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One o f  t h e  most powerful  t o o l s  o f  s c i e n c e  i s  a n a l o g y .  W e  
u sed  it i n  t h e  s e a r c h  f o r  g u i d e l i n e s  f o r  a  p o s s i b l e  g e n e r a l  model 
o f  t h e  e v o l u t i o n  of  man's  ene rgy  procurement .  

The c h o i c e  o f  b i o s y s t e m s  as  t h e  b a s i s  f o r  t h e  a n a l o g y ,  and  
t h e  e v o l u t i o n  i n  t h e i r  ways o f  t a p p i n g  p r imary  e n e r g i e s ,  i s  p u r e l y  
h e u r i s t i c .  

W e  t h i n k  a p o s t e r i o r i  t h a t  t h e  a t t e m p t  h a s  been f r u i t f u l ,  a s  
t h e  s i m i l a r i t y  between what man h a s  done so f a r ,  and t h e  problems 
b i o s y s t e m s  had t o  f a c e  and t h e  s o l u t i o n s  t h e y  found ,  is  v e r y  
s t r i k i n g .  





SUMMARY 

The problems man is facing in his search for energy resources 
and ways of using energy should not be a priori different from 
those encountered by biosystems in the course of their evolution: 
we live in the same world and the rules of the game are similar. 

How the analogy can be drawn is shown in this paper; so too 
is the excellent fit between the two evolutionary paths. A very 
tentative scenario is drawn for the future, by extending the 
parallelism' a bit forward in time. 





From t h e  Pr imeva l  Soup t o  World Government - 
An Essay on Comparat ive ~ v o l u t i o n *  

A s  you hea rd  from my b o o s t e r ,  I ' m  r e a l l y  r e t i r e d ,  s o  I can 
l o o k  a t  t h e  wor ld  w i t h  a d e t a c h e d  eye .  And a s  you know I ' m  
I t a l i a n .  You may n o t  be  aware o f  t h e  f a c t  t h a t  t h e  I t a l i a n s ,  
th rough  a l o n g  h i s t o r y  o f  i n t e l l e c t u a l  t r a d e  w i t h  t h e  Chinese ,  
a s s i m i l a t e d  from them a number o f  b a s i c  r e f l e x e s .  

Now t h e  q u e s t i o n  I have l e i s u r e l y  been a s k i n g  mysel f  i s  
whether  a l l  t h i s  c i r c u s  o f  Hydrogen Economy, Hydrogen f o r  t h e  
F u t u r e ,  Hydrogen t h e  Ecomate, i s  a t r a n s i t o r y  f a d  o r  h a s  some 
meaning i n  a l a r g e r  c o n t e x t .  

I f  I w e r e  American, I would set  up a dynamic model o f  t h e  
wor ld  economy and t r y  t o  g u e s s  w h a t ' s  t h e  meaning o f  hydrogen 
th rough  t h a t  model. N o t  b e i n g  American, I do n o t  l i k e  dynamic 
models--they t o o  c l o s e l y  resemble  cembalo-playing automatons .  
So what I d i d  do i s  what  any we l l -b red  Chinese  would do.: l o o k  
i n  t h e  book of  h i s t o r y  t o  see whether  a p r e c e d e n t  e x i s t s ,  and 
from t h a t  p r e c e d e n t  deduce  t h e  fu tu re - -because  h i s t o r y  t e n d s  t o  
r e p e a t  i t s e l f ,  and p r e c e d e n t s  c o n t a i n  p h y s i o l o g i c a l  i n f o r m a t i o n  
a b o u t  t h e  ways t h i n g s  work i n  t h e  real  wor ld .  So i n  o r d e r  t o  
s o l v e  my problem I opened a v e r y  l a r g e  book: t h e  book o f  N a t u r e ,  
o r  more p r e c i s e l y  t h e  book o f  t h e  E a r t h .  I w i l l  t r y  t o  convey 
t o  you t h e  r e s u l t s  o f  my o b s e r v a t i o n s ,  o r ,  i f  you l i k e ,  medi ta-  
t i o n  and i n t e r p r e t a t i o n ,  a s  books--and i n  p a r t i c u l a r  h i s t o r y  
books--have t o  be i n t e r p r e t e d .  T h i s  is somewhat e q u i v o c a l  
because  you may t h e n  p u t  what  you l i k e  i n t o  them, b u t  I w i l l  t r y  
t o  r a t i o n a l i z e  my i n t e r p r e t a t i o n  s o  t h a t  my p e r s o n a l  f e e l i n g s  
w i l l  n o t  emerge. 

W e l l ,  t o  b e g i n  a t  t h e  beg inn ing  a s  A l i c e  s a i d ,  a b o u t  f o u r  
b i l l i o n  y e a r s  ago t h e  E a r t h  s t a r t e d  t o  t a k e  on what c a n  be  
c o n s i d e r e d  t h e  s o f t  form o f  i t s  p r e s e n t  s ta te .  I t  w a s  a w e l l -  
e s t a b l i s h e d  p l a n e t  i n  t h e  s o l a r  sys tem,  t h e  c r u s t  w a s  s o l i d i f y i n g ,  
and t h e  b a s i c  amount o f  g a s e s ,  water i n  p a r t i c u l a r ,  had a l r e a d y  
come o u t  of  t h e  d e g a s s i n g  r o c k s .  Our h i s t o r y  t h e n  starts f o u r  
b i l l i o n  y e a r s  ago ,  o r - -as  p h y s i c i s t s  say-- four  G-years ago.  

