in p u t - e n e r g y .  In th e  5 0 - y e a r  c a s e  o f  t a b l e  8 .4 ,  i t  

is  show n to  be  1 .2910 to  1. The n e t  e n e rg y  f rom  50 y e a r s  of c o n s t r u c ­

t ion  and g en era tio n  is ob ta ined  by merely s u b trac t in g  to ta l- sy s te m  input 

from to ta l - s y s te m  output.

The m odel is s c a la r  w i th  r e s p e c t  to  O u tp u t / I n p u t  R a t io s ;  i . e . ,  

you can  d o u b le  or q u a d ru p le  th e  r a t e  of c o n s t r u c t i o n  and  th e  r a t i o  does  

n o t change , c e te r i s  paribus. The average annual n e t -e n e rg y  yield from 

th e  s y s te m  o v e r  th e  5 0 - y e a r  p e r io d  is  a p p r o x im a te ly  1 .2454  q uads  pe r  

y ea r ,  abou t o n e - f i f t ie th  of n e t  energy  rea l ized  from the  1983 production 

o f  f o s s i l  f u e l s  in th e  U n ited  S t a t e s  (see  c h a p t e r  5 and  a p p e n d ix  A).

I t  w ill  be n o te d  t h a t  th e  t o t a l  n e t  e n e r g y  d e l iv e r e d  by th e  

s y s te m  o v e r  a  p e r io d  o f  50 y e a r s  is  a b o u t  82 q u a d s  w h ich  is a b o u t  90
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Tab le  8.4

50-YEAR DYNAMIC NET ENERGY ANALYSIS 
Energy Sciences 200-Kilowatt WECS

Capi ta l  Cost Reduced 25%, Zero Other P lant  Cost

(A) (B) (C) (D) (E)
Line
No. Item Var iable  C a lcu la t ion : Result

1 Const .  Time Yrs.  ; 1.0000
2 Cycle in Years: 50.0000
3 Years of  Generat ion: 49.0000
4 No. Constr .  Per Year: 5.0000e05
5 Annual Output,  1 Set
6 (From E13, S t a t i c ) : 1.4931el0 (C5/25)*C4 = 2.9862el4
7 Front-End Input Energy
8 (From E14, S t a t i c ) : 4.0065e09 C2*C4*C8 = 1.0016el7
9 Ann. D i s t r .  Input  Energy

10 (CIO From E15, S t a t i c ) : 6.1506e09 (C10/25)*C4 = 1.2301el4
11 Accimulated WEC Years: 025.0000 =SUM(1,2,3, . . . 49)
12 -SUM(1,2 ,3, . . . 24)
13 Lifecyc le  System Output: (Btu’ s) E6*C11 = 2.7622el7
14 Li fecycle  System Input: (Btu ' s ) (E10*E11)+C8 = 2.1394el7
15 Output/ Input  Ra tio: E13/E14 = 1.2910
16 Net Energy, End Period: (Btu 's ) E13-E14 = 6.2274el6
14 No. Windnachines On Line
15 End 50 Years: 25*C4 = 1.2500e07
16 Annual Net Energy: E16/C2 = 1.2454el5
17 Tota l  No. Cons tructed: C2*C4 = 2.5000e07
18 Total  No. Deconmissioned: (C2-25)*C4 = 1.2500e07

Notes: Genera l ly ,  v a r i a b le s  are shown in colrnm C, al though i t  w i l l  
be seen th a t  sometimes a nimber in colimn E is used in 
subsequent c a l c u la t io n s .

Equations are  shown in colimn D for  r e s u l t s  in colimn E.
C a lcu la t ions  s t a r t  a t  l i n e  4 and proceed,  in sequence, 

through l in e  16.
The n o ta t io n  C2 ( c e l l  C2), for example, r e f e r s  to  en t ry  

located  a t  the in t e r s e c t io n  of  colimn C and l ine  2.
C2*C4, for  example, means tha t  the q u a n t i ty  in colimn C, l i n e  2 

i s  m u l t i p l i e d  times the q u an t i ty  a t  colimn C, l i n e  4.
SUM(1,2,3.. .4 9 )  means in tegers  1 , 2 , 3 . . . 4 1 )  are sunned.
S i m ( l , 2 , 3 . . . 2 4 ) ,  s im i la r ly ,  (accounting for  decomnission y r s . )
E9/E10 means t h a t  cel l  E12 is divided by ce l i  E12.
E16 shows annual ne t  energy of 1.2454el5 B tu ' s .

where "e l5"  i s  s c i e n t i f i c  n o ta t io n  meaning decimal is 
15 places  to  r i g h t .  1.2454el5 = 1.2454 quads.

Model f i t s  " e lec t ron ic  spread shee t"  compute r  so f tw a re .
Line 16 shows tha t  13 m i l l io n  wind machines would be decom­

missioned.
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p e r  c e n t  of  our 1983 g r o s s - e n e r g y  c o n s u m p t io n .  At t h e  end  of  50 y e a r s ,  

25 million 200-k ilowat t  wind machines would have been cons t ruc ted  and 

13 m i l l i o n  would have been deconmissioned.

Tab le  8 .5 ,  w h ich  f o l l o w s ,  shows t h a t  t h e  s i t u a t i o n  d oes  n o t  

mate r ia l ly  improve with t ime.  At the  end of  100 years  the system would 

h a v e  d e l i v e r e d  186 .82  q u a d s  of  n e t  e n e r g y  ( a v e r a g i n g  1 .8682 quads  

a n n u a l ly ) .  M eanwhile ,  49 .5  mi l l ion  such  m a c h in e s  would  h a v e  b e e n  

cons t ruc ted  and 37.4 million would have been decommissioned.  The system 

would  h a v e  p r o d u c e d  38.81 p e r  c e n t  more  e n e r g y  th a n  was r e q u i r e d  to  

s u s t a i n  i t  o v e r  t h e  1 0 0 - y e a r  p e r i o d .

Of c o u r s e ,  a n o t h e r  i m p o r t a n t  p o in t  is t h a t  one would  h a v e  to  

f in d  l o c a t i o n s  f o r  12.5 m i l l ion  s uch  wind m a c h in e s  a t  s i t e s  e n jo y in g  

annual  wind speeds of  more than twelve miles per  hour. The reade r  must 

also b e a r  in mind t h a t  t h e  d y n a m ic  models  a r e  b a s e d  on t h e  a s s u m p t io n  

t h a t  t h e  c a p i t a l  c o s t s  of  t h e  Energy  S c ie n c e s  2 0 0 - k i l o w a t t  m a c h in e  can  

be l o w e r e d  a t  $712.50  p e r  k i l o w a t t  of  c a p a c i t y  (75 p e r  c e n t  of  t h e  c o s t s  

r e p o r t e d  by th e  m a n u f a c t u r e r )  and t h a t  s o - c a l l e d  O th e r  P l a n t  C o s ts ,  

w hich  in c lu d e  t r a n s m i s s i o n  a n d  d i s t r i b u t i o n  costs^ would  be z e r o  - -  an 

unlikely event .

Explanation of Table 8.6 

Table 8.6 summarizes the  50 -year  dynamic ne t -e n e rg y  resu lt s  of  

v a r y in g  th e  an n u a l  c o n s t r u c t i o n  r a t e  f rom 1,000 p e r  y e a r  to  1 ,0 0 0 ,0 0 0  

p e r  y e a r .  E x p l a n a to r y  n o t e s  a p p e a r  a t  t h e  b o t t o m  of t h e  t a b l e .  I t  

wil l be s e e n  t h a t  t h e  model  r e q u i r e s  an a n n u a l  c o n s t r u c t i o n  r a t e  of  

a lm os t  500 ,000  WECS to y i e ld  an  a n n u a l  o u t p u t  of  more  t h a n  one  quad  

(10^^ Btu's) of ne t  energy  over  the  50 -year  period.
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T ab le  8 .5

100-YEAR DYNAMIC NET ENERGY ANALYSIS 
Energy Sciences 200-Kilowatt WECS 

Capi ta l  Cost Reduced 25%, Zero Other P lan t  Cost

(A) (B) (C) (D) (E)
Line
No. Item Variable C a lcu la t ion : Result

1 Const.  Time Yrs. : 1 year
2 Cycle in Years : 100 years
3 Years of  Generat ion: 99 years
4 No. Constr .  Per Year: 500,000
5 Annual Output, 1 Set
6 (C6 from £13, S t a t i c ) : 1.4931el0 (C5/25)*C4 = 2.9862el4
7 Front-End Input Energy
8 (C8 from £14, S t a t i c ) : 4.0065e09 C2*C4*C8 = 2.0032el7
9 Ann. D i s t r .  Input Energy

10 (CIO from £15, S t a t i c ) : 6.1506e09 (C10/25)*C4 = 1.2301el4
11 Accunulated WEC Years: 2.1750e03 =SUM(1,2,3,. .. 99)
12 -SUM(1,2 ,3, . . . 74)
13 Li fecycle  System Output: (B tu ' s ) E6*C11 = 6.4949el7
14 Li fecycle System Input : (Btu 's ) (E10*E11)+C8 = 4.6787el7
15 Output/Input  Rat io: E13/E14 = 1.3881
16 Net Energy, End Period: (Btu 's ) E13-E14 = 1.8162el7
14 No. Windnachines On Line
15 End 100 Years : 25*C4 = 1.2500e07
16 Annual Net Energy: £16/C2 = 1.8162el5
17 Total  No. Constructed: C2*C4 = 5.0000e07
18 Total  No. Decommissioned: (C2-25)*C4 = 3.7500e07

Notes: Genera l ly,  v a r i a b le s  a re  shown in co lu m  C, al though i t  w i l l  
be seen tha t  sometimes a nunber in c o l u m  £ is  used in 
subsequent c a l c u la t io n s .

Equations are  shown in co lu m  D for  r e s u l t s  in column E.
Calcula t ions  s t a r t  a t  l i n e  4 and proceed,  in  sequence, 

through l ine  18.
The no ta t ion  C2 ( c e l l  C2), for  example, r e f e r s  to en t ry  

located a t  the i n t e r s e c t i o n  of  c o lu m  C and l ine 2.
C3*C4, for  example, means tha t  the qu a n t i ty  in co lum  C, l i n e  3 

is  m u l t i p l i e d  times the quan t i ty  a t  c o l u m  C, l ine  4.
SUM(1, 2 , 3 . . . 9 9 )  means in tegers  1 , 2 , 3 . . . 9 9 )  are surnned.
S u n ( l , 2 , 3 . . . 7 4 ) ,  s im i l a r l y ,  (accounting for  decommission y r s . )
E13/14 means  tha t  cel l  E13 is divided by ce l l  £14.
E16 shows annual net  energy of 1.8162el5 B tu ' s  of energy/yr .  

where "e l5"  i s  s c i e n t i f i c  no ta t io n  meaning decimal is 
15 p laces  to r i g h t .  1.8 .62el5  = 1.8162 quads.

Model f i t s  computer  so f tw are  known as e lec t ron ic  spread shee t .
Line 18 shows tha t  37.5 m i l l i o n  wind machines would be deconrn.
In f o r m a t i o n  in c e l l s  C6, C8, & CIO t a k e n  from t a b l e  8 .3 .
Model f i t s  " e le c t ro n ic  spread sheet"  computer software.
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An annual production r a t e  of 500,000 per  yea r  would require  t h a t  

$71 .25  ($1983) b i l l io n  be a n n u a l ly  i n v e s t e d  in new  g e n e r a t i n g  p l a n t s .

Table 8.6

SmMARY, DYNAMIC 50-YEAR ANALYSES 
Energy Sciences I n c . , 200 KWe Type Wind Machines 

Capital  Cost $712 .5 0 / k i l o w a t t ,
Zero O th e r  P land  Cost  

14 MPH Average Wind Speeds,
Varying Annual Construct ion  Rates

TÂ5 Tb5 (c5 ÎD) (Ë) (?)
Accun. Annual Total  Total  Total

Tot . Net Net No. No. In No.
Const. Energy Energy Constr .  Operat ion Decomn.

Year (Quads)f (Quads)f Mill ions (m i l l ion )  (mil l ion)

1000 0.25 0.00249 0.035 .0025 0.024

5000 0.623 0.0125 0.25 .0125 0.12

10000 1.25 0.0249 0.50 .0250 0.24

20000 2.49 0.0498 1.00 .0500 0.48

50000 6.23 0.1245 2.50 0.1250 1.20

100000 12.46 0.2490 5.00 0.2500 2.40

500000 62.27 1.2450 25.00 1.2500 12.00

1000000 124.55 2.4900 50.00 2.5000 24.00

Notes; A -  s e lec ted  v a r ia b le s
B- Ce l l  E 1 2 ,5 0 -Y e a r  Dynamic  Model ,  t a b l e  8.4
0  -  Cell E14 e . g . , t ab le  8 .4 .
D -  Cel l  E15, . . .
E -  Cell E13, . . .
F -  Cell E16, . . .

^quad = q u a d r i l l i o n  (10^^ Btu 's ) .  Q u a n t i t i e s  a r e  
in Btu 's  to  c o m p a re  to  a n n u a l  e n e r g y  c o n s u m p t io n  which  is 
u su a l ly  e x p r e s s e d  in B tu ' s .  Gross Annual  U nited  S t a t e s  
Energy C o n s u m p t io n  in 1983 was a b o u t  70 q u a d s . ,  t h e rm a l ,  
(also see appendix A for n e t - e n e rg y  es t im ates . )
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This w ou ld  r e s u l t  in  a  5 0 - y e a r  c o s t  of  a b o u t  $8.46 t r i l l i o n  ($1983) .^  

In 50 y e a r s ,  25 m i l l ion  m a c h in e s  would  have  b e e n  c o n s t r u c t i o n  and  13 

m i l l ion  w ou ld  h a v e  b e e n  w orn  ou t  an d  r e q u i r e  d e c o m m is s io n in g .  I t  w i l l  

be n o t e d  ( t a b l e  8 .1)  t h a t  d e co m m is s io n in g  c o s t  a r e  a s su m ed  to  be  z e r o .  

This m ig h t  n o t  be  t h e  c a s e .  C o n s e q u e n t ly ,  t h e  r e s u l t s  a r e  r o b u s t  

accordingly .

I t  is r e c o g n i z e d  t h a t  t h e s e  m a c h in e s  a r e  p r o d u c in g  e l e c t r i c i t y ,  

a h i g h - q u a l i t y  e n e r g y  fo rm .  E l e c t r i c i t y  g e n e r a t i o n  r e q u i r e s  a b o u t  4 

B tu ' s  of  f o s s i l - f u e l  e n e r g y  to  p r o d u c e  e a c h  Btu of  t h e r m a l  e n e r g y  ( i f  

t h e  e l e c t r i c i t y  is c o n v e r t e d  to  t h e r m a l  e n e r g y ) .  Even in an a l l ­

e l e c t r i c  economy, cons iderable  energy  would need  to be in thermal form 

for  process  hea t  fo r  process ing ores,  shaping m e ta l ,  ad i n f i n i t u m .

Dynamic Simulation Through F i f ty  Years

A d i f f e r e n t  s o r t  o f  summary  is p r o v i d e d  in t a b l e  8.7 w h ich  

summarizes the dynamic energy  analyses in a d i f f e re n t  dimension.  Table 

8.7 show s  t h e  s t a t u s  o f  v a r io u s  r e s u l t s  a t  1 0 - y e a r  i n t e r v a l s  from 10 to  

100 years .

In a l l  c a s e s  o f  t a b l e  8 .7 ,  th e  a n n u a l  c o n s t r u c t i o n  r a t e  is 

500 ,000  2 0 0 - k i l o w a t t  wind m a c h in e s .  I t  wil l  be  n o t e d  t h a t  t h e  s y s t e m  

d oes  n o t  y i e ld  p o s i t i v e  n e t  e n e r g y  u n t i l  a b o u t  25 y e a r s  have  p a s s e d .  

Even t h e n ,  a t  t h e  en d  of  100 y e a r s ,  such  a c o n s t r u c t i o n  p r o g r a m  w ould  

y i e l d  o n ly  an a n n u a l  n e t - e n e r g y  o u t p u t  of 1.82 qu ad s  of  n e t  e n e r g y ,  

a b o u t  o n e - t h i r t i e t h  o f  t h e  n e t - e n e r g y  r e a l i z e d  f rom th e  p r o d u c t i o n  o f  

f o s s i l  f u e l s  r e a l i z e d  in 1983.  ( see  c h a p t e r  5.)

^Note: [($712.50 per k i lowatt  x 200) x (500,000/yr x 50 y r s ) ]  
X .0950 c a p i t a l  charge x 25 years  = $8.46 t r i l l i o n .
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T ab le  8 .7

SUMMARY, DYNAMIC NET ENERGY ANALYSES 
Energy Sciences I n c . ,  200-Kilowatt Type Machines 

Cap i ta l  Cost Reduced 25%, Zero Other P lan t  Cost 
12 MPH Average Wind Speeds, Construct  500,000 Per Year 

Status a t  10-Year In te rv a l s

Years

Output/
Input
Rat io

Accun.
Net

Energyt 
(Quads)f

Ann. Avg. 
Net 

Energyt 
(Quads)t

Total
Number
Cons tr .

(m i l l ions)

Total
Nurber

Decomn.
(mi l i io n s )

10 0.5255 -12.1 -1.21 5.0 0

20 0.8943 -7 .0 -3.35 1.5 0

30 1.1293 14.5 0.48 15.7 1.0

40 1.2353 38.4 0.96 20.0 7.0

50 1.2910 62.3 1.25 25.0 12.0

60 1.3253 86.1 1.44 30.0 17.0

70 1.3486 110.1 1.57 35.0 22.0

80 1.3645 133.4 1.67 40.0 27.0

90 1.3782 157.3 1.75 45.0 32.0

100 1.3881 181.6 1.82 50.0 37.0

Notes :
^quad = q u a d r i l l i o n  (10^® B tu ' s ) .  Q u a n t i t i e s  a re  in B tu ' s t o  

compare to  annual  energy  consumption which is usually expressed  in 
Btu 's .  Annual  U. S. E n e r g y  C o n sum pt ion  in 1983 was a b o u t  70 
quads. ,  the rmal.

Sunroary and Conclusions 

In this  chap te r ,  s e l e c t e d  Net Energy Analysis models were  in t ro ­

duced which show th a t ,  a t  the  c u r re n t  s t a t e - o f - t h e - a r t ,  none of the wind 

s y s t e m s  in th e  U n i te d  S t a t e s  w il l  d e l i v e r  n e t  e n e r g y  to o u r  s o c i e t y  a t  

e x p e c t e d  a v e r a g e  wind  s p e e d s  of  t w e l v e  mi les  p e r  h o u r  un le ss  c o s t s  a r e
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s u b s t a n t i a l l y  r e d u c e d .  I n s t a l l e d  c o s t s  would  n e e d  to  be r e d u c e d  by a t  

l e a s t  50 p e r  c e n t  In o r d e r  fo r  some p o s i t i v e  n e t  e n e r g y  to  be r e a l i z e d  

by even the bes t -per fo rm ing  system (Energy Sciences 200-kilowat t  WECS).^ 

Even i f  t h e  t r u e  Energy/GNP R a t io  w e re  21,333 B tu ' s /$ 1 9 8 3 ,  mos t  of  th e  

wind machines do not show any posit ive ne t  energy -ou tpu t ,  even under the 

lo w -cos t  scenar io .

P e r h a p s ,  i t  m igh t  be p o s s ib le  for  u n i t  c o s t s  to  be lo w e r e d  by 

such  an  a m o u n t  t h r o u g h  m a s s - p r o d u c t  ion t e c h n i q u e s  such  as a r e  be ing  

p r a c t i c e d  in t h e  a u t o m o b i l e  in d u s t r y .  Even t h e n ,  w i th  a p o s i t i v e  S t a t i c  

N e t - E n e r g y  R a t i o  o f  1.4179 to  1, t h e  dynam ic  r e s u l t s  a r e  n o t  f a v o r a b l e .  

At t h e  end  o f  100 y e a r s ,  a 500 ,000  p e r - y e a r  r a t e  of  c o n s t r u c t i o n  of 

Energy Sc iences - type  200-kilowat t  WECS would be yielding an annual  ne t -  

energy ou tpu t  of  only about 1.86 quads of net  energy.  The economic cost  

of  such  an u n d e r t a k i n g  would  c o s t  more t h a n  $8.6 t r i l l i o n  o v e r  50 y e a r s ,  

as  shown in "D isc uss ion  of  Table 8 .6 ."

T h e r e f o r e ,  i t  is c o n c l u d e d  t h a t  t h e  f u t u r e ,  w i th  r e s p e c t  to  n e t -  

energy benef i t s  from wind energy conversion machines as a source of ne t  

e n e r g y  to  r e p l a c e  fo s s i l  f u e l s ,  is in d e ed  g loomy.  The eco n o m ic  c o s t  

would  n e e d  to  be  s u b s t a n t i a l l y  r e d u c e d  in o r d e r  fo r  t h e  p i c t u r e  to  

improve,  and even  then ,  wind-powered systems must e i the r  have adequa te ,  

low -cos t  e n e rg y - s to ra g e  systems or  essential ly have backup systems when 

s p e e d s  a r e  i n a d e q u a t e  to  m e e t  t h e  dem and  s c h e d u l e  of  an i n d u s t r i a l  

soc ie ty .

This s t u d y  shou ld  n o t  be c o n s t r u e d  as an a t t a c k  on wind  e n e r g y  

as a s o u r c e  o f  e l e c t r i c i t y .  F o s s i l - f u e l  p l a n t s  n e e d  3 to  4 i n p u t - B t u ' s  

of  c o a l ,  o i l ,  o r  n a t u r a l  gas to p r o d u c e  one  o u t p u t - B t u  of  h e a t ;  i . e . ,
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the  O u t p u t / I n p u t  R a t io  is  a b o u t  0.25 to  1.  The p o i n t  b e in g  made is 

tha t ,  a t  the  p re sen t  s t a t e - o f - t h e - a r t  and level  of economic cos t ,  wind- 

powered e l e c t r i c i t y - g e n e r a t i n g  systems a re  not  independent  sources  of  

n e t  e n e r g y .  They  w o u ld  n o t  be a b l e  to  r e p l i c a t e  t h e m s e l v e s  o u t  of  t h e i r  

own energy.  They r e q u i re  an ex te rna l ,  energy subsidy for  the i r  being.
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CHAPTER 9

INTERCONNECTED PRC«LEMS AND IMPLICATIONS 

Prec is

In t h i s  c h a p t e r  s e l e c t e d  g lo b a l  i s s u e s  w i l l  be d i s c u s s e d  as t h e y  

r e l a t e  to  t h e  f i n d i n g s  of  t h i s  s tu d y .  The c u r r e n t  s tudy  shows t h a t  

nuc lea r -pow ered  and wind-powered e l e c t r i c i ty -g e n e ra t i n g  systems are not 

i n d e p e n d e n t  s o u r c e s  of  n e t  e n e r g y .  They  a r e  b e i n g  e x t e r n a l l y  s u b s i ­

d i z e d .  They co u ld  n o t  r e p l i c a t e  th e m s e lv e s  o u t  of  t h e i r  own e n e r g y  and 

l e a v e  a s u f f i c i e n t  q u a n t i t y  to  m e e t  s o c i e t a l  n e e d s .  R a t h e r ,  th e y  a re  

r o u n d a b o u t  w ays  o f  consuming f i n i t e  f o s s i l  f u e l s .  I t  is g e n e r a l l y  

b e l i e v e d  t h a t  t h e s e  ty p e s  of  t e c h n o l o g i e s  a r e  b e in g  c o u n t e d  on to 

p r o v id e  a s o u r c e  o f  n e t  e n e r g y  as fo s s i l  f u e l s  a r e  d e p l e t e d .  This s t u d y  

f in d s  t h a t  t h e y  w i l l  n o t  m e e t  t h o s e  e x p e c t a t i o n s .  O the r  s o u r c e s  of  n e t  

energy  must be found or society faces serious problems.

The c u r r e n t  (1985) g lu t  of  f o s s i l  f u e l s  h a s  t e m p o r a r i l y  l u l l e d  

s o c i e t y  in t o  a f a l s e  n o t io n  t h a t  t h e r e  is no lo n g e r  an e n e r g y  p rob lem  or 

t h a t  t h e  p ro b le m  is so f a r  in to  th e  f u t u r e  t h a t  i t  is a n o n - p r o b l e m .  

G row th  e c o n o m i s t s  an d  o t h e r  t e c h n o l o g i c a l  o p t i m i s t s  have  b een  a m a jo r  

pa r ty  to  this  s e l f -dec ep t ion .  For example,  see Landsberg ^ and Simon.^

^Hans Landsberg, Arrow, e t  al.  Energy The Next 20 Years,  Idem.

^Ju l ian  Simon, The Ult imate Resource, (Pr ince ton ,  NJ:
Princeton U nivers i ty  Press,  1981).
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In 1949,  H u b b e r t ^  w a r n e d  u s  t h a t  t h e  s t o c k s  o f  e a c h  o f  t h e  

fossi l fue ls  would be exhaus ted  on th e  following approximate chronology: 

1960 to  2030 f o r  80 p e r  c e n t  of  th e  p e t r o l e u m ,  1934 to  1999 fo r  80 per  

c e n t  o f  t h e  n a t u r a l  gas ,  a n d  2000 to  2300 f o r  80 p e r  c e n t  o f  t h e  c o a l .  

Hubbert 's  e s t im a tes  for  coa l  assumed t h a t  the amount p roduced  would only 

double t h r e e  t imes.

M erk le in  and  Hardy^  p o i n t e d  o u t  t h a t  the  c o a l  s u p p ly  cou ld  be 

r e d u c e d  t o  60 y e a r s  a t  a 5 p e r  c e n t  g r o w t h  r a t e .  F o w l e r , ^  u s in g  l a t e r  

da ta ,  conf irmed Hubbert 's  ea r l ie r  e s t im a te s  for pe tro leum produc tion  in 

the United Sta tes .  Hall and Cleveland,^ ci t ing  both Hubber t  and Fowler, 

and  u s in g  l a t e r  d a t a ,  f ound  t h a t  d r i l l i n g  fo r  d o m e s t i c  p e t r o l e u m  "cou ld  

c e a s e  to  be  a n e t  s o u r c e  of  e n e r g y  b y  a b o u t  2004 a t  low d r i l l i n g  r a t e s  

and  2000 a t  h igh d r i l l i n g  r a t e s . "

All of  t h e  f o r e g o i n g  have  f o u n d  t h a t  an i n c r e a s i n g  i n c r e m e n t  of 

p h y s i c a l  e f f o r t  is n e e d e d  f o r  e a c h  a d d i t i o n a l  i n c r e m e n t  o f  f o s s i l - f u e l  

o u t p u t .  The i m p l i c a t i o n s  o f  t h i s  t r e n d  h ave  n o t  b e e n  i d e n t i f i e d  by 

t rad i t iona l  economic analysis .  Unfor tunate ly ,  the economic es t imates ,  

such  as t h o s e  of  B a r n e t t  and  Morse,® d o m i n a t e  the  v iew  in t h e  s c i e n t i f i c  

community and the community a t  la rge .

Our s o c i e t y  is h ig h ly  d e p e n d e n t  on p e t r o l e u m  as a p o r t a b l e

^M. King Hubbert,  "The Energy Resources of the E a r th , "  Idem.

^Helmut A. Merklein and W. Carey Hardy, Energy Economics Idem.

^Richard G. Fowler, "Longevity of  Searchworthiness,"  Idem.

'^C ha r le s  A. S. Hall and C u t l e r  J .  Cleveland, "Yie ld  Per  E f f o r t  
and Net Energy Analysis of the American Petroleum Industry ,"  Idem.

®Harold J .  B arne t t ,  and Chandler Morse, S ca rc i ty  and Growth, 
(Balt imore:  Johns Hopkins Press ,  1963).
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e n e r g y  s o u r c e .  Most  of  t h e  s t o c k s  of  n e t - e n e r g y - y i e l d i n g  p e t ro l e u m  

p ro b a b ly  l i e  o u t s i d e  t h e  U n i ted  S t a t e s ,  m o s t l y  w i t h i n  t h e  O r g a n iz a t io n  

of Petroleum Export ing Countries (OPEC). Once th e  value of  these major 

s o u r c e s  o f  n e t  e n e r g y  is f u l l y  r e a l i z e d ,  t h e r e  i s  l i k e l y  to  be a f r a n t i c  

scramble for  th e i r  control .

The im plicat ions  are  even more ominous when they a re  considered 

in the c o n te x t  of  o th e r  global problems th a t  will become more serious as 

each  of  them e ncoun te r s  the impending e n e rg y -m a te r i a l s  cr is is .

S e le c ted ,  I n te r a c t in g  Global Problems

Energy Supply and Military Impl icat ions 

E x c e p t  f o r  t h e  r o c k e t s ,  m i l i t a r y  m a c h i n e s  run  on o i l .  I t  

a p p e a r s  l i k e l y  t h e r e  may be a s t r u g g l e  to  c o n t r o l  t h e  r i c h  n e t - e n e r g y  

sources of  pe t ro leum as s tocks  are dep le ted .  The use of  fo rce ,  however,  

may be s e l f - d e f e a t i n g .  F i r s t ,  e f f o r t s  to c o n t r o l  t h e  o i l  su p p l ie s  by 

f o r c e  would  r e q u i r e  t h a t  much  of  t h e  o i l  be f e d  b a c k  i n t o  t h e  m i l i t a r y  

m a ch ines  to  g a in  or  m a i n t a i n  c o n t r o l  of  oi l ;  i . e . ,  t h e  v a r i o u s  m i l i t a r y  

m a ch in es  migh t  n e e d  mos t  of  th e  o i l  e n e r g y  ( b o th  d i r e c t l y ,  and 

i n d i r e c t l y )  in t h e  s t r u g g l e s  fo r  c o n t r o l ,  l e a v i n g  l i t t l e  fo r  o t h e r  

soc ie ta l  needs.  Second,  r ising tensions may the n  tempt  mil i ta ry  powers 

to  use  t h e  u l t i m a t e  w eap o n s  when  t h e y  p e r c e i v e  t h a t  " th e i r "  f u e l  

supplies a r e  t h r e a t e n e d .

No d o u b t ,  t h e  most  ominous  p ro b le m  f a c i n g  h u m a n i ty  is t h e  

growing possib i l i ty of  nuc lear  ho locaust  and the  consequen t  des truc t ion  

of  t h e  p l a n e t .  Aside  f rom  t h e  d i r e c t  b l a s t  an d  b u rn  e f f e c t s  of  a 

nuclear  war ,^  the  so -c a l l e d  nuclear  w in te r  e f f e c t  will cause atmospheric
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condit ions which p reven t  su f f ic ien t  sunlight  from reaching the Ear th to 

s u s t a i n  t h e  b i o l o g i c a l  s y s t e m s .^  In a way ,  we a r e  l iv ing  in a s o r t  of  

"h igh  t e c h "  J o n e s t o w n .  We a r e  q u i t e  p r e p a r e d  to  com m it  s u i c i d e  on a 

g lo b a l  s c a l e .

Growing World Populat ion

The problem of a growing world populat ion also p resen ts  serious  

problems.  There is genera l  agreement tha t  the current  world popula t ion 

of  a p p r o x i m a t e l y  5 b i l l io n  wil l  d o u b le  by a b o u t  t h e  y e a r  2020 u n le s s  

o t h e r  p o p u l a t i o n - l i m i t i n g  e v e n t s  o c c u r . ^  U n f o r t u n a t e l y ,  t h e r e  is  an 

i n h e r e n t  m om en tum  to  th e  g r o w t h  p r o c e s s  in those  c o u n t r i e s  h a v i n g  a 

p r e p o n d e r a n c e  o f  young i n h a b i t a n t s .  For e x a m p le ,  i f  Mexico w e r e  to 

su d d e n ly  a c h i e v e  a s i t u a t i o n  w h e re  e a c h  fem a le  r e p l a c e s  h e r s e l f  only  

o n c e ,  i t  wou ld  t a k e  a n o t h e r  GO y e a r s  for  Mexico's  p o p u l a t i o n  to  s to p  

g row ing .  No d o u b t ,  Mexico w il l  s h a r e  t h e i r  b o u n t i f u l  o u t p u t  w i t h  the  

United S ta tes .

This  p o p u l a t i o n  g r o w th  is t a k i n g  p l a c e  in t h e  m ids t  of  d w in d l in g  

E a r t h  r e s o u r c e s ,  which  in c lu d e  e n e r g y ,  n o n - f u e l  E a r th  m a t e r i a l s ,  f r e s h  

w a t e r ,  a g r i c u l t u r a l  la n d ,  and  o t h e r  e n v i r o n m e n t a l  r e s o u r c e s .  Not on ly  

is t h e  p o p u l a t i o n  g row ing ,  b u t  w a n t s  a r e  also g ro w in g .  The q u a s i ­

e d u c a t e d  h a v e  l e d  o t h e r s  to  b e l i e v e  t h a t  th e  t h e y  can  a c h i e v e  W e s te rn

^R. P. Turco, 0 .  B. Toon,  T. P. A ckerm an ,  J.  B. P o l l a c k ,  and  
C ar l  Sagan ,  " N u c l e a r  Winter :  G loba l  C o n s e q u e n c e s  of  M ult ip le  N u c le a r  
Explosions," Science 222,(23 December 1983): 4630.

2paul Ehr l ich ,  e t  a l . ,  "The Long Term Biologica l  Consequences 
of  Nuclear War," Science, 222 (23 December 1983).

3paul E. Ehrlich, The Populat ion Bomb, (New York: Bal lantine
Books, 1971) .  Also see  w i th  Anne E h r l i c h ,  Mother E a r t h  N e w s , for  
example,  see issues, al l of 1984 and 1985, for  more r ece n t  views.
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l i f e s t y l e s  s imply  by more  e d u c a t i o n  and t e c h n o l o g y  t r a n s f e r .  I t  is 

q u a s i - e d u c a t i o n  b e c a u s e  b io p h y s i c a l  l im i t s  a r e  n o t  a t  t h e  f o r e f r o n t  of  

t h e  p r o c e s s .  I t  w i l l  be d i f f i c u l t  to  e x p l a in  to  a s p i r i n g ,  d ev e lo p in g ,  

count ries  why many needs,  l e t  alone wants,  may not  be forthcoming.

I n c r e a s i n g l y ,  s o c i e t y  f a c e s  more  d i f f i c u l t  s o c i a l  and m ora l  

q u e s t i o n s  w i th  r e s p e c t  to  t h e  s ize  of  human p o p u l a t i o n  and  how to  d e a l  

w i th  l i m i t i n g  i t s  s i z e .  I t  is t h e  a u t h o r ' s  v ie w  t h a t  p o p u l a t i o n  s i z e  

may have a l ready gone well beyond any semblance of long-run  carrying-  

c a p a c i t y  of  t h e  E a r t h  and t h a t  s o c i e t y  must  make  h a r d  c h o ic e s  w i th  

r e s p e c t  to  p o p u l a t i o n  r e d u c t i o n ,  o r  n a t u r e  wil l  make  th e m  fo r  us in a 

c r u e l  a n d  v ic io u s  way,  as  is now b e in g  e x p e r i e n c e d  in E th iop ia  and  

s e v e r a l  o t h e r  c o u n t r i e s  in A f r i c a  and  Asia.  Some of t h e  most  i n f l u e n ­

t i a l  m o ra l  l e a d e r s  of  th e  w or ld  a r e  no t  f a c i n g  up to  t h i s  issue in an 

honest  way.

Global Food Prospects  

Brown,! of the Worldwatch Ins t i tu te ,  has warned t h a t ,  whereas we 

had always  had two sources of food secur i ty  (grain s tocks  and idle c rop­

land ) ,  we e n t e r e d  t h e  1980 's  w i th  only  th e  r e s e r v e  g r a i n  s t o c k s .  We no 

longer enjoy a large reserve  in the  form of idle cropland.

Unfortunate ly ,  this  ominous food prospec t  occurs  in the context  

of  t h e  p ro b le m s  o f  dw ind l ing  n e t  e n e r g y ,  a g row ing  p o p u l a t i o n ,  and 

increas ing  wate r-supply ,  as will be discussed below.

Some n a t i o n s  p la n  to  use  a g r i c u l t u r a l  c ro p s  f o r  l iqu id  fu e l s  

( a l c o h o l ) .  As Brown has  p o i n t e d  o u t ,  a t y p i c a l  t h i r d - w o r l d  consum er

^Lester  Brown, "Food Prospects :  Shadow of Mai thus ,  Challenge,
(January-February 1982).
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r e q u i r e s  a b o u t  o n e - f o u r t h  h e c t a r e  of  a g r i c u l t u r a l  l a n d  to  m e e t  his  

annual  food needs. The af f luen t  needs about  one h e c t a r e ,  but a  " typical  

A m er ic an  c a r  f u e l e d  e n t i r e l y  by e t h a n o l  would r e q u i r e  . . . o v e r  s e v e n  

tons  o f  g r a in  p e r  y e a r  - -  th e  o u t p u t  from n i n e  h e c t a r e s  o f  a v e r a g e  

l a n d ,"  a c c o r d i n g  to  Brown.^  The p rob lem s  of  fo o d  supp ly  a r e  c l o s e l y  

r e la ted  to the problems of  w a te r  supply, and popula t ion growth ,  and all 

i n t e r a c t  with the problems of n e t -e n e rg y  supply.

Water Quanti ty and Quali ty

The 1980 G loba l  2000 R e p o r t  to  t h e  P r e s i d e n t  n o t e d  t h e  

fol lowing;^

Regional w a te r  shortages will become more severe .  In the 1970- 
2000 p e r io d  p o p u l a t i o n  g ro w th  a lo n e  wil l  c a u s e  r e q u i r e m e n t s  fo r  
w a t e r  to  doub le  in n e a r l y  h a l f  t h e  w or ld .  S t i l l  g r e a t e r  i n c r e a s e s ,  
would  be n e e d e d  to  im prove  s t a n d a r d s  of  l i v in g .  In many LDC's 
[Less Developed Countries] wate r  supplies will become increas ingly  
e r r a t i c  by 2000 as a resu lt  of severe de fo res ta t ion .  Development of  
new water  supplies will become more cos t ly v i r tua l ly  everywhere .  . .

. . . I n c r e a s e s  of  a t  l e a s t  200-300  p e r c e n t  in w or ld  w a t e r  
w i t h d r a w a l s  a r e  e x p e c t e d  o v e r  t h e  1 9 7 5 -2 0 0 0  p e r i o d .  By f a r  th e  
l a r g e s t  p a r t  o f  t h e  i n c r e a s e  is  f o r  i r r i g a t i o n .  . . .

. . . Much o f  t h e  i n c r e a s e d  dem and  f o r  w a t e r  w i l l  be in t h e  
LDC's o f  A f r i c a ,  Sou th  Asia,  t h e  Middle E a s t ,  and L a t in  A m er ica ,  
where in many a rea s  fresh w a te r  for  human consumption and ir r iga ­
t i o n  is a l r e a d y  in s h o r t  supp ly .  . . M oreove r ,  many LDCs wil l  a l so  
s u f f e r  d e s t a b i l i z a t i o n  of  w a t e r  s u p p l i e s  fo l l o w i n g  e x t e n s i v e  loss  
o f  f o r e s t s .  In t h e  I n d u s t r i a l i z e d  c o u n t r i e s  c o m p e t i t i o n  among 
d i f f e r e n t  u se s  o f  w a t e r  - -  for  i n c r e a s i n g  food  p r o d u c t i o n ,  new 
e n e r g y  s y s t e m s  ( s u c h  as s y n t h e t i c  fu e l s  f rom  c o a l  and  oil  s ha le ) ,  
i n c r e a s i n g  p o w e r  g e n e r a t i o n ,  ex p a n d in g  food  p r o d u c t i o n ,  and 
increas ing  needs of  o ther  industry - -  will a g g rav a te  w a te r  shortage 
in many areas.

^Ib id .

^The Global 2000 Report to the P re s iden t ;  Enter ing  the 
21st  Century A re p o r t  Prepared  by the Council on Environmental Quality 
and t h e  D e p a r t m e n t  of  S t a t e .  (W ash ing ton ,  D. C.: S u p e r i n t e n d e n t  of
Dociments, U. S. Government P r i t i n g  Off ice,  [1980], p . 2.

166



Even  t h i s  grim p i c t u r e  of  g lo b a l  w a t e r  a v a i l a b i l i t y  was  b a s e d  on 

a more op timis t i c  ne t -e ne rgy  s i tua t ion  than  is sugges ted  by  the  f indings 

o f  t h i s  s t u d y ;  i . e . ,  s ee  t h e  p r e c e d i n g  co m m en t  on "new e n e r g y  s y s t e m s . "

F in i t e  Non-Fuel Resource Problems

T h e r e  is i n c r e a s i n g  e v i d e n c e  t h a t  t h e  r i c h ,  n o n - f u e l  r e s o u r c e s  

a re  being dep le ted  a t  r a t e s  t h a t  cannot  long be susta ined .  The energy-  

m a te r ia ls  problems were an t ic ipa ted  by economist Georgescu-Roegen.^

Chynoweth,  Direc tor  of  the  Materials Research  Labora to ry ,  Bell 

L abora to r ies ,  notes the following:^

. . .  many of  th e  m a t e r i a l s  a r e  in o r e s  much too  d i l u t e  or  too 
geo logical ly  or geographical ly remote  to be economically  workable,  
e i t h e r  by c u r r e n t  r e c k o n i n g s  or  r e a l i s t i c a l l y  p r e d i c t a b l e  ones .

He s a y s  t h a t  i t  t a k e s  a lo t  o f  e n e r g y ,  c a p i t a l ,  and  l a b o r  to mine,

t r a n s p o r t ,  smelt ,  and refine raw mate r ia ls ,  but th a t  as we move from the

r i c h e r  t o  t h e  l e a n e r  o r e s ,  much m ore  o f  a l l  t h e  in p u t s  a r e  n e e d e d  to

provide th e  same amount.  Meanwhile, th e re  is an increas ing  world demand

for m a te r ia ls .

