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Systems A s p e c t s  o f  E n v i r o n m e n t a l  A c c o u n t a b i l i t y *  

Rudol f  Avenhaus and Wolf H g f e l e * *  

A b s t r a c t  

Human a c t i v i t i e s  have i n c r e a s e d  i n  such  a  way t h a t  
t h e r e  now e x i s t s  t h e  d a n g e r  t h a t  some g l o b a l  b a l a n c e s  w i l l  
be  d i s t u r b e d .  A s  a r e s u l t ,  t h e r e  i s  t o d a y  a  w i d e s p r e a d  e f -  
P o r t  t o  g e t  p r e c i s e  knowledge a b o u t  t h e s e  b a l a n c e s  them- 
s e l v e s  a s  w e l l  a s  a b o u t  t h e  c o n s e q u e n c e s  o f  p o s s i b l e  d i s -  
t u r b a n c e s  i n  t h e s e  b a l a n c e s .  Because o f  t h e i r  magn i tude  
t h e s e  p rob lems  a r e  i n t e r - r e l a t e d  w i t h  o t h e r  p r o b l e m s .  
A d d i t i o n a l l y ,  e f f e c t s  which were c o n s i d e r e d  e a r l i e r  t o  be 
s i d e  e f f e c t s  become i m p o r t a n t .  A l l  t h i s  means t h a t  f o r  
t h e  t r e a t m e n t  o f  t h e s e  p rob lems  a  s y s t e m s  a p p r o a c h  seems 
n e c e s s a r y .  

T h i s  p a p e r  recommends u s e  o f  t h e  g e n e r a l  c o n c e p t  o f  
m a t e r i a l  a c c o u n t a b i l i t y  f o r  t h e  a n a l y s i s  and t r e a t m e n t  o f  
t h e s e  p r o b l e m s .  T h i s  h a s  a l r e a d y  b e e n  p r o p o s e d  by d i f f e r -  
e n t  g r o u p s .  The r e a s o n  i t  i s  emphas ized h e r e  i s  t h a t  t h e  
m a t e r i a l  a c c o u i i t a b i l i t y  c o n c e p t  h a s  p r o v e n  e x t r e m e l y  v a l u -  
a b l e  i n  t h e  e s t a b l i s h m e n t  o f  t h e  IAEA s a f e g u a r d s  s y s t e m  
f o r  n u c l e a r  m a t e r i a l  i n  t h e  p e a c e f u l  n u c l e a r  i n d u s t r y .  It 
i s  e s p e c i a l l y  t h e  o r g a n i z a t i o n  o f  t h i s  s y s t e m  i n  t h e  p l a n t  
o p e r a t o r ' s  r e s p o n s i b i l i t y  ( g e n e r a t i o n  and r e p o r t i n g  o f  
s o u r c e  d a t a  f o r  m a t e r i a l  b a l a n c e )  and i n  t h e  s a f e g u a r d s  
a u t h o r i t y ' s  r e s p o n s i b i l i t y  ( v e r i f i c a t i o n  o f  t h e s e  d a t a  by 
means o f  i n d e p e n d e n t  measurements )  which a l l o w e d  t h e  a c c e p t -  
t , ance  o f  t h i s  sys tem on a  b r o a d  i n t e r 3 n a t i o n a l  s c a l e  and 
which GROSS0 MOD0 c o u l d  s e r v e  as a n  example  f o r  any f u t u r e  
g l o b a l  m o n i t o r i n g  s y s t e m .  

I n  t h e  f i r s t  p a r t  o f  t h i s  p a p e r  examples f o r  b a l a n c e s  
e x i s t i n g  i n  n a t u r e  a r e  g i v e n :  oxygen,  c a r b o n  d i o x i d e ,  r3a- 
d i a t i o n  b a l a n c e  o f  t h e  e a r t h  a tmosphere  s y s t e m .  Models f o r  
t h e s e  b a l a n c e s  and t h e i r  d i s t u r b a n c e s  a s  w e l l  as t h e  r e -  
s p e c t i v e  measurements  a r e  r e p o r t e d .  

* P a p e r  p r e s e n t e d  a t  t h e  Workshop on Systems A n a l y s i s  and 
M o d e l l i n g  Approaches i n  Env i ronment  Sys tems ,  h e l d  f rom 
S e p t .  17 -22 ,  1 9 7 3  a t  Zakopane, P o l a n d .  

**The a u t h o r s  would l i k e  t o  e x p r e s s  t h e i r  t h a n k s  t o  
M r .  W i l l i a m  C l a r k ,  IIASA, f o r  v a l u a b l e  s u g g e s t i o n s  and 
comments. 



I n  t h e  second  p a r t  we h a v e  t r i e d  t o  e x p l a i n  why t h e  
t r e a t m e n t  o.C t h e s e  p rob lems  n e c e s s a . r i l y  l e a d s  i n t o  t h e  
f ie1.d o f  s y s t e m s  a n a l y s i s .  S p e c i a l  r e f e r e n c e  i s  made t o  
t h e  p rob lems  o u ~ l i n e d  i n  t h i s  p a p e r .  

A s  an example  f o r  t h i s  k i n d  o f  a p p r o a c h  a n d  f o r  a n  
e x i s t i n g  g l o b a l  c o n t r o l  s y s t e m ,  t h e  IAEA s a f e g u a r d s  s y s t e m  
a n d  t h e  m a t h e m a t i c a l  mode ls  d e v e l o p e d  i n  t h e  c o u r s e  o f  
e s t a b l i s h i n g  t h a t  s y s t e m  a r e  s k e t c h e d  i n  t h e  t h i r d  p a r t .  

I n  t h e  f ' o u r t h  p a r t ,  t h e  e c o r ~ o m i c  i m p l i c a t i o n s  o f  ma- 
t e r i a l  a c c o u n t a b i l i t y  a r e  d e s c r i b e d  u s i n g  t h e  i n p u t - o u t p u t  
a p p r o a c h ;  f o r  t h e  example  o f  s u l p h u r  i t  i s  d e m o n s t r a t e d  i n  
wh ich  way t h e  c o n s e q u e n c e s  o f  c o n s t r a i n t s - - e . g .  i n  t h e  f o r m  
o f  e m i s s i o n  s t a n d a r d s - - c a n  be a n a l y z e d .  

The p a p e r  e n d s  w i t h  a  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  
comp1 .e~  i n t e r r e l a t i o n s  be tween  t h e  b a s i c  c o n c e p t s :  m a t e r i -  
a l  a c c o u n t a b i l i t y ,  v e r i f  < c a t  i o n  by means o f  measu remen ts ,  
a n d  e c o n o ~ n i c  i m p l i c a t i o n s .  

I n t r o d u c t i o n  

I n  e a r l i e r  t i m e s  t h e  i n f l u e n c e  o f  man on  h i s  n a t u r a l  

e n v i r o n m e n t  was n o t  o f  g r e a t  i m p o r t a n c e .  E i t h e r  a l l  m a t e r i -  

a l s  ta lcen f rom t h e  e n v i r o n m e n t  a n d  u.sed were  g i v e n  b a c k  a g a i n  

w i t h o u t  f u r t h e r  c o n s e q u e n c e s - - t h i s  was t h e  c a s e  f o r  example  

i n  a p u r e l y  a g r i c u l t u r a l  s o c i e t y - - o r  t h e  amounts  t a k e n  were  

s o  s m a l l  t h a t  t h e y  c o u l d  b e  d i s r e g a r d e d .  F o r  examp le ,  up t o  

1 8 7 0  p r a c t i c a l l y  t h e  o n l y  p r i m a r y  e n e r g y  s o u r c e  was t h e  com- 

b u s t i o n  o f  wood. A s  d e m o n s t r a t e d  by  t h e  f a c t  t h a t  a f t e r  1 8 7 0  

c o a l  was u s e d  on  a  l a r g e  s e a l - e ,  t h e  amoun ts  o f  p r i m a r y  e n e r g y  

n e e d e d  i n c r e a s e d  i n  s u c h  a  way t h a t  t h e r e  was no l o n g e r  a com- 

p l e t e  r e c y c l i n g  o f  m a t e r i a l ;  however ,  t h e  amounts  i n  q u e s t i o n  

s t i l l  were  smal l .  Of c o u r s e ,  i n  e a r l i e r  t i m e s  a l s o  t h e r e  were  

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



( e . g .  t h e  e r o s i o n  o f  c o m p l e t :  l a n d s c a p e s  as a consequence  

o f  u n c o n t r o l l e d  d e f o r e s t a t i o n ,  o r  t h e  e x h a u s t i o n  o f  o r e  m i n e s ) .  

However, i n  t h e s e  c a s e s  t h e  consequences  were a t  most o f  r e -  

g i o n a l  e x t e n t .  Only i n  r e c e n t  t i m e s  have  human a c t i v i t i e s  

d e v e l o p e d  i n  such  a  way t h a t  t h e i r  i n f l u e n c e  on t h e  e n v i r o n -  

ment p e r h a p s  w i l l  c a u s e  i r r e v e r s i b l e  changes  o f  g l o b a l  e x t e n t .  

The g e n e r a l  p rob lem o f  p o s s i b l e  i r r e v e r s i b l e  g l o b a l  

c h a n g e s  o f  t h e  e n v i r o n m e n t ,  a s  w e l l  as t h e  q u e s t i o n  o f  what 

c o u l d  be  a c h i e v e d  i n  t h i s  c o n n e c t i o n ,  s h a l l  be  d e t a i l e d  h e r e  

f o r  examp les  o f  m a t e r i a l  b a l a n c e s  e x i s t i n g  i n  n a t u r e  which 

man w i l l  d i s t u r b ,  namely t h e  oxygen and c a r b o n  d i o x i d e  b a l -  

a n c e  as w e l l  a s  t h e  r a d i a t i o n  b a l a n c e  o f  t h e  e a r t h  a tmosphere  

s y s t e m .  These  p rob lems  a r e  w e l l  known. The p o i n t  t o  be  made 

h e r e  i s  t h a t  t h e y  h a v e  grown i n  s u c h  a  way t h a t  t h e i r  i n t e r -  

r e l a t i o n s  w i t h  o t h e r  p rob lems  as w e l l  a s  t h e i r  e f f e c t s  which 

were c o n s i d e r e d  e a r l i e r  t o  be  s i d e  e f f e c t s  become most impor-  

t a n t .  A s  a  r e s u l t ,  t h e y  c a n  no l o n g e r  b e  t r e a t e d  i n  a n  i s o -  

l a t e d ,  d i s c i p l i n e - o r i e n t e d  way-- the a p p l i c a t i o n  o f  s y s t e m s  

a n a l y s i s  becomes n e c e s s a r y .  

One o f  t h e  t o o l s  which c o u l d  p rove  u s e f u l  i n  t h i s  con- 

n e c t i o n  i s  m a t e r i a l  a c c o u n t a b i l i t y  i n  a  v e r y  g e n e r a l  f o rm.  

S e v e r a l  g r o u p s  have  a l r e a d y  p r o p o s e d  t h i s .  Kneese and co- 

w o r k e r s  promoted t h e  i d e a  m a i n l y  i n  c o n n e c t i o n  w i t h  t h e  prob-  

l em o f  w a s t e  d i s p o s a l  i n  i n d u s t r i a l i z e d  s o c i e t i e s  [I]. I n  

Ref .  [ 2 ] ,  e n v i r o n m e n t a l  b a l a n c e s  a r e  p r o p o s e d  a t  t h e  back- 

g round  o f  t h e  e x p e r i e n c e  w i t h  a  g l o b a l  and f u n c t i o n i n g  con- 



t r o l  s y s t e m  which i s  b a s e d  ma in l y  on m a t e r i a l  a c c o u n t a b i l i t y :  

t h e  IAEA s a f e g u a r d s  s y s t e m  f o r  n u c l e a r  m a t e r i a l  used  i n  t h e  

p e a c e f u l  s e c t o r  o f  n u c l e a r  i n d u s t r y .  Because o f  t h e  impor- 

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

d e s c r i b e  i t s  r e l e v a n t  f e a t u r e s .  

