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PREFACE 

This Research Memorandum contains the work done during the 
stay of Professor Dr.Sc. Jean Thoma, Zug, Switzerland, at IIASA 
in November 1976. It is based on extensive discussions with 
Professor HAfele and other members of the Energy Program. Al- 
though the content of this report is not yet very uniform because 
of the different starting points on the subject under consideration, 
its publication is considered a necessary step in fostering the 
related discussion at IIASA evolving around th.e problem of energy 
demand. 





ABSTRACT 

Thermodynamical cons ide ra t i ons  of energy and ent ropy a r e  
being pursued i n  o rder  t o  a r r i v e  a t  a genera l  s t a r t i n g  po i n t  
f o r  r e l a t i n g  ent ropy,  negentropy, and informat ion.  Thus one 
hopes t o  u l t ima te l y  a r r i v e  a t  a  common denominator f o r  quant i -  
t i e s  of a  more genera l  na tu re ,  inc lud ing economic parameters.  
The r e p o r t  c l o s e s  wi th  t h e  desc r i p t i on  of var ious  heat ing  app l i -  
c a t i o n . ~  and r e l a t e d  e f f i c i e n c i e s .  

Such cons idera t ions  a r e  important  i n  o rder  t o  understand 
i n  g r e a t e r  depth t h e  na tu re  and composit ion of  energy demand. 
This may be h igh l i gh ted  by t h e  observat ion t h a t  it is ,  of  course,  
no t  t he  energy t h a t  is consumed o r  demanded f o r  bu t  t h e  informa- 
t i o n  t h a t  goes along wi th it. 
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ENERGY, ENTROPY, AND INFORMATION 

1 .  INTRODUCTION 

The o b j e c t  o f  t h i s  r e p o r t  i s  t o  c l a r i f y  t h e  r e l a t i o n s  be t -  
ween energy,  en t ropy ,  and in format ion on t h e  b a s i s  o f  t h e i r  
phys i ca l  p r i n c i p l e s  . One a p p l i c a t i o n  i s  t h e  negentropy c i t y  
p r o j e c t  a f t e r  C. Marche t t i  [ I  1 , where mechanical  power t o  a c i t y  
i s  supp l ied  a s  compressed a i r  w i thou t  any n e t  energy f l u x  (Sec- 
t i o n  4 . 2  below).  F u r t h e r  a p p l i c a t i o n s  a r e  t h e  g l o b a l  en t ropy  
ba lance of t h e  e a r t h  between incoming s o l a r  and outgo ing space 
r a d i a t i o n ,  e f f i c i e n c y  assessment of s o l a r  power, and d e s c r i p t i o n  
o f  energy degrada t ion  f o r  hea t i ng .  

The well-known l i m i t e d  e f f i c i e n c y  of t h e  convers ion  of  t h e r -  
mal t o  mechanical o r  electr ic  power w i l l  a l s o  be i l l u s t r a t e d .  
Hence, i f  on l y  one t h i r d  o f  t h e  thermal  energy can be conver ted 
i n t o  e l e c t r i c i t y ,  t h i s  i s  no t  a waste  o f  two t h i r d s  o f  t h e  f u e l  
a s  c i t e d  by A. Lovins [21. C e r t a i n  improvements can be expected,  
b u t  on l y  a t  t h e  combined expense o f  o t h e r  f a c t o r s  l i k e  c a p i t a l  
and l a b o r .  F u r t h e r ,  it i s  n o t  a lways r e a l i z e d  t h a t  t h i s  con- 
v e r s i o n  can ,  a t  l e a s t  approx imate ly ,  be reversed  by t h e  known 
en t ropy  ( o r  h e a t )  pump. Th i s  a l lows  t o  make a v a i l a b l e ,  e .g .  
f o r  room h e a t i n g  purposes,  a thermal  power f low o r  h e a t  about  
t h r e e  t i m e s  t h e  e l e c t r i c  o r  mechanical energy consumed (Sec t i on  
4.2 below) . 

Speaking abou t  e f f i c i e n c y ,  S. Schurr  e t  a l .  [3] d i s t i n g u i s h  
t e c h n i c a l  ( o r  therma l )  and economic e f f i c i e n c y .  Only t h e  former 
i s  a phys i ca l  concept ,  b a s i c a l l y  de f i ned  a s  u s e f u l  energy ou t -  
f l u x  d i v i ded  by energy i n f l u x .  Economic e f f i c i e n c y  r e f e r s  t o  
o b t a i n i n g  a maximum o f  o u t p u t s  from a set of  i n p u t s  l i k e  cap i -  
t a l ,  l a b o r ,  and energy. Hence, a t e c h n i c a l l y  e f f i c i e n t  system 
can  be economical ly  i n e f f i c i e n t  i f  it r e q u i r e s  much more l a b o r  
and/or c a p i t a l ,  o r  v ice-versa.  

W e  f e e l  t h a t  t h e  fundamental q u a n t i t y  consumed is n o t  energy 
b u t  r a t h e r  negentropy o r  in format ion [ 4 ] .  I n  f a c t ,  due t o  uni -  
v e r s a l  energy conse rva t i on ,  a l l  l o s s e s  appear a s  waste h e a t  and 
s t r i c t l y  no energy i s  l o s t .  Waste h e a t  i s  produced i n  t h e  form 
o f  an en t ropy  f low genera ted  by a l l  k i nds  o f  f r i c t i o n  p rocesses ,  
which can never be e l im ina ted  e n t i r e l y .  Negentropy is  a s h o r t  
word f o r  nega t i ve  en t ropy ,  whence en t ropy  gene ra t i on  cor responds 
t o  negentropy consumption. Th is  i n  t u r n  cor responds  t o  t h e  de- 
s t r u c t i o n  o f  in fo rmat ion ,  o r  r a t h e r  micro- informat ion,  which is  
r e l a t e d  t o  t h e  macro-information o f  communication t heo ry ,  a s  w i l l  
be shown (Sec t i on  2 . 4 )  . 



W e  use  h e r e  a  new i n t e r p r e t a t i o n  o f  en t ropy  a s  thermal  
cha rqe  [ 5 1  r a t h e r  t h a n  i t s  usua l  d e f i n i t i o n  a s  an a b s t r a c t  
. ~ ( ~ l a u s i u s )  i n t e g r a l .  I n  t h i s  phenomenological sense  en t ropy  
is n e c e s s a r i l y  connected w i t h  any k ind of h e a t  f l u x ,  j u s t  a s  
electr ic charge  f low o r  c u r r e n t  is  n e c e s s a r i l y  connected w i th  
electr ic  power f l u x .  The thermal  power f l u x  i s  t hen  t h e  product  
o f  en t ropy  f low and o f  a b s o l u t e  tempera tu re  i n  t h e  c a s e  of con- 
duc t i on ,  b u t  f o r  convec t ion  a  form f a c t o r  must be inc luded  (Sec- 
t i o n  4 .1 ) .  T h i s  approach i s  o f t e n  c a l l e d  network-thermodynamics 
accord ing  t o  G .  O s t e r  e t  a l .  [ 6 ] ,  and is  e s p e c i a l l y  u s e f u l  i n  
chemical  thermodynamics [71.  

There i s  a l s o  t h e  s t a t i s t i c a l  i n t e r p r e t a t i o n  of en t ropy  a s  
a measure o f  d i s o r d e r  accord ing  t o  Boltzmann, o r  of negent ropy.  
as orde r .  I t  has  been used f o r  a t h e o r y  of system complexi ty  
by L.Ferdinand [81 t o  d e r i v e  a  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  
number o f  d e f e c t s  by maximizing t h e  en t ropy  f u n c t i o n a l  ( equa t i on  
4 below) .  The s a m e  en t ropy  f u n c t i o n a l  i s  a l s o  used by S. Bagno 
[91 t o  e x p l a i n  economic a c t i v i t y ,  t o g e t h e r  w i t h  mathemat ical  
t o o l s  from communication theory .  

2. VARIOUS ASPECTS OF ENTROPY 

The concep t  of  en t ropy  in t roduced  by Carnot  and C laus ius  
i n  t h e  19 th  c e n t u r y  h a s  e s s e n t i a l l y  t h e  fo l low ing  t h r e e  a s p e c t s :  

( 1 )  phenomenological en t ropy  govern ing t h e  o p e r a t i o n  of h e a t  
eng ines ,  where it acts l i k e  a thermal  charge ;  

( 2 )  s t a t i s t i c a l  en t ropy  a s  a  measure o f  d i s o r d e r  a.ccording 
t o  Boltzmann; t . h i s  i s  a k ind  o f  t h e o r y  of  s t r u c t u r e  
o f  t h e  therma l  charge ;  

( 3 )  t h e  i n fo rma t i on  c o n t e n t  o f  a message accord ing t o  
Shannon, as p a r t  of communication t heo ry ;  h e r e  i n f o r -  
mat ion i s  o f t e n  compared t o  negentropy.  

W e  f e e l  t h a t  t h e s e  are a s p e c t s  of e s s e n t i a l l y t h e  s a m e ,  ve ry  
fundamental q u a n t i t y ,  as advocated f i r s t  by L.M. B r i l l o u i n  and 
more r e c e n t l y  by J. Peters [ l o ] .  A ve ry  thorough d i s c u s s i o n  of  
t h e  r e l a t i o n  o f  en t ropy  and in fo rmat ion  w i t h  a view t o  b i o l o g i c a l  
a p p l i c a t i o n s  was made by H. At lan  [ I l l .  However, t h i s  i d e n t i f i c a -  
t i o n  r e q u i r e s  some q u a l i f i c a t i o n s  and p r e c a u t i o n s  s i n c e  t e c h n i -  
cal  i n fo rmat ion  and en t ropy  appear  t o  have d i f f e r e n t  p r o p e r t i e s .  

2.1   he no me no logical Entropy 

P enomenological  en t ropy  is  coupled t o  therma l  energy o r  h e a t  
f l u x  dV by 

'we speak of  f low when w e  r e f e r  t o  movement of cha rge  (elec- 
t r i c ,  the rma l  = en t ropy ,  m a s s ,  o r  volume),  and of f l u x  f o r  move- 
ment of  energy.  The f l u x  is  t hen  ob ta ined  from t h e  f low by mu l t i -  
p l i c a t i o n  w i t h  t h e  a p p r o p r i a t e  e f f o r t  v a r i a b l e  ( v o l t a g e ,  a b s o l u t e  
tempera tu re ,  p r e s s u r e  e tc . ) .  