B r ian  J .  S k in n e r ,  Eugene  Higgins  P r o f e s s o r  o f  G eo lo g y  and 

Geophysics a t  Yale University,  holds:^

The d i s t r i b u t i o n  of  c h e m i c a l  e l e m e n t s  in t h e  E a r t h ' s  c r u s t  s e t s  
n a t u r a l  l imits to man's supply of meta ls  tha t  a re  much more impor­
t a n t  to  t h e  f u t u r e  of  s o c i e t y  t h a n  l im i t s  on e n e r g y .  . .

^ N i c h o la s  Georgescu-Roegen, The Entropy Law and the  Economic 
P ro c e s s , Idem.

^A. G. Chynoweth, " M a te r i a l s  C o n s e r v a t i o n  A T e c h n o l o g i s t ' s  
Viewpoint ," Cha llenge, (January-February  1983)

^ B r i a n  J .  S k in n e r ,  "A S e c o n d  I r o n  Age A h e a d ? "  Am e r i c a n  
Sc ie n t i s t ,  (May-June,  1976); 64.
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However one views the use of  geo-chemica lly  s ca rce  metals  in the 
f u t u r e  i t  is c l e a r  t h a t  t h e r e  a r e  v e r y  r e a l  l i m i t s  to  t h e  am o u n ts  
a v a i l a b l e  in t r a d i t i o n a l  o r e  d e p o s i t s  of  t h e  c o n t i n e n t a l  c r u s t .  
E f f i c i e n t  r e c y c l i n g ,  which  s u r e l y  m us t  come as e x i s t i n g  d e p o s i t s  
a r e  w o rk e d  ou t  and new ones  b e c o m e  h a r d e r  to  f i n d ,  wil l  g u a r a n t e e  
t h a t  e v e n  t h e  s c a r c e s  m e t a l s  w i l l  a l w a y s  be a v a i l a b l e  in a t  l e a s t  
sm a l l  a m o u n t s .  But r e c y c l i n g  c a n  a i  b e s t  s u s t a i n  a d e c l in in g  use  
r a t e .  While g r o w t h  or  e v e n  l e v e l  u se  r a t e s  p e r t a i n ,  n ew ly  mined  
m a te r ia l  must cont inue to be added .  When the  t r ad i t iona l  deposi ts  
h a v e  a l l  b e e n  found  and  m ined ,  h o w e v e r ,  o u r  r e s p o n s e s  wil l  
i n e v i t a b l y  be g o v e r n e d  by g e o c h e m i c a l  a b u n d a n c e s ,  and l i t t l e ,  i f  
any  n ew ly  mined  s c a r c e  m e t a l s  w i l l  be a v a i l a b l e  to  be  a d d e d  to  t h e  
pool in use .

The c r i t i c a l  t im e  in m an 's  f u t u r e  t e c h n o l o g i c a l  d e v e l o p m e n t  
c a n n o t  be  p i n p o i n t e d ,  b u t  i t  c a n n o t  be too  f a r  in t h e  f u t u r e .  The 
d a t e  d e p e n d s  on f u t u r e  use  r a t e s  o f  m e t a l s ,  and  s in c e  some m e t a l s  
w i l l  be e f f e c t i v e l y  u s e d  up b e f o r e  o t h e r s ,  we a r e  l i k e ly  to  s e e  an 
extended dec l ine  r a th e r  than a sudden c u t o f f .  . . .

W h icheve r  w ay  we t u r n ,  we a r e  f o r c e d  b a c k  to  t h e  r e a l i z a t i o n  
t h a t  one  day  soon we w i l l  h a v e  to  come to  g r ip s  w i th  th e  way  in 
w h ich  e a r t h  o f f e r s  us i t s  r i c h e s .  T h a t  day  is l e s s  t h a n  a c e n t u r y  
a w a y ,  p e r h a p s  l e ss  th e n  h a l f  a c e n t u r y .  When i t  daw ns ,  we wil l  
h a v e  to l e a r n  to  use  i ron  an d  o t h e r  a b u n d a n t  m e t a l s  f o r  a l l  our 
n e e d s .  The daw n of t h e  s e c o n d  i ro n  age  is much c l o s e r  th a n  most  of 
us suspec t .^

Skinner 's posi t ion was based on the assumption th a t  energy  supply is not 

a la rge  problem. This s tudy finds t h a t  the  energy-supply  problem may be 

g r e a t e r  t h a n  S k in n e r  migh t  h av e  r e a l i z e d .  I t  a p p e a r s  to  t h i s  w r i t e r  

t h a t  t h e  g ro w in g  p ro b le m  of  f in d in g  n e t  e n e r g y  w i l l  compound  the  

p ro b le m s  of  min ing  t h e  d e e p e r  and  l e a n e r  g r a d e s  o f  o r e ,  as  p o i n t e d  out  

by S k in n e r .  In t u r n ,  t h e  d i f f i c u l t y  of  min ing  t h e  d e e p e r  o r e s  wil l  

fu r th e r  a f f e c t  the n e t - e n e r g y  ava i lab i l i ty  problem.

Econonic Growth and Economic J u s t i c e

T h e re  is a c h a r a c t e r i s t i c  of  e c o n o m ic  g r o w t h  t h a t  is n o t  w ide ly  

u n d e r s t o o d .  I f  s o m e t h in g  is i n c r e a s i n g ,  a do u b l in g  p r o c e s s  e n s u e s .  If

^Ib id .
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s o m e t h in g  is g ro w in g  e x p o n e n t i a l l y ,  say ,  10 p e r  c e n t  p e r  y e a r ,  t h e n  th e  

quan t i ty  doubles in about seven years - -  such is the  n a tu re  of  compound 

i n t e r e s t .  The q u a n t i t y  in v o lv e d  in t h e  l a s t  d o u b l i n g  t im e  is g r e a t e r  

t h a n  t h e  sum o f  the  p re v io u s  dou b l in g s  in th e  s e r i e s .  The p o in t  be ing  

made is t h a t  e c o n o m ic  g ro w th  is be ing  c a r r i e d  o u t  by some d oub l ing  r a t e  

o f  d e p l e t i o n  o f  th e  s t o c k s  o f  E a r t h  r e s o u r c e s .  I t  sh o u ld  seem  obvious  

th a t  such a p a t t e r n  cannot  be sustained.

The p ro b lem  of d i s t r i b u t i v e  j u s t i c e  has  h e r e t o f o r e  been  s w e p t  

under the  rug o f  economic growth.  We have c o n c e n t r a t e d  on making the 

"p ie"  l a r g e r ,  r a t h e r  th a n  w or ry ing  v e ry  much a b o u t  t h e  d i s t r i b u t i o n  of 

r e l a t i v e  s h a r e s  of  E a r th  r e s o u r c e s .  I f  t h e  a v a i l a b i l i t y  of  E ar th  

r e s o u r c e s  is  d e c r e a s i n g ,  th e n  we must  s q u a r e l y  f a c e  t h e  i s sue  of 

d i s t r i b u t i v e  j u s t i c e ,  n o t  only  fo r  t h e  c u r r e n t  p o p u l a t i o n s ,  bu t  fo r  

f u t u r e  p o p u l a t i o n s  of  the  E a r th .  Most o f  t h e  r e s t  o f  t h e  i n t e l l e c t u a l  

community have been con ten t  to hea r  what they wan ted  to hea r  from well- 

meaning economists  and o ther  technological  optimists .

Limits To Growth

In 1972, Meadows, e t .  a l . ,  concluded:^

1. If  th e  p r e s e n t  g r o w th  t r e n d s  in w o r ld  p o p u l a t i o n ,  in d u s ­
t r i a l i z a t i o n ,  p o l l u t i o n ,  food  p r o d u c t i o n ,  a n d  r e s o u r c e  d e p l e t i o n  
c o n t i n u e  u n c h a n g e d ,  t h e  l im i t s  to g r o w th  on t h i s  p l a n e t  wil l  be 
reached  sometime within the next  one hundred years .  The most prob­
a b l e  r e s u l t  wil l  be a r a t h e r  sudden  and  u n c o n t r o l l a b l e  d e c l in e  in 
both  popula t ion and industr ia l  capaci ty .

2. I t  is p o s s ib le  to  a l t e r  t h e s e  g r o w t h  t r e n d s  and  to  e s t a b l i s h  
a c o n d i t i o n  of  e c o l o g i c a l  an d  ec o n o m ic  s t a b i l i t y  t h a t  is  s u s t a i n a b l e  
f a r  i n t o  t h e  f u t u r e ,  [ e m p h a s i s  a d d e d ]  T h e  s t a t e  o f

^Donella H. Meadows, Dennis L. Meadows, Jo rgen  Randers, William 
W. Behrens III, The Limits to Growth, (New York: Universe Books, 1974). 
p. 24.
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g lo b a l  e q u i l i b r i u m  cou ld  be d e s ig n e d  so t h a t  t h e  b a s i c  m a t e r i a l  
n e e d s  of  e a c h  p e r s o n  on e a r t h  a re  s a t i s f i e d  and e a c h  p e r s o n  has  an 
equal  oppor tun i ty  to  rea l ize  his individual human po te n tia l .

3. If t h e  w o r ld ' s  p eop le  d e c i d e  to s t r i v e  f o r  t h i s  s e c o n d  
o u tc o m e  r a t h e r  t h a n  th e  f i r s t ,  t h e  so o n e r  t h e y  b e g in  working  to  
a t t a i n  i t ,  t h e  g r e a t e r  wil l  be t h e i r  c h a n c e s  of  s u c c e s s . ^

Meadows h as  n o t  a l t e r e d  h e r  co n c lu s io n s .  She s t i l l  has some optimism

t h a t  t h e  s e c o n d  o u t c o m e  c a n  o ccu r  i f  we d o n ' t  d e l a y  to o  long .^  Her

"optimism" scenar io  however,  is based on the assumption of  availabil i ty

of ce r ta in  resources :

. . . The l i s t  o f  n e c e s s a r y  I n g r e d i e n t s  is long .  . . i n c lu d e s  
t h e  p h y s i c a l  n e c e s s i t i e s  t h a t  s u p p o r t  a l l  p h y s i o l o g i c a l  and in d u s ­
t r i a l  a c t i v i t y -  - f o o d ,  raw  m a t e r i a l s ,  f o s s i l  and n u c l e a r  f u e l s ,  
and th e  e c o l o g i c a l  s y te m s  of  t h e  p l a n e t  w h ich  a b s o r b  w a s t e s  and 
recycle  im por tan t  basic chemical substances.^

The c o n c l u s i o n s  of  th i s  s tu d y  and  th e  i s s u e s  r a i s e d  by o t h e r s  

c i t e d  in t h i s  s t u d y  s h o w  t h a t ,  p e r h a p s ,  m a n y  o f  t h e  n e c e s s a r y  

ingredients  for the  "optimist ic" outcome may not be forthcoming.

Steady-State Econonics

Daly has uniquely disconnec ted  himself  from mainstream growth 

e c o n o m ic s .  With s t i n g i n g  c l a r i t y  he has c h a l l e n g e d  t h e  o r th o d o x y  to  

become concerned  with the business of  living on a f in i te  Earth.  ^

i l b i d .

^Donella H. Meadows, "Limits to Growth Revisi ted," Cassandra 
Conference P ap e r s , (College Stat ion,  TX: Texas A & M, 1985) Publication 
pending,  and persona l  conversat ion with Donella Meadows. .

^Meadows, e t .  a l . .  Limits To Growth, Idem, p. 45.

“̂ Herman E. Daly, Economics, Ecology, Ethics; Essays Toward 
a S t e a d y - S t a t e , (San  F ra n c i s c o :  W. H. F reem an  and Company ,  1980) ,  
pp. 324-325.
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By a s t e a d y - s t a t e  Daly means:^

1.  A cons tan t  populat ion of  human bodies.

2.  A c o n s t a n t  p o p u la t i o n  o r  s t o c k  o f  a r t i f a c t s  ( e x o s o m a t i c  
c a p i t a l  or  ex ten t ions  of  human bodies) .

3.  The l e v e l s  a t  which  t h e  tw o  p o p u l a t i o n s  a r e  h e l d  c o n s t a n t  
a r e  s u f f i c i e n t  f o r  a good l i f e  and  s u s t a i n a b l e  fo r  a long  f u t u r e .

4.  The r a t e  o f  t h r o u g h p u t  o f  m a t t e r - e n e r g y  by w h ich  t h e  tw o  
s t o c k s  a r e  m a i n t a i n e d  is r e d u c e d  to  t h e  l o w e s t  f e a s i b l e  l e v e l .  For 
t h e  p o p u l a t i o n  t h i s  means  t h a t  b i r t h  r a t e s  a r e  e q u a l  to  d e a t h  r a t e  
a t  low l e v e l s  so l i f e  e x p e c t a n c y  is ;h igh .  For a r t i f a c t s  i t  m eans  
t h a t  p r o d u c t i o n  e q u a l s  d e p r e c i a t i o n  a t  low le v e l s  so t h a t  a r t i f a c t s  
a r e  long  l a s t i n g ,  and  d e p l e t i o n  a n d  p o l l u t i o n  a r e  k e p t  low.

A l th o u g h  t h e  a u t h o r  fu l ly  e n d o r s e  Daly 's  n o t i o n  o f  a s t e a d y -  

s t a t e  as a  d e s i r e a b l e  i n t e r m e d i a t e  g o a l ,  i t  must  be r e c o g n i z e d  t h a t  Daly 

a t t a c h e s  much s ign i f icance  to the l inking of  the  permanent  s t e a d y - s t a t e  

to ene rgy  der ived  from solar income.

Odum c a u t i o n e d  a g a i n s t  e x p e c t i n g  too  much f rom s o l a r  e n e r g y ,
O

warning us th a t ;

S o la r  e n e r g y  is v e ry  d i l u t e  and  th e  i n h e r e n t  e n e r g y  c o s t  of  
c o n c e n t r a t i n g  so la r  energy into form for human use has a l ready  been 
m a x im i z e d  by f o r e s t s  and food  p r o d u c i n g  p l a n t s .  W i thou t  e n e r g y  
s u b s id y  t h e r e  is no y ie ld  f rom t h e  sun  b e y o n d  t h e  f a m i l i a r  y i e ld s  
from fo r e s t r y  and agricul ture .

The r e s u l t s  of th i s  s t u d y  c o n f i r m  t h a t  wind s y s t e m s  (a  w e l l -  

developed,  so la r - e n e rg y  technology) a re  not  independent  sources of  net  

e n e r g y .  For s o l a r  e n e r g y  to be a n e t - e n e r g y  s o u r c e  ( fo r  e x a m p le ,  b i o ­

m ass  c o n v e r s i o n  to ,  say ,  a lcohol)  i t  w ou ld  be n e c e s s a r y  t o  use  a g r i c u l ­

t u r a l  l a n d  fo r  b o th  food  and e n e r g y  c r o p s .  In such  c a s e ,  g lo b a l  p o p u l a ­

t i o n  s i z e  m u s t  be c o n s i d e r a b l y  s m a l l e r  t h a n  5 b i l l io n ,  b e c a u s e  we a r e

l l b i d .

^Howard T. Odun, "Energy, Ecology and Economics, The Whole 
Ear th  Epilog, (Balt imore:  Penguin Books, 1974), p. 471.
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a l r e a d y  h a v in g  d i f f i c u l t y  j u s t  f e e d i n g  t h e  c u r r e n t  p o p u l a t i o n  from 

avai lab le agr icu l tu ra l  land,  as no ted  by Brown above.

I t is r e c o g n i z e d  t h a t  much o f  t h e  a g r i c u l t u r a l  land  is now used  

fo r  r e l a t i v e l y  u n n e c e s s a r y  g r a in  p r o d u c t i o n  in o r d e r  to h av e  "h ig h -  

q u a l i t y  p r o t e i n s "  in t h e  form of b e e f  p r o d u c t i o n .  This  cou ld  be c h a n g e d  

by changing reducing the  consumption of l i ves tock  protein ,  according to 

Pimentel

More t h a n  3 b i l l io n  l i v e s t o c k  a re  m a i n t a i n e d  to s u p p ly  t h e  an im al  
p r o t e i n  co n s u m e d  a n n u a l ly  in t h e  U n i t e d  S t a t e s .  . . In a d d i t i o n  to 
t h e  l a r g e  a m o u n ts  of  f o r a g e ,  t h i s  l i v e s t o c k  p o p u l a t i o n  consumes  
a b o u t  t e n  t im e s  as much g r a i n  as is c o n s u m e d  by t h e  t o t a l  U. S. 
human p o p u l a t i o n .  . . . P rov id ing  p l a n t  food  fo r  t h e s e  a n im a ls  uses  
l a n d .  In f a c t  more  th a n  420 m i l l ion  h e c t a r e s  of  land  a r e  used  to  
f e e d  th e  U. S. l i v e s t o c k  p o p u l a t i o n  f o r a g e  and  g r a i n ,  and t h e  
ranainder is  in crop production.

Inrplicat ions

If other  energy - t rans fo rm at ion  technologies  (o ther  than nuclear  

p o w e r  an d  wind pow er )  a re  no t  i n d e p e n d e n t  s o u r c e s  of  n e t  e n e r g y ,  t h e n  

t h e  i m p l i c a t i o n s  fo r  s o c i e t y  a r e  i n d e e d  g r a v e .  The s u sp i c io u s  t e c h ­

nologies would include the  following: (1) foss i l - fue l  mining; secondary

and t e r t i a r y  p e t r o l e u m - r e c o v e r y  mining;  (2) o i l - s h a l e  mining;  (3) t a r -  

sand  mining;  (4) n u c l e a r - f u s i o n  s y s t e m s  ; (5) s o l a r - v o l t a i c  s y s tem s ;  

(6) g e o t h e r m a l  s y s t e m s ;  (6) v a r i o u s  s o l a r - e n e r g y  s y s t e m s ;  (7) f a s t -  

n e u t ro n - r e a c to r  systems; and (8) hy d ro -e le c t r ic  systems.

I t  would  seem to  be p r u d e n t  to  m ake  t h i s  i n v e s t i g a t i o n  a t  t h e  

e a r l i e s t  p o s s ib le  t i m e .  Much n e t  e n e r g y  t h a t  now comes  from f o s s i l -  

f u e l s  is  be ing  u s e d  in r e s e a r c h  and  d e v e l o p m e n t  of  t h e s e  u n c e r t a i n

^David  Pimentai ,  e t  a l ,  "The P o t e n t i a l  f o r  G r a s s - F e d  L iv e s to c k :  
Resource C o n s t r a in t s , "  Science 207 (22 February 1980): 843.
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t e c h n o l o g i e s .  At t h e  same t im e ,  s o c i e t y  is s q u a n d e r i n g  much g r e a t e r  

amounts for  r e l a t iv e ly  t r iv ia l  consumption purposes, genera l ly  unaware 

of  th e  i m p l i c a t i o n s  as i t  wil l  a f f e c t  t h e i r  p ro g e n y .  T h e s e  im p l i c a t i o n s  

include the fo l lowing s e lec ted  elements.

Economic Growth

For some t im e  we h av e  m e a s u r e d  s o c i a l  p r o g r e s s  on th e  bas i s  of 

how f a s t  t h e  Gross  N a t io n a l  P r o d u c t  and  Income a c c o u n t s  a r e  g row ing .  

The e f f e c t i v e n e s s  of  p o l i t i c a l  l e a d e r s h i p  has b e e n  m e a s u r e d  by i t s  

ab i l i ty  to mainta in  the growth process .  Changing r ea l i t i e s  would seem to 

requ ire  a new way of measuring the  e f f ec t ivene ss  of  the soc io -po l i t i ca l -  

e c o n o m ic  a p p a r a t u s  t h a t  has  so long  b e e n  t i e d  to  t h e  g o a l  of  econom ic  

growth .  Unstable condit ions may tempt  some to cal l for  c e n t r a l  cont rol  

and s t ronger  police powers to deal  with instabil i ty,  whereas ,  what would 

be needed most is decen t ra l ized ,  small-group,  dec ision-making in s t i tu ­

t i o n s  to  w ork  o u t  p ro b le m s  t h a t  can  be  d e a l t  w i th  l o c a l l y .  The u n s t a b l e  

c o n d i t i o n s  may l e a d  to  i n c r e a s i n g  l e v e l s  of  c r im e ,  an d  t h e  d ec l in in g  

r e s o u r c e  b a s e  may n o t  l e a v e  a s u f f i c i e n t  am o u n t  to m a i n t a i n  t h e  t r a d i ­

t i o n a l  j u s t i c e  an d  p u n i s h m e n t  i n s t i t u t i o n s .  New i n t e g r a t i n g  i n s t i t u ­

t ions may be necessa ry  to dea l  with the  la rge r  problems.

The  g o a l  o f  e c o n o m ic  g r o w t h  would  n e e d  to  be  a b a n d o n e d  as 

q u i c k ly  as  p o s s i b l e .  Daly 's  " s t e a d y - s t a t e " ^  would  se e m  t o  be a d e s i r e -  

a b l e  i n t e r m e d i a t e  g o a l .  This  c o u r s e  c h a n g e ,  h o w e v e r ,  h a s  many se r ious  

ram if ica t ions  because  growth economies are condit ionally uns tab le.  Many 

jobs are t i ed  to  growth ,  and subs tan t ia l  unemployment would ensue from 

z e r o  e c o n o m ic  g r o w t h .  Ris ing u n e m p lo y m e n t  wil l  c a u s e  a d e c r e a s e  in 

a gg rega te  demand, and a recession,  followed by deep economic depression
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is l i k e l y  un le ss  some s o r t  of  minimum, g u a r a n t e e d - I n c o m e s  p o l i c y  is 

a d o p t e d  to  a s s i s t  in t h e  t r a n s i t i o n .  P r o f i t  and in c o m e  e x p e c t a t i o n s  

would  a l so  n e e d  to  a d j u s t  to  th e  new r e a l i t i e s  of  n o t  g ro w in g .  The 

p o l i t i c a l  a p p a r a t u s  may be u n p r e p a r e d  to d e a l  w i th  t h e  f i n a n c i a l  i n s t a ­

b i l i t y  t h a t  is l i k e l y  t o  r e s u l t  f rom d e c l in in g  in c o m es  and  t a x  b a s e s .

Access to  Food

The a c c e s s  to  fo o d  has  b e e n  i n t i m a t e l y  i n t e r c o n n e c t e d  to  an 

a g r i b u s i n e s s  s y s t e m  w h ich  has b e e n  h e a v i ly  d e p e n d e n t  on fo s s i l  f u e l s ,  

n o t  on ly  to  g row t h e  fo o d ,  bu t  to  p a c k a g e  and  d i s t r i b u t e  i t  in a 

complex,  roundabout way. A declining energy base will ,  no doubt ,  a l t e r  

the p a t t e rn s  of food production  and dis tr ibut ion.  Suburban,  smal l- town,  

and r u r a l  d w e l l e r s  s h o u ld  be ab le  to  p ro v id e  a s u b s t a n t i a l  p a r t  o f  t h e i r  

own h o m e -g r o w n  fo o d ,  p r o v id e d  t h a t  s e e d ,  h a n d - t o o l ,  and  w a t e r -  

dist r ibution  systems are  opera t ional .  However,  those living in concen­

t r a t e d  u r b a n  c e n t e r s  would  be more  v u l n e r a b l e  to  any  d i s r u p t i o n  or 

shor tage .  No doubt,  "have nots" would want to share  with  those who have 

a c c e s s  to t h e i r  own s u p p l i e s ,  and th e  la c k  of  i n t e g r a t i n g  i n s t i t u t i o n s  

m ig h t  l e a d  to  f u r t h e r  i n s t a b i l i t y ,  t e n s i o n ,  and  c r im e .  T r a d i t i o n a l  jobs  

in t h e  i n d u s t r i a l  and  c o m m e r c i a l  s e c t o r s  m igh t  h ave  t o  be s h a r e d  on th e  

m o s t  e f f i c i e n t  b a s i s ,  a n d  t h e  t im e  n o t  s p e n t  on th e  jo b  would  n e e d  to 

be devoted to main tenance  of dwell ings, clothing,  and food-growing and 

preserving a c t i v i t y .

Science and Education

The s c i e n t i f i c  d i s c o v e r i e s  of  t h e  p a s t  s e v e r a l  y e a r s  a r e  

a w e s o m e .  Most a r e  h i g h l y - s p e c i a l i z e d  p u r s u i t s  and  on ly  th o s e  c l o s e l y
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c o n n e c t e d  to  t h e  p a r t i c u l a r  d i s c o v e r i e s  know very  much a b o u t  them.  

The many s u c c e s s e s  h a v e  lu l led  us in to  b e l i e v i n g  t h a t  we a r e  l e a r n in g  

more  and m ore  and t h e r e f o r e ,  o p p o r t u n i t i e s  fo r  th e  good  l i f e  a r e  

i n c r e a s i n g  a c c o r d i n g l y .  The c o n c l u s i o n s  b e in g  d e v e l o p e d  in t h i s  s t u d y  

a re  gene ra l ly  con t ra d ic to ry  to th a t  view.

Most of the educa tiona l  process has been int imate ly  connec ted  to 

t h e  s u p p o r t  o f  a g row ing  i n d u s t r i a l  s o c i e t y .  If  much of t h e  i n d u s t r i a l  

a p p a r a t u s  is n o t  s u s t a i n a b l e ,  t h e n  much of  t h e  s o - c a l l e d  new k n o w le d g e  

may be less useful  accordingly.  Much of th e  formal educa t iona l  process,  

fo r  e x a m p l e ,  m a r k e t i n g  and  a d v e r t i s i n g ,  is a s s o c i a t e d  w i th  t h e  e n c o u r ­

a g e m e n t  o f  s q u a n d e r i n g  o f  p r e c i o u s  e n e r g y  and  m a t e r i a l s  f o r  r e l a t i v e l y  

t r i v i a l  p u r p o s e s .  Much of  the  s o - c a l l e d  new know ledge  in e n g i n e e r i n g  

and physics i s  r e l a t e d  to a growing in d u s t r i a l  process.

A v i a b l e  s o c i e t y  (one t h a t  can  c o n t i n u e  to  r e p l a c e  i t s e l f )  must  

t a k e  on an e d u c a t i o n a l  p ro c e s s  t h a t  is i n t i m a t e l y  c o n n e c t e d  to  b io ­

p h y s i c a l  r e a l i t i e s .  The new l e a d e r s  in t h e  e d u c a t i o n a l  p r o c e s s  a r e  

l i k e ly  to  be  t h o s e  mos t  i n t i m a t e l y  f a m i l i a r  w i th  th e  i n t e r - c o n n e c t e d  

a s p e c t s  of  t h o s e  b i o - p h y s i c a l  l i m i t a t i o n s  a long  w i th  t h e  p e r s o n a l  and 

o r g a n i z a t i o n a l  sk i l l s  t h a t  wil l  be  n e e d e d  to  a d a p t  to  t h e  chang ing  

i n s t i t u t i o n s  a n d  l i f e s t y l e s  o f  t h e  s t e a d y - s t a t e .  T h i s  w i l l  be  a 

d i f f icu l t  ta sk  because the  sc ien t if ic  community has genera l ly  iden tif ied  

with the  "good life" as socia ted  with  pe rpe tua l  economic growth.

Environnental Ethics 

T he re  has  b e e n  an u n d e r ly in g  p r e s u m p t io n  on t h e  p a r t  of  some 

e n v i r o n m e n t a l i s t s  t h a t  t h e r e  is no p a r t i c u l a r  i n c o n s i s t e n c y  b e t w e e n  

resource  conserva t ion and economic growth.  There have even been studies
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to show t h a t  c o n s e r v a t i o n  t e c h n o l o g y  e n h a n c e s  e c o n o m i c  g r o w th .  But 

e c o n o m ic  g r o w t h ,  in w h a t e v e r  p a c k a g e ,  c o n s e r v e s  n o t h i n g .  In f a c t ,  

a l l  e c o n o m ic  a c t i v i t y  a l w a y s  d e p l e t e s  e n e r g y  and  m a t e r i a l s .  Economic 

goods  can  on ly  be had by t h e  d e p l e t i o n  of  f i n i t e  s u p p l i e s  o f  e n e r g y  and 

m a t e r i a l s  of  th e  E a r th .  Not on ly  a r e  E a r th  m a t e r i a l s  d e p l e t e d  b u t  o t h e r  

Earth resources  a re  despoiled by the  accompanying pol lu t ion in lo ck -s tep  

f a s h io n .  A d e c l i n i n g  e n e r g y  b as e  means  l e s s  w i l l  be  a v a i l a b l e  fo r  

c l e a n i n g  up th e  d e s p o i l e d  p a r t  o f  t h e  E a r t h .  We may a l so  f in d  t h a t  

c l e a n i n g  up th i n g s  has i t s  own s e t  o f  c o s t s ,  b e c a u s e  a f u n d a m e n t a l  law 

o f  e c o l o g y  holds  t h a t  " e v e r y t h i n g  mus t  be s o m e w h e r e . "  T h e r e  is even  a 

l im i t  to  r e c y c l i n g  b e c a u s e  e a c h  r e c y l i n g  a l w a y s  r e s u l t s  in t h e  loss of 

energy and materia ls .  As environmenta l is ts ,  we must recognize  th a t  no 

s e t  of  r u l e s  or r e g u l a t i o n s  wil l  make  t h e  g r o w t h  p r o c e s s  v ia b le ,  

a l t h o u g h  t h e y  ( ru le s  and  r e g u l a t i o n s )  a r e  v i t a l  to  t h e  p r o c e s s .

As n o t e d  in an e a r l i e r  c h a p t e r ,  some h a v e  a r g u e d  t h a t  th e  

p u r c h a s e  of  an e n e r g y  c o n s e r v a t i o n  g a d g e t  r e s u l t s  in c o n s e r v a t i o n  of 

r e s o u r c e s .  If t h e  d i f f e r e n t i a l  s a v in g s  ( r e s u l t i n g  f rom  h a v in g  the  

c o n s e r v a t i o n  g a d g e t )  is  s p e n t  on s o m e t h in g  e l s e ,  h o w e v e r , t h e n  n o th i n g  

is conserved.  Maximum conservat ion  means maximum abs t inence .  Few of us 

a r e  l i k e l y  to  v o l u n t a r i l y  fo l low  su c h  an e x t r e m e  c o u r s e ,  b u t  we must  

r e c o g n i z e  t h i s  s im ple  f a c t  b e f o r e  we c a n  p l a c e  o u r s e l v e s  on t h e  c o u r s e  

to t rue  energy  and m a ter ia l s  conservat ion .

Wendell B er ry ' s  observa tion  i s  noted

" E n e rg y , "  s a id  William Blake ,  "is E t e r n a l  D e l i g h t . "  And t h e

^Wendell Berry, The Unse tt l ing  Of America,  Agriculture 
and Culture (San Francisco;  Sierra Club Books, 1978).
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s c i e n t i f i c  p r o g n o s t i c a t o r s  of  our  t im e  h a v e  begun  to  s p e a k  o f  t h e  
even tua l  opening,  for  human use, of  " infin i te"  sources of  energy .

In s p e a k i n g  o f  th e  use  of  e n e r g y ,  t h e n ,  we a r e  s p e a k i n g  o f  an 
i s s u e  of  r e l i g i o n ,  w h e t h e r  we l i k e  i t  o r  n o t .

R e l ig io n ,  in t h e  r o o t  s e n s e  of  t h e  w o rd ,  is w h a t  b inds  us  b a c k  
to  t h e  s o u r c e  o f  l i f e .  Blake  a l so  s a i d  t h a t  "Energy  is t h e  only  
l i f e . . . "  And i t  is s u p e r h u m a n  in t h e  s e n s e  t h a t  humans  c a n n o t  
c r e a t e  i t .  They  can  on ly  r e f i n e  or  c o n v e r t  i t .  And t h e y  a r e  bound  
to  i t  by one o f  th e  p a r a d o x e s  of  r e l i g i o n ;  th e y  c a n n o t  h a v e  i t  
e x c e p t  by  l o s in g  i t ;  t h e y  c a n n o t  use  i t  e x c e p t  by  d e s t r o y i n g  i t .  
The l i v e s  t h a t  f e e d  us h a v e  to  be k i l l e d  b e f o r e  t h e y  e n t e r  our  
m ou ths ;  we c a n  only  use  t h e  f o s s i l  f u e l s  by bu rn ing  them  up.  We 
s p e a k  o f  e l e c t r i c a l  e n e r g y  as " c u r r e n t " ;  i t  e x i s t s  o n ly  w h i l e  i t  
runs  aw ay ;  we use  i t  on ly  by  d e l a y i n g  i t s  e s c a p e .  To r e c e i v e  e n e r g y  
is a t  o n c e  to  l i v e  and to  d i e .

. . .We h a v e  tw o  m eans  of  b r i n g i n g  e n e r g y  to  u s e :  by l i v in g  
t h i n g s  ( p l a n t s ,  a n im a l s ,  o u r  own b od ie s )  and  by t o o l s  ( m a c h in e s ,  
e n e r g y - h a r n e s s e s ) .  For t h e  use  of  t h e s e  we have  t e c h n i q u e s .  All 
t h r e e  t o g e t h e r  c o m p r i s e  o u r  t e c h n o l o g y .  T ec hno logy  jo i n s  us to 
e n e r g y ,  to  l i f e .  I t  is n o t ,  as  many t e c h n o l o g i s t s  would  h a v e  us 
b e l i e v e ,  a s im p le  c o n n e c t i o n .  Our t e c h n o l o g y  is t h e  p r a c t i c a l  
a s p e c t  of  our  c u l t u r e .  By i t  we e n a c t  our  r e l i g i o n ,  or  our  l a c k  of  
i t .  . . .

And y e t ,  in t h e  long t e r m ,  t h i s  l i b e r a t i o n  of  t h e  m a c h in e  is 
i l lusory. Mechanical technology is based on quant i t ies  of m a te r ia l s  
and  f u e l s  t h a t  a r e  f i n i t e .  If t h e  p r o p h e t s  of  s c i e n c e  f o r e s e e  
"limitless abundance" and "inf in i te  resources ,"  one must  assume th a t  
th e y  a r e  s p e a k i n g  f i g u r a t i v e l y ,  m e a n in g  s im ply  t h a t  th e y  c a n n o t  
c o m p re h e n d  how much t h e r e  may b e .  In t h a t  s e n s e ,  t h e y  a r e  r i g h t :  
t h e r e  a r e  s o u r c e s  of  e n e r g y  t h a t ,  g iv e n  th e  n e c e ssa r y  m ach in ery  
[emphasis added],  are inexhaust ib le  as f a r  as we can see .

The g r e a t  d i f f i c u l t y ,  which  t h e s e  c h e e r f u l  p r o p h e t s  do n o t  
a c k n o w le d g e  a t  a l l ,  is t h a t  we a r e  t r u s t w o r t h y  only  as f a r  as  we can  
see .  The length of  our v i s io n  i s  our moral boundary,^

It  is t h i s  a u t h o r ' s  v ie w  t h a t  some of  t h e  " n e c e s s a r y  m a c h in e r y "  

c a n  be made a v a i l a b l e  only  t h r o u g h  th e  f u r t h e r  e x p e n d i t u r e  of  w h a t  is 

a l r e a d y  g e n e r a l l y  b e l i e v e d  to  b e  f i n i t e .

Our moral  boundary must be expanded to include not jus t  our own 

fa m i ly ,  c o u n t r y ,  and  c o n t i n e n t .  It  m us t  be e x p a n d e d  to  i n c l u d e  n o t

^Ibid.
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only  t h e  h u m a n i ty  o f  ou r  own g e n e r a t i o n  and  f u t u r e  g e n e r a t i o n s ,  bu t  to  

a l l  o f  t h e  l i v in g  s p e c i e s  of  t h e  E a r t h ,  now and in t h e  f u t u r e .  The 

ex is tence  of  al l  the spec ie s  is in e x t r i c a b ly  e n t e r t w i n e d .

Surmiary

In t h i s  c h a p t e r ,  s e v e r a l  s e l e c t e d  g lo b a l  i s s u e s  w e r e  d i s c u s s e d  

and  r e l a t e d  to  t h e  i s s u e s  of  t h e  p ro b le m s  of  a d e p l e t i n g  e n e r g y  supply ;  

i . e . ,  w a r ,  p o p u l a t i o n ,  f o o d ,  f i n i t e  n o n - f u e l  r e s o u r c e s ,  w a t e r  q u a l i t y  

and quan t i ty ,  economic  ju s t i ce ,  and economic growth.  It  is the  author 's  

p o s i t i o n  t h a t  mos t  of  t h e  a r g u m e n t s  c i t e d  a b o v e  w e re  made in t h e  

con tex t  t h a t  s u bs t i tu t ing  energy - t rans fo rm at ion  technologies  would fi l l 

t h e  gap  as t h e  f o s s i l  f u e l s  be c o m e  in s h o r t  supp ly .

I t  is t h e  a u t h o r ' s  j u d g e m e n t  t h a t  t h e s e  p ro b le m s  a r e  c lo s e ly  

i n t e r a c t i v e .  For e x a m p l e ,  as  p ro b le m s  d e v e lo p  in n o n fu e l  E a r th  

r e s o u r c e s  ( s a y ,  d e t e r i o r a t i o n  o f  o r e  q u a l i t y )  g r e a t e r  p ro b le m s  wil l  

develop in the n e t - e n e r g y  p ic tu re ;  hence ,  cos t  of ag r ic u l tu ra l  equipment 

and  f e r t i l i z e r s  w ou ld  r i s e ,  w h ich  would  a f f e c t  w a t e r  a v a i l a b i l i t y ,  food  

p r o d u c t i o n ,  ad  i n f i n i t u m .  As t h e s e  p ro b le m s  d e v e l o p ,  s o c i a l  t e n s i o n s  

a r e  l i k e l y  to  i n c r e a s e ,  w h ich  b r in g  f o r t h  many p ro b le m s  o f  our  

i n d u s t r i a l - b a s e d  s o c i e t y  w i t h  r e s p e c t  to  t h e  r o l e s  o f  s c i e n c e ,  

government,  and educa tion .  New soc io -econom ic-po l i t i ca l  mechanisms for  

deal ing with new r e a l i t i e s  may be needed.

F in a l ly ,  s e l e c t e d  p h i l o s o p h i c a l ,  e t h i c a l ,  and  e d u c a t i o n a l  i s sues  

were discussed in t h e  con tex t  of a decl ining resource  base.
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CHAPTER 10

SUMMARY 

Problem Statement 

The i n t r o d u c t o r y  c h a p t e r  o u t l i n e d  t h e  d im ens ions  of  the  s t u d y .  

The f i n i t u d e  of  f o s s i l  f u e l s  was d i s c u s s e d .  The q u e s t i o n  of  w ha t  we a re  

to  do as  we e x h a u s t  t h e s e  f i n i t e  r e s o u r c e s  w as  a d d r e s s e d .  I t  is the  

a u t h o r ' s  v iew  t h a t  m os t  e c o n o m is t s  ( h e n c e ,  m os t  of  th e  c i t i z e n r y )  have  

c a r e l e s s l y  a s su m ed  t h a t ,  as  we e x h a u s t  f o s s i l - f u e l  r e s o u r c e s ,  r i s in g  

p r i c e s  w i l l  t r i g g e r  th e  i n i f i n i t e  i n g e n u i t y  o f  c i v i l i z e d  man to p ro v id e  

h im s e l f  w i th  a l l  t h e  e n e r g y  t h a t  he w ould  l i k e  to h a v e .  M ains t ream 

e c o n o m ic  t h o u g h t  does  no t  a c k n o w le d g e  any  supply  l im i t s  of  E a r th  

e s o u r c e s  to  i n c l u d e  e n e r g y  r e s o u r c e s ,  n o n - f u e l  r e s o u r c e s ,  or  E a r th  

ca r ry in g -cap ac i ty  resources .

The s p e c i f i c  p rob lem  a d d r e s s e d  in t h i s  s tu d y  i s .  Do c e r t a i n  

ene rgy - t rans fo rm at ion  systems provide enough energy to r ep l ica te  them­

selves (or equ iva len t  subs t i tu tes )  and leave a res idual  amount of energy 

to  p r o v i d e  fo r  o t h e r  n e c e s s a r y  a s p e c t s  of  human c i v i l i z a t i o n  s u c h  as 

food ,  c l o t h i n g ,  s h e l t e r ,  h e a l t h ,  and  e n j o y m e n t  of l i f e .  The tw o  t e c h ­

nologies eva lua te d  in this s tudy  a re  nuc lea r -pow ered  and wind-powered  

e l e c t r i c a l - g e n e r a t i n g  s y s t e m s .  The e v i d e n c e  p ro v id e d  in t h i s  s t u d y  

shows th a t  ne i the r  of  these technologies are likely to be an independent  

source of ne t  energy.
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Discussion of the Study 

The study r e s t s  on s ix  fundamental assumptions:

F i r s t ,  i t  is a s su m ed  t h a t  some minimum am oun t  of  n e t  e n e r g y  is a 

n e c e s s a r y ,  b u t  n o t  a s u f f i c i e n t ,  c o n d i t io n  fo r  t h e  c o n t i n u a n c e  of  human 

c i v i l i z a t i o n  on t h e  E a r th .  However ,  t h e  r e l a t i v e  m a g n i t u d e s  of  n e t -  

e n e r g y  f low ,  human p o p u l a t i o n  s i z e ,  and  th e  c a r r y i n g - c a p a c i t y  of  the  

E a r t h  a r e  n o t  know n a t  t h i s  t im e .

S e c o n d ,  i t  is  a s sum ed  t h a t  e n e r g y  is n o t  an o r d i n a r y  econom ic  

c o m m o d i ty  f o r  w h ich  o t h e r  c l a s s e s  of  co m m o d i t i e s  may be s u b s t i t u t e d .  

