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I. Introduction 

I am fortunate to have the opportunity of working in 
Vienna this year, and to participate in a joint research 
project of the International Atomic Energy Agency and the 
International Institute for Applied Systems Analysis. The 
primary task of this project is to study risk assessment 
principles and their application in judging the acceptability 
of technological developments. The primary focus has been 
on energy production systems, particularly nuclear energy. 

Applied systems analysis is basically a means of provid- 
ing a rational approach to problem solving by identifying 
and modeling interactions between the system under study and 
all other systems. This leads to a more thorough understand- 
ing of the system being studied and all its ramifications, 
thereby optimizing the decision-making process. Stated more 
simply, systems analysis is a way of thinking. It requires 
a clear statement of the elements of the problem, the objec- 
tives to be achieved, and the constraints under which one 
must operate. Having established these parameters, they are 
then modeled and by use of computers and other analytical tools, 
sensitivities of all factors are evaluated, effects of con- 
straints are assessed, and optimal solutions derived with- 
in the framework of the stated objective functions. 

This paper will discuss the application of systems analy- 
sis to the problem of nuclear waste management in general, 
and to off-gas treatment in particular. It will not deal with 
the details of modeling methods or calculations, but will con- 
centrate on a discussion of the objectives and constraints 
which provide the framework for the analysis. 

11. ~etermining Objectives and Constraints in Waste 

Manasement 

The first and perhaps most difficult task is to determine 
the objective function. What is our desired objective in 
waste management? How would an acceptable solution be charac- 
terized? Pursuing this question, one might ask: Acceptable 
to whom? If the answer is: to the general public, then we 
are faced with another set of problems. How do we determine 
a priori what will constitute public acceptability? We know, 
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for example, that in dealing with nuclear activities the 
public has a far different and more restrictive set of values 
and attitudes than in other technological areas. An under- 
standing of the reasons for this disparity in viewpoints 
would be helpful in defining acceptable objectives. Levels 
of safety and environmental alterations which might prove to 
be quite acceptable in any other enterprise could, from the 
public's viewpoint, prove to be very objectionable if asso- 
ciated with some nuclear activity. For example, we are prob- 
ably all familiar with the results of the Rasmussen Study [151 
(Figure 1) which indicate that the probable hazard from nu- 
clear reactors is far below those of other technologies which 
are relatively well accepted by the public. However, the 
extent to which such results go toward allaying public fears 
regarding nuclear energy is probably marginal at best. public 
attitudes are formed by rather complex interactions of many 
factors [12]--mathematical probabilities being only one and, 
I suspect, not a very important one. Studies have shown that 
man is a rather poor intuitive statistician [14,17]. The 
suczess of lotteries demonstrates this point. 

111. Public Acceptability of Risks 

How then do we determine public acceptability of risks? 
This is a goal of our joint project on risk assessment. It 
might be of interest to know that the personnel working on 
our project are not only multi-national, currently representing 
eight nations, but also multi-disciplinary--including special- 
ists in economics, sociology, psychology, psychiatry, and 
anthropology. Hopefully, this mix of physical and social 
scientists can achieve the necessary insights. 

A possible clue to understanding societal response to tech- 
nological risk situations may be obtained by viewing the sequence of 
events depicted in Figure 2. The sequence begins with the 
perception of a problem by some individual or group, after 
which it is called to the attention of the public. Publicizing 
the problem might take the form of a public address or perhaps 
a book. Rachel Carson's "Silent Spring" or Ralph Nader's 
"Unsafe at Any Speed" are examples. This stimulates discussion 
in the press and other communications media, which in turn 
arouses public concern. This concern may then be manifested 
as exerting pressure for action on public officials and legis- 
lative bodies. In technological areas--where remedies are 
not often apparent--research is funded to determine proper 
solutions. Hopefully, this research leads to a solution of 
the problem; but in fact, experience tells us this is seldom 
the case. Research reports and technical papers typically 
conclude with statements to the effect that: (1) the problem 
being investigated is indeed serious (nobody wants to work on 
trivial problems), (2) the results obtained to date are very 
encouraging, and ( 3  1 further study is certainly indicated. 