= T - S  , 

w i t h  T be ing  a b s o l u t e  tempera tu re ,  and s en t ropy  f low.  

The fundamental  equa t i on  ( 1 )  d e f i n e s  what en t ropy  " r e a l l y "  
i s ,  from which t h e  u s u a l ,  C l a u s i u s ,  d e f i n i t i o n  can  e a s i l y  be 
de r i ved  [ 1 2 ] .  A s  an a i d  t o  v i s u a l i z a t i o n ,  en t ropy  i s  o f t e n  com- 
pared t o  a  g r a y  p a s t e .  Equat ion (1 )  co r responds  c l o s e l y  t o  t h e  
equa t i on  between electr ic  power, charge  f l ow ( c u r r e n t ) ,  and 
vo l t age .  S t r i c t l y  speak ing,  it a p p l i e s  t o  conduct ion  o n l y ,  wh i l e  
f o r  convec t i on ,  i .e .  en t ropy  t r a n s p o r t  w i t h  Inass f low,  a  form 
f a c t o r  of  abou t  0.5 t o  1 .0  must be a p p l i e d  bo th  i n  t h e  the rma l  
and t h e  elect r ic  c a s e  [ 7 ] .  

Entropy a s  the rma l  cha rge  has  t h e  fo l l ow ing  p r o p e r t i e s ,  
some of which a r e  t h e  same a s  of  electr ic  charge :  

( 1 )  Entropy i s  conserved i n  f r i c t i o n l e s s  p rocesses  and 
machines. Such p rocesses  a r e  r e v e r s i b l e .  

( 2 )  Entropy i s  gene ra ted  by v a r i o u s  f r i c t i o n  p rocesses  
which a r e  unavo idab le  i n  r e a l  machines. Thus f r i c t i o n  
i s  e s s e n t i a l l y  i r r e v e r s i b l e .  

A s  an  i l l u s t r a t i o n  o f  t h e  f r i c t i o n l e s s  p r o c e s s ,  F ig .  1  
shows a  convers ion  eng ine  working between two tempera tu re  sou rces  
w i t h  t empera tu res  T1 an? T2 (ana logous t o  v o l t a g e  sou rces  i n  
e l e c t r o n i c s ,  bu t  o f t e n  c a l l e d  h e a t  r e s e r v o i r s )  t o  e x t r a c t  mecha- 
n i c a l  power. The therm?l  power i s  supp l i ed  from sou rce  T1 w i t h  
a  c e r t a i n  en t ropy  f low S1 accord ing  t o  equa t i on  ( 1 ) ;  t h e  en t ropy  
f l ow must be  depos i t ed  i n  t h e  low-temperature sou rce  T 2 ,  j u s t  
a s  an  elect r ic  motor needs a  r e t u r n  w i r e  f o r  t h e  electr lc  cha rge  
t o  f l ow o u t .  For  t h i s  a  power k 1 ~ 2  i s  r e q u i r e d .  Hence, t h e  
e f f i c i e n c y  o f  an i d e a l  eng ine  de f i ned  a s  mechanical  power ou t -  
f l u x  d i v i d e d  by the rma l  power i n f l u x  i s  

Equat ion  ( 2 )  i s  t h e  c e l e b r a t e ?  Carnot  formula.  

An e f f i c i e n c y  of 50 p e r  c e n t  of an  eng ine  working between 
600 K and 300 K i s  t hen  j u s t  a s  e v i d e n t  a s  w i t h  an i d e a l  electr ic 
motor between 600 and 300 v o l t .  

The i d e a l  eng ine  of  F i gu re  1  i s  comple te ly  r e v e r s i b l e ,  and 
can  be used t o  pump en t ropy  from a low-temperature sou rce  t o  a 
h igh- temperature  source.  T h i s  i s  t h e  well-known h e a t  pump, which 
w e  p r e f e r  t o  c a l l  en t ropy  pump, s i n c e  en t ropy  i s  t h e  c h a r a c t e r i -  
s t ic  t he rma l  q u a n t i t y  t r a n s p o r t e d .  The e f f i c i e n c y  of  t h e  en t ropy  
pump i s  t h e  r e c i p r o c a l  of equa t i on  ( 2 ) ,  and can  become much l a r g e r  
t h a n  one i f  t h e  tempera tu re  d i f f e r e n c e  i s  sma l l .  
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Fig .  1 Conversion of  thermal  energy from a source  a t  h igh  
temperature T , . i n t o  mechanical power. The consequent 
en t ropy  f low S 1  must be depos i ted  i n  t h e  ( r e v e r s e l y  
d r i v e n )  co ld  source  T 2 ,  f o r  which t h e  power 3 T2  is 

Z needed. The engin? is  +ssumed t o  be f r i c t i c n  ess (no 
l o s s e s ) ,  and t h u s  S1 = S . The f i q u r e  i s  a double  re- 
p r e s e n t a t i o n  w i th  i n t e r n i t i o n a l l y  s t a n d a r i z e d  f l u i d  
power symbols ( l e f t )  and bond graph symbols ( r i g h t ) .  
(Q = h e a t ;  E = energy;  S = ent ropy;  T = temperature;  
b! = angu la r  momentum; W = angu la r  v e l o c i t y )  

The e f f i c i e n c y  formula ( 2 )  imp l i es  t h a t  t h e  outgo ing en t ropy  
f low ( h e a t  f l u x )  i s  wor th less ,  which is  t h e  b a s i s  of t h e  op in ion  
t h a t  du r i ng  mechanical  o r  electr ic  power gene ra t i on  two t h i r d s  
of t h e  therma l  power i s  wasted. I n  f a c t ,  i n  many c a s e s  it i s  
p o s s i b l e  and "economical ly  e f f i c i e n t 1 '  t o  use  t h e  en t ropy  out -  
f low f o r  home o r  chemical  p rocess  hea t .  Such an i n s t a l l a t i o n  
i s  c a l l e d  a  t o t a l  energy system o r  cogenera t ion  system [ 2 ] .  A 
f a m i l i a r  example i s  t h e  p r i v a t e  c a r ,  where p a r t  of  t h e  en t ropy  
ou t f low i s  used t o  h e a t  t h e  c a b i n  i n  w in te r  w i thou t  a d d i t i o n a l  
f u e l  consumption. 

For f r i c t i o n  p rocesses  gene ra t i ng  en t ropy  one must use a 
s l i g h t l y  more g e n e r a l  d e f i n i t i o n  than  u s u a l ,  as fo l lows :  

( 1 )  a l l  k i nds  of f r i c t i o n  l i k e  mechanical ,  hyd rau l i c ,  
electr ic ,  o r  chemical  [7 ]  ; 

( 2 )  h e a t  conduct ion under d e f i n i t e  temperature drop;  

( 3 )  mixing of  f l u i d s  of  d i f f e r e n t  chemical  spec ies .  

2  A l l  t h e s e  f r i c t i o n  p rocesses  a r e  i r r e v e r s i b l e  , and gene ra te  
en t ropy  f low and a b s o l u t e  tempera tu re  equa l  t o  t h e  d i s s i p a t e d  
power. The tempera tu re  t h a t  i s  reached depends on how w e l l  one 

' ~ i x i n ~  can  be made entropy-conserv ing and r e v e r s i b l e  by 
semipermeable membranes. 



succeeds i n  removing en t ropy ,  a  phenomenon known from over -  
h e a t i n g  of f r i c t i o n  b rakes .  A l l  r e a l  machines have some 
f r i c t i o n - g e n e r a t i n g  new en t ropy .  I n  t h e  c a s e  of  t h e  convers ion  
eng ine  o f  F i g u r e  1  it must be  d e p o s i t e d  i n  t h e  low-temperature 
sou rce  and r e q u i r e s  a d d i t i o n a l  power, t h u s  reduc ing  t h e  r e a l  
e f f i c i e n c y .  

The v a r i o u s  p r o p e r t i e s  o f  phenomenological  en t ropy  a r e  
c o n v e n t i o n a l l y  a l l  thrown t o g e t h e r  i n t o  t h e  second law o f  
thermodynamics. T h i s  law has  t h e n  many d i f f e r e n t  a s p e c t s ,  a  
f a c t  t h a t  d i s t u r b s  t h e  unders tand ing  o f  phenomenological  thermo- 
dynamics. 

I t  shou ld  a l s o  be no ted  t h a t ,  by i n c l u s i o n  o f  the rma l  e f f e c t s  
o r  en t ropy  p roduc t ion ,  a l l  f r i c t i o n  p rocesses  become power- 
conserv ing ,  which is t h e  f i r s t  law of  thermodynamics. I n  t h i s  
s e n s e  an  electr ic r e s i s t o r  i s  100 per  c e n t  e f f i c i e n t  and con- 
v e r t s  t h e  t o t a l  electr ic  power i n t o  h e a t .  C l e a r l y ,  con- 
v e n t i o n a l  e f f i c i e n c y  is  n o t  a  ve ry  good i n d i c a t i o n  o f  t h e  per -  
formance of  the rma l  machines, a s  w i l l  be  d i scussed  f u r t h e r  i n  
S e c t i o n  4 .  

Heat conduc t ion  is a l s o  a  power-conserving p rocess .  Ent ropy,  
and co r respond ing ly  h e a t ,  a lways f l ows  from a  h i ghe r  tempera tu re  
T I  t o  a  lower tempera tu re  T Z  and produces a d d i t i o n a l  en t ropy  
f low accord ing  t o  t h e  equa t l on  

The main d i f f e r e n c e  between the rma l  and non-thermal energy  
is  t h a t ,  w i t h  thermal  f r i c t i o n  ( h e a t  conduc t i on ) ,  t h e  gene ra ted  
en t ropy  remains  w i t h i n  t h e  the rma l  domain. With non- thermal ,  
e .g .  e l e c t r i c  f r i c t i o n ,  t h e  d i s s i p a t e d  power t r a n s f e r s  from t h e  
electr ic  t o  t h e  the rma l  domain. T h i s  b i a s  o f  n a t u r e  towards 
producing en t ropy  is  an  i n d i c a t i o n  t h a t  en t ropy  i s  r e a l l y  a 
k ind  o f  d i s o r d e r  o r  random v i b r a t i o n  of  atoms and molecu les .  