E nergy  is a un iq u e  q u a l i t y  in n a t u r e  which  is e s s e n t i a l  fo r  a n y t h i n g  on 

E a r t h  to  o c c u r .  T h e r e f o r e  t h e  im p l ic i t  a s sum pt ion  o f  i n f i n i t e  s u b s t i ­

tu t ion  among commodit ies ,  held by many growth economists,  does not hold 

f o r  e n e r g y .  The a s s u m p t io n  does  no t  hold in t h e  same s e n s e  t h a t  i t  does 

n o t  hold  fo r  a i r ,  w a t e r ,  f o o d ,  so i l ,  and so f o r t h .  Some s u b s t i t u t i o n  

may o c c u r  w i th i n  b ro a d  c l a s s e s  of  a i r ,  w a t e r ,  food ,  s o i l ,  an d  e n e rg y ,  

for  example,  but  not  be tween them. Consequently,  energy  must be t r e a te d  

as  a s p e c i a l ,  e s s e n t i a l  a s p e c t  of  n a t u r e  fo r  which  t h e r e  is no s u b s t i t u ­

t i o n .

Third, i t  is assumed th a t  the Second Law of Thermodynamics (the 

e n t r o p y  law)  ho lds  f o r  a l l  t im e s .  S t a t e d  c ru d e ly ,  t h e  e n t r o p y  law holds  

t h a t  t h e  t r a n s f o r m a t i o n  of  e n e r g y  from a l o w - e n t r o p y  s t a t e  (o rd e r )  to a 

h igh -en t ropy  s t a t e  (disorder)  is a non- revers ib le  process .  Once energy 

is  t r a n s f o r m e d  an d  th e  h e a t  is i r r e v e r s i b l y  d i s p e r s e d  in n a t u r e ,  i t s  

r e c o v e r y  is n o t  p o s s i b l e .

F o u r th ,  i t  is a s su m ed  t h a t  t h e r e  is a p r o p o r t i o n a l i t y  b e t w e e n  

t h e  r e a l  p r i c e s  of  goods  and s e r v i c e s  and the  am oun t  of  e n e r g y  t h a t  was
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In v o lv e d  in  t h e  p r o v is io n  o f  th o se  goods  and  s e r v i c e s .

F i f t h ,  i t  is  a s su m ed  t h a t  t h e r e  is  a  c r u d e ,  b u t  i d e n t i f i a b l e , 

re la t ionsh ip  be tw een  p e r - c a p i ta  consumption o f  goods and se rv ices  and 

th e  amount of ne t  en e rg y  th a t  can be made ava i lab le  from e n e rg y - t r a n s ­

f o r m a t io n  e n t i t i e s .  In o t h e r  w o rd s ,  i t  s h o u ld  be  p o s s ib le  to  i n c r e a s e  

the  n e t -e n e rg y  y ie ld  from e n e rg y - t ran sfo rm a tio n  e n t i t i e s  by lowering the  

l e v e l  o f  c o n s u m p t io n  o f  th e  human p a r t i c i p a n t s .  S la v e ry  w ould  be  an 

ex trem e exam ple o f  the  possib ili ties.

S ix th ,  i t  is  assu m ed  t h a t  t h e r e  is  som e u p p e r  b o u n d a ry  o f  

e n e rg y - t ra n s fo rm a tio n  e f f ic iency  th a t  is ach iev ab le .  Engineers usually  

m easure the  e f f ic ie n c y  of furnaces and fuels  w ithou t accounting  for the 

e n e rg y  em b o d ie d  in  p ro v id in g  th e  f u r n a c e s .  I t  sh o u ld  be n o te d  t h a t  

eng ineers  seem to unw itt ing ly  assume th a t  the  fu rnace  (and the  re a c to r )  

a re  " e n e rg y -f re e  goods."

C r i t ic i sm  of Standard Economics 

In c h a p te r  2 i t  was argued th a t  modern grow th  econom ists, re ly ing  

on a m acroeconom ic th e o ry  which assumes in f in i té -s u b s t i tu t io n  reason ing , 

do n o t  h a v e  a r e l i a b l e  w ay  of know ing  w h e th e r  c o n te m p la te d  e n e r g y -  

t r a n s f o r m a t i o n  e n t i t i e s  a r e  v ia b le .  A v i a b l e  e n e r g y  sy s tem  is  d e f in e d  

as one  w h ich  is  a b le  to  r e p ro d u c e  i t s e l f  (o r  a v ia b le  s u b s t i t u t e )  and  a t  

t h e  sam e  t im e  p ro v id e  a n e t  s u rp lu s  o f  e n e r g y  to  s u s t a in  t h e  o th e r  

e s s e n t i a l  a s p e c t s  o f  l i f e ;  i .  e . ,  fo o d ,  c l o th in g ,  s h e l t e r ,  and  so f o r t h .

The modern grow th economists argue th a t  a m arket economy pro­

v id e s  an  e n v i ro n m e n t  w h ich  w ill p ro v id e  a d e q u a t e  i n c e n t iv e s ,  r e w a r d s ,  

and  in f o r m a t io n  to  e n c o u r a g e  e n t r e p r e n e u r s  to  a lw a y s  com e f o r t h  w i th  

n ew , s u b s t i t u t i n g  e n e rg y  r e s o u r c e s  as  o ld  s o u r c e s  a r e  d e p l e t e d .  I t  w as
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a rg u e d  t h a t  su c h  r e a s o n in g  is  fo u n d e d  m ore  on f a i t h  in  t e c h n o lo g y  th a n  

on hard , s c ie n t i f ic  ev idence.

No d o u b t ,  r i s in g  r e a l  p r i c e s  w ill  a l t e r  c o n su m e r  b e h a v io r  and  

le a d  to  m ore  e f f i c i e n t  u se  o f  r e s o u r c e s  an d  p e rh a p s  e v e n  r e d u c e  f r i v o ­

lous consum ption. However, much more is a t  issue . Vested in te re s ts  are 

c o n t in u o u s ly  b e in g  e x t e r n a l l y  su b s id iz e d  ( t a x  s u b s id ie s ,  r e s e a r c h  and  

d e v e lo p m e n t  g r a n t s ,  and  so f o r th )  fo r  th e  a l l e g e d  p u rp o s e  of p ro v id in g  

us w ith  an  i n f i n i t e  supp ly  of e n e rg y  r e s o u r c e s .  M eanw hile ,  th e  f i n i t e  

s to c k  o f  f o s s i l  f u e l s  is  b e in g  d e p l e t e d  a t  f r i g h t e n i n g  r a t e s  an d ,  w hen 

c o n s id e re d  in an i n t e r g e n e r a t i o n a l  s e n s e ,  f o r  r e l a t i v e l y  f r iv o lo u s  

purposes.

It was a rg u e d  t h a t  i t  is p o ss ib le  to  m ake a s h o r t - r u n  eco n o m ic  

p r o f i t  from  e n e r g y - t r a n s f o r m a t i o n  a c t i v i t y  b u t ,  a t  th e  sam e t im e ,  n o t  

p ro v id e  n e t  e n e rg y .  This o b s e r v a t io n  is b a s e d  on th e  id e a  t h a t  e n t r e ­

p r e n e u r s  a r e  c u r r e n t l y  u s in g  o u t  o f  e x i s t i n g  c a p i t a l  s t r u c t u r e  and  th e  

i n f r a s t r u c t u r e  t h a t  w e re  p ro v id e d  when e n e r g y  w as c h e a p e r  (h ig h e r  n e t  

e n e rg y ) .  C u r r e n t  p u b lic  p o l ic y  e n c o u ra g e s  th e  u nde  r e  v a l u a t io n  of th e  

s to c k  of E a r th  r e s o u r c e s  and  e x i s t in g  c a p i t a l  s t o c k .  This is  m a n i f e s te d  

through dep le tion  allow ances, investm ent tax  c re d i ts ,  a c c e le ra te d  dep re ­

c i a t i o n  s c h e d u le s ,  t a x  s h e l t e r s ,  ad in f in i tu m .

The e c o n o m is t ’s c o s t - b e n e f i t  t e s t  is  i n a d e q u a t e  fo r  p u b l i c -  

p o l ic y  d e c i s io n s  c o n c e rn in g  e n e r g y  t r a n s f o r m a t i o n .  The r e a l  t e s t  m us t  

be an ad eq u a te  m easurem ent of th e  cap ab il i ty  o f  en e rg y - t ran sfo rm a tio n  

e n t i t i e s  to  c o n t in u o u s ly  r e p l i c a t e  th e m s e lv e s  or v ia b le  s u b s t i t u t e s .  I t  

was argued  th a t  the c u r ren t  macroeconomic model is inadequa te  for such 

s t ra te g ic  (long-term ) considera tions .
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C r i t i c i s m  o f  S ta n d a rd  Energy A n a ly s is

F aced  w i th  such  q u e s t i o n s ,  th e  a u th o r  s e a r c h e d  fo r  a w ay of 

es tim ating  the  v iab ili ty  of various energ y - tran sfo rm atio n  technologies. 

H ow ard  T. Odum and  o th e r s  w e re  p e s s im is t ic  a b o u t  th e  p r o s p e c t  of many 

en e rg y - t ran sfo rm a tio n  e n t i t i e s  th a t  are  being coun ted  on as rep lacem ents  

fo r  th e  fo s s i l  f u e l s .  The a u t h o r  was c u r io u s  as to  w h e th e r  Odum was 

c o r re c t ,  and i f  so, why had he and his followers been  genera lly  ignored?

In r e v ie w in g  th e  l i t e r a t u r e  i t  was fo u n d  t h a t  t h e r e  a re  a g r e a t  

v a r i e t y  o f  m e th o d o lo g ie s  b e in g  used  in E nergy  A n a ly s is .  M ainstream  

a n a l y s t s  had  a g r e e d  on a s e t  o f  c o n v e n t io n s  f o r  m aking  e n e rg y  a n a ly s e s .  

T h e re  has  b e e n  som e a g r e e m e n t  on th e  o u tp u t  s id e  o f  th e  b a la n c in g  

equations , but th e re  was much disagreem ent on what was to be counted as 

in p u t s .  M a in s trea m  a n a l y s t s  c o u n t  as in p u ts  (1) th e  d i r e c t  b u rn in g  of 

fu e l s  (or use  o f  e l e c t r i c i t y )  and (2) the  e n e rg y  em b o d ied  in th e  p h y s i ­

ca l  m a te r i a l s  t h a t  go in to  th e  e n e r g y - t r a n s f o r m a t i o n  p r o c e s s e s .  They 

e x p l i c i t l y  e x c lu d e  th e  e n e r g y  em bod ied  in th e  goods and  s e r v ic e s  

consumed by those  who rece iv e  wages, in te re s t ,  and taxes .

A c a s e  w as m ade in  t h i s  s tu d y  t h a t  Odum w as c o r r e c t  in his 

argument th a t  th e re  is a p ropo rtiona lity  betw een  money and energy flows. 

Money is  a sym bo l of th e  r i g h t s  t h a t  s o c ie ty  g r a n t s  to  th e  h o ld e rs  of 

m oney to  c la im  a p r o p o r t i o n a t e  s h a re  o f  e n e r g y - e m b o d ie d  goods and 

s e r v i c e s  - -  e i t h e r  now or in  th e  f u tu r e .  In a d d i t io n  to  p a y m e n ts  fo r  

fu e ls  and  p h y s ic a l  m a t e r i a l s ,  p ay m en ts  a r e  a lso  m ade fo r  la b o r ,  

f i n a n c i a l ,  and  g o v e rn m e n t  s e r v ic e s  u nder  th e  i n s t i t u t i o n a l  g u a r a n t e e  

t h a t  th e  r e c i p i e n t s  of t h a t  m oney a re  e n t i t l e d  to  h a v e  a p r o p o r t i o n a t e  

s h a r e  o f  th e  e n e r g y - e m b o d ie d  goods and s e r v i c e s .  None o f  th e s e  goods
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and s e r v ic e s  a r e  a v a i l a b l e  e x c e p t  th ro u g h  a p r o p o r t i o n a t e  d e p l e t io n  o f  

th e  E a r th 's  e n e rg y  and  m a te r i a l  s t o c k s .  A lthough  th e  e n e rg y -e m b o d ie d  

goods an d  s e r v i c e s  do n o t  a lw a y s  p h y s ic a l ly  flow  a c r o s s  a p a r t i c u l a r  

energy -transfo rm ation  company's physical boundary, they  do flow across 

th e  a b s t r a c t  b o u n d a ry .  E s s e n t i a l  to  th is  l in e  o f  r e a s o n in g  is th e  

r e c o g n i t i o n , fo r  e x a m p le ,  t h a t ,  i f  la b o r  is h i r e d  to  p e r fo rm  s e r v ic e s  

f o r  th e  e n e r g y - t r a n s f o r m a t i o n  co m p an y ,  th e y  m ust be  p a id  a w age  t h a t  

w il l  a t t r a c t  th em  to  t h a t  a c t i v i t y .  I t  is a ssum ed  th e y  a re  h i r e d  o n ly  

i f  n e e d e d  and p a id  no m ore  th a n  t h e  m a rk e t  d em ands .  The e n t r e p r e n e u r  

can choose the most economical mix of men and machines based on marginal 

cos t and marginal revenue considera tions .  However, a l l  of the  so -ca l led  

f a c t o r s  o f  p r o d u c t io n  ( lan d ,  l a b o r ,  c a p i t a l ,  and  o th e r  m a te r i a l s )  

r e q u i r e  a p r o p o r t i o n a t e  sh a re  o f  e n e rg y  to  m ake th e m  a v a i la b le  in th e  

transform ation  process.

The o n ly  r e a s o n  t h a t  a com pany  b o r ro w s  m oney is fo r  la c k  of 

a l t e r n a t i v e s  to  f in a n c e  th e  p r o j e c t .  I t  m ust c o m p e n s a te  th e  money 

le n d e r s  fo r  th e  use of t h e i r  m oney. A gain , i n s t i t u t i o n a l l y ,  th e  

r e c i p i e n t s  of th e  i n t e r e s t  a re  e n t i t l e d  to  have  a p r o p o r t i o n a t e  s h a r e  o f  

energy-em bodied  goods and se rv ice s  — either  out of the  cu rren t  flow of 

a n n u a l  GNP or some f u t u r e  flow o f GNP. No GNP flow  is a v a i l a b l e  e x c e p t  

th ro u g h  a p r o p o r t i o n a t e  d e p l e t io n  o f  E a r th 's  s to c k  o f  e n e rg y  and o th e r  

m a te r ia l  resources .

G o v e rn m en ts  (w o rld ,  f e d e r a l ,  s t a t e ,  c o u n ty ,  and  lo c a l ) ,  p ro v id e  

se rv ices  to  the  energy- transfo rm a tion  company for which they demand a 

payment of taxes .  The tax  revenues a re  used to purchase  energy-em bodied 

goods and  s e r v i c e s  (o r  h i re  w o r k e r s ,  who in  t u r n  p u rc h a s e  e n e r g y -
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em bod ied  goods  and s e r v ic e s ) .  I t  is a s su m ed  t h a t  th e  g o v e rn m e n t  

serv ices  provided are  p roportiona l to the ta x es  paid.

The r e a s o n in g  f o r  e x p a n d in g  th e  s y s te m  b o u n d a ry  to  in c lu d e  

la b o r ,  g o v e rn m e n t ,  and  f i n a n c i a l  s e r v ic e s  is i l l u s t r a t e d  by th e  tw o  

a l l e g o r i e s  in c h a p t e r  4. In b o th  c a s e s  th e  e s s e n t i a l i t y  of th e  p a r t i c i ­

p a n ts  is  e x p l i c i t l y  r e c o g n iz e d .  The s u s t e n a n c e  of th o s e  p a r t i c i p a n t s ,  

a t  w h a te v e r  l i f e s t y l e  t h a t  is i n s t i t u t i o n a l l y  c u s to m a ry  in o r d e r  to  

a t t r a c t  th em  to  do th e  w ork , is  a c k n o w le d g e d .  C o n s e q u e n t ly ,  th e  

m a te r i a l  s t a n d a r d - o f - l i v i n g  is  a v a r ia b le  and  can  be  a l t e r e d ,  e i t h e r  

v o lu n t a r i l y ,  p o l i t i c a l l y ,  o r  by p r i c e - in d u c e d  r e s p o n s e s  to  ch a n g in g  

eco n o m ic  r e a l i t i e s .  The c u r r e n t  (1985) fa m in e  in E th io p ia  and some 

tw e n ty  o th e r  c o u n t r i e s  of th e  w orld  is an  e x a m p le  of p o l i t i c a l  and  

m a rk e t  re s p o n s e s  to  c h a n g in g  r e s o u r c e  r e a l i t i e s .  As n o te d  ab o v e ,  th e  

l i f e s t y l e s  of th e  human p a r t i c i p a n t s  can  be lo w e re d  and th e  n e t - e n e r g y  

yield inc reased  accordingly.

Net Energy Models

Following Odum's and C ostanza 's  e n e r g y - m o n e y  p r o p o r t i o n a l i t y  

hypothesis, an es tim ate  of th is  re la tionsh ip  was made by dividing annual 

GNP in to  a n n u a l  e n e rg y  c o n s u m p t io n  fo r  d a t a  f ro m  1947 to  1983. In 

c h a p t e r  5 ,  i t  was show n t h a t  i t  to o k  35,791 B tu 's  o f  e n e rg y  to  p ro d u c e  

ea c h  d o l l a r ' s  w o r th  of r e a l  Gross N a tio n a l  P ro d u c t  ($1979 = 100), 28 ,266 

B tu 's  p e r  1982 d o l la r ,  or 28 ,116 Btu 's  p e r  1983 d o l l a r .  The y e a r s  

1979 and  1982 w e re  c h o s e n  b e c a u s e  tw o s e t s  o f  d a t a  fo r  n u c le a r  p o w e r  

p la n t  c o s t s  w e re  a l r e a d y  a v a i l a b l e  and w e re  e x p r e s s e d  in 1979 and  1982 

d o l l a r s  r e s p e c t i v e l y .  The w in d - s y s te m s  c o s t s  a r e  in 1983 d o l l a r s  and  

th e  Energy/GN P R atio  (28 ,116  B tu 's /$ 1 9 8 3 )  is u se d  a c c o rd in g ly .  S tro n g
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s u p p o r t  w as p ro v id e d  fo r  t h i s  p r a c t i c e .  I t  w as p o in t e d  o u t  t h a t  m ost 

prior e n e rg y  analyses accoun ted  for only a p a r t  of the  energy -inpu ts  to 

th e  p ro v is io n  o f  G e n e r a t in g  P la n t  and  did n o t  a c c o u n t  fo r  O ther  P la n t  

C o s ts ,  w h ich  in c lu d e  c o s t s  o f  t r a n s m is s io n  an d  d i s t r i b u t i o n ,  am ong 

o th e r s .  S e n s i t i v i t y  a n a ly s e s  w e re  done  a t  th e  l a r g e s t  and  s m a l le s t  

values of the  Energy/GNP Ratio d a ta  base (see ch a p te r  5 and appendix A.)

C h a p te r  6 p ro v id e d  th e  b a s is  f o r  c h o o s in g  a  50 p e r  c e n t  

E f f i c i e n c y  F a c to r  in th e  n e t - e n e r g y  a n a ly s e s .  I t  w as p o in t e d  o u t  t h a t  

most energy  analyses had been for iso la ted  system s w ithou t considering 

th e  e n v i ro n m e n t  in  w hich  th e y  e x i s t e d .  A s in g le  t r a n s f o r m a t io n  e n t i t y  

c a n n o t  be  g iv e n  c r e d i t  f o r  i t s  p e r f o r m a n c e  in i s o l a t i o n  w hen  s e c o n d a ry  

s y s te m s  a r e  n e e d e d  to  p ro v id e  e n e rg y  when th e  p r im a ry  is  o u t  of s e r v ic e  

f o r  m a in te n a n c e  and  r e f u e l in g .  I t  was p o in t e d  o u t  t h a t  th e  o v e r a l l  

e f f i c i e n c y  o f  th e  co m b in ed  la rg e  u t i l i t y  s y s te m s  had  f a l l e n  from  57 pe r  

c e n t  in 1979 to  40 p e r  c e n t  in 1983. T h e r e f o r e ,  t h e  u se  of a 50 p e r  

c e n t  E f f i c i e n c y  F a c to r  w as r o b u s t  a c c o r d in g ly .  Also in  c h a p t e r  6, 

p r e l im in a r y  e v id e n c e  w as i n t r o d u c e d  to  show  t h a t  th e  i n t r o d u c t i o n  o f  

l a rg e  n u c l e a r  s y s te m s  seem s  to  have  c o n t r i b u t e d  to  a d e c l in in g  e f f i ­

c i e n c y  o f  l a rg e  U n ited  S t a t e s  u t i l i t i e s .

Two g e n e r a l  ty p e s  o f  E nergy  A nalys is  w e re  d o n e ;  (1) S t a t i c  Net 

Energy Analysis, which re fe r s  to  the  to ta l  o u tp u t -e n e rg y  produced over 

the l i fe cy c le  of a single en e rg y - t ran sfo rm a tio n  e n t i ty  versus the amount 

of i n p u t - e n e r g y  r e l a t e d  to  t h a t  s in g le  e n t i t y ,  i . e . ,  s u b t r a c t i n g  t o t a l  

i n p u t - e n e r g y  from  t o t a l  o u t p u t - e n e r g y  and  (2) D ynam ic Net E nergy  

A n a ly s is ,  w h ich  r e f e r s  to  th e  r e l a t i o n s h ip  o f  o u t p u t - e n e r g y  to  in p u t -  

e n e r g y  in v o lv e d  w ith  c o n s t r u c t i n g ,  o p e r a t in g ,  and  d is p o s in g  o f  l a rg e
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s y s te m s  o f  in d iv id u a l  e n t i t i e s  and  m e a su r in g  th e  n e t  e n e r g y  o f  th e  

e n t i r e  s y s te m  a t  v a r io u s  p o in t s  in t im e  .

Unique Approach

This s tu d y  is  d i f f e r e n t  from m ost p re v io u s  s tu d i e s  in  th e  

following ways:

F i r s t ,  as d i s c u s s e d  a b o v e ,  m ost s t a n d a r d  e n e rg y  a n a ly s e s  h av e  

c o u n te d  as in p u ts  o n ly  th e  d i r e c t  e n e rg y  d e p l e t i o n  o f  f u e l s  (and  e l e c ­

t r i c i t y )  an d  t h e  i n d i r e c t  e n e r g y  in v o lv e d  in  th e  use  of p h y s ic a l  

m a teria ls .  The energy  cos ts  of labor, governm ent, and f inanc ia l  serv ices  

h av e  b e e n  o m i t te d  in  p re v io u s  s tu d ie s .  The p r o c e d u r e  fo l lo w e d  in th i s  

s tu d y  is  to  add  up th e  t o t a l  e co n o m ic  c o s t  o f  th e  c o m p le te  s y s te m ,  

multiply the  to ta l  tim es a  cons tan t (Energy/GNP Ratio), and compare the 

e s tim ated  l i f e c y c le -o u tp u t  to the es tim ated  li fecy c le  energy -inpu t.  The 

c o s t  o f  la b o r  is  in c lu d e d  in  th e  d i r e c t  c o s t  of c o n s t r u c t i n g  and  

opera ting  the  energy  fa c i l i t ie s .  The costs  governm ent se rv ice s  and the 

p a y m e n t s  o f  i n t e r e s t  i n t e r e s t ,  a s  w e l l  a s  t h e  c o s t  o f  f i n a n c i a l  

s e rv ices ,  a re  cap tu red  through the  Fixed-Charge Cost.

Second, most analyses have been for G enerating  P lan t (Production 

P la n t ) ,  o n ly .  I t  w as a rg u e d  t h a t  e l e c t r i c a l  e n e rg y  is n o t  u s e f u l  u n t i l  

i t  is t r a n s m i t t e d  an d  d i s t r i b u t e d  to  th e  e n d - u s e r s .  F u r th e r ,  a l l  O th e r  

P la n t  an d  E q u ip m en t is  p re su m e d  e s s e n t i a l  to  th e  o p e r a t io n  o f  th e  

e l e c t r i c a l  g e n e r a t i o n ,  t r a n s m is s io n ,  and  d i s t r i b u t i o n  e n t i t y  - -  o t h e r ­

w ise  i t  is  a ssu m ed  t h a t  i t  w ould  n o t  h av e  b e e n  p u rc h a s e d .  T h e r e f o r e ,  a 

s u b s t a n t i a l  am o u n t o f  th e  e n e r g y  c o s t  t h a t  has  b e e n  l e f t  o u t  of p r e v io u s  

s tu d ie s  has  b e e n  in c lu d e d  in th is  s tu d y .  C o n s e q u e n t ly ,  t h e  f in d in g s  o f

187



t h i s  s tu d y  a re  s u b s t a n t i a l l y  d i f f e r e n t  from  th o s e  of m ost o th e r  s tu d ie s ,  

e x c e p t  those a sso c ia ted  with the  Odum school of analysis.

Net Energy A nalysis o f  Nuclear Power

S ta t ic  Net Energy Analysis

S t a t i c  Net E nergy  A nalys is  show s th e  am oun t of n e t  e n e rg y  from 

one  t r a n s f o r m a t i o n  e n t i t y  o v e r  i t s  l i f e c y c l e  w i th o u t  r e s p e c t  to  any 

o t h e r  sy s te m .  The a n a l y t i c a l  m odel ( t a b l e  7.1) was a p p l ie d  to  a l l  46 

n u c l e a r  p la n t s  in  th e  K om anoff  1981 d a t a  b a s e ,  and sum m ary  r e s u l t s  a re  

sh o w n  in  t a b l e  7 .4 .  P la n ts  in th e  1981 d a t a  b a se  w ere  l i s t e d  in o rd e r  

o f  t h e  r e l a t i v e  d a t e  o f  th e  i s s u a n c e  of th e  r e s p e c t i v e  c o n s t r u c t i o n  

p e r m i t s .  P la n t s  c o m p le te d  a t  a l a t e r  d a t e  had  s m a l le r  O u tp u t / I n p u t  

R a t io s  th a n  th o s e  c o m p le te d  e a r l i e r .  T ab le  7.1 show ed  th e  r e s u l t s  of 

s t a t i c  a n a ly s i s  of th e  K om anoff B a s e - C a s e -  ty p e  p la n t  b a sed  on c o s ts  

t y p i c a l  of p l a n t s  he th o u g h t  (1981 r e p o r t )  w ould  be com ing on l in e  in 

th e  c e n t r a l  U n i te d  S ta t e s  in 1988 . The s t a t i c  O u tp u t / In p u t  R a t io  of a 

B a s e -C a s e  p l a n t  w as found  to  be only  1 .0242  to  1. In o th e r  w o rd s ,  th e  

o u t p u t - e n e r g y  w ould  be only  a b o u t  2.4 p e r  c e n t  m ore th a n  th e  in p u t -  

energy.

In 1 9 8 4 , K om anoff  p u b l i sh e d  c o s t  e s t i m a t e s  fo r  34 m ore p la n ts .  

T h ese  l a t t e r  e s t i m a t e s  a re  m ore  i n d i c a t i v e  of w h a t  f u t u r e  c o s t s  a re  

l i k e ly  to  b e .  S t a t i c  n e t - e n e r g y  a n a ly s e s  w ere  c a l c u l a t e d  fo r  th e  34 - 

p l a n t  s e t  and  a r e  shown in t a b l e  7 .9 .  The s t a t i c  m odel w as  s l ig h t ly

c h a n g e d  to  in c lu d e  p la n t  " r e t r o f i t t i n g . "  B ased on an Energy/GNP R atio  

o f  28 ,266  B tu 's /$ 1 9 8 2 ,  using  S t a t i c  N et E nergy  A na lys is ,  10 p la n t s  show 

som e p o s i t i v e  n e t  e n e rg y  and 5 p la n t s  h a v e  " b reak  ev en "  r a t i o s ;  i . e . .
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th e y  u se  as  m uch e n e rg y  as th e y  p ro d u c e .  The re m a in in g  19 p la n t s  a r e  

c lea r ly  ne t  energy  consumers, even under s t a t i c  analysis.

Lowering the  Energy/GNP Ratio to 21,333 Btu's/$1982 resu lts  in 

15 additional p lan ts  showing a small amount of positive  ne t energy  under 

s t a t i c  a n a ly s i s .  H ow ever ,  ev en  th e n ,  t h e  d y n am ic  r e s u l t s  a r e  n o t  

favorab le .

Dynamic Net Energy A nalysis 

Dynamic Net Energy Analysis e s t im a te s  th e  po ten tia l  ne t  energy  

from the  developm ent, cons truc t ion ,  opera tion ,  and continuing disposal 

o f  w o r n - o u t  u n i t s  o f  a l a r g e  e n e r g y - t r a n s f o r m a t i o n  sy s tem . A s y s te m  

w ill  n o t  y ie ld  p o s i t i v e  n e t  e n e rg y  u n le ss  t h e  in d iv id u a l  e n t i t i e s  show  

substan tia l  positive  n e t  energy; th e re fo re ,  th e  Bellefonte tw in - re a c to r  

s y s te m ,  show ing  a s t a t i c  O u tp u t / I n p u t  R atio  o f  1 .2256 to  1, was c h o s e n  

for hypo th e tica l  analysis.

T ab le  7 .7  show ed  th e  e s t i m a t e d  n e t  e n e r g y  t h a t  m ight be f o r t h ­

coming from a la rge  system of B e lle fo n te - ty p e  p la n ts  (expected  to  come 

on l in e  in 1988 ) .  An a n a ly s i s  of a sy s te m  t h a t  in v o lv e d  th e  s t a r t i n g  of 

52 new p la n ts  e a c h  y e a r  fo r  50 y e a r s  was d o n e .  U nder such  a p ro g ra m ,  

a f t e r  50 y e a r s ,  c o n s t r u c t i o n  w ould  h av e  s t a r t e d  on 2,600 p l a n t s ,  1 ,560  

w ould  h av e  b e e n  c o n t in u o u s ly  o p e r a t e d ,  an d  572 would hav e  b e e n  

d e c o m m iss io n e d .  The a v e r a g e  (m ean) a n n u a l  n e t - e n e r g y  y ie ld  o f  th e  

system, over the  5 0 -y ea r  period, would be 1.02 quads.

A 100-year  analysis shows th a t  the ave rage  (mean), annual ou tpu t 

inc reases  to  5.1289 quads per  year (about one te n th  of our c u r re n t  n e t -  

energy  consumption r a te ) .  In the hundred y ea rs ,  cons truc tion  would have 

been  u n d e r t a k e n  o f  o v e r  5 ,000  n u c l e a r  p l a n t s ,  and  o v er  3 ,172 w ou ld
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require  decommissioning.

I n c r e a s in g  th e  a n n u a l  c o n s t r u c t i o n  r a t e  to  1,000 p e r  y e a r  

increases  the  n e t-e n e rg y  yield to  about 35 quads of n e t  energy per year. 

The r e a d e r  m us t  b e a r  in mind t h a t  th e  fo re g o in g  Dynamic Net E nergy  

A nalys is  is  b a s e d  on th e  s p e c u la t i o n  t h a t  n u c l e a r - p o w e r  c o s t s  w ould  be 

$1113 p e r - k i l o w a t t  ($1982), or l e s s - -  a  v e ry  u n l ik e ly  p r o s p e c t .  None 

of th e  s tu d i e s  in c lu d e  th e  c o s t  o f  d isp o s a l  o f  r e s id u a l  r a d io a c t i v e  

w astes. F u rther ,  decommissioning costs  may la rg e r  than assumed.

Wind System Results  

A sum m ary  o f  th e  r e s u l t s  o f  th e  Wind E nergy  C o n v e rs io n  System  

(WEGS) a n a ly s e s  is show n in t a b l e  8.2 and in d iv id u a l  a n a ly s e s  of e a c h  

type of system are  shown in appendix 0.

The a n a l y t i c a l  m odels  u sed  fo r  wind s y s te m s  a re  b a s e d  on th e  

same general models used for Nuclear Power System Analysis in chap te r  7. 

The n e t -e n e rg y  perform ance of w ind-powered systems is highly dependent 

on th e  a v e r a g e  w ind  s p e e d  a v a i l a b l e  a t  a p a r t i c u l a r  s i t e  and th e  

econom ic  c o s t  o f  th e  u n i t s .  B ased  on th e  m odels  a d a p te d  fo r  th is  s tu d y ,  

t h e  r e s u l t s  show  t h a t  wind s y s te m s  now being  m a rk e te d  in th e  U n ited  

S ta t e s  a r e  n o t  in d e p e n d e n t  s o u rc e s  of n e t  e n e r g y  bu t a re  b e in g  

subsidized by o th e r  sources of ne t energy.

T ab le  8.2 shows t h a t  n one  of th e  wind s y s te m s  p ro v id e  p o s i t iv e  

n e t  e n e rg y  w ith  a v e r a g e ,  a n n u a l  wind sp e e d s  of 12 m ile s  p e r  hour or le s s

under the fu l l - c o s t  considera tions (assumed Energy/GNP Ratio of 28,116 

B t u ' s / $ 1983). Even i f  c o s t s  a r e  re d u c e d  25 p e r  c e n t  from t h e i r  1983 

reported  co s ts ,  only the Energy Sciences 200-k ilow att  WEGS shows a small

am oun t o f  n e t  e n e rg y .  T h ree  s y s te m s  show a sm all  a m o u n t o f  n e t  e n e rg y
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i f  p la n t  c o s t s  a r e  r e d u c e d  25 p e r  c e n t  and O th e r  P la n t  ( t r a n s m is s io n  and 

d i s t r i b u t io n )  c o s t s  a r e  n o t  in c lu d e d  as an e n e r g y  c o s t .

S e n s i t i v i t y  a n a l y s e s  w e re  d o n e .  T h ree  a d d i t i o n a l  s y s te m s  show 

some positive  n e t  energy  under s ta t i c  analysis using an Energy/GNP Ratio 

o f  21 ,333  B tu 's /$ 1 9 8 3 .  T h ese  r e s u l t s  a lso  a ssu m e  t h a t  c o s ts  can  be 

r e d u c e d  50 p e r  c e n t  (25 p e r  c e n t  r e d u c t io n  in  c a p i t a l  c o s t  and no c h a rg e  

for transm ission and d is tr ibu tion ) .  The Energy/GNP Ratio of 21,333/$1983 

is  th e  s m a l l e s t  r a t i o  in  th e  3 7 - y e a r  d a t a  b a se  o f  a p p en d ix  A. I f  th e  

l a r g e s t  Energy/G N P R a t io  (3 4 ,1 7 2  B tu ’s /$1983)  is  u s e d ,  only th e  Energy 

Sciences shows pos itive , s t a t i c ,  n e t  energy.

Using th e  Energy Sciences 200-k ilow att  system (cost $712.50 per 

k i l o w a t t  and  no c h a r g e  f o r  t r a n s m is s io n  and  d i s t r i b u t io n )  as a t y p i c a l  

system, a 5 0 -y e a r  dynamic n e t -e n e rg y  analysis shows th a t  a construc tion  

program of 500,000 units  pe r  year  would yield an average  (mean), annual 

n e t - e n e r g y  y ie ld  o f  1 .2910  q u a d s .  The a n n u a l  a v e r a g e  in c r e a s e s  to 

1 .8162 q u ad s  p e r  y e a r  o v e r  a  1 0 0 - y e a r  p e r io d .  The is su e  o f  a v a i la b le  

space, w ith  ap p ro p r ia te  wind conditions, was also ra ised . Construction 

s i t e s  w h e re  th e  w ind e x c e e d s  12 m iles  pe r  hou r  a re  l im i te d .

Im p lica tions  and Interconnected  Problems 

In c h a p t e r  9, th e  is s u e  w as a g a in  r a i s e d ,  a s  to  w ha t s o c i e t y  was 

go ing  to  do as  we d e p l e t e d  th e  f o s s i l  fu e ls  w h ic h  p ro v id e  o u r  c u r r e n t  

s u p p l ie s  o f  n e t  e n e r g y .  The p ro b a b le  t im e  s c a l e  fo r  d e p l e t io n  o f  th e s e  

f u e l s  w as r e v ie w e d .  I t  w as  p o in t e d  ou t t h a t  t h e  a u t h o r  b e l ie v e s  t h a t  

s o c i e t y  h as  b e e n  lu l le d  in to  a f a l s e  sen se  o f  s e c u r i t y  by th e  c u r r e n t  

(1985) g lu t  o f  f o s s i l  f u e l s .

This s tu d y  sh o w e d  t h a t  tw o  o f  th e  e n e r g y - t r a n s f o r m a t i o n  t e c h ­

191



n o lo g ie s  t h a t  s o c i e t y  has  b e e n  c o u n t in g  on as r e p l a c e m e n t s  f o r  th e  

f o s s i l  f u e l s  w il l  n o t  be i n d e p e n d e n t  s o u r c e s  of e n e r g y  u n le s s  c o s t s  can  

be substan tia l ly  low ered or e f f ic ie n c e s  m ateria lly  improved.

A lthough  t h e r e  is  l i t t l e  d o u b t  t h a t  t h e  f o s s i l  f u e l s  a r e  in 

f i n i t e  s u p p ly ,  t h e r e  is  m uch d o u b t  (on  th e  a u t h o r 's  p a r t )  as to  w h e th e r  

o th e r  t e c h n o lo g ie s  b e s id e s  n u c l e a r  and  wind p o w e r  w ou ld  y ie ld  n e t  

e n e rg y ,  an d  i f  so , how m uch . T h ese  o t h e r  t e c h n o lo g ie s  w o u ld  in c lu d e  

so la r -v o l ta ic  systems, g eo th e rm a l-en e rg y  systems, various forms of solar 

technology, b r e e d e r - r e a c to r  system s, and fusion energy system s. Also, 

s im i l ia r  n e t - e n e r g y  a n a ly s e s  n e e d  to  be done fo r  s o - c a l l e d  f o s s i l - f u e l  

r e c o v e r y  p r o c e s s e s  su ch  as: d e e p - g a s  m ining , o i l - s h a l e  m in ing ,  t a r -

san d s  m in in g ,  and  s e c o n d a ry  an d  t e r t i a r y  p e t ro le u m  m in ing  p r o c e s s e s .  

The a n a ly s i s  o f  h y d r o - e l e c t r i c i t y  g e n e r a t in g  s y s te m s  w il l  be  a h igh  

p r i o r i t y  r e s e a r c h  p r o j e c t  fo r  t h e  a u t h o r .

The a u th o r  b e l ie v e s  ( b a s e d  on p r e l im in a r y  c ru d e  c a l c u l a t i o n s )  

t h a t  many o f  th e s e  o th e r  t e c h n o lo g ie s  w il l  n o t  f a i r  much b e t t e r  th a n  

n u c l e a r  o r  w ind , a l th o u g h  th i s  m u s t  be c o n f i rm e d  th r o u g h  c a r e f u l  

i n v e s t i g a t i o n .  I t  is  th e  a u t h o r ' s  v ie w ,  h o w e v e r ,  t h a t  as f o s s i l - f u e l  

s u p p l ie s  a re  d e p l e t e d ,  th e  p ro b le m  of e n e rg y  su p p ly  in t h e  fo rm  n e e d e d  

to support a growing in d u s tr ia l  economy will be considerab le .

The im p l ic a t io n s  o f  a  d w in d l in g  e n e rg y  su p p ly ,  r e s u l t i n g  from  

th e  e x h a u s t io n  of fo s s i l  f u e l s ,  w e re  r e l a t e d  to  c e r t a i n ,  s e l e c t e d  g lo b a l  

problems th a t  have a lready  been  made known. It was a rgued  th a t  most of

th e  p ro b le m s  c i t e d  w ould  be g r e a t l y  e x a c e r b a t e d  by a  d w in d l in g  e n e r g y  

supp ly  s i t u a t i o n .  I t  was p o i n t e d  o u t  t h a t  p ro b le m s  o f  th i s  s o r t  a re  

i n t e r c o n n e c t e d  and t h a t  as one  p ro b le m  b eco m es  g r e a t e r ,  i t  a f f e c t s  th e
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o th e r s  and  t h e r e  a re  f e e d b a c k s  w hich  work t h e i r  way th ro u g h  in  f i r s t ,  

second, and th i rd -o rd e r  e f f e c t s  among each o th e r .

Several personal observations were also made with respec t to the 

p o l i t i c a l ,  e d u c a t i o n a l ,  an d  e t h i c a l  im p l ic a t io n s .

Conclusions

At the  c u r re n t  s t a t e - o f - t h e - a r t  (hence, economic cost), n e i the r  

a nuc lea r-p o w ered  nor w ind-pow ered e le c t r ic i ty -g e n e ra t in g  system is an 

in d e p e n d e n t  s o u r c e  of n e t  e n e rg y .  T here  is  a s t r o n g  l ik e l ih o o d  t h a t  

s im i la r  f in d in g s  w ould  ho ld  fo r  o th e r  e n e r g y - t r a n s f o r m a t i o n  t e c h ­

nologies.

If none of the  o the r  ene rg y -tran sfo rm atio n  technologies meet the 

v ia b i l i ty  t e s t  o f  be ing  a b le  to  r e p l i c a t e  th e m s e lv e s  o u t  of t h e i r  own 

e n e rg y  and  le a v e  a s u f f i c i e n t  r e s id u a l  to  m e e t  s o c i e t a l  n eed s ,  th e n  th e  

im plications fo r  human c iv il iza tion  are ominous. Schumacher notes:^

You ca n  go on and  on b low ing  a i r  in to  a b a l lo o n .  The b a l ­
loon then becomes bigger and bigger, and more and more impressive.

H istorians can reco rd  with pride and s a t i s fa c t io n  the da tes  when 
th e  f i r s t  e f f i c i e n t  pump w as in v e n te d ,  and  th e n  e v e r  more e f f i c i e n t  
pum ps, and  m a rv e lo u s  new c h e m ic a ls  w h ich  i n c r e a s e d  th e  s t r e t c h -  
a b i l i t y  o f  th e  b a l lo o n ,  and  w hen th e  b a l lo o n  r e a c h e d  a c e r t a i n  s i z e ,  
and  th e n  tw ic e  t h a t  s i z e ,  and how "d o u b lin g  t im e s "  b ecam e  s h o r t e r  
and  s h o r t e r  and  so on.