The p r imeva l  a tmosphere  o f  t h e  e a r t h  w a s  e s s e n t i a l l y  a 
r e d u c i n g  one .  T h i s  may seem a p o i n t  o f  d e t a i l ,  b u t  it is  
e x t r e m e l y  i m p o r t a n t .  I c a n  t e l l  you i n  a n t i c i p a t i o n  t h a t  most  
o f  o u r  metabol ism is  b a s e d  on a c h e m i s t r y  t h a t  is  t y p i c a l  o f  a 
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r e d u c i n g  ambient  j u o t  becausa  f o u r  b i l l i o n  y e a r s  ago t h e  atmo- 
s p h e r e  o f  t h e  e a r t h  w a s  a  r e d u c i n g  one .  

The r e a s o n  why t h e  a tmosphere  w a s  i n  a r e d u c i n g  s ta te  is  
t h a t  t h e  E a r t h  a s  a  whole i s  e s s e n t i a l l y  i n  a  r educed  s t a t e .  
You can t h i n k  o f  a l l  t h e  i r o n  i n  t h e  c o r e  o f  t h e  e a r t h  as  
metall ic i r o n ,  and it  i s  n a t u r a l  f o r  t h e  g a s e s  coming o u t  t o  be  
i n  a  reduced s ta te ,  o r  t o  become reduced--e.g.  by t h e  i r o n  l y i n g  
around a t  t h e  s u r f a c e .  T h i s  a tmosphere  was made up o f  a  v e r y  
c o m p l i c a t e d  m i x t u r e  o f  g a s e s :  hydrogen,  water, C02, n i t r o g e n ,  
ammonia, hydrogen s u l p h i d e ;  and t h e  s u n  was i n j e c t i n g  i t s  u s u a l  
amount o f  r a d i a t i o n  i n t o  t h e  system. So v e r y  p r o b a b l y  t h e r e  w a s  
a l s o  a n  a t m o s p h e r i c  c i r c u l a t i o n ,  c l o u d s ,  r a i n  and l i g h t n i n g ,  

By v a r i o u s  mechanisms, t h e  energy  i n t r o d u c e d  by t h e  s u n  
produced e x c i t a t i o n  and r e a c t i o n s  between t h e  m o l e c u l e s  o f  t h e  
a tmosphere ,  and quenching p r e s e r v e d  t h e  p r o d u c t s  even  i n  non- 
e q u i l i b r i u m  s t a t e s .  One c a n  to  some e x t e n t  r e c o n s t r u c t  what 
happened,  f o r  example by electr ic d i s c h a r g e s  i n  such  a  m i x t u r e  
o f  g a s e s ,  and g e n e r a t e  a  complex set  o f  m o l e c u l e s  t h a t  w e  may 
c a l l  o r g a n i c  m o l e c u l e s  because  t h e y  a r e  v e r y  s i m i l a r  t o  t h o s e  
produced by l i v i n g  organisms.  A p a r t  from electr ic d i s c h a r g e s ,  
o t h e r  p r o c e s s e s  w e r e  a c t i v e  i n  t h i s  t r a n s f o r m a t i o n ,  t h r o u g h  
u l t r a v i o l e t  l i g h t ,  t h e  p r o t o n  wind from t h e  s u n ,  and even  h o t  
magma. And t h i s  went on  and o n  f o r  a  number o f  y e a r s ,  l e t  u s  
s a y  h a l f  a  G-year,  w i t h o u t  a n y t h i n g  new r e a l l y  happening e x c e p t  
a  c o n t i n u o u s  i n c r e a s e  i n  t h e  number o f  t h e s e  m o l e c u l e s  concen- 
t r a t e d  i n  v a r i o u s  c o n f i g u r a t i o n s .  One may have  had t h e  d i l u t e d  
s o l u t i o n s  i n  l a r g e  s e a s ,  and t h e  c o n c e n t r a t e d  o n e s  and even 
p r e c i p i t a t e s  i n  l a k e s ,  where e v a p o r a t i o n  and r a i n  o p e r a t e d  as a 
k i n d  o f  s o x l e t .  T h i s  i s  t h e  "Pr imeva l  Soup". 

The thermodynamic non-equ i l ib r ium o f  t h i s  b r o t h ,  c o n s e r v e d  
b y  k i n e t i c  h i n d r a n c e s ,  c o n s t i t u t e d  a  negen t ropy  dowry t h a t  gave  
purpose  t o  a s t u t e  m a n i p u l a t o r s .  And t h e  immense c o m p l e x i t y  and 
p o t e n t i a l  o f  o r g a n i c  c h e m i s t r y  gave  them a  chance .  Although 
w e  have a  f a i r l y  s a t i s f a c t o r y  l o g  o f  i n f o r m a t i o n  from g e o l o g i c a l  
e v i d e n c e ,  from t h e  immense c a p a c i t y  o f  l i v i n g  o rgan i sms  t o  con- 
s e r v e  i n f o r m a t i o n ,  and from c o n t i n u i t y ,  what happened i s  i n  many 
ways o b s c u r e  and c e r t a i n l y  p e r p l e x i n g :  some of  t h e  m o l e c u l e s  
banded t o g e t h e r  t o  r o b  o t h e r  m o l e c u l e s  o f  t h e i r  f r e e  e n e r g y  i n  
o r d e r  t o  s u p p o r t  and r e p r o d u c e  t h e i r  o r g a n i z a t i o n .  

What t h e s e  " c a t a l y s t s "  looked l i k e  i s  a  f a i r  g u e s s ,  even  i f  
t h e  r u l e s  o f  c h e m i s t r y  and of c o n t i n u i t y  g r e a t l y  restr ic t  t h e  
r a n g e  o f  p o s s i b l e  c o n f i g u r a t i o n s .  I l i k e  t o  see them as  p r o t o -  
v i r u s e s  p i l f e r i n g  i n  c o n c e n t r a t e d  p o o l s  o f  soup a s  t h e y  now 
e x p l o i t  t h e  p ro top lasm o f  c e l l s .  