The l o g i c a l  u n i t  f o r  en t ropy  i s  j o u l e  p e r  k e l v i n  ( J / K ) ,  
and f o r  en t ropy  f low w a t t  p e r  k e l v i n  (VJ /K) .  F a m i l i a r i t y  w i t h  
some t y p i c a l  v a l u e s  i s  u s e f u l ;  f o r  i n s t a n c e ,  1  MW a t  300 K 
co r responds  t o  3.3 kW/K. 

The bond graph n o t a t i o n ,  developed o r i g i n a l l y  f o r  i n t e r -  
d i s c i p l i n a r y  dynamic c o n t r o l  sys tems,  i s  e s p e c i a l l y  s u i t a b l e  
f o r  v i s u a l i z a t i o n  o f  phenomenological  thermodynamics [ 1 3 ] .  



2.2 S t a t i s t i c a l  Entropy 

Entropy was exp la ined  by Boltzmann a s  a measure o f  d i s o r d e r  
i n  h i s  famous formula 

where k i s  Bol tzmann's c o n s t a n t  equa l i ng  1 .38-10 -23 J/K, having 
t h e  d imens ions o f  en t ropy .  

The symbol p i  deno tes  t h e  p r o b a b i l i t y  of  occupa t ion  o f  a 
m i c r o s t a t e .  Equa t ion  ( 4 )  r e f e r s  t o  one p a r t i c l e ,  o r  s t r i c t l y  
t o  each deg ree  o f  freedom having s e v e r a l  m i c r o s t a t e s .  There can 
be a n  i n f i n i t e  number o f  m i c r o s t a t e s ,  b u t  t h e  sum ove r  t h e  prob- 
a b i l i t y  pi must converge s i n c e  it e u u a l s  one,  co r respond ing  t o  
t h e  c e r t a l n t y o f  f i n d i n g  t h e  degree  o f  freedom i n  some s t a t e .  

For t h e  en t ropy  o f  a p i e c e  of m a t t e r ,  t h e  c o n t r i b u t i o n s  o f  
a l l  deg rees  o f  freedom a r e  summed, each c o n t r i b u t i n g  i t s  en t ropy  
sha re .  The t o t a l  energy  of a deg ree  o f  freedom is  E = kT and 
a c t s  a s  a c o n s t r a i n t  on t h e  p r o b a b i l i t y  p s i n c e  i 

w i t h  E~ being t h e  energy  l e v e l  o f  each m i c r o s t a t e .  

A t  v e r y  low tempera tu res  some deg rees  of freedom f r e e z e  o u t  
and no l onge r  c o n t r i b u t e  t o  thermal  energy.  T h i s  i s  necessary  ' 

t o  p r e v e n t t h e  i nc remen ta l  en t ropy  c a p a c i t y ,  i .e .  s p e c i f i c  h e a t  
d i v i ded  by a b s o l u t e  t empera tu re ,  from d i ve rg ing .  A t  z e r o  t e m -  
p e r a t u r e ,  a l l  deg rees  o f  freedom a r e  i n  t h e  lowes t  s t a t e  w i t h  
a p r o b a b i l i t y  o f  one,  t h e  o t h e r  p r o b a b i l i t i e s  be ing e q u a l  t o  z e r o -  
Hence, equa t i on  ( 4 )  g i v e s  z e r o  en t ropy  (S = 0 )  , known a s  N e r n s t ' s  
h e a t  theorem o r  t h i r d  law of thermodynamics. 

The d i s t i n c t i o n  between m i c r o s t a t e s ,  deg rees ,  and freedom and 
t h e  e n t i r e  p i e c e  of  m a t t e r  is  impor tan t  f o r  t h e  connec t ion  w i t h  
i n fo rma t i on  t heo ry .  According t o  equa t i on  ( 4 )  one can  d e f i n i t e l y  
speak o f  t h e  en t ropy  o f  a s i n g l e  deg ree  o f  freedom. 

2.3 Techn i ca l  I n fo rma t i on  

In fo rmat ion  acco rd ing  t o  Shannon is  t h e  i r r e d u c i b l e  c o n t e n t  
o f  a message o f  c o n s e c u t i v e  s i g n a l s .  Each s i g n a l  occup ies  a 
c e r t a i n  p o s i t i o n  i n  t h e  message and canassume s e v e r a l  d i s c r e t e  
v a l u e s  ( o r  symbo ls ) ,  each  w i t h  a p r o b a b i l i t y  pi (where i r u n s  

m 
from 1 t o  m,  and C pi = 1 i s  a p r o b a b i l i t y  n o r m a l i z a t i o n ) .  

i= 1 

The i n fo rma t i on  t r a n s p o r t e d  by a g iven  syrrkbol i i s  i d  pi 
when I know t h a t  it h a s  appeared.  The l oga r i t hm t o  base  2 
( l o g  d u a l i s  o r  I d )  i s  chosen because a d e c i s i o n  w i t h  50 pe r  c e n t  



p r o b a b i l i t y  g i v e s  one u n i t  o f  i n fo rmat ion ,  cus tomar i l y  c a l l e d  
a  b i t .  

The mean in fo rmat ion  c o n t r i b u t i o n  by t h i s  symbol i s  pi Id  pi ,  
and t h e  mean in fo rmat ion  p e r  p o s i t i o n  i n  t h e  message i s  t h e  sum 
o f  a l l  p o s s i b l e  s i g n a l s ,  t h e  Shanno'n o r  conf.usion f u n c t i o n a l :  

S ince  t h e  p r o b a b i l i t i e s  a r e  sma l l e r  t han  one,  t h e  minus s i g n  
a s s u r e s  a  p o s i t i v e  con fus ion  f u n c t i o n a l .  

I n  t h e  c a s e  of  b i n a r y  symbols (m = 2) and w i t h  p  1 = P I  
p2 = 1 - p  w e  have 

To c l a r i f y  some p r o p e r t i e s  of i n fo rmat ion  it i s  h e l p f u l  t o  
look  a t  t h e  schemat ic  r e p r e s e n t a t i o n  o f  a  communication system 
(F ig .  2 ) .  I n fo rmat ion  i s  s t o r e d  i n  t h e  e lements  o f  t h e  t r a n s -  

TRANSMITTER 
MEMORY 

COW4UNICATION 
L I N K  

RECEIVER 
MEMORY 

F ig .  2 Schemat ic  r e p r e s e n t a t i o n  of  a  communication system 
w i t h  t r a n s m i t t e r  memory ( l e f t ) ,  and a  communication 
l i n k  t o  t h e  r e c e i v e r  memory ( r i g h t ) .  The r e c e i v e r  
memory has  n  e lements ,  each cor respond ing t o  a  
c e r t a i n  a u e s t i o n  w i t h  p r o b a b i l i t i e s  pi f o r  t h e  
p o s s i b l e  answers.  The t r a n s m i t t e d  i n fo rma t i on  i s  a  
measure of  t h e  chanues between t h e  b e s t  e s t i m a t e s  
of  p .  b e f o r e  and a f t e r  r e c e i v i n g  t h e  message, com- 
b i nea  accord ing  t o  equa t i on  ( 8 ) .  



m i t t e r  memory, r e a d  c o n s e c u t i v e l y  by a s c a n n e r ,  and s e n t  o v e r  a 
communication l i n k  such t h a t  a  p o s i t i o n  i n  t h e  message co r responds  
t o  each  memory e lement .  A t  t h e  r e c e i v e r ,  a n o t h e r  scanner  e n t e r s  
t h e  s i g n a l  o f  each  message p o s i t i o n  i n t o  t h e  a p p r o p r i a t e  e lement  
o f  t h e  r e c e i v e r  memory. 

I n  t h e  memory o f  t h e  r e c e i v e r  t h e r e  are s e v e r a l  e lements  
j = l . . . n ,  each  co r respond ing  t o  a c e r t a i n  q u e s t i o n  (e .g .  
what symbol q o e s  i n t o  e lement  5 ? )  w i t h  a  r a n a e  o f  answers  
i = I . . . m ,  and co r respond ing  p r o b a b i l i t i e s  pi ( o r  s t r i c t l y ,  
P i j ) .  The mean i n f o rma t i on  c o n t a i n e d  i n  each  e lement  of  t h e  
memory i s  g i v e n  by t h e  con fus i on  f u n c t i o n a l  

in 
H z -  Z pi I d  pi . 

i= 1  

Be fo re  r e c e i v i n g  t h e  message,  t h e  r e c e i v e r  w i l l  have a c e r t a i n  
i d e a  o f  t h e  set of  p r o b a b i l i t i e s ,  p . .  A f t e r  t h e  message h a s  
been r e c e i v e d  t h e  p r o b a b i l i t i e s  w i l i  change i n  g e n e r a l ,  and 
t h e  t r a n s m i t t e d  i n f o rma t i on  i s  d e f i n e d  as t h e  difference o f  
t h e  c o n f u s i o n  f u n c t i o n a l  b e f o r e  and a f t e r  r e c e p t i o n .  

Hbef o r e  1 

To u s e  a  numer i ca l  example, suppose t h a t  a memory e lement  h a s  
1024 answers  w i t h  ,an e q u a l  p r o b a b i l i t y  p = 1/1024 f o r  each  
answer b e f o r e  t h e  message. Then Hbefore 

i i s  t e n .  A f t e r  recep-  

t i o n ,  one  answer i s  c e r t a i n  ( p l )  and t h e  o t h e r s  have z e r o  prob- 
a b i l i t y ,  g i v i n g  H a f  ter  = 0. Hence, t h e  i n f o rma t i on  ga ined  by 

t h e  message i s  t e n  b i t .  

I n f o rma t i on  can  be  e a s i l y  l o s t  i n  t h e  f o l l ow ing  ways: 

( 1 )  I f  t h e  p r o b a b i l i t y  assessmen t  i s  n o t  changed by 
r e c e p t i o n  o f  t h e  message,  t h a t  is ,  i f  t h e  message 
t e l l s  what t h e  r e c e i v e r  a l r e a d y  knows. T h i s  is  
redundancy o r  redundan t  i n f o rma t i on .  

( 2 )  I f  t h e  message c o n t a i n s  a  s i g n a l  t h a t  d o e s  n o t  c o r r e s -  
pond t o  any  e lement  of  t h e  r e c e i v e r ' s  memory. I n  t h i s  
case it answers  a q u e s t i o n  t h a t  h a s  n o t  been asked.  
T h i s  i s  i r r e l e v a n c e  o r  i r r e l e v a n t  i n f o rma t i on .  

( 3 )  I f  t h e  s c a n n e r s  become desynchron ized .  

