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ABSTRACT 

a 

Two asymptotic worlds, one based on s o l a r  energy, t h e  o t h e r  based 

on nuc lear  energy, a r e  compared. The t o t a l  energy demand i n  each case 

i s  2,000 quads. Although t h e  sun can i n  p r i n c i p l e  supply t h i s  energy, 

i t  probably w i l l  be very expensive.  

t i r e l y  by breeders ,  t h e  nuc lear  energy system would pose formidable 

If t h e  energy were suppl ied  en- 

systems problems - p a r t i c u l a r l y  s a f e t y  and p r o l i f e r a t i o n .  

gested t h a t  i n  view of t h e s e  p o s s i b l e  d i f f i c u l t i e s ,  a l l  op t ions  must be 

kept open. 

I t  i s  sug- 
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Fiss ion ,  i n  a way, i s  a f luke .  Had man evolved 2 b i l l i o n  yea r s  

l a t e r ,  when e s s e n t i a l l y  a l l  t h e  uranium-235 had decayed, or  had t h e  

number of neutrons p e r  f i s s i o n  been l e s s  than  one, nuc lear  energy based 

on uranium r e a c t o r s  would have been a l l  bu t  impossible.** I n  t h a t  event 

t h e  ques t ion  I r a i s e ,  Can t h e  sun r ep lace  uranium?, might have been 

i n s t e a d ,  When would we switch from f o s s i l  f u e l  t o  the  sun? What would 

be  t h e  c o s t s  - economic, s o c i a l ,  and environmental - o f  a t ransformat ion  

from f o s s i l  f u e l  t o  t h e  sun? 

The almost acc iden ta l  discovery of f i s s i o n  gave man a long-term 

energy opt ion  bes ides  t h e  sun. 

fu s ion  and geothermal, I s h a l l  assume t h a t  fu s ion  w i l l  always remain a 

technologica l  i m p r a c t i c a l i t y ;  and t h a t  geothermal w i l l  always be a small 

A s  f o r  t h e  o the r  long-term op t ions ,  

source  of energy - supplying,  say,  no more than  5 percent  of mankind's 

needs. Both t h e s e  assumptions can be f a u l t e d :  fu s ion  may work, and hot 

d r y  rocks may y ie ld  t o  t h e  development e f for t s  now going i n t o  t h e m .  But 

3 

d e s p i t e  g r e a t  cu r ren t  enthusiasm, I b e l i e v e  it is  prudent t o  assume t h a t  

fus ion  w i l l  f o reve r  evade us .  Furthermore, t he  geothermal grad ien t  on 

t h e  cont inents  corresponds t o  t h e  energy man now uses ;  it seems un l ike ly  - 

* Presented a t  t h e  Argonne U n i v e r s i t i e s  Association-Argonne National 
Laboratory Bicentennial  IConf erence,  "Accomplishments and Challenges 
f o r  American Li fe  Sciences", Argonne, I l l i n o i s ,  October 11, 1976. 

* * E l e c t r i c a l  b reeders ,  i . e . ,  a c c e l e r a t o r s  t h a t  convert  uranium-238 i n t o  
plutonium, could s t i l l  have s t a r t e d  a nuc lear  energy system based on 
breeders  even if a l l  uranium-235 had disappeared.  
r e q u i r e  t h e  number of neutrons p e r  f i s s i o n  t o  be g r e a t e r  than 2 .  

This  would s t i l l  
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that in man's ultimate society, geothermal energy will be a really large 

contributor. 

I shall try to visualize and compare an energy future based on the 

sun with an alternative future based on uranium o r  thorium breeders. 

This task is both impossible and timely: 

hardly say anything about the very distant future; timely because of the 

nuclear debate that increasingly grips the Western world. A fundamental 

issue in this debate, as articulated by Amory Lovins and Ralph Nader, is 

really the role of solar energy. 

believe an ultimate solar future is inevitable and desirable. Those who 

support nuclear energy look upon solar as expensive and awkward as 

compared to nuclear energy. 

impossible since one can 

Those who dislike nuclear energy 

Underlying these contrasting views of man's ultimate energy system 

are strongly polarized social views as to centralization and decentral- 

ization. For some segments of the neo-Anarchist Left, the rallying cry 

is decentralization: 

each doing its own thing, unencumbered by oppressive power exerted by an 

insensitive centralized entity, whether that be state, corporation, o r  

union. Centralization is the great enemy; and since central generation 

the perfect society is composed of small groups, 

of electricity, especially by nuclear reactors, is the epitome of tech- 

nological centralization, nuclear energy is a prime target of the New 

Left. Decentralized energy systems, particularly decentralized solar 

systems, are a prime technological aim of  this political current. 
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To eva lua te  t h e s e  two a l t e r n a t i v e s ,  I s h a l l  cons ider  an u l t i m a t e  

world i n  which t h e  g r e a t  economic d i sc repanc ie s  between poor and r i c h  

have been e l imina ted .  R .  He i lb rone r ' s  "wars of r e d i s t r i b u t i o n t f 1  w i l l  

have been avoided, and a l l  people  w i l l  have reached a l i v i n g  s tandard  

comparable t o  t h a t  of Western Europe. I choose such a scena r io  because 

it b r ings  out  most c l e a r l y  what may be t h e  e s s e n t i a l  choice :  between a 

s t a b l e  world i n  which a l l  have a r e l a t i v e l y  l a r g e  p e r  c a p i t a  energy b u t  

which p l aces  g r e a t  p re s su re  on t h e  environment, and an u n s t a b l e  world i n  

which t h e  average p e r  c a p i t a  demand i s  very  low (about 50 m i l l i o n  Btu 

p e r  person) bu t  t h e  environmental p re s su res  are much smaller. 