I n  t h e i r  d e s i r e  t o  o b t a i n  c o n t i n u e d  f u n d i n g  f o r  t h e i r  p r o j -  
ec t ,  r e s e a r c h e r s  o f t e n  t e n d  t o  a m p l i f y  o r  even e x a g g e r a t e  
t h e  s e r i o u s n e s s  of  t h e  problem. The news media t h e n  o b s e r v e  
and p u b l i c i z e  t h e s e  f i n d i n g s ,  l e a d i n g  t o  f u r t h e r  p u b l i c  con- 
c e r n ,  e tc .  Thus w e  have a s e l f - p e r p e t u a t i n g  sequence 
of e v e n t s .  I n  t i m e ,  p u b l i c  concern  becomes r e i n f o r c e d  t o  t h e  
e x t e n t  t h a t  p e o p l e  become convinced of  t h e  ext reme s e r i o u s n e s s  
of  t h e  problem. They r e a s o n  t h a t  i f  t h i s  were n o t  t h e  c a s e ,  
why would s o  much t i m e ,  money, and e f f o r t  have been expended? 
Perhaps  i n  t h e  f i e l d  of n u c l e a r  waste  management w e  a r e  
c a u g h t  i n  such  a c y c l e .  One method of  b r e a k i n g  t h i s  c y c l e  
might  be  t o  c l e a r l y  d e f i n e  t h e  problem and t h e  d e s i r e d  o b j e c -  
t i v e s  s o  t h a t  i n  t h e  e v e n t  a  s u i t a b l e  s o l u t i o n  is  e v e r  p re -  
s e n t e d ,  it cou ld  a t  l e a s t  be recogn ized  a s  such! 

A. D e f i n i n g  t h e  Problem 

A r e c e n t  i s s u e  o f  Bus iness  Week c o n t a i n e d  a n  a r t i c l e  en- 
t i t l e d ,  "The Deadly Dilema of Nuclear  Wastes" [ 1 8 ] .  I t  con- 
t a i n e d  t h e  u s u a l  a s s o r t m e n t  of d i r e  s t a t e m e n t s  o f t e n  found i n  
t h e  p u b l i c  p r e s s ,  i . e .  t h a t  n u c l e a r  was te  management i s  indeed 
a g r a v e  problem and t h a t  Pu-239 ( i t s  most dangerous  long- term 
component) i s  t h e  most  hazardous  s u b s t a n c e  known t o  man--so 
hazardous  i n  f a c t  t h a t  w e  a r e  making a " F a u s t i a n  b a r g a i n "  i n  
commit t ing  n u c l e a r  was te  t o  t h e  p e r p e t u a l  v i g i l a n c e  o f  f u t u r e  
g e n e r a t i o n s .  

W e  have h e a r d  t h i s  t y p e  o f  argument  s o  o f t e n  t h a t  it h a s  
a l m o s t  become a n  a r t i c l e  o f  f a i t h .  I do  n o t  want t o  imply 
t h a t  Pu-239 i s  n o t  a  v e r y  dangerous  m a t e r i a l ,  b u t  it i s  c e r -  
t a i n l y  n o t  t h e  most dangerous  s u b s t a n c e  known t o  man. I n  
f a c t ,  f o r  i n t e r e s t ' s  s a k e ,  I r e c e n t l y  compiled a  l i s t  of  mate-  
r i a l s  which, o n  t h e  b a s i s  o f  p e r  u n i t  mass i n g e s t e d ,  a r e  more 
l e t h a l  t h a n  p lu tonium.  On t h e  l i s t  were such i t e m s  a s  
b o t u l i n u s  t o x i n ,  b e l l a d o n a ,  hemlock, o l e a n d e r  e x t r a c t ,  c e r t a i n  
b a c t e r i a  and v i r u s e s ,  p a r a t h i o n  and c e r t a i n  o t h e r  i n s e c t i -  
c i d e s - - t h e  l i s t  c o u l d  be  ex tended  s t i l l  f u r t h e r .  However, it 
is a l s o  n e c e s s a r y  t o  c o n s i d e r  t h e  p e r s i s t e n c e  o f  Pu-239 w i t h  
i t s  h a l f - l i f e  measured i n  t e n s  o f  thousands  of  y e a r s .  