T h i s  p a p e r  i n t e n d s  t o  d e m o n s t r a t e  i n  which way t h e  p r i n -  

c i p l e  o f  m a t e r i a l  a c c o u n t a b i l i t y  which h a s  p roven  s o  s u c c e s s -  

f u l  i n  t h e  c a s e  o f  n u c l e a r  m a t e r i a l  s a f e g u a r d s  c o u l d  be ap- 

p l i e d  t o  e n v i r o n m e n t a l  p o l l u t i o n  p rob lems  o f  l o c a l ,  r e g i o n a l ,  

and i n t e r n a t i o n a l  s c a l e .  

l v la te r ia l  Ba lance  E x w l e s  i n  N a t u r e  and  t h e  I n f l u e n c e  o f  Man 

on These  M a t e r i a l  B a l a n c e s  

The oxygen and c a r b o n  d i o x i d e  c y c l e  i n  n a t u r e  n o t  i n -  

f l u e n c e d  by man h a s  t h e  f o l l o w i n g  form:  d u r i n g  t h e  day a h i g h  

r a t e  o f  p h o t o s y n t h e s i s  l e a d s  t o  t h e  n e t  p r o d u c t i o n  o f  O 2  and 

n e t  consumpt ion  o f  C02. A t  n i g h t ,  w i t h  p h o t o s y n t h e s i s  i n -  

a c t i v e ,  a n e t  consumpt ion  o f  O 2  and p r o d u c t i o n  o f  C02 t a k e s  p l a c e .  

However, t h e r e  i s  a n  o v e r a l l  n e t  i n p u t  o f  C02 and n e t  o u t p u t  o f  

0 2 .  The O 2  and C02 b a l a n c e s  a r e  c l o s e d  i f  one t a k e s  i n t o  a c c o u n t  

t h e  r o t t i n g  o f  dead  p l a n t s .  I n  c a s e  o f  comp le te  m i n e r a l i s a t i o n  

o r  t h e  p l a n t  mass, t h e  t o t a l  O 2  produced  i s  consumed a g a i n  and  

t h e  t o t a l  C02 consumed i s  p u t  b a c k  i n t o  t h e  a t m o s p h e r e .  Some 

p e o p l e  assume t h a t  t h e  0  i n v e n t o r y  o f  t h e  a t m o s p h e r e  as a whole  2  

r e s u l t s  f rom t h e  f o r m a t i o n  o f  f o s s i l  f u e l s ,  i . e .  f rom p l a n t  

masses  n o t  c o m p l e t e l y  r o t t e d .  



I n  a  modern a g r i c u l t u r a l  s o c i e t y  t h e r e  s t i l l  i s  a  n e t  

p r o d u c t i o n  o f  oxygen. On a g r i c u l t u r a l  l a n d  i n  t h e  FRG, a n  

a v e r a g e  o f  1 0  t O 2  p e r  h e c t a r e  and  y e a r  a r e  p roduced  and 

3 . 5  t 0  a r e  consumed ( a n i m a l s ,  man, work,  f u e l s ) .  Thus a 2  

n e t  o u t p u t  o f  6 . 5  t O2 p e r  h e c t a r e  and y e a r  rema ins  [3]. 

However, i f  one c o n s i d e r s  t h e  FRG as a whole ,  t h e n  one a r r i v e s  

a t  a O2 p r o d u c t i o n  o f  200 m i l l i o n  t p e r  y e a r ,  and  a  consump- 

t i o n  o f  700 m i l l i o n  t ( o f  which 600 m i l l i o n  t i s  used  f o r  t h e  

cornbust ion o f  f o s s i l  f u e l s ) .  T h e r e f o r e ,  a d e f i c i t  o f  500 m i l -  

l i o n  t O2 p e r  y e a r  r e m a i n s .  Even i f  t h i s  h o l d s  o n l y  f o r  a 

h i g h l y  i n d u s t r i a l i z e d  c o u n t r y ,  one may a s k  i f  we consume t h e  

oxygen o f  t h e  a t m o s p h e r e .  We w i l l  come back t o  t h i s  p o i n t  

l a t e r .  

T o g e t h e r  w i t h  t h e  combus t ion  of  t h e  f o s s i l  f u e l  goes  a 

c a r b o n  d i o x i d e  p r o d u c t i o n  o f  a n  enormous magn i tude .  I n  1960 ,  

1 0 . 8  b i l l i o n  t C02 were r e l e a s e d  a l l  o v e r  t h e  wor ld  i n t o  t h e  

a t m o s p h e r e .  T h i s  h a s  a l r e a d y  r e s u l t e d  i n  a  measureab le  i n -  

c r e a s e  o f  t h e  CO c o n t e n t  o f  t h e  a t m o s p h e r e .  Measurements 2  

i n  H a w a i i  ( i . e .  which i s  l o c a t e d  f a r  f rom l o c a l  C02 s o u r c e s )  

i n d i c a t e  t h a t  t h e  C O  seems t o  have been  i n c r e a s i n g  t h r o u g h -  2  

o u t  t h e  w o r l d  a b o u t  0 .2  p e r  c e n t  p e r  y e a r ,  o r  0 . 7  ppm o u t  o f  

320 ppm [4 ] .  To b e  a b l e  t o  a s k  what c o n s e q u e n c e s  t h i s  may 

h a v e ,  one h a s  t o  c o n s i d e r  t h e  C02 c y c l e  i n  n a t u r e .  

C o n s i d e r  F i g u r e  1 ( t a k e n  f rom [5]). On l a n d  C02 i s  

t a k e n  up by v e g e t a t i o n  and s t o r e d  i n  p l a n t s  and  humus. The 



magn i tude  o f  t h i s  r e s e r v o i r  i s  s i m i l a r  t o  t h a t  o f  t h e  atmo- 

s p h e r e ,  and t h e  exchange t i m e  i s  p r o b a b l y  on t h e  o r d e r  o f  

30 t o  40 y e a r s .  The ocean  p r o v i d e s  a  much l a r g e r  r e s e r v o i r  

and  h a s  t h e  p o t e n t i a l  o f  s t o r i n g  some 60 t i m e s  a s  much C02 

a s  t h e  a t m o s p h e r e .  The u p p e r  l a y e r s  o f  t h e  s e a  (above  t h e  

t h e r m o c l i n e )  mus t ,  however,  be d i s t i n g u i s h e d  f rom t h e  d e e p e r  

l a y e r s  o f  t h e  o c e a n .  The u p p e r  l a y e r s  a r e  w e l l  mixed,  and  

a r e  i.n c o n t a c t  w i t h  t h e  a tmosphere ,  b u t  t h e y  c a n  h o l d  o n l y  

a b o u t  as much C02 a s  e x i s t s  i n  t h e  a t m o s p h e r e .  S t u d i e s  o f  

t h e  c o n c e n t r a t i o n  o f  C14, which i s  p roduced  by cosmic  r a y s  

i n  t h e  a t m o s p h e r e  and s u b s e q u e n t l y  d e c a y s  t o  C12, s u g g e s t  

t h a t  t h e  r a t c  o f  t r a n s f e r  o f  C02 f rom t h e  a t m o s p h e r e  t o  t h e  

u p p e r  l a y e r s  o f  t h e  ocean  i s  s u c h  as t o  r e q u i r e  some 5 t o  

1 0  y e a r s  f o r  t h e  t r a n s f e r  o f  a q u a n t i t y  e q u i v a l e n t  t o  t h a t  

i n  t h e  a tmosphere .  T r a n s f e r  t o  t h e  deep ocean  f rom t h e  u p p e r  

l a y e r s  i s  a s l o w e r  p r o c e s s ,  and  as a r e s u l t  i t  would p r o b a b l y  

b e  a m a t t e r  o f  c e n t u r i e s  b e f o r e  t h e  deep ocean  r e a c h e d  e q u i -  

l i b r i u m  w i t h  any new l e v e l  o f  c o n c e n t r a t i o n  i n  t h e  a t m o s p h e r e .  

It i s  e s t i m a t e d  t h a t  a t  p r e s e n t  a b o u t  h a l f  o f  t h e  amount 

o f  C02 r e l e a s e d  t o  t h e  a tmosphere  by b u r n i n g  f o s s i l  f u e l s  i s  

k e p t  i n  t h e  a tmosphere .  Thus t h e  q u e s t i o n  a r i s e s  where t h e  

r e s t  r e m a i n s  and  what t h e  consequences  o f  t h i s  s t o r a g e  may 

b e ,  and  a d d i t i o n a l l y ,  what t h e  consequences  o f  t h e  i n c r e a s e  

o f  t h e  C02 c o n t e n t  o f  t h e  a tmosphere  may b e .  F o r  t h i s  pur -  

pose  models  must b e  d e v e l o p e d  ( a n d  have  been  d e v e l o p e d )  and  

t e s t e d  by g l o b a l  m o n i t o r i n g  s y s t e m s .  Models f o r  t h e  C02 b a l -  



a n c e  o f  t h e  e a r t h  a r e  b e i n g  d e v e l o p e d ,  e . g .  by F a i r h a l l  

and  by Zimen [6] . They s t a t e  t h a t  t h e  C02 w i l l  be  s t o r e d  i n  

t h e  s e a  and  t h e r e  p o s s i b l y  c o u l d  c a u s e  i n t o l e r a b l e  d i s t u r -  

b a n c e s  o f  t h e  e c o l o g i c a l  s y s t e m  o f  t h e  s e a .  Many models  on 

t h e  o t h e r  hand s t a t e  t h a t  t h e  i n c r e a s e d  C02 c o n t e n t  o f  t h e  

a tmosphere  changes  t h e  r a d i a t i o n  b a l a n c e  o f  t h e  e a r t h  r e s u l t -  

i n g  i n  a n  i n c r e a s e  o f  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  e a r t h  

( t h e  s o - c a l l e d  Greenhouse e f f e c t ) .  

To e x p l a i n  t h i s ,  i n  F i g u r e  2  t h e  r a d i a t i o n  b a l a n c e  o f  

t h e  e a r t h  i s  shown [ T I .  The s o l a r  i n p u t  above t h e  a t m o s p h e r e ,  

a v e r a g e d  o v e r  day and  n i g h t  and  a l l  z o n e s  o f  t h e  g l o b e ,  i s  

340 w/m2. Roughly 47% r e a c h e s  t h e  s u r f a c e  o f  t h e  e a r t h ,  t h a t  

2  
i s ,  160  W/m ; t h e  r e s t  i s  a b s o r b e d  w i t h i n  t h e  a t m o s p h e r e  o r  

i s  r e f l e c t e d  i m m e d i a t e l y .  A b s o r p t i o n  o f  s o l a r  r a d i a t i o n  

w i t h i n  t h e  a t m o s p h e r e  i s  by t h e  v a r i o u s  t r a c e  g a s e s ,  p r i n c i -  

p a l l y  w a t e r  v a p o r ,  C02, 0  and  m o l e c u l a r  oxygen ,  and by d u s t  
3  

a n d  h a z e .  A d d i t i o n a l  a b s o r p t i o n  t a k e s  p l a c e  w i t h i n  c l o u d s  

by t h e  l i q u i d  w a t e r  d r o p l e t s  and  i c e  c r y s t a l s  i n  t h e  c l o u d s .  