I s h a l l  assume F.  Niehaus' asymptotic world energy demand2 - 

2 x 10l8 Btu ( o r  2,000 quads) - reached i n  about 100 yea r s ,  compared t o  

220 quads today (Figure 1 ) .  

pe r  person f o r  a world o f  7 .5  b i l l i o n  people  o r  140 m i l l i o n  Btu pe r  

person f o r  a world of 15 b i l l i o n .  The l a t t e r  p e r  c a p i t a  energy demand 

corresponds t o  t h e  c u r r e n t  West German demand, and i s  somewhat less than 

This  corresponds t o  about 280 m i l l i o n  Btu 

h a l f  t h e  U.S. l e v e l .  

Our p re sen t  age of f o s s i l  f u e l  obviously w i l l  end r a t h e r  qu ick ly  

once t h i s  demand i s  reached.  

l a s t  bu t  a few yea r s .  

t h e  energy comes from coal )  would be used up i n  about 100 yea r s .  E s t i -  

mates of  t h e  t o t a l  recoverable  r e s e r v e  of s h a l e  o i l  are  most uncer ta in ;  

I s h a l l  u se  t h e  f i g u r e  of about 100,000 quads given t o  me by G .  Marland 

O i l  and gas  - a b o u t  30,000 quads -would 

The est imated 8 x 1 0 l 2  tons  of  coa l  (assuming a l l  
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of t h e  I n s t i t u t e  f o r  Energy Analys is .3  

t o  t h e  time be fo re  t h e  f o s s i l  f u e l s  are exhausted. 

This  adds another  50 o r  so years  

The carbon d iox ide  added t o  t h e  atmosphere might end t h e  age of 

f o s s i l  f u e l  be fo re  t h e  f u e l s  a re  exhausted. About h a l f  o f  t h e  man-made 

carbon d iox ide  seems t o  remain i n  t h e  atmosphere. I t s  concen t r a t ion  i n  

t h e  atmosphere i s  r i s i n g  a t  a r a t e  of  about 1 / 2  p a r t s  p e r  m i l l i o n  (ppm) 

p e r  yea r ,  and i s  now some 10 percent  g r e a t e r  than  it was i n  t h e  p re -  

i n d u s t r i a l  era (Figure 2 ) .  I t  has  been suggested t h a t  i f  20 pe rcen t  of 

t h e  est imated f o s s i l  resource  of  approximately 300,000 quads i s  burned, 

t h e  concen t r a t ion  of  carbon d iox ide  i n  t h e  atmosphere would double;  t h i s  

might lead  t o  unacceptable  hea t ing  of  t h e  globe. I t  i s  conceivable  t h a t  

w e  s h a l l  have t o  s h i f t  t o  nonfoss i l  energy sources  much sooner than  one 

would estimate from t h e  p ro jec t ed  d e p l e t i o n  of coa l  resources  - s a y ,  by 

t h e  middle of  t h e  next  century .  

might become nonacademic wi th in  some o f  our  lifetimes. 

The i s s u e  of  t h e  sun and uranium then 

I propose t o  examine t h e  f u l l  imp l i ca t ions  of dependence on f i s s i o n  

and on solar energy i n  t h i s  asymptot ic  world. In the e a r l y  days of 

f i s s i o n ,  w e  g e n e r a l l y  ignored i t s  very  long-term impl i ca t ions .  The sys-  

tems problems t h a t  plague f i s s i o n  now t h a t  i t  is widely deployed - 

s a f e t y ,  p u b l i c  acceptance,  wastes, t r a n s p o r t  of r a d i o a c t i v i t y  - somehow 

d id  not  seem ve ry  important ear l ier ,  when it was small and was perhaps 

no t  taken s e r i o u s l y .  (I remember a co l league  on t h e  P r e s i d e n t ' s  Science 

Advisory Committee who, i n  1960, used t o  refer  t o  f i s s i o n  as a "so lu t ion  

looking f o r  a problem".) 

c a t i o n s  of t h e  success  of  f i s s i o n  energy. 

We d i d  n o t ,  so t o  speak, face t h e  f u l l  impli-  
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I suggest  t h a t  we ought no t  f a l l  i n t o  t h i s  same t r a p  as we contem- 

p l a t e  t h e  sun as t h e  base of our  energy system. 

systems l i m i t s  i f  s o l a r  energy were our  main source  of energy - if  w e  

r e a l l y  had t o  face t h e  hypothe t ica l  f u t u r e  man might have faced had he 

evolved 2 b i l l i o n  years  la ter  - l i m i t s  t h a t  would be unimportant i f  

s o l a r  energy were only  a small increment t o  o t h e r  energy systems? 

Can w e  v i s u a l i z e  

Let u s  then  t r y  t o  d e l i n e a t e  i n  more d e t a i l  an  asymptotic world 

based on renewable energy sources :  geothermal and s o l a r  ( inc luding  

hydro, wind, waves, ocean thermal g r a d i e n t s ,  s o l a r  e lec t r ic ,  and b io -  

mass). 

and estimate how much energy i s  used as low temperature  hea t ,  h igh 

temperature  h e a t ,  e l e c t r i c i t y ,  and mechanical work. 

done, and my specu la t ions  can be f a u l t e d  i n  t h i s  r e s p e c t .  In s t ead ,  I 

have lumped toge the r  a l l  hea t ,  r e g a r d l e s s  of  temperature ,  and have done 

t h e  same f o r  e l e c t r i c i t y  (Table 1 ) .  