I n  a  r e d u c i n g  envi ronment ,  t h e  f i r s t  s e l f - o r g a n i z i n g  and 
r e p r o d u c i n g  c a t a l y t i c  sys tems  c o u l d  draw negen t ropy  from a  con- 
c e p t u a l l y  r e s t r i c t e d  number o f  o p e r a t i o n s ,  e s s e n t i a l l y  m o l e c u l a r  
r e o r g a n i z a t i o n s ,  where hydrogen r e p r e s e n t e d  t h e  mobi le  component. 
T h i s  hydrogen s h u f f l i n g  i s  c a l l e d  t r a n s h y d r o g e n a t i o n  and i s  a t  
t h e  b a s e  o f  a l l  f e r m e n t a t i o n  p r o c e s s e s ,  and o f  t h e  b i o c h e m i s t r y  
o f  l i v i n g  sys tems.  



T h i s  was p robab ly  t h e  most momentous p e r i o d  i n  t h e  whole 
e v o l u t i o n  o f  l i f e .  The b a s i c  t echno logy  w a s  c r e a t e d  and 
e s t a b l i s h e d ,  and t h e  b a s i c  i n v e n t i o n  o f  t h e  found ing  f a t h e r s  
s t i l l  c o n s t i t u t e s  t h e  core o f  o u r  metabol ism.  W e ,  t h e  man, are 
b a s i c a l l y  a n a e r o b i c  f e r m e n t e r s  w i t h  a n  " i n b o a r d "  r e s p i r a t o r y  
system. 

The consequences  o f  t h e  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  are 
e a s y  t o  p r e d i c t :  f a s t e r  and f a s t e r  p o p u l a t i o n  g rowth ,  and 
e x h a u s t i o n  o f  t h e  r e s e r v e s  t h a t  a b i o t i c  p r o c e s s e s  had accumula ted  
i n  t h e  p r imeva l  b r o t h .  I n  t h i s  Mal thus ian  s i t u a t i o n  one  c a n  
e a s i l y  imagine t h e  s t r u g g l e  f o r  new b i o l o g i c a l  n i c h e s - - t r i c k s  f o r  
e x t r a c t i n g  negen t ropy  from more and more s o p h i s t i c a t e d  m o l e c u l a r  
sc rambles  and more and more and more d i l u t e d  s o l u t i o n s .  

The a n a l o g y  w i t h  t h e  l a s t  200 y e a r s  o f  t h e  e v o l u t i o n  o f  
o u r  s o c i e t y  are s t r i k i n g ,  and you a r e  p robab ly  b u r n i n g  t o  know 
what happens t h e n .  F i n a l  d i s a s t e r  t o  comple te  d e s t r u c t i o n  o f  
t h e  b iosys tem?  "Black d e a t h " ,  r e d u c i n g  t h e  l e v e l  o f  l i f e  t o  t h e  
l e v e l  o f  n a t u r a l  i n p u t  o f  f e r m e n t a b l e  m o l e c u l e s ?  Development o f  
"communes" c h a r a c t e r i z e d  by less t e c h n o l o g i c a l l y  a g g r e s s i v e  
b e h a v i o r  and s t a b l y  f i t t e d  i n t o  e c o n i c h e s  such a s  i s o l a t e d  l a k e s ?  

No. A c t u a l l y  t h e  f i r s t  h a l f  b i l l i o n  y e a r s  of r a p a c i o u s  
a r c h e o - c a p i t a l i s t i c  e x p l o i t a t i o n  o f  p r imary  and non-renewable 
r e s o u r c e s  o f  soup had a l s o  g e n e r a t e d  something p o s i t i v e  and o f  
l a s t i n g  v a l u e :  a n  enormously s o p h i s t i c a t e d  t echno logy ,  f l e x i b l e  
and c a p a b l e  of  e v o l u t i o n - - t h e  t echno logy  o f  l i f e .  I t  is t h i s  
t h a t  b rough t  t h e  t e c h n o l o g i c a l  f i x  t o  t a p  a  new l a r g e  s o u r c e  o f  
negen t ropy .  

The 300,000 TW o f  f r e e  energy  t h e  sun  p o u r s  o v e r  t h e  E a r t h  
were t h e  o b v i o u s  c a n d i d a t e  s o u r c e ,  a l t h o u g h  t h e  u l t r a v i o l e t  
component o f  s u n l i g h t ,  n o t  y e t  f i l t e r e d  by t h e  ozone l a y e r ,  was 
an ext reme r a d i a t i o n  haza rd  f o r  l i v i n g  o rgan i sms  t o  d e a l  w i t h ,  
g e n e t i c  damage b e i n g  t h e  l e a s t  t h i n g  t h a t  c o u l d  happen and d e a t h  
t h e  e a s i e s t .  S i t t i n g  o n  t o p  of  t h r e e  e x t r a  G-years w e  c a n  s a f e l y  
s a y  t h a t  t h e r e  a r e  o t h e r  p o s s i b i l i t i e s .  One o f  them i s  t o  e x p l o i t  
f i s s i o n  o r  f u s i o n ,  b u t  i n  o r d e r  t o  g e t  t o  t h a t  t h e  sys tem s t i l l  
had t o  go t h r o u g h  t h r e e  fundamenta l  b reak th roughs :  t h e  e u c a r y o t i c  
o r g a n i z a t i o n ,  s e x ,  and language.  

E u c a r y o t i c  o r g a n i z a t i o n  b r o u g h t  f o r m a l l y  a  c e n t r a l i z a t i o n  
and r a t i o n a l i z a t i o n  o f  f u n c t i o n s  i n  t h e  c e l l ,  b u t  s u b s t a n t i a l l y  
t h e  c a p a c i t y  t o  m a n i p u l a t e  and c o n t r o l  amounts o f  i n f o r m a t i o n  
l a r g e r  by v a r i o u s  o r d e r s  o f  magnitude.  Sex gave  t h e  p o s s i b i l i t y  
o f  t r a n s f e r r i n g  g e n e t i c  i n f o r m a t i o n  t r a n s v e r s a l l y ,  a c r o s s  t h e  
s p e c i e s ,  making t h e  t o t a l  g e n e t i c  p o o l  a v a i l a b l e  f o r  recombina- 
t i o n .  T h i s  enormously i n c r e a s e d  t h e  speed  o f  e v o l u t i o n ,  and 
h i e r a r c h i c a l l y  o r g a n i z e d  c e l l  sys tems  e v o l v e d  up t o  mqn i n  a 
mere G-year. 