The r i g h t  hand s i d e  o f  F i g u r e  2 shows t h e  r a d i a t i o n  b a l a n c e  

be tween  a t m o s p h e r e  and e a r t h :  i n f r a r e d  r a d i a t i o n  f rom t h e  

e a r t h  t o  t h e  a t m o s p h e r e  and  i n v e r s e l y ,  and  h e a t  l o s s e s  o f  t h e  

e a r t h  by e v a p o r a t i o n  and  c o n v e c t i o n .  A s  e a r l y  a s  1 8 6 3  T y n d a l l  

s u g g e s t e d  t h a t  t h e  b l a n k e t i n g  e f f e c t  o f  i n c r e a s e d  C02 would 

c a u s e  c l i m a t i c  changes  t h r o u g h  v a r i a t i o n  o f  t h e  s u r f a c e  tem- 

p e r a t u r e .  I n c r e a s e d  CO b e c a u s e  o f  i t s  s t r o n g  a b s o r p t i o n  
2  ' 

( a n d  t h e r e a f t e r  e m i s s i o n )  o f  i n f r a r e d  r a d i a t i o n  at  1 2  t o  18p 



would  r e r a d i a t e  e n e r g y  downward t o  t h e  e a r t h ' s  s u r f a c e  a n d  

f u r t h e r  i n h i b i t  t h e  r a d i a t i v e  c o o l i n g  a t  t h e  g round .  A s  i t  

i s  r e p o r t e d  i n  Re f .  [&I, r a d i a t i v e  e q u i l i b r i u m  mode ls ,  i n c l u d -  

i n g  a c o n v e c t i v e  a d j u s t m e n t ,  s u g g e s t  t h a t  t h e  p r o j e c t e d  1 8  p e r  

c e n t  i n c r e a s e  o f  t h e  C02 c o n c e n t r a t i o n  by t h e  y e a r  2000 would 

r e s u l t  i n  a n  i n c r e a s e  o f  t h e  s u r f a c e  t e m p e r a t u r e  o f  a b o u t  

o n e - h a l f  d e g r e e  and a  s t r a t o s p h e r i c  c o o l i n g  o f  0.5'  t o  1°c 

a t  20 t o  25 km. However, t h e s e  mode ls  n e g l e c t  t h e  i m p o r t a n t  

i n t e r a c t i n g  dynamics  a n d  thermodynamics  o f  t h e  a t m o s p h e r e ,  a s  

w e l l  a s  t h e  ocean-a tmosphere  i n t e r a c t i o n .  T h i s  n e g l e c t  makes 

t h e  computed t e m p e r a t u r e  c h a n g e s  v e r y  u n c e r t a i n .  

M o n i t o r i n g  

We h a v e  g i v e n  above  e x a m p l e s  o f  b a l a n c e s  e x i s t i n g  i n  

n a t u r e ,  and  men t ioned  d i s t u r b a n c e s  by men o f  t h e s e  b a l a n c e s ,  

a s  w e l l  a s  t h e  a t t e m p t s  t o  model t h e s e  b a l a n c e s  t h e m s e l v e s  

a n d  t h e  c o n s e q u e n c e s  o f  man ' s  d i s t u r b a n c e s  o f  t h e  b a l a n c e s .  

Now t h e  p r o b l e m  a r i s e s  t o  c a r r y  t h r o u g h  a p p r o p r i a t e  measure-  

men ts  i n  o r d e r  t o  v e r i f y  ( o r  f a l s i f y )  t h e s e  m o d e l s .  

I n  t h e  c a s e  o f  oxygen ,  measu remen ts  h a v e  b e e n  p e r f o r m e d  

s i n c e  1910 .  I n t e n s i v e  measurement d u r i n g  t h e  y e a r s  o f  1967 

t o  1 9 7 0  [8] showed t h a t  t h e  oxygen c o n t e n t  o f  t h e  a t m o s p h e r e  

h a s  n o t  changed  w i t h i n  t h e  a c c u r a c y  o f  t h e  measuremen ts .  

These  measuremen ts  had  b e e n  p r o p o s e d  b e c a u s e  t h e r e  was t h e  

f e a r  t h a t  i n  a d d i t i o n  t o  t h e  oxygen  consumpt ion  c a u s e d  by 

t h e  c o m b u s t i o n  o f  f o s s i l  f u e l s ,  t h e  h e r b i c i d e s  and  p e s t i c i d e s  

c o n c e n t r a t e d  by t h e  b a s i c  p h o t o s y n t h e t i c  o r g a n i s m s  c o u l d  a f -  



f e c t  t h e i r  p o p u l a t i o n ,  t h e r e b y  m o d i f y i n g  t h e  e q u i l i b r i u m  

c o n c e n t r a t i o n  o f  oxygen i n  t h e  e a r t h ' s  a t m o s p h e r e .  A s  s t a t e d  

b e f o r e ,  t h i s  c o u l d  n o t  b e  v e r i f i e d  by t h e  measuremen ts .  

T h e r e  a r e  a l s o  t h e o r i e s  t h a t  t h e  oxygen b a l a n c e  i s  r e g u l a t e d  

by c o m p l e t e l y  d i f f e r e n t  e f f e c t s  [g]. However, i n  v iew o f  t h e  

r i s k  i n v o l v e d  t h e  s t u d y  g roup  f o r  c r i t i c a l  e n v i r o n m e n t a l  

p rob lems  h a s  p roposed  t o  p e r f o r m  measurements  w i t h  b e t t e r  

a c c u r a c y  a t  l e a s t  e v e r y  1 0  y e a r s .  The recommended s a m p l i n g  

p r o c e d u r e  o f  1 0  y e a r s  seems t o  have  been  c h o s e n  somewhat 

a r b i t r a r i l y .  The o p t i m a l  d e s i g n  o f  e n v i r o n m e n t a l  m o n i t o r i n g  

s c h e d u l e s ,  b o t h  i n  s p a c e  a n d  t i m e ,  would seem t o  be a  l e g i t i -  

mate t o p i c  f o r  r e s e a r c h  t h r o u g h  t h e  methods o f  a p p l i e d  s y s t e m s  

a n a l y s i s .  

I n  t h e  c a s e  o f  t h e  C02 s y s t e m  o f  t h e  e a r t h ,  i t  h a s  b e e n  

p r o p o s e d  t o  measure  t h e  t h r e e  i n t e r a c t i n g  s y s t e m s  o f  s o u r c e ,  

r o u t e ,  and r e s e r v o i r .  A s  a l r e a d y  men t ioned ,  s o u r c e s  a r e  t h e  

combus t ion  o f  f o s s i l  f u e l  a n d  t h e  r e l e a s e  and  t a k e  up o f  C O  
2 

by t h e  o c e a n s .  I n  t h e  l a t t e r  c a s e  o b s e r v a t i o n s  have  a l r e a d y  

b e e n  made i n  t h e  t h r e e  a r e a s  where  t h e r e  i s  a  s t r o n g  exchange  

be tween  d e e p  a n d  s u r f a c e  w a t e r :  t h e  N o r t h e r n  Nor th  A t l a n t i c ,  

t h e  f a r  North-West P a c i f i c ,  t h e  Weddel l  S e a .  Rou tes  a r e  

b e i n g  o b s e r v e d  by a e r i a l  measuremen ts .  G l o b a l  a v e r a g e s  a r e  

measured ,  e . g .  i n  Hawa i i .  It h a s  a l r e a d y  been  p r o p o s e d  t o  

h a v e  a t  l e a s t  f o u r  o b s e r v a t i o n  s t a t i o n s  on t h e  e a r t h ,  f a r  

f rom l o c a l  s o u r c e s .  Cost  e s t i m a t e s  h a v e  b e e n  made f o r  a  

" s u f f i c i e n t l y "  d e n s e  ( i n  t i m e  and s p a c e )  g l o b a l  m o n i t o r i n g  



sys tem.  Here ,  t h e  same comment h o l d s  a s  f o r  t h e  s i t u a t i o n  

i n  t h e  p r e c e d i n g  p a r a g r a p h .  

Fo r  s t u d y  o f  t h e  r a d i a t i o n  b a l a n c e  o f  t h e  e a r t h - - c o n t r a r y  

t o  t h e  c a s e  o f  oxygen and c a r b o n  d i o x i d e - - s a t e l l i t e  o b s e r v a -  

t i o n s  make a  u n i q u e  c o n t r i b u t i o n  t o  t h e  u n d e r s t a n d i n g  o f  

a t m o s p h e r i c  e n e r g e t i c s .  Apar t  f rom t h e i r  u s e  a s  i m p o r t a n t  

a t m o s p h e r i c  p r o b e s ,  s a t e l l i t e s  p r o v i d e  u s  w i t h  d i r e c t  o b s e r -  

v a t i o n s  on a  g l o b a l  and r e l a t i v e  r e a l - t i m e  s c a l e  o f  t h e  

d i s t r i b u t i o n  o f  v a r i o u s  r a d i a t i o n  p a r a m e t e r s  a t  t h e  upper  

boundary  o f  t h e  a tmosphere .  A c c u r a t e  s a t e l l i t e  measurements  

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

a l b e d o  a s  w e l l  a s  t h e  a b s o r p t i o n ,  e m i s s i o n ,  and n e t  r a d i a t i o n  

b a l a n c e  o f  t h e  o v e r a l l  e a r t h  p l u s  a tmosphere  s y s t e m  [lo]. 

Svstems Prob lems 

The p rob lems  s k e t c h e d  above a r e  w e l l  known. There  a l r e a d y  

e x i s t s  a  b r o a d  l i t e r a t u r e  on t h e  p rob lems  t h e m s e l v e s  as w e l l  

a s  on  t h e  r e s p e c t i v e  measures t a k e n  up t o  now, and some r e f e r -  

e n c e s  h a v e  b e e n  g i v e n .  More e m p h a s i s ,  however ,  s h o u l d  

b e  l a i d  on t h e  two f o l l o w i n g  a s p e c t s :  

1 )  The d e g r e e  o f  r i s k  i n v o l v e d  must b e  e s t i m a t e d ,  and 

t h e  measures  t a k e n  a t  l e a s t  f o r  r e c o g n i z i n g ,  b u t  

a l s o  f o r  r e d u c i n g ,  must be s e e n  i n  v iew o f  t h i s  r i s k .  

R i s k  e v a l u a t i o n  r e p r e s e n t s  one o f  t h e  most i m p o r t a n t  

p rob lems  f o r  s y s t e m s  a n a l y s i s .  An example  where t h i s  

p r o c e d u r e  i s  a l r e a d y  f o l l o w e d  i s  t h e  n u c l e a r  power 



p l a n t :  Here ,  one h a s  t o  g u a r a n t e e  e x t r e m e l y  h i g h  

t e c h n i c a l  r e l i a b i l i t y  r a t e s  i n  view o f  t h e  r i s k  o f  

a  p o t e n t i a l l y  l a r g e  a c c i d e n t .  

2 )  The d e g r e e  o f  i n t e r d e p e n d e n c e  o f  d i f f e r e n t  p rob lems .  

It i s  no l o n g e r  p o s s i b l e  t o  s t u d y  t h e  p rob lems  i n  an 

i s o l a t e d  manner;  a l l  d i f f e r e n t  and i n t e r w e a v i n g  as- 

p e c t s  have  t o  be  c o n s i d e r e d  a t  t h e  same t i m e .  