( 4 )  I f  t h e  s i g n a l  i s  m u t i l a t e d  by n o i s e .  

T e c h n i c a l  i n f o r m a t i o n  has  t h e  impo r tan t  p r o p e r t y  t h a t  t h e  
memory o f  t h e  t r a n s m i t t e r  is  n o t  e r a s e d  by passage  o r  r e a d i n g  
o f  t h e  scanne r :  T e c h n i c a l  i n f o rma t i on  can  be  m u l t i p l i e d  a t  w i l l .  

I t  shou ld  b e  no ted  t h a t  i n f o r m a t i o n  t r a n s p o r t  a lways  r e f e r s  



t o  a d e f i n i t e  set of ques t i ons  o r  memory e lements ,  and depends 
on t h e  r e c e i v e r ' s  s u b j e c t i v e  assessment of  t h e  p r o b a b i l i t i e s  
be fo re  and a f t e r  t h e  message. I f  no th ing  i s  known be fo re  t h e  
message, one can a s s i g n  equa l  p r o b a b i l i t y  t o  a l l  p o s s i b l e  ans- 
w e r s  [ l o ] .  One can a l s o  admit  an i n f i n i t e  number of answers 
(m = w )  a s  long a s  t h e  p r o b a b i l i t i e s  converge.  In format ion 
theo ry  is on ly  based on p r o b a b i l i t i e s  and t a k e s  no account  of t h e  
s i g n i f i c a n c e  o r  s u b j e c t i v e  meaning of t h e  meassage. 

2 . 4  Negentropy a s  Micro-Information 

The e q u a l i t y ,  a p a r t  from a f a c t o r  k  I n  2 ,  of  equa t i ons  ( 4 )  
and ( 6 )  has  s t r o n g l y  suggested t h a t  s t a t i s t i c a l  en t ropy ,  o r  
r a t h e r  negent ropy,  and in format ion a r e  t h e  same. I n t u i t i v e l y  
t h i s  is  c l e a r :  S t a t i s t i c a l  en t ropy  i s  d i s o r d e r ,  and in format ion 
reduces it. Hence, a f low of in fo rmat ion  e q u a l s  a f low of  
negentropy. The o b s t a c l e  i s  t h e  above p r o p e r t i e s  o f  t e c h n i c a l  
in fo rmat ion ,  which a r e  q u i t e  d i f f e r e n t  from t h e  semi-conserva- 
t i o n  of t e c h n i c a l  en t ropy .  

The s o l u t i o n  i s  t o  d i s t i n g u i s h  between micro- informat ion 
and macro-information, a s  fo l lows:  

(1 )  Micro- informat ion r e f e r s  t o  t h e  i n d i v i d u a l  degrees  of 
freedom of m a t t e r ,  where each memory element c o r r e s -  
ponds t o  a degree  of freedom and each s t a t e  of a degree  
o f  freedom t o  a s ta te  of t h e  memory. 

( 2 )  Macro-information r e f e r s  t o  macroscopica l ly  readab le  
s i g n s ,  le t te rs ,  o r  s i g n a l  v a l u e s ,  each c o n s i s t i n g  of 
many molecules o r  degrees  o f  freedom of  t h e  e l e c t r o n  
movement. Macro-information i s  m u l t i p l y  redundant  
micro- informat ion.  

~ h u s  micro- informat ion i s  equa l  t o  s t a t i s t i c a l  en t ropy  
because it s p e c i f i e s  t h e  v a l u e  of each degree  o f  freedom: 

where t h e  f a c t o r  I n  2 a r i s e s  from t h e  convers ion  o f  t h e  b ina ry  
t o  t h e  n a t u r a l  logar i thm.  Reading such a memory e r a s e s  it 
s i n c e  t h e  in fo rmat ion  i s  des t royed  by t h e  a c t i o n  of t h e  scanner .  
Hence, a f t e r  r ead ing  t h e  s t a t e  of t h e  memory i s  i n d e f i n i t e .  
Th is  i s  a l s o  t h e  b a s i c  reason  why Maxwell 's demon cannot  work: 
Measuring t h e  v e l o c i t y  of a molecule d i s t u r b s  it t o  such a degree  
a s  t o  n u l l i f y  t h e  g a i n  i n  negentropy achieved by t h e  demon through 
opening t h e  t r a p  door t o  a f a s t  molecule.  The e lements  of a 
t e c h n i c a l  memory s t o r i n g  macro-information c o n s i s t s  of so  many 
molecu les  t h a t  change t h e i r  s t a t e  i n  c o n c e r t  ( f o r  i n s t a n c e ,  from 
b lack  t o  wh i te )  t h a t  t h e  scanner  w i l l  on l y  d i s t u r b  a very  smal l  
f r a c t i o n  of them. Hence, macro-information can be read  o r  re- 
produced a t  w i l l .  



P h y s i c a l l y ,  en t ropy  i s  a measure o f  t h e  random energy of  t h e  
degrees  o f  freedom of m a t t e r  o r  r a d i a t i o n .  I t  is  produced i n  a l l  
p rocesses  a s  i n fo rma t i on  i s  l o s t  about  t h e  p r e c i s e  movement of  
molecu les ,  atoms,  or even e lementary  p a r t i c l e s .  The h i g h l y  
d e f i n i t e  t r a j e c t o r i e s  of  e lementary  p a r t i c l e s  and t h e  concen- 
t r a t e d  p o s i t i o n  of t h e  nuc leus  i n  t h e  c e n t e r  of t h e  atom con- 
t a i n  ve ry  much i n fo rma t i on ,  which appea rs  t o  be a  new b a s i c  
q u a n t i t y  of phys ics .  I t  would be i n t e r e s t i n g  t o  exp lo re  i t s  
p r o p e r t i e s ,  d e s c r i b e d  above,  i n  t h e  a tomic  d iamete r  r ange ,  on 
t h e  l e n g t h  and energy s c a l e  of t h e  atomic nuc leus  and of 
e lementary  p a r t i c l e s .  Presumably, t h e  l a r g e  s i z e  of p a r t i c l e  
accelerators i s  r e l a t e d  t o  t h i s  h igh  in fo rmat ion  concen t ra t i on .  

Any d i r e c t  comgarison of t e c h n i c a l  (macroscopic)  and micro- 
scop ic  i n fo rma t i on  must be done w i t h  c a u t i o n ,  and t h e  d i f f e r e n c e  
i n  p r o p e r t i e s  due  t o  m u l t i p l e  redundancy must b e  kep t  i n  mind. 

Ferdinand [81  c a l l s  t h e  Shannon f u n c t i o n a l  d e f e c t  en t ropy ,  
bu t  r e l a t e s  it t o  t h e  macroscopic p r o b a b i l i t y  o f  having r d e f e c t s  
i n  a  complex system w i t h  m p o t e n t i a l  d e f e c t s .  H e  u s e s  t h e  maxi- 
mum d e f e c t  en t ropy  t o  d e r i v e  a  c o e f f i c i e n t  of complex i ty  a ,  which 
is  g i ven  by t h e  e x p e c t a t i o n  v a l u e  of d e f e c t s  i n  t h e  system and,  
th rough a  = 1 ,  d e f i n e s  a  boundary between s imp le  and complex 
systems. 

S. Bagno [91 a l s o  speaks  about  t e c h n i c a l  i n fo rmat ion  and 
en t ropy .  H e  i n t r o d u c e s  t h e  concept  o f  i n fo rma t i on  p roduc t ion  
by work, and e s t i m a t e s  i t s  c o s t  th rough t h e  hou r l y  l a b o r  r a t e .  
H e  u s e s  10 b i t / s e c  and 1.20  $/hour t o  a r r i v e  a t  a  c o s t o f  
30 kb i t / $ .  

The b i o l o g i c a l  i n fo rma t i on  con ta ined  i n  t h e  g e n e t i c  cade  
of DNA molecu les  i s  an  i n t e r e s t i n g  i n te rmed ia ry  between macro- 
and micro- in format ion.  It can  c e r t a i n l y  b e  reproduced a t  w i l l  
by rep roduc t i on  of t h e  e n t i r e  molecules.  The reason  f o r  g e n e t i c  
muta t ions  i s  t h e  s t a t i s t i c a l  i n fo rmat ion  d e f e c t s  on rep roduc t i on .  

2.5  Transmiss ion of Techn i ca l  In fo rmat ion  

The t r a n s m i s s i o n  of i n fo rmat ion  depends on t h e  assessment  
of  t h e  p r o b a b i l i t y  of each  s t a t e  i (o f  each memory e lement j )  
b e f o r e  and a f t e r  t h e  message, i .e.  

Of Pbefo re  and P a f t e r  
(dropp ing t h e  i n d i c e s  i and j). It is  changed by t h e  a r r i v i n g  
p r o b a b i l i t y  par,  which i s  made up by t h e  c o n t e n t  p r o b a b i l i t y  

Pcn t  and t h e  r e l i a b i l i t y  r 

- - 
Par  Pcn t  - r  . (11) 

I n  most messages Pent e q u a l s  one s i n c e  t h e y  send a  d e f i n i t e  
symbol, b u t  o c c a s i o n a l l y  t h e y  might g i v e  o n l y  50 per  c e n t  prob- 
a b i l i t y  t o  a t r a n s m i t t e d  f i g u r e .  The r e l i a b i l i t y  r of  a message 
may be s m a l l e r  t h a n  one due t o  n o i s e  o r  w i t h  d e l i b e r a t e l y  f a l s e  
messages ( d e c e p t i o n ) .  It would be i n t e r e s t i n g  t o  e x p l o r e  t h e  



connec t ions  t o  cryptography.  

L e t  u s  t a k e  a  numer ical  example. 
If Pbefore  is  assessed  

a s  be ing 0.5,  and t h e  message g i v e s  a  d e f i n i t e  s i g n a l  p  = 1  
bu t  one a t t a c h e s  a  r e l i a b i l i t y  of on ly  50 p e r  c e n t  t o  i f n t b e c a u s e  
of n o i s e  o r  d e c e p t i o n ) ,  o n e ' s  a f te r -assessment  w i l l  remain 0.5. 
No in fo rmat ion  w i l l  have been t r a n s m i t t e d  o r  ga ined.  