Language p l a y s  a  s i m i l a r  r o l e ,  b u t  e v o l u t i o n  can  now t a k e  a  
l y s e n k o v i a n  c h a r a c t e r  and a p p l i e s  e s s e n t i a l l y  t o  a k i n d  o f  human 
ec top lasm:  t h e  machine.  



Coming back t o  o u r  d e s p e r a t e  and courageous guys--the 
bac te r ia - - they  r e a l l y  had no o p t i o n  b u t  t h e  sun o r  b u s t .  But 
how d i d  they manage? One of v a r i o u s  t r i c k s  invented  du r ing  t h e i r  
" i n d u s t r i a l  r e v o l u t i o n "  was t o  s e p a r a t e  t h e  system capab le  o f  
e x t r a c t i n g  f r e e  energy f r ~ m  t h e  e x t e r n a l  molecules  from the '  
system us ing  t h i s  e n e r g y . '  The s e p a r a t i o n  was made by a c t i v e  
chemi-osmotic membranes g e n e r a t i n g  an e n e r g e t i c  p roduc t  which 
i n  its a c t i o n  v e r y  much resembles e l e c t r i c i t y :  a d e n o s i n t r i -  
phosphate.  

T h i s  e x t r a o r d i n a r i l y  impor tan t  and e x t r a o r d i n a r i l y  "a rcha i c"  
energy c a r r i e r  is  c e r t a i n l y  worth a d i g r e s s i o n .  I t  was t h e  
b a s i c  energy carrier between t h e  machinery o p e r a t i n g  t h e  t r a n s -  
hydrogenat ion and t h e  l i v i n g  machinery s y n t h e s i z i n g  e .g .  DNA and 
p r o t e i n s .  The r a t i o n a l e  is t h a t  t h e  i n c r e a s i n g  complexi ty  o f  
t h e  mechanisms o f  l i f e  w a s  i s o l a t e d  from t h e  c h a r a c t e r i s t i c s  of  
t h e  v a r i o u s  primary energy sou rces ,  j u s t  a s  e l e c t r i c i t y  " i s o l a t e s "  
a computer from c o a l  and o i l  chemis t ry .  

The s i m i l a r i t i e s  of  adenos in t r iphospha te  (ATP) t o  e l e c t r i c -  
i t y  appear i n  v a r i o u s  ways. F i r s t ,  it i s  a c y c l i n g  molecule.  
I,t i s  made a t  a  p h o s p h o r y l a t i n g  membrane ( t h e  f u e l  cell!) by 
a t t a c h i n g  a phosphate i on  t o  adenosindiphosphate  (ADP)  . Thi s  
r e q u i r e s  about  8 Kcal/mole. I t  then  r e v e r t s  t o  ADP a t  t h e  
b u s i n e s s  end. 

Now t h i s  chemical  c i r c u l a t i o n  i s  ex t remely  f a s t ,  a lmost  
l i k e  t h a t  of e l e c t r o n s  i n  a conductor.  J u s t  t o  g i v e  an i d e a ,  a  
man produces h i s  weight o f  ATP every day,  and consumes it: t h e  
amount of ATP p r e s e n t  i n  o u r  body i s  j u s t  a  few grams. For 
b a c t e r i a  t h e  r a t e  can be a thousand t imes  h ighe r .  

ATP is a kind of  DC e l e c t r i c i t y ,  and Edison would be happy 
wi th  it, a s  it o p e r a t e s  a t  a  s i n g l e  v o l t a g e  of abou t  . 15  V .  
T h e r e  a r e  no t r ans fo rmers  and consequent ly  i t  i s - n o t  ve ry  t r a n s -  
p o r t a b l e .  I t  is i n  f a c t  gene ra t ed  and consumed a t  t h e  l e v e l  o f  
t h e  c e l l  t r a v e l l i n g  on ly  a few microns.  A r e a c t i o n  r e q u i r i n g  
a h ighe r  "vo l t age"  i s  graded i n  a s e r i e s  of i n t e r m e d i a t e  s t e p s ,  
each  o f  them ope rab le  by ATP. 

The breakthrough t h a t  l e d  t o  t h e  e x p l o i t a t i o n  of l i g h t  w a s  
t h e  d i scove ry  t h a t  p h o t o s e n s i t i v e  pigments could  be  a s s o c i a t e d  
wi th  t h e  phosphory la t ing  membrane, s o  t h a t  t h e  pumping of e l ec -  
t r o n s  ( o r  b e t t e r  p ro tons )  necessary  t o  make ATP could  be done 
through t h e  a b s o r p t i o n  of quanta  of l i g h t .  I n  t h i s  way phos- 
p h o r y l a t i o n ,  i .e. p roduc t ion  of  ATP, could  t a k e  p l a c e  i n  t h e  
absence o f  fe rmenta t ion .  The f u e l  cel l  had become a photo- 
e l e c t r i c  c e l l :  pho tosyn the t i c  b a c t e r i a  had been invented .  