All t h e s e  w il l  be im p o r ta n t  and  i n t e r e s t i n g  d a t e s .  But none so 
im p o r ta n t  and  i n t e r e s t i n g  as th e  d a t e  w hen  a h o le  a p p e a re d  in th e  
sk in  o f  th e  b a l lo o n  - -  p e rh a p s ,  to  s t a r t  w i th ,  q u i t e  a sm all  ho le  - -  
and the a i r  s t a r t e d  W iis t l in g  ou t.

That da te  was October 6, 1973.

Things w i l l  never be the same again.

E. F. S c h u m a c h e r ,  Good W ork,(New Y ork , H a g e rs to w n ,  San 
F ra n c is c o ,  London: 1979), p . 5. S ch u m a ch e r  w as r e f e r r i n g  to  th e  
announcement by OPEC on curta ilm ent of o i l  p roduction .
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APPENDIX A .l

This a p p e n d ix  show s th e  m e th o d  of a r r iv in g  a t  t h e  Energy/GNP 

c o e f f i c i e n t s  u s e d  in  t h e  n e t - e n e r g y  a n a ly s e s  o f  th i s  s tu d y .  Table  

A-5 also shows th e  amount of investm ent th a t  United S ta te s  u t i l i té s  make 

in  O th e r  P l a n t ,  i . e . ,  o th e r  than Production Plant.

T a b le  A -1 ,  co lum n  E, show s th e  raw  d a t a  fo r  n o m in a l  g ro ss  

n a t io n a l  p r o d u c t  (GNP). The 1972 im p l i c i t  p r i c e  d e f l a t o r s  a r e  shown in 

C o l u m n  C. For example, the  base year  was changed to  a 1979 base year by 

dividing the  1979 index number into each of the 1972 = 100 index numbers 

and  th e  r e s u l t s  a r e  sh o w n  in Column D. G ross  N a t io n a l  P ro d u c t  ($1979 = 

100) is th e n  o b ta in e d  by d iv id in g  n o m in a l  GNP (Colum n E) by th e  index  

n u m b e rs  in  Column D and  th e  r e s u l t s  a r e  show n  in Column F. To o b ta in  

the  Energy/GNP Ratios of column G, Annual Energy Consumption (Column B) 

w as d iv id e d  by G ross N a tio n a l  P ro d u c t  (Colum n F) f o r  e a c h  y e a r ,  

re sp e c t iv e ly .

T ab le  A-1 sh o w s  th e  r a t i o s  fo r  th e  b a se  y e a r  fo r  G ross  N a tio n a l  

P roduct for the  yea r  1979. Table A-2 shows the same in form ation  for the  

y e a r  1982 as t h e  b a s e  y e a r .  T ab le  A-3 show s r a t i o s  w i th  1983 as th e  

base year .  Table A-4 shows r a t io s  with 1972 as the base yea r .
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T a b le  A-1
ENERGY/GNP RATIOS (1979=100)

(A) (B) (C) (D) (E) (F) (G)
BTU'S 1972=100 1979=100 CURRENT 1979=100 ENERGY/GNI

YEAR CmSUMED DEFLATOR DEFLATOR GNP GNP RATIO

1947 3 .3 0 5 e l6 49.70 30 .41  2. 3 1 3 e l l 7 . 6 0 4 e l l 43461.00
1948 3.388el6 53.13 32.51 2 .576ell 7 .9 2 2 e ll 42764.68
1949 3.108el6 52.59 32.18 2 .565ell 7 .9 6 9 e ll 38998.21
1950 3.362el6 53.64 32.82 2 .848ell 8 .6 7 5 e l l 38752.02
1951 3.611el6 57.27 35.04 3 .284ell 9 .3 6 9 e ll 38538.91
1952 3.583el6 58.00 35.49 3 .455ell 9 .7 3 3 e l l 36810.75
1953 3.676el6 58.88 36.03 3 .646e ll 1.011el2 36330.76
1954 3.573el6 59.69 36.52 3 .648ell 9 .9 8 6 e ll 35778.96
1955 3.917el6 60.98 37.31 3 .980ell 1 .066el2 36728.72
1956 4.075el6 62.90 38.49 4 .192e ll 1.088el2 37420.09
1957 4.080el6 65.02 39.79 4 .411e ll 1 .108el2 36805.94
1958 4.065el6 66.06 40.42 4 .473e ll 1.106el2 36740.76
1959 4.241el6 67.52 41.32 4 .837e ll 1.170el2 36230.35
1960 4.375el6 68.67 42.02 5 .070e ll 1.206el2 36264.78
1961 4.441el6 68.28 41.78 5 .201ell 1.244el2 35680.86
1962 4.648el6 70.55 43.17 5 .603ell 1 .297el2 35817.10
1963 4.827el6 71.59 43.81 5 .905ell 1.347el2 35814.40
1964 5.044el6 72.71 44.49 6 .324e ll 1.421el2 35491.57
1965 5.262el6 74.32 45.48 6 .910ell 1 .519el2 34635.89
1966 5.559el6 76.76 46.97 7 .499e ll 1.596el2 34823.80
1967 5.750el6 79.02 48.35 7 .939ell 1 .641el2 35025.71
1968 6.094el6 82.57 50.53 8 .642e ll 1.710el2 35633.49
1969 6.412el6 86.72 53.07 9.303e l l 1 .752el2 36579.49
1970 6.636el6 91.36 55.91 9 .930e ll 1.776el2 37364.67
1971 6.782el6 96.02 58.76 1.063el2 1.809el2 37477.51
1972 7.119el6 100.00 61.19 1.171el2 1.913el2 37202.57
1973 7.421el6 105.80 64.74 1.326el2 2.047el2 36237.02
1974 7.248el6 116.02 71.00 1.434el2 2.019el2 35888.04
1975 7.048el6 125.80 76.98 1.549el2 2.011el2 35030.23
1976 7.430el6 132.30 80.96 1.718el2 2.121el2 35016.55
1977 7.621el6 140.10 85.74 1.918el2 2.236el2 34068.21
1978 7.804el6 150.40 92.04 2.164el2 2.351el2 33193.70
1979 7.884el6 163.40 100.00 2.418el2 2.418el2 32605.45
1980 7.590el6 178.40 109.17 2.632el2 2.410el2 31484.63
1981 7.394el6 195.10 119.40 2.954el2 2.474el2 29886.43
1982 7.082el6 206.90 126.62 3.073el2 2.426el2 29181.10
1983 7.045el6 208.00 127.29 3.305el2 2.596el2 27134.43

N o te s :  S o u rc e  o f  Column A, A nnual E nergy  R ev iew , DOE/EIA 0384 (83), 
A pril  1 9 84 , T ab le  3, p .9 .

Source o f  Column E, Survey of Current B usiness.
Coliim D = Colum C d iv ided  by 163.40 (1979=100 index).
Column F = Column E d iv ided  by Column D.
Colum G = Colum B d iv ided  by Colum F.
N otation  "el6" means decimal p t .  is  16 spaces to  the r ig h t .
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T a b le  A-2
ENERGY/GNP RATIOS (1982=100)

ANN. ENERGY 1972=100 1979=100 CURRENT 1982=100 ENERGY/GNP
YEAR CONSUMPTION DEFLATOR DEFLATOR GNP GNP RATIO

1947 3.305el6 49.70 24.02 2.313ell 9 .628ell 34323.51
1948 3.388el6 53.13 25.67 2 .576ell 1.003el2 33773.56
1949 3.108el6 52.59 25.41 2 .565ell 1.009el2 30798.97
1950 3.362el6 53.64 25.92 2.848e l l 1.098el2 30604.55
1951 3.611el6 57.27 27.68 3 .284ell 1.186el2 30436.24
1952 3.583el6 58.00 28.03 3.455ell 1.232el2 29071.42
1953 3.676el6 58.88 28.45 3.646ell 1.281el2 28692.35
1954 3.573el6 59.69 28.84 3 .648ell 1.264el2 28256.55
1955 3.917el6 60.98 29.47 3 .980ell 1.350el2 29006.64
1956 4.075el6 62.90 30.40 4.192ell 1.378el2 29552.65
1957 4.080el6 65.02 31.42 4 .411ell 1.403el2 29067.62
1958 4.065el6 66.06 31.92 4 .473ell 1.400el2 29016.14
1959 4.241el6 67.52 32.63 4 .837ell 1.482el2 28613.04
1960 4.375el6 68.67 33.18 5.037ell 1.517el2 28827.87
1961 4.441el6 68.28 33.00 5 .201ell 1.575el2 28179.08
1962 4.648el6 70.55 34.09 5.603ell 1.643el2 28286.68
1963 4.827el6 71.59 34.60 5.905ell 1.706el2 28284.54
1964 5.044el6 72.71 35.14 6.324ell 1.799el2 28029.59
1965 5.262el6 74.32 35.92 6.849ell 1.906el2 27597.44
1966 5.559el6 76.76 37.10 7.499ell 2.021el2 27502.22
1967 5.750el6 79.02 38.19 7.939ell 2.078el2 27661.68
1968 6.094el6 82.57 39.90 8 .642ell 2.165el2 28141.67
1969 6.412el6 86.72 41.91 9 .303ell 2.219el2 28888.78
1970 6.636el6 91.36 44.15 9.640ell 2.183el2 30396.59
1971 6.782el6 96.02 46.40 1.077el2 2.320el2 29224.24
1972 7.119el6 100.00 48.33 1.171el2 2.423el2 29380.86
1973 7.421el6 105.80 51.13 1.326el2 2.593el2 28618.31
1974 7.248el6 116.02 56.07 1.434el2 2.557el2 28342.71
1975 7.048el6 125.80 60.80 1.549el2 2.547el2 27665.25
1976 7.430el6 132.30 63.94 1.718el2 2.686el2 27654.44
1977 7.621el6 140.10 67.71 1.918el2 2.832el2 26905.49
1978 7.804el6 150.40 72.69 2.154el2 2.963el2 26336.55
1979 7.884el6 163.40 78.97 2.418el2 3.061el2 25750.27
1980 7.590el6 178.40 86.22 2.632el2 3.052el2 24865.10
1981 7.394el6 195.10 94.29 2.954el2 3.132el2 23602.91
1982 7.082el6 206.90 100.00 3.073el2 3.073el2 23045.88
1983 7.045el6 208.00 100.53 3.304el2 3.286el2 

MEAN VALUE:
21436.00
28265.88

N otes :  S o u rce  of Column A, Annual Energy  R ev iew , DOE/EIA 0384 (83),  
A pril  1984 , T ab le  3, p .9 .

Source of Coltmn E, Survey of Current Business.
Colum D = Colum C d iv ided  by 206.90 (1982=100 d e f la to r ) .
Colum F = Colum E d iv ided  by Colum D.
Colum G = Colum B d iv ided  by Colum F.
Notation "el2" means decimal p t .  is  12 spaces to the r ig h t .
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T a b le  A-3
ENERGY/GNP RATIOS (1983=100)

(A) (B) (C) (D) (E) (F) (Gl
BTU'S 1972=100 1983=100 CURRENT 1983=100 ENERGY/GNP

YEAR CONSUMED DEFLATOR DEFLATOR GNP GNP RATIO

1947 3.305el6 49.70 23.89 2.313ell 9 .680e ll 34141.99
1948 3.388el6 53.13 25.54 2.576ell 1.008el2 33594.95
1949 3.108el6 52.59 25.28 2.565ell 1.014el2 30636.09
1950 3.362el6 53.64 25.78 2.848e l l l ,1 0 4 e l2 30442.69
1951 3.611el6 57.27 27.53 3.284ell 1.192el2 30275.28
1952 3.583el6 58.00 27.88 3.455ell 1.239el2 28917.67
1953 3.676el6 58.88 28.30 3.646ell 1.287el2 28540.61
1954 3.573el6 59.69 28.69 3.648ell 1.271el2 28107.12
1955 3.917el6 60.98 29.31 3.980ell 1.357el2 28853.23
1956 4.075el6 62.90 30.24 4.192ell 1.386el2 29396.36
1957 4.080el6 65.02 31.25 4.411ell 1.411el2 28913.90
1958 4.065el6 66.06 31.75 4.473ell 1.408el2 28862.69
1959 4.241el6 67.52 32.46 4.837ell 1.490el2 28461.72
1960 4.375el6 68.67 33.01 5.037ell 1.525el2 28675.42
1961 4.441el6 68.28 32.82 5.201ell 1.584el2 28030.06
1962 4.648el6 70.55 33.91 5.603ell 1.651el2 28137.09
1963 4.827el6 71.59 34.41 5.905ell 1.715el2 28134.96
1964 5.044el6 72.71 34.95 6.324ell 1.809el2 27881.36
1965 5.262el6 74.32 35.73 6.849ell 1.916el2 27451.49
1966 5 . 559el6 76.76 36.90 7.499ell 2.032el2 27356.77
1967 5.750el6 79.02 37.99 7.939ell 2.089el2 27515.39
1968 6.094el6 82.57 39.69 8.642ell 2.176el2 27992.85
1969 6.412el6 86.72 41.69 9.303ell 2.231el2 28736.00
1970 6.636el6 91.36 43.92 9.G40ell 2.194el2 30235.84
1971 6.782el6 96.02 46.16 1.077el2 2.333el2 29069.69
1972 7.119el6 100.00 48.07 1.171el2 2.435el2 29225.48
1973 7.421el6 105.80 50.86 1.326el2 2.606el2 28466.96
1974 7.248el6 116.02 55.77 1.434el2 2.570el2 28192.82
1975 7.048el6 125.80 60.48 1.549el2 2.561el2 27518.94
1976 7.430el6 132.30 63.60 1.718el2 2.701el2 27508.19
1977 7.621el6 140.10 67.35 1.918el2 2.847el2 26763.20
1978 7.804el6 150.40 72.30 2.154el2 2.978el2 26197.27
1979 7.884el6 163.40 78.55 2.418el2 3.077el2 25614.09
1980 7.590el6 178.40 85.76 2.632el2 3.068el2 24733.60
1981 7.394el6 195.10 93.79 2.954el2 3.149el2 23478.09
1982 7.082el6 206.90 99.47 3.073el2 3.089el2 22924.00
1983 7.045el6 208.00 100.00 3.304el2 3.304el2 21322.63

MEAN VALUE: 28116.39

N o te s ;S o u rc e  o f  Column A, A nnual Energy R eview , DOE/EIA 0384 (83), 
Source of Colunn E, Survey of Current Business.
Colimn D = Colunn C d iv ided  by 208.00 (1983=100 index).
Colunn F = Colunn E d iv ided  by Colum D.
Colunn G = Colunn B d iv ided  by Colunn F.
Notation "e l6"  means decimal p t .  is  16 spaces to  the r ig h t .
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T ab le  A-4
ENERGY/GNP RATIOS (1972=100)

(A) (B) (G) (D) (E) (F)
ANN. ENERGY 

YEAR CONSUMPTION
CURRENT
GNP

1972=100
DEFLATOR

GNP
1972=100

E/GNP
RATIO

1947 3.305el6 2 .3 1 e l l 49.70 4 .6 5 e l l 71015.34
1948 3.388el6 2 .5 7 e l l 53.13 4 .8 4 e l l 69877.50
1949 3.108el6 2 .5 6 e l l 52.59 4 .8 7 e l l 63723.08
1950 3.362el6 2 .8 4 e l l 53.64 5 .3 0 e l l 63320.81
1951 3.611el6 3 .2 8 e l l 57.27 5 .7 3 e l l 62972.58
1952 3.583el6 3 .4 5 e l l 58.00 5 .9 5 e l l 60148.76
1953 3.676el6 3 .6 4 e l l 58.88 6 .1 9 e l l 59364.47
1954 3.573el6 3 .6 4 e l l 59.69 6. H e l l 58462.82
1955 3.917el6 3 .9 8 e ll 60.98 6 .5 2 e l l 60014.73
1956 4.075el6 4 .1 9 e l l 62.90 6 .6 6 e l l 61144.44
1957 4.080el6 4 .4 1 e l l 65.02 6 .7 8 e l l 60140.92
1958 4.065el6 4 .4 7 e l l 66.06 6 .7 7 e l l 60034.40
1959 4.241el6 4 .8 3 e l l 67.52 7 .1 6 e l l 59200.39
1960 4.375el6 5 .0 3 e l l 68.67 7 .3 3 e l l 59644.87
1961 4.441el6 5.20e l l 68.28 7 .6 1 e l l 58302.53
1962 4.648el6 5 .6 0 e l l 70.55 7 .9 4 e l l 58525.14
1963 4.827el6 5 .9 0 e ll 71.59 8 .2 4 e l l 58520.73
1964 5.044el6 6 .3 2 e l l 72.71 8 .6 9 e l l 57993.23
1965 5.262el6 6 .8 4 e l l 74.32 9 .2 1 e l l 57099.11
1966 5.559el6 7 .4 9 e l l 76.76 9 .7 6 e l l 56902.09
1967 5.750el6 7 .9 3 e ll 79.02 1.00el2 57232.01
1968 6.094el6 8 .6 4 e l l 82.57 1.04el2 58225.13
1969 6.412el6 9 .3 0 e l l 86.72 1.07el2 59770.89
1970 6.636el6 9 .6 4 e l l 91.36 1.05el2 62890.55
1971 6.782el6 1.07el2 96.02 1 .12el2 60464.96
1972 7.119el6 1.17el2 100.00 1 .17el2 60789.00
1973 7.421el6 1.32el2 105.80 1.25el2 59211.29
1974 7.248el6 1.43el2 116.02 1.23el2 58641.07
1975 7.048el6 1.54el2 125.80 1.23el2 57239.40
1976 7.430el6 1.71el2 132.30 1.29el2 57217.05
1977 7.621el6 1.91el2 140.10 1.36el2 55667.47
1978 7.804el6 2.15el2 150.40 1.43el2 54490.32
1979 7.884el6 2.41el2 163.40 1 .47el2 53277.32
1980 7.590el6 2.63el2 178.40 1.47el2 51445.89
1981 7.394el6 2.95el2 195.10 1.51el2 48834.44
1982 7.082el6 3.07el2 206.90 1.48el2 47681.93
1983 7.045el6 3.30el2 208.00 1.58el2 44351.08

MEAN VALUE: 58482.10

N otes.’S o u rce  of Column A, A nnual E n erg y  R ev iew , DOE/EIA 0384 (83), 
Source of Colitm E, Survey of Current Business.
Colvmn D = Colimn C divided by 163.40 (1979=100 index).
Colunn F = Colum E divided by Colum D.
Colimn G = Colunn B divided by Colunn F.
Notation "e l6"  means decimal p t .  is 16 spaces to  the r ig h t .
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Other P lan t  Data 

The following tab le  shows th a t  u t i l i t ie s  ac tu a lly  spend more on 

o th e r  p l a n t  th a n  on p r o d u c t io n  ( g e n e r a t i n g  p la n t ) .  The n e t - e n e r g y  

c a l c u l a t i o n s  fo r  th i s  p a p e r  a s su m e  t h a t  p r o d u c t io n  p l a n t  c o s t s  w ill  

i n c r e a s e  as a p e r  c e n t  o f  t o t a l  c o s t s  b e c a u s e  of th e  i n c r e a s in g  p e r -  

k i l o w a t t  c o s t  o f  n u c le a r  p o w e r  p l a n t s .  A sim ple l i n e a r  t r e n d  a n a ly s i s  

shows (Col A = Independent va r iab le  and Column F as dependen t variable) 

p r o j e c t s  th e  p e r  c e n t  as a p p r o x im a te ly  172 fo r  th e  y e a r  2 0 00 . This 

means t h a t  the  re la tionsh ip  does no t appear to be changing.

Table A-5 

OTHER PLANT DATA
COMPARE PRODUCTION PLANT TO OTHER PLANT

(A)

YEAR

(B)
TOTAL
PLANT

(0)
PRODUCTION

PLANT

(D)
OTHER
PLANT

(E) 
OTHER 
PLANT %

(F)
OTHER/PROD

%

1983 348752263 129296739 219455524 62.92 169.73
1982 321981535 117504517 204477018 63.50 174.01
1981 292747275 108629438 184117837 62.89 169.49
1980 266921691 100264723 166656968 62.43 166.21
1979 242312389 89381817 152930572 63.11 171.09
1978 218001011 83449236 134551775 61.72 161.23
1977 196814920 74645789 122169131 62.07 163.66
1976 177711410 66054451 111656959 62.83 169.03
1975 160711410 60050694 100660716 62.63 167.62
1974 146581033 53581033 93000000 63.44 173.56

MEAN = 168.56

Source: S t a t i s t i c s  of Privately-Ovmed E le c t r ic a l  U t i l i t i e s ,  1983.
Energy Information A d n in is t ra t io n .  (Washington, D. C. : 
Superintendent of Documents, U. S. G, P. 0 . ,
DOE/EIA/0044 (1983)

Notes: Colunns B, C, and D a re  raw Data from source .
Colunn E shows Other p la n t  as a per cent of t o t a l .
Colunn F shows Other p la n t  as a per cent o f  Production 

P lan t .
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Appendix A.2 

NET-ENERGY, UNITED STATES FOSSIL-FUEL PRODUCTION 

O rder-o f-m agn itude  ca lcu la tions  have been made to  e s t im a te  the  

am o u n t o f  e n e rg y  is  b e in g  f e d  b a c k  in to  th e  a c q u i s i t i o n  o f  f o s s i l  fu e ls  

a r e  on t h e  fo l lo w in g  t a b l e s  of th i s  s e c t i o n .

B as ic  in f o r m a t io n  is  t a k e n  from  th e  D e p a r tm e n t  o f  E nergy ,  1983 

A nnual E n e rg y  R e v ie w .^  V alue o f  F ossi l  Fuel P ro d u c t io n  is  t a k e n  f rom  

Table 17^ and P roduction  of Energy by Source is taken  from Table 2.^

All v a lu e s  a r e  in 1972 d o l l a r s .  Energy/GN P c o e f f i c i e n t s  w e re  

c a l c u l a t e d  using  GNP ($1972 = 100) and  e n e r g y  c o n su m p tio n  d a t a  fo r  

r e s p e c t i v e  y e a r s .  The c a l c u l a t i o n s  a re  show n in t a b le  A-5 of a p p e n d ix  

A .l

The Energy/GN P c o e f f i c i e n t  o f  60 ,789  B tu 's  p e r  d o l l a r  is 

ob ta ined  by dividing 1972 annual energy  consumption (7.119el6^ Btu's) by 

th e  1972 Gross N a t io n a l  P ro d u c t  (1 .1 7 1 e l2  d o l la r s  $1 9 7 2 ) .  This 

c o e f f i c i e n t  w as th e n  m u l t ip l ie d  t im e s  th e  v a lu e  of th e  y e a r l y  e n e rg y  

p ro d u c e d  to  o b ta in  t h e  E n e rg y - In p u t  e s t i m a t e s  fo r  e a c h  f o s s i l  f u e l .  

Finding n e t  energy  was a m a tte r  of su b trac t in g  the  Energy-Input e s t im a te  

from  th e  t o t a l  a m o u n t o f  f o s s i l  f u e l  p ro d u c e d .

^Annual Energy Review, Department of Energy, Energy Information 
Agency, D0E/ElA-0384(83), [A pril 1984].

^ Ib id ,  p . 37.

3 lb id ,  p. 7.

^T he  n o t a t i o n  " e l 6 , "  fo r  ex am p le  m eans  t h a t  th e  d e c im a l  p o in t  
is  a c tu a l ly  16 places to  the r ig h t  of vdiere i t  is  shown.
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T a b le  A-6

NET ENERGY FROM UNITED STATES PETROLEUM PRŒ)UCTIW

(A) (B) (C) (D) (E) (F)
RATIO

VAL. OF OIL EST INPUT BTU'S OIL NET COL C/
YEAR PRODUCTION ENERGY PRODUCED ENERGY COL D

1949 8.920e09 5.422el4 1.068el6 1.013el6 0.050
1950 9.240e09 5.616el4 1.145el6 1.088el6 0.049
1951 9.970e09 6.060el4 1.304el6 1.243el6 0.046
1952 l.OOOelO 6.078el4 1.328el6 1.267el6 0.045
1953 1.074el0 6.528el4 1.367el6 1.301el6 0.047
1954 1.081el0 6.571el4 1.343el6 1.277el6 0.048
1955 1.131el0 6.875el4 1.441el6 1.372el6 0.047
1956 1.163elO 7.069el4 1.518el6 1.447el6 0.046
1957 1.246el0 7.574el4 1.518el6 1.442el6 0.049
1958 1.116elO 6.784el4 1.420el6 1.352el6 0.047
1959 1.105el0 6.717el4 1.493el6 1.425el6 0.044
1960 l.OSOelO 6.565el4 1.493el6 1.427el6 0.043
1961 1.093el0 6.644el4 1.521el6 1.454el6 0.043
1962 1.099el0 6.680el4 1.552el6 1.485el6 0.043
1963 l . l l l e l O 6.753el4 1.597el6 1.529el6 0.042
1964 1.103el0 6.705el4 1.616el6 1.548el6 0.041
1965 1.096el0 6.662el4 1.652el6 1.585el6 0.040
1966 1.136el0 6.905el4 1.756el6 1.686el6 0.039
1967 1.188el0 7.221el4 1.865el6 1.792el6 0.038
1968 1.186elO 7.209el4 1.931el6 1.858el6 0.037
1969 1.201el0 7.300el4 1.956el6 1.882el6 0.037
1970 1.224el0 7.440el4 2.040el6 1.965el6 0.036
1971 1.220el0 7.416el4 2.003el6 1.928el6 0.037
1972 1.171el0 7.118el4 2.004el6 1.932el6 0.035
1973 1.236el0 7.513el4 1.949el6 1.873el6 0.038
1974 1.912el0 1.162el5 1.857el6 1.740el6 0.062
1975 1.864el0 1.133el5 1.773el6 1.659el6 0.063
1976 1.841el0 1.119el5 1.726el6 1.614el6 0.064
1977 1.841el0 1.119el5 1.745el6 1.633el6 0.064
1978 1.901el0 1.155el5 1.843el6 1.727el6 0.062
1979 2.414el0 1.467el5 1.810el6 1.663el6 0.081
1980 3.807el0 2.314el5 1.825el6 1.593el6 0.126
1981 5.094el0 3.096el5 1.815el6 1.505el6 0.170
1982 4.352el0 2.645el5 1.831el6 1.566el6 0.144
1983 3.819el0 2.321el5 1.832el6 1.599el6 0.126

Note; The n o ta t io n  1.599el6, for example, i s  engineering no ta t ion  
wAiere ’e l6 '  means decimal point i s  a c tu a l ly  16 places to  the r ig h t .  

Column B is  taken from Table 17, DOE/EIA-0384(83)
Colunn C i s  Colum By m u l t ip l ie d  by 60,789 Btu/$
Colunn D is  taken from Table 2, DOE/EIA-0834(83)
Colunn E is  co lum  D minus colunn C
Colunn F is  colunn C d iv ided  by colunn D
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T ab le  A-7
NET ENERGY FROM UNITED STATES NATURAL GAS PRODUCTION

(A) (B) (C) (D) (E) (F)

YEAR
$ VALUE OF 

CONSUMPTION
EST. INPUT 

ENERGY
BTU N.G. 

PRODUCED
NET

ENERGY

RATIO 
COL C/ 
COL D

1949 6.300e08 3.829013 5.380015 5.341015 0.007
1950 8.200e08 4.984el3 6.230el5 6.180015 0.008
1951 9.100e08 5.531el3 7.420el5 7.364015 0.007
1952 1.100e09 6.686el3 7.960el5 7.893015 0.008
1953 1.290e09 7.841013 8.340el5 8.261015 0.009
1954 1.460e09 8.875el3 8.680015 8.591015 0.010
1955 1.550e09 9.422el3 9.630el5 9.535015 0.009
1956 1.770e09 1.075el4 l.OOOeie 9.892015 0.010
1957 1.800e09 1.094el4 1.061el6 1.050016 0.010
1958 2.000e09 1.215el4 1.094el6 1.081016 0.011
1959 2.320e09 1.410el4 1.195el6 1.180016 0.011
1960 2.610e09 1.586014 1.266el6 1.250016 0.012
1961 2.870e09 1.744el4 1.310el6 1.292016 0.013
1962 3.140e09 1.908el4 1.372el6 1.352el6 0.013
1963 3.290e09 1.999014 1.451el6 1.431016 0.013
1964 3.200e09 1.945el4 1.530el6 1.510016 0.012
1965 3.460e09 2.103014 1.578el6 1.556016 0.013
1966 3.580e09 2.176014 1.701el6 1.679016 0.012
1967 3.680e09 2.237014 1.794el6 1.771016 0.012
1968 3.740e09 2.273014 1.907el6 1.884el6 0.011
1969 4.060009 2.468014 2.045el6 2.020016 0.012
1970 4.080009 2.480el4 2.167el6 2.142016 0.011
1971 4.220e09 2.565014 2.228el6 2.202el6 0.011
1972 4.280009 2.601014 2.221el6 2.194016 0.011
1973 4.710009 2.863el4 2.219el6 2.190016 0.012
1974 5.630009 3.422014 2.121016 2.086016 0.016
1975 7.190009 4.370014 1.964el6 1.920016 0.022
1976 8.740009 5.312014 1.968el6 1.914016 0.026
1977 1.130010 6.869014 1.957el6 1.888el6 0.035
1978 1.209010 7.349014 1.949el6 1.875016 0.037
1979 1.478010 8.984014 2.008el6 1.918el6 0.044
1980 1.799010 1.093el5 1.991el6 1.881016 0.054
1981 2.025010 1.230el5 1.970el6 1.846el6 0.062
1982 2.202010 1.338el5 1.825el6 1.691el6 0.073
1983 1.999el0 1.215015 1.634el6 1.512el6 0.074

Note; The n o ta t io n  1.299elO, for exemple, is  engineering nota tion 
where 'e lO ' means decimal point is  a c tu a l ly  10 p laces  to the r igh t .  

Column B is  taken from Table 17, DOE/EIA-0384(83)
Colunn C is  Colunn By m u l t ip l ie d  by 60,789 Btu/$
Colunn D is  taken from Table 2, DOE/EIA-0834(83)
Colunn E is  co lum  D minus colunn C 
Colunn F is  colunn C divided by colunn D
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T a b le  A-8

NET ENERGY FROM UNITED STATES COAL PRODUCTION

(A) (B) (C) (D) (E) (F)
RATIO

VAL. COAL EST INPUT BTU/CQAL NET COL C/
YEAR PRODUCED ENERGY PRODUCED ENERGY COL D

1949 4.080e09 2.480el4 1.253el6 1.228el6 0.019
1950 4.670e09 2.838el4 1.462el6 1.433el6 0.019
1951 4.610e09 2.802el4 1.504el6 1.475el6 0.018
1952 3.950e09 2.401el4 1.323el6 1.298el6 0.018
1953 3.830e09 2.328el4 1.274el6 1.250el6 0.018
1954 2.970e09 1.805el4 1.098el6 1.079el6 0.016
1955 3.440e09 2.091el4 1.272el6 1.251el6 0.016
1956 3.840e09 2.334el4 1.372el6 1.348el6 0.017
1957 3.850e09 2.340el4 1.342el6 1.318el6 0.017
1958 3.010e09 1.829el4 1.118el6 1.099el6 0.016
1959 2.910e09 1.768el4 1.108el6 1.090el6 0.015
1960 2.840e09 1.726el4 I.077el6 1.059el6 0.016
1961 2.670e09 1.623el4 1.040el6 1.023el6 0.015
1962 2.680e09 1.629el4 1.085el6 1.068el6 0.015
1963 2.800e09 1.702el4 1.180el6 1.162el6 0.014
1964 2.980e09 1.811el4 1.246el6 1.227el6 0.014
1965 3.050e09 1.854el4 1.299el6 1.280el6 0.014
1966 3.150e09 1.914el4 1.340el6 1.320el6 0.014
1967 3.230e09 1.963el4 1.376el6 1.356el6 0.014
1968 3.090e09 1.878el4 1.355el6 1.336el6 0.013
1969 3.230e09 1.963el4 1.380el6 1.360el6 0.014
1970 4.120e09 2.504el4 1.453el6 1.427el6 0.017
1971 4.060e09 2.468el4 1.313el6 1.288el6 0.018
1972 4.560e09 2.771el4 1.403el6 1.375el6 0.019
1973 4.780e09 2.905el4 1.393el6 1.363el6 0.020
1974 8.260e09 5.021el4 1.401el6 1.350el6 0.035
1975 9.910e09 6.024el4 1.493el6 1.432el6 0.040
1976 9.970e09 6.060el4 1.565el6 1.504el6 0.038
1977 9.780e09 5.945el4 1.568el6 1.508el6 0.037
1978 9.630e09 5.853el4 1.486el6 1.427el6 0.039
1979 1.123el0 6.826el4 1.768el6 1.699el6 0.038
1980 1.132el0 6.881el4 1.854el6 1.785el6 0.037
1981 1.102el0 6.698el4 1.833el6 1.766el6 0.036
1982 1.093el0 6.644el4 1.860el6 1.793el6 0.035
1983 1.014el0 6.164el4 1.729el6 1.667el6 0.035

Note; The n o ta t io n  1 .014el0, for example, is  engineering  n o ta tio n  
where 'e lO '  means decimal po in t is  a c tu a l ly  10 p laces  to  the r ig h t ,  

Colunn B is  taken from Table 17, DOE/EIA-0384(83)
Colunn C i s  Colunn By m u l t ip l ie d  by 60,789 Btu/$
Colunn D is  taken from Table 2, DOE/EIÂ-0834(83)
Colunn E is  co lum  D minus colunn C 
Colunn F is  colunn C d iv ided  by colunn D
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T a b le  A-9

VALUE OF FOSSIL FUELS PRŒ)UCED IN UNITED STATES

(A) (B) (C) (D) (E) (F)

VAL OIL VAL N.G. VAL COAL VALUE FEEDBACK
YEAR PRODUCED PRODUCED PRmUCED FOSSIL ENERGY

1949 8.920e09 6.300e08 4.080e09 1.363el0 8.285el4
1950 9.240e09 8.200e08 4.670e09 1.473el0 8.954el4
1951 9.970e09 9.100e08 4.610e09 1.549el0 9.416el4
1952 l.OOOelO 1.100e09 3.950e09 1.505el0 9.148el4
1953 1.074el0 1.290e09 3.830e09 1.586el0 9.641el4
1954 1.081el0 1.460e09 2.970e09 1.524el0 9.264el4
1955 1.131el0 1.550e09 3.440e09 1.630el0 9.908el4
1956 1.163el0 1.770e09 3.840e09 1.724el0 1.048el5
1957 1.246el0 1.800e09 3.850e09 l .S l le lO 1.100el5
1958 1.116el0 2.000e09 3.010e09 1.617el0 9.829el4
1959 l.lOSelO 2.320e09 2.910e09 1.628el0 9.896el4
1960 1.080el0 2.610e09 2.840e09 1.625el0 9.878el4
1961 1.093el0 2.870e09 2.670e09 1.647el0 1.001el5
1962 1.099el0 3.140e09 2.680e09 1.681el0 1.021el5
1963 l . l l l e l O 3.290e09 2.800e09 1.720el0 1.045el5
1964 1.103el0 3.200e09 2.980e09 1.721el0 1.046el5
1965 1.096el0 3.460e09 3.050e09 1.747el0 1.061el5
1966 1.136el0 3.580e09 3.150e09 1.809el0 1.099el5
1967 1.188el0 3.680e09 3.230e09 1.879el0 1.142el5
1968 1.186el0 3.740e09 3.090e09 1.869el0 1.136el5
1969 1.201el0 4.060e09 3.230e09 1.930el0 1.173el5
1970 1.224el0 4.080e09 4.120e09 2.044el0 1.242el5
1971 1.220el0 4.220e09 4.060e09 2.048el0 1.244el5
1972 1.171el0 4.280e09 4.560e09 2.055el0 1.249el5
1973 1.236el0 4.710e09 4.780e09 2.185el0 1.328el5
1974 1.912el0 5.630e09 8.260e09 3.301el0 2.006el5
1975 1.864el0 7.190e09 9.910e09 3.574el0 2.172el5
1976 1.841el0 8.740e09 9.970e09 3.712el0 2.256el5
1977 1.841el0 1.130el0 9.780e09 3.949el0 2.400el5
1978 1.901el0 1.209el0 9.630e09 4.073el0 2.475el5
1979 2.414el0 1.478el0 1.123el0 5.015el0 3.048el5
1980 3.807el0 1.799el0 1.132el0 6.738el0 4.095el5
1981 5.094el0 2.025el0 1.102el0 8.221el0 4.997el5
1982 4.352el0 2.202el0 1.093el0 7.647el0 4.648el5
1983 3.819el0 1.999el0 1.014el0 6.832el0 4.153el5

Note; The n o ta t io n  3 .819el0 , fo r  example, i s  eng ineering  n o ta t io n  
wdiere 'e lO ' means decimal point is  a c tu a l ly  10 p laces  to  the r ig h t .  

Colunns B, C AND D ARE taken from Table 17,
DOE/EIA-0384(83)
Colunn E is  sun of colunns B, C & D.
Column F is  colunn E m u l t ip l ie d  by 60,789 Btu/$
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Table A-10 

BTU'S OF FOSSIL FUELS PRODUCED IN U.S.

(A) (B) (C) (D) (E)
BTU’S OIL BTU N.G. BTU/COAL BTU FOSSIL

YEAR PRWUCED PRODUCED PRODUCED PRCSDUCED

1949 1.068el6 5.380el5 1.253el6 2.859el6
1950 1.145el6 6.230el5 1.462el6 3.230el6
1951 1.304el6 7.420el5 1.504el6 3.550el6
1952 1.328el6 7.960el5 1.323el6 3.447el6
1953 1.367el6 8.340el5 1.274el6 3.475el6
1954 1.343el6 8.680el5 1.098el6 3.309el6
1955 1.441el6 9.630el5 1.272el6 3.676el6
1956 1.518el6 l.OOOelO 1.372el6 3.890el6
1957 1.518el6 1.061el6 1.342el6 3.921el6
1958 1.420el6 1.094el6 1.118el6 3.632el6
1959 1.493el6 1.195el6 1.108el6 3.796el6
1980 1.493el6 1.266el6 1.077el6 3.836el6
1961 1.521el6 1.310el6 1.040el6 3.871el6
1962 1.552el6 1.372el6 1.085el6 4.009el6
1963 1.597el6 1.451el6 1.180el6 4.228el6
1964 1.616el6 1.530el6 1.246el6 4.392el6
1965 1.652el6 1.578el6 1.299el6 4.529el6
1966 1.756el6 1.701el6 1.340el6 4.797el6
1967 1.865el6 1.794el6 1.376el6 5.035el6
1968 1.931el6 1.907el6 1.355el6 5.193el6
1969 1.956el6 2.045el6 1.380el6 5.381el6
1970 2.040el6 2.167el6 1.453el6 5.660el6
1971 2.003el6 2.228el6 1.313el6 5.544el6
1972 2.004el6 2.221el6 1.403el6 5.628el6
1973 1.949el6 2.219el6 1.393el6 5.561el6
1974 1.857el6 2.121el6 1.401el6 5.379el6
1975 1.773el6 1.964el6 1.493el6 5.230el6
1976 1.726el6 1.968el6 1.565el6 5.259el6
1977 1.745el6 1.957el6 I.568el6 5.270el6
1978 1.843el6 1.949el6 1.486el6 5.278el6
1979 1.810el6 2.008el6 1.768el6 5.586el6
1980 1.825el6 1.991el6 1.854el6 5.670el6
1981 1.815el6 1.970el6 1.833el6 5.618el6
1982 1.831el6 1.825el6 1.860el6 5.516el6
1983 1.832el6 1.634el6 1.729el6 5.195el6

Note; The n o ta t io n  1.832el6 , for example, is  engineering no ta t io n  
v A ie r e  ' e l 6 ' means decimal poin t is  a c tu a l ly  16 p laces  to  the r ig h t .  

Colunns B, C, and D taken from Table 2, DOE/ElA-0384(83) 
Colunn E i s  sun of colunns B, C, and D
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T ab le  A -11
NET ENERGY FROM FOSSIL FUELS PRODUCED IN UNITED STATES

(A) (B) (C) (D) (E) (F)
RATIO

$VALUE FEEDBACK BTU FOSSIL NET ENERGY COL C/
YEAR FOSSIL ENERGY PRODUCED FOSSILS COL D

1949 1.363elO 8.285el4 2.859el6 2.776el6 0.028
1950 1.473el0 8.954el4 3.230el6 3.140el6 0.027
1951 1.549el0 9.416el4 3.550el6 3.455el6 0.026
1952 1.505el0 9.148el4 3.447el6 3.355el6 0.026
1953 1.586elO 9.641el4 3.475el6 3.378el6 0.027
1954 1.524el0 9.264el4 3.309el6 3.216el6 0.027
1955 1.630el0 9.908el4 3.676el6 3.576el6 0.026
1956 1.724el0 1.048el5 3.890el6 3.785el6 0.026
1957 l .S l le lO 1.100el5 3.921el6 3.810el6 0.028
1958 1.617el0 9.829el4 3.632el6 3.533el6 0.027
1959 1.628el0 9.896el4 3.796el6 3.697el6 0.026
1960 1.625el0 9.878el4 3.836el6 3.737el6 0.025
1961 1.647el0 1.001el5 3.871el6 3.770el6 0.025
1962 1.681elO 1.021el5 4.009el6 3.906el6 0.025
1963 1.720el0 1.045el5 4.228el6 4.123el6 0.024
1964 1.721el0 1.046el5 4.392el6 4.287el6 0.023
1965 1.747el0 1.061el5 4.529el6 4.422el6 0.023
1966 1.809el0 1.099el5 4.797el6 4.687el6 0.022
1967 1.879el0 1.142el5 5.035el6 4.920el6 0.022
1968 1.869el0 1.136el5 5,193el6 5.079el6 0.021
1969 1.930el0 1.173el5 5.381el6 5.263el6 0.021
1970 2.064el0 1.254el5 5.660el6 5.534el6 0.022
1971 2.048el0 1.244el5 5.440el6 5.315el6 0.022
1972 2.055el0 1.249el5 5.628el6 5.503el6 0.022
1973 2.185elO 1.328el5 5.561el6 5.428el6 0.023
1974 3.301el0 2.006el5 5.379el6 5.178el6 0.037
1975 3.574el0 2.172el5 5.230el6 5.012el6 0.041
1976 3.712el0 2.256el5 5.259el6 5.033el6 0.042
1977 3.949el0 2.400el5 5.270el6 5.029el6 0.045
1978 4.073el0 2.475el5 5.278el6 5.030el6 0.046
1979 5.015el0 3.048el5 5.586el6 5.281el6 0.054
1980 6.738el0 4.095el5 5.670el6 5.260el6 0.072
1981 8.221el0 4.997el5 5.618el6 5.118el6 0.088
1982 7.647el0 4.648el5 5.516el6 5.051el6 0.084
1983 6.832el0 4.153el5 5.195el6 4.779el6 0.079

Note: The n o ta tion  5 .153el5 , for example, is  engineering no ta tion  
where ' e l 5 ' m e a n s  decimal point is  a c tu a l ly  15 p laces  to  the  r ig h t .  