To do t h i s  proper ly ,  w e  should ana lyze  each end u s e  of energy, 

This  I have no t  

I have taken t h e  p re sen t  U . S .  

breakdown of end-use demands and assumed t h i s  same p a t t e r n  f o r  t h e  

asymptot ic  f u t u r e .  This  I ca l l  Case A :  

f u e l s  der ived  from biomass, and, a t  least  f o r  a f a i r l y  long time, from 

c o a l .  

i t y :  ba t t e ry -d r iven  c a r s ;  o r  e lec t r ic  t r a i n s ;  or  conceivably,  hydrogen- 

gowered f u e l  cel ls  of very  high e f f i c i e n c y ,  t h e  hydrogen being generated 

e l e c t r i c a l l y .  In  determining how much hea t  goes i n t o  e l e c t r i c i t y ,  I 

have assumed a conversion e f f i c i e n c y  o f  10,000 Btu pe r  ki lowatt-hour  

t r a n s p o r t  i s  based on l i q u i d  

I cons ider  a l s o  Case B, i n  which t r a n s p o r t  i s  based on e l e c t r i c -  

(km) - 
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TABLE 1 

ASYMPTOTIC WORLD ANNUAL ENERGY DEMAND 

1,000 quads/year 

Household (22%) . . . . . . . . . . . . . .  0.44 

Commercial (13%) . . . . . . . . . . . . .  0.26 

Transport (26%) . . . . . . . . . . . . . . .  0.52 

Industrial (39%) . . . . . . . . . . . . . . .  0.78 

Total heat input 2.00 

Case A Case B 
(fluid transport) (electric transport) 

1.32 x lo3 quads 
Electricity 68x  loJ2 kwh 118 x loJ2 kwh 
Heat not used for electricity 0.8 x lo3 quads 

3 
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Let u s  now consider  how much hea t  and e l e c t r i c i t y  man can p l aus ib ly  

d e r i v e  from each of t h e  renewable resources .  

Geothermal 

Although t h e  geothermal energy s to red  i n  t h e  rocks down t o  10 k i l o -  

meters has been est imated t o  be as high as seve ra l  m i l l i o n  quads,  it i s  

a l l  but  impossible  a t  t h i s  time t o  estimate how much can be u s e f u l l y  

recovered.  However, s i n c e  w e  are  speaking of  an asymptotic f u t u r e ,  we 

can no longer  mine t h e  accumulated hea t  i n  t h e  rocks;  i n s t ead ,  we s h a l l  

have t o  depend on t h e  cons tan t  geothermal g rad ien t .  This amounts t o  200 

quads f o r  world land areas - a b o u t  man's t o t a l  energy demand a t  p re sen t .  

S ince  so  much of t h i s  h e a t  i s  a t  very  low temperature ,  and much of it i s  

i n  p a r t s  of t h e  world where no one l i v e s ,  i t  seems f a i r  t o  assume t h a t  

no more than,  say ,  10 percent  of it can be u t i l i z e d  as e l e c t r i c i t y  a t  an 

e f f i c i e n c y  o f ,  say ,  30 percen t .  This  amounts t o  no more than 2 x 10 12 

kWh of  geothermal e l e c t r i c i t y  worldwide i n  t h e  s teady  s t a t e  (Table 2 ) .  

We a l s o  a s s i g n  a t o t a l  of 10 quads of  geothermal energy as hea t .  

Hydro 

The u l t i m a t e  world capac i ty  f o r  hydro we s h a l l  se t  a t  10 x 10 1 2  

kWh. 

i t y .  

This  is about 30 times t h e  p re sen t  t o t a l  i n s t a l l e d  hydroe lec t r i c -  

3 
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TABLE 2 

ULTIMATE CONTRIBUTIONS TO ASYMPTOTIC WORLD ANNUAL 
ENERGY DEMAND FROM HYDRO, GEOTHERMAL, WIND, AND SUN 

Electricity (kWh/year)-- Heat ( Quadshear) 

Hydro 10 x 1012 

Geothermal 2 x 10’2 

Wind 0.8 x 10l2 

Other (Waves, Tides) 1 x 10’2 

10 

- 

Total 14 x 10” 10 

Needed from Sun 

Case A (liquid transport) - 50 x lo1* - 1,300 
Case B (electric transport) - 1oox 10’2 ‘ - 800 

10 
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Wind 

H. Th i r r ing4  quotes Putnam f o r  t h e  t o t a l  u l t i m a t e  wind energy 

0 .8  x lo1' kWh, o r  about 8 percent  of  t h e  u l t i m a t e  hydro capac i ty .  

t h i s ,  w e  probably ought t o  add wind f o r  s a i l i n g  sh ips ,  which might 

t h e  oceans i f  w e  r e a l l y  must depend on t h e  sun; t h i s  con t r ibu t ion ,  

however, i s  s u r e l y  small. 

11 

as 

To 
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Waves and Tides  

Wave energy may be a l a r g e r  u l t i m a t e  source than  w e  had once 

be l ieved;  neve r the l e s s ,  i t  i s  hard t o  imagine so  d i l u t e  a source con- 

t r i b u t i n g  s u b s t a n t i a l l y .  S imi l a r ly ,  we would expect t i d a l  power i n  

aggrega te  t o  be ve ry  small. 

c o n t r i b u t i o n  of waves and t ides  a t  no more than  1 x lo1' kWh. 

We r a t h e r  a r b i t r a r i l y  p l a c e  t h e  combined 

The demand f o r  e l e c t r i c i t y  from t h e  sun v a r i e s  between 50 and 

100 x lo1' kWh p e r  year  i n  t h e  two cases ;  f o r  h e a t ,  between 1,300 and 

800 quads p e r  year .  A t  p r e s e n t ,  about 25 percent  of our  t o t a l  energy 

i n  t h e  United S t a t e s  goes f o r  space  and water hea t ing .  

f r a c t i o n  u l t i m a t e l y  went f o r  t h e s e  purposes throughout 4the world, t h i s  

If t h e  same 

would amount t o  about 500 quads. Let u s  f u r t h e r  assume t h a t  a l l  of - 
t h i s  hea t  i s  provided d i r e c t l y  by t$e sun; or  a l t e r n a t i v e l y ,  t h a t  b e t t e r  

methods of i n s u l a t i o n  reduce t h e  demand so  t h a t  t h e  e n t i r e  space and 
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water hea t ing  load can be handled d i r e c t l y  by t h e  sun. The remaining 

demand would have t o  be met e i t h e r  from biomass o r  s o l a r  e l e c t r i c i t y .  