Tab le  1 p r e s e n t s  a n  i n t e r e s t i n g  i n s i g h t  i n  t h i s  r e g a r d .  
I n  t h e  y e a r  2000, t h e  p r o j e c t e d  q u a n t i t y  o f  Pu-239 committed 

6 t o  was te  i n  t h e  Uni ted  S t a t e s  w i l l  be  approx imate ly  0 .2  MCi  . 
Assuming t h i s  t o  be one  t h i r d  o f  t h e  w o r l d ' s  t o t a l  [ 2 1 ,  w e  

w i l l  have a n  annua l  worldwide waste  p r o d u c t i o n  o f  lo7 grams o f  
t h i s  m a t e r i a l .  I n  t h e  c o n t e x t  o f  long- term w a s t e  commitment 
where i n g e s t i o n  would be t h e  p r e v a i l i n g  r o u t e  o f  human exposure ,  - 

I 
t h i s  amounts t o  a  p r o d u c t i o n  r a t e  of  rough ly  3 x 10 l e t h a l  
d o s e s  p e r  y e a r .  I ts  p e r s i s t e n c e ,  a s  measured by i t s  h a l f - l i f e ,  
i s  approx imate ly  24 thousand y e a r s .  

Now l e t  u s  l o o k  a t  a n o t h e r  haza rdous  m a t e r i a l :  l e a d .  
By c o n s e r v a t i v e l y  assuming t h a t  i n  1973 [19] , 10% o f  t h e  
t o t a l  l e a d  p r o d u c t i o n  i s  l o s t  t o  w a s t e ,  w e  have a w a s t e  com- 



8 rnitment of  4 x  10 gm, which amounts t o  4 x  10' l e t h a l  doses  
p e r  year .  I f  p e r s i s t e n c e  i s  a  major c o n s i d e r a t i o n ,  t hen  l e a d  
wi th  an i n f i n i t e  h a l f - l i f e  i s  c e r t a i n l y  a  worse problem than  
plutonium. Y e t  we hea r  no advocates  of r o c k e t i n g  waste l e a d  
t o  t h e  sun,  o r  t a l k  o f  committing it t o  t h e  bowels of t h e  e a r t h  
under p e r p e t u a l  s u r v e i l l a n c e .  W e  hea r  no t a l k  o f  Faus t i an  bar-  
g a i n s  w i th  t h i s  m a t e r i a l ,  d e s p i t e  t h e  f a c t  t h a t  it w i l l  e x i s t  
f o r e v e r .  Why? 

I r e a l i z e ,  of course ,  t h a t  t h e  comparison i s  somewhat 
o v e r s i m p l i f i e d  by t h e  f a c t  t h a t  t h e  e f f e c t s  of i n h a l a t i o n  o r  
ch ron ic  long-term low-dose exposures  t o  e i t h e r  of t h e s e  
m a t e r i a l s  have n o t  been considered;  and bo th  have such e f f e c t s .  
I b e l i e v e ,  however, t h a t  t h e  comparison i s  n o t  i n a p p r o p r i a t e  
and p o i n t s  up t h e  i ncons i s t ency  i n  p u b l i c  a t t i t u d e s  toward 
r a d i o a c t i v i t y  a s  opposed t o  o t h e r  hazards .  I n  t h i s  regard ,  
B.L. Cohen [4] of t h e  I n s t i t u t e  f o r  Energy Ana lys i s ,  USA, 
r e c e n t l y  presen ted  d a t a  i n d i c a t i n g  " t h a t  plutonium d i s p e r s a l  
i s  n e i t h e r  a  s e r i o u s  a c c i d e n t  danger nor a  ve ry  u s e f u l  t o o l  
f o r  t e r r o r i s t s " .  A s  r ega rds  nuc l ea r  waste  management, 
Cla iborne  a t  H o l i f i e l d  Nat iona l  Laboratory,  USA, [31  i n d i c a t e d  
t h d t  conven t iona l ly  s o l i d i f i e d  waste could  become less hazard- 
ous t han  n a t u r a l l y  occur ing  p i t chb lende  i n  kens of thousands 
o f  yea r s .  Our group a t  Lawrence Livermore Laboratory,  USA, 
c a l c u l a t e d  t h a t  waste  d i sposed  of by t h e  DUMP o r  i n  s i t u  me l t  
p rocess  would become 100-fold l e s s  hazardous than  p i t c h -  
blende i n  l e s s  t han  1000 y e a r s  [6]. Y e t  a r t i c l e s  l i k e  "The 
Deadly Dilemma of Nuclear Waste" con t inue  t o  appear ,  and we 
con t inue  t o  s ea rch  f o r  an "accep tab le"  s o l u t i o n .  Perhaps,  
a s  was s t a t e d  p rev ious ly ,  t h e  e f f o r t  might b e t t e r  be d i r e c t e d  
i f  we could a t  l e a s t  d e f i n e  what c o n s t i t u t e s  an accep tab le  
s o l u t i o n  o r  o b j e c t i v e .  