~ h o t o s e n s i t i v i t y  must have been around f o r  a whi le ,  a s  a 
s p e c i a l  c a s e  o f  chemical  s e n s i t i v i t y .  I t  was obvious ly  an 
advantage t o  move i n  t h e  r i g h t  d i r e c t i o n  a c r o s s  t h e  concentra-  
t i o n  g r a d i e n t s  o f  t h e  soup, and a s  it came down from t h e  
atmosphere,  t h e  soup was r i c h e r  near  i t s  s u r f a c e .  But l i g h t ,  
n o t  f i l t e r e d  of  i t s  u l t r a v i o l e t  i n  t h e  reducing atmosphere,  was 



a k i l l e r ,  and had t o  b e  avo ided .  The new t r i c k  was r e a l l y  a 
r e l a t i v e l y  s i m p l e  i n v e n t i o n ,  b u t  o f  sweeping impor tance .  
I n c i d e n t a l l y ,  a s i n g l e  s p e c i e s  o f  b a c t e r i a  ( p e r h a p s  a l i v i n g  
f o s s i l )  s t i l l  u s e s  a v i s i o n  r e c e p t o r ,  r e t i n a l ,  f o r  phosphoryla-  
t i o n .  

The l a b o r a t o r y - r i g g e d  p h o t o c e l l  soon became a n  a p p a r a t u s  o f  
i n t r i c a t e  s t r u c t u r e  and h i g h  e f f i c i e n c y ,  b u t  t h i s  is  j u s t  d e v e l -  
opment. The key i s s u e  is t h a t  s u n l i g h t  w a s  t apped .  W e  too have 
t apped  n u c l e a r  ene rgy  by making e l e c t r i c i t y  f i r s t ,  f o r  v e r y  
s i m i l a r  r e a s o n s .  

So " e l e c t r i c i t y "  was produced by a p h o t o c e l l ,  and t h e  f r e e -  
ene rgy  u m b i l i c a l  l i n k  w i t h  t h e  p r imeva l  soup  was s e v e r e d .  
However, i f  you keep growing o t h e r  boundary c o n d i t i o n s  w i l l  
pop up,  and t h e n  you a g a i n  s t a r t  hav ing  problems,  a s  t h e  C l u b  o f  
R o m e  keeps  reminding u s .  

The n e x t  problem was a m a t e r i a l s  procurement  one:  g e t t i n g  
enough b u i l d i n g  m a t e r i a l  t o  make t h e  b iomass  grow. I t  w a s  
normal ly  q u a r r i e d  i n  t h e  p r imeva l  soup,  b u t  t h r o u g h  many mecha- 
n isms des t royed--broken down o r  n o t  r e c y c l e d .  O i l  may become 
s h o r t  a l s o  f o r  p e t r o - c h e m i c a l s  a f t e r  becoming s h o r t  a s  f u e l .  

Now by f a r  t h e  l a r g e s t  amount o f  c a r b o n  a v a i l a b l e  w a s  i n  
t h e  form of  ca rbon  d i o x i d e ,  and s o  t h e  n e x t  s t e p  was t o  t r y  t o  
r educe  c a r b o n  d i o x i d e .  The b a s i c  machinery a l r e a d y  e x i s t e d :  
b a c t e r i a  had l o n g  used hydrqgen,  a v a i l a b l e  from t h e  a tmosphere  
o r  from p a r t i a l  f e r m e n t a t i o n ,  t o  r e d u c e  C02 to  methane. So t h e  
r e a l  problem was t o  f i n d  a new s o u r c e  o f  hydrogen.  

A s u b s t r a t e  f r o m w h i c h  hydrogen c a n  be  e x t r a c t e d  r e l a t i v e l y  
e a s i l y  i s  hydrogen s u l p h i d e ,  and b a c t e r i a  r a p i d l y  found a way 
to  t h a t .  Most o f  t h e  s u l p h u r  r e s e r v e s  w e  are mining now a r e  
j u s t  t h e  t a i l i n g s  o f  t h i s  o p e r a t i o n .  What t h e  b a c t e r i a  were 
u n a b l e  t o  do ,  however, w i t h  t h e i r  low-vol tage  DC--that is ,  ATP 
produced by photophosphorylation--was t o  e x t r a c t  hydrogen from 
w a t e r ,  l i b e r a t i n g  oxygen a s  t h e y  l i b e r a t e  s u l p h u r ,  a n  o p e r a t i o n  
t h a t  i s  a n  o r d e r  of  magni tude  more d i f f i c u l t .  

Now b a c t e r i a  t r y i n g  t o  e x t r a c t  hydrogen from w a t e r  by u s i n g  
l i g h t  were i n  a s i t u a t i , o n  e x t r a o r d i n a r i l y  s i m i l a r  t o  o u r s  i n  
t r y i n g  t o  s p l i t  w a t e r  u s i n g  n u c l e a r  h e a t .  A s i n g l e  photon,  even 
o f  b l u e  l i g h t ,  had i n s u f f i c i e n t  ene rgy  t o  pump a n  atom o f  hydro- 
gen  o u t  o f  t h e  w a t e r ,  j u s t  a s  t h e  t e m p e r a t u r e  of  o u r  r e a c t o r s ,  
even HTR, is  i n s u f f i c i e n t  t o  c r a c k  water t h e r m a l l y .  Rut  t h e  
restless e x p l o r a t i o n  f o r  new t e c h n i q u e s  f i n a l l y  l e d  t o  t h e  
s o l u t i o n .  

What t h e  g e n i u s  o f  t h e  e r a  h i t  upon was t h e  s i m p l e  and 
e f f i c i e n t  i d e a  o f  a two-.step photochemical  p r o c e s s  t o  decompose 
wa te r !  The new organism--the p lan t - -cou ld  now draw from t h e  
" i n f i n i t e "  r e s o u r c e s  o f  w a t e r ,  c a r b o n  d i o x i d e  and s u n l i g h t .  
So you see, by go ing  from a s i n g l e - s t e p  p h o t o e l e c t r i c  p r o c e s s  t o  
a two-s tep  photochemical  p r o c e s s  a q u i n t e s s e n t i a l  b r e a k t h r o u g h  



was r e a c h e d  i n  t h e  l i v i n g  organism:  independence ,  e n e r g e t i c  
independence  and m a t e r i a l s  independence--and t h e  u m b i l i c a l  
l i n k  w i t h  t h e  p r imeva l  soup  w a s  f i n a l l y  s e v e r e d .  