Thus our hypo the t i ca l  world d i sp laced  i n  time by 2 b i l l i o n  years  would 

face t h e  t a s k  of  drawing between 300 quads and 800 quads from t h e  sun as 

biomass; and from 50 t o  100 x 10 l2  kWh as e l e c t r i c a l  energy. What are  

t h e  p rospec t s  f o r  achieving t h e s e  

The average s o l a r  i n s o l a t i o n  

about 560,000 Btu p e r  square f o o t  

meter (m ) (Table 3 ) .  If t h i s  i s  2 

ou tputs  ? 

i n  t h e  Southeast  United S t a t e s  i s  

p e r  year  - i. e . ,  0.2 kW per  square  

converted t o  e l e c t r i c i t y  a t  18 percent  

e f f i c i e n c y  (a  t h e o r e t i c a l  va lue  f o r  s o l a r  c e l l s ) ,  we can e x t r a c t  roughly 

300 kWh p e r  m Let u s  assume t h e  s u n ' s  energy i s  

converted i n t o  biomass a t ,  say,  0 .6  percent  conversion e f f i c i e n c y ;  t h i s  

corresponds t o  about 10 tons  d r y  weight pe r  acre p e r  year ,  7,500 Btu pe r  

2 p e r  year  from t h e  sun. 

pound d r y  weight,  and i s  f i v e  times t h e  g loba l  average e f f i c i e n c y  of 

0.13 percent .  On t h i s  assumption, t h e  energy obtained by burning b io -  

4 2 mass i s  3.8 x 10 k i l o j o u l e s  p e r  m p e r  year  - - . e . ,  10,000 square  miles 

per  quad of heat per  year .  Note that i f  the  biomass is converted t o  

e l e c t r i c i t y  a t  30 percent  e f f i c i e n c y ,  w e  a r r i v e  a t  3 kWh p e r  m 

year ,  about 100 times less than  t h e  e f f i c i e n c y  of e lectr ical  conversion 

assumed f o r  pho toce l l s .  

2 
p e r  

We now examine l i m i t s  on biomass and s o l a r  e l e c t r i c i t y  i n  more 

d e t a i l .  
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TABLE 3 

PRODUCTION OF 800 QUADS/YEAR V I A  BIOMASS 

Average solar insolation (Southeast U S ) .  . . . . . . . . .  0.2 kW/m2 

Conversion of solar insolation 
to electricity, 18% efficiency . . . . . . . . . . . . . .  300 kWh/m2/year 

Conversion of solar insolation 
to biomass, 0.6% efficiency . . . . . . . . . . . . . . .  3.8 x lo4 kJ/m2/year 

Conversion of biomass 
to electricity, 30% efficiency . . . . . . . . . . . . . .  3 k W h/m2/year 

Land requirement . . . . . . . . . . . . . . . . . . . . . . . . . .  22 million square kilometers 

3 
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Biomass 

14 

To g e t  800 quads p e r  year  from biomass would r e q u i r e  about 8 m i l -  

l i o n  square miles - roughly one-s ix th  t h e  t o t a l  land area of t h e  e a r t h .  

Thus t h e  high biomass scena r io  seems implausible .  Even t o  supply t h e  

300 quads i n  Case B (e lectr ic  t r a n s p o r t )  r e q u i r e s  3 m i l l i o n  square 

miles - a  ve ry  formidable  demand. 

I t  would seem t h a t  biomass simply cannot provide t h e  b a s i s  f o r  t h e  

abundant energy f u t u r e  I v i s u a l i z e  un le s s  t h e  e f f e c t i v e  photosynthe t ic  

y i e l d s  can be increased  much above t h e  0.6 pe rcen t  I have assumed, o r  

un le s s  r e a l l y  l a rge - sca l e  farming of t h e  sea  ( say  f o r  kelp)  becomes 

f e a s i b l e .  Severa l  p o s s i b i l i t i e s  suggest  themselves:  from improving 

crop management so  as t o  ha rves t  year  i n  and year  ou t  those  p l a n t s  t h a t  

i n  s p e c i a l  s i t u a t i o n s  now y i e l d  much more than  0.6 percent ,  t o  gene t i c  

engineer ing t h a t  might i n c r e a s e  t h e  e f f e c t i v e  photosynthe t ic  e f f i c i e n c y ,  

say,  f i v e f o l d .  I have no idea  whether photosynthe t ic  e f f i c i e n c y  f i v e  

times h ighe r  t han  t h e  p re sen t  average i s  achievable  -whether ,  say, t h i s  

i s  more l i k e l y  than  t h e  development of  p r a c t i c a l  c o n t r o l l e d  thermonuclear 

fus ion .  These estimates merely suggest  how important such an achieve- 

ment would be, and suggest  p o s s i b l y  v i t a l  d i r e c t i o n s  f o r  f u t u r e  gene t i c  

r e sea rch  . 
\ 

S o l a r  Electric Systems 

The y e a r l y  demand f o r  s o l a r  e l e c t r i c i t y  (50 x 10 l2  kWh t o  100 x 10 1 2  

kWh) could be met, i n  p r i n c i p l e ,  by pho tovo l t a i c  a r r a y s  (PV), by power 

3 
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towers (PT),  or by ocean thermal energy conve r t e r s  (OTEC).  The f irst  

two are i n t e r m i t t e n t ,  t h e  l a s t  i s  n o t .  If t h e s e  i n t e r m i t t e n t  systems 

a r e  small and are  backed up by f i r m  power from a g r i d ,  they  would need 

l i t t l e  s torage ;  i f  they  s tand  a lone ,  o r  i f  t h e  t o t a l  demand exceeds what 

can be met by r e l i a b l e  backup, t hese  systems would need l a r g e  amounts of 

s t o r a g e  - say  6 t o  1 2  days.  E l e c t r i c a l  s t o r a g e  i s  much more expensive 

than  i s  - h e a t  s to rage ;  hence, a p r i o r i ,  w e  would expect t h e  PV system 

wi th  f u l l  e l e c t r i c  s t o r a g e  t o  be more expensive than  t h e  PT, which uses  

h e a t  s to rage .  