An example f o r  t h i s  i s  t h e  s i t u a t i o n  o f  t o d a y ' s  a i r  

t r a f f i c .  It i s  no l o n g e r  a  p rob lem o f  t h e  a e r o p l a n e s  

t h e m s e l v e s  which work w e l l  and  t h e r e f o r e  a r e  no 

l o n g e r  s u b j e c t  o f  l a r g e  s c a l e  deve lopment .  It i s  

r a t h e r  t h e  p rob lem o f  t h e  o r g a n i s a t i o n  o f  t h e  a i r  

t r a f f i c ,  t h e  t r a n s p o r t a t i o n  t o  a n d  f rom t h e  a e r o -  

p l a n e s ,  t h e  r i s k  o f  h i j a c k i n g ,  e t c . ,  which a r e  t h e  sub-  

j e c t  o f  most c o n c e r n .  An example  i n  t h e  c o n t e x t  

h e r e  h a s  a l r e a d y  been  g i v e n :  t h e  i n t e r d e p e n d e n c e  

o f  t h e  C 0 2  c y c l e  and t h e  r a d i a t i o n  b a l a n c e  o f  t h e  

e a r t h - a t m o s p h e r e - s y s t e m .  

A s  a  consequence  o f  t h e s e  d e l i b e r a t i o n s  one h a s  t o  t a c k l e  

t h e s e  p rob lems  f rom a s y s t e m s  p o i n t  o f  v iew.  T h i s  means t h a t  

i t  i s  n e c e s s a r y  t o  i d e n t i f y  a n d  t o  u n d e r s t a n d  s y s t e m s  

p rob lems  t h a t  a r e  i n h e r e n t  i n  t h e  v a r i o u s  o p t i o n s  f o r  l a r g e  

s c a l e  human a c t i v i t i e s .  T h i s  w i l l  b e  a  c o n t i n u i n g  t a s k  and 

w i l l  p r o b a b l y  n e v e r  be  comp le ted  a s  human a c t i v i t i e s  expand 

f u r t h e r  and  f u r t h e r .  T h i s  t a s k  i s  n o t  a m a t t e r  o f  a l g o r i t h m s .  

It i s  r a t h e r  a matter o f  t e c h n o l o g i c a l  and  s o c i o l o g i c a l  sub-  



s t a ; , c e .  It i s  p a r t i c u l a r l y  i m p o r t a n t  t o  i d e n t i f y  t h e  v a r i -  

o u s  i n t e r w e a v i n g s  t h a t  become d o m i n a t i n g  w i t h  t h e  i n c r e a s i n g  

sum o f  human a c t i v i t i e s .  To some d e g r e e  t h i s  r e q u i r e s  d i s -  

c i p l i n a r y - o r i e n t e d  work b u t  o n l y  t o  t h e  e x t e n t  t h a t  i s  n e c e s -  

s a r y  f o r  i d e n t i f y i n g  t h e  d i s c i p l i n e - o r i e n t e d  q u e s t i o n s .  From 

t h e n  on i t  i s  t h e  t a s k  o f  t h e  v a r i o u s  s c i e n t i f i c  d i s c i p l i n e s  

t o  p u r s u e  t h e  q u e s t i o n s  t h u s  i d e n t i f i e d  i n  c o n n e c t i o n  w i t h  

s y s t e m s  a n a l y s i s .  F i n a l l y ,  i t  w i l l  be  n e c e s s a r y  t o  i d e n t i f y  

and  e v a l u a t e  a l t e r n a t i v e s  a n d  t o  min imize t h e  s y s t e m s  p rob -  

l ems .  T h i s  l e a d s  i n t o  s e v e r e  m e t h o d o l o g i c a l  p r o b l e m s ;  key 

words  h e r e  a r e  " v e c t o r - v a l u e d  o p t i m i z a t i o n "  a n d  " d e c i s i o n  

u n d e r  u n c e r t a i n t y . "  

S p e c i f i c a l l y  i n  t h e  c a s e  o f  e n v i r o n m e n t a l  p o l l u t i o n  t h e  

f o l l o w i n g  s t e p s  must be  t a k e n  o n c e  t h e  g o a l  o f  any c o n t r o l  

h a s  b e e n  a g r e e d  upon:  

1 )  I d e n t i f i c a t i o n  o f  e c o l o g i c a l l y  m e a n i n g f u l  p a r a m e t e r s  

f o r  m o n i t o r i n g .  Here t h e  e c o l o g i s t s  s h o u l d  have  t h e  

c e n t r a l  c o n c e p t u a l  r o l e .  

2 )  I d e n t i f i c a t i o n  o f  c o n t r o l  p o i n t s  i n  e n v i r o n m e n t a l  

s y s t e m s .  

3 )  I d e n t i f i c a t i o n  o f  r e a l i s t i c  c o n t r o l  s t r a t e g i e s  f rom 

t h e  a d m i n i s t r a t i v e  and  p o l i t i c a l  s i d e .  

One p o s s i b l e  t o o l  f o r  t h e  a n a l y s i s  and  t r e a t m e n t  o f  

m a t e r i a l  b a l a n c e  p rob lems  i n  v iew o f  t h e  a s p e c t s  men t ioned  

above i s  t h e  c o n c e p t  o f  m a t e r i a l  a c c o u n t a b i l i t y .  T h i s  con- 



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

s p e c i a l  a t t e n t i o n  t o  t h e  f o l l o w i n g  two s t e p s :  

1 )  E s t a k - l i s h m e n t  o f  t h e  r e l e v a n t  m a t e r i a l  b a l a n c e s .  

T h i s  means, f o r  examp le ,  t h e  deve lopment  o f  app ro -  

p r i a t e  models .  

2 )  V e r i f i c a t i o n  o r  m o n i t o r i n g  o f  t h e s e  b a l a n c e s  w i t h  

t h e  h e l p  o f  i n d e p e n d e n t  measuremen ts .  

S t e p s  i n  t h i s  d i r e c t i o n  f o r  t h e  p rob lems  s k e t c h e d  above 

have  a l r e a d y  b e e n  t a k e n .  I n  t h e  c a s e  o f  oxygen ,  f o r  examp le ,  

models  o f  t h e  p o s s i b l e  consumpt ion  a r e  made, and i n v e n t o r y  

measurements  a r e  t h e n  c a r r i e d  o u t .  A d d i t i o n a l l y ,  p e r i o d i c  

measurements  a r e  p r o p o s e d  t o  b e  t a k e n  i n  t h e  f u t u r e ,  b u t  o n l y  

e v e r y  t e n  y e a r s  a s  t h e  d a n g e r  i s  e s t i m a t e d  t o  b e  r a t h e r  low 

s t i l l .  More a t t e n t i o n  i s  p a i d  t o  t h e  C02 p rob lem;  many mod- 

e l s  have been  d e v e l o p e d ,  t h e  n e c e s s i t y  o f  a  g l o b a l  m o n i t o r -  

i n g  s y s t e m  i s  s t r e s s e d ,  and  p r o p o s a l s  c o n c e r n i n g  i t s  ne twork  

i n  t i m e  and  s p a c e  a r e  b e i n g  made. Even t h e  p r o b l e m  f a c i n g  

d e c i s i o n  makers  t o  l o o k  f o r  a l t e r n a t i v e s  f o r  t h e  c o m b u s t i o n  

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

o f  t o o  h i g h  a C02 c o n t e n t  i n  t h e  a t m o s p h e r e .  The s i t u a t i o n  

i s  s imi lar  f o r  t h e  r a d i a t i o n  b a l a n c e  o f  t h e  e a r t h .  

It must be  emphas ized  t h a t  up t o  now t h e  models  a r e  i n -  

c o m p l e t e  a n d ,  f u r t h e r m o r e ,  t h a t  t h e r e  a r e  no r e a l  g l o b a l  

m o n i t o r i n g  s y s t e m s .  A l though p r o p o s a l s  i n  t h i s  d i r e c t i o n  

h a v e  b e e n  made g r e a t  o b s t a c l e s  s t i l l  seem t o  e x i s t .  I n  t h i s  



c o n n e c t i o n  i t  i s  i m p o r t a n t  t o  n o t e  t h a t  a f u n c t i o n i n g  ~ l o b a l  

m o n i t o r i n g  system f o r  t h e  c o n t r o l  o f  a  s p e c i f i c  s u b s t a n c e  

does  e x i s t  a l r e a d y - - t h e  IAEA i n t e r n a t i o n a l  s a f e g u a r d s  s y s t e m ,  

which i s  b a s c d  ma in l y  on t h e  c o n c e p t  o f  m a t e r i a l  a c c o u n t a n c y .  

A s  ' i ~ i s  s y s t e m  i n  many r e s r  , t s  c o u l ~ i  s e r v e  a s  an  example 

o f  p o s s i b i l i t i e s  ' i h i ch  t o d a y  a l r e a d y  e x i s t ,  we s h a l i  :ke tch 

i t s  r e l e v a n t  f e a t u r e s  i n  t h e  f o l l o w i n g .  

The - IASA S a f e g u a r d s  S y s t e ~  

P L f t e r  r a t i f i c a t i o n  by f o r t y - t h r e e  s t a t e s ,  t h e  Non- 

P r o l i f e r a t i ~ n  T r e a t y  f o r  n u c l e a r  weapons came i n t o  f o r c e  on 

March 5, 1970 .  T h i s  t r e a t y ,  which had bei?n i n a u g u r a t e d  by 

t h r e e  s t a t e s - - t h e  U K ,  USA, and USSR--and s i g n e d  on J u l y  7 ,  

1368 ,  aims t o  p r e v e n t  o t h e r  s t a t e s  f rom o b t a i n i n g  n u c l e a r  

weapons.  The t r e a t y  f o r e s e e s  i n t e r n a t i o n a l  c o n t r o l s  which 

s h a l l  g u a r a n t e e  t h a t  a d i v e r s i o n  o f  n u c l e a r  m a t e r i a l  f rom 

t h e  p e a c e f u l  s e c t o r  o f  t h e  f u e l  c y c l e  i s  d e t e c t e d  i n  t i m e .  

These  c o n t r o l s  s h a l l  be c a r r i e d  o u t  by t h e  I n t e r n a t i o n a l  

Atomic Energy Agency i n  V ienna.  

A l though a t  t h e  t i m e  t h e  t r e a t y  was i n a u g u r a t e d ,  n u c l e a r  

p l a n t s  o f  t h e  v a r i o u s  k i n d s  had heon o p e r a t e d  f o r  25  y e a r s - -  

and c o n n e c t e d  w i t h  i t ,  e x p e r i e n c e  i n  t h e  c o n t r o l  o f  n u c l e a r  

m a t e r i a l  had  been g a i n e d - - i t  was c l e a r  f rom t h e  b e g i n n i n g  

t h a t  g n t e r n a t i o n a l  s a f e g u a r d s  o f  n a t i o n a l  f u e l  c y c l e s  would 

c r e a t e  e n t i r e l y  new p rob lems .  T h e r e f o r e  f rom t h e  v e r y  be- 

g i n n i n g  a n  e f f o r t  h a s  been  made t o  d e v e l o p  and  a n a l y z e  t h e  



s a f e g u a r d s  p r o c e d u r e s  f rom a  s y s t e m s  p o i n t  o f  v iew.  

T h i s  wor ld-wide e f f o r t  c u l m i n a t e d  i n  t h e  work o f  t h e  

s o - c a l l e d  s a f e g u a r d s  commi t tee which had been e s t a b l i s h e d  by 

t h e  b o a r d  o f  g o v e r n o r s  o f  t h e  IAEA and i n  which more t h a n  

f o r t y  s t a t e s  were r e p r e s e n t e d .  T h i s  commi t tee  worked i n t e r -  

m i t t e n t l y  f rom J u l y  1970  t o  F e b r u a r y  1971 ,  c r e a t i n g  a  model 

f o r  t h e  ag reements  t o  be  worked o u t  between t h e  IAEA and t h e  

s t a t e s  [Ill]. I n  t h i s  model a l l  r e l e v a n t  a s p e c t s  and p roce-  

d u r e s  o f  t h e  s a f e g u a r d s  s y s t e m  a r e  l a i d  down. 