The problem o f  e n e r g y  s t o r a g e  and t r a n s p o r t a t i o n ,  so 
i m p o r t a n t  l a te r  o n  f o r  t h e  development  o f  complex o r g a n i s m s ,  
w a s  a l s o  s o l v e d  a t  t h i s  p o i n t ,  as p l a n t s  used  t h e  hydrogen t o  
s y n t h e s i z e  c a r b o h y d r a t e s  and f a t s .  One is  tempted t o  ca l l  them 
s y n t h e t i c  f u e l s .  

C u r i o u s l y  enough, o n e  o f  t h e  ways e x p l o r e d  by photo-  
s y n t h e t i c  b a c t e r i a  f o r  e x t r a c t i n g  hydrogen from water, and 
o c c a s i o n a l l y  used  by them even t o d a y ,  r e q u i r e d  a n  oxygen 
a c c e p t o r  t o  b e  t a k e n  from t h e  soup and s t r i c t l y  r e s e m b l e s  
n u c l e a r - a s s i s t e d  steam r e f o r m i n g  o f  n a t u r a l  g a s ,  o r  coal 
g a s i f i c a t i o n ,  b o t h  o n e - s t e p  p r o c e s s e s .  

One o f  t h e  s i d e  e f f e c t s  o f  t h i s  b r e a k t h r o u g h  was t h a t  
immense amounts o f  oxygen w e r e  l i b e r a t e d .  These s l o w l y  changed 
t h e  e s s e n t i a l  n a t u r e  o f  t h e  p r imeva l  a tmosphere ,  t r a n s f o r m i n g  
it from a  r e d u c i n g  t o  a n  o x i d i z i n g  one .  But t h e  change w a s  
n o t  o n l y  chemica l .  Most i m p o r t a n t ,  t h e  p r e s e n c e  o f  f r e e  oxygen 
i n  t h e  a tmosphere  b r o u g h t  w i t h  it a  change i n  t h e  n a t u r e  o f  
t h e  l i g h t  r e a c h i n g  t h e  s u r f a c e  o f  t h e  E a r t h .  A s  I s a i d  b e f o r e ,  
i n  a  r e d u c i n g  a tmosphere  t h e  u l t r a v i o l e t  t a i l  o f  t h e  s o l a r  
l i g h t  r e a c h e d  t h e  s u r f a c e  o f  t h e  E a r t h  and  would have d e s t r o y e d  
t h e  a l r e a d y  s o p h i s t i c a t e d  chemica l  mechanisms o f  t h e  p r o t o -  
b i o n t s .  They had t o  t h r i v e  i n  t h e  w a r m  womb o f  t h e  ocean.  

What t h e  oxygen b r o u g h t  was a  f i l t e r i n g  o f  t h e  s h o r t  UV 
by t h e  f o r m a t i o n  o f  a n  ozone l a y e r  i n  t h e  s t r a t o s p h e r e .  Now 
l i v i n g  o rgan i sms  c o u l d  f i n a l l y  come o u t  o f  t h e  w a t e r  and con- 
q u e r  t h e  l a n d .  T h i s  c a n  be  viewed i n  a n o t h e r  way; l C f e  hud 
grown t o  t a k e  c o n t r o l  o f  t h e  entrironment on a  g l o b a l  s c a l e ,  and 
s t i l l  h o l d s  it f a s t .  To g i v e  one  example o f  many, n i t r o g e n  is  
n o t  a t  e q u i l i b r i u m  i n  t h e  a tmosphere  a s  it can  combine w i t h  
oxygen and w a t e r  and  g o  t o  a s o l u t i o n  o f  n i t r i c  a c i d .  T h i s  is 
thermodynamical ly  p o s s i b l e  and g o e s  on  a l l  t h e  t i m e  t h r o u g h  
v a r i o u s  r o u t e s .  Without  a  g l o b a l  c o u n t e r a c t i o n  t h e  ocean  would 
become a  h o r r i b l e  p i c k l e  and l i f e  would be  d e s t r o y e d .  The 
h o m e o s t a t i c  f eedback  comes from a  geoeng ineer ing  o p e r a t i o n  of 
b a c t e r i a ,  l i v i n g  i n  t h e  ooze  a t  t h e  o c e a n  bot tom or i n  t h e  mud 
on l a n d ,  which u s e  t h e  n i t r o g e n  o x i d e s  d i f f u s i n g  t h e r e  t o  
o x i d i z e  o r g a n i c  m a t e r i a l s  i n  t h e  ooze.  So oxygen i s  g i v e n  back 
a s  C 0 2 ,  and n i t r o g e n  as  such.  Many s u c h  h o m e o s t a t i c  f e e d b a c k s  
a r e  o p e r a t e d  by t h e  b i o s p h e r e ,  and t h i s  keeps  o u r  e a r t h  l i v e a b l e .  

NOW, i f  humanity s t a r t s  p roduc ing  hydrogen from w a t e r  u s i n g  
"new" s o u r c e s  o f  f r e e  e n e r g y - - f i s s i o n ,  f u s i o n ,  o r  p e r h a p s  
d i r e c t l y  t a p p i n g  t h e  o l d  sun--and moves away from f o s s i l  f u e l s ,  
which i n  my a n a l o g y  are t h e  e q u i v a l e n t  o f  t h e  p r imeva l  soup ,  
what k i n d  o f  new c o n t r o l  o f  t h e  envi ronment  c a n  o c c u r  as by- 
p r o d u c t s  o f  t h i s  o p e r a t i o n ?  