Such an o b j e c t i v e  should be s t a t e d  c l e a r l y ,  d e f i n i t i v e l y ,  
and p r e f e r a b l y  i n  q u a n t i f i a b l e  form. P l a t i t u d e s  and genera l -  
i t i e s ,  a l though  they  may prove p o l i t i c a l l y  expedien t ,  con- 
s t i t u t e  unworkable o b j e c t i v e  f u n c t i o n s  from a  systems a n a l y s i s  
s t andpo in t .  I r e f e r  he re  t o  such s t a t emen t s  a s ,  " t o  a s s u r e  
p u b l i c  h e a l t h  and s a f e t y " .  These on ly  r a i s e  f u r t h e r  q u e s t i o n s  
such a s ,  "how much assurance  i s  needed?" Only where 100% 
a b s o l u t e  guaranteed s a f e t y  i s  necessary  would t h e  s o l u t i o n  be 
ve ry  easy.  Where t h e  on ly  accep tab le  l e v e l  of r a d i o a c t i v i t y  
r e s u l t i n g  from nuc lea r  o p e r a t i o n s  i s  zero ,  then t h e  one and 
on ly  method of ach iev ing  t h i s  g o a l  i s  t o  s t o p  a l l  n u c l e a r  
a c t i v i t i e s .  I f ,  on t h e  o t h e r  hand, some l e v e l  h ighe r  t han  
ze ro  i s  t o  be a c c e p t a b l e ,  t hen  t h a t  l e v e l ,  o r  some optimiza- 
t i o n  c r i t e r i a ,  o r  c o s t - e f f e c t i v e n e s s  g u i d e l i n e  f o r  ach iev ing  
it should be c l e a r l y  s t a t e d .  F a i l u r e  t o  do s o  can r e s u l t  i n  
t h e  squandering of l a r g e  sums of money t o  ach ieve  min iscu le  
increments  of safe ty--a  p r a c t i c e  n o t  uncommon i n  t h e  nuc l ea r  
i n d u s t r y .  



I V .  Problems of  Waste G a s  Trea tment  

With t h i s  background t h e n ,  l e t  u s  l o o k  a t  t h e  problem of 
waste g a s  t r e a t m e n t .  The g a s e s  o f  p r imary  c o n c e r n  a t  f u e l  
r e p r o c e s s i n g  p l a n t s  and w a s t e  management f a c i l i t i e s  appear  t o  
b e  krypton-85 and t r i t i u m .  S i n c e  t h e  env i ronmenta l  e f f e c t s  
of t h e s e  g a s e s  c a n  b e  p r e d i c t e d  w i t h  a minimum of  equivoca-  
t i o n ,  t h e y  l e n d  themse lves  w e l l  t o  t h i s  t y p e  of  demons t ra t ion .  
A s  a f i r s t  s t e p  w e  s h a l l  s p e c i f y  o u r  o b j e c t i v e s  and c o n s t r a i n t s :  