More g e n e r a l l y ,  t h e  a f t e r - p r o b a b i l i t y  w i l l  be an es t ima ted  
func t i on  o f  t h e  v a r i o u s  p r o b a b i l i t i e s ,  presumably a  l i n e a r  combi- 
n a t i o n  

From t h e s e  p r o b a b i l i t i e s ,  t h e  confus ion f u n c t i o n a l  H i s  formed 
and summed over  each s t a t e  o r  s i g n a l  i and over  each memory 
e lement j ,  i n  o r d e r  t o  o b t a i n  t h e  t o t a l  in format ion t r a n s m i t t e d  
by t h e  message. 

3 .  INFORMATION I N  CAPITAL AND LABOR 

3.1 Es t ima t i ns  t h e  In format ion Content o f  C a ~ i t a l  

Apart from i t s  importance i n  phys ics  and eng ineer ing ,  i n -  
format ion has  i t s  r o l e  i n  c a p i t a l  and l a b o r .  The v a r i a b l e  com- 
p l e x i t y  of phys i ca l  c a p i t a l  (machines and p l a n t s )  can be desc r i bed  
by i t s  i n fo rmat ion  con ten t  accord ing t o  t h e  fo l lowing method. 
I t  b a s i c a l l y  r e f e r s  t o  mechanical eng ineer ing ,  b u t  ex tens ion  t o  
non-mechanical a s p e c t s  seerns poss ib le .  

For  determin ing t h e  in fo rmat ion  c o n t e n t ,  t h e  number o f  spec i -  
f i c a t i o n s  such a s  l e n g t h ,  a n g l e s ,  m a t e r i a l s ,  e t c . ,  of a l l  p a r t s  
a r e  taken  from d e t a i l  drawings. Each s p e c i f i c a t i o n  i s  m u l t i p l i e d  
by i t s  i n fo rmat ion  c o n t e n t ,  i . e .  t h e  logar i thm of t h e  r a t i o  o f  
t h e  s p e c i f i c a t i o n  t o  i t s  t o l e r a n c e  range ,  such a s  l e n g t h  d i v i ded  
by t h e  admi t ted  l e n g t h  t o l e r a n c e :  

I = C N i  Id  qi , (13)  
Cap i = a l l  specs  

where L 
qi = - AL 

is  t h e  r e c i p r o c a l  r e l a t i v e  t o l e r a n c e .  

In focap  ( s h o r t  f o r  in format ion con ten t  o f  c a p i t a l )  is  
c o r r e l a t e d  w i th  p r i c e ,  bu t  t h e r e  a r e  t h e  fo l lowing d i s t u r b i n g  
i n f l u e n c e s :  

( 1 )  r a p i d  i n c r e a s e  o f  c o s t  w i th  a b s o l u t e  s i z e ;  

( 2 )  s c a r c i t y  o f  m a t e r i a l ,  and machining d i f f i c u l t i e s ;  



( 3 )  i n t r i c a c y ,  comp lex i t y ,  and i n a c c e s s i b i l i t y  o f  spec i -  
f i c a t i o n s .  

. The t o l e r a n c e s  p rov ide  an  i n d i f f e r e n c e  range  and imply a  
k ind  o f  macroscopic q u a n t i f i c a t i o n :  How many d i f f e r e n t  c a s e s  
c a n  one c o n s t r u c t  w i t h  t h e  t o l e r a n c e  o f  t h e  g iven  l e n g t h ?  
S e l e c t i n g  one p o s s i b i l i t y  y i e l d s  t h e  i n fo rma t i on  a t t a c h e d  t o  t h i s  
spec i f  i c a t i o n .  

I n focap  c a n  be used t o  a s s e s s  d i f f e r e n t  t e c h n o l o g i e s  f o r  
a  g i ven  end w i t h  t h e  b a s i c  i n f e r e n c e  t h a t  more I n focap  pe r  
s i z e  o r  c o s t  i m p l i e s  a  more advanced techno logy.  

3 . 2  ~ n f o r m a t i o n  Flow from Labor 

S i m i l a r l y  t o  c a p i t a l ,  t h e  main o u t p u t  of  human l a b o r  can be  
conce ived a s  i n fo rma t i on  f low. A s  i l l u s t r a t e d  i n  F ig .  3 
i n fo rmat ion  o r i g i n a t e s  i n  t h e  human mind and i t s  l e a r n i n g ,  bo th  
p a s t  and con t i nuous  through d i s c u s s i o n s ,  c u r r e n t  i n p u t s ,  etc. 
I t  i s  d i s t u r b e d  by f o o l i s h  e r r o r s ,  which i s  s i m i l a r  t o  random 
n o i s e  gene ra ted  by a  n o i s e  source .  T h i s  s o u r c e  is modulated by 
t h e  c a r e  and a t t e n t i o n  devoted t o  t h e  job.  

I n f o l a b  ( s h o r t  f o r  i n f o rma t i on  f low from l a b o r )  , can be  
measured i n  b i t s  p e r  second,  b u t  t h e  e s t i m a t e s  range  from 10 
th rough  40 [ I  01 t o  10,000 b i t / s e c  [14] .  The l a t t e r  v a l u e  seems 
by f a r  t o o  h i gh .  

The c l a s s i c  problem o f  s u b s t i t u t i o n  o f  l a b o r  by c a p i t a l  c a n  
be ex tended t o  I n focap  and I n f o l a b :  

( 1 )  t o  d e s c r i b e  t h e  p o s s i b l e  s u b s t i t u t i o n  o f  I n f o l a b  by 
I n focap  i n  equipment and work f o r c e  r e q u i r e d  f o r  a  g iven 
job; 

HUMAN \jet INFOLAB , MIND 

1 
TASK 

CARE OF 

ATTEiJTI ON > 'NOISE 

F i g .  3 I l l u s t r a t i o n  o f  t h e  human mind a s  i n f o r -  
mat ion  sou rce .  I t  i s  d i s t u r b e d  by a  n o i s e  
sou rce  r e p r e s e n t i n g  f o o l i s h  e r r o r s ,  which 
i s  i n t e r n a l l y  c o n t r o l l e d  by t h e  c a r e  o r  
a t t e n t i o n  devoted t o  t h e  job.  



( 2 )  a g a i n  f o r  a given job ,  t o  r e l a t e  t h e  energy  saved  over  
t h e  l i f e - t i m e  of  t h e  newer equipment t o  i t s  In focap.  

I n  o r d e r  t o  make t h i s  more conv inc ing ,  it shou ld  be a p p l i e d  
t o  t h e  fo l l ow ing  examples o f  o l d  and new t e c h n o l o g i e s  f o r  a  g iven 
job: 

( 1  ) s t e a k  and Diesel locomot ives ;  

( 2 )  computers w i t h  r a d i o  t u b e s  and m i c r o e l e c t r o n i c s ;  

( 3 )  f o s s i l - f i r e d  and n u c l e a r  power p l a n t s .  

A p r o v i s i o n a l  c a l c u l a t i o n  of  numer ical  pa ramete rs  f o r  steam 
and Diesel locomot ives  i s  made i n  Tab le  1. I t  r e s u l t s  i n  r e l a -  
t i v e l y  low in fo rmat ion  c o n t e n t s .  

The above i s  an  a t t e m p t  t o  q u a n t i f y  t h e  i n fo rma t i on  c o n t e n t  
o f  p h y s i c a l  c a p i t a l  based on t h e  numer ical  i n d i c a t i o n s  o f  
d e t a i l  drawings and s p e c i f i c a t i o n s .  For  s u c c e s s f u l  manufac- 
t u r i n g  much more in fo rmat ion  i s  r e a l l v  needed. I t  i s  con ta ined  
i n  norms and s tanda rds  f o r  p a r t s  and m a t e r i a l  a p a r t  from t h e  know- 
l edge  of  t h e  p r o d u c e r ' s  pe rsonne l ,  which cou ld  be c a l l e d  background 
in fo rmat ion .  

The importance of  background in fo rmat ion  i s  t h e  main reason  
f o r  t h e  v a r i o u s  l i c e n c e  and techno logy t r a n s f e r  agreements between 
d i f f e r e n t  c o u n t r i e s ,  i n c l u d i n g  developed and less developed ones.  
Fur thermore,  t h e  h i ghe r  t h e  p roduc t ion  r a t e  t h e  more e l a b o r a t e  
a r e  t h e  p roduc t ion  machines t h a t  a r e  "economical ly  e f f i c i e n t "  
and cus tomar i l y  used.  One extreme example i s  p r i v a t e  motor c a r  
p roduc t ion .  

Neve r the less ,  it i s  be l i eved  t h a t  t h e  r e l a t i v e l y  o b j e c t i v e  
concept  o f  In focap  is  u s e f u l  t o  compare d i f f e r e n t  machines o r  
equipment produced i n  s i m i l a r  numbers f o r  t h e  same end use  
(economic consumption) . 

Other  eauipment f o r  which it would be  i n t e r e s t i n g  t o  d e t e r -  
mine In focap  i n c l u d e s  ammonia p roduc t ion  f a c i l i t i e s ,  t e x t i l e  
machines (weaving and s p i n n i n g ) ,  and even watches. 

4 .  POWER, NEGENTROPY FLOW, AND EFFICIENCY 

4.1 Thermal Power and Convect ion 

Thermal power f l u x  i s  always connected w i t h  t h e  f low o f  
en t ropy  o r  t h e  ou t f l ow o f  negentropy.  A s  an i l l u s t r a t i o n ,  
F i g .  4 c o n t a i n s  t h e  power and en t ropy  f low ba lance  of  t h e  
e a r t h .  The incoming s o l a r  r a d i a t i o n  of  175 l o 3  TW a t  6000  K 
cor responds  t o  an  en t ropy  f low of 39 TW/K ( t e r a w a t t  p e r  k e l v i n ) .  
E s s e n t i a l l y  t h e  same power i s  r a d i a t e d  back i n t o  space  by t h e  



Table  1: Example o f  i n fo rma t i cn  i n  locomot ives based on a very  rough e s t i m a t e  
( z d i m e n s i o n s i n  d e t a i l  drawings) 

I = N l d q  , q = - -  - r e c i p r o c a l  r e l a t i v e  t o l e r a n c e  
AL 

N = number o f  s p e c i f i c a t i o n s  

Steam locomot ive N = 8000 
3 l o o  - =  lo3; I = 8000 i d  1000 = 80 10 b i t  

= 0.1 rm 

Diesel locomot ive N = 30,000 q = 
100 mm 3 
0.05 mm = 2 lo3; I = 30,000 i d  200 = 330 10 b i t  