One of  t h e  r e a s o n s  why I w a s  led t o  t h e  development  of  t h e  
hydrogen economy i s  t h e  r e a l i z a t i o n  t h a t  t h e  s t r u c t u r e  of  a n  
energy sys tem is  v e r y  s t r o n g l y  i n f l u e n c e d  by t h e  p h y s i c a l  and 
t e c h n o l o g i c a l  c h a r a c t e r i s t i c s  o f  t h e  energy  v e c t o r .  I c a n  
g i v e  a n  example t h a t  comes from a n  e x i s t i n g  energy  sys tem,  
t h e  electr ic one .  I f  you assume t h a t  e lectr ical  sys tems  are 
c o n t i n u a l l y  r e o p t i m i z e d ,  you w i l l  f i n d  t h a t  a p a r t i c u l a r  con- 
f i g u r a t i o n  t h a t  e x i s t s  a t  a c e r t a i n  t i m e  r e s u l t s  from t h e  
c o m p e t i t i o n  between two o r  t h r e e  d i f f e r e n t  r e q u i r e m e n t s .  One 
is  t h a t  t h e r e  i s  a n  economy o f  scale f o r  a power s t a t i o n ;  t h i s  
pushes  toward b u i l d i n g  l a r g e r  and l a r g e r  s t a t i o n s .  There  i s ,  
however, a diseconomy i n  t r a n s p o r t i n g  e l e c t r i c i t y  o v e r  large 
d i s t a n c e s ,  and t h i s  a s k s  t h e  sys tem f o r  s m a l l ,  d i s p e r s e d  genera -  
t i n g  s t a t i o n s .  And t h e n  t h e  diseconomy o f  scale comes from t h e  
f a c t  t h a t  t h e  r e l i a b i l i t y  o r  a v a i l a b i l i t y  o f  t h e  e lec t r ica l  n e t  
h a s  t o  be  much l a r g e r  t h a n  t h e  a v a i l a b i l i t y  o f  a s i n g l e  power 
s t a t i o n ,  so t h a t  you must have a s t a n d b y  i n  case o f  machine 
f a i l u r e .  S tandbys  are c h e a p e r  i f  t h e  machines  a r e  s m a l l ,  and 
s o  you have a n o t h e r  f o r c e  p u l l i n g  towards  s m a l l  power p l a n t s .  

E l e c t r i c i t y  is now t r a n s p o r t e d  a t  a mean d i s t a n c e  o f  100 km, 
and w e ' l l  ca l l  t h a t  t h e  c h a r a c t e r i s t i c  d imension o f  t h e  u n i t  
ce l l .  I f  you i n c r e a s e  t h e  t r a n s p o r t a b i l i t y  o f  your  ene rgy  
vector- -say  by u s i n g  h i g h e r  v o l t a g e s ,  o r  b e t t e r ,  by s w i t c h i n g  
t o  hydrogen which h a s  a n  economic t r a n s p o r t a b i l i t y  o f  a b o u t  
1000 km--then t h e  u n i t  c e l l  w i l l  grow t o  t h a t  s i z e  and t h e  
sys tem w i l l  grow h o m o t h e t i c a l l y ,  w i t h  t h e  o p t i m a l  s i z e  f o r  
power s t a t i o n s  100 t i m e s  l a r g e r  t h a n  b e f o r e .  

A coun te r -p roof  o f  t h i s  r e a s o n i n g  comes from t h e  e v o l u t i o n  
of t h e  e lec t r ica l  sys tem d u r i n g  t h i s  c e n t u r y ,  where t h e  s i z e  o f  
t h e  c e l l  doubled  r o u g h l y  e v e r y  2 2  y e a r s ,  and t h e  d e n s i t y  o f  t h e  
consumption i n s i d e  t h e  c e l l  rough ly  e v e r y  t e n  y e a r s .  Combining 
t h e  two growth f a c t o r s ,  one  f i n d s  a d o u b l i n g  o f  t h e  power o f  t h e  
ce l l  e v e r y  6 . 5  y e a r s .  The s t a t i s t i c s  o n  t h e  s i z e  o f  t h e  l a r g e s t  
g e n e r a t o r s  i n s t a l l e d  d u r i n g  t h e  l a s t  80 y e a r s  t e l l  u s  t h e i r  
power c o n s i s t e n t l y  doubled  every  6 .5  y e a r s  th rough  f i v e  o r d e r s  
o f  magnitude! 

Now w i t h  hydrogen a s  an  energy  v e c t o r ,  a u n i t  c e l l  o f  
1000 km t a k e s  t h e  d imens ions  o f  a c o n t i n e n t  o r  a  s u b c o n t i n e n t :  
t h e  USA may have  t h r e e  o r  f o u r  ce l l s ,  Western Europe o n e  o r  t w o ,  
and t h e  o p t i m a l  s i z e  o f  t h e  g e n e r a t i n g  p l a n t s  would be  t w o  o r d e r s  
o f  magni tude  l a r g e r  t h a n  f o r  e l e c t r i c i t y .  

T h a t  i s  f o r  hydrogen t r a n s p o r t e d  by p i p e l i n e .  But i f  w e  
l o o k  f a r t h e r  i n t o  t h e  f u t u r e  and assume t h a t  LH2 c a n  b e  economi- 
c a l l y  g e n e r a t e d  and t r a n s p o r t e d  by t a n k e r s ,  as  a  k i n d  o f  
e v o l u t i o n a r y  t r e n d  o f  t h e  p r e s e n t  t e c h n o l o g y  f o r  l i q u i d  n a t u r a l  
g a s ,  t h e n  o u r  economical  d i s t a n c e  may w e l l  become 10,000 km. 
Then t h e  u n i t  c e l l  i s  t h e  wor ld ,  and t h e  o p t i m a l  c o n f i g u r a t i o n  
wou2d be t o  g e n e r a t e  a l l  t h e  energy  o n  t e n  sites. Ten i s  t h e  
magic number t h a t  comes f rom t h e  s t andby  c o n s t r a i n t  i n  t h e  
o p t i m i z a t i o n .  