OBJECTIVES 

1. Minimize worldwide p o p u l a t i o n  r a d i a t i o n  exposure ;  

2. Minimize costs. 

CONSTRAINTS 

1. Do n o t  exceed r a d i a t i o n  e x p o s u r e  s t a n d a r d s .  

For  purposes  of  d i s c u s s i o n  t h e s e  p a r a m e t e r s  have been s i m p l i -  
f i e d  a s  much as p o s s i b l e .  I n  t h e  p r e s e n t  case o u r  c o n s t r a i n t  
i s  t h a t  ICRP [ I31 and/or  o t h e r  a p p r o p r i a t e  s t a n d a r d s  must n o t  
be  exceeded.  The o b j e c t i v e s  are t o  minimize b o t h  c o s t  and 
worldwide p o p u l a t i o n  exposure .  One c o u l d ,  f o r  example, choose  
as an  o b j e c t i v e  t o  minimize exposures  o n l y  t o  t h o s e  r e s i d i n g  
w i t h i n  a  f i f t y - m i l e  r a d i u s  of  t h e  p o i n t  of  release (as  h a s  
c o n v e n t i o n a l l y  been t h e  p r a c t i c e ) .  The o b j e c t i v e s  w e  have 
s e l e c t e d  c l e a r l y  imply some t r a d e o f f  between c o s t  and popula-  
t i o n  exposure :  as  t h e  c o n t r o l s  r e q u i r e d  f o r  l i m i t i n g  expo- 
s u r e  are i n c r e a s e d ,  c o s t s  a lso i n c r e a s e  and v i c e  v e r s a .  Such 
t r a d e o f f s  a r e  modeled i n  F i g u r e  3. I t  can  b e  s e e n  t h a t  t h e y  
f o l l o w  t h e  economic l a w  of  d i m i n i s h i n g  r e t u r n s .  It  shou ld  
be  n o t e d  t h a t  i n  e x p e n d i t u r e s  t o  r e d u c e  a p a r t i c u l a r  haza rd  
( e i t h e r  r a d i a t i o n  o r  some o t h e r  r i s k )  a t  some g i v e n  c o s t  (C), 
t h e  r e t u r n  p e r  u n i t  e x p e n d i t u r e  d e c r e a s e s  a s  t h e  t o t a l  expen- 
d i t u r e  i n c r e a s e s .  I t  may a l s o  be  no ted  t h a t  no matter how 
much money i s  expended, some f u r t h e r  r e d u c t i o n  c o u l d  b e  
a t t a i n e d  by s t i l l  f u r t h e r  spending.  Beyond some p o i n t ,  however, 
money might  more e f f i c i e n t l y  b e  s p e n t  t o  r e d u c e  some o t h e r  
haza rd .  T h i s  p o i n t  would be  t h e  i n t e r s e c t i o n  of  t h e  c o s t -  
e f f e c t i v e n e s s  g u i d e l i n e  and t h e  d i m i n i s h i n g - r e t u r n  c u r v e .  
F o r  r a d i o a c t i v i t y ,  a  s u g g e s t e d  c o s t - e f f e c t i v e n e s s  g u i d e l i n e  
i s  approx imate ly  $200 p e r  man-rem avoided [ S I .  T h i s  f i g u r e  
c a n  be  d e r i v e d  from gu idance  sugges ted  by t h e  B E I R  ( B i o l o g i c a l  
E f f e c t s  o f  I o n i z i n g  R a d i a t i o n )  Committee. 

T a b l e  2 g i v e s  s o u r c e  estimates f o r  g e n e r a t i o n  of t r i t i u m  
and krypton-85 from v a r i o u s  a c t i v i t i e s  [7 ,81 .  Note p a r t i c u -  
l a r l y  t h a t  i n  n u c l e a r  f i s s i o n  power r e a c t o r s ,  krypton-85 
p r o d u c t i o n  exceeds  t h a t  of  t r i t i u m  by o v e r  a n  order of  magni- 
t u d e  p e r  u n i t  o f  power p r o d u c t i o n .  T a b l e  3  g i v e s  worldwide 
p o p u l a t i o n  d o s e  e s t i m a t e s  p e r  c u r i e  of r a d i o a c t i v i t y  r e l e a s e d .  