Energy consumption over  l i f e t i m e  and Infocap:  
i2 - 25 M\,d ( z 3.3 tons/hour)  r e l a t e s  t o  working l oad ,  b u t  in -  . steam - 1 EDiesel = 5 MW (360 kg o i l / h o u r )  c l udes  an al lowance f o r  s tandby 

D i f fe rences  AE = 2 MW 
3 

A 'cap = 250 10 b i t  

6 
Energy d i f f e r e n c e  over  10 y e a r s  = 320 10 sec l i f e t i m e  

6 3 
AE = 20 MW 320 - 10 S = 6.4 1015 J = 6.4 - 10 TJ 

Re la te  AE and A 1  through E = macroscopica l  energy quantum 
cap  Q 
- AE - - 9 

'=cap E E~ = 26 10 J 
Q 
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F ig .  4 I l l u s t r a t i o n  of t h e  e a r t h  r e c e i v i n g  a  
n e g e n t r o ~ y  f l ow bu t  no n e t  energy  f l u x ,  
s i n c e  t h e  s o l a r  power i s  r a d i a t e d  back 
i n t o  space  a t  a  much lower tempera tu re .  

r a d i a t i o n  cover  (upper  atmosphere) a t  25Q K ( d i f f e r e n t  v a l u e s  a r e  
c i t e d  f o l - t h i s  tempera tu re )  w i t h  an en t ropy  f l ow  of  933 TW/K. 
T h i s  g i v e s  a  n e t  ou t f l ow  of  894 TW/K from the e a r t h .  I n  o t h e r  
words, t h e  e a r t h  h a s  no n e t  power consumption b u t  consumes negen- 
t r o p y  a t  t h e  above r a t e .  Negentropy is a v a i l a b l e  a s  long  a s  t h e  
sun ma in ta i ns  i t s  r a d i a t i o n  and space i t s  r a d i a t i o n  abso rp t i on .  
Reference [14] c o n t a i n s  i n t e r e s t i n g  o b s e r v a t i o n s  abou t  t h e  en t ro -  
py ba lance  o f  t h e  e a r t h .  

I t  i s  seen t h a t  en t ropy  f low and power f l u x  i n  t h e  pre-  
ced ing  paragraph and i n  F ig .  4 a r e  no t  connected by e q u a t i o n  ( 1 1 ,  
b u t  r a t h e r  by 

3 -  E = - S T  . 4 (14)  

I n  f a c t ,  thermal  r a d i a t i o n  i s  a  k ind  o f  convec t i on  w i t h  t h e  
v e l o c i t y  o f  l i g h t ,  a s  demonst ra ted many y e a r s  ago by Max P lanck 
[ 16 ] .  I t  f o l l ows  from h i s  c a l c u l a t i o n s  t h a t  t h e  form f a c t o r  

ment ioned a f t e r  equa t i on  ( 1 )  has  t h e  v a l u e  o f  0.75. I t  is 
impor tant  i n  t h i s  c o n t e x t  t h a t  t h e  thermal  (b lackbody)  r a d i a t i o n  
c a r r i e s  a  d e f i n i t e  en t ropy  s o  t h a t  power f l u x  and en t ropy  f low 
a r e  l i nked .  



I f  t h e  r a d i a t i o n  c a v i t y  r ece i ved  i t s  thermal  power f l u x  by 
conduct ion,  a d d i t i o n a l  en t ropy  is genera ted  by t h e  emiss ion o f  
r a d i a t i o n .  T h i s  f r i c t i o n  p rocess  o r  i r r e v e r s i b i l i t y  w i l l  b e  
f u r t h e r  i n f l uenced  by t h e  back rad ia t i on  of  t h e  body r e c e i v i n g  
t h e  pr imary the rma l  r a d i a t i o n .  Due t o  t h e i r  importance f o r  
s o l a r  energy (more p r e c i s e l y ,  exergy)  c o l l e c t i o n ,  such p rocesses  
shou ld  be f u r t h e r  i n v e s t i g a t e d .  

A s  s a i d  i n  t h e  beg inn ing ,  t h e  conven t i ona l  e f f i c i e n c y  i s  
n o t  a  v e r y  good i n d i c a t o r  of  t h e  performance of  i n s t a l l a t i o n s  
w i t h  the rma l  power f l u x e s .  F u r t h e r ,  such power f l u x e s  f r equen t -  
l y  occur  th rough  convec t ion ,  i .e .  i n  association w i t h  mass f low. 
They a r e  d e s c r i b e d  by t h e  en tha lpy  f l u x ,  fI: 

where 

p = p r e s s u r e ;  
y = volume f low;  
U = f l u x  of  i n t e r n a l  energy;  
fi = mass f low;  
v  = volume/mass r a t i o ;  
u  = i n t e r n a l  energy/mass r a t i o ; ,  and 
h  = enthalpy/mass r a t i o .  

A s  a consequence , -convec t ion  t r a n s p o r t s  energy th rough  bo th  
t h e  h y d r o s t a t i c  p a r t  pV and t h e  i n t e r n a l  energy f l u x .  The l a t t e r  
c a r r i e s  b o t h  en t ropy  and volume, which change by hea t i ng / coo l i ng  
and by compress ion,~expans ion,  r e s p e c t i v e l y .  I n  m a t t e r ,  t h e r n a l  
and mechanical  v a r i a b l e s  a r e  g e n e r a l l y  coupled.  The re fo re ,  
it i s  n o t  p o s s i b l e  t o  speak of s e p a r a t e  the rma l  and h y d r a u l i c  
p a r t s  of  i n t e r n a l  energy ;  t h e  exchange o f  b o t h  k i nds  of energy 
a r e  t h e  b a s i s  o f  h e a t  eng ines .  

The c o u p l i n g  and many o t h e r  f a c t s  o f  i n te r connec ted  e f f e c t s  
and components a r e  best d e s c r i b e d  by a  newer t o o l  of  systems and 
eng inee r i ng ,  t h e  bond graphs.  They a r e  a  r e p r e s e n t a t i o n  o f  i n t e r -  
d i s c i p l i n a r y  eng inee r i ng  sys tems on paper  us ing  s p e c i a l l y  de f i ned  
symbols. These symbols a r e  n o t  s i m p l i f i e d  p i c t u r e s  o f  t h e  com- 
ponents  a s  i n  c i r c u i t s ,  b u t  u s e  a  l e t te r  code (e .g .  C-elements 
f o r  a  g e n e r a l i z e d  c a p a c i t o r )  which a l l o w s  au tomat i c  computer 
programing [ 1 31 . 

An impor tan t  bond g raph  symbol i s  t h e  C - f i e l d  o r  i n t e r d i s -  
c i p l i n a r y  c a p a c i t o r  network. I t  r e l a t e s  t h e  e f f o r t s  ( g e n e r a l i z e d  
v o l t a g e s )  and c h a r g e s  ( t i m e  i n t e g r a l s  o f  f l o w s ) ,  which i n c l u d e  
t h e  r e l a t i o n s  between a b s o l u t e  t empera tu re ,  p r e s s u r e ,  volume, 
and en t ropy  w i t h  t h e i r  coup l i ng  i n  f l u i d  ma t te r .  I n  f a c t ,  many 
theorems o f  c l a s s i c a l  thermodynamics are simply p r o p e r t i e s  of 
C - f i e l ds  and a l s o  app l y  t o  systems w i t h  o t h e r ,  non-thermal,  
C- f ie lds .  



I t  should be no ted  t h a t  a mass f low c a r r i e s  a d e f i n i t e  
en t ropy  f l ~ w ,  bu t  en tha lpy  f l u x  and en t ropy  f low a r e  n o t  connected 
e x a c t l y  by equa t i on  ( 1  ) . Rather one must i n t r oduce  t h e  form 
f a c t o r  mentioned above. Th is  c o r r e c t i o n  f o r  en t ropy  f low w i t h  
a g iven  en tha lpy  f l u x  and mass f low i s  u s u a l l y  masked by t h e  
en t ropy  g e n e r a t i o n  due t o  mechanical  and therma l  f r i c t i o n  i n  
machines and h e a t  exchangers.  

4.2 Var ious House Heat ing Schemes 

Thermal energy f o r  h e a t i n g  purposes,  e.g.  f o r  a house, i s  
r e a l l y  t h e  p r o v i s i o n  o f  en t ropy  f low a t  a c e r t a i n  low temperature  
o f  t h e  o r d e r  o f  400 K. Although f u e l  combust ion can be made a t  
ve ry  h igh  tempera tu re  l e v e l s ,  techno logy c o n s t r a i n t s  l i m i t  t h e  
upper tempera tu re  t o  abou t  1000 K. The r e s u l t  i s  a cor responding 
en t ropy  f low (1 0 W/K p e r  1 kW thermal  energy f l u x )  , which c o r r e s -  
ponds t o  a tempera tu re  source .  

There a r e  t h e  fo l low ing  p o s s i b i l i t i e s  f o r  hea t i ng  a house, 
s t a r t i n g  from 1000 K: 

HOUSE HOUSE 

HOT SOURCE 

COLD SOURCE 

F i g .  5 I l l u s t r a t i o n  of house hea t i ng  rep resen ted  a s  
f l u i d  power c i r c u i t  ( r i g h t ) ,  and a s  bond g raph  
( l e f t ) ,  from a ho t  source  a t  1000 K. The therma l  
r e s i s t o r s  (RS) a r e  power-conserving and producs 
new en t ropy  f low,  which i s  d e s i r e d  a t  approx i -  
mate ly  4 0 0  K f o r  comfor t  i n  t h e  house. The lower 
the rma l  r e s i s t o r  shows t h e  ou t f low of en t ropy  
and thermal  power t o  t h e  environment rep resen ted  
by t h e  co ld  source  T 2 ' 



(1 )  I n  F ig  . 5 ,  t h e  the rma l  h e a t  f l u x  i s  t ransformed from 
1000 K th rough  a  thermal  r e s i s t o r  i n t o  t h e  same power 
a t  a  lower tempera tu re  and a  co r respond ing l y  g r e a t e r  
en t ropy  f low. T h i s  s imple  scheme produces en t ropy  and 
was tes  negentropy.  

(2)  I n  F i g .  6 ,  t h e  tempera tu re  drop between 1000 K and 
400 K i s  used i n  an i d e a l  eng ine  t o  p rov ide  mechanical  
power. Such an  eng ine  conserves  en t ropy  b u t  t a k e s  
power Erom t h e  therma l  t o  t h e  mechanical  domain. Hence, 
less power i s  a v a i l a b l e  f o r  house h e a t i n g .  