The t h r e e  b a s i c  measures  o f  t h e  IAEA s a f e g u a r d s  s y s t e m  

a r e  : 

a )  M a t e r i a l  a c c o u n t a b i l i t y  

b  ) Conta inment  

c  ) S u r v e i l l a n c e .  

The f i r s t  o f  t h e s e  measures  h a s  been  r e c o g n i z e d  t o  b e  a  mea- 

s u r e  o f  f u n d a m e n t a l  i m p o r t a n c e ,  t h e  o t h e r  two b e i n g  i m p o r t a n t  

complementary  m e a s u r e s .  A s  m a t e r i a l  a c c o u n t a n c y  i s  o f  s p e -  

c i a l  i n t e r e s t  i n  t h e  c o n t e x t  o f  t h i s  p a p e r  i t  w i l l  be  con- 

s i d e r e d  e x c l u s i v e l y  i n  t h e  f o l l o w i n g .  

The f i r s t  s t e p  i n  t h e  e s t a b l i s h m e n t  o f  a  m a t e r i a l  a c c o u n t -  

a b i l i t y  s y s t e m  on a  p l a n t  l e v e l  i s  t o  d e f i n e  a n  area--which 

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

p l a n t - -  f o r  which a )  t h e  q u a n t i t y  o f  n u c l e a r  m a t e r i a l  i n  e a c h  

t r a n s f e r  i n t o  o r  o u t  o f  t h e  a r e a  can  b e  d e t e r m i n e d ,  and 

b )  t h e  p h y s i c a l  i n v e n t o r y  c a n  b e  d e t e r m i n e d  when n e c e s s a r y .  

F o r  t h i s  m a t e r i a l  b a l a n c e  a r e a  (MBA) key measurement p o i n t s  



(KMP) must  b e  d e f i n e d  where  t h e  f l o w  o r  i n v e n t o r y  o f  n u c l e a r  

m a t e r i a l  may b e  measured i n  a n  a p p r o p r i a t e  way. 

Once t h e  q u a n t i t y  o f  m a t e r i a l  i n  a  MBA i s  d e t e r m i n e d  a  

book i n v e n t o r y  may b e  m a i n t a i n e d  by  r e c o r d i n g  measured  f l o w s  

i n t o  a n d  o u t  o f  t h e  a r e a  a t  t h e  a p p r o p r i a t e  KMPts. A t  t h e  

e n d  o f  a n  i n v e n t o r y  p e r i o d  a p h y s i c a l  i n v e n t o r y  i s  t a k e n ;  

t h e  c o r r e s p o n d e n c e  be tween  t h e  n u c l e a r  m a t e r i a l  c o n t e n t s  

o f  t h e  MBA a s  w r i t t e n  down and  i n  f a c t  i s  t h e  b a s i s  f o r  judg-  

i n g  w h e t h e r  o r  n o t  any  m a t e r i a l  i s  u n a c c o u n t e d  f o r  ( s e e  F i g . 3 ) .  

T h e r e  a r e  many r e a s o n s  f o r  a  n o n - z e r o  d i f f e r e n c e  be tween  book 

a n d  p h y s i c a l  i n v e n t o r y :  h i d d e n  i n v e n t o r i e s ,  unmeasured 

l o s s e s ,  measurement  u n c e r t a i n t i e s ,  a n d  d i v e r s i o n .  T h e r e f o r e ,  

s t a t i s t i c a l  t e c h n i q u e s  must b e  a p p l i e d  i n  o r d e r  t o  j u d g e  

w h e t h e r  o r  n o t  a  d i f f e r e n c e  i s  s i g n i f i c a n t  f o r  a p o t e n t i a l  

d i v e r s i o n .  

T h i s  f o r m a l i s m  c a n  b e  and i s  a p p l i e d  t o  a  v a r i e t y  o f  

s i t u a t i o n s .  D i f f e r e n t  a p p r o a c h e s  h a v e  been  d e v e l o p e d  f o r  

r e a c t o r s ,  s t o r e s ,  m a n u f a c t u r i n g  , r e p r o c e s s i n g ,  a n d  e n r i c h -  

ment p l a n t s ,  e t c .  Whereas t h e  f o r m a l i s m  i s  s i m p l e  i n  t h e  

c a s e  o f  a  s i n g l e  MBA and  a s i n g l e  i n v e n t o r y  p e r i o d ,  i t  be- 

comes c o m p l i c a t e d  i f  one  t r i e s  t o  i n t e r l i n k  d i f f e r e n t  i n v e n -  

t o r y  p e r i o d s  o r  d i f f e r e n t  MBAts i n  a c o u n t r y  w i t h  a n  advanced  

f u e l  c y c l e .  

However, wha t  i s  e v e n  more i m p o r t a n t  f o r  t h e  IAEA i n t e r -  

n a t i o n a l  s a f e g u a r d s  s y s t e m  which  i s  now f u n c t i o n i n g  i s  t h e  

f a c t  t h a t  t h i s  MBA f o r m a l i s m  c o u l d  b e  i n t e r n a t i o n a l l y  a c c e p t e d ,  



a s  i t  has  been.  A d d i t i o n a l l y ,  t h i s  formal ism prov ided t h e  

b a s i s  f o r  a l l  sa fegua rds  s t u d i e s ,  bo th  i n  s e l e c t i o n  of  how 

sa fegua rds  were t o  be a p p l i e d  and,  f o r  example, f u t u r e  

manpower requ i rements  f o r  v e r i f i c a t i o n .  

The IAEA sa fegua rds  sys tem a s  i t  i s  o rgan ized  now con- 

s is ts  of  t h r e e  e lements : 

F i r s t ,  requ i rements  f o r  t h e  o p e r a t o r  o f  a  p l a n t  a r e  de- 

f i n e d  which form t h e  b a s i s  o f  t h e  sa fegua rds  system, i . e .  

- d e f i n i t i o n  o f  MBA1s  

- es tab l i shmen t  o f  a  system o f  measurement o r  o t h e r  d e t e r -  

m ina t ion  of  n u c l e a r  m a t e r i a l  c o n t e n t s  

-keeping of  a p p r o p r i a t e  reco rds  f o r  m a t e r i a l s  account -  

a b i l i t y  chos ing  of m a t e r i a l s  ba lances  by t a k i n g  p h y s i c a l  i n -  

v e n t o r i e s  and e v a l u a t i o n  of  MUF, h idden i n v e n t o r i e s  and l o s s e s .  

Second, t h e  n a t i o n a l  o r  r e g i o n a l  sa fegua rds  a u t h o r i t y  

submi ts  t h e  i n fo rma t i on  t o  t h e  IAEA. Th i s  i n fo rma t i on  i n -  

c l udes  t hose  f e a t u r e s  of  t h e  des ign  o f  a  n u c l e a r  p l a n t  which 

a r e  r e l e v a n t  t o  sa fegua rds  a p p l i c a t i o n ;  i n  p a r t i c u l a r ,  i t  

i n c l u d e s  d a t a  on a l l  i n v e n t o r y  changes i n  a l l  M B A t s  and a l l  

p h y s i c a l  i nven to ry  t a k i n g s .  Th i s  world-wide r e p o r t i n g  o f  

m a t e r i a l  d a t a  i s  now e s t a b l i s h e d  and f u n c t i o n i n g .  The 

n a t i o n a l  o r  r e g i o n a l  a u t h o r i t y  may o r  may no t  have i t s  own 

independent  v e r i f i c a t i o n  f u n c t i o n .  

Th i rd ,  t h i s  i n fo rma t i on  i s  v e r i f i e d  through i n s p e c t i o n s  

by a u t h o r i z e d  IAEA i n s p e c t o r s .  Here,  t h e  q u e s t i o n  of inspec-  

t i o n  e f f o r t  becomes a c e n t r a l  problem. 

The way t h i s  sa fegua rds  sys tem shou ld  be  and t h e  way i n  

which i t  was ana lyzed a r e  d e s c r i b e d  i n  Ref.  [12]; on ly  some 

e s s e n t i a l  f e a t u r e s  s h a l l  b e  r e p b r t e d  h e r e .  



F i r s t ,  t h e r e  was t h e  q u e s t i o n  o f  t h e  v e r y  o b j e c t i v e  

o f  s a f e g u a r d s .  A f t e r  l o n g  d i s c u s s i o n s  i t  was a g r e e d  t h a t  i t  

i s  

... t h e  t i m e l y  d e t e c t i o n  o f  s i g n i f i c a n t  q u a n t i t i e s  o f  

n u c l e a r  m a t e r i a l  f rom p e a c e f u l  n u c l e a r  a c t i v i t i e s .  .. 
and  d e t e r r e n c e  o f  such  d i v e r s i o n  by t h e  r i s k  o f  e a r l y  

d e t e c t i o n .  C11.1 

Thus ,  t h e  o b j e c t i v e  was n o t  t o  p r e v e n t  t h e  p l a n t  o p e r a t o r s  

f rom m i s u s i n g  t h e  p l a n t  f o r  p r o c e s s i n g  u n d e c l a r e d  m a t e r i a l - -  

which c o u l d  n o t  be a c h i e v e d  w i t h  a l i m i t e d  s a f e g u a r d s  e f f o r t .  

Second,  t h e r e  was t h e  prob lem o f  b a l a n c i n g  t h e  o b j e c -  

t i v e s  a g a i n s t  t h e  technical and economica l  p o s s i b i l i t i e s .  

Shou ld  t h e  i n s p e c t o r  l ook  f o r  mg, g  o r  k g  o f  n u c l e a r  n a t e r i a l  

p o s s i b l y  d i v e r t e d ?  An example  3 f  t h i s  s i t u a t i o n  f o r  t h e  c a s e  

o f  one  i n v e n t o r y  p e r i o d  i s  g i v e n  i n  F i g u r e  4 .  It can  b e  s e e n  

t h a t  i f  one wan ts  t o  d e t e c t  a d i v e r s i o n  o f  3 k g  t h e  measure- 

ment a c c u r a c i e s  e x p r e s s e d  by a o n l y  a l l o w  f o r  a  p r o b a b i l i t y  

o f  d e t e c t i o n  o f  2O$, assuming  a  f a l s e  a l a r m  r a t e  o f  5 % .  Here 

i t  must b e  s t r e s s e d  t h a t  i t  was n o t  p o s s i b l e  t o  come t o  such  

c o n c l u s i o n s  o n l y  by means o f  t h e o r e t i c a l  a n a l y s e s .  A majo r  

e f f o r t  was made by t h e  s o - c a l l e d  i n t e g r a l  e x p e r i m e n t s  where 

t h e  u n d e r l y i n g  p rob lems  ( l o s s e s ,  measurement p e r f o r m a n c e ,  

e t c . )  c o u l d  be  i d e n t i f i e d  and  where t h e  n e c e s s a r y  d a t a  were 

o b t a i n e d  ( s e e  e .  g. [13] ) . 
T h i r d ,  t h e  q u e s t i o n  o f  o p t i m a l  d i s t r i b u t i o n  o f  i n s p e c -  

t i o n  e f f o r t  a r o s e .  An example  of  t h e  a n a l y s e s  pe r fo rmed  



h e r e  i s  g i v e n  i n  F i g u r e  5  where a  model f u e l  c y c l e  was con- 

s t r u c t e d  and a n a l y z e d  [ l h ) .  T a k i n g  i n t o  a c c o u n t  t h e  v a r i o u s  

p o s s i b i l i t i e s  o f  t h e  p l a n t  o p e r a t o r  t o  d i v e r t  m a t e r i a l  one  

was l e d  i n t o  game t h e o r e t i c a l  c o n s i d e r a t i o n s  [15]. 