Colunn B ($1972 = 100)) from Table A-5.
Colunn C (Btu) from Table A-6.
Colunn D (Btu) from Table A-7.
Colunn E (Btu) is  co lum  C sub trac ted  from co lum  D 
Colunn F is  colunn C divided by co lu m  D

218



Appendix B

NUCLEAR POWER

The Models

Explanation of S ta t i c  Model

Follow ing is a  l i n e - b y - l i n e  e x p l a n a t i o n  o f  th e  s t a t i c  n e t -  
energy model. The exp lanation  follows the  Komanoff Base-Case model of 
Chapter 1 which is reproduced  in th is  sec tion  for easy re fe ren c e .

Line 1 -  Expected L ifecyc le

A 3 0 - y e a r  E x p e c te d  l i f e c y c l e  o f  e a c h  p la n t  is assum ed  fo r  th e  
B a se -C a se  o f  th is  s tu d y .  The n u c le a r  p o w e r  in d u s t ry  p resu m es  t h a t  
n u c l e a r  p o w er  p la n ts  w ill l a s t  fo r  30 y e a r s .  How long th e y  can  be k e p t  
in s e r v ic e  a f f e c t s  th e  e x p e c te d  econom ic  p e r fo rm a n c e  and h e n c e ,  th e  
n e t - e n e r g y  e x p e c t a t i o n s .  All c o s ts  a t  a l l  s t a g e s ,  in c lu d in g  d ra w in g -  
board designs, p a r t ia l ly  cons truc ted  p lan ts ,  and prem aturely  abandoned 
p la n t s ,  shou ld  be c o u n te d  as i n p u t - e n e r g y  c o s t s  when m aking  e n e rg y  
analyses of the nuc lea r  industry.

For ex am p le ,  a  p rob lem  th a t  m igh t l im i t  th e  o p e r a t io n a l  l i f e  o f  
n u c l e a r  p o w er  p la n ts  in v o lv e s  p r e s s u r iz e d  w a te r  r e a c t o r s  (PWR's) t h a t  
have been developing unexpected  cracks in th e  s team  pipes and pressure 
v e s s e ls .^  These may p r e s e n t  s e r io u s  s a f e t y  h a z a r d s ,  h igh  eco n o m ic  
costs to  repa ir ,  and even prem ature  abandonment of the p lan ts  — any of 
which will increase  co s t  and lower the n e t -e n e rg y  balance.

Line 2 -  Generating Capacity

One k ilow att  (KW) of Generating C apacity  operating  for one hour 
g e n e r a t e s  one k i l o w a t t - h o u r  (kWh) o f  e l e c t r i c  p o w er .  1150 m e g a w a t t s  
(MW) o f  c a p a c i t y  (1 ,1 5 0 ,0 0 0  k i lo w a t t s  o f  c a p a c i t y )  o p e r a t e d  fo r  one 
hour gen era tes  1,150,000 k ilow a tt-hou rs  of e l e c t r i c  power. The number 
1.1150E6 means 1,115,000 (i.e . 6 zeros a f t e r  decimal point).

^Union of Concerned S c i e n t i s t s ,  " R e a c t o r  V e s se l  R u p t u r e ;  
' I n c r e d ib l e '  S a fe ty  H a z a rd  w ith Growing C re d ib i l i ty ,"  N u c le u s , 3 (F a ll  
1981); 3.
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T ab le  B-1

KOMANOFF BASE CASE TYPE PLANT, Location; Centra l Iftiited S ta tes

(A) (B) (C) (D) (E)
LINE ITEM VARIABLES EQUATIONS RESULTS

1 Expected L ifecy c le ,  Y r s . : 30.0000
2 Gen. Capacity , KWe; 1.1500e06
3 Hours in  365-Day Year: 8760.0000
4 Prod P lan t Cost ($): 1460.0000 C2*C4 = 1.6790e09
5 Other P lan t Cost: 1460.0000 C2*C5 = 1.6790e09
6 Elec . Gen. @60% (IdVh): 0.6000 C1*C2*C3*C6= 1.8133ell
7 Elec Gen @50%, 30 Y r s . : 0.5000 C1*C2*C3*C7= 1 . s m e l l
8 F ix . Chg. Prod. P lan t ($ ) : 0.1029 C1*C4*C8 = 5.1860e09
9 F ix . Chg. Other P la n t ,  (?) 0.1029 C1*E5*C9 = 5.1860e09

10 Prod. P lan t 0 & M ($ ): 0.0062 E6*C10 = 1.1242e09
11 Other P lan t  0 & M ($ ) : 0.0011 E6*C11 = 2.1473e08
12 Fuel Charge ($ ) : 0.0109 E6*E12 = 1.9765e09
13 Deccnrn. Cost (10% 04, $) : 0.0021 E6*C13 = 3.8079e08
14 Total D i s t r .  Cost ($): SUM(E8>E13) -(E4+E5) = 1.0710el0
15 L ifecyc le  P lan t  Cost ($ ) : SUM(E8>E13)= 1.4068el0
16 D is t r ib u t iv e  Input Energy; 3.5791e04 E14*C16 = 3.8333el4
17 Total Input Energy: 3.5791e04 E15*C17 = 5.0352el4
18 Total Output Energy: 3413.0000 E7*C18 = 5.1573el4
19 O utput/Input Ratio : E18/E17 = 1.0242
20 Net Energy, B tu’ s E18-E17 = 1.2212el3
21 Front-End Energy, Btu’s : 3.5791e04 E4+E5(C21)= 1.2018el4
22 Decorm. Energy, B tu 's : 3.5791e04 E13*C22 = 1.3629el3

Notes: G enera lly ,  v a r ia b le s  a re  shown in colunn C, although i t  w il l  
be seen th a t  sometimes a nunber in colunn E is  used in 
subsequent c a lc u la t io n s .

Equations a re  shown in  colunn D for r e s u l t s  in  colunn E.
C a lcu la t io n s  s t a r t  a t  l in e  4 and proceed, in sequence, 

through l in e  22.
The n o ta t io n  C2 ( c e l l  C2), for example, r e fe r s  to  en try  

loca ted  a t  the in te r s e c t io n  of colunn C and lin e  2.
C2*C4, for example, means th a t  the q u a n t i ty  in  colunn C, line  2 

i s  m u l t ip l ie d  times the q u an t i ty  a t  column C, l in e  4.
SLM(E8>E13) means th a t  the q u a n t i t i e s  in  colunn E from lines  

8 through 13 a re  added to g e th e r .
E18/E17 is  n o t a t i o n  to  m ean t h a t  c e l l  E18 is d iv id e d  by 

c e l l  E17.
Line 19 shows the O utput/Input Ratio to  be 1.0242 to  1.
Line 20 shows th a t  over i t s  30-year l i f e c y c le  a  Komanoff

Base-Case p la n t  would y ie ld  1.2212el3 B r i t i s h  thermal un its  
of ne t energy, vdiere "el3"  means th a t  the decimal poin t is  
13 p laces  to  the r i g h t .  A lso, 1 . 2212el3 = .012212 quads. 

Note: Model f i ts  com puter so f tw a re  known as e lec tro n ic  sp read  sheet.
Note: The n o tâ t i io n  1.3629el3, for example, is  engineering  n o ta t io n  

where ' e l 3 ' means decimal po in t is  a c tu a l ly  13 p laces to  the r ig h t .
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L in e  3 -  H ours in  Y ear

There are  8760 hours in a 365-day year .

Line 4 -  Production P lan t  Cost

P ro d u c t io n  P la n t  C os t  of e l e c t r i c  p o w e r  s y s te m s  is u s u a l ly  
e x p re s s e d  in  d o l l a r s  p e r  k i l o w a t t  (KW) o f  c a p a c i t y .  This is o b ta in e d  by 
summing th e  t o t a l - d o l l a r  c o s t  and  th e n  d iv id in g  th e  r e s u l t  by G e n e r a t ­
ing  C a p a c i ty  o f  th e  p l a n t .  In th e  c u r r e n t  s i t u a t i o n ,  th e  c o s t  p e r  k i l o ­
w a tt  (KW) is known and the  cos t is ob ta ined  by multiplying P er-K ilow att  
Cost times G enera ting  C apac ity  (p lan t s ize) .

The K om an o ff  c o s t  p r o j e c t i o n s  a r e  u sed  as a b a s is  f o r  e s t i m a t ­
ing the  ex pec ted  energy  co s ts  of building and opera ting  the  production  
plan t portion  of n u c lea r  power s ta t io n s .

Line 5 -  Other P lan t  Costs

O th e r  P la n t  C o s ts  in c lu d e  th e  c a p i t a l  c o s ts  o f  c o n s t r u c t i n g  
t r a n s m is s io n  and  d i s t r i b u t i o n  p l a n t ,  a d m in i s t r a t i v e  f a c i l t i e s ,  and  so 
on. The r a t i o n a l e  f o r  in c lu d in g  th i s  c o s t  was d e v e lo p e d  in C h a p te r s  4 
th ro u g h  6. The d a t a  o f  a p p e n d ix  A show t h a t  in d iv id u a l  u t i l i t i e s  
in v e s t  a b o u t  169% m ore in s o - c a l l e d  O th e r  P la n t  C o s ts  th a n  in 
P ro d u c t io n  P la n t .  This  is  n o t  u n ifo rm ,  h o w e v e r ;  fo r  e x a m p le ,  O th e r  
P la n t  C o s ts  o f  O k lah o m a Gas and  E l e c t r i c  w e re  on ly  a b o u t  87% of 
P ro d u c t io n  P la n t ,  w h e r e a s  P a c i f i c  Gas and  E l e c t r i c ' s  O th e r  P la n t  C o s ts  
were 196% of Production Plant investm ent.^  Throughout the analyses i t  
was a ssu m ed  t h a t  an  e q u a l  am o u n t  ( to  p r o d u c t io n  p la n t  c o s t )  w ould  be 
i n v e s t e d  in O th e r  P la n t  C o s t .

Line 6 -  E l e c t r i c i t y  Generated a t  60%

The am o u n t o f  E l e c t r i c i t y  G e n e r a t e d  a t  60% (c e l l  E6) is n e e d e d  
fo r  t h e  p u rp o se  o f  c a l c u l a t i n g  th e  am oun t of In p u t-E n e rg y  C o s ts  t h a t  
a r e  d i s t r i b u t e d  o v e r  th e  3 0 - y e a r  l i f e  of th e  s y s te m .  K om anoff  c o s t  
f a c t o r s  ( p e r - k i l o w a t t - h o u r )  a r e  b a s e d  on a a 60% c a p a c i t y  f a c t o r .  
T h e r e f o r e ,  in o r d e r  to  a r r i v e  a t  t h e  t o t a l  c o s t  o f  a p l a n t  u s in g  
K om anoff  n u m b e rs ,  i t  is  n e c e s s a r y  to  a ssu m e  t h a t  t h e  p la n t  w ou ld  
g en e ra te  e l e c t r i c i ty  a t  a 60% Effic iency  Factor.^

^ S t a t i s t i c s  o f  Privately-Owned U t i l i t i e s , Idem.

^C apacity  f a c to r  is a term th a t  describes a "convention used in 
e l e c t r i c a l  e n g i n e e r in g  in  a s p e c i a l ,  r e s t r i c t e d  way. My use  o f  th e  
te rm  e f f i c i e n c y  F a c t o r  r e f e r s  to  th e  r a t i o  of th e  e s t i m a t e d  n u m b er  of 
h o u rs  th e  s y s te m  o p e r a t e s  a t  100% of i t ' s  n a m e - p l a t e  c a p a c i t y  to  th e  
e s t i m a t e d  num ber  o f  h o u rs  th e  p la n t  is d e s ig n e d  to  be in e x i s t e n c e  
b e f o r e  i t  is  to  be d e c o m m is s io n e d .
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I t  w il l  be  n o te d  in l in e  7 e x p la n a t io n ,  h o w e v e r ,  t h a t  i t  is  
a s su m ed  t h a t  a n u c l e a r  p o w e r  p l a n t  o p e r a t e s  a t  on ly  a 5096 E f f ic ie n c y  
F ac to r  in ca lcu la ting  Total o u tp u t-en e rg y .

As u sed  in th i s  p a p e r ,  E f f ic ie n c y  F a c to r  (EF) m eans  th e  
following r a t i o :

Hours P lan t Will Generate a t  100% Design Gen. Capacity
EF = - —------———-------——  -----——— --------- ------------ ----

Hours in L ifecycle  (e .  g .  8760 x 30 Y rs.)

Five m a jo r  r e a s o n s  why a  n u c l e a r  p o w er  p la n t  c a n n o t  be 
continuously o p e ra ted  a t  100% of i t s  designed capac ity  are  listed :

Planned Shutdowns

Nuclear power p lan ts  a re  rou tine ly  shut down for re fue ling  and 
m ain tenance . Approximately o n e -fo u r th  to o n e - th ird  of the  fuel is 
rep laced  each  y ea r^ .  Maintenance is often  scheduled or delayed 
u n t i l  s c h e d u le d  r e f u e l in g  t im e s .  I t  is  s u s p e c te d  t h a t  p r e m a tu r e  
re fue l ing  may occur to  co incide w ith unexpected  m ain tenance shu t­
downs.

Unplanned Shutdowns

U n a n t i c ip a t e d  p ro b le m s  d e v e lo p ,  and th e  p la n t  m ust e i t h e r  be 
c o m p le te ly  s h u t  down o r  o p e r a t e d  a t  a lo w e r  t e m p e r a t u r e  and  
p r e s s u r e  u n t i l  a  s c h e d u le d  s h u td o w n  t im e  is r e a c h e d ,  r e s u l t i n g  in 
a corresponding reduc t ion  in e le c t r ic a l  generation.

Unsafe Conditions

This is r e l a t e d  to  l in e  2. P la n ts  u s u a l ly  h av e  s e t s  of so -  
c a l l e d  m inor s a f e t y  c o n d i t io n s  w h ich  r e q u i r e  t h a t  t h e  p la n t  be  
o p e ra ted  a t  a reduced  ou tp u t  (w ith re sp ec t  to designed output) for 
ex ten d ed  periods.

Demand D eficiency

The dem and  fo r  e l e c t r i c i t y  v a r i e s  d ep en d in g  on th e  t im e  of day  
and  th e  s e a so n  of th e  y e a r .  F u r th e r ,  u t i l i t y  c o m p a n ie s  m ust do

^Sam Schurr, Joel D arm stad ter ,  William Ramsey, Harry Perry , 
and Milton Russel, Energy in A merica's Future: The Choices Before Us,
A s tu d y  P r e p a r e d  f o r  th e  RFF N a t io n a l  E nergy  S t r a t e g i e s  P r o j e c t ,  
(B a l t im o re :  Jo h n s  H opkins U n iv e r s i ty  P re s s ,  1980), p. 281
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advanced planning with respec t to changing demand and a defic iency  
can re su l t  when when demand does not tu rn  out to  coincide with the 
u t i l i t y ' s  e s t i m a t e .

E ffic iency F a c to r

I t  w as m e n t io n e d  in th e  l in e  2 e x p l a n a t i o n  t h a t  th e  dem and fo r  
e l e c t r i c i t y  a lso  v a r ie s  by t im e  o f  day  a n d  th e  seaso n  of th e  y e a r .  
I t  was e x p e c t e d  t h a t  n u c le a r  pow er s t a t i o n s ,  s in c e  th e y  had high  
f ix e d  c o s t s  and  r e l a t i v e l y  low v a r i a b l e  c o s t s  ( th e  l a t t e r  a r e s u l t  
o f  r e l a t i v e l y  low fu e l  c o s ts  as c o m p a re d  w ith  o il ) ,  n a t u r a l  g a s ,  
and  c o a l - -  w ould  o p e r a t e  as much o f  t h e  t im e  as p o s s ib le .  Such 
p l a n t s ,  w h ich  we w ill c a l l  p r im a ry  p l a n t s ,  a r e  u s u a l ly  r e f e r r e d  to  
as  s u p p o r t in g  th e  b a s e - lo a d  o f  th e  u t i l i t y .  P r im ary  p la n ts  w ould 
be s c h e d u le d  to  o p e r a t e  in p r e c e d e n c e  to  s e c o n d a ry  p la n t s ,  i . e . ,  
oil, n a tu ra l  gas, and co a l- fu e led  p lan ts .  Hence, secondary p lants 
( s o - c a l l e d  p e a k in g  p la n ts )  w ould be n e e d e d  to  m ee t th e  v a ry in g  
d em and  c o n d i t io n s  and fo r  th e  t im e  t h a t  th e  p r im ary  p la n t  is ou t  
o f  s e r v i c e ,  f o r  w h a te v e r  r e a s o n .  In C h a p te r  6 i t  is a rg u e d  th a t  a 
p r im a ry  p o w e r  p l a n t  c a n n o t  t a k e  c r e d i t  f o r  th e  am ount of t im e  i t  
o p e r a t e s  i f  a s e c o n d a ry  p la n t  is n e e d e d  w hen th e  p r im ary  p la n t  is 
o u t  o f  s e r v i c e .  The t o t a l  e c o n o m ic  c o s t  of o p e r a t in g  th e  
g e n e r a t i n g  s y s te m  in c lu d e s  b o th  th e  c o s t  of th e  p r im a ry  and th e  
secondary  system .

It s h o u ld  a lso  be  n o te d  t h a t ,  i f  n u c l e a r  p o w e r  is to  occupy  a 
h ig h e r  p e r  c e n t  o f  th e  g e n e r a t in g  p o r t f o l i o  o f  a u t i l i t y ,  th e n  e l e c t r i c  
u t i l i t i e s  w il l  s t i l l  h a v e  to  fa c e  th e  v a ry in g  d em an d  c o n d i t io n s  (h en ce  
lo w e r  e f f i c i e n c y )  w i th  a l a rg e r  p r o p o r t i o n  o f  n u c l e a r  r e a c t o r s .  Even 
i f  te ch n ica l  im provements are  made to  rad ic a l ly  lower the cost of these  
p l a n t s ,  an a l l - n u c l e a r  g e n e r a t in g  s y s te m  w il l  s t i l l  fa c e  th e  v a ry in g  
demand problem s, planned and unplanned "down time" and requ ire  primary 
and secondary  p lan ts .

Komanoff no tes  the following:

Most u t i l i t i e s  now e s t i m a t e  t h a t  new  r e a c t o r s  w il l  a c h ie v e  
70% c a p a c i t y  f a c t o r s ,  a l th o u g h  some p r o j e c t i o n s  a re  as low as 65%. 
In p r a c t i c e ,  h o w e v e r ,  U. S. r e a c t o r s  a v e r a g e d  only  60% c a p a c i ty  
f a c to r  through mid-1980 and have d em onstra ted  compelling reasons to 
e x p e c t  t h a t  f u t u r e  p la n ts  w ill  f a i l  to  a t t a i n  ev e n  th is  a v e r a g e . 1

^Komanoff, Power Plant Cost E sca la t io n , Idem, p. 37.
Note: Komanoff is using Capacity  Fac to r  in the  trad i t io n a l  engineering
s e n s e .  I f  K om anoff  w ere  using my d e f i n i t i o n  of E f f ic ie n c y  F a c to r  h is  
numbers would be considerably smaller.
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L in e  7 -  E l e c t r i c i t y  G e n e ra te d  a t  50%;

This c a l c u l a t i o n  o f  is n e e d e d  in  o rd e r  to  d e t e r m in e  T o ta l  
Energy O utput. Multiplying Generating C apacity  times the  Number of 
H ours in  a  3 6 5 -D ay  Y ea r  t im es  a 50% E f f ic ie n c y  F a c to r  y ie ld s  th e  
E l e c t r i c i t y  G e n e r a t e d  a t  50%. As m e n t io n e d  e a r l i e r ,  i t  is  a ssum ed  
t h a t  f u t u r e  p l a n t s  w il l  o p e r a t e  a t  an  a v e r a g e  o f  50% E f f i c i e n c y  F a c to r  
o v e r  t h e i r  l i f e c y c l e s .  I t  w ill  be  r e c a l^ a r l^ ro m  c h a p t e r  6 t h a t  th e  
U .S . u t i l i t y  g r i d  is  o p e r a t i n g  abou t(36% /^of  i t s  t o t a l  c a p a c i t y .  
T h e r e f o r e ,  u s in g  a  50% E f f ic ie n c y  F ac to rT c fd s  a r o b u s t  q u a l i t y  to  th e  
c a lc u la t io n s .

Line 8 ~ Fixed Charge, Production P lan t

As w ith  any o th e r  p r iv a te -e n te rp r is e  endeavor, th e  company must 
e a rn  en o u g h  m oney  to  c o m p e n s a te  s a v e r s  f o r  f in a n c in g  th e  p r o j e c t  and 
pay  i t s  s h a r e  o f  t a x e s . ^

N orm ally  F ix e d - c h a r g e  r a t e s  a re  e x p r e s s e d  in  c u r r e n t  d o l la r s  
and  g e n e r a l ly  r a n g e  f ro m  15% to  20% and  a r e  u n a d ju s t e d  f o r  i n f l a t i o n .  
A ccurate  n e t -e n e rg y  ca lcu la tions  requ ire  th a t  th is  f ix ed -c h a rg e  r a te  be 
in u n i n f l a t e d  ( r e a l )  d o l la r s ;  t h e r e f o r e ,  a r e a l  f i x e d - c h a r g e  r a t e  is 
used. Komanoff used a rea l  f ixed -charge  r a te  of 10.3 per  c e n t  (.10296) 
for nuc lear  pow er p lan ts  for the  purpose of comparing nuc lea r  and coal 
p l a n t s .  T h ro u g h o u t  t h e  n u c l e a r  s e c t i o n  a  10.29 p e r  c e n t  f i x e d - c h a r g e  
r a t e  is  u se d .  K om anoff  t r a n s l a t e s  th e  20 .29  r a t e  th i s  to  2 .68 c e n t s  p e r  
k ilow a tt  hour (which assumes a p lan t ope ra ted  a t  a 60% c a p a c i ty  fa c to r  
fo r  30 y e a r s )  a t  th e  bus b a r .  B u s -b a r  c o s t s  w ould  n o t  in c lu d e  
t r a n s m is s io n  and  d i s t r i b u t io n  (O th e r  P la n t  C o s ts )  and  a r e  t h e r e f o r e  
included and n o te d  below.

A 1 0 .29  p e r  c e n t  f ix e d  c h a rg e  r a t e  is  c o n s id e r e d  to  be a 
conserva tive  number was taken  from Komanoff.^ I t  includes am ort iza t ion  
o f  t h e  p r in c i p a l  and  a  u t i l i t y ' s  c o s t  o f  c a p i t a l  on a  r e a l  b a s is  ( i .  e . 
d i s c o u n te d  f o r  i n f l a t i o n ) .  The am o u n t o f  th e  F ixed  C h a rg e  i s  o b ta in e d  
by multiplying Expected Lifecycle times Production P lant Cost tim es the 
f ix ed -c h a rg e  r a te .

Line 9 -  Fixed Charge Other P lan t

C onstruction o f  Other P lant (Including transm ission and d is tr i ­
b u t io n  p la n t )  a l so  in c u r s  f ix e d  c h a r g e s .  The e x p l a n a t i o n  o f  l in e  8, 
a b o v e ,  show s th e  r a t i o n a l e  fo r  i t s  in c lu s io n .  As m e n t io n e d  a b o v e ,  
K om an o ff 's  b us  b a r  c o s t s  do n o t  in c lu d e  th e  c o s t  o f  O th e r  P la n t .  E le c ­
t r i c i t y  a t  t h e  bus b a r  c a n n o t  be u sed  u n t i l  i t  is  d i s t r i b u t e d  to  th e

^ Ib id ,  p . 270. 

2 lb id .
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p o in t  o f  u s e .  I t  is  an  e co n o m ic  c o s t ,  t h e r e f o r e ,  an e n e rg y  c o s t  o f  th e  
e n e rg y - t ra n s fo rm a t io n  en t i ty .

Line 10 -  P roduction  P lan t  Operation And Maintenance

P roduc tion  P lan t Operation and M aintenance (0 & M) includes all 
running co s ts  e x c e p t  fuel,  accord ing  to  Komanoff.^ For the  purpose of 
t h i s  s tu d y ,  O. & M. C o s t  ( c e l l  ElO) is  c a l c u l a t e d  by m u l t ip ly in g  k i l o -  
w a tt-H o u rs  G e n e ra ted  a t  60% times 6.2 mills p e r  k i low a tt-hou r .

Line 11 -  O ther P la n t  O peration And Maintenance

A ccording to  th e  Energy Inform ation Agency, this cos t amounts to  
a b o u t  19% o f  P r o d u c t io n  P la n t  O.&M c o s t .  This is  a p p ro x im a te d  by 
multip lying .0011 p e r  k ilo w a tt  hour tim es k ilo w a tt-h o u rs  g en e ra ted  a t  
60% E ffic iency  F ac to r .^

Line 12 -  Fuel Charge

K o m a n o ff  u se s  a f ig u re  o f  10 .09  m i l ls  p e r  k i l o w a t t - h o u r  fo r  
($1979  = 100) F u e l C h a rg es  r e l a t e d  to  e l e c t r i c i t y  g e n e r a t e d  and  
inc ludes  e s c a la t io n  fa c to rs  for uranium and enrichm ent costs , leve lized  
o v e r  th e  p e r i o d  1988 to  2017 .3  L i f e c y c l e  F ue l C h arg e  is  o b ta in e d  by 
multiplying T o ta l E lec tr ic i ty  G enerated  a t  60% times the per  k i lo w a tt-  
h o u r  F uel C h a rg e  o f  10 .9  m ills .

Line 13 -  Decommissioning Cost

This  is  a  v e r y  u n c e r t a in  c o s t  a r e a .  No l a r g e  c o m m e rc ia l  r e a c ­
t o r  h a s  e v e r  b e e n  d i s m a n t le d ,  and  on ly  tw o  sm a l l  r e a c t o r s  h a v e  b e e n  
d e c o m m is s io n e d ,  ( t h e  2 0 - m e g a w a t t  Elk R iv e r  B oiling  W ater  R e a c to r  in  
Minnesota and th e  1 0 -m egaw att  Sodium R eac to r  Experimental f a c i l i ty  near  
Los Angeles). Komanoff notes:

A lthough b o th  may have incurred  unusual cos ts  as decommission­
ing p io n e e rs ,  they  accum ula ted  less  r a d io a c t iv i ty  than  will today 's  
p l a n t s  (Elk R iv e r  o p e r a t e d  fo r  o n ly  f o u r  y e a r s )  and th u s  sh o u ld  
have been  e a s ie r  to  d ismantle . Both p la n ts  cos t approxim ately  one- 
f o u r t h  as  m uch  to  d eco m m iss io n  as  to  b u i ld ,  a d ju s te d  fo r  i n f l a t i o n .  
A lth o u g h  i t  w ou ld  be s p e c u l a t i v e  to  a p p ly  th i s  r a t i o  to  c u r r e n t  
p lan ts ,  th e  f igu re  does suggest th a t  d ism antlem ent may be costly

^ Ib id ,  p . 269

^Department of Energy, S t a t i s t i c s  Of P r iv a te  U t i l i t i e s , Idem. 

^Komanoff, Power P lan t  Cost E sc a la t io n ,  Idem, p. 37.
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The D epartm ent of Energy's (DOE) cost e s t im a te  o f  $125 p e r  k i low a tt  of 
c a p a c i ty  seem s to  be " rep re se n ta t iv e  o f  th e  most cu r re n t  dism antlem ent 
assessm ents ,"  accord ing  to  Komanoff.^

The 1 0 .9  m il ls  p e r  k i l o w a t t - h o u r  (@ 6096 E f f i c i e n c y  F a c to r )  is  
u s e d  f o r  t h e  e x p e c t e d  n e t - e n e r g y  c a l c u l a t i o n s  in  t h i s  p a p e r .  
Decommissioning Cost ob ta ined  by multiplying E lec tr ic i ty  G enerated  a t  
6096 tim es the  Decommissioning Cost c o e f f ic ie n t  in ce l l  CIS.

For a K om anoff  N o r th e a s t  p l a n t ,  K om anoff  e s t i m a t e d  t h a t  th e  
D eco m m iss io n in g  C o s ts  w ould  i n c r e a s e  to  172 d o l l a r s  p e r  k i l o w a t t  of 
i n s t a l l e d  c a p a c i t y ,  o r  26 m ills  p e r  k i l o w a t t - h o u r . ^

P a s q u a l e t t i  p o in t s  o u t  t h a t  t h e r e  a r e  t h r e e  b a s ic  m e th o d s  o f  
g e t t i n g  r id  o f  n u c l e a r  r e a c t o r s :

(1) im m ediate  d ism antlem ent, (2) s a fe  s to rag e ,  and (3) entomb­
m e n t ,  - -  an d  t h a t :  f i n a n c i a l ,  s o c i a l ,  an d  e n v i r o n m e n ta l  im p l ic a ­
t i o n s  d i f f e r  w i th  e a c h  o p t io n  . . .  Most w o r r is o m e  is  t h a t  th e  
m a jo r i t y  o f  th e  u t i l i t i e s  h a v e  no w ay  to  e n s u r e  t h a t ,  w hen  t h e  t im e  
com es, money will be availab le  fo r  decommissioning.^

Line 14 -  T o ta l D is t r ib u t iv e  Costs

In o rd e r  to  have ap p ro p r ia te  numbers for the  Dynamic Net Energy 
M odel, c o s t s  i n c u r r e d  b e f o r e  e l e c t r i c a l  g e n e r a t i o n  b e g in s  ( r e f e r r e d  to  
as Front-End Costs) must be s e p a ra te d  from those  th a t  a r e  d is tr ibu ted  
o v e r  t h e  g e n e r a t i n g  l i f e  o f  t h e  p l a n t  ( i d e n t i f i e d  as  D is t r ib u t iv e  
C o s ts ) .  The t o t a l  is  o b ta in e d  by  m e re ly  sum m ing F ixed  C h a rg e  C os ts ,  
O p e ra t io n  an d  M a in te n a n c e  C o s ts ,  and  D e c o m m iss io n in g  C os t ( c e l l s  E8 
th ro u g h  E13). P ro d u c t io n  P la n t  an d  O th e r  P la n t  ( c e l l s  E4 and  E5) c o s ts  
a re  s u b t r a c te d  because  they  a re  cons idered  Front-End Costs.

Line 15 -  L ifecy c le  P la n t  Cost

This c o s t  is  t h e  sum o f  a l l  F ix e d - C h a rg e  C o s ts  (In c lu d in g  
Front-End Costs), O pera tion  and M aintenance Costs and Decommissioning 
C ost.

^ Ib id ,  p . 273.

^ Ib id .

^Martin Pasqualetti, "The Decommissioning Dilemma," S ierra , 
(September/October, 1984), p . 280.
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L in e  16 -  D is t r ib u t iv e  Input-E nergy

This i t e m  is  n e e d e d  fo r  th e  D yanam ic  N e t E nergy  m odel an d  is 
o b ta in e d  by m u l t ip ly in g  T o ta l  D is t r ib u t iv e  C o s ts  t im e s  th e  Energy/GNP 
c o e f f i c i e n t  (in t h e  ex a m p le  c a s e ,  35791 B tu 's  p e r  d o l la r ) .

Line 17 -  Toted Input-Energy

This is  o b t a in e d  by m u l t ip ly in g  L i f e c y c l e  P la n t  C ost ( c e l l  E16) 
tim es the  Energy/GNP co e f f ic ien t .

Line 18 -  Total Output-Energy

This i t e m  is  show n  in B tu 's  and  is  o b t a in e d  by m u l t ip ly in g  th e  
c o n s t a n t  3413 (B tu 's  in  one  k i l o w a t t - h o u r )  t im e s  t h e  t o t a l  n u m b e r  of 
k i l o w a t t - h o u r s  (kWh's) t h a t  a r e  g e n e r a t e d  a t  50% E f f ic ie n c y  F a c t o r .  
The r e a s o n  fo r  e x p r e s s in g  t h e  o u tp u t  in  B tu 's  ( e .g . ,  r a t h e r  th a n  Jou les  
o r  c a l o r i e s  ) i s  f o r  th e  p u rp o se  o f  c o m p a r in g  th e  r e s u l t s  to  th e  
s t a n d a r d  m e th o d  o f  e x p r e s s in g  a n n u a l  e n e r g y  c o n su m p tio n  w h ich  is 
e x p re s s e d  in q u a d s  o f  e n e r g y  w here  a  q u a d  is  an a b b r e v i a t i o n  fo r  a 
q u a d r i l l i o n  b tu 's  o f  e n e r g y ,  i . e . ,  (1 x 10^^ B tu 's .)

Line 19 -  Output/Input Ratio

This  r a t i o  is  o b ta in e d  by m e re ly  d iv id in g  T o ta l  L i f e c y c le  
O u tp u t  ( c e l l  E18) by T o ta l  L i fe c y c le  I n p u t - E n e r g y  ( c e l l  E17) and 
r e f l e c t s  th e  n e t - e n e r g y  r a t i o  fo r  a s in g le  p l a n t ,  us ing  S t a t i c  Net 
E nergy  A n a ly s is  o f  a s in g le  p la n t .  For t a b l e  B -1 ,  t h e  K om anoff  B ase -  
C ase p l a n t ,  t h e  r a t i o  is  1 .0242  to  1.

Line 20 -  Net Energy, Btu's

This r e s u l t  in  B tu 's  is  o b ta in e d  by s u b t r a c t i n g  T o ta l  O u tp u t-  
Energy from T ota l Input-Energy  (cell E17 from ce l l  E18).

Line 21 -  F ront-End Energy, Btu's

The r e s u l t  in  B tu 's  in c e l l  E21 is  c a l c u l a t e d  fo r  u se  in  th e  
Dynamic Net Energy Modei(table B-2) and is o b ta ined  by summing Produc­
t io n  P la n t  C o s t  an d  O th e r  P la n t  C ost ( c e l l s  E4 an d  E5), m u l t ip ly in g  th e  
sum by th e  Energy/GNP coeff ic ien t .

Line 22 -  Decommissioning Energy

This is ob ta ined  by multiplying e s t im a ted  Decommissioning Cost
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( c e l l  E13) by t h e  E nergy/G N P c o e f f i c i e n t  (35 ,791  B tu 's  p e r  $1979 in  th e  
example c a se ) .

F inal Notes on S t a t i c  A nalysis

In the  fo rego ing  example th e  Komanoff Base-Case type  p lan t was 
used to  explain the  g en e ra l  procedure . Costs of th e  Base-Case p lan t,  as 
w e ll  as th e  4 6 - p l a n t  d a t a  b ase  w e re  e x p r e s s e d  in  $1979 . C o s ts  o f  th e  
1984 d a t a  b a s e  w e re  e x p r e s s e d  in  1982 d o l l a r s  and  th e  c o r re s p o n d in g  
Energy/GNP Ratios were used.

F u r th e r ,  t h e  m ode l fo r  t h e  3 4 - p l a n t  d a t a  b a s e  w as am en d ed  to  
in c lu d e  c o s t s  o f  p l a n t  r e t r o f i t t i n g ,  i . e . ,  th o s e  c h a n g e s  to  p ro d u c t io n  
p la n t  t h a t  a r e  m ade a f t e r  a p l a n t  b e g in s  to  g e n e r a t e  e l e c t r i c i t y .  
G e n e ra l ly ,  t h e s e  a r e  m o d i f ic a t io n s  to  m e e t  s a f e t y  c o n s id e r a t i o n s  t h a t  
were not recognized in  the  engineering design .

Also, th e  va r iab les  are  changed to  r e f le c t  th e  es t im a ted  costs 
in  1982 d o l l a r s  (vdiereas the ta b le  A-1 model was expressed in  $1979). 
Table A-2 r e f le c ts  those  changes. Energy/GNP Ratios a re  also changed to  
r e f l e c t  c o s t s  e x p r e s s e d  in  1982 d o l l a r s .  In th e  ex am p le  c a s e  o f  t a b le  
B-2 the r a t i o  i s  28,288 B tu 's/$1982.

Dynamic Net-Energy Analysis Model

Line 1 -  C onstruc tion  Time

C o n s t r u c t io n  t im e  in y e a r s  r e f e r s  to  th e  l e n g th  o f  t im e  t h a t  
is  r e q u i r e d  to  c o n s t r u c t  a s in g le  s y s te m .  K om anoff  sh o w e d  th i s  to  be 
approxim ate ly  9 years  for a single p lan t,  on average .^  I t  was assumed 
t h a t  i t  w ould  be  p o s s ib le  to  e x p a n d  c o n s t r u c t io n  c a p a c i t y  to  52 p la n ts  
per  year.

Line 2 -  Cycle in  Years

A 1 0 0 - y e a r  c y c l e  was c h o s e n  to  show  t h a t ,  e v e n  in  a v e ry  long 
time fram e the  n e t -e n e rg y  s i tu a tio n  is unfavorable .

Line 3 -  Years of Generation

In t h e  b e g in n in g  of a 1 0 0 - y e a r  c y c l e ,  9 y e a r s  p a s s  b e f o r e  th e  
f i r s t  s e t  o f  p l a n t s  ( s e t  o f  52) is  c o m p le te d .  T h e r e f o re ,  on ly  91 y e a r s  
a r e  l e f t  in  a 1 0 0 - y e a r  c y c le  to  g e n e r a t e  e l e c t r i c i t y ,  b e g in n in g  w ith  
t h e  f i r s t  p l a n t  com in g  on l in e  in  t h e  t e n t h  y e a r .  I t  is a s su m ed  t h a t  a 
s in g le  p la n t  w il l  r e m a in  in s e r v i c e  fo r  30 y e a r s ;  t h e r e f o r e ,  th e  f i r s t  
p l a n t  c o n s t r u c t e d  w il l  be  r e t i r e d  a t  th e  end  of 39 y e a r s  o f  th e  p r o ­
g ra m , an d  s im i l i a r ly ,  f o r  s e t  2, 3 an d  so on.
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T ab le  B -2

STATIC NET ENERGY ANALYSIS, BELLEFONTE (TWIN REACTOR)

(A) (B) (C) (D) (E)
LINE ITEM VARIABLES EQUATIONS RESULTS

1 Expected L lfe-C ycle ,  Yrs 30 years
2 Gen. Capacity , MWe: 2426 megawatts
3 Hours in  365-Day Year: 8760 hours
4 Prod P lan t Cost ($ ) : $1484/KW C2*C4 = 3.6001e09
5 Other P lan t Cost (=Prod) E4 = 3.6001e09
6 R e t r o f i t t in g  Cost: $22/KW C2*C6 = 5.3372e07
7 Elec. Gen. @60% (kWh): 0.6000 C1*C2*C3*C7= 3 .8 2 5 3 e ll
8 Elec Gen @50%, 30 Y rs . : 0.5000 C1*C2*C3*C8= 3 .1877e ll
9 Fix. Chg. Prod. P lan t ($ 0.1030 C1*E4*C9 = 1.1124el0
10 Fix. Chg. Other P la n t ,  ( 0.1030 C1*E4*C10 = 1.1124elO
11 Fix. Chg. R e t r o f i t . 0.1030 C1*E6*C11 = 1.6491e08
12 Prod. P lan t 0  & H ($ ): 0.0077 E6*C12 = 2.9454e09
13 Other P lan t 0  & M ($ ) : 0.0012 E6*C13 = 4.5903e08
14 Fuel Charge ($ ) : 0.0112 E6*E14 = 4.2843e09
15 Decomn. Cost (10% C4, $) 0.0034 E7*C15 = 1.3006e09
16 Total D is t r .  Cost ($ ): ($) SUM(E9>E15)-
17 (E4>E6) = 2.4149elO
18 L ifecycle  P lan t Cost (?) SUM(E9>E15)= 3.1403el0
19 D is t r .  Energy INPUT, Btu 28266 Btu/$ E17*C19 = 6.8261el4
20 Total Input Energy, Btu E18*C19 = 8.8765el4
21 Total Output Energy, Btu 3413 Btu/kWh E8*C21 = 1.0879el5
22 Output/Input R atio : E21/E20 = 1.2256
23 Net Energy, B tu 's : E21-E20 = 2.0033el4
24 Front-End Energy, B tu 's : E4+E5*(C19) = 2.0352el4
25 Decomn. Energy, B tu 's : E15*C19 = 3.6762el3

Notes: G enerally , v a r ia b le s  a re  shown in c o lu m  C, although i t  w i l l  
be seen th a t  sometimes a  number in  co lum  E is  used in  
subsequent c a lc u la t io n s .