The r e s u l t i n g  b i o l o g i c a l  dose  c o s t  f i g u r e s  a r e  based on t h e  
$200/per man-rem c o s t - e f f e c t i v e n e s s  g u i d e l i n e .  These f i g u r e s  
i n d i c a t e  t h a t  f o r  eve ry  c u r i e  of  t r i t i u m  r e l e a s e d  t o  t h e  en- 
v i ronment ,  a  t o t a l  of  1 0 C  wor th  of  b i o l o g i c a l  damage w i l l  
r e s u l t ;  t h e r e f o r e ,  e x p e n d i t u r e s  f o r  p r e v e n t i n g  t r i t i u m  r e l e a s e s  
which a r e  i n  e x c e s s  o f  t h i s  f i g u r e  cou ld  n o t  be cons ide r ed  
c o s t - e f f e c t i v e .  I n  o t h e r  words, e x p e n d i t u r e s  i n  e x c e s s  of 
1 0 C  p e r  c u r i e  of t r i t i u m  would b e  b e t t e r  a l l o c a t e d  i n  o t h e r  
a r e a s  of  h e a l t h  and s a f e t y  where t h e y  would b r i n g  a g r e a t e r  
r e t u r n  ( i n  terms of  hazard  r e d u c t i o n )  p e r  u n i t  inves tment .  
The c o s t - e f f e c t i v e n e s s  g u i d e l i n e  f o r  krypton-85 i s  abou t  
$1.00 p e r  c u r i e .  The re fo r e ,  because  it is  produced i n  g r e a t e r  
q u a n t i t i e s  and c a u s e s  g r e a t e r  harm p e r  u n i t  amount, one might  
conc lude  t h a t  krypton-85 c o n t r o l  would be  cons ide r ed  more 
worthy o f  a t t e n t i o n  t h a n  t r i t i u m  c o n t r o l .  T h i s  c o n c l u s i o n  
might  b e  confirmed by viewing p r o j e c t e d  d o s e s  due  t o  b i o s p h e r i c  
a c c u ~ n u l a t i o n  o f  t h e s e  n u c l i d e s .  F i g u r e  4 i n d i c a t e s  t h e  e f f e c t  
of t o t a l  t r i t i u m  which i s  t h e  sum of r e a c t o r  produced,  n a t u r a l l y  
produced,  and r e s i d u a l  t r i t i u m  from a tmospher ic  n u c l e a r  explo-  
s i v e  t e s t i n g .  A t  p r e s e n t ,  t h e  l a t t e r  c o n s t i t u t e s  a lmos t  a l l  
of t h e  b i o s p h e r i c  burden.  Reac to r  produced t r i t i u m  i s  t h e  
o n l y  p o r t i o n  of t h e  t o t a l  over  which w e  can  e x e r t  any c o n t r o l .  
T h i s  amount w i l l  n o t  become s i g n i f i c a n t  u n t i l  t h e  n e x t  
c e n t u r y .  Krypton-85, a s  w e  might  s u s p e c t  from t h e  p r e v i o u s  
t a b l e s ,  produces  a  f a r  g r e a t e r  exposure  e f f e c t .  

I n  l i g h t  of t h i s  i n fo rma t ion ,  it i s  i n t e r e s t i n g  t o  
rev iew some p a s t  p r ac t i c e s - -bo th  i n  c o n t r o l  measures and re- 
s e a r c h  r e l a t i n g  t o  krypton-85 and t r i t i u m .  F i g u r e  5 compares 
l e v e l s  of  r e s e a r c h  e f f o r t  on bo th  n u c l i d e s  a s  de termined by 
t h e  numbers of t e c h n i c a l  p u b l i c a t i o n s  r e l a t e d  t o  t h e  h e a l t h  
i m p l i c a t i o n s  of p o p u l a t i o n  exposure .  Here w e  f i n d  t h a t  t h e  
preponderance  o f  t h e  work h a s  been devoted t o  t r i t i u m .  
From t h e s e  d a t a  one might  d e r i v e  t h e  h y p o t h e s i s  t h a t  t h e  
l e v e l  of  r e s e a r c h  e f f o r t  b e a r s  l i t t l e  r e l a t i o n s h i p  t o  t h e  
s e v e r i t y  of t h e  problem. Pursu ing  t h i s  h y p o t h e s i s ,  one might  
p o s t u l a t e  a  myst ique  a s s o c i a t e d  w i t h  t r i t i u m  which s t i m u l a t e s  
undue concern  and i s  mani fes ted  by t h e  e x p e n d i t u r e  of i n o r d i -  
n a t e l y  l a r g e  sums of  money on i t s  s t u d y  and on t h e  development 
o f  c o n t r o l  technology.  