( 3 )  I n  F i g .  7 ,  t h e  eng ine  d r i v e s  an en t ropy  pump t h a t  t a k e s  
en t ropy  from t h e  environment rep resen ted  by t h e  c o l d  
sou rce  ST2 w i t h  250 K t  and pumps it t o  t h e  400 K l e v e l .  
The 6  kW mechanical  power t h u s  makes a v a i l a b l e  add i -  
t i o n a l  pumped power o f  10 kW, doub l ing ,  a s  compared t o  
F i g .  5 ,  t h e  en t ropy  f low a v a i l a b l e  t o  h e a t  t h e  house. 

E N ~ I N E  - ( m e c )  = 6kW 

HOUSE 

F ig .  6  House h e a t i n g  scheme, where t h e  en t ropy  f a l l  
between 1000 K and 4 0 0  K i s  used t o  make 6  kW 
power i n  a n  i d e a l  eng ine.  Consequent ly  less 
t he rma l  power, on l y  4 kW, i s  a v a i l a b l e  f o r  
h e a t i n g .  
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F i g .  7 Heat ing schene ( s i m i l a r  t o  F ig .  6 ) ,  where mechanical  
power i s  used t o  pump en t ropy  from t h e  environment 
of 250 K t o  a  h e a t i n g  i n p u t  a t  4 0 0  K .  Consequent ly  
2@ kW h e a t i n g  power i s  , a v a i l a b l e  w i t h  10 kW i n p u t ,  
tw i ce  a s  much a s  i n  F ig .  5. ( p  = power) 

I t  i s  u s e f u l  t o  emphasize t h a t  thermal  r e s i s t o r s  conserve  
power b u t  consume negentropy,  and i d e a l  eng ines  conserve  en t ropy  
and t r ans fo rm  power from t h e  thermal  t o  t h e  mechanical  domain. 
I n  t h e  absence of  a  h iqh- temperature  source ,  t h e  scheme of  F ig .  7 
can be modi f ied  by d r i v i n g  t h e  en t ropy  pump w i t h  non-thermal 
power, f o r  i ns tance ,by  o u t s i d e  e l e c t r i c i t y .  Th i s  a l l ows  t o  ob- 
t a i n  16 kW of  the rma l  power f o r  6  kW of  e l e c t r i c i t y - - a n  improve- 
ment o f  a  f a c t o r  3 . 3  compared t o  t h e  h e a t i n g  by an e l e c t r i c  
r e s i s t o r  (RS- f ie ld) .  The improvement i s  g r e a t e r  i f  en t ropy  i s  
pumped through sma l l e r  tempera tu re  d i f f e r e n c e s .  The numer ica l  
v a l u e s  of  F igu res  5 t o  7 r e f e r  t o  i d e a l  eng ines  and pumps, and 
t h e  p r a c t i c a l  performance i s  cons ide rab l y  less f a v o r a b l e  because 
o f  i n e f f i c i e n c i e s .  



Another p r a c t i c a l  d i f f i c u l t y  i s  t o  o b t a i n  ent ropy f o r  
~umping  from t h e  environment. The environment i s  r e a l l y  a very 
l a r g e  entropy r e s e r v o i r ,  an e n t r o p y  l a k e ,  a s  i s  sketched i n  
~ i g . . 8  ( l e f t ) .  However, t h e r e  a r e  always impor tant  thermal  1 

T (env) T (env) f 
Fig.  8 The environment a s  a very  l a r g e  ent ropy r e s e r v o i r  

o r  en t ropy  l a k e  w i th  a b a s i s  T/S graph ( l e f t ) ,  o r  
a s  co ld  source  w i th  a thermal  r e s i s t o r  ( f l u i d  power 
c i r c u i t ,  c e n t e r ,  and bond graph, r i g h t ) .  (T = t e m -  
pera tu re ;  S = s o u r c e ) .  

r e s i s t o r s  w i th in  it. Consequently,  t h e  e f f e c t i v e  temperature 
rises when ent ropy should be depos i ted  and s i n k s  when it i s  
taken  away. With a i r  a s  an  ent ropy l a k e ,  t h e r e  i s  a l s o  t h e  
d i f f i c u l t y  of mo is tu re  and ice format ion on t h e  ent ropy exchanger, 
a s  o f t e n  happens when water  vapor covers  t h e  h e a t  exchanger. 

An obvious method t o  improve t h e  house hea t i ng  scheme of 
F igures  5 t o  7 i s  t o  i n c r e a s e  t h e  thermal  r e s i s t a n c e  between 
t h e  house and t h e  environment. Th is  reduces t h e  ent ropy out -  
f low a t  a g iven tempera tu re  d i f f e r e n c e ,  prov id ing b e t t e r  insu-  
l a t i o n .  No phys i ca l  p r i n c i p l e  l i m i t s  t h e  amount of i n s u l a t i o n  
t h a t  can be app l i ed ,  on l y  c a p i t a l  c o s t .  I t  i s  a l s o  c a p i t a l  c o s t  
which has ,  s o  f a r ,  prevented t h e  more widespread adopt ion of  
schemes such a s  i n  F igu res  6 and 7. 

From t h e s e  examples it appears  t h a t  t h e  en t ropy  pump has  
g r e a t  p o t e n t i a l  f o r  many a p p l i c a t i o n s .  I t  i s  t h e r e f o r e  d e s i r a b l e  
t o  f u r t h e r  development t o  reduce i t s  c o s t  and t o  i n c r e a s e  i t s  
e f f i c i e n c y  towards t h e  i d e a l  va lues  of F igu res  6 and 7. 

Also r e l a t e d  t o  t h e  s u b j e c t  of c i t y  h e a t i n g  and power supply 
is  t h e  proposed negentropy c i t y  of  W. Hgfele and C.  Marchet t i  
[ 1 ,17 ] ,  from which F ig .  9 i s  reproduced. I t  a l lows t o  supply 
mechanical energy t o  t h e  c i t y  by negentropy f low w i thou t  any n e t  
energy f l u x .  



Fig .  9 Negentropy c i t y  a f t e r  C.  Plarche t t i  [ I71 (A: work, 
E: energy,  Q: h e a t ,  S: en t ropy ,  T: tempera tu re )  

F i g .  10  c o n t a i n s  a bond graph f o r  t h e  negentropy c i t y  w i t h  
numer ica l  i n d i c a t i o n  o f  tempera tu res  and en t ropy  f low. I n  t h i s  
example, 1 MPJ mechanical  power i s  produced i n  an  ocean power 
p l a n t  by mixing s u r f a c e  wate r  o f  300 K wi th  deep  water  o f  290 K 
i n t o  295 K out f low.  Th i s  i s  used t o  compress a i r  i s o t h e r m i c a l l y ,  
whereby t h e  en t ropy  i s  squeezed o u t ,  and r e p r e s e n t s  a thermal  
power f l u x  of 1 Em. Hence, t h e r e  i s  no power l o s s ,  o n l y  mixing 
of  d i f f e r e n t  wa te r  tempera tu res  i n  t h e  ocean. Given an a r b i t r a r y  
ze ro  p o i n t  on t h e  en t ropy  s c a l e ,  a s  is t h e  c a s e  w i t h  ambient  
p r e s s u r e  and tempera tu re ,  t h e  compressed a i r  c a r r i e s  negentropy 
i n  b o t t l e s  o r  i n  a p ipe - l i ne  t o  a c i t y .  S ince  t h e  i n t e r n a l  
energy of i d e a l  gases  dependson t h e  tempera tu re  on l y ,  t h e  i n t e r n a l  
energy c o n t e n t  i n  t h e  b o t t l e s  e q u a l s  t h e  i n t e r n a l  energy c o n t e n t  
o f  t h e  . r e t u r n i n g  a i r .  I n  mechanical  eng ineer ing  t a b l e s ,  t h e  
ze ro  p o i n t s  of en t ropy  and i n t e r n a l  energy a r e  u s u a l l y  t aken  t o  
be a t  273 K and a t  a tmospher ic  p r e s s u r e  (1 b a r  o r  100 kP a b s o l u t e ) .  

I n  t h e  c i t y ,  t h e  compressed a i r  d r i v e s  motors where, f o r  i so -  
the rma l  o p e r a t i o n ,  a thermal  EIFJ has  t o  be taken  from t h e  env i ron-  
ment, t h e  en t ropy  l ake .  The power i s  re tu rned  t o  it i n  mechanical  
form and i s  u l t i m a t e l y  reconver ted  i n t o  thermal  power by v a r i o u s  
f r i c t i o n s .  Only a minute f r a c t i o n  w i l l  be s t o r e d  a s  chemical  o r  
mechanical  energy.  
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Summarizing F ig .  10,  negentropy i s  gained from t h e  mixing 
of  water a t  d i f f e r e n t  temperatures,  c a r r i e d  i n t o  t h e  c i t y  and con- 
sumed t h e r e  f o r  human needs. No n e t  power t r a n s f e r  i s  assoc ia ted  
w i th  it. 

Provid ing mechanical energy where needed by negentropy f low 
i n  compressed a i r  has  been used s ince  t h e  19 th  cen tu ry ,  espec ia l -  
l y  f o r  mines and tunne l  bu i ld ing .  Here t h e  coo l i ng  e f f e c t  of t h e  
a i r  ou t f l ow f in  a d d i t i o n  t o  i t s  use f o r  b rea th ing ,  has  been most 
welcome. The d i f f i c u l t y  i s  t o  t ransmi t  t o  t h e  environment t h e  
ent ropy squeezed o u t  du r ing  compression and t o  pu t  it back dur ing  
expansion f o r  t r u l y  isothermal  opera t ion .  I n  p r a c t i c e ,  t h e  l o s s e s  
have been g r e a t ,  and compressed a i r  t ransmiss ion  has  l o s t  ground 
t o  e l e c t r i c  t ransmiss ion.  However, t h i s  i s  a po in t  where t h e  
development of b e t t e r  components, machines, and hea t  exchangers 
i s  c a l l e d  f o r .  