A few numbers i l l u s t r a t e  t h e  p o i n t .  If a PV system, poss ib ly  with 

a l i g h t  condensing system, can be i n s t a l l e d  f o r  $10 pe r  square  f o o t  

( f t  ) without  s t o r a g e  ( t h i s  is  15 times cheaper than  t h e  p re sen t  c o s t  o f  

pho tovo l t a i c  s i l i c o n  s u r f a c e s ) ,  then  a t  our  average output  of  30 kWh pe r  

f t  p e r  year ,  t h e  c a p i t a l  c o s t  o f  t h e  system i s  about 33 c e n t s  p e r  kWh 

p e r  year ;  a t  20 percent  f i x e d  charges,  t h i s  comes t o  about 7 cen t s  p e r  

2 

2 

kWh; a t  10 pe rcen t  f i x e d  charge,  3 .5  c e n t s  p e r  kWh. If t h e  system were 

supplied with six days' storage and the batteries c o s t ,  with one re- 

placement, $40 p e r  kWh, w e  would add 66 c e n t s  p e r  kWh p e r  year  t o  t h e  

c a p i t a l  c o s t s  (Table 4). The t o t a l  c o s t  of  f i r m  e l e c t r i c i t y  would come 

t o  20 c e n t s  p e r  kWh and 10 c e n t s  p e r  kWh a t  20 percent  and 10 percent  

f i x e d  charges,  r e s p e c t i v e l y .  Actua l ly ,  even t h e s e  may be underest imates  

f o r  a f u l l  s o l a r  system, s i n c e  we have no t  taken i n t o  account t he  v a r i a -  

t i o n  i n  s o l a r  f l u x  between winter  and summer. This  i s  about a f a c t o r  of 

2 t o  3,  depending on t h e  l a t i t u d e .  Thus t o  provide  firm power, win ter  

as w e l l  as summer, might r e q u i r e  t h r e e  times t h e  c a p i t a l  investment i n  
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TABLE 4 
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PRODUCTION OF 100 x 10” kWh/year V I A  SOLAR ELECTRICITY 

Solar electricity density, 18% efficiency . . . . . . . . . .  300 kWh/m2/year 

Cost of PV installed, 6-day storage . . . . . . . . . . . . . .  $300/m2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Capital cost 100 cents/kWh/year 

Cost of electricity: 

@ 20% fixed charge . . . . . . . . . . . . . . . . . . . .  20 cents/kWh 

. . . . . . . . . . . . . . . . . . . .  @ 10% fixed charge 10 cents/kWh 

- $100 x lo1* . . . . . . . . . . . . . . . . . . . . . . . . . . .  Total capital cost 

. . . . . . . . . . . . . . . . . . . . . . . . .  Gross world product - $ 75 x lo1* 
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c o l l e c t o r s ,  though not i n  s to rage .  

much cheaper,  though i t  i s  too  e a r l y  t o  say  whether t h e  PT o r  PV system 

i t se l f  i s  t h e  cheaper .  

as l i t t l e  as $10 p e r  f t2 ,  we might achieve  s o l a r  e l e c t r i c i t y  a t  20 pe r -  

cen t  f i x e d  charges f o r ,  say 10 c e n t s  p e r  kWh, bu t  t h i s  s t i l l  does not  

t ake  i n t o  account t h e  winter/summer v a r i a t i o n .  F i r m  power, winter  as 

well as summer, might c o s t  a t  least  twice  as much. 

Thc s to rage  f o r  t h c  PT system is  

Thus i f  a l a r g e  PT can be  i n s t a l l e d  complete f o r  

The t o t a l  land r equ i r ed  i n  t h e  100 x lo1' kWh pe r  year  s cena r io  i s  

about 80,000 square  miles. 

year  ( inc luding  s t o r a g e  for  

annual p e r  c a p i t a  income a t  

The c a p i t a l  ou t l ay ,  a t  100 c e n t s  p e r  kWh p e r  

t h e  PV system), would be $100 x 10 l2 .  The 

t h a t  time would be equiva len t ,  say ,  t o  t h e  

West German average of  $5,000 p e r  person p e r  yea r .  

product  (GWP) would come t o  $75 x 10 p e r  year .  A world electrical  

Thus t h e  gross  world 

12 

system whose c a p i t a l  cost is ,  say,  1.3 times t h e  GWP may be acceptab le ,  

s i n c e  t h e  p re sen t  U.S. e lectr ical  system, i f  it were t o  be dup l i ca t ed ,  

would c o s t  about $500 b i l l i o n ,  o r  40 percent  of  our  g ross  n a t i o n a l  

product (GNP) . 
One p o s s i b i l i t y  t h a t  has perhaps rece ived  i n s u f f i c i e n t  a t t e n t i o n  i s  

OTEC. We have modified C .  Zener 's  e s t ima te ,5 ' and  f i n d  t h a t  i f  the  ocean 

s u r f a c e  temperature  were reduced by l 0 C  from 2O0N'to 20"s l a t i t u d e ,  some 

100 x 1 0 l 2  kWh conceivably could be obta ined  a t  a c o s t  o f , p e r h a p s  5 

cen t s  p e r  kWh (20 percent  f i x e d  charge) .  

on so  enormous a scale, t h e  amount of  water evaporated from t h e  ocean 

However, i f  OTEC were deployed 

would be reduced s i g n i f i c a n t l y ,  and t h i s  might induce s e r i o u s  changes i n  

t h e  climate. 
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seems t o  be very  expensive; t he  high biomass scenar io  seems 

much land; t h e  high OTEC scena r io  seems t o  imply s e r i o u s  c l  

To summarize, i t  would appear t h a t  t h e  high s o l a r  e l e c t r i c  scenar io  

t o  use too  

matic  

f u t u r e ,  

a1 income 

changes. An a l l - s o l a r  f u t u r e  i s  almost s u r e l y  a low-energy 

un le s s  man is  prepared t o  pay a much l a r g e r  sha re  of h i s  t o  

f o r  energy than he now pays. 