Equations are  shown in  co lu m  D for r e s u l t s  in  c o lu m  E.
C alcu la t ions  s t a r t  a t  l in e  4 and proceed, in  sequence, 

through l i n e  22.
The n o ta t io n  C2 ( c e l l  C2), for exanr^le, r e fe r s  to  e n t ry  

loca ted  a t  the in te r s e c t io n  of c o lu m  C and l in e  2.
C2*C4, for example, means th a t  the q u an t i ty  in  c o lu m  C, l in e  2 

is  m u l t ip l ie d  times the q u an t i ty  a t  co lu m  C, l i n e  4 .
SUM(E8>E13) means th a t  the q u a n t i t i e s  in  co lu m  E from l in e s  

8 through 13 a re  added toge the r .
E18/E17 is  n o t a t i o n  to  m ean t h a t  c e l l  E18 is  d iv id e d  by 

c e l l  E17.
Line 19 shows the O utput/Input Ratio to  be 1.2246 to  1.
Line 20 shows th a t  over i t s  30-year l i f e c y c le  a  Komanoff

Base-Case p la n t  would y ie ld  2.0033el4 B r i t i s h  thermal un its  
of ne t energy, vdiere "el4" means th a t  the decimal p o in t  is  
14 p laces  to  the r ig h t .  Also, 2.0033el4 = .20033 quads
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L in e  4 -  Number o f  P l a n t s  C o n s tru c te d

The n u m b e r  o f  p l a n t s  c o n s t r u c t e d  p e r  y e a r  is  shown in c e l l  C4.

Line 5 -  System L ife

A S ys tem  L ife  o f  30 y e a r s  is  a s s u m e d .  I t  is d o u b te d  t h a t  
n u c l e a r  p o w e r  s y s t e m s  w il l  a v e r a g e  e v e n  25 y e a r s ;  t h e r e f o r e ,  t h e  
r e s u l t s  o f  t h e  a n a l y s i s  a r e  ro b u s t  a c c o r d in g ly .

Line 6 -  Niinber Decomnissioned L ifecycle

This f i g u r e  is  o b t a i n e d  by s u b t r a c t i n g  S ystem  Life  ( c e l l  C5) from  
Y ea rs  o f  G e n e r a t io n  ( c e l l  C3) and  m u l t ip ly in g  t h e  r e s u l t  by th e  N um ber 
of P lants C o n s tru c ted  each  yea r  [ (91 -30*52  = 3172].

Lines 7 & 8 -  Annual Output-Energy, One System

This n u m b e r  in  c e l l  08 is  t a k e n  from  c e l l  E18 o f  t a b l e  B-3 
( S t a t i c  N et E nergy  A n a ly s is )  and  is  t h e  T o ta l  O u tp u t  E nergy  in  b tu 's  
from  a s in g le  p l a n t .  S in ce  we a re  d e a l in g  w ith  dynam ic  ( t im e  r e l a t e d )  
n e t - e n e r g y  a n a l y s i s ,  i t  is  n e c e s s a r y  to  know  th e  a n n u a l  o u tp u t  o f  th e  
s y s te m .  T h e r e f o r e ,  c e l l  07  is  d iv id e d  by 30 y e a r s ,  g iv ing  th e  a n n u a l  
o u tp u t of each  s e t  in  ce l l  E7.

Line 9 -  Alpha U nits

This t e rm  is  a d a p t e d  to  s t a n d  f o r  th e  p la n t  y e a r s  ( e a c h  y e a r  
c o r r e s p o n d s  t h a t  e a c h  p l a n t  o p e r a t e s ,  a f t e r  th e  p la n t s  b eg in  to  
g e n e r a t e  e l e c t r i c i t y . )  The num ber in  c e l l  08 is  o b ta in e d  by summing 
i n t e g e r s  (1 ,2 ,  . . . 91) and  s u b t r a c t i n g  i n t e g e r s  (1 ,2 ,  . . . 61). An 
i n t u i t i v e  g r a s p  o f  t h i s  p r o c e d u r e  is  i l l u s t r a t e d  in  F igu re  7 .1 .  Sub­
t r a c t i n g  o u t  t h e  sum o f  th e  i n t e g e r s  1 to  61 a c c o u n t s  f o r  th e  a lp h a  
u n i t s  t h a t  a r e  in v o lv e d  in  th e  r e t i r e m e n t  o f  p la n t s  a t  th e  en d  o f  t h e i r  
t h i r t y - y e a r  e x p e c t e d  l i f e .  The r e s u l t  is  show n in c e l l  08 as  2295 
A lphaU nits  o f  o u t p u t - e n e r g y  a t  th e  en d  o f  one  h u n d red  y e a r s .  This 
number will be used in  equations  D9 and D14.

LineslO A 11 -  Tota l Energy-Output, 100 Years

This number is  ob ta ined  by m ultiplying th e  Number C onstruc ted  
e a c h  y e a r  ( c e l l  0 4 )  t im e s  th e  Annual O u tp u t - E n e r g y  of one s e t  ( c e l l  E7) 
t im e s  t h e  t o t a l  n u m b e r  o f  A lpha U n its  in  ( c e l l  08 ).  The r e s u l t  is 
show n  in c e l l  E9.
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T a b le  B-3

100-YEAR DYNAMIC ANALYSIS 
B e l le fo n te  Twin-Reactor-Type Systens

(A) (B) (C) (D) (E)
LINE ITEM VARIABLE EQUATIWS RESULTS

1 Const. Time: 9 Years
2 Cycle in  Y ears: 100-year c y c le  o f  ana ly s is
3 Years of G eneration: 91 Years
4 No. Const.  Per Year: 52.0000
5 System L i fe : 30 Years
6 No. Decomn. L ife -cy c le : 3172
7 Annual Output 1 Reactor
8 (C8 from £21, s t a t i c ) : 1.0879el5 C8/C5 = 3.6263el3
9 Alpha U n its : 2.2950e03 =SUM(1>41) -SUM(1>41)
10 Total Energy Output
11 from t o t a l  system: C4*E8*C9 = 4.3276el8
12 Annual Front-End Energy, 1 s e t .
13 (C13 from £24, S t a t i c ) : 2.0352el4 (C13/C1)*C4 = 1.1758el5
14 Beta U n its : 864.0000 = SUM(1>9)+(9*41)
15 Total System Front End
16 Input Energy: E13*C14= 1.0159el8
17 Annual D i s t r i b .  Energy, 1 s e t ,
18 (C18 from E19, S ta t i c ) : 6.8261el4 (C18/C5)*C4 = 1.1831el5
19 Total D i s t r .  Energy: C9*E18 = 2.7154el8
20 Decomnissioning Energy
21 (C21 from E25, s t a t i c ) : 3.6762el3 C6*C21 = 1.1660el7
22 Total Energy Input : E16*E19*E21 = 3.8480el8
23 O utpu t/Inpu t R atio : E11/E22 = 1.1246
24 Net Energy, 100 YRS.: (B tu 's ) E11-E22 = 4.7966el7
25 P lan ts  in  S erv ice : C4*C5 = 1560.0000
26 Annual Net Energy: (B tu 's ) £24/C2 = 4.7966el5

Notes: G enera l ly ,  v a r ia b le s  a re  shown in  co liim  C, although i t  w i l l  
be seen th a t  sometimes a nunber in  column E is  used in 
subsequent c a lc u la t io n s .

Equations a re  shown in  c o lu m  D fo r  r e s u l t s  in  c o lu m  E.
C a lc u la t io n s  s t a r t  a t  l i n e  4 and proceed, in  sequence, 

through l in e  26.
The n o ta t io n  C8 ( c e l l  C8), for exeng)le, r e f e r s  to  en try  

lo c a ted  a t  the  in te r s e c t io n  of c o lu m  C and l in e  8.
C4*C5, fo r  e x a i^ Ie ,  means th a t  the  q u a n t i ty  in c o lu m  C, l i n e  4 

i s  m u l t ip l i e d  times the  q u a n t i ty  a t  column C, l in e  5.
SUM(1>41) meeuis th a t  in teg e rs  1 , 2 ,3 . . . 4 1  a re  sunned.
E18/C2 means th a t  c e l l  £18 is  d iv id ed  by c e l l  C2.
Data in  c e l l s  C8, C13, C18, and C21 t r a n s f e r r e d  from ta b le  7 .6 .
Line 23 shows the  dynamic O utpu t/Inpu t R atio  to  be 1.1246 to  1
Line 26: average annual ne t  energy produced i s  4.7966 quads.
N otation "e l5 "  means decimal po in t i s  15 p laces  to  the  r i g h t .
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L in e  12 -  Annual F ro n t-E n d  Energy

The v a r i a b l e  in  c e l l  CIO is  ta k e n  from  c e l l  E22 of t h e  s t a t i c  
a n a ly s e s  (in  th i s  c a s e  from  Table  B -2 ) .  A nnual F ro n t -E n d  E n erg y  ElO) 
is o b ta in e d  by d iv id in g  t h e  t o t a l  e n e rg y  in p u t  by 30 y e a r s  and  m u l t i ­
p ly in g  t h a t  d iv id e n d  by th e  num ber o f  r e a c t o r s  to  be  c o n s t r u c t e d  p e r  
y e a r  ( c e l l  04 ) .

Line 14 -  Beta U nits

This n u m b e r  w il l  be u sed  in  c a l c u l a t i n g  th e  c o s t s  t h a t  a re  
in v o lv e d  b e f o r e  a n y  p l a n t  b eg in s  to  g e n e r a t e  e l e c t r i c i t y .  T o ta l  B eta  
U n its  a r e  show n in c e l l  O i l .  S ince  i t  t a k e s  9 y e a r s  to  c o n s t r u c t  a 
s in g le  p la n t ,  an d  52 new  o n es  a re  assum ed  to  b e g in  e a c h  y e a r  ( in  T ab le  
B -3 ) . ,  i t  is  n e c e s s a r y  to  know th e  num ber  o f  B e ta  U n its  in v o lv e d  in  th e  
c o n s t r u c t i o n  p ro g ra m .  The m e th o d  o f  c a l c u l a t i o n  is  show n in  c e l l  D l l  
o f  t a b l e  B -3 . The n u m b er  is  o b ta in e d  by summing in t e g e r s  1, 2, 3, . . 
9, p lu s  9 X 91, a n d  c o r r e s p o n d s  to  th e  i n t u i t i v e  i l l u s t r a t i o n  in F igu re  
7.1 and  f ig u re  B -1 .

Lines 15 & 16 -  T o ta l System Front-End Input-Energy

This t o t a l  is  show n in c e l l  E12. All o f  th e  c a p i t a l  c o s t s  a re  
i n c u r r e d  b e f o r e  a s in g le  k i l o w a t t - h o u r  o f  e l e c t r i c i t y  is  g e n e r a t e d  and 
a r e ,  c o r r e s p o n d in g ly ,  f r o n t - e n d  e n e rg y  c o s t s .  The r e s u l t  in c e l l  E12 
is  o b ta in e d  by m u l t ip ly in g  th e  A nnual F r o n t - e n d  E n e rg y  o u t l a y  in c e l l  
ElO t im e s  in p u t  B e ta  U n its .

Lines 17 & 18 -  Annual D is t r ib u t iv e  Input

This n u m b e r  is  show n in c e l l  E13. A nnual i n t e r e s t  c h a rg e s ,  
t a x e s ,  and so f o r t h ,  w h ich  m ake up th e  b a s is  fo r  t h e  F ix e d - c h a r g e  
c o s t ,  p lus  f u e l ,  a n d  o p e r a t io n s  and  m a in te n a n c e ,  a r e  d i s t r i b u t e d  o v e r  
t h e  3 0 - y e a r  l i f e  o f  e a c h  s y s te m .  The t o t a l  i n p u t - e n e r g y  f o r  a s in g le  
r e a c t o r  is o b t a in e d  f ro m  c e l l  E15 o f  t a b l e  B-2 The A nnual in p u t  ( c e l l  
E13) is  o b ta in e d  by d iv id in g  c e l l  C13 by 30 y e a r s ,  and  t h a t  am oun t is 
t h e n  m u l t ip l ie d  t im e s  th e  num ber o f  p la n t s  s t a r t e d  e a c h  y e a r  ( c e l l  04 ) .

Line 19 -  T o ta l Distributive Energy

This am o u n t  ( i n p u t - e n e r g y )  is  show n in  c e l l  E14. S im ila r  to  
1 3 ,  t h e  n u m b e r  in  c e l l  E14 i s  o b t a i n e d  by  m u l t i p l y i n g  A n n u a l  
D is t r ib u t iv e  E n e rg y  ( c e l l  E13) t im e s  th e  A lpha U nits  ( c e l l  C8).

Lines 20 & 21 -  Decommissioning Energy

This am o u n t  is  show n in c e l l  E l 5. The t o t a l  e n e r g y  n e e d e d  fo r
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a s in g le  s y s te m  is  t a k e n  from  c e l l  E22 o f  th e  s t a t i c  n e t - e n e r g y  
a n a ly s e s .  The e n e r g y  in p u ts  to  d eco m m iss io n  one r e a c t o r  ( c e l l  E21, 
T ab le  B -2) is  m u l t ip l ie d  t im e s  th e  num ber  o f  r e a c t o r s  t h a t  w ould  be 
decomnissioned during the period  of study.

Line 22 -  Total Energy Input

This a m o u n t  is  show n in c e l l  E16. c e l l s  E12, E14, and  E15 a re  
summed to  ob ta in  th e  to ta l  energy invested  through year  one 100 of the 
c o n s tru c t io n /o p e ra tio n  cycle .

Line 23 -  Output/Input Ratio

The r a t i o  is  o b ta in e d  by d iv id in g  c e l l  E9 by c e l l  E l 6.

Line 24 -  Net-Energy, 100 Years

The Number is ob ta ined  by su b trac t in g  ce l l  E9 from ce l l  E16.

Line 25 -  Plants In Service

The nu m b er  is  in c lu d e d  to  show t h a t  in a c o n s t r u c t io n  c y c le  of 
s t a r t i n g  52 new  p la n t s  e a c h  y e a r  (one  p e r  w eek ) ,  t h a t  th e  m ost in d i ­
v id u a l  p la n t s  t h a t  c a n  be o p e r a t in g  a t  one t im e  is  15 60.

Line 26 ~ Annual Net Energy Output

The q u a n t i t y  is  a show n in ( c e l l  E20) and  is  d e te rm in e d  by 
d iv id in g  t o t a l  n e t  e n e rg y  by 100 y e a r s .

End Notes fo r  Dynamic A nalysis

F igu re  B-1 g r a p h ic a l l y  i l l u s t r a t e s  t h e  r e l a t i v e  am o u n ts  of o u t ­
p u t-en e rg y  and in p u t-en e rg y  th a t  a re  involved in a continuous cons truc­
t io n  p ro g ra m .  In th i s  ex am p le  i t  is  a ssu m ed  t h a t  an a d d i t io n a l  p la n t  is 
s t a r t e d  e a c h  y e a r  an d  t h a t  i t  t a k e s  9 y e a r s  to  c o n s t r u c t  a  s in g le  
p la n t .  I t  will be no ted  th a t  cap i ta l  en e rgy -inpu ts  a re  shown below  
t h e  z e ro  l in e  ( b e t a  u n i t s )  and  t h a t ,  a t  t h e  e n d  o f  th e  n in th  y e a r ,  e a c h  
p la n t  r e s p e c t i v e l y  b e g in s  to  g e n e r a t e  e l e c t r i c i t y .  T h a t  o u tp u t  is 
show n , c o r r e s p o n d in g ly ,  by th e  " I 's "  ab ove t h e  z e ro  l in e  (n o te d  as  a lp h a  
u n i t s ) ,  b e g in n in g  in  t h e  t e n t h  y e a r  o f  th e  c y c l e .

Total O utput-Energy is shown by horizon ta lly  summing the  column 
t o t a l s  ab o v e  t h e  z e r o  l i n e ,  b e g in n in g  in  t h e  t e n t h  y e a r  o f  th e  c y c le .  
T o ta l  F ro n t -E n d  E nergy  is  o b ta in e d  by sum m ing th e  co lum n t o t a l s  ( b e ta  
u n i t s )  be low  th e  z e ro  l i n e .  I t  w il l  be n o t e d  from  f ig u re  B-1 t h a t ,  a t
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Figure B-1 

DYNAMIC NET ENERGY MCUEL
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Sum co lum n  i n t e g e r s :

1 2 3 4 5 6 7 8 9 9 9 9 9 9 9 9 9 9 9 9  
Sum In tege rs  horizonta lly :

1 3 6 10 15 21 28 36 45 54 63 72 81 90 99 ..................144

Notes: At the end o f  the p lan t  l i f e  o f  the f i r s t  p la n t  con s tru c ted
(30 y r s ) ,  zeros  would begin to  appear in th a t  row and 
correspondingly , for the  second p la n t ,  e t c . .
Alpha u n i ts  r e f e r  to  co s ts  or outputs  "above" the  zero  l in e .  
Beta u n i t s  ( I ' s )  r e fe r  to  co s ts  "below" the  zero l i n e .
" d 's "  re fe r  to  the co s ts  th a t  a re  annual co s ts  th a t  a re  
d i s t r i b u te d  over the l i f e  of th e  p la n ts  £uid would be added 
to  each co lu m  to ta l
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T ab le  B-4

50-YEAR DYNAMIC ANALYSIS MWEL 
Generic Model

(A) (B) (C) (D) (E)
LINE ITEM VARIABLE EQUATIONS RESULTS

1 Const. Time, Y rs . : 9.0000
2 Cycle in  Years: 50.0000
3 Years of G eneration: 41.0000
4 No. Const. Per Year: 52.0000
5 System L ife : 30.0000
6 No. Decornn. L i fe -c y c le : 572.0000
7 Annual Output 1 Reactor
8 (C8 from E21, s t a t i c ) : 5.1573el4 C8/C5 = 1.7191el3
9 Alpha U nits : 795.0000 =SUM(1>41) -SUM(1>41)
10 Total Energy Output
11 from to t a l  system: C4*E8*C9 = 7.1067el7
12 Annual Front-End Energy, 1 s e t .
13 (C14 from E24, S t a t i c ) : 1.2018el4 (C13/C1)*C4 = 6.9437el4
14 Beta U nits : 414.0000 = SUM(1>9)+ (9*41)
15 T otal System Front End
16 Input Energy: E13*C14= 2.8747el7
17 Annual D i s t r i b .  Energy, 1 s e t .
18 (C18 from E19, S t a t i c ) : 3.8333el4 (C18/C5)*C4 = 6.6443el4
19 T otal D i s t r .  Energy: C9*E18 = 5.2822el7
20 Decomnissioning Energy
21 (C21 from E25, s t a t i c ) : 1.3629el3 C6*C21 = 7.7957el5
22 T otal Energy Input: E16*E19*E21 = 8.2349el7
23 O utput/Input R atio : E11/E22 = 0.8629
24 Net Energy, 100 YRS.: (B tu 's ) E11-E22 = -1.1281el7
25 P lan ts  in  S erv ice : C4*C5 = 1560.0000
26 Annual Net Energy: (B tu 's ) E24/C2 = -2.2563el5

Notes: G enerally ,  v a r ia b le s  a re  shown in colunn 0 , a lthough i t  w i l l  
be seen th a t  sometimes a nunber in  column E i s  used in 
subsequent c a lc u la t io n s .

Equations a re  shown in  colunn D for r e s u l t s  in colunn E.
C alcu la t ions  s t a r t  a t  l in e  4 and proceed, in  sequence, 

through l i n e  26
The n o ta t io n  C2 ( c e l l  C2), fo r  example, r e f e r s  to  e n try  

located  a t  the  in te r s e c t io n  of c o lu m  C and l in e  2.
C4*C4, fo r  exan^ le ,  means th a t  the q u a n t i ty  in  c o lu m  C, l in e  4 

is  m u l t ip l ie d  times the q u a n t i ty  a t  c o lu m  C, l in e  5.
SUM(1>9) means th a t  the in teg e rs  1 , 2 , 3 . . . 9  a re  added to g e th e r .
E11/E22 is  n o t a t i o n  to  m ean t h a t  c e l l  E l l  is  d iv id e d  by 

c e l l  E22.
Line 23 shows the  O utput/Input Ratio  to  be 0.8629 to  1.
Line 26 shows th a t  Annual Net Energy is  =2.25 quads.
The data  from C8, C12, CIS, and C21 are  always taken from 

the  corresponding s t a t i c  ne t-energy  model, as in d ic a te d .

235



t h e  r e l a t e d  e n e r g y  t h a t  is  d i s t r i b u t e d  o v e r  th e  g e n e r a t i n g  l i f e  ( i . e . ,  
t h e  "d 's"  be lo w  t h e  l in e ) .  The " d 's"  be lo w  th e  l in e  a r e  to  show  t h a t  
t h e  e n d  o f  19 y e a r s  o f  c o n s t r u c t i o n ,  th e  o u tp u t  is  66 u n i t s .  This 
c o m p a re s  to  an  e n e r g y - i n p u t  o f  144 u n i t s .  T hese  f ig u r e s  do n o t  in c lu d e  
th e  r e l a t e d  e n e r g y  t h a t  is  d i s t r i b u t e d  o v e r  th e  g e n e r a t i n g  l i f e  ( i . e . ,  
t h e  " d 's  be low  t h e  l in e ) .  The "d 's"  be low  th e  l in e  a r e  to  show  t h a t  
e a c h  y e a r  e a c h  p l a n t  in c u rs  an  a n n u a l  d i s t r i b u t i v e  c o s t ,  w hich  
includes the  F ixed-C harge Costs, Fuel Charges, Operation and Maintenance 
C o s ts ,  and  so f o r t h .

T a b le  B-4 is  in c lu d e d  to  show  t h e  m odel t h a t  w as  u sed  to  
c a l c u l a t e  th e  5 0 - y e a r  d y n a m ic - n e t  e n e rg y  a n a ly s e s  o f  t h e  4 6 - p l a n t  
(Konanoff 1981) d a ta  base .
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F o llow ing  is a sum m ary  of th e  46 n u c l e a r  p la n ts  in c lu d e d  in  th e  
Konanoff 1981 c o s t-e s t im a te  da ta  base:

Table B-5

SUMMARY NET ENERGY ANALYSIS RESULTS 
Based on C ap ita l  Cost Estimates in  1981 Konanoff Data Base

(A)
NAME
LOCATION 
PRINCIPLE OWNER

(B) (C) (D) (E)
PLANT $COST OUTPUT/ LIFECYCLE

SIZE PER INPUT NET ENERGY
MEGAWATT KILOWATT RATIO (QUADS)

Palisades  
South Haven, MI

821 367.00 2.2859 0.207

C o n su m er 'sP o w er  Co. 5 0 -Y rd y n a m ic re su l t s :1 .1 4  6 9 1.27

Turkey Point No. 3 
F lorida  C ity ,  FL

745 281.00 2.5313 0.202

FL Power & Light Co. 50-yr dynamic r e s u l t s  : 1.1980 1.52

Turkey Point No. 4 
FL C ity ,  FL C ity ,  FL

745 308.00 2.4487 0.198

FL Power & Light Co. 50-yr dynamic r e s u l t s : 1.1759 1.38

Brow n's  F e r ry  No. 1 
Athens, AL

1098 4 3 0 .0 0  2 .1344 0.262

Tennessee Valley Auth. 50-yr dynamic r e s u l t s : 1.0855 1.07

Brown's Ferry No. 2 
Athens, AL

1098 412.00 2.1756 0.266

TVA 50-yr dynamic r e s u l t s : 1.0980 1.21

Brown's Ferry No. 3 
Athens, AL

1098 421.00 2.1548 0.264

TVA 50-yr dynamic r e s u l t s : 1.0917 1.14

Oconee No. 1 
Seneca, SC

886 324.00 2.4023 0.232

Duke Power Co. 50-yr dynamic r e s u l t s : 1.1632 1.54

Oconee No. 2 
Seneca, SC

886 307.00 2.4519 0.235

Duke Power Co. 50-yr dynamic r e s u l t s : 1.1767 1.65

Source: Colunns B & C from Charles E. Konanoff, Power P lan t
Cost E s c a la t io n , (New York: Konanoff Energy A ssocia tes ,  1981),
p p .294-297. Use ta b le  7 .1  for s t a t i c  c a lc u la t io n s .
Use ta b le  B-4 for 50-yr dynamic r e s u l t s .
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T ab le  B-5 C on tinued

SUMMARY OF NET ENERGY ANALYSES 
Based on 1981 Konanoff Cost Estimates

NAME PLANT $COST OUTPUT/ LIFECYCLE
LOCATION 
PRINCIPLE OWNER

SIZE PER 
MEGAWATT KILOWATT

INPUT
RATIO

NET ENERGY 
(QUADS)

Oconee No. 3 886 299.00 2.4756 0.237
Seneca, SC 
Duke Power Co. 50-yr dynamic r e s u l t s : 1.1832 1.70

Vermont Yankee 514 693.00 1.6723 0.0927
Vernon, VT 
VT Yankee Nuclear 50-yr dynamic r e s u l t s : 0.9312 -0.42

Peach Bottom 2 1065 607 1.7992 0.212
York County PA 
P h i la .  E lec . Co. 50-yr dynamic r e s u l t s : 0.9867 -3.14

Peach Bottom 3 1065 589 1.8284 0.217
York County PA 
P h ila .  E lec. Co. 50-yr dynamic re s u l t s : 0.9361 -1.77

Three-Mile Is land  No. 1 819 828.00 1.5043 0.123
Middletown, PA 
M etropolitan  Edison Co. 50-yr dynamic r e s u l t s : 0.8679 -1.54

Surry No. 1 823 341.00 2.2349 0.212
Gravel Neck, VA 
VA Elec & Power Co. 50-yr dynamic r e s u l t s : 0.9929 -1.33

Surry No. 2 823 578.00 1.4867 0.169
Gravel Neck, VA 
VA E lec . & Power Co. 50-yr dynamic re s u l t s : 1.1560 1.33

Fort Calhoun 457 699.00 1.6635 0.082
Fort Calhcund, NE 
Omaha Public Power 50-yr dynamic r e s u l t s : 0.9282 -0.44

P r a i r i e  Is land  No. 1 530 784.00 1.5551 0.085
Red Wing, MN 
Northern S ta te s  Power 50-yr dynamic re s u l t s : 0.8876 -0.83

Source: Colunns B & C from Charles E. Konanoff, Power Plant
Cost E s c a la t io n , (New York: Konanoff Energy A ssoc ia tes ,  1981),
p p .294-297. Use tab le  7.1 fo r  s t a t i c  r e s u l t s .
Use ta b le  B-4 for 50-yr dynamic r e s u l t s .
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T ab le  B -5 , C o n tin u ed

SUMMARY, NET ENERGY ANALYSIS RESULTS
B ased on 1981 K onanoff C a p i ta l  C ost E s t im a te s

NAME 
LOCATION 
PRINCIPLE OWNER

PLANT $COST OUTPUT/ LIFECYCLE 
SIZE PER INPUT NET ENERGY

MEGAWATTS KILOWATT RATIO (QUADS)

P r a i r i e  I s lan d  No. 2 530 551.00 1.8933 0.021
Red Wing, MN 
Northern S ta te s  Power 50-yr dynamic r e s u l t s : 1.0086 0.006

Cooper 778 590.00 1.8268 0.158
Brow nsville , NE 
Nebraska P ublic  Power 50-yr dynamic r e s u l t s : 0.9861 -0.14

P ilg rim  No. 1 670 690.00 1.6758 0.121
Plynouth, MA 
Boston Edison Co. 50-yr dynamic r e s u l t s : 0.9327 -0.60

Kewaunee 560 624.00 1.7725
Salem, NJ
Public Serv. Elec/Gas 50-yr dynanic r e s u l t s : 0.9247 -0.23

Salon No. 1 1090 1066.00 1.2786 0.107
Lower Alloways Cr. NJ 
Pub Svc. Ele & Gas Co 50-yr dynamic r e s u l t s : 0.7750 -3.91

C rys ta l  River No. 3 825 706.00 1.6540 0.146
Red Level, FL 
FL Power Corp. 50-yr dynamic r e s u l t s  : 0.9247 -0.83

Maine Yankee 790 530.00 1.9311 0.171
W iscasset,  ME
Maine Yanke Atomic Pwr 50-yr dynamic r e s u l t s : 1.0212 0.20

Rancho Seco 913 605.00 1.8024 0.183
Clay S ta t io n ,  CA 
Sacramento Munie U ti l 50-yr dynanic r e s u l t s : 0.9777 -0.26

Zion No. 1 1050 468.00 2.0523 0.242
Zion, IL
Conmonwealth Edison Co. 50-yr dynamic re s u l t s  : 1.0602 0.74

Zion No. 2 1050 467.00 0.2054 0.242
Zion, IL
Comnonwealth Edison Co. 50-yr dynamic r e s u l t s : 1.0608 0.75

Source: Colunns B & C from Charles  E. Konanoff, Power P lan t Cost
E s c a la t io n , (New York: Konanoff Energy A ssoc ia te s ,  1981), pp .294-297.
Use tab le  7.1 for s ta t i c  analysis . Use tab le  B-4 for dynamic analysis.
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T ab le  B -5 , C o n tin u ed

SUMMARY, NET ENERGY ANALYSES 
Based On 1981 Konanoff Cost Estimates

NAME 
LOCATION 
PRINCIPLE OWNER

PLANT $COST 
SIZE PER 

MEGAWATT KILOWATT

OUTPUT/
INPUT
RATIO

LIFECYCLE 
NET ENERGY 

(QUADS)

Arkansas No. 1 850 464.00 2.0606 0.196
R u s s e lv i l le ,  AR 
AR Power & Light Co. 50-yr dynamic re s u l t s : 1.0628 0.62

Cook No. 1 1090 784.00 1.5551 0.175
Bridgman, Ml 
Indiana/Michigan Elec. 50-yr dynamic r e s u l t s : 0.8876 -1.71

Cook No. 2 1090 506.00 1.5178 0.242
Bridgman, MI 
Indiana/Michigan Elec. 50-yr dynamic re s u l t s : 1.0359 0.47

C alvert C l i f f s  No. 1 845 816.00 1.5178 0.130
Lusby, MD
Baltimore Gas & Elec. Go 50-yr dynamic r e s u l t s : 0.8732 -1.52

C alvert  C l i f f s  No. 2 845 546.00 1.9022 0.180
Lusby, MD
Baltimore Gas & Elec. 50-yr dynamic r e s u l t s : 1.0226 0.12

Indian Point No. 3 965 859.00 1.4705 0.165
Buchanan, NY 
Power Auth. o f  NY 50-yr dynamic r e s u l t s : 0.8546 -2.03

Hatch No. 1 786 757.00 1.5779 0.131
Baxley, GA 
Georgia Power Co. 50-yr dynamic r e s u l t s : 0.9001 -1.08

Three-Mile Is land  No. 2 906 942.00 0.0924 —  —  —

Middletown, PA 
M etropolitan  Edison Co (shut down for decomnissioning)

Brunswick No. 2 821 726.00 1.6274 0.043
Southport,  NC 
C arolina  Power & Light 50-yr dynamic r e s u l t s : 0.9149 -0.94

Source: Colunns B & C from Charles E. Konanoff, Power P lan t  Cost
E s c a la t io n , (New York: Konanoff Energy A sso c ia te s ,  1981), pp .294-297.
Use ta b le  7.1 for s t a t i c  ne t-energy  c a lc u la t io n s .
Use ta b le  B-4 for 50-yr dynanic c a lc u la t io n s .
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T a b le  B-5 C o n tin u ed

SUMMARY OF NET ENERGY ANALYSES 
Based on 1981 Konanoff Cost Estimates

NAME 
LOCATION 
PRINCIPLE OWNER

PLANT ÇCOST OUTPUT/ LIFECYCLE
SIZE PER INPUT NET ENERGY

MEGAWATT KILOWATT RATIO (QUADS)

Brunswick No. 1 821 534.00 1.9238 0.177
Southport, NC 
C arolina Power & L igh t. 50-yr dynamic r e s u l t s : 1.0188 0.19

F i tz p a tr ic k 821 796.00 1.5049 0.129
Scriba , NY 
Power Auth. of NY 50-yr dynamic r e s u l t s : 0.8821 -1.36

Duane Arnold 538 843.00 1.4878 0.079
Palo, lA
Iowa Power & Light Co 50-yr dynamic r e s u l t s : 0.8614 -1.07

Beaver Valley No. 1 852 1004.00 1.3306 0.095
Shipp ingport, PA 
Duquesne Light Co. 50-yr dynamic re s u l t s  : 0.7972 -2.68

St. Lucie No. 1 810 879.00 1.4495 -1.07
Ft P ie rc e ,  FL 
FL Power & Light Co. 50-yr dynamic r e s u l t s  : 0.8462 -1.82

M ills tone 
Waterford, CT 
Northeast U t i l i t i e s 50-yr

828

dynamic

784.00

r e s u l t s :

1.5551

0.8876 -1.30

Trojan 1130 605.00 1.8024 0.226
P re s c o t t ,  OR 
Portland  Gen. E lec. 50-yr dynamic r e s u l t s : 0.9777 -0.32

North Anna No. 1 907 1066.00 1.2786 0.086
M ineral, VA 
VA E lec . & Power Co. 50-yr dynamic r e s u l t s : 0.7750 -3.25

David Besse No. 1 906 957.00 1.3729 0.110
Oak Harbor, OH 
Toledo Edison Co. 50-yr dynamic r e s u l t s :

Source; Colunns B & C from Charles E. Konanoff, Power P lan t  Cost 
E s c a la t io n , (New York: Konanoff Energy A ssocia tes ,  1981), pp .294-297.
Use ta b le  7 .1  for s t a t i c  ne t-energy  c a lc u la t io n s .
Use tab le  B-4 for 50-yr dynamic c a lc u la t io n s .

2 41



T a b le  B-5 C on tin u ed

SUMWARY OF NETT ENERGY ANALYSES 
Based on 1981 Konanoff Cost Estimates

(A)
NAME
LOCATION 
PRINCIPLE OWNER

(B) (C) (D) (E)
PLANT $COST OUTPUT/ LIFECYCLE

SIZE PER INPUT NET ENERGY
MEGAWATT KILOWATT RATIO (QUADS)

Farley  No. 1 
Dothan, AL 
Alabama Power Co.

Konanoff Base Case 
C entra l United S ta tes  
Miscellaneous U t i l i t i e s  50

Konanoff N ortheast 
Northeast United S ta tes  
M iscellaneous U t i l i t i e s  50

50-Yr. Break-Even 
U n ite d  S t a t e s

829 1113.00 1.2418 0.073

50-yr dynamic r e s u l t s :  0.7589 -3.25

1150 1460.00 1.0242 0.012

■yr dynamic r e s u l t s :  0.6583 -7.38

1150 1820.00 0.8666 -0.079

■yr dynamic r e s u l t s :  0.5781 -10.35

1150 565.35 1.0242
5 0 -y r d y n a m ic r e s u I t s :  1 .0001 0.00

Source: Colunns B & C from Charles E. Konanoff, Power P lan t  Cost
E s c a la t io n , (New York: Konanoff Energy A ssocia tes , 1981), p . 281.
Use ta b le  7 .1 for s t a t i c  ne t-energy  c a lc u la t io n s .
Use ta b le  B-4 fo r  50-yr dynamic c a lc u la t io n s .
NOTE: ALL COSTS EXPRESSED IN 1979 DOLLARS

F o llo w in g  a re  sum m ary  r e s u l t s  of th e  n e t - e n e r g y  a n a ly se s  
based on the 1984 Komanoff c o s t -e s t im a te  se t .^  The c a p i ta l  costs  
of t h e s e  34 p l a n t s  w e re  e x p r e s s e d  in 1982 d o l l a r s .  The in d iv id u a l  
c a l c u l a t i o n s  t h a t  a p p e a r  fo r  e a c h  p la n t  w ere  m ade u s ing  an Energy/GNP 
R atio  o f  28 ,266 B tu 's /$ 1 9 8 2 .

I t  w il l  be n o te d  t h a t  s e n s i t i v i t y  a n a ly s e s  w e re  a lso  done  fo r  
lo w - v a lu e  and  h ig h - v a lu e  Energy/G N P c o e f f i c i e n t s  an d  th e  r e s u l t s  a r e  
shown fo r  both s t a t i c  and dynamic net-energy  c a lc u la t io n s .

^ C h a r le s  K om anoff ,  "A ssess in g  th e  High C o s ts  of New 
Nuclear Power P la n ts ,"  Idem.
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T ab le  B-6

SUMMARY, STATIC NET ENERGY ANALYSES
B ased on 1984 Komanoff C a p i ta l  C ost E s tim a te s

(A)
NAME
LOCATION 
PRINCIPLE OWNER

(B) (C) 
PLANT $COST 

SIZE PER 
MEGAWATT KILOWATT

(D)
OUTPUT/

INPUT
RATIO

LIFECYCLE 
NET ENERGY 

(QUADS)

Braidiwood (twin) 
Braidiwood, IL 
Conmonwealth Edison Co.

2240 1113.00 1.4895 0.330

Catawba (twin) 
Lake V^le, SC 
Duke Power Co.

2290 1113.00 1.4895 0.315

La S a lle  No. 2 
Seneca, IL
Conmonwealth Edison Co.

1078 1113.00 1.4895 0.159

McGuire (twin) 
Cowan's Ford Dam, NC 
Duke Power Co.

2360 1113.00 1.4895 0.348

Watts Bar (T\vin)
Spring C ity ,  TN 
Tennessee Valley Auth.

2354 1113.00 1.4895 0.347

S e n s i t i v i ty  Analyses for Braidiwood Set

(A)

Group P lant Name

(B)

Gen
Cap.

MW

(C)

Cost
Per

KW

(D) (E) (F)
50-Year Dynamic 

S ta t ic  Avg. Ann. 
0 / 1  0 / 1  Net Energy 

Ratio Ratio (Quads)

1 Braidiwood (Twin);
21436 B tu 's /$82  2240 1113 1.9641 1.6582 11.15
28266 B tu 's /$82  1.4895 1.2702 5.89
34324 B tu’s$/82 1.2266 1.0460 1.22

(S im ila r ly  for Catawba, LaSalle , McGuire, and Watts Bar.)

Notes: Col inn B shows Generating Capacity in Megawatts.
Column C shows Cost per In s ta l l e d  Kilowatt ($1982).
Colum D shows S ta t ic  Net Energy Analysis O utput/Input Ratio.
Colunn E shows 50-Yr. Dynamic Output/Input R atio .
Colum F shows Average annual net energy over 50-yr period.
A ll C a lcu la t ions  r e la te d  to  $1982 for E/GNP c o e f f i c ie n t s .
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T ab le  B-4 C o n tin u ed

SUMMARY, STATIC NET. ENERGY ANALYSES
B ased  on 1984 Komanoff C a p i ta l  C o s t E s t im a te s

(A)
NAME 
LOCATION 
PRINCIPLE OWNER

(B) (C) 
PLANT $COST 

SIZE PER 
MEGAWATT KILOWATT

(D)
OUTPUT/

INPUT
RATIO

LIFECYCLE 
NET ENERGY 

(QUADS)

B e l le fo n te  (Twin) 
S co ttsbo ro , AL 
Tennessee V alley  Auth.

2426 1484.00 1.2256 0.200

Byron (Twin)
Byron, IL
Conmonwealth Edison Co.

2426 1484.00 1.2256 0.200

Comanche Peak (Twin) 
Glen Rose, TX 
TX U t i l i t i e s  Gen. Co.

2222 1484.00 1.2256 0.183

St Lucie
Ft P ie rce ,  FL
FL Power & Light Co.

810 1484.00 1.2256 0.069

V irg i l  C. Summer 
Braoad R iver,  SC 
SC E le c tr ic /G a s  Co.

900 1484.00 1.2256 0.074

S e n s i t i v i t y  Analysis for B e l le fo n te  Set

(A)

Group P lan t Name

(B)

Gen
Cap.

MW

(C)

Cost
Per

KW

(D)
I

S ta t i c
O/I

Ratio

(E) (F) 
50-Year Dynamic

Avg. Ann. 
O/I Net Energy 

R atio  (Quads)

2 B e l le fo n te  (Twin):
21436 B tu 's /$ 8 2  2426 1484 
28266 B tu 's /$82  
34324 B tu 's$ /82  

(Similarly fo r  Byron, Comanche Peak,

1.6162 1.3648 8.02 
1.2256 1.0350 1.02 
1.0093 0.8523 -5.19 

St. Lucie, and Sumner).

Notes; Colunn B shows Generating Capacity in  Megawatts.
Colunn C shows Cost per In s ta l le d  K ilow att ($1982).
Colunn D shows S t a t i c  Net Energy A nalysis  O utput/Input Ratio,
Column E shows 50-Yr. Dynamic O utput/Input R a t io .
Colunn F shows Average annual net energy over 50-yr period.
A ll C a lc u la t io n s  r e la te d  to $1982 for E/GNP c o e f f i c ie n t s .
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T ab le  B-4 C o n tin u ed

SUMMARY, STATIC NET ENERGY ANALYSES
B ased on 1984 Komanoff C a p i ta l  C o st E s tim a te s

(A)
NAME 
LOCATION 
PRINCIPLE OWNER

(B)
PLANT

SIZE
MEGAWATT

(c)
$COST

PER
KILOWATT

(D)
OUTPUT/

INPUT
RATIO

LIFECYCLE 
NET ENERGY 

(QUADS)

Palo Verde (Twin) 
Wintersburg, AZ 
Arizona Public  Serv. Co.

2540 1484.00 1.0092 0.103

San Onofre (IVvin)
San Clemente, CA 
Southern CA Edison Co.

2200 1724.00 1.0092 0.089

Susquehanna (Twin) 
Barwick, PA 
PA Power & Light Co.

2100 1724.00 1.0092 0.085

A. W. Vogtle (Twin) 
Waynesboro, GA 
Georgia Power Co.

2200 1724.00 1.0092 0.089

Wolf Creek 
B urling ton , KS 
Kansas Gas & E lec. Co.

1150 1724.00 1.0092 0.047

S e n s i t i v i ty  A nalysis for Palo Verde Set

(A)

Group Plant Nane

(B)

Gen
Cap.

MW

(C)

Cost
Per

KW

(D)

S ta t i c
O/I

Ratio

(E) (F) 
jO-Year Dynamic

Avg. Ann. 
0/1 Net Energy 

R atio  (Quads)

Palo Verde (Twin) 
21436 Btu’ s/$82 2200
28266 B tu 's /$82  
34324 Btu 'sS /82

1724 1.4500
1.0092
0.9055

1.2187
0.9242
0.7611

4.89
-2.23
-8.53

(S im ila r ly  for Son Onofre, Susquehanna, V ogtle , and Wolf Creek).