AS humanity now u s e s  a b o u t  7 TW o f  p r imary  e n e r g y ,  e a c h  s i t e  
would then  have one  TW and shou ld  o b v i o u s l y  b e  l o c a t e d  on t h e  s e a -  
s h o r e  o r  b e t t e r  on  a n  i s l a n d  i n  t h e  midd le  o f  t h e  ocean .  The 
i n v e s t m e n t  p e r  s i t e  would be  i n  t h e  o r d e r  o f  hundreds  o f  G- 
d o l l a r s ,  and t h i s  means t h a t  such  a n  o p e r a t i o n  w i l l  become 
t e c h n i c a l l y  and e c o n o m i c a l l y  t h e  most i m p o r t a n t  i n  t h e  wor ld .  
What c o u l d  b e  t h e  p o l i t i c a l  i m p l i c a t i o n s ?  

I n  a  n u t s h e l l ,  a  S t a t e  c a n  b e  s e e n  a s  a  v e r t i c a l l y  i n t e g r a t e d  
power sys tem f i l l i n g  a  g e o g r a p h i c a l  a r e a .  A m u l t i n a t i o n a l  i s  a  
h o r i z o n t a l  power sys tem o r g a n i z i n g  a  t h i n  l a y e r  o f  human a c t i -  
v i t i e s  w i t h o u t  p r e c i s e  g e o g r a p h i c a l  b o u n d a r i e s .  The h o r i z o n t a l  
power g e n e r a t e s  " c o n f u s i o n "  and loss of c o n t r o l  by t h e  v e r t i c a l  
one  a n d ,  w i t h  t h e  l a y e r s  t h i c k e n i n g ,  w i l l  i n e v i t a b l y  l o c k  w i t h  
it. The o s t e n s i b l e  muck-raking a g a i n s t  m u l t i n a t i o n a l s  is  a c l e a r  
symptom o f  t h a t .  But  what w i l l  be  t h e  outcome? Fo l lowing  my 
C h i n e s e  r e f l e x e s ,  I opened t h e  h i s t o r y  book a g a i n  i n  s e a r c h  o f  
p r e c e d e n t s ,  and  u n e x p e c t e d l y  t h e  s e a r c h  b r o u g h t  i n t e r e s t i n g  
r e s u l t s .  

A f i g h t  between g e o g r a p h i c a l l y  bound p o l i t i c a l  powers and 
a  p e r v a s i v e  h o r i z o n t a l  power went on  i n  t h e  Middle Ages. The 
m u l t i n a t i o n a l  o f  t h e  t i m e  was t h e  Church,  a s  you w e l l  know i n t e r -  
f e r i n g  and competing i n  many ways w i t h  t h e  g e o g r a p h i c a l l y  
f ragmented  p o l i t i c a l  power o f  t h e  t i m e .  

A s  t h e  two power sys tems  c a n n o t  b e  i n t e r c h a n g e d  n o r  e i t h e r  
o n e  e l i m i n a t e d ,  a  compromise f i n a l l y  had t o  b e  worked o u t .  The 
p o l i t i c a l  power handed i t s  t h i n  t o p  l a y e r  t o  a  s u p e r n a t i o n a l  
power s t r u c t u r e ,  p roduc ing  a  k i n d  o f  p o l i t i c a l  m u l t i n a t i o n a l :  
t h e  Holy Roman Empire. The manoeuvering s p a c e  o f  t h e  emperor 
was p o l i t i c a l l y  narrow,  b u t  t e r r i t o r i a l l y  broad and a t  t h e  p r o p e r  
h i e r a r c h i c a l  l e v e l  o f  a b s t r a c t i o n  t o  d e a l  w i t h  t h e  Pope on  an  
even b a s i s .  

My e d u c a t e d  a n a l o g y  s a y s  t h a t  t h e  outcome w i l l  be  a  wor ld  
government ,  o r  more f l e x i b l y  d e f i n e d ,  a  wor ld  a u t h o r i t y  to  make 
a d i a l o g u e  p o s s i b l e .  

Energy i s  t h e  l a r g e s t  s i n g l e  b u s i n e s s  i n  t h e  wor ld .  A t  
$12 /bb l  f o r  o i l  t h e  t u r n o v e r  i s  G$SOO/year. I t  w i l l  b e  G$2000 
a t  t h e  beg inn ing  o f  t h e  n e x t  c e n t u r y .  T h i s  means t h a t  ene rgy  
m u l t i n a t i o n a l s  w i l l  b e  t h e  s t r o n g e s t  f o r c e s  i n  t h e  s t r u g g l e  w i t h  
t h e  p o l i t i c a l  power, and  t h e i r  f i e l d  o f  a c t i v i t y  a  s e n s i t i v e  o n e .  
The sys tem a t t r a c t i o n  o f  t h e  t e n - i s l a n d s  scheme w i l l  make t h i s  
i n e v i t a b l e ,  and t h e  i s s u e  e x q u i s i t e l y  p o l i t i c a l .  

Very l a r g e  energy  c e n t e r s ,  and e n e r g y  g e n e r a t i o n  as a  wor ld  
o p e r a t i o n ,  are d i r e c t  consequences  o f  t h e  t e c h n o l o g i c a l  p r o c e s s  
o f  w a t e r s p l i t t i n g ,  and t h e y  may modify t h e  p o l i t i c a l  a tmosphere ,  
j u s t  a s  oxygen d i d  f o r  t h e  E a r t h  a tmosphere ,  l e a d i n g  f i n a l l y  t o  
a  wor ld  government.  

The g rand  d e s i g n  i s  d e p l o y i n g  i t s e l f ,  and w e  have  t h e  
p r i v i l e g e  and t h e  r e s p o n s i b i l i t y  o f  l i v i n g  a t  a  g r e a t  t u r n i n g  
p o i n t  i n  h i s t o r y .  