An Ultimate Future  Based on Breeders 

Let u s  now see  what would be involved i n  providing t h e  e l e c t r i c  

t r a n s p o r t  s cena r io  with nuc lear  energy - i . e . ,  100 x lo1' kWh f o r  d i r e c t  

e l e c t r i c i t y  and t r a n s p o r t  and 300 quads f o r  a l l  o the r  purposes except 

space and water hea t ing ,  which we s t i l l  a s s ign  t o  the  sun. We assume 

t h e  "al l  o t h e r  purposesff w i l l  be met by hydrogen generated e l e c t r o l y -  

t i c a l l y ,  r a t h e r  than by biomass as we d i d  i n  t h e  previous scena r io .  

70 percent  e f f i c i e n c y  of conversion from e l e c t r i c i t y  t o  hydrogen, 300 

quads of hydrogen r e q u i r e  125 x lo1* kWh. (This number might i n  e f f e c t  

be halved if thermochemical s p l i t t i n g  of water a t  60 percent  e f f i c i e n c y  

could be achieved.)  

225 x lo1' kWh of e l e c t r i c i t y  each year  (Table 5 ) .  

asymptotic e r a ,  each breeder  produces 5,000 MW f o r  7,000 hours,  o r  35 

A t  

Thus our t o t a l  breeder  system must supply about 

We assume i n  t h e  

b i l l i o n  kWh of  e l e c t r ' i c i t y  p e r  year .  Thus t h e  asymptotic nuc lear  world 

would be powered by about 7,000 enormous breeders ,  each producing 5,000 

MW of  e l e c t r i c i t y  a t  80 percent  capac i ty  f a c t o r ,  and about h a l f  of them 

convert ing the  e l e c t r i c i t y  i n t o  hydrogen o r  o the r  l i q u i d  f u e l .  Is such 

I 

3 
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Number of reactors 7,000 

Size o f  reactor 5,000 MW(e) 

Cost/kW $1,500 

Capital cost o f  system $50 x 10" 

TABLE 5 

Cost o f  electricity: 
@ 20% fixed charge 5 cents/kWh 
@ 10% fixed charge 3 cents/kWh 

Cost o f  hydrogen/million kilojoules: 
@ 20% fixed charge $20 
@ 10% fixed charge $10 

PRODUCTION OF 225 X 10l2 kWh/year V I A  NUCLEAR BREEDER SYSTEM 

19 

~~ ~ 

Direct electricity and transport 

Electricity for "all other purposes" 

100 x 10l2 kWh/year 

125 x 10" kWh/year 

Total electricity 225 x 10" kWh/year 
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TABLE 5 (CONTINUED) 
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PRODUCTION OF 225 X loJ2 kWh/year VIA NUCLEAR BREEDER SYSTEM 
(continued) 

Number of reactors ........................... 7,000 

Number of sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1,500 
Number of reactors buildyear . . . . . . . . . . . . . . . . . . .  - 150 
Uranium required ............................ - 40,000 tons/year 

Pu inventory ................................ 175,000 tons 

Excess Pu produced per day. . . . . . . . . . . . . . . . . . . . .  10 tons 

Accident rate @ .5 x 104/reactor/year . . . . . . . . . . . .  0.3/year 

High-level wastes produced ...................... - 6 X lo4 m3/year 

High-level waste burial land ..................... 40 km2/year 

, 
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a n  energy system a t  a l l  p l a u s i b l e ?  Let u s  examine va r ious  p o s s i b l e  

l i m i t s  t o  such a system. D 

D 

a 

c o s t  ’ 

2 1  

We s h a l l  assume t h e  breeder  system, toge the r  with i t s  hydrogen gen- 

e r a t i n g  p l a n t ,  c o s t s  50 percent  more than  present-day r e a c t o r s  - say  

$1,500 p e r  kW. The c a p i t a l  c o s t  o f  t h e  whole system would come t o  about 

$50 x lo1’ - about  h a l f  t h e  c o s t  of  t h e  s o l a r  e l e c t r i c  system with e l ec -  

t r i c  t r a n s p o r t  - y e t  t h e  nuc lear  system takes care of  e s s e n t i a l l y  a l l  

t h e  s o c i e t y ’ s  energy (except f o r  space h e a t i n g ) ,  whereas t h e  s o l a r  

e l e c t r i c  system met only  t h e  demand f o r  d i r e c t  e l e c t r i c i t y  and t r a n s -  

p o r t .  

A t  $1,500 p e r  kW, t h e  c a p i t a l  c o s t  is about 2 1  c e n t s  p e r  kWh per  

yea r .  With f i x e d  charges a t  20 pe rcen t ,  and opera t ing  and f u e l  c o s t s  of 

1 cen t  p e r  kWh, t h i s  l eads  t o  e l e c t r i c i t y  a t  5 c e n t s  pe r  kWh; a t  10 pe r -  

c e n t ,  t o  3 c e n t s  p e r  kWh. Hydrogen from t h e  system would c o s t  roughly 

$10 t o  $20 p e r  m i l l i o n  Btu, i . e . ,  f i v e  t o  t en  times p resen t  c o s t s  of 

f l u i d  f u e l .  

t h e  h igh  scena r io  t o  be  about $15 x 10 l2  a t  20 percent  f i x e d  charge,  

$10 x 1 0 l 2  a t  10 percent  f i x e d  charge - t h a t  is, 20 percent  and 15 pe r -  

cen t  o f  GWP, r e spec t ive ly .  