A s  a  l a s t  p o i n t  we s h o u l d  men t ion  t h a t  i n t e r n a t i o n a l i t y  

r e q u i r e d  t h a t  t h e  s y s t e m  s h o u l d  have  boundary  c o n d i t i o n s :  

t h e  s y s t e m  s h o u l d  b e  

It i s  t h e  g e n e r a l  o p i n i o n  now t h a t  t h e  s a f e g u a r d s  scheme 

s k e t c h e d  above f u l f i l l s  t h e  second  and t h e  t h i r d  p o s t u l a t e .  

I n  o r d e r  t o  e x p l a i n  what d e g r e e  o f  o b j e c t i v i t y  i s  r e a c h e d  up 

t o  now t h e  u n d e r l y i n g  m a t h e m a t i c a l  model i s  s k e t c h e d  i n  t h e  

f o l l o w i n g  p a r t .  

Be fo re  t h i s ,  i n  c o n c l u d i n g  t h e  d e s c r i p t i o n  o f  t h e  IAEA 

s a f e g u a r d s  s y s t e m  one may s a y  t h a t  i t  h a s  p roven  workab le  

f o r  a l l  p a r t i e s  i n v o l v e d :  t h e  p l a n t  o p e r a t o r s ,  t h e  s t a t e s ,  

and  t h e  s a f e g u a r d s  a u t h o r i t y .  T h e r e f o r e ,  i t  i s  n a t u r a l  t o  

a s k  i f  t h i s  e x p e r i e n c e  c o u l d  n o t  b e  u s e d  i n  s i m i l a r  c a s e s .  

E n v i r o n m e n t a l  p o l l u t i o n  c o n t r o l ,  f o r  examp le ,  seems t o  be 

s u c h  a  c a s e  a s  c a n  b e  s e e n  f rom t h e  p r e c e d i n g  c h a p t e r .  

Up t o  now t h e r e  e x i s t  no work ing  examples i n  t h e  fo rm 

o f  c a s e s  where t h e  s a f e g u a r d s  e x p e r i e n c e  h a s  been u s e d  d i -  

r e c t l y ,  e v e n  though  t h e r e  a r e  i d e a s  t o  e s t a b l i s h  a similar 



s a f e g u a r d s  s y s t e m  f o r  t h e  c o n t r o l  o f  t h e  o i l  s p i l l s  on t h e  

Rhine which seem t o  b e  ma jo r  p rob lem.  Here one  c o u l d  i n t r o -  

duce  a  s i m i l a r  a c c o u n t a b i l i t y  s y s t e m  f o r  t h e  motor  o i l .  The 

o r g a n i z a t i o n  scheme p a r t i c u l a r l y  c o u l d  be c o p i e d  d i r e c t l y :  

r e c o r d s  k e p t  by t h e  s h i p  c a p t a i n s ,  v e r i f i c a t i o n  o f  t h e  r e c -  

o r d s  by a n  i n d e p e n d e n t  a u t h o r i t y .  

Ma themat i ca l  Model f o r  M a t e r i a l  A c c o u n t a b i l i t y  

C o n s i d e r  t h e  c a s e  o f  one  n u c l e a r  p l a n t  ( o r  one s h i p ,  o r  

one  o i l  f i r e d  power p l a n t - - s e e  n e x t  s e c t i o n )  where t h e r e  

e x i s t s  t h e  r i s k  f o r  m a t e r i a l  t o  d i s a p p e a r .  Accord ing  t o  

F i g u r e  3 t h e  e s t a b l i s h m e n t  o f  a  m a t e r i a l  b a l a n c e  f o r  t h e  t i m e  

i n t e r v a l  ( t o , t l )  means t h e  e v a l u a t i o n  o f  t h e  " M a t e r i a l  Un- 

a c c o u n t e d  For"  (MUF) a t  t i m e  t l  

MUF = BI - PI1 

= P I o + C R - C S - C D - P I 1  . ( 1 )  

Here,  P I  and PI1 a r e  t h e  p h y s i c a l  i n v e n t o r i e s  a t  t i m e s  to  
0 

and t l ,  and BI i s  t h e  book i n v e n t o r y  a t  t i m e  t l .  

I n  c a s e  no m a t e r i a l  w i l l  d i s a p p e a r  ( N u l l  H y p o t h e s i s  Ho) ,  

t h e  e x p e c t a t i o n  v a l u e  o f  MUF i s  z e r o .  I n  c a s e  t h e  amount M 

w i l l  d i s a p p e a r  i n  ( t o , t l )  ( A l t e r n a t i v e  H y p o t h e s i s  H1), t h e  

e x p e c t a t i o n  v a l u e  o f  MUF i s  M: 



There fo re ,  a  s i g n i f i c a n c e  t e s t  i s  made i n  o r d e r  t o  check 

i f  Ho o r  H1 i s  t r u e .  It i s  assumed t h a t  a l l  measurements 

have normal ly  d i s t r i b u t e d  random e r r o r s .  Then t h e  p r o b a b i l i t y  

o f  d e t e c t i o n  i n  case  o f  d i sappea rance  o f  M i s  g iven  by 

M 
1 - 8 :  = prob C MUF > X/H1) = I$(, - U1-a) , ( 3 )  

where X i s  t h e  s i g n i f i c a n c e  t h r e s h o l d ,  u 2  i s  t h e  va r i ance  o f  

a l l  measurement e r r o r s ,  a t h e  f a l s e  a la rm  p r o b a b i l i t y ,  and 

U t h e  i n v e r s e  f u n c t i o n  o f  t h e  Gaussian f u n c t i o n  4 .  The va lue  

of  u 2  i s  f i x e d  by t h e  measurement system. Thus, 1-8 i s  d e t e r -  

mined once M and a  a r e  g iven .  The q u e s t i o n  a r i s e s  how t h e s e  

q u a n t i t i e s  s h a l l  be de te rmined.  To answer t h i s ,  l e t  us go 

one s t e p  f u r t h e r .  

Let  T  be t h e  r e f e r e n c e  t ime i n  c o n s i d e r a t i o n  (e .g .  one 

y e a r )  and l e t  t h i s  r e f e r e n c e  t ime c o n t a i n  n  i nven to ry  p e r i o d s .  

Fur thermore,  l e t  M = C M .  be t h e  t o t a l  amount d i s a p p e a r i n g  
1 

d u r i n g  t h e  n  i nven to ry  p e r i o d s .  Then t h e  t o t a l  p r o b a b i l i t y  

o f  d e t e c t i o n  w i l l  be 

1 - 8  = 1 - prob { MUF1 ( X1 A * * *  A MUFn ( Xn/H1) ( 4 )  

i n s t e a d  o f  ( 3 ) .  

A s  t h e  random v a r i a b l e s  MUFi, i = l , . .  . , n ,  a r e  dependent 

(because o f  t h e  s t a r t i n g  i n v e n t o r y ) ,  i n  g e n e r a l  t h i s  expres-  

s i o n  cannot  be w r i t t e n  a s  a produc t  of  s i n g l e  i nven to ry  p e r i o d  



p r o b a b i l i t i e s .  I f  one c h o o s e s ,  however ,  t h e  s t a r t i n g  i n -  

v e n t o r y  i n  a s p e c i a l  fo rm ( i . e .  a s  minimum v a r i a n c e  un- 

b i a s e d  e s t i m a t e  f rom book and  e n d i n g  p h y s i c a l  i n v e n t o r y  o f  

t h e  p r e c e d i n g  i n v e r t o r y  p e r i o d )  t h e n  one  o b t a i n s  f rom ( 4  ) 

c o r r e s p o n d i n g  t o  ( 3 )  

where Mi i s  a  l i n e a r  c o m b i n a t i o n  o f  a l l  M i ,  i = 1, ..., n .  

The o v e r a l l  f a l s e  a l a r m  p r o b a b i l i t y  a i s  t h e n  g i v e n  by 

n  
1 -  a = n ( 1 -  a . )  , 

1 ( 6 )  i = 1 

where a i ,  i, . . . ,  n ,  i s  t h e  s i n g l e  f a l s e  a l a r m  p r o b a b i l i t y  o f  

t h e  i . t h  i n v e n t o r y  p e r i o d .  

L e t  u s  assume t h a t  t h e  o v e r a l l  f a l s e  a l a r m  p r o b a b i l i t y  

a  i s  g i v e n .  Then t h e  a i  s h o u l d  b e  c h o s e n  i n  s u c h  a  way t h a t  

t h e  p r o b a b i l i t y  o f  d e t e c t i o n  1 - 6  maximized 

max ( 1  - B )  = max I I + ( ~  - U1-ai ) . ( 7  
ai a i : ~ ( l - a i ) = l - a  i 'i 

i 

T h i s  means t h a t  t h e  s i n g l e  f a l s e  a l a r m  p r o b a b i l i t i e s  ai 

a r e  now d e t e r m i n a n t s .  I f  on  t h e  o t h e r  hand  a  p l a n t  o p e r a t o r  

i n t e n d s  t o  d i v e r t  t h e  amount M d u r i n g  t h e  r e f e r e n c e  t i m e ,  h e  

w i l l  d i s t r i b u t e  t h e  s i n g l e  d i v e r s i o n s  i n  s u c h  a way t h a t  t h e  

p r o b a b i l i t y  o f  d e t e c t i o n  is  min imized 



m i n m a x ( 1 - f 3 ) =  min m a  x Ma n +(1 - 
Mi a i M i : C  M . = M  1 a.  1 : - a = -  1 i O i  ' l -a i )  . ( 8 )  

i i 

Thus, t h e  M .  a l s o  become d e t e r m i n a n t s  once M i s  d e t e r -  
I 

mined. One c o u l d  p r o c e e d  f u r t h e r  and d e t e r m i n e  by means o f  

t h i s  o p t i m i z a t i o n  t h e  v a l u e s  o f  M and a f o r  t h e  s i n g l e  p l a n t  

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

p l a n t s .  However, i t  i s  c l e a r  t h a t  u l t i m a t e l y  some v a l u e s  

must b e  f i x e d  i n  a  more o r  l e s s  s u b j e c t i v e  way. 

Once t h e  m a t e r i a l  b a l a n c e  d a t a  a r e  c o l l e c t e d ,  t h e  con- 

t r o l  a u t h o r i t y  h a s  t o  v e r i f y  t h e s e  d a t a  w i t h  t h e  h e l p  o f  i n -  

dependent  measurements on a random s a m p l i n g  b a s i s .  T h i s  c a n  

be done ,  f o r  example,  by means o f  t h e  D - s t a t i s t i c s  [16]. 

The p rob lem o f  t h e  o p t i m a l  a l l o c a t i o n  o f  e f f o r t  i n  c a s e  o f  

d i f f e r e n t  c l a s s e s  o f  mate r ia l - -game t h e o r e t i c a l  i n  n a t u r e - -  

i s  a n a l y z e d  i n  Re f .  [17]. 