A word of cau t i on  may be app rop r ia te .  S i m i l a r l y  a s  i n  most of  
t h e  l i t e r a t u r e ,  ou r  d e s c r i p t i o n  assumes t h a t  ent ropy i s  a v a i l a b l e  
o r  must be disposed of  a t  cons tan t  temperature,  a s  g iven by a 
temperature source.  I n  f a c t ,  it has  t o  be taken o u t  most ly  from 
a mass f low which t h u s  c o o l s  o f f ,  f o r  i n s t a n c e ,  a s  shown i n  F ig .  10,  
from 300 t o  295 K .  TO d ispose of ent ropy,  t h e  mass f low in -  
c r e a s e s  i t s  temperature from 290 t o  295 K (F ig .  1 0 ) .  For a 
more d e t a i l e d  a n a l y s i s ,  t h e  temperature source w i l l  have t o  be 
rep laced by an element rep resen t i ng  t h i s  ent ropy take-out  and 
t h e  corresponding temperature decrease.  It can be made entropy- 
conserving ( f r i c t i o n l e s s )  by app rop r ia te l y  s e t t i n g  t h e  parameters 
such a s  mass f lows. 

4.3 ~ f f i c i e n c i e s  w i th  Thermal Power 

In  mixed thermal  and mechanical power systems e f f i c i e n c y  va lues  
should i n d i c a t e  how f a r  performance d e v i a t e s  from t h e  i d e a l  va lues  
of F igures  6 ,  7 ,  8 ,  and 10. The l o s s e s  u s u a l l y  appear a s  addi-  
t i o n a l  ent ropy i n  t h e  out f low. 

A method t o  determine e f f i c i e n c y  comes from t h e  water power 
t u r b i n e  p r a c t i c e  and s p l i t s  t h e  r e a l  engine i n t o  an i d e a l  engine 
and a f r i c t i o n  element (RS-f i e l d )  , a s  shown jn F i g  11 The 
i d e a l  engine produces a mechanical power of H 1  - H3, bu t  t h e  r e a l  
one has a friction power which i s  added t o  t h e  ou t f low and in-  
c r e a s e s  f-12 t o  H3. We t h u s  have 

i d e a l  c a s e  

r e a l  c a s e  I? mec 

and t h e  e f f i c i e n c y  a s  a r a t i o  of both mechanical powers 
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Fig.  11 E f f i c i e n c y  de te rm ina t i on  w i th  mass f lows ( H I ,  
by concep tua l l y  s p l i t t i n g  t h e  r e a l  eng ine i n t o  
an i d e a l  eng ine  and a  f r i c t i o n  e lement.  I t  
abso rbs  t h e  (gene ra l i zed )  f r i c t i o n  power and 
produces new en t ropy  f l u x ,  which is  added v i a  
j unc t i on  j c t  t o  t h e  out f low.  

Formula (16)  presupposes t h a t  t h e  d i r e c t  exchange of  en t ropy  
between t h e  machine and t h e  environment i n  one d i r e c t i o n  o r  t h e  
o t h e r  i s  n e g l i g i b l e .  Th i s  i s  o f t e n  t h e  c a s e ,  bu t  should a lways 
be checked numer ica l ly .  I f  it is  n o t  n e g l i g i b l e ,  a  thermal  con- 
d u c t i o n  bond can  be added t o  F ig .  10 and i t s  e f f e c t  es t ima ted .  

For e f f i c i e n c y  measurement o f  water  t u r b i n e s ,  t h e  i d e a l  o u t -  
f low H3 i s  n o t  a c c e s s i b l e  f o r  measurement. T h i s  d i f f i c u l t y  i s  
avoided by n o t i n g - t h a t  t h e  i d e a l  eng ine  does n o t  produce any 
ent ropy.  Hence, H3 i s  t h e  en tha lpy  a t  o u t l e t  p r e s s u r e  bu t  w i t h  
f h e  Sam? en t ropy  a s  i n  t h e  i n l e t .  The i n l e t  and o u t l e t  e n t h a l p i e s  
H1 and H2 a r e  determined by tempera tu re  and p r e s s u r e  measurements 
us ing  t h e  equa t i on  o f  s t a t e  o f  t h e  wate r  o r  ano the r  working medium. 
More r e c e n t l y ,  t h i s  e f f i c i e c c y  de te rm ina t i on  has  been a p p l i e d  t o  
o i l h y d r a u l i c  ( f l u i d  power) systems. 

Heat exchangers l o s e  negentropy and can  presumably be 
c h a r a c t e r i z e d  by a  s i m i l a r  e f f i c i e n c y .  

I n  t h e  c o n t e x t  o f  IIASA it would be i n t e r e s t i n g  t o  deve lop  
a performance index based on t h e  r e l a t i v e  l o s s  o f  negentropy. 
Here a d i f f i c u l t y  appea rs  t o  be  a  u n i v e r s a l  ze ro  o r  r e f e r e n c e  
p o i n t  f o r  en t ropy .  

The performance o f  therma l  machines can  a l s o  be d e s c r i b e d  
by t h e  l o s s  o f  exergy de f i ned  a s  

Exergy is  t h e n  t h e  r e a l  energy,  expressed by t h e  en tha lpy  
i n  t h e  f low c a s e ,  minus t h e  en t ropy  m u l t i p l i e d  by t h e  envi ron-  
ment temperature .  T h i s  deduc t ion  i s  l i k e  an  accounted r e s e r v e  
f o r  t h e  c o s t  of d i s p o s i n g  p f  undeg i rab le  goods, i n  t h i s  c a s e  
en t ropy .  Thermal energy a t  t h e  tempera tu re  o f  t h e  environment 
t h u s  has  no exergy,  a  f a c t  t h a t  w e l l  d e s c r i b e s  t h e  en t ropy  l ake .  



L.  Bore1 conv inc ing l v  a rgues  [I51 t h a t  t h e  economic v a l u e  
o f  energy  shou ld  be rep resen ted  by exergy.  The advantage of t h i s  
concept  i s  t h a t  it works e q u a l l y  w e l l  f o r  en t ropy  pumps, which 
produce low tempera tu re  i n  r e f r i g e r a t o r s  and a i r c o n d i t i o n e r s .  
Fur thermore it shows t h a t  house h e a t i n g  by electr ic  r e s i s t o r s  
was tes  exergy ,  wh i le  h e a t i n g  w i t h  i d e a l  en t ropy  pumps from a 
c o l d  source  a t  environment tempera tu re  conse rves  exergy.  The 
c o n d i t i o n  i s  t h a t  no thermal  r e s i s t a n c e s  a c t  between t h e  en t ropy  
l a k e  and t h e  pump i n t a k e .  

Exergy f l u x  i s  r e p r e s e n t e d  main ly  by h o t  wa te r  o r  s team 
p i p e s ,  where it i s  l i n k e d  w i t h  t h e  en t ropy  t r a n s p o r t e d  by t h e  
f l u i d .  I t  a p p l i e s  a l s o  t o  non-thermal energy  f l u x e s  (e lec t r ic ,  
mechanica l ,  h y d r a u l i c )  th rough equa t i on  ( 1 7 ) ,  on l y  t h a t  t h e y  do 
n o t  c o n t a i n  any en t ropy .  Hence, i n  t h e  non-thermal c a s e ,  exergy  
f l u x  and energy  f l u x  a r e  t h e  same. 

With t h e s e  p r o p e r t i e s ,  it i s  o f  advantage t o  use  t h e  e f f i -  
c i ency  o f  exergy ,  de f i ned  a s  ou tpu t  exergy  f l u x  by i n p u t  exergy  
f l u x ,  t o  r e p l a c e  conven t iona l  e f f i c i e n c y .  F r i c t i o n l e s s  machines 
would have 100 p e r  c e n t  exergy  e f f i c i e n c y ,  b u t  r e a l  machines 
and even h e a t  exchangers  have l e s s  exergy  e f f i c i e n c y  due t o  t h e r -  
mal and o t h e r  f r i c t i o n .  F u r t h e r  i n v e s t i g a t i o n  a long  t h e s e  l i n e s  
w i l l  p rov ide  v a l u a b l e  i n s i g h t s  i n t o  h e a t  and power supp ly  ( o r  re- 
mova l ) ,  i n  t h e  c o n t e x t  of  network thermodynamics. 

One weak p o i n t  o f  exergy  i s  t h e  p r e c i s e  de te rm ina t i on  o f  t h e  
tempera tu re  o f  t h e  envi ronment ,  which depends on t h e  the rma l  
r e s i s t o r  o f  F i gu re  8 ,  l o c a t i o n ,  and weather .  T h i s  i n t r o d u c e s  a  
c e r t a i n  a r b i t r a r i n e s s  which cou ld  be reduced by r e f e r r i n g  t o  a 
s tanda rd  environment.  I t  compr ises  b u t  min imizes t h e  a r b i t r a r i -  
n e s s  (con ta ined  i n  t h e  word: u s e f u l )  o f  conven t i ona l  e f f i c i e n c y  
a s  u s e f u l  energy  o u t f l u x  d i v i d e d  by energy  i n f l u x .  

4 . 4  Combustion o r  Hea t i ns  E f f i c i e n c v  

For  h e a t i n g  and con t inuous  burn ing  ( e x t e r n a l  combust ion) 
eng ines ,  one a l s o  uses  combust ion e f f i c i e n c y .  Combustion e f f i -  
c i e n c y  i s  t h e  h e a t  supp l ied  t o  t h e  eng ine  d i v i d e d  by t h e  energy  
c o n t e n t  ( h e a t  v a l u e )  o f  t h e  f u e l .  I t  e s s e n t i a l l y  i n d i c a t e s  t h e  
h e a t  l o s s e s  th rough  t h e  ou t f l ow o f  t h e  combust ion p roduc t s  and 
some the rma l  l o s s e s ,  and co r responds  t o  t h e  b o i l e r  e f f i c i e n c y  i n  
s team power p l a n t s .  T h i s  e f f i c i e n c y  can  be  made c l o s e  t o  one 
by coo l i ng  t h e  combust ion g a s e s  t o  nea r  i n l e t  a i r  tempera tu re .  
I n  p r a c t i c e ,  e s p e c i a l l y  i n  mar ine eng inee r i ng ,  it i s  done by pre-  
h e a t i n g  .combustion a i r  o r  t h e  feedwater  of a  s team b o i l e r .  

3 Network thermodynamics i s  a  new approach,  where t h e  compo- 
n e n t s  of  an  i n s t a l l a t i o n  a r e  r e p l a c e d  by i d e a l i z e d  e lements ,  each 
having o n l y  one f u n c t i o n ,  somewhat s i m i l a r  t o  e l e c t r o n i c  c i r c u i t  
t heo ry .  I t  i s  compat ib le  w i t h  Subsec t ion  2.1 above,  and is much 
a p p l i e d  i n  b i ophys i cs .  
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