We estimate t h e  y e a r l y  world expendi ture  on a l l  energy i n  
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S i t i n g  

22 

To s i t e  7,000 r e a c t o r s ,  each producing 5,000 MW, i s  a formidable  

t a s k .  

perhaps f i v e  r e a c t o r s  a t  each s i t e .  

If  each s i t e  occupied 40 square miles, t h e  e n t i r e  system would r e q u i r e  

60,000 square  miles. 

I t  seems c l e a r  t h a t  c l u s t e r  s i t i n g  w i l l  be adopted by then - 

About 1,500 s i tes  would be needed. 

In  t h e  United S t a t e s ,  assuming an asymptot ic  popu- 

l a t i o n  o f  300 m i l l i o n  and t h a t  everything s c a l e s  according t o  popula t ion ,  

we would need about  50 s i tes .  

Rate of Bui lding 

If each r e a c t o r  lasts 50 yea r s ,  150 r e a c t o r s  would be b u i l t  each 

yea r .  The t o t a l  work f o r c e  on t h e  s i t e ,  a t  say,  5,000 p e r  r e a c t o r ,  

would be c l o s e  t o  1 mi l l i on .  This  number probably would be  a t  least  

t r e b l e d  i f  we count workers a t  component f a c t o r i e s .  

Uranium R e  qu ir em en t 

Each breeder  "burns" about 15 kilograms of uranium p e r  day. To 

keep t h e  e n t i r e  system going would r e q u i r e  about 40,000 tons  of uranium 

p e r  year .  

e x t r a c t i n g  t h e  1 2  ppm o r  so  of uranium and thorium from t h e  g r a n i t i c  

This  demand could be met only  by "burning t h e  rocks" - i. e. , 

rocks ,  o r  by e x t r a c t i n g  uranium from seawater. 
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1’ 1 u t  on i i i r n  1 nv en t o r  y 

Each r e a c t o r  and support ing chemical p l a n t  w i l l  con ta in  about 25 

tons  of  plutonium. The t o t a l  system would con ta in  about 175,000 tons  of 

plutonium. If w e  a ~ s u m e  a breeding r a t i o  of 1.06 f o r  t h e  e n t i r e  system, 

we estimate 10 tons  of excess  plutonium w i l l  be produced each day. 

Accident Rate 

We have no real  estimates of acc iden t  p r o b a b i l i t i e s  f o r  l i q u i d  

metal fast  breeder  r e a c t o r s  (LMFBR’s). The Rasmussen estimate (one i n  

20,000 pe r  r e a c t o r  year  with an  u n c e r t a i n t y  of f i v e  e i t h e r  way)6 would 

lead  t o  a meltdown every 3 years .  

rate;  an  acc iden t  r a t e  a t  least  t e n  times lower, and poss ib ly  100 times 

lower may be  needed i f  t h e  system is  t o  be acceptab le .  

This  i s  probably an  unacceptable  

Waste Disposal 

Each 5,000 MW LMFBR produces about  75 cubic  feet  of h igh- leve l  

s o l i d i f i e d  waste p e r  year ,  contained i n  about 50 s tee l  cans.  According 

t o  p re sen t  p l ans ,  t hese  would occupy about 1 . 5  acres of b u r i a l  space.  

Thus t h e  e n t i r e  system of  7,000 r e a c t o r s  would r e q u i r e  about 15 square 

miles of b u r i a l  space p e r  yea r .  

w i l l  have been used up; by t h a t  time, t h e  r a d i o a c t i v i t y  i n  t h e  high- 

After 1,000 yea r s ,  15,000 square miles 

l e v e l  wastes w i l l  have decayed s u f f i c i e n t l y  t o  a l low f r e s h  wastes t o  be 
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layered  over t h e  o l d e r  wastes. 

h igh - l eve l  wastes might be usab le  f o r  much longer than  1,000 yea r s .  

Thus t h e  15,000 square miles devoted t o  

To summarize, a l though w e  cannot i d e n t i f y  phys ica l  l i m i t s  t h a t  make 

a world o f  7,000 l a r g e  LMFBR's  impossible ,  one would have t o  concede 

t h a t  t h e  demands on t h e  technology would be formidable .  

appear  t o  me t o  predominate: f i rs t ,  t h e  accep tab le  acc ident  r a t e  w i l l  

probably have t o  be much lower than  t h e  Rasmussen r e p o r t  sugges ts .  If  

one uncontained c o r e  meltdown p e r  100 yea r s  i s  accep tab le  (and w e  have 

no way of  knowing what an  accep tab le  r a t e  r e a l l y  i s ) ,  then  t h e  proba- 

b i l i t y  of such a n  acc ident  w i l l  have t o  be reduced t o  about one i n  1 

Two i s s u e s  

m i l l i o n  p e r  r e a c t o r  p e r  year .  This  i s  t h e  des ign  goal  f o r  t h e  LMFBR 

p r o j e c t  i n  t h e  United S t a t e s .  

envisage w i l l  have long s i n c e  had t o  make peace with plutonium. 

tons  o f  plutonium p e r  day i s  mind-boggling. 

t h e  e n t e r p r i s e  being conducted except i n  wel l -def ined,  permanent s i tes ,  

Second, a nuc lear  world such as we 

Ten 

I t  i s  hard t o  conceive of 

and under t h e  supe rv i s ion  of  a s p e c i a l  cad re  -pe rhaps  a kind of nuc lea r  

United Nat ions.  