To c i t e  a few p o t e n t i a l  examples of t h i s  phenomenon, 
Tab l e  4 g i v e s  a  summary of  p l a n s  f o r  r e d u c t i o n  o f  t r i t i u m  
r e l e a s e s  a t  t h e  Savannah River  P l a n t  [ 9 ] .  A s  c an  be  s een  
from t h e s e  d a t a ,  t h e i r  c o s t - e f f e c t i v e n e s s  g u i d e l i n e  f o r  
t r i t i u m  c o n t r o l  l i es  somewhere between $67,000 and $4.5  
m i l l i o n  p e r  man-rem a v e r t e d .  Another example can  be  s een  
from t h e  Rio Blanco exper iment  f o r  n u c l e a r  g a s  s t i m u l a t i o n  
i n  Colorado,  where t h e  t r i t i u m  r e l e a s e  c o n t r o l  cost  was 
$600,000 p e r  man-rem a v e r t e d  [ 8 ] .  F i g u r e  6 shows a summary 
of t r i t i u m  c o n t r o l  c o s t s  f o r  n u c l e a r  r e a c t o r s  [ l o ] .  From 
t h e s e  w e  can  e s t i m a t e  t h a t  w i t h  t h e  c u r r e n t l y  a v a i l a b l e  t e ch -  
nology,  t h e  ave r age  c o s t  f o r  t r i t i u m  c o n t r o l  would be  abou t  
$170,000 p e r  man-rem a v e r t e d .  



On the other hand, at fuel reprocessing plants--the major 
source of krypton-85--it has been estimated that krypton-85 
release control could be accomplished at a cost of about 
4C per curie of $10 per man-rem averted [8]. Implementation 
of such controls is not presently required. 

Obviously, in off-gas treatment and waste management 
programs, objectives and cost-effectiveness guidelines other 
than those we have suggested have been used although they may 
not have been explicitly stated. I believe it would clearly 
benefit the nuclear industry to better define rational approaches 
to radiation safety research and control. 



Table 1. Long-term worldwide waste commitment. 

Plutonium-239 I Lead 
(Year-2000) (Year-1973) 

Approximate Lethal Dose (Gm) (2) 1 0.4 1 10.0 
- 
Annual Waste Production (Gm/Yr) 

(Let~h~r~oses Toxic Production Rate ) I  3 x 1 0  7 / ' i X 1 0  7 

7 1 x 10 

Assumptions: 

* ( 3 )  
4 x 10 

Persistence (Half-life) 

1. U.S. Projected for Yr. 2000 = 0.2 MCi (0~~~-4451) 

I 

U.S. Nuclear Capacity in Yr. 2000 = 1/3 World 
Capacity (UCID-16670) . 

2. Via Ingestion of Soluble Material (see references 
[ll and [ill). 

3 3. World Production (1973) - 4.2 x 10 Tons (U.S. 
Stat. Abs.). Assume 10% is lost to waste. 



Table 2. Source term e s t i m a t e s .  

Estimated P o t e n t i a l  
Cur ies  Released 

* 
Assumed upper l i m i t  based on announced va lues  from t h e  

Rio Blanco event .  

Appl ica t ion  3~ 

25 

35 

33* 

2 lo4 

7 

F i s s i o n  powered r e a c t o r s  

(per  MWe - Y r )  

Peaceful  nuc lea r  exp los ives  

( p e r  k i l o t o n  y i e l d )  

Cont ro l led  thermonuclear 

r e a c t o r s  (per  MWe - Y r )  

* 5 ~ r  

475 

4 30 

25 

0 

0 

LWR 

LME'BR 

F i s s i o n  

Fusion 

------ 



Table 3. Unit curie population dose and Biological 
Damage Cost estimates. 

1.8 x 

0.027 

1 .OO 

Unit Release 

Population Dose 

(man-rem/c i 

Whole Body 

Skin 

4 x 

Biological Damage Cost 

($/ci) 0.10 
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F i g u r e  1. Frequency  o f  f a t a l i t i e s  due  t o  man-caused 
e v e n t s .  
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Figu re  3 .  
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F i g u r e  4 .  Whole body d o s e  f rom B i o s p h e r i c  
Accumula t ion .  
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Assume 50 70 Reduction : I 

~ 
0 . 1  MILS / KWhr x lo3 KW/MW x lo3 HR/YR x $ / MIL 

0 . 5  x 25 C ~ / M W  - YR r 4 r lo-* MAN - REM / C i  

= 1.7  x lo5 $ / MAN - REM 

Figure  6 .  Tri t ium reduction c o s t s  at nuc lear  
power plants [ 1 0  1 . 
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