I n  t h e  f i n a l  e v a l u a t i o n  o f  t h e  whole sys tem,  a l l  " s t r a t -  

e g i e s "  of b o t h  t h e  o p e r a t o r  and t h e  c o n t r o l  a u t h o r i t y  must 

be t a k e n  i n t o  a c c o u n t .  T h i s  means t h a t  t h e  g l o b a l  p r o b a b i l -  

i t y  o f  d e t e c t i o n  f o r  t h e  r e f e r e n c e  t ime  (which i n c l u d e s  n 

i n v e n t o r y  p e r i o d s  and  m D - s t a t i s t i c s  t o  b e  per fo rmed)  

1 - f3 - I - prob {MUF1 2 XlAW-*AMUF n  - < x ~ A D ~ ( X ~ + ~ ~ ~ * * A D ~ ( X ~ + ~ / R ~  1 

( 9  

must be min imized w i t h  r e s p e c t  t o  t h e  M i = 1,. . . , n  + m, i ' 
and  maximized w i t h  r e s p e c t  t o  t h e  Xi, and where t h e  f o l l o w i n g  



boundary  c o n d i t i o n s  a r e  g i v e n  

1 - a = 1 - prob  {MUF1 5 X l A 0 * * A D m  ( X n t m  /Ho) . ( 1 1 )  

A s  t h e  MUFi, i = 1, ..., n ,  and t h e  Di ,  i = 1, ..., m,  a r e  

dependen t  ( t h e  o r i g i n a l  d a t a  a r e  used f o r  b o t h  t h e  m a t e r i a l  

b a l a n c e  e s t a b l i s h m e n t  and  t h e  d a t a  v e r i f i c a t i o n ) ,  t h e  ex- 

p r e s s i o n  (9) c a n n o t  be f a c t o r i z e d  and s i m u l a t i o n  seems t o  b e  

t h e  o n l y  t o o l  f o r  a n a l y s i s .  

A c c o u n t a b i l i t y  i n  Economic Terms 

The a c c o u n t a b i l i t y  measures  i n  t h e  n u c l e a r  i n d u s t r y  may 

a l r e a d y  be v iewed a s  a n  example o f  a c c o u n t a b i l i t y  i n  t h e  eco-  

nomic domain.  I n  f a c t ,  even  b e f o r e  t h e  i n t r o d u c t i o n  o f  s a f e -  

g u a r d s ,  a c c o u n t a b i l i t y  measures  were c a r r i e d  o u t  i n  t h e  nu- 

c l e a r  i n d u s t r y  f o r  economic and s e c u r i t y  r e a s o n s .  The a d d i -  

t i o n a l  c o s t s  imposed on  t h e  n u c l e a r  i n d u s t r y  by s a f e g u a r d s  

a r e  low compared t o  t h e  e x i s t i n g  measures  and  c o s t s .  

T r e n d s  t o w a r d s  a s imi lar  a c c o u n t a b i l i t y  c a n  b e  o b s e r v e d  

i n  o t h e r  s e c t o r s  o f  t h e  i n d u s t r y ;  t h e i r  form, however ,  i s  l e s s  

e x p l i c i t  t h a n  t h a t  d e s c r i b e d  i n  t h e  l as t  c h a p t e r .  T h i s  i s  

d e m o n s t r a t e d  by  t h e  f a c t  t h a t  i n  c a s e s  where t h e  t r a n s f e r  o f  

i m p o r t a n t  m a t e r i a l s  f rom one s e c t o r  t o  t h e  o t h e r  i s  a n a l y z e d  

s o - c a l l e d  i n p u t - o u t p u t  a n a l y s e s  have  b e e n  i n t r o d u c e d .  I n  t h e  



s p e c i f i c  form o f  t h e  mass models,  however, t h e  concept  o f  

t h e  c l o s e d  m a t e r i a l  ba lance  i s  absen t  because i n  a l l  i ndus-  

t r i a l  p rocesses  waste i s  gene ra ted  which i s  not i nc luded  i n  

t h e  c o n s i d e r a t i o n s .  

I n  r e c e n t  yea rs  d i f f e r e n t  groups have made an e f f o r t  

( s e e  e .  g .  [18] , [lg] ) t o  s tudy  comprehensive ly  by means o f  

inpu t -ou tpu t  ana l yses  t h e  f low o f  m a t e r i a l s  used by man. 

Th i s  procedure can be viewed a s  a  f o rmu la t i on  o f  t h e  account- 

a b i l i t y  i d e a  i n  economic te rms.  We s h a l l  i l l u s t r a t e  t h i s  below 

f o r  a  s p e c i f i c  example. 

Consider  t h e  case  o f  an  o i l . - f i r e d  power p l a n t .  Sulphur  

comes i n  w i t h  t h e  a i l  and l e a v e s  t h e  p l a n t  i n  form o f  SO2 t o -  

g e t h e r  w i t h  t h e  o f f g a s e s  th rough t h e  s t a c k  i f  t h e r e  a r e  no 

f i l t e r s  which t r a p  t h e  SO2. I f  t h e r e  a r e  f i l t e r s ,  t h e n  a  

c e r t a i n  percen tage o f  t h e  su lphu r  i s  removed Srom t h e  o f f g a s ,  

however, i t  i s  kept  i n  t h e  f i l t e r s  and one has  t o  ask  where 

t h e  s u l p h u r  goes from t h e r e .  I f  an o i l  d e s u l p h u r i z a t i o n  i s  

foreseen--which t r ans fo rms  a  power p l a n t  i n t o  a  chemical  f a -  

c i l i t y  [20]--then t h e  su lphu r  i s  kept  i n  form of  chemical  

compounds b e f o r e  t h e  o i l  goes i n t o  t h e  p rocess ,  and one has  

t o  a s k  what happens t o  t h e s e  chemical  compounds. I n  any c a s e  

i t  i s  impor tan t  t o  observe  t h e  f low o f  t h e  su lphu r  i n c l u d i n g  

t h e  f i n a l  d e p o s i t i o n  of  t h e  su lphu r  compounds removed from 

t h e  o f f g a s  o r  from t h e  o i l .  Otherwise,  one would have kep t  

t h e  s u l p h u r  ou t  o f  t h e  a i r  b u t  s e n t  i t  e v e n t u a l l y  i n  t h e  form 



o f  c h e m i c a l  d i s c a r d s  i n t o  t h e  g r o u n d w a t e r ;  i n  o t h e r  words ,  

o n e  would n o t  change  t h e  f i n a l  e f f e c t .  

It i s  o b v i o u s  t h a t  t h e  e s t a b l i s h m e n t  o f  t h e  m a t e r i a l  

b a l a n c e  f o r  s u l p h u r  i n  a n  o i l - f i r e d  power p l a n t  i s  v e r y  s i m -  

i l a r  t o  t h e  c a s e ,  f o r  examp le ,  o f  t h e  p l u t o n i u m  m a t e r i a l  

b a l a n c e  i n  a r e p r o c e s s i n g  p l a n t .  Thus,  i n  t h i s  c o n t e x t  a l s o  

i n t e g r a l  e x p e r i m e n t s  have  a l r e a d y  b e e n  p r o p o s e d  as a c c o r d i n g  

t o  Re f .  [ll] : "Our knowledge o f  t h e  f l o w  o f  m a t e r i a l s  t h r o u g h  

t h e  economic  s y s t e m  and  t h e i r  l o s s  o r  p u r p o s e f u l  d i s c h a r g e  t o  

t h e  e n v i r o n m e n t  i s  e x t r e m e l y  l i m i t e d ,  e s p e c i a l l y  w i t h  r e s p e c t  

t o  t h e  i n d u s t r y . "  The f i n a l  e l e m e n t  i n  v e r i f i c a t i o n  o f  t h e  

m a t e r i a l  b a l a n c e  t h r o u g h  i n s p e c t i o n s - - s o  i m p o r t a n t  i n  s a f e -  

g u a r d s - -  may a t  t h e  p r e s e n t  s t a g e  n o t  b e  r e l e v a n t  t o  t h e  d i s -  

c u s s i o n  o f  p o l l u t a n t  a c c o u n t a b i l i t y .  Only i f  s t r i c t  s t a n d a r d s  

f o r  t h e  e m i s s i o n  o f  p o l l u t a n t s  a r e  s e t  up ,  wh ich  may impose 

a n  e c o n o m i c a l  b u r d e n  o n  t h e  p l a n t  o p e r a t o r s ,  t h e  q u e s t i o n  o f  

i l l e g a l  r e l e a s e  o f  p o l l u t a n t s  a n d ,  t h e r e f o r e ,  o f  t h e  v e r i f i -  

c a t i o n  o f  d a t a ,  may become i m p o r t a n t .  

A c c o u n t a b i l i t y  o f  p o l l u t a n t s  i n  a  r e g i o n  p o s e s  com-  

p l e t e l y  d i f f e r e n t  p r o b l e m s .  C o n s i d e r ,  f o r  examp le ,  t h e  a i r  

volume o v e r  a g i v e n  r e g i o n  as a m a t e r i a l  b a l a n c e  a r e a  i n  t h e  

s e n s e  d e s c r i b e d  e a r l i e r .  To e s t a b l i s h  a m a t e r i a l  b a l a n c e  

f o r  t h e  p o l l u t a n t s  i n  t h i s  m a t e r i a l  b a l a n c e  a r e a  means t o  

d e t e r m i n e  

a )  t h e  i n p u t s  o v e r  a g i v e n  p e r i o d  o f  t i m e  ( i . e .  a l l  

t h e  e m i s s i o n s  i n t o  t h a t  vo lume) ;  



b )  t h e  o u t p u t s  o v e r  a g i v e n  p e r i o d  o f  t i m e  ( i . e .  t h e  

remova ls  by wash ing  o u t  by r a i n f a l l s ,  d e c a y s ,  e t c . ) ;  

and 

c)  t h e  p h y s i c a l  i n v e n t o r y  a t  t h e  b e g i n n i n g  and a t  t h e  

end o f  a n  i n v e n t o r y  p e r i o d .  

The i n p u t s  c a n  b e  measured a t  l e a s t  i n  c a s e s  where t h e y  

come f rom p o i n t  s o u r c e s  ( e . g .  f a c i l i t i e s ) ,  t h e y  c a n  b e  e s t i -  

mated t o  a  f a i r l y  good d e g r e e  i n  c a s e  t h e y  come f rom s p r e a d  

s o u r c e s ,  e . g .  f rom h o u s e h o l d s  o r  f rom t r a n s p o r t a t i o n .  The 

i n v e n t o r y  c a n  b e  measured by m o n i t o r i n g  s y s t e m s  as t h e y  have  

b e e n  e s t a b l i s h e d  i n  c e r t a i n  r e g i o n s  (Los Ange les ,  t h e  Ruhr 

a r e a ,  e t c . ) .  The o u t p u t s  c a n n o t  b e  measured d i r e c t l y .  

One may a r g u e  t h a t  t h e  o u t p u t s  c a n  be e v a l u a t e d  o v e r  a 

c e r t a i n  p e r i o d  o f  t i m e  d e t e r m i n i n g  t h e  d i f f e r e n c e  be tween  be- 

g i n n i n g  i n v e n t o r y  p l u s  i n p u t s  minus e n d i n g  i n v e n t o r y ;  how- 

e v e r ,  t h a t  i s  n o t  i n  t h e  s e n s e  o f  t h e  m a t e r i a l  b a l a n c e  a s  

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

I n  t h e  c a s e  o f  s a f e g u a r d s  t h i s  i s  a well-known prob lem.  I n  

many c a s e s  w a s t e  h a s  n o t  b e e n  measured d i r e c t l y  b u t  d e t e r m i n e d  

"by d i f f e r e n c e 1 '  o f  measured t h r o u g h p u t  and p h y s i c a l  i n v e n t o r y .  

L o s s e s  o r  d i v e r s i o n  t h e n  c a n  n e v e r  b e  d e t e c t e d  by d e f i n i t i o n .  

To s o l v e  t h i s  prob lem i n  t h e  c a s e  of  e n v i r o n m e n t a l  ac-. 

c o u n t a b i l i t y  one needs  t o  e s t a b l i s h  models  which d e s c r i b e  t h e  

p r o c e s s e s  o f  f o r m a t i o n  and decay  a s  w e l l  as wash ing  o u t  o f  

p o l l u t a n t s  i n  and f rom t h e  a tmosphere .  Once s u c h  models  have  



b e e n  f u l l y  e s t a b l i s h e d  t h e y  c a n  t a k e  t h e  p l a c e  o f  t h e  miss- 

i n g  T 1 o u t p u t "  measurements .  However, s u c h  models must b e  

t e s t e d ,  and i n  p r i n c i p l e  t h e y  c a n  o n l y  b e  t e s t e d  i f  a com- 

p l e t e  measurement s y s t e m  i s  a v a i l a b l e .  T h i s  p rob lem c a n  b e  

s o l v e d  o n l y  by a n  i t e r a t i v e  p r o c e s s .  