Thus w e  can hard ly  escape t h e  

energy demands, i f  i t  i s  indeed t o  

may be a n  a t t e n t i o n  t o  d e t a i l ,  and 

impression t h a t  t h e  p r i c e  nuc lear  

become t h e  dominant energy system, 

a ded ica t ion  of t h e  nuc lear  cadre  

t h a t  goes much beyond what o t h e r  technologies  have demanded. 

when one p r o j e c t s  t o  an  asymptot ic  nuc lear  f u t u r e  such as we have a t -  

I t  is  only 

tempted t h a t  one recognizes  t h e  magnitude of  t h e  s o c i a l  problem posed by 

t h i s  p a r t i c u l a r  technology. 
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Let m e  r e t u r n  t o  my o r i g i n a l  ques t ion ,  Can t h e  sun r e p l a c e  uranium? 

I hope I have made a t  least  p l a u s i b l e  t h a t  t h e  sun, i f  it were t o  pro-  

v i d e  as much energy as t h e  breeder ,  would c o s t  man d e a r l y :  i n  land,  i n  

money, p o s s i b l y  i n  environmental p re s su re  (OTEC, f o r  example). No 

matter how one looks a t  it, one cannot escape t h e  impression t h a t  t h e  

sun i s  a smaller energy system than  i s  t h e  uranium system. 

But when we speak of  t h e  uranium system, we a re  i m p l i c i t l y  assuming 

a p rope r ly  opera t ing  uranium system. Thus t h e  uranium system imposes 

r i s k s  o f  a q u i t e  d i f f e r e n t  kind than  does t h e  sun system: 

t h a t  become mani fes t  i f  p a r t s  of  t h e  system break down. 

s o c i a l  r i s k s  

If t h e  sun 

system on so v a s t  a scale may cause changes i n  climate (as  i n  OTEC), o r  

may commandeer land needed t o  grow food, t h e  uranium system on so v a s t  a 

scale w i l l  s u r e l y  impose r i s k s  - o f  acc iden t ,  o f  d ive r s ion ,  of p r o l i f -  

e r a t i o n .  

Su re ly  we are  confronted with a powerful dilemma - we have d i s -  

covered once aga in  t h a t  t h e r e  i s  no such th ing  as a f ree  lunch. 

t h e  world l i k e l y  t o  r e s o l v e  t h e  dilemma? 

How i s  

Three pa ths  seem poss ib l e ,  and 

we undoubtedly s h a l l  have t o  fo l low them a l l :  

The s o l a r  technologies  conceivably w i l l  improve far  beyond 

what I have assumed. I f ,  f o r  example, t h e  o v e r a l l  p r a c t i c a l  

photosynthe t ic  y i e l d  could be increased  t en fo ld  and t h i s  could 

be  sus t a ined  i n  a l a r g e - s c a l e  p r a c t i c e ,  most of t h e  sho r t -  

comings of s o l a r  energy would be avoided. This  i s  l i t t l e  more 

/ 
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than  a hope now: I can ha rd ly  imagine a more important goal  

f o r  b i o l o g i s t s ,  agronomists,  e c o l o g i s t s ,  and a g r i c u l t u r a l  

s c i e n t i s t s .  
1 

* The world energy demand may be exaggerated e i t h e r  because 

.popula t ion  w i l l  no t  grow as  I have pos tu l a t ed ,  o r  because 

technology of conserva t ion  w i l l  become far b e t t e r  than we now 

b e l i e v e  p r a c t i c a l .  About popula t ion ,  t h e r e  i s  l i t t l e  I can 

say .  About conserva t ion ,  I mention some a t tempts  t h a t  have 

been made, p a r t i c u l a r l y  by Amory Lovins, t o  c o n s t r u c t  worlds 

which l i v e  a t  a high s tandard  a t  about 90 x l o 6  k i l o j o u l e s  pe r  

person p e r  yea r ,  r a t h e r  than  t h e  140 x 10 

person p e r  year  we have assumed. 

i n s u f f i c i e n t  i f  t h e  popula t ion  r o s e  t o  15 x 10 : 

r e q u i r i n g  1,400 quads could ha rd ly  depend p r i m a r i l y  on t h e  

sun. 

c o n t r o l  t h e  popula t ion .  

6 k i l o j o u l e s  pe r  

Yet, even t h i s  would be 

a world 9 

Thus w e  seem t o  have no a l t e r n a t i v e  bu t  t o  t r y  t o  

But i f  w e  a re  prudent ,  w e  s h a l l  have t o  prepare  f o r  t h e  worst 

though w e  work f o r  t h e  b e s t :  w e  t r y  t o  make a 2,000 quad 

world l i v a b l e  while  we work f o r  a 500 quad world. 

t o  me t h a t  we must keep a l l  of  our  op t ions  open. 

This means 

Every one of 

our  energy opt ions ,  when pushed t o  t h e  l i m i t  I envisage, 

e i t h e r  i s  inadequate  o r  imposes r i s k s  of a s o r t  we are q u i t e  

unaccustomed t o  d e a l  with.  Does t h i s  not  c a l l  f o r  a world 

energy system t h a t  i s  as d i v e r s e  as poss ib l e?  Our scena r ios  

were e i t h e r  a l l  nuc lear  e l e c t r i c  o r  a l l  s o l a r  e lec t r ic ,  bu t  
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t h i s  was done l a r g e l y  t o  make my p o i n t ,  t o  br ing  out  t h e  r e l a t i v e  

merits of s o l a r  energy and nuc lear  energy. Is it no t  t h e  most 

s e n s i b l e  course t o  aim f o r  a system t h a t  depends on some combina- 

t i o n  of s o l a r  and nuc lear?  The sun, r a t h e r  than  r ep lac ing  uranium, 

would supplement i t .  Though we cannot say  t h a t  any combination of 

energy sources  w e  now see w i l l  s u r e l y  g i v e  us  both 2,000 quads and 

accep tab le  r i s k ,  it seems a t  least  p l a u s i b l e  t h a t  i n  a combination 

o f  a l l ,  inc luding  conserva t ion ,  l i e s  man's b e s t  hope of  c r e a t i n g  a 

world of  abundance. 
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