Notes: Colum B shows Generating Capacity in  Megawatts.
Column C shows Cost per I n s ta l l e d  K ilow att ($1979).
Colunn D shows S ta t ic  Net Energy A nalysis  Output/Input Ratio . 
Column E shows 50-Yr. Dynanic O utput/Input R atio .
Colum F shows Average annual ne t energy over 50-yr period . 
A ll C a lcu la t io n s  r e la te d  to  $1982 fo r  E/GNP c o e f f i c i e n t s .
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T ab le  B-4 C o n tin u ed

SUMMARY, STATIC NET ENERGY ANALYSES
B ased on 1984 Komanoff C a p i ta l  C ost E s t im a te s

(A)
NAME 
LOCATION 
PRINCIPLE OWNER

(B) (C) (D)
PLANT $COST OUTPUT/ LIFECYCLE

SIZE PER INPUT NET ENERGY
MEGAWATT KILOWATT RATIO (QUADS)

Callaway (Twin) 
Fu lton , MO 
Union Elec. Co.

2240 2018.00 0.9766 ■0.024

Grand Gulf (Twin)
Fort Gibson, MS 2500
MS Power à  Light Co.

M ills tone  No. 3
Waterford, CT  1158
Northeast Nuclear Energy Co

Perry (Twin)
North Perry , OH 2410
Cleveland Elec. I l l im in a t in

2018.00 0.9766 -0.027

2018.00 0.9766 -0.012

2018.00 0.9766 ■0.026

South Texas (Twin)
P a la c io s ,  TX
Houston L ighting  & Power Co

2500 2018.00 0.9766 -0.027

S e n s i t i v i ty  Analysis for Callaway Set

(A) (B) (C) (D) (E) (F)
50-Year Dynamic

Gen Cost S ta t ic Avg. Ann.
Cap. Per O/I O/I Net Energy

Group P lan t Name MW KW Ratio R atio (Quads)

4 Callaway (Twin)
21436 B tu 's /$82 2240 2018 1.2878 1.0775 1.99
28266 B tu 's /$82 0.9766 0.8171 -6.19
34324 B tu 's$ /82 0.8043 0.6729 -13.45

(S im ila r ly  for Grand Gulf, M ills tone  3, Perry , and South Texas.)

Notes: Colunn B shows Generating Capacity in  Megawatts.
Colunn C shows Cost per In s ta l l e d  Kilowatt ($1979).
Colum D shows S ta t ic  Net Energy Analysis O utpu t/Inpu t Ratio. 
Colunn E shows 50-Yr. Dynamic Output/Input R a t io .
Colum F shows Average annual net energy over 50-yr period.
All C a lcu la t io n s  r e la te d  to  $1982 for E/GNP c o e f f i c i e n t s .
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T ab le  B-4 C o n tin u ed

SUMMARY, STATIC NET ENERGY ANALYSES
B ased on 1984 Komanoff C a p i ta l  C o st E s tim a te s

(A)
NAME 
LOCATION 
PRINCIPLE OWNER

(B)
PLANT

SIZE
MEGAWATT

(C)
$COST

PER
KILOWATT

(D)
OUTPUT/

INPUT
RATIO

LIFECYCLE 
NET ENERGY 

(QUADS)

C lin ton  (Twin) 
C lin ton ,  IL 
I l l i n o i s  Power Co.

1886 2444.00 0.8404 -0.159

Enrico Fermi 
Newport, MI 
D e tro i t  Edison Co.

1083 2444.00 0.8404 -0.092

Sharon H arris  (Twin)
Bonsai, NC
C arolina  Power & Light Co.

1800 2444.00 0.8404 -0.153

Limerick No. 1 
Pottstown, PA 
P h ilade lph ia  Elec. Co.

1055 2444.00 0.8404 -0.090

Waterford No. 3 
T a f t ,  LA
LA Power & Light Co.

1113 2444.00 0.8404 -0.095

S e n s i t iv i ty  Analysis for C lin ton  Set

(A)

Group P lant Name

(B)

Gen
Cap.

MW

(C)

Cost
Per
KW

(D) (E) (F)
50-Year Dynamic 

S ta t ic  Avg. Ann. 
O/I O/I Net Energy 

Ratio Ratio (Quads)

C lin ton  (Twin) 
21436 Btu 's/$82 
28266 Btu 's/$82 
34324 B tu 's$/82

1866 2444 1.1082 0.9226 -1.93
0.8404 0.6997 -9.90
0.6921 0.5762 -16.92

(S im ila r ly  fo r  Fermi, H a rr is ,  Limerick 1, and W aterford.)

Notes: Colum B shows Generating Capacity  in Megawatts.
Column C shows Cost per I n s t a l l e d  Kilowatt ($1979).
Colum D shows S ta t ic  Net Energy A nalysis Output/Input Ratio . 
Column E shows 50-Yr. Dynamic O utput/Input R atio .
Colum F shows Average annual net energy over 50-yr period . 
All C alcu la t ions  r e la te d  to $1982 for E/GNP c o e f f i c ie n t s .
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T ab le  B-4 C o n tin u ed

SUMMARY, STATIC NET ENERGY ANALYSES
B ased on 1984 Komanoff C a p i ta l  C o st E s t im a te s

(A)
NAME
LOCATION 
PRINCIPLE OWNER

(B) (C) (D)
PLANT $COST OUTPUT/ LIFECYCLE 

SIZE PER INPUT NET ENERGY 
MEGAWATT KILOWATT RATIO (QUADS)

Hope Creek (Twin)
Salem, NJ
Public Service Elec./Gas

River Bend (Twin)
St F ra n c is v i l l e ,  LA 
Gulf S ta te s  U t i l i t i e s

2144 2797.00 0.7534 -0.315

1868 2797.00 0.7534 -0.274

Seabrook No. 1 
Seabrook, NH
Public Service Co. of NH

1200 2797.00 0.7534 -0.176

WPPS No. 2 
Richland, WA
WA Public Power Supply Sys.

1100 2797.00 0.7534 -0.161

William H. Zirnner No. 1 
Moscow, OH
Cinn. Gas à  E lec. Co.

810 2797.00 0.7534 -0.119

S e n s i t iv i ty  Analysis for Hope Creek Set

(A) (B) (C) (D) (E) (F)
50-Year Dynamic

Gen Cost S ta t ic Avg. Ann.
Cap. Per O/I O/I Net Energy

Group P lan t Name MW KW Ratio Ratio (Quads)

6 Hope Creek (Twin)
21436 B tu 's/$82 2144 2797 0.9934 0.8294 -5.64
28266 B tu’s/$82 0.7534 0.6252 -15.88
34324 B tu 's$/82 0.6204 0.5148 -24.97

(S im ila r ly  for River Bend, Seabrook 1, WPPS 2, and Zinmer. )

Notes; Colum  B shows Generating Capacity in Megawatts.
Colunn C shows Cost per I n s ta l l e d  Kilowatt ($1979).
Colunn D shows S ta t ic  Net Energy Analysis O utput/Input Ratio. 
Colunn E shows 50-Yr. Dynamic Output/Input R atio .
Colum F shows Average annual net energy over 50-yr period . 
A ll C a lcu la t ions  r e la te d  to $1982 for E/GNP c o e f f i c i e n t s .
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T ab le  B-4 C o n tin u ed

SUMWARY, STATIC NET ENERGY ANALYSES
B ased  on 1984 Komanoff C a p i ta l  C o st E s t im a te s

(A)
NAME 
LOCATION 
PRINCIPLE OWNER

(B) (C) (D)
PLANT $COST OUTPUT/ LIFECYCLE 

SIZE PER INPUT NET ENERGY 
MEGAWATT KILOWATT RATIO (QUADS)

Beaver Valley No. 2 
Shippingport,  PA 
Duquesne Light Co.

Midland No. 2 
Midland, MI 
Consuner's Power Co.

833 3411.00 0.6383 -0.212

808 3411.00 0.6383 -0.205

Nine Mile Point No. 2
S criba ,  NY 1080
Niagara Mohavdc Power Corp.

Shoreham
Brookhaven, NY 846
Long Island  L igh ting  Co.

3411.00 0.6383 -0.274

3411.00 0.6383 -0.215

S e n s i t i v i ty  Analysis for Beaver Valley 2 Set

(A) (B) (C) (D) (E) (F)
50-Year Dynamic

Gen Cost S ta t ic Avg. Ann.
Cap. Per O/I O/I Net Energy

Group Plant Name MW KW Ratio Ratio (Quads)

7 Beaver Valley 2
21436 Btu’ s/$82 833 3411 0.8147 0.6956 -4 .50
28266 B tu 's /$82 0.6383 0.5275 -9.22
34324 B tu 's$ /82 0.5257 0.4344 -13.40

(S im ila r ly  fo r  Midland 2, Nine Mile P t .  2, and Shoreham)

Notes: Colum B shows Generating Capacity in  Megawatts.
Column C shows Cost per In s ta l l e d  Kilow att ($1979).
Colum D shows S ta t ic  Net Energy A nalysis O utput/Input Ratio . 
Colunn E shows 50-Yr. Dynamic O utput/Input R a tio .
Colum F shows Average annual net energy over 50-yr period .
A ll C a lcu la t io n s  r e la te d  to $1982 for E/GNP c o e f f i c i e n t s .

Source: Colums B & C from Charles E. Komanoff, "Assessing the High
Costs of Nuclear Power P lan ts ,"  Public  U t i l i t i e s  F o r tn ig h t ly , 
p. 36.
Colunns D & E C alcu la ted  using ta b le  B-1 Model 

Dynamic net-energy  c a lc u la t io n s  combine models of ta b le s  B-1 and B-2.
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Appendix C

WIND ENERGY SYSTEMS 

D e ta i led  Explanation o f  Net-Energy Models

S ta t ic  Net-Energy Model

In th e  fo l lo w in g  s e c t i o n  p a r a g r a p h  num bers  c o r r e s p o n d  to  th e  
l in e  n u m b e rs  of e a c h  t a b le ,  c e l l  C l ,  r e f e r s  to  co lum n C, l in e  1, and 
so f o r t h .

Line 1 -  Expected Life

Wind m a c h in e s  w ere  a s su m e d  to  l a s t  25 y e a r s  ( c e l l  0 1 ) .  This 
w as th e  e s t i m a t e  f u r n i s h e d  by t h e  m a n u f a c tu r e r s .  T ra n sm is s io n  and 
d is tr ibu tion  system s were also e x p e c te d  to la s t  25 years .

Line 2 -  E ff ic iency  Factor

A f a c t o r  o f  50% (c e l l  0 2 ) ,  w as a d o p te d  and th e  n u m b e r  is  c o n ­
s idered  to be a conserva t ive  f igu re  because  of the  reasoning  developed 
in C h a p te r  6. U. S. u t i l i t i e s  a r e  o n ly  u s in g  a b o u t  40% of t h e o r e t i c a l  
p o te n t ia l  capac ity  (See Chapter 6). This rep resen ts  a dec re ase  from a 
h igh  o f  57% a c h ie v e d  in 1956 (See  T ab le  6 .1)

Line 3 -  K ilow atts o f  Capacity

As furnished by the m a n u fa c tu re r .

Line 5 -  Kilowatt-Hours Generated

The nu m b er  in c e l l  E w as c a l c u l a t e d  by m u l t ip ly in g  th e  
e x p e c t e d  l i f e  (25 y e a r s ,  c e l l  C l )  t im e s  a 50% C a p a c i ty  F a c t o r  t im e s  th e  
e s t i m a t e d  a n n u a l  o u tp u t  of th e  WECS ( c e l l  0 5 ) .  The e s t i m a t e d  a n n u a l  
o u tpu t was furnished by the m a n u fa c tu re r .
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T ab le  C-1

ENERGY SCIENCES 200-KILOWATT WECS 
12 MPH Average Wind 

C ap ita l  Cost Reduced 25% Zero Other Cost

A)
LINE

(B)
ITEM

(C)
VARIABLE

(D)
EQUATim

(E)
RESULTS

1 Expected L ife ,  Y rs . : 25.0000
2 E ff ic ien cy  Factor 0.5000
3 Kilow atts  of Capacity ; 200.0000
4 kWh's Generated
5 @ 12 MPH:t 3.5000e05 C1*C2*C5 = 4375000.0000
6 In s ta l le d  Cost: 712.5000 C3*C6 = 142500.0000
7 Other P lan t Cost: 0.0000
8 Front-End Cost: E6+E7 = 142500.0000
9 Fixed Charge: 0.0950 C1*E8*C9 = 338437.5000

10 Decomnissioning Cost: 0.0000
11 0. & M. Cost: 1425.0000 Cl *C11= 35625.0000
12 L ifecyc le  Cost: SUM(E9>E11)= 374062.5000
13 D is t r ib u t iv e  C ost: E12-E6 = 231562.5000
14 Output in  B tu 's : 3413.0000 E5*C14 = 1.4931elO
15 Front-End Input Ener: 2.8116e04 E8*C15 = 4.0065e09
16 D is t r ib .  Input Ener: 2.8116e04 E13*C16 = 6.5106e09
17 Total Input Energy: E15+E16 = 1.0517el0
18 O utput/Input R atio : E14/E17 = 1.4197
19 Net Energy E14-E17 = 4.4140e09

Note: The n o ta t io n  1.0517el0, for example, i s  engineering  no ta tion  
vdiere 'e lO ' means decimal point is  a c tu a l ly  10 p laces  to the r ig h t ,  
t  includes s o -c a l le d  Other Costs, Wiich includes t r a n s .  & D is t r .

Selected  v a r ia b le s  are  shown in c o lu m  C, although i t  w ill  
be seen th a t  sometimes a nunnber in  co lu m  E is  used in 
subsequent c a lc u la t io n s .

Equations a re  shown in co lum  D for r e s u l t s  in  co lum  E. 
C a lcu la t ions  s t a r t  a t  l in e  4 and proceed, in sequence, 

through l i n e  19 
The n o ta t io n  C2 ( c e l l  C2), for example, r e fe r s  to  en try  

loca ted  a t  the  in te r s e c t io n  of c o lu m  C and line  2.
C2*C4, for example, means th a t  the q u a n t i ty  in co lu m  C, l in e  2 

i s  m u l t ip l ie d  times the q u a n t i ty  a t  co lu m  C, l in e  4. 
SUM(E8>E10) means th a t  the q u a n t i t i e s  in column E from lines

8 through 10 are  added toge ther .
E14/E17 is n o ta t io n  to  mean th a t  c e l l  E14 is divided by 

c e l l  E17.
Line 18 shows the  Output/Input Ratio  to  be 1.4197 to 1 
Line 19 shows th a t  over i t s  30-year l i f e c y c le  a Konanoff

Base-Case p la n t  would y ie ld  4.4140e09 B r i t i s h  thermal u n i ts  
of ne t energy , where "e09" means th a t  the decimal point is
9 p laces  to  the r ig h t .  Also, 4.4140e09 = .000004414 quads
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L in e  6 -  I n s t a l l e d  C o st

The c o s t  o f  th e  p r o d u c t io n  p la n t  ( c e l l  E6) was f u rn is h e d  by th e  
m a n u f a c tu r e r .  C ell  06  show s t h a t  th e  p e r - k i l o w a t t  c a p a c i t y  c o s t  is 
a r r i v e d  a t  by d iv id in g  t o t a l  p r o d u c t io n  p la n t  c o s t  by th e  K i lo w a t ts  of 
capac ity  ( c e l l  03).

Line 7 ~ Other P lan t

These  c o s t s  ( c e l l  E7) w e re  c a l c u l a t e d  by t a k in g  50% of I n s t a l l e d  
C ost ( c e l l  EG). This is b e l i e v e d  to  be  a c o n s e r v a t iv e  p ro c e d u re  
b e c a u s e ,  as d is c u s s e d  in  c h a p t e r  6, th i s  c o s t  has  b e e n  a p p ro x im a te ly  
160% to  170% o f  G e n e ra t in g  P la n t  C ost fo r  U. S. u t i l i t i e s .  The 
r a t i o n a l e  f o r  c h a rg in g  w ind e n e r g y  sy s te m s  w i th  a p o r t i o n  o f  th e  
e l e c t r i c  u t i l i t y  g r id  was d i s c u s s e d  in  c h a p t e r s  6 and  8. Most w ind 
s y s te m s  a re  b e in g  m a rk e te d  on th e  b a s is  of i n t e r - c o n n e c t i o n  w i th  th e  
c e n tra l  power s ta t io n  u ti l i ty  grid  system and th e re fo re  must be charged 
w ith  a s h a re  o f  t h a t  e n e rg y  c o s t .

Line 8 -  Front-End Cost

The num ber  in  c e l l  E8 is  c a l c u l a t e d  for th e  p u rp o s e s  of m aking 
d ynam ic  n e t - e n e r g y  c a l c u l a t i o n s  and  r e p r e s e n t s  th o s e  c o s t s  in c u r r e d  
b e fo re  any e l e c t r i c i t y  is g e n e r a t e d  and  is the  r e s u l t  of summing c e l l  
EG plus E7.

Line 9 -  Fixed Charge

A r e a l  r a t e  o f  9.5% ( c e l l  C9) was used  to  c a l c u l a t e  t o t a l  r e a l  
economic cost of Production P lan t ,  and Other Plant, including transm is­
s ion  and d i s t r i b u t io n  c o s t s * .  T h is  is s l ig h t ly  lo w er  th a n  th e  c o n s t a n t  
used  by K om anoff  fo r  c o a l  p la n t s  ( i . e .  .0978 ).  F ix e d - c h a r g e  c o s t  ( c e l l  
E8) was a r r iv e d  a t  by m u l t ip ly in g  th e  E x p e c te d  L ife  of 25 y e a r s  ( c e l l  
C l )  by F ro n t-E n d  C os t ( c e l l  E7) by th e  f i x e d - c h a r g e  r a t e  o f  .0950 ( c e l l  
C9). The to ta l  f ix ed -ch a rg e  c o s t  also accounts for am ortiza tion  of the  
i n i t i a l  c a p i t a l  c o s t .

Line 10 -  Decomnissioning Cost

It was assumed th a t  the  Decommissioning Cost would equal the  
salvage value of the p lan t and th e re fo re  was zero.

* "R eal"  c o s t  m eans c o r r e c t e d  fo r  i n f l a t i o n .  A " r e a l "  i n t e r e s t  
r a t e  o f  3.8% w as u sed  by K om anoff  in h is  c a l c u la t io n s  and  is a p a r t  of 
th e  f ix e d  c h a r g e  c o s t ,  and  is  a ssum ed  (a p p ro x im a te ly )  in th e s e  
c a lc u la t io n s .
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L in e  11 -  O p e ra t io n s  and  M ain tenance C ost

A uniform annual Operation and Maintenance (O&M) charge of 1% 
of c a p i t a l  c o s t  was u s e d  th ro u g h o u t  th e  WECS a n a ly se s .  The num ber in 
E l l  was obta ined by multiplying 1% times Installed  Cost times tw en ty -  
f iv e  y e a r s .  This is b e l ie v e d  to  be  a  g e n e ro u s  (low) e s t i m a t e  and  th e  
r e s u l t s  are robust accordingly.

Line 12 -  Total Life-Cycle Cost

The to t a l  is th e  r e s u l t  o f  summing o f  c e l l s  E9 th ro u g h  E l l .

Line 13 -  D is t r ib u t iv e  Cost

This is  a te rm  a d a p te d  to  i d e n t i f y  th o s e  c o s t s  t h a t  a re  to  be 
d i s t r i b u t e d  o v e r  th e  g e n e r a t in g  l i f e  o f  e a c h  p la n t  (a s  o p p o sed  to  
F ro n t-E n d  C o s ts ) .  I t  is  o b ta in e d  by s u b t r a c t in g  F ro n t-E n d  C osts  (C8) 
from the Total Life-Cycle Cost (C12).

Line 14 -  Output in Btu's

The num ber is  c a l c u l a t e d  by m u l t ip ly in g  a c o n s t a n t  of 3413 
(B tu 's  p e r  k i l o w a t t  hou r)  by th e  t o t a l  num ber o f  k i l o w a t t - h o u r s  g e n ­
e r a t e d  ( c e l l  E5) d u r in g  th e  l i f e  of th e  f a c i l i t y .  T h e re  a re  3413 
B tu 's ,  thermal, a v a i la b le  from one k ilow att-hour of e l e c t r i c i t y .

Line 15 -  Front-End Energy Input

This num ber (Btu 's) is a r r iv e d  a t  by m u l t ip ly in g  th e  t o t a l  
L i f e -C y c le  C ost ( c e l l  E12) t im es  a f a c t o r  of 28,116 B tu 's  p e r  d o l la r  of 
G ross N a t io n a l  P ro d u c t  ($1983). The u n d e r ly in g  r a t i o n a l e  fo r  th i s  
p ro c e d u re  was d e v e lo p e d  in c h a p t e r s  5 and  6. I t  w il l  be n o te d  t h a t  
th i s  Energy/GNP r a t i o  is  sm a l le r  th a n  t h a t  u sed  fo r  th e  n u c le a r  c a l c u ­
la t io n s  and  is th e  m ean  va lu e  f o r  th e  r a t i o s  b e tw e e n  1947 and 1983 
($1983) .  An Energy/GNP r a t io  of 35 ,791  B tu 's /$  fo r  n u c l e a r  p la n ts  was 
r e l a t e d  to  1979 d o l l a r s .  The c o s t s  fo r  wind m a ch in es  a r e  fo r  1983 
d o l la r s  ( th e  y e a r  of t h e  s u rv ey ) .

Line-16 -  D is tribu tive  Input-Energy

This num ber (B tu 's)  is a r r i v e d  a t  by m u l t ip ly in g  d i s t r i b u t iv e  
d o l l a r  c o s t  ( c e l l  E13) t im es  28 ,116  B tu 's  p e r  d o l la r .
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L in e  17 -  T o ta l - I n p u t  Energy

The number is  obta ined  by summing E15 + E16.

Line 18 -  Output/Input Ratio

The r a t io  is c a lcu la ted  by m ere ly  dividing T o ta l-O utpu t Energy 
( c e l l  E14) by T o t a l - I n p u t  E nergy  ( c e l l  E17).

Dynamic Model Explained

A l i n e - b y - l i n e  e x p l a n a t i o n  o f  th e  m odel fo l lo w s  an d  p a r a g r a p h  
numbers co rrespond  to  line numbers in eac h  analysis.

Line 1 -  C ons tru c t io n  Time

For e a s e  o f  a n a ly s i s ,  i t  w as a ssu m e d  t h a t  i t  w ould  t a k e  a y e a r  
to  i n s t a l l  any  s e t  (1 to  1 m ill ion )  o f  w ind  m a ch in es  s e l e c t e d .

Line 2 -  Cycle

50-Y ear and 100-Y ear C onstruc tion  and Operation Cycles were 
chosen. Any number can be in se r ted  in th e  model, however.

Line 3 -  Years o f  G eneration

S in c e  i t  t a k e s  one y e a r  to  c o n s t r u c t  and  i n s t a l l  a s e t ,  th e n  th e  
Y e a rs  o f  G e n e r a t io n  ( l in e  2) is  o b t a in e d  by s u b t r a c t i n g  one from  C ycle  
in Years ( c e l l  C2).

Line 4 -  Number Constructed

The number to  be co n s tru c ted  e a c h  year is e n te red  as a variab le  
in  c e l l  C 4, in  th e  ex am p le  c a s e  i t  is S.OOOOeS w h ich  is  s c i e n t i f i c  
n o ta t io n  fo r  500,000.

Line 5 -  Annual Output

This is  th e  a n n u a l  o u tp u t  o f  one  s e t  of m a c h in e s .  The n um ber  in 
C e l l  C5 is  o b t a i n e d  from  c e l l  E14 o f  th e  S t a t i c  Net E n erg y  A nalys is  
m odel ( t a b l e  C -1 ) .  The a n n u a l  o u t p u t  o f  one s e t  of m a c h in e s  is o b ­
t a i n e d  by d iv id in g  th e  L i f e -C y c le  O u tp u t  o f  a s in g le  m a c h in e  (C5) by 25 
y e a r s  an d  m u l t ip ly in g  th e  r e s u l t s  t im e s  th e  num ber of m a c h in e s  c o n ­
s t r u c t e d  eac h  year  (C4).
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T a b le  C-2

100-YEAR DYNAMIC NET ENERGY ANALYSIS
Energy S c ie n c e s  2 0 0 -K ilo w a tt WECS

C a p i ta l  C o st Reduced 25%, Z ero  O th e r  P la n t  C o st

(A) (B) (C) (D) (E)
Line
No. I tem Variable  <C a lcu la t ion : Result

1 Const. Time: 1 Year
2 Cycle: 100 Years
3 Years o f  G eneration: 99 Years
4 No. Constr. Per Year: 500,000 WECS
5 Annual Output, 1 Set

(From E13, S t a t i c ) : 1.4931el0 (C5/25)*C4 = 2.9862el4
6 Front-End Input Energy

(From E14, S t a t i c ) : 4.0065e09 C2*C4*C6 = 2.0032el7
7 Ann. D is t r .  Input Energy

(C7 From E15, S t a t i c ) : 6.1506e09 (C7/25)*C4 = 1.2301el4
8 Accumulated WEC Years: 2.1750e03 =SUM(1,2,3...99)

-SUM (1,2,3...74)
9 Life-Cycle System Output: (B tu 's ) E5*C8 = 6.4949el7

10 Life-Cycle System Inpu t: (B tu 's ) (E7*C8)+C6 = 4.6787el7
11 O utput/Input Ratio: E9/E10 = 1.3881
12 Net Energy, End P eriod: (B tu 's ) E9-E10 = 1.8162el7
13 No. W indnills  On-Line 

End 100 Years: 25*C4 = 1.2500e07
14 Ann. Net Energy: E12/C2 = 1.8162el5
15 T ota l No. C onstructed : C3*C4 = 4.9500e07
16 Total No. Decommissioned: (C3-25)*C4 = 3.7000e07

Notes: G enerally , v a r ia b le s  a re  shown in colunn C, although i t  w i l l  
be seen th a t  sometimes a  number in  column E is  used in 
subsequent c a lc u la t io n s .

Equations a re  shown in  column D for r e s u l t s  in colunn E.
C alcu la t ions  s t a r t  a t  l in e  4 and proceed, in  sequence, 

through l in e  16.
The n o ta t io n  C2 ( c e l l  C2), for example, r e f e r s  to  en try  

loca ted  a t  th e  in te r s e c t io n  of c o lu m  C and l in e  2.
C3*C4, for example, means th a t  the q u a n t i ty  in  c o lu m  C, l in e  3 

is  m u l t ip l ie d  times the q u an t i ty  a t  c o lu m  C, l in e  4.
SUM(1,2,3...99) means in tegers  1 ,2 ,3 . . . 9 9 )  a re  sunned.
S u n i l ,2 , 3 . . . 7 4 ) ,  s im i la r ly ,  (accounting for decommission y r s . )
E9/E10 m eans th a t  ce l l  E12 is  divided by ce l l  E12.
E14 shows annual ne t energy of 1.8162el5 B tu 's  of energy /yr . 

wAiere "el5"  i s  s c i e n t i f i c  n o ta t io n  meaning decimal is  
15 p laces  to  r i g h t .  1 .8 .62el5  = 1.8162 quads.

Model f i t s  com puter so f tw are  known as e le c t ro n ic  spread shee t .
Line 16 shows th a t  37 m i l l io n  wind machines would be decomm.
In f o r m a t io n  in  c e l l s  C5, C6, & C7 ta k e n  f rom  ta b le  8 .3 .
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Line 6 -  F ron t-E nd  Inpu t Energy

The n um ber in c e l l  C6 is  o b ta in e d  from  c e l l  E15, of th e  S ta t i c  
N et E nergy  m o d e l (T ab le  C -1 ) .  To o b t a in  th e  t o t a l  a m o u n t  f o r  th e  50- 
y e a r  c y c l e ,  c e l l  06  is m u l t ip l ie d  by t h e  l i f e - c y c l e  y e a r s  ( c e l l  
02) tim es the  number of WEOS c o n s tru c te d  per  year (ce l l  04).

Line 7 -  Annual Distributive Input Energy

The q u a n t i t y  show n in E7 is t h a t  am oun t of e n e r g y  c o s t  t h a t  is 
d i s t r i b u t e d  o v e r  t h e  l i f e - c y c l e  of t h e  t o t a l  s y s t e m .  Each y e a r  
i n t e r e s t  c h a r g e s  a r e  in c u r r e d ,  d iv id e n d s  and  ta x e s  m u s t  be p a id ,  and 
m ain tenance  and opera tiona l cos ts  a re  incu rred . The D is tr ibu tive  Cost 
f o r  one WEO is  o b ta in e d  from  c e l l  E15 th e  s t a t i c  m ode l (Table  0 -1 ) .  
T h is  n u m b e r  is  t h e n  d i v i d e d  b y  25 y e a r s  ( l i f e - s p a n  o f  a s i n g l e  
m a c h in e / s e t )  and  th e n  th e  r e s u l t  is  m u l t ip l ie d  by th e  n u m b e r  o f  VVEO's 
c o n s t r u c t e d  e a c h  y e a r .  The n um ber in  c e l l  E7 is an  a n n u a l  am oun t of 
d i s t r i b u t a b l e  e n e rg y  t h a t  is in c u r r e d  by e a c h  s e t  o f  WEOs c o n s t r u c t e d ,  
each  year.

Line 8 -  Accumulated Alpha Units

This  is an a d a p t e d  te rm  to  i d e n t i f y  the  a c c u m u la te d  s y s te m -  
y e a r s  a f t e r  e a c h  s e t  is c o n s t r u c t e d .  The in t u i t i v e  m ode l was shown as 
F igu re  7 .1  an d  is f u r t h e r  i l l u s t r a t e d  in F igu re  B -1 . The num ber in c e l l  
08 is  c a l c u l a t e d  in th e  sam e m a n n e r  as in O h a p te r  7 as  t h a t  fo r  n u c le a r  
r e a c t o r s .  The n um ber  in c e l l  08 is o b ta in e d  by summing i n t e g e r s  ( e .g . ,  
1 ,2 ,3  . . .99 )  and  s u b t r a c t i n g  1 ,2 ,3 ,  . . .74 ).  The fo r e g o in g  would
apply to  any 1 0 0 -y ea r  dynamic model fo r  a se t  of machines cons truc ted  
in  a 1 - y e a r  t im e  sp an  and  t h a t  w ill  l a s t  25 y e a r s .  S u b t r a c t i n g  ou t  th e  
l a s t  s e r i e s  o f  i n t e g e r s  a c c o u n t s  fo r  t h e  a lp h a  u n i t s  t h a t  a r e  r e l a t e d  
to  t h a t  s p a c e  in t h e  m odel ( t r i a n g l e ,  i f  you w ill) t h a t  is r e l a t e d  to  
r e t i r e d  machines (see Figure 0 -1 .)

Line 9 -  Life-Oycle System Output

The n um ber  ( c e l l  E9) is  o b ta in e d  by m u l t ip ly in g  A nnual O u tpu t 
E nergy  o f  one  s e t  o f  m a ch in es  ( c e l l  E5) t im e s  A c c u m u la te d  Alpha Y ears 
( c e l l  0 8 ) .

Line 10 -  L ife-O ycle  System Input

This n u m b er  is o b ta in e d  by f i r s t  m u l t ip ly in g  t h e  D is t r ib u t iv e  
Input-Energy  (E7) times the  Accum ulated WEO years  (08) and adding the 
Front-End Energy (ce ll  EG).
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Line 11 -  O u tp u t/In p u t R atio

The r a t i o  is  o b ta in e d  by d iv id in g  c e l l  E9 by c e l l  ElO.

Line 12 -  Net Energy

N et-ene rgy  is ob ta ined  by m erely  sub trac ting  to t a l  system input 
( c e l l  ElO) from  t o t a l  sy s te m  o u tp u t  ( c e l l  E9).

Line 13 -  Number of Windmills On-Line

This is o b t a in e d  by m u l t ip ly in g  th e  a n n u a l  No. C o n s t r u c t e d  P e r  
Y ear t im e s  25 y e a r s .  I t  is  a ssum ed  t h a t  i t  t a k e s  a y e a r  to  c o n s t r u c t  
and  i n s t a l l  th e  " s e t"  and  t h a t  System  L ife  on one s e t  o f  w ind  m a ch in es  
is 25 y e a r s .  T h e r e f o r e ,  th e  maximum t h a t  can  be o p e r a t in g  a t  one t im e  
is tw e n ty -f iv e  y ea rs  times the  annual construction  r a te .  Incidenta lly , 
t h e  in p u t  an d  o u t p u t  r e s u l t s  a r e  s c a l a r  — i . e . ,  you c a n  do u b le  o r  
quadruple the  r a t e  of construc tion  and the O utput/Input Ratio does not 
change, c e te r i s  paribus.

Line 14 -  Annual Net-Energy

This is o b ta in e d  by d iv id in g  Net Energy , End P e r io d  ( c e l l  E12) 
by Cycle in Years (cell C2), in th is  c a s e  100 y e a r s .

Line 15 -  Total Number Constructed

The number is ob ta ined by multiplying the  Number C onstruc ted  
per Year times (C4) times Cycle in Years.

Line 16 -  Total Number Decommissioned

This is o b ta in e d  by s u b t r a c t i n g  25 Y ear ( l i f e  o f  a s in g le  s e t )  
from  Y ears  of G e n e r a t io n  ( c e l l  C3) and  m u l t ip ly in g  th e  r e s u l t  by th e  
annual r a te  of cons truc t ion .
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T a b le  C-3

SUMMARY, ENERGY SCIENCES, INC.
Wind E nergy  C o n v ers io n  System s

S t a t i c  Net Energy A nalyses

(A) (B) (C)

Line S ta t i c
No. V ariable  C onditions: O/I Ratio

6 8 -K ilo m tt  Wind Machine:

1.

2 .
3.

12 MPH, 100,000 kWh ann: 0.4538
a .  I n s t a l l  Cost @ 50%: 0.6044
b. Plus Zero Trans. & D is t r .  0.9067
14 MPH, 193,000 kWh ann: 0.8750
18 MPH, 250,000 MVh ann: 1.1334

200-Kilowatt Wind Machine:

4. 12 MPH, 350,000 kWh an n . : 0.7098
a .  I n s t a l l .  Cost @ 50%: 0.9465
b. Plus Zero Trans & D i s t r . :  1.4197^

5. 14 MPH, 500,000 kWh ann.: 1.0141
6. 18MPH, 800,000 kWh ann.: 1.6225

S e n s i t iv i ty  Analyses a t Varying E/GMP Ratios

(A) (B) (C) (D) (E)
S ta t ic S ta t ic S ta t ic
O/I O/I O/I

Ratio Ratio Ratio
NO. (100%) (75%) (Zero T&D)

1. Energy Sciences Inc:
a .  200-KW MACH:

21333 Btu's/$1979 0.9355 1.2474 1.8711
28116 Btu's/$1979 0.7098 0.9465 1.4197
34172 Btu's/$1979 0.5845 0.7794 1.1691

b. 68-KW MACH:
21333 Btu's/$1979 0.5915 0.7966 1.1950
28116 Btu's/$1979 0.4533 0.6044 0.9067
34172 Btu's/$1979 0.3733 0.4978 0.7467
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T ab le  C-4

SUMMARY, BOEING COMPANY
Wind E nergy C o n v ers io n  System s

S t a t i c  N e t-E n erg y  A n aly ses

(A) (B)

Line Mean Value
No. Wind Conditions:

(C)

Input
Ratio

1. 17 MPH, 8.26 Mil. kwh ann .: 0.5998
a .  I n s t a l l .  Cost @ 75%; 0.7998
b. Plus Zero Trans. & D i s t r . :  1.1997

S e n s i t i v i ty  Analyses a t  Varying E/GNP Ratios

(B)(A)

NO.

(C) (D) (E)
s t a t i c S ta t ic S ta t i c
O/I O/I O/I

Ratio Ratio Ratio
(100%) (75%) (Zero T&D)

Boeing Co:
2500-KW Mach:

21333 Btu's/$1979 0.6708 0.8944 1.3416
28116 Btu 's/$1979 0.5089 0.6786 0.1017
34172 Btu's/S1979 0.3852 0.5137 0.7705
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T a b le  C-5

SUMMARY, CARTER WIND SYSTEMS
Wind E nergy  C o n v e rs io n  System s

S t a t i c  Net E nergy  A n a ly ses

(A) (B) (C)
S ta t ic

No. Wind Condition I/O Ratio

25-Kilowatt Wind Machine:

1. 12 MPH, 36,750 kWh Annually 0.4568
a. In s ta l l e d  Cost 50%: 0.6091
b. Zero Trans. & D is t r .  Cost: 0.9136

2. 14 MPH, 50,500 IdVh Annually 0.6217
3. 18 MPH, 79,000 kWh Annually: 0.9820

200-Kilowatt Wind Machine:

4. 12 MPH, 294,000 kWh Annually: 0.4531
a. I n s ta l l e d  Cost 50%: 0.6042
b. Zero Trans. & D is t r .  Cost: 0.9063

5. 14 MPH, 404,000 kWh Annually 0.6227
6. 16 MPH, 520,000 kWh Annually 1.0546
7. 18 MPH, 636,000 kWh Annually 1.2899

S e n s i t iv i ty  Analysis a t  Varying E/GNP Ratios

(A) (B) (C) (D) (E)
S ta t ic  S ta t ic S ta t ic
O/I 0/1 0/1

Ratio  Ratio Ratio
NO. (100%) (75%) (Zero T&D)

3. C arter  Wind Systems 
a .  200-KW Mach; 

21333 Btu's/$1979 
28116 Btu 's/$1979 
34172 Btu's/$1979

0.6029
0.4531
0.3732

0.7963
0.6042
0.4976

1.1945
0.9063
0.7464

b. 25-KW Mach:
21333 Btu's/$1979 0.6021 0.8028 1.2042
28116 Btu's/$1979 0.4568 0.6091 0.9136
34172 Btu's/$1979 0.3458 0.4610 0.6916
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T ab le  C-G

SUMMARY, BERGEY WINDPOWER COMPANY
Wind E nergy C o n v e rs io n  System s

S t a t i c  N e t-E n erg y  A n a ly se s

(A)

Line
No.

(B)

Wind Condition:

10 KWe Machine:

(C)

S ta t ic
I/O
Ratio

1. 10 MPH, 13,800 kv^ ann.:
2. 12 MPH, 18,000 kv* a n n . :

a .  75% I n s ta l l  Cost :
b. Zero Trans. & D i s t r . :

3 14 MPH, 22,500 kv^ a n n . :
4. 16 MPH, 27,000 kwA a n n . :
5. 18 MPH, 29,000 kwh ann.:

0.2727
0.3557
0.4742
0.7114
0.4446
0.5335
0.5731

1.4 KWe Machine:

6. 10 MPH, 1060 kwh a n n . :
7. 12 MPH, 1800 kwA ann.;

a .  75% of In s t a l l  Cost
b. Plus Zero Trans. & D is tr ;

8. 14 MPH, 2600 kwh a n n . :

0.0680
0.1158
0.1541
0.2312
0.1669

S e n s i t iv i ty  Analysis a t  Varying E/GNP Ratios

(A)

NO.

4.

(B) (C) (D) (E)
S ta t i c S ta t ic S ta t ic
O/I O/I O/I

Ratio Ratio Ratio
(100%) (75%) (Zero T&D)

Bergey Windpower Co.
a .  10-KW Mach:

21333 Btu's/$1979 0.4668 0.6251 0.7032
28116 Btu's/$1979 0.3557 0.4742 0.5335
34172 Btu's/$1979 0.2143 0.2857 0.4286

b. 1 4-KW Mach:
21333 Btu's/$1979 0.1451 0.1934 0.2902
28116 Btu's/$1979 0.1101 0.1468 0.2202
34172 Btu's/$1979 0.0833 0.1111 0.1666
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T ab le  C-7

SUMMARY, WINDWORKS, INC. 
12-Kilowatt WECS 

S ta t ic  Net Energy Analyses

(A) (B) (C)

Line
No. Wind Condition;

O utput/
Input
Ratio

1. 10 MPH, 26,000 kWh Annually 0.2504
2. 12 MPH, 38,000 kWh Annually 0.3660

a .  I n s ta l l e d  Cost @ 75%: 0.4881
b. Zero Trans. & D i s t r .  Cost: 0.7321

3. 14 MPH, 49,000 kWh Annually 0.4720
4. 16 MPH, 58,000 kWh Annually: 0.5587

(A)

NO.

5.

S e n s i t i v i ty  Analysis a t  Varying E/GNP Ratios

(B)

12-KW Mach:
21333 Btu's/$1979 
28116 Btu 's/$1979 
34172 Btu's/$1979

(c) (D) (E)
s t a t i c S ta t ic S ta t ic
O/I O/I O/I

Ratio Ratio Ratio
(100%) (75%) (Zero T&D)

0.4825 0.6433 0.9650
0.3660 0.4881 0.7321
0.2771 0.6433 0.5542
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T ab le  C-8

SUMMARY, HAMILTON STANDARD COMPANY
Wind E nergy C o n v ers io n  System s

S t a t i c  N e t-E n erg y  A n aly ses

(A) (B) (C)

O utput/
Line Input
No. Wind Condition: Ratio

1. 12 MPH, 7 M illion  kwh ann .:  0.3371
a. I n s t a l l .  Cost © 75%: 0.4495
b. Plus Zero Trans. & D is tr . :  0.6743

2. 14 MPH, 10 Mil. kwh a n n . : 0.4817
3 16 MPH, 15 M il. kwh ann.: 0.7225
4. 18 MPH, 17.4 Mil kwh ann. : 0.8381

S e n s i t iv i ty  Analysis a t Varying E/GNP Ratios

(A) (B) (C) (D) (E)
S ta t ic S ta t ic  S ta t ic
O/I O/I O/I

Ratio Ratio Ratio
NO. (100%) (75%) (Zero T&D)

6 Hamilton Standard:
4000-KW Mach:
21333 Btu's/$1979 0.4444 0.5925 0.8888
28116 Btu's/$1979 0.3371 0.4495 0.6743
34172 Btu’ s/$1979 0.2552 0.3403 0.5105
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T ab le  C-9

SUMMARY, JACOBS WIND ENERGY SYSTEMS
Wind E nergy C o n v e rs io n  S y s ta n s

S t a t i c  N e t-E n e rg y  A nalyses

(A)

Line
No.