Models o f  t h e  t y p e  p o s t u l a t e d  have  been s t a r t e d  a l r e a d y .  

I n  T a b l e  1, which r e p r e s e n t s  a summary f rom c a l c u l a t i o n s  pe r -  

formed i n  Re f .  [21], r e s u l t s  f rom a c r u d e  model f o r  t h e  Ruhr 

a r e a  a r e  shown. They c o r r e s p o n d  i n  a s a t i s f a c t o r y  way t o  t h e  

r e s u l t s  o f  measurements .  More complex models a r e  b e i n g  

e s t a b l i s h e d ,  e . g .  f o r  t h e  Tennessee  V a l l e y  Region C221, [23], 

where t h e  c h i e f  emphas is  i s  on r a d i o a c t i v e  d i s c h a r g e .  

I f  one wan ts  t o  g e t  a c o m p l e t e  p i c t u r e  o f  t h e  f l o w  o f  

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

s t a n d a r d s  o r  o t h e r  c o n s t r a i n t s  imposed,  one h a s  t o  e s t a b l i s h  

t h e  i n p u t - o u t p u t  m a t r i c e s  ment ioned e a r l i e r .  I n  T a b l e  2  t h i s  

i s  done i n  a v e r y  c r u d e  way i n  t e r m s  o f  t h e  mass model,  where 

t h e  t r a n s f e r s  a r e  e x p r e s s e d  i n  mass u n i t s ,  c o n t r a r y  t o  t h e  

p r i c e  model ,  where t h e  t r a n s f e r s  a r e  e x p r e s s e d  i n  money 

u n i t s .  F i g u r e  6 shows t h e  c o r r e s p o n d i n g  m a t e r i a l  b a l a n c e ,  

i n c l u d i n g  t h e  m a t e r i a l  b a l a n c e  e q u a t i o n s  ( t h e  l a s t  e q u a t i o n  

f o r  t h e  " g l o b a l "  m a t e r i a l  b a l a n c e  a r e a  i s  s i m p l y  t h e  sum o f  

t h e  e q u a t i o r i s  o f  t h e  " l o c a l u  m a t e r i a l  b a l a n c e  a r e a ) .  

One c a n  u s e  t h e  s y s t e m  o f  e q u a t i o n s  t o  d e t e r m i n e ,  f o r  

example  t h e  s u l p h u r  r e l e a s e  t o  t h e  env i ronment  ( a z 4 ,  a 4 4 ,  

a 5 4 )  i f  t h e r e  a r e  no c o n s t r a i n t s  f o r  s u c h  r e l e a s e s .  If one 



assumes,  however,  t h a t  t h e r e  a r e  s t a n d a r d s  which l i m i t  t h e  

r e l e a s e s  a 2 4  t o  a  c e r t a i n  v a l u e ,  t h e n  one can a n a l y z e  what 

t h e  p o s s i b l e  consequences  o f  such  a  l i m i t a t i o n  c o u l d  b e .  

It i s  c l e a r  t h a t  t h e  b e s t  s o l u t i o n  o f  t h e  s u l p h u r  d i -  

o x i d e  prob lem would be  d e s u l p h u r i z a t i o n  o f  o i l  and c o a l  

d i r e c t l y .  However, i n  t h e  c a s e  of  c o a l  t h i s  i s  n o t  a t  a l l  

p o s s i b l e ,  and i n  t h e  c a s e  o f  o i l  i t  i s  v e r y  e x p e n s i v e :  i t  

h a s  been  e s t i m a t e d  t h a t  t h e  r e d u c t i o n  o f  t h e  e m i s s i o n  by 

1 t SO2 would c o s t  a b o u t  US $ 1000 [17]. A d d i t i o n a l l y ,  t h e  

q u e s t i o n  a r i s e s  o f  what c o u l d  b e  done w i t h  t h e  enormous 

amounts o f  s u l p h u r  a v a i l a b l e  i n  c a s e  o f  comp le te  d e s u l p h u r -  

i z a t i o n  o f  raw o i l  i n  t h e  r e f i n e r i e s :  50 m i l l i o n  t s u l p h u r  

would be o b t a i n e d  a n n u a l l y  t h i s  way, whereas  t h e  w o r l d  market  

amounts t o  o n l y  a b o u t  30 m i l l i o n  t [20]. 

These q u e s t i o n s  must b e  t r e a t e d  i n  a n  a p p r o p r i a t e  i n p u t -  

o u t p u t  p r i c e  model, t h i s  h a s  a l r e a d y  b e e n  done on a  l i m i t e d  

s c a l e  f o r  r e g i o n a l  c a s e s .  However, one h a s  t o  r e a l i z e  t h a t  

one  c a n n o t  t r e a t  t h e s e  prob lems i n  a n  i s o l a t e d  way f o r  one 

p o l l u t a n t .  Here t h e  q u e s t i o n  o f  s t a n d a r d s  f o r  d i f f e r e n t  

p o l l u t a n t s  comes i n  (SO2, N O x ,  r a d i o a c t i v e  g a s e s ) ,  and one 

must c o n s i d e r  t h e  prob lem o f  a  f a i r  b a l a n c e  between t h e s e  

d i f f e r e n t  s t a n d a r d s .  I n  any c a s e ,  one may s a y  t h a t  t h e  i n t r o -  

d u c t i o n  o f  s i m i l a r  e n v i r o n m e n t a l  r e g u l a t i o n s  as t h e y  a l r e a d y  

e x i s t  t o d a y  i n  t h e  n u c l e a r  i n d u s t r y  would have  ma jo r  econom- 

i c  imp l i ca t ions - -we  may v iew t h e  n u c l e a r  i n d u s t r y  a s  a  f o r e -  

r u n n e r  i n  t h i s  f i e l d .  



Conc lud ing  Remarks 

We have  s u r v e y e d  e x i s t i n g  m a t e r i a l  b a l a n c e s  i n  n a t u r e ,  

and s e e n  t h a t  man 's  g row ing  a c t i v i t i e s  w i l l  d i s t u r b  t h e s e  

m a t e r i a l  b a l a n c e s  on a g l o b a l  s c a l e .  F u r t h e r m o r e ,  we have  

a t t e m p t e d  t o  show t h a t  t h e  magn i tude  o f  t h e  p rob lems  p roduce$  

q u e s t i o n s  which c l a s s i c a l  d i s c i p l i n e - o r i e n t e d  work answer ,  

h e n c e  t h e  need f o r  s y s t e m s  a p p r o a c h e s .  The i d e a  o f  m a t e r i a l  

a c c o u n t a b i l i t y  h a s  a l r e a d y  b e e n  p roposed  by d i f f e r e n t  g r o u p s ,  

and what h a s  p roven  s u c c e s s f u l  i n  t h e  c a s e  o f  s a f e g u a r d s  

c o u l d  s e r v e  as a  v e r y  v a l u a b l e  t o o l  i n  r a t h e r  d i v e r s e  s i t u a -  

t i o n s  i n  t h e  n a t u r a l  env i ronment  and i n  t h e  economy. 

F i g u r e  7 ,  which h a s  b e e n  t a k e n  f rom Re f .  [24], a t t e m p t s  

t o  r e p r e s e n t  i n  t h e  fo rm o f  a  f l ow  s h e e t  t h e  complex i n t e r -  

r e l a t i o n s  among t h e  main a s p e c t s  o f  t h i s  p a p e r :  

- m a t e r i a l  b a l a n c e  models 

- v e r i f i c a t i o n  o f  t h e  models  by measurements  a t  s t r a t e g i c  

p o i n t s  

-economic a c c o u n t a b i l i t y  ( i n p u t - o u t p u t  a n a l y s e s ) .  

The p r e c e d i n g  c h a p t e r s  have  g i v e n  examples o f  t h e  i n d i -  

v i d u a l  a s p e c t s .  I n  a r e c y c l i n g  scheme, t h e  d i a g r a m  i l l u s -  

t r a t e s  a  p rob lem ment ioned  s e v e r a l  t imes: t h e  p rob lem o f  t h e  

a p p r o p r i a t e  b a l a n c e  o f  models  and m o n i t o r i n g  s y s t e m s .  

It seems s t i l l  t o o  e a r l y  f o r  a n  i n t e r n a t i o n a l  a c c o u n t -  

a b i l i t y  s y s t e m ,  f o r  example ,  f o r  p o l l u t a n t s ,  a l t h o u g h  t h i s  h a s  

b e e n  e n v i s a g e d  a l r e a d y  by some g r o u p s  E l ] ,  [8]. Even if t h e  

d a t a  b a s e  e x i s t s  t h e r e  may b e  d i f f i c u l t i e s  o f  a c c e s s  t o  i t  

and p rob lems  t o  o r g a n i z e ,  f o r  example ,  a  wor ld-wide r e p o r t i n g  



s y s t e m .  I n  t h i s  c o n n e c t i o n  i t  i s  i m p o r t a n t  t o  r e a l i z e  t h a t  

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

d o e s  e x i s t  wh ich  h a s  p r o v e n  w o r k a b l e  f o r  t h e  p l a n t  o p e r a t o r s  

and  f o r  t h e  s a f e g u a r d s  a u t h o r i t y  and  wh ich  c a n  b e  imp lemen ted  

w i t h  a  r e a s o n a b l e  b u d g e t  ( t h e  1974 b u d g e t  amounts  t o  a s t a f f  

o f  1 0 0  members and  U S  $ 3 m i l l i o n  i n c l u d i n g  R & D ) .  

It h a s  t o  b e  s t r e s s e d  t h a t  i n t e r n a t i o n a l  p o l i t i c a l  con-  

s i d e r a t i o n s  u r g e n t l y  c a l l e d  f o r  s e t t i n g  up t h e  IAEA s a f e -  

g u a r d s  s y s t e m .  A t  p r e s e n t  t h e  i s s u e  o f  e n v i r o n m e n t a l  p o l l u -  

t i o n  c o n t r o l  may n o t  b e  s o  u r g e n t ;  o n e  remembers  t h e  d i f f i c u l t  

p r o b l e m  o f  e s t a b l i s h i n g  a r e g i s t e r  o f  r a d i o a c t i v e  w a s t e  d i s -  

c h a r g e s .  However, t h e  r a p i d l y  i n c r e a s i n g  m a g n i t u d e  o f  t h e  

p r o b l e m  demands t h a t  s t e p s  n e v e r t h e l e s s  b e  t a k e n .  



Tab.1 : SO2 Data ( Source : Bijker e.a ) 

GENERAL 

Natural SO2 concentrat~on [ g l m 3  1 /U 10 
Limit for long term SO2 concentration: 

VDl [ p g  1 m I 230 
US EPA [ p g l  m3 1 80 

SO2 residence time in the atmosphere[d ] 1 - 6 

RUHR AREA 

Emission [ lo6 t / a  I 
Power plants 80 . 0.44 
Residential 80 . 0.13 

Industry 80 . 0.64 
Transportat~on 80 0.01 

Sum 80 a 1.22 

lmmission ( Inventory [,ug/m3 ] 

Power plants 80 . 1.79 80 13.7 
Residential 80 0.53 80 4.0 

Industry 80 2.60 ' 80 20.0 2 )  

Transportation 80 . 0.04 80 . 0.3 

Sum 80 . 4.96 80 38 

At a wind speed of 4.5 m /see 

2 )  At the 7th day of a tempemture inversion 
situation 
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