(B)

Wind Condition;

(C)

Output/
Input
Ratio

10 IdVe Wind Machine:

1. 10 MPH, 10,347 kwrti ann.; 0.1733
2. 12 MPH, 16,852 kwh a n n . : 0.2823

a .  @ 75% I n s t a l l .  Cost: 0.3764
b . Zero Trans. & D i s t r . : 0.5647

3 14 MPH, 24,070 kwA a n n . : 0.4057

17.5 kWe Wind Machine1:

4. 10 MPH, 15,579 kwh a n n . : 0.1500
5. 12 MPH, 25,772 kwh an n .: 0.2482

a .  75% I n s ta l le d  Cost: 0.3310
b. Plus Zero Trans. & D is t r . 0.4965

6. 14 MPH, 37,517 kwh ann: 0.3613

S e n s i t iv i ty  Analysis a t  Varying E/GNP Ratios

(A) (B) (C) (D) (E)
S ta t i c S ta t ic  S ta t ic
O/I O/I O/I

Ratio Ratio Ratio
NO. (100%) (75%) (Zero T&D)

7 Jacobs :
a .  17.5-KW Mach:

21333 Btu’ s/$1979 0.3272 0.4363 0.6544
28116 Btu's/$1979 0.2482 0.3310 0.4965
34172 Btu's/11979 0.1877 0.2506 0.3759

b. 10-KW Mach:
21333 Btu's/$1979 0.3721 0.4961 0.7442
28116 Btu's/$1979 0.2823 0.3764 0.5647
34172 Btu's/$1979 0.2137 0.2849 0.4274
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T ab le  C-10

SUMMARY WTG, INC.
Wind Energy Conversion Systems 

S ta t ic  Net Energy Analyses

(A)

Line
No.

(B) (C)

Wind C ondition:

O utput/
Input
R atio

300-K ilow att Wind Machine:

1. 12 MPH, 273,000 kWh Annually:
a .  I n s ta l le d  co st @ 75%:
b . Plus Zero Trans & D is t r . :

2. 14 MPH, 429,000 kWh Annually:
3. 18 MPH Wind:

0.2504
0.3339
0.5009
0.3936
0.4014

750-K ilow att Wind Machine:

4.

5.
6 . 
7.

12 MPH, 580,000 kWh Annually; 0.2591
a . I n s ta l le d  Cost @ 75%: 0.3455
b . P lus Zero T rans. & D is t r . :  0.5182

14 MPH, 951,000 kWh Annually: 0.4249
16 MPH, 1,350,000 kWh Ann. 0.6031
18 MPH, 1,771,000 kWh Ann. 0.7912

S e n s it iv i ty  A nalysis a t Varying E/GNP R atios

(B)(A)

NO.

(C) (D) (E)
s t a t i c S ta t ic S ta tic
O/I O/I O/I

R atio R atio Ratio
(100%) (75%) (Zero T&D)

8. WPG, Inc .
a .  750-KW Machine:

21333 B tu 's/$1979 0.3415 0.4533 0.6830
28116 B tu 's/$1979 0.2591 0.3455 0.5182
34172 B tu 's/$1979 0.1961 0.2615 0.3923

b . 300-KW Mach:
21333 B tu 's/$1979 0.4951 0.4401 0.6602
28116 B tu 's/$1979 0.2504 0.3339 0.5009
34172 B tu 's/$1979 0.1896 0.2528 0.3792

Table C-33
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T ab le  C-11

SUMMARY HUMMINGBIRD WINDPOWER
Wind Energy C o n v ers io n  System s

S t a t i c  N et E nergy A n a ly ses

(A) (B)

Line
No. Wind C ondition:

(C)

O utput/
Input
R atio

1.
2 .

3.
4.

10 MPH, 4800 kWh Annually: 0.1233
12 MPH, 8500 kWh Annually: 0.2183

a . In s ta l le d  co s t @ 75%: 0.2911
b. Plus Zero Trans. & D is t r . :  0.4367

14 MPH, 12,600 kWh A nnually: 0.3237
18 MPH, 20,500 kWh Annually: 0.5266

(A)

NO.

9.

S e n s it iv i ty  A nalysis a t Varying E/GNP R atios

(B)

Hunningbird:
6-KW IMach:

21333 Btu's/$1979 
28116 B tu 's/$1979 
34172 Btu's/S1979

(c) (D) (E)
s t a t i c S ta t ic S ta t ic
O/I O/I O/I

Ratio Ratio R atio
(100%) (75%) (Zero T&D)

0.2878 0.3837 0.5756
0.2183 0.2911 0.4367
0.1653 0.2204 0.3306
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T a b le  C-12

SUM4ARY BERTOIA STUDIOS, LTD.
Wind E nergy C o n v ersio n  System s

S t a t i c  Net E nergy A n a ly ses

(A) (B) (C)

Line
No. Wind C ondition:

O utput/
Input
Ratio

1 . 10 MPH, 4000 Icwh ann .: 0.1185
2. 12 MPH, 6500 kwh a n n .: 0.1926

a . I n s t a l l .  Cost 75%: 0.2569
b. Plus Zero T rans. & D is tr .  0.3853

3 14 MPH, 8000 kvdi ann .: 0.2371

(A)

NO.

10

S e n s i t iv i ty  A nalysis a t Varying E/GNP Ratios

(B)

B erto ia  Studios 
3-KW Mach:

21333 B tu’s/$1979 
28116 B tu 's/$1979 
34172 B tu 's/$1979

(C) (D) (E)
s ta t i c S ta t ic S ta t ic
0/1 O/I 0/1

R atio Ratio Ratio
(100%) (75%) (Zero T&D)

0.2539 0.3385 0.5078
0.1926 0.2569 0.3853
0.1458 0.1944 0.2917
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T a b le  C-13

SUMMARY, FLOWIND INC.
Wind E nergy C o n v e rs io n  S y stan s

Net E n erg y  A n a ly se s

(A) (B) (C)

Line
No. Wind C ondition:

O utput/
Input
R atio

1 14 Miles Per Hour .3691
2 @ 75% of c a p i ta l  co st .4920
3. less  T rans. & D is t r .  .7380

S e n s it iv i ty  A nalysis a t Varying E/GNP R atios

(A)

NO.

11.

(B)

Flowind Inc.
170-KW Mach @ 14 MPH

(C) (D) (E)
s t a t i c S ta t ic S ta t ic
O/I 0/1 O/I

R atio Rat io Ratio
(100%) (75%) (Zero T&D)

0.7885 0.6648 0.9972
0.3988 0.5044 0.7566
0.3019 0.3818 0.5728

21333 B tu’ s/$1979 
28116 B tu 's/$1979 
34172 Btu's/$1979

Note: An exemple o f th is  type of wind machine is
is  located  on the e a s t s ide of I n te r - s ta te  
35 approxim ately 1 m ile  north  o f Norman, OK.

268



T ab le  C-14

SUMMARY, DAF INDAL, LTD.
Wind E nergy C o n v ersio n  System s

Net E nergy A n a ly ses

(A) (B) (C)

Line
No. Wind C ondition:

O utput/
Input
R atio

50-K ilow att WECS:

14 MPH Average Wind: 0.1300
a . I n s ta l le d  Cost @ 75%: 0.1734
b . Plus Zero Trans & D is t r . :  0.2601

500-K ilow att WECS:

14 MPH Average Wind 0.3029
a . In s ta l le d  Cost @ 75%: 0.4039
b . Plus Zero Trans. & D is t r . :  0.6059

S e n s it iv i ty  A nalysis a t Varying E/GNP R atios

(A) (B) (C) (D) (E)
S ta t ic S ta t ic S ta t ic
O/I O/I 0/1

R atio R atio R atio
NO. (100%) (75%) (Zero T&D)

12 DAF Indal Ltd.

a .  500-KW Mach:
21333 B tu 's/$1979 0.3993 0.5324 0.7986
28116 B tu 's/$1979 0.3029 0.4039 0.6059
34172 B tu 's/$1979 0.2293 0.3057 0.4586

b . 300-KW Mach:
21333 B tu 's/$1979 0.1714 0.2285 0.3428
28116 B tu’ s/$1979 0.1300 0.1734 0.2601
34172 B tu 's/$1979 0.0984 0.1312 0.1969
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T a b le  C-15

SUMMARY, NORra WIND POWER COMPANY
Wind E nergy C o n v e rs io n  System s

S t a t i c  N e t-E n e rg y  A nalyses

(A)

Line
No.

(B)

Wind C ondition:

(C)

O/I
R atio

2 kWe Wind Machine:

1. 10 MPH, 4,800 kwh ann: 0.1887
2. 12 MPH, 7,200 KWi ann. : 0.2831

a . I n s ta l l  Cost @ 75%: 0.3775
b. Plus Zero T rans. & D is tr . 0.5662

3. 14 MPH, 9,000 kwh a n n .: 0.4718

16 kWe Wind Machine:

4. 10 MPH, 20,000 kvdi ann. : 0.2798
5. 12 MPH, 30,000 kwh a n n .: 0.4198

a . I n s ta l l .  Cost @ 75% 0.5597
b . Zero T rans. & D i s t r . : 0.8396

6. 14 MPH, 43,000 kvdi ann. : 0.6017

S e n s it iv i ty  A nalysis a t Varying E/GNP R atios

(A) (B) (C) (D) (E)
S ta t ic S ta t ic  S ta t ic
0/1 0 /1  0/1

Ratio R atio  Ratio
NO. (100%) (75%) (Zero T&D)

13 North Wind:
a .  16-KW Mach:

21333 B tu's/$1979 0.5531 0.7375 1.1063
28116 B tu 'si$1979 0.4197 0.5596 0.8394
34172 B tu's/$1979 0.3177 0.4236 0.6354

b. 2-KW Mach:
21333 Btu’ s/$1979 0.3731 0.4975 0.7462
28116 B tu 's/$1979 0.2831 0.3775 0.5662
34172 B tu's/$1979 0.2143 0.2857 0.4286
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T a b le  C-15

SUMMARY, NORTH WIND POWER COMPANY
Wind E nergy C o n v ers io n  System s

S t a t i c  N e t-E n erg y  A n aly ses

(A)

Line
No.

(B)

Wind Condition:

2 kWe Wind Machine:

(C)

O/I
Ratio

1.
2 .

3.

10 MPH, 4,800 kwh ann: 0.1887
12 MPH, 7,200 Kvdi ann .: 0.2831

a . I n s ta l l  Cost @ 75%: 0.3775
b . Plus Zero T rans. & D is tr .  0.5662

14 MPH, 9,000 kwh ann .: 0.4718

16 Mtfe Wind Machine:

4.
5.

6 .

10 MPH, 20,000 kwh ann. 
12 MPH, 30,000 kwh ann.

a . I n s t a l l .  Cost @ 75%
b. Zero Trans. & D is t r . :

14 MPH, 43,000 kwh ann.

0.2783
0.4198
0.5597
0.8396
0.6017

S e n s it iv i ty  A nalysis a t  Varying E/GNP R atios

(A) (B) (C) (D) (E)
S ta tic S ta t ic S ta tic
0/1 O/I O/I

R atio R atio Ratio
NO. (100%) (75%) (Zero T&D)

13 North Wind:
a . 16-KW Mach:

21333 B tu 's/$1979 0.5531 0.7375 1.1063
28116 B tu 's/$1979 0.4197 0.5596 0.8394
34172 B tu 's/$1979 0.3177 0.4236 0.6354

b. 2-KW Mach:
21333 B tu 's/$1979 0.3731 0.4975 0.7462
28116 B tu 's/$1979 0.2831 0.3775 0.5662
34172 B tu 's/$1979 0.2143 0.2857 0.4286
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AVERAGE WIND SPEEDS

A v erag e  Wind sp e e d s  a re  show n fo r  105 s e le c te d  c i t i e s  in th e  

U n ite d  S ta t e s .  M easu rem en ts  o f co lum n A a r e  a v e ra g e  w ind sp eed s  

r e p o r te d  by th e  N a tio n a l C lim a tic  C e n te r  and a re  a t  10 m e te rs  (ap p ro x  

30 f t . )  ab o v e  th e  s u r f a c e .^

Column B a re  the  e s tim a ted  average wind speeds a t 50 fe e t  above 

th e  su rface  using th e  "1/7 Power Rule" equation .^

Column C are  the e s tim a ted  average wind speeds a t 100 f t  above 

th e  su rface  using the  "1/7 Power Rule" equation .^

I t  w ill be n o te d  th a t  o n ly  17 of th e  105 c i t ie s  w ould h ave  

a v e ra g e  w ind sp e e d s  in  e x c e s s  o f 14 m i le s -p e r -h o u r  on w ind m ach in e  

to w e rs  e x te n d in g  to  100 f t .  ab o v e  th e  s u r f a c e .  Only 46 c i t i e s  h av e  

average wind speeds in  excess of 12 m ile s-p e r-h o u r.

Donald M arier, Wind Power fo r the Homeowner,
(Em m aus, PA: R odale  P re s s , 1 9 8 1 ) ,p p . 2 8 6 -3 0 0 .

D ata tak en  from  N ational C lim atic C enter, "C om parative C lim atic Data 
fo r the U nited S ta te s : Through 1979, (A sh v ille , NC: N ational
C lim atic  C en te r, 1979).

2
Donald M arier, Wind Power fo r the Homeowner,

(Ehmaus, PA: Rodale P re ss , 1981), p p .302-303

^ Ib id .
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T a b le  C-16

AVERAGE WIND SPEEDS 
S e lec ted  C it ie s  in  The U nited S ta te s  

Through 1979

(A) (B) (C)
Wind Wind Wind

C ity 30 f t . 50 f t . 100 f t ,

HUNTSVILLE, AL 8.1 8.50 9.63
MOBILE, AL 9.1 9.55 10.82

ANCHORAGE, AK 6.7 7.03 7.97
COLD BAY, AK 16.9 17.74 20.11
KODIAK, AK 10.7 11.23 12.73

FORT SMITH, AR 7.6 7.98 9.04
LITTLE ROCK, AR 8.1 8.50 9.63

FLAGSTAFF, AZ 7.4 7.77 8.80
PHOENIX, AZ 6.3 6.61 7.49

LOS ANGELES, CA 6.2 6.51 7.37
SAN FRANCISCO, CA 10.5 11.02 12.49
RED BLUFF, CA 8.7 9.13 10.35

COLORADO SPRINGS, CO 10.4 10.92 12.37
DENVER, CO 9.0 9.45 10.71

BRIDGEPORT, CT 12.0 12.60 14.28
HARTFORD, CT 8.8 9.24 10.47

WASH., D.C. (DULLES) 7.0 7.35 8.33
WASH., D.C. (INT'L) 9.0 9.45 10.71

JACKSONVILLE, FL 8.1 8.50 9.63
MIAMI, FL 9.2 9.66 10.94
KEY WEST, FL 12.1 12.70 14.39

ATLANTA, GA 9.1 9.55 10.82
SAVANNAH, GA 8.0 8.40 9.52

HONOLULU, HI 11.8 12.39 14.04
HILO, HI 7.1 7.45 8.44

BOISE, ID 8.9 9.34 10.59
POCATELLO, ID 10.3 10.81 12.25
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T a b le  C -16 C o n t i n u e d

(A) (B) (C)
Wind Wind Wind

C ity 30 f t . 50 f t . 100 f t .

CHICAGO, IL (O'HARE) 10.4 10.92 12.37
PEORIA, IL 10.2 10.71 12.13

FORT WAYNE, ID 10.3 10.81 12.25
INDIANAPOLIS, ID 9.7 10.18 11.54

DES MOINES, lA 11.0 11.55 13.09
SIOUX CITY, lA 10.9 11.44 12.97

DŒX3E CITY, KS 14.0 14.70 16.66
TOPEKA, KS 10.3 10.81 12.25

LEXINGTON, KY 9.1 9.55 10.82
LOUISVILLE, KY 8.4 8.82 9.99

NEW ORLEANS, LA 8.7 9.13 10.35
SHREVEPORT, LA 8.7 9.13 10.35

CARIBOU, ME 11.2 11.76 13.32
PORTLAND, ME 8.8 9.24 10.47

BALTIMORE, MD 9.4 9.87 11.18

BOSTON, MA 12.6 13.23 14.99
BLUE HILL OBSERV., MA 15.4 16.17 18.32

DETROIT, MI (CITY) 10.2 10.71 12.13
GRAND RAPIDS, MI 10.0 10.50 11.90

DULUTH, MN 11.3 11.86 13.44
MINNEAPOLIS, MN 10.5 11.02 12.49

JACKSON, MS 7.4 7.77 8.80
MERIDIAN, MS 6.0 6.30 7.14

KANSAS CITY, MO 10.4 10.92 12.37
ST LOUIS, MO 9.5 9.97 11.30

BILLINGS, MT 11.4 11.97 13.56
GREAT FALLS, MT 13.0 13.65 15.47

GRAND ISLAND, NB 12.0 12.60 14.28
OMAHA, NB 10.8 11.34 12.85
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T ab le  C -16 C o n tin u ed

C ity

(A) 
Wind 

30 f t .

(B) 
Wind 
50 f t .

(C) 
Wind 

100 f t ,

LAS VEGAS, NV 9.0 9.45 10.71
RENO, NV 6.4 6.72 7.61

CONCORD, NH 6.8 7.14 8.09
MT. WASHINGTON, NH 35.0 38.75 41.65

ATLANTIC CITY, NJ 10.5 11.02 12.49
NEWARK, NJ 10.2 10.71 12.13

ALBUQUERQUE, NM 9.0 9.45 10.71
ROSWELL, NM 8.7 9.13 10.35

NEW YORK, NY (JFK) 12.2 12.81 14.51
BUFFALO, NY 12.3 12.91 14.63
SYRACUSE, NY 9.8 10.29 11.66

ASHVILLE, NC 7.8 8.19 9.28
RALEIGH, NC 7.8 8.19 9.28

BISMARCK, ND 10.4 10.92 12.37
FARGO, ND 12.6 13.23 14.99

CLEVELAND, OH 10.8 11.34 12.85
DAYTON, OH 10.2 10.71 12.13

OKLA. CITY, «C 12.7 13.33 15.11
TULSA, OK 10.6 11.13 12.61

EUGENE, OR 7.6 7.98 9.04
PORTLAND, OR 7.9 8.29 9.40

PHILADELPHIA, PA 9.6 10.08 11.42
PITTSBURG, PA 9.3 9.76 11.06

SAN JUAN, PR 8.8 9.24 10.47
PROVIDENCE, RI 10.7 11.23 12.73

CHARLESTON, SC 8.8 9.24 10.47
COLUMBIA, SC 6.9 7.24 8.21

RAPID CITY, SD 11.3 11.86 13.44
SIOUX FALLS, SD 11.2 11.76 13.32
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T ab le  C-16 C o n t i n u e d

(A) (B) (C)
Wind Wind Wind

C ity 30 f t . 50 f t . 100 f t .

KNOXVILLE, TN 7.2 7.56 8.56
MEMPHIS, TO 9.1 9.55 10.82

AMARILLO, TX 13.7 14.38 16.30
DALLAS-FT WORTH, TX 10.8 11.34 12.85
HOUSTON, TX 7.7 8.08 9.16
EL PASO, TX 9.4 9.87 11.18

SALT LAKE CITY, UT 8.8 9.24 10.47
BURLINGTON, VT 8.8 9.24 10.47

NORFOLK, VA 10.6 11.13 12.61
RICHMOND, VA 7.5 7.87 8.92

SEATTLE (INT’L) WA 9.2 9.66 10.94
SPOKANE, WA 8.7 9.13 10.35

CHARLESTON, WV 6.4 6.72 7.61
PARKERSBURG, WV 6.3 6.61 7.49

MADISON, WI 9.9 10.39 11.78
MILWAUKEE, WI 11.7 12.28 13.92

CASPER, WY 13.0 13.65 15.47
ŒEYENNE, WY 13.2 13.86 15.70

Notes : Colunn C is  Colunn B m u ltip lie d  by 1.05 
Col mm D is  Colunn B m u ltip lie d  by 1.19 
Based on the "1/7 power ru le" eq uation :

H
Ho

1/7 V

Vo

where:
H = Height a t  wAiich wind speed V is  to  be estim ated
Ho = Height a t  which wind speed Vo is  measured
V = Wind speed a t  Height H
Vo = Wind speed a t  Height Ho

Source: Donald M arier, Wind Power fo r the Homeowner, Ehmaus, PA:
R odale P re s s , 1981), pp . 2 8 6 -3 0 0 . D ata  ta k e n  from  N a tio n a l C lim a tic  
C en ter, "C om parative C lim atic D ata fo r the United S ta te s : Through 1979,
(A shville, NC: N ational C lim atic C en ter, 1979).
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SELECTED UTILITY CROSS-SECTIONAL UTILITY DATA

The c r o s s - s e c t io n a l  d a ta  th a t  w as u sed  in  C h a p te r  6 is  show n in  

th i s  appendix.

T ab le  D-1 show s b a s ic  d a ta  fo r 101 s e l e c t e d ,  p r iv a te ly - o w n e d ,  

la rg e .  U n ite d  S ta te s ,  u t i l i t i e s ,  g e n e ra l ly  w ith  g e n e ra t in g  c a p a c i ty  

g r e a t e r  th a n  1 ,000 m e g a w a tts  o f in s ta l le d  c a p a c i ty .  Some e x c e p tio n s  

w ere  m ade w ith  s l ig h t ly  sm a lle r  u t i l i t i e s  i f  th e y  had  som e n u c le a r  

c a p a c i ty  as a p a r t  o f  th e i r  p o r t f o l io .  T ab le  D -1 show s b a s ic  d a ta  on 

Total G enerating  C apacity  (in m egaw atts). N uclear G enerating  C apacity  

( in  m egaw atts), repo rted  Net Generation in  m illio n s  of k ilow a tt hours. 

Colum n E o f  ta b le  D -1  show s th e  r a t io  o f in s ta l le d  n u c le a r  g e n e r a t in g  

c a p a c i ty  to  t o t a l  c a p a c i ty .  Colum n F is  o b ta in e d  by m u ltip ly in g  co lum n 

B tim e s  8760 h o u rs . The E ff ic ie n c y  F a c to r  (co lum n  G) fo r  e a c h  u t i l i t y  

is  o b ta in e d  by d iv id in g  colum n D by colum n F, w hich  show s th e  r a t i o  

of t o t a l ,  t h e o r e t i c a l  g e n e ra t in g  p o te n t i a l  to  w h at w as a c tu a l ly  

genera ted .

T ab le  D-2 is  s im ilia r  in fo rm a tio n , e x c e p t  an a d d i t io n a l  co lum n 

is a d d ed  w h ich  show s in d iv id u a l c a lc u la t io n s  o f  a r r iv in g  a t  th e  n u c le a r  

duty cyc le :
(1 -  e -  x)

(1 -  2x)

Where, e = the E ffic ien cy  Factor fo r each u t i l i t y ,
X = f ra c t io n  of to ta l  capacity  th a t is  nuclear cap a c ity .
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T a b le  D-1

SELECTED DATA, LARGE PRIVATELY-OWNED U.S. UTILITIES (1983)

(A)

# UTILITY

(B) (C) (D) (E) (F) (G)
TOTAL NUCLEAR NETGEN NUCLEAR MAXGEN EFFIC 
CAPAC CAPAC WV CAPAC (8760 x FACTOR 

MW WV HOURS RATIO CoI.C) (C/F)

1
2
3
4
5
6
7
8 
9

ALA POWER CO 
S. ELEC GEN 00 
ARIZON PSC 
TUCSON EPC 
AR P&L 
PG&E
SAN DIEGO EL 
S CAL EDISON 
PSC COLO

10 CT L&P
11 UNITED ILLUM
12 DELMARVA
13 POTOMAC E&P
14 FL PC
15 FL P&L
16 GULF POWER
17 TAMPA ELEC
18 GA POWER 00
19 HAWAII ELEC
20 IDAHO POWER
21 CEN ILL LIGHT
22 CEN ILL PSC
23 OOMWVEALTH EDIS
24 ELEC ENERGY

ILL POWER 
INDIANA/KENTUCK 
INDIANA/MICH 
INDIANAPOLIS P&

29 NO INDIANA PS
30 PS OF INDIANA
31 S INDIANA G&L
32 IOWA ELEC & PWE
33 lOWA ILL G&L
34 lOWA P&L
35 lOWA PSC
36 KANSAS G&L
37 KANSAS P&L
38 KENTUCKY POWER
39 KENTUCKY UTILIT
40 LOUISVILLE G&E
41 GULF STATES

25
26
27
28

8881
1082
3364
1838
5457

11865
2517

14363
3816
4546
1251
2481
5814
6365

14104
2257

20234
12926

1189
2498
1538
3152

18822
1100
3948
1304
3902
2698
3515
6162
1079
1180
1681
1413
1500
2292
2991
1097
2942
3007
7177
Table
Table

1777
0
0
0

1845
0

315
1206

342
1273

0
346

0
721

2370
0
0

852
0
0
0
0

6473
0
0
0

2285
0
0
0
0

418
414

0
0
0
0
0
0
0
0

D-1,
D-1,

37244 
5522 

13835 
5563 

18034 
40856 

6276 
40082 
12959 
12762 

5393 
10603 
17749 
19046 
43417 

7712 
11730 
50567 

5541 
14641 

4945 
10488 
57153 

5161 
15829 
8506 

18040 
11349 
10036 
24309 

4113 
3231 
5309 
3180 
3081 
6806 
8808 
5414 
9899 
8195 

25352 
Continued 
Continued

0 .2000
0.0000
0 .0000
0 .0000
0.3380
0.0000
0.1251
0.0839
0.0896
0.2800
0. 0000
0.1394
0.0000
0.1132
0.1680
0.0000
0 .0 0 0 0
0.0659
0.0000
0 .0 0 0 0
0.0000
0 .0 0 0 0
0.3439
0.0000
0.0000
0.0000
0.5855
0.0000
0.0000
0.0000
0.0000
0.3542
0.2462
0.0000
0.0000
0.0000
0.0000
0 .0 0 0 0
0.0000
0.0000
0 .0 0 0 0

77797
9478

29468
16100
47803

103937
22048

125819
33428
39822
10958
21733
50930
55757

123551
19771

177249
113231

10415
21882
13472
27611

164880
9636

34584
11423
34181
23634
30791
53979

9452
10336
14725
12377
13140
20077
26201

9609
25771
26341
62870

0.4787
0.5825
0.4694
0.3455
0.3772
0.3930
0.2846
0.3185
0.3876
0.3204
0.4921
0.4878
0.3484
0.3415
0.3514
0.3900
0.0661
0.4465
0.5319
0.6690
0.3670
0.3798
0.3466
0.5355
0.4576
0.7446
0.5277
0.4801
0.3259
0.4503
0.4351
0.3125
0.3605
0.2569
0.2344
0.3389
0.3361
0.5633
0.3841
0.3111
0.4032
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SELECTED DATA, LARGE PRIVATELY-OWNED U .S . UTILITIES (1983)

(A)

# UTILITY

(B) (C) (D) (E) (F) (G)
TOTAL NUCLEAR NETGEN NUCLEAR MAXGEN EFFIC
CAPAC CAPAC MW CAPAC (8760 x FACTOR

MW MW HOURS RATIO Col.C) (C/F)

42 LA P&L 4850 0 12922 0.0000 42486 0.3041
43 NEW ORLEANS PSC 1295 0 2154 0.0000 11344 0.1898
44 CENT LA ELEC 1551 0 4240 0.0000 13586 0.3120
45 CENT MAINE PWR 1014 0 2913 0.0000 8882 0.3279
46 BALTIMORE G&E 5250 1828 19027 0.3481 45990 0.4137
47 POTOMAC EDISON 1935 0 10289 0.0000 16950 0.6069
48 BOSTON EDISON 2767 687 12775 0.2482 24238 0.5270
49 NEW ENGLAND POW 3660 0 13050 0.0000 32061 0.4070
50 WEST MASS ELEC 816 298 2374 0.3651 7148 0.3321
51 MICH CONSUMER'S 6756 887 20217 0.1312 59182 0.3416
52 DETROIT EDISON 10137 0 30992 0.0000 88800 0.3490
53 MINN P&L 1448 0 5136 0.0000 12684 0.4049
54 NO STATES PWR 5990 1755 23617 0.2929 52472 0.4500
55 MISS POWER 2267 0 6097 0.0000 19858 0.3070
56 MISS P&L 2989 0 5446 0.0000 26183 0.2079
57 KC P&L 3354 0 9191 0.0000 29381 0.3128
58 UNION ELEC 7417 0 26182 0.0000 64972 0.4029
59 MONTANA PWR 1110 0 7037 0.0000 9723 0.7237
60 NEVADA PWR 1944 0 5028 0.0000 17029 0.2952
61 PSC NEW HAMP 1234 0 4469 0.0000 10809 0.4134
62 ATLANTIC CITY E 1416 346 5913 0.2443 12404 0.4766
63 JERSEY CENTRAL 2640 550 4271 0.2083 23126 0.1846
64 NJ PS&G 9936 1976 24593 0.1988 87039 0.2825
65 PSC NM 1457 0 7860 0.0000 12763 0.6158
66 CENT HUDSON G&L 1059 0 4446 0.0000 9276 0.4792
67 CON EDISON 9145 1013 24477 0.1107 80110 0.3055
68 NY LI LIGHT 3952 0 11703 0.0000 34619 0.3380
69 NY ST E&G 1886 0 10854 0.0000 16521 0.6569
70 NIAGARA MMIAWK 5794 642 19682 0.1108 50755 0.3877
71 ORANGE & ROCKLA 1023 0 2716 0.0000 8961 0.3030
72 ROCHESTER G&L 1252 517 5546 0.4129 10967 0.5056
73 CAROLINA P&L 8238 2185 32425 0.2652 72164 0.4493
74 DUKE POWER 13064 3887 59648 0.2975 114440 0.5212
75 CINN G&L 4419 0 16185 0.0000 38710 0.4181
76 CLEVELAND EL IL 4531 494 17153 0.1090 39691 0.4321
77 COLUMBUS & SOOH 2745 0 9321 0.0000 24046 0.3876
78 DAYTON P&L 2889 0 11157 0.0000 25307 0.4408
79 OHIO EDISON 5046 323 20439 0.0640 44202 0.4623
80 OHIO POWER 8807 0 43516 0.0000 77149 0.5640
81 OHIO VALLEY ELE 1086 0 6394 0.0000 9513 0.6721
82 TOLEDO EDISON 1834 468 7066 0.2551 16065 0.4398
83 OG&E 5773 0 22669 0.0000 50571 0.4482
84 PSO 3970 0 14501 0.0000 34777 0.4169

Table D-1, Continued
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SELECTED DATA, LARGE PRIVATELY-OWNED U.S. UTILITIES (1983)

(A) (B) (C) (D) (E) (F) (G)
TOTAL NUCLEAR NETGEN NUCLEAR MAXGEN EFFIC
CAPAC CAPAC MW CAPAC (8760 X FACTOR

# UTILITY m MW HOURS RATIO CoI.C) (C/F)

85 PP&L 3898 30 19123 0.0076 34146 0.5600
86 PORTLAND GE 2006 821 6193 0.4092 17572 0.3524
87 DÜQUESNE LIGHT 3522 439 11900 0.1246 30852 0.3857
88 MET EDISON 2177 916 4908 0.4207 19070 0.2573
89 PA ELEC 2365 0 11333 0.0000 20717 0.5470
90 PA P&L 7838 1037 37720 0.1323 88660 0.5493
91 PHILA ELEC 7614 1976 16020 0.2595 66698 0.2401
92 WEST PA PWR 3765 0 18107 0.0000 32981 0.5490
93 SC E&G 2933 0 12393 0.0000 25693 0.4823
94 TX CENTRAL P&L 3917 0 14909 0.0000 34312 0.4345
95 EL PASO ELEC 1051 0 2533 0.0000 9206 0.2751
96 HOUSTON L&P 12996 0 50989 0.0000 113844 0.4478
97 SW E&P 3873 0 13836 0.0000 33927 0.4078
98 SW PSC 3752 0 14689 0.0000 32867 0.4469
99 TX UTIL ELEC 18585 0 67707 0.0000 162804 0.4158

100 WEST TX UTIL 1093 0 4309 0.0000 9574 0.4500
101 UTAH P&L 3427 0 15250 0.0000 30020 0.5079

Source: Columns A, B, C, and D from F inancia l S t a t i s t i c s  o f
S e lec ted  E le c tr ic  U t i l i t i e s  1983, Energy Inform ation  A d n in is tra tio n  
W ashington, D. C ., Published February, 1985.
N otes; Colunn B = Total g en e ra tin g  capac ity  in  megawatts.

Colunn C = Nuclear genera tin g  cap ac ity  in  m egawatts.
Colum  D = T otal Net G eneration in  megawatt hours.
Colunn E = Colunn C d iv ided  by colunn B.
Colunn F = 8760 hours tim es colunn B
Colunn G = Colunn D d iv ided  by colunn F.

Inform ation used in  chap ter 6.
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T a b le  D-2

SELECTED DATA OF LARGE PRIVATELY-OWNED UTILITIES
W ith G e n e ra t in g  C a p a c ity  More Than 1000 M egaw atts

(A) (B) (C) (D) (E) (F) (G) (H)
T o ta l. Nuclear Net.Gen .  % Col B Col D/ (1 -e-x )

1. Capac. Capac. kWh Cap. X 8760 Col F ----------
# MW MW (M illion)N ucIear kWh's E.F. ( l - 2 x ) t

1 8881 1777 37244 0.2000 77797 0.4787 0.5354
2 1082 0 5522 0.0000 9478 0.5825 0.4174
3 3364 0 13835 0.0000 29468 0.4694 0.5305
4 1838 0 5563 0.0000 16100 0.3455 0.6544
5 5457 1845 18034 0.3380 47803 0.3772 0.8790
6 11865 0 40856 0.0000 103937 0.3930 0.6069
7 2517 315 6276 0.1251 22048 0.2846 0.7872
8 14363 1206 40082 0.0839 125819 0.3185 0.7180
9 3816 342 12959 0.0896 33428 0.3876 0.6368

10 4546 1273 12762 0.2800 39822 0.3204 0.9080
11 1251 0 5393 0.0000 10958 0.4921 0.5078
12 2481 346 10603 0.1394 21733 0.4878 0.5168
13 5814 0 17749 0.0000 50930 0.3484 0.6515
14 6365 721 19046 0.1132 55757 0.3415 0.7048
15 14104 2370 43417 0.1680 123551 0.3514 0.7238
16 2257 0 7712 0.0000 19771 0.3900 0.6099
17 20234 0 11730 0.0000 177249 0.0661 0.9338
18 12926 852 50567 0.0659 113231 0.4465 0.5615
19 1189 0 5541 0.0000 10415 0.5319 0.4680
20 2498 0 14641 0.0000 21882 0.6690 0.3309
21 1538 0 4945 0.0000 13472 0.3670 0.6329
22 3152 0 10488 0.0000 27611 0.3798 0.6201
23 18822 6473 57153 0.3439 164880 0.3466 0.9912
24 1100 0 5161 0.0000 9636 0.5355 0.4644
25 3948 0 15829 0.0000 34584 0.4576 0.5423
26 1304 0 8506 0.0000 11423 0.7446 0.2553
27 3902 2285 18040 0.5855 34181 0.5277 0.6622
28 2698 0 11349 0.0000 23634 0.4801 0.5198
29 3515 0 10036 0.0000 30791 0.3259 0.6740
30 6162 0 24309 0.0000 53979 0,4503 0.5496
31 1079 0 4113 0.0000 9452 0.4351 0.5648
32 1180 418 3231 0.3542 10336 0.3125 1.1429
33 1681 414 5309 0.2462 14725 0.3605 0.7748
34 1413 0 3180 0.0000 12377 0.2569 0.7430
35 1500 0 3081 0.0000 13140 0.2344 0.7655
36 2292 0 6806 0.0000 20077 0.3389 0.6610
37 2991 0 8808 0.0000 26201 0.3361 0.6638
38 1097 0 5414 0.0000 9609 0.5633 0.4366
39 2942 0 9899 0.0000 25771 0.3841 0.6158
40 3007 0 8195 0.0000 26341 0.3111 0.6888

See foo tno te  a t  bottom of l a s t  page of tab le  D-2.
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T ab le  D-2 C o n tin u ed

SELECTED DATA OF LARGE PRIVATELY-OWNED UTILITIES
W ith G e n e ra t in g  C a p a c ity  More Than 1000 M egaw atts

(A)1 (B) (C) (D) (E) Cf) (G) (H)
T o ta l. Nuclear Net.Gen . 96 Col B Col D/ (1 -e -x )

I . Capac. Capac. kWh Cap. X 8760 Col F - - - - - -
# MW MW (Mi 11ion)NucIear WVh's E.F. ( l - 2 x ) t

41 7177 0 25352 0.0000 62870 0.4032 0.5967
42 4850 0 12922 0.0000 42486 0.3041 0.6958
43 1295 0 2154 0.0000 11344 0.1898 0.8101
44 1551 0 4240 0.0000 13586 0.3120 0.6879
45 1014 0 2913 0.0000 8882 0.3279 0.6720
46 5250 1828 19027 0.3481 45990 0.4137 0.7841
47 1935 0 10289 0.0000 16950 0.6069 0.3930
48 2767 687 12775 0.2482 24238 0.5270 0.4462
49 3660 0 13050 0.0000 32061 0.4070 0.5929
50 816 298 2374 0.3651 7148 0.3321 1.1227
51 6756 887 20217 0.1312 59182 0.3416 0.7147
52 10137 0 30992 0.0000 88800 0.3490 0.6509
53 1448 0 5136 0.0000 12684 0.4049 0.5950
54 5990 1755 23617 0.2929 52472 0.4500 0.6205
55 2267 0 6097 0.0000 19858 0.3070 0.6929
56 2989 0 5446 0.0000 26183 0.2079 0.7920
57 3354 0 9191 0.0000 29381 0.3128 0.6871
58 7417 0 26182 0.0000 64972 0.4029 0.5970
59 1110 0 7037 0.0000 9723 0.7237 0.2762
60 1944 0 5028 0.0000 17029 0.2952 0.7047
61 1234 0 4469 0.0000 10809 0.4134 0.5865
62 1416 346 5913 0.2443 12404 0.4766 0.5455
63 2640 550 4271 0.2083 23126 0.1846 1.0406
64 9936 1976 24593 0.1988 87039 0.2825 0.8610
65 1457 0 7860 0.0000 12763 0.6158 0.3841
66 1059 0 4446 0.0000 9276 0.4792 0.5207
67 9145 1013 24477 0.1107 80110 0.3055 0.7497
68 3952 0 11703 0.0000 34619 0.3380 0.6619
69 1886 0 10854 0.0000 16521 0.6569 0.3430
70 5794 642 19682 0.1108 50755 0.3877 0.6441
71 1023 0 2716 0.0000 8961 0.3030 0.6969
72 1252 517 5546 0.4129 10967 0.5056 0.4674
73 8238 2185 32425 0.2652 72164 0.4493 0.6079
74 13064 3887 59648 0.2975 114440 0.5212 0.4476
75 4419 0 16185 0.0000 38710 0.4181 0.5818
76 4531 494 17153 0.1090 39691 0.4321 0.5867
77 2745 0 9321 0.0000 24046 0.3876 0.6123
78 2889 0 11157 0.0000 25307 0.4408 0.5591
79 5046 323 20439 0.0640 44202 0.4623 0.5431
80 8807 0 43516 0.0000 77149 0.5640 0.4359
81 1086 0 6394 0.0000 9513 0.6721 0.3278
82 1834 468 7066 0.2551 16065 0.4398 0.6229
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T ab le  D-2 C o n tin u e d

SELECTED DATA OF LARGE PRIVATELY-OWNED UTILITIES
W ith  G e n e ra t in g  C a p a c ity  More Than 1000 M egawatts

) (B) (C) (D) (E) (F) (G) (H)
T o ta l . Nuclear Net.Gen .  % Col B Col D/ (1-e-x)

i l . Capac. Capac. kWh Cap. X 8760 Col F - - - - - -
# MW MW (M illion)N uclear kWh's E.F. ( l - 2 x ) t

83 5773 0 22669 0.0000 50571 0.4482 0.5517
84 3970 0 14501 0.0000 34777 0.4169 0.5830
85 3898 30 19123 0.0076 34146 0.5600 0.4390
86 2006 821 6193 0.4092 17572 0.3524 1.8377
87 3522 439 11900 0.1246 30852 0.3857 0.6522
88 2177 916 4908 0.4207 19070 0.2573 2.0302
89 2365 0 11333 0.0000 20717 0.5470 0.4529
90 7838 1037 37720 0.1323 68660 0.5493 0.4328
91 7614 1976 16020 0.2595 66698 0.2401 1.0403
92 3765 0 18107 0.0000 32981 0.5490 0.4509
93 2933 0 12393 0.0000 25693 0.4823 0.5176
94 3917 0 14909 0.0000 34312 0.4345 0.5654
95 1051 0 2533 0.0000 9206 0.2751 0.7248
96 12996 0 50989 0.0000 113844 0.4478 0.5521
97 3873 0 13836 0.0000 33927 0.4078 0.5921
98 3752 0 14689 0.0000 32867 0.4469 0.5530
99 18585 0 67707 0.0000 162804 0.4158 0.5841

100 1093 0 4309 0.0000 9574 0.4500 0.5499
101 3427 0 15250 0.0000 30020 0.5079 0.4920

Source o f d a ta  in  colunns B, C, & D:
Department o f Energy, Energy In form ation  A d n in is tra tica i, 
W ashington, D. C . , Published February 1985, F inancial 
S t a t i s t i c s  of S e lec ted  E le c tr ic  U t i l i t i e s  1983, Pub1ished 
February 1985.
Data in  ta b le  used in  chapter 6.
tSee e x p la n ta tio n  a t  beginning o f appendix D.
U t i l i ty  # corresponds to  the name of th e  u t i l i t y  in  ta b le  D-1
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