
CONSIDERATIONS ON THE LARGE SCALE 

DEPLOYMENT OF THE NUCLEAR FUEL CYCLE 

R.  Avenhaus ,  W .  H a f e l e  and  P.E. McGrath 

V e r i t a s  es t  a d e q u a t i o  i n t e l l e c t u s  a d  rem/year  
(Tommaso d  'Aquino /Cesare  P l a r c h e t t i )  

Oc tobe r  1975 

R e s e a r c h  R e p o r t s  a r e  p u b l i c a t i o n s  r e p o r t i n g  o n  
t h e  work o f  t h e  a u t h o r s .  Any v i e w s  or  c o n c l u -  
s i o n s  a r e  t h o s e  o f  t h e  a u t h o r s ,  and d o  n o t  
n e c e s s a r i l y  r e f l e c t  t h o s e  o f  IIASA. 



[I51 Moran, P.A.P. The Theory of Storage, Methuen, London, 
1959. 

[16] Nash, I.E. A Unit Hydrograph Study with particular 
Reference to British Catchments, Inst. Civ. Eng. 
Proc., - 17 , 1960. 

[17] Prabhu, N.V. Time-Dependent Results in Storage Theory, 
Methuen, London, 1964. 

[I81 Rozanov, Yu. A. Statistical Equilibrium of Processes in 
Dam Storage, I.I.A.S.A. Research Report 75-4. 

1191 Yevjevich, V. The Application of Surplus, Deficit and 
Range in Hydrology, Hydrol. Pap., 10, Colorado State 
University, 1965. 



L i s t  o f  C o n t e n t s  

1 .  ~ n t r o d u c t i o n  

2. D e s c r i p t i o n  o f  S u p p o r t i n g  F u e l  C y c l e  

3.  R a d i a t i o n  Doses  

3 .1  I n t r o d u c t i o n  

3 . 2  P o i n t  S o u r c e s  

3 . 3  Volume S o u r c e s  

3 .4  P o p u l a t i o n  D e n s i t i e s  and Doses  

3 . 5  Number o f  F a c i l i t i e s  

4 .  Normal O p e r a t i o n s  R e l e a s e s  

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

4 .2  FBR R e a c t o r  F u e l  C y c l e  

4 .3  HTGR R e a c t o r  F u e l  C y c l e  

5 .  A c c i d e n t a l  R e l e a s e s  

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

5 .2  R e a c t o r  A c c i d e n t s  

5 . 3  R e p r o c e s s i n g  F a c i l i t y  A c c i d e n t s  

5 . 4  L i q u i d  Waste  S t o r a g e  F a c i l i t y  A c c i d e n t  

5 . 5  Waste  S o l i d i f i c a t i o n  F a c i l i t y  A c c i d e n t  

5 . 6  T r a n s p o r t a t i o n  A c c i d e n t s  

6 .  F i n a l  Waste  S t o r a g e  F a c i l i t y  A c c i d e n t  

7 .  T h e f t  o f  F i s s i l e  M a t e r i a l  and  D e s t r u c t i o n  o f  Nuc l ea r  F a c i l i t i e s  

7 .1  C l a s s i f i c a t i o n  

7 .2  T h e f t  o f  F i s s i l e  o r  R a d i o a c t i v e  M a t e r i a l  by a  P r i v a t e  
Group: D i v e r s i o n  S t r a t e g i e s  

7 . 3  R e l e a s e  o f  R a d i o a c t i v e  M a t e r i a l  

7 . 4  D e s t r u c t i o n  o f  a  Nuc l ea r  F a c i l i t y  

7 . 5  C o n s t r u c t i o n  o f  a  N u c l e a r  E x p l o s i v e  Device  

8 .  Summary o f  R a d i a t i o n  Doses  

9 .  P o l i c y  C o n s i d e r a t i o n s  and t h e  Concep t  o f  U t i l i t y  

9 .1  R e a c t o r  A c c i d e n t s  

9 . 2  A D e c i s i o n  P r o c e d u r e  f o r  t h e  Deployment o f  a  L a r g e  
N u c l e a r  F u e l  C y c l e  

Appendix 1 :  Maximum P e r m i s s i b l e  C o n c e n t r a t i o n s  o f  R a d i o n u c l i d e s ,  
a s  Recommended by t h e  ICRP 

Appendix 2: R a d i o n u c l i d e  T r a n s p o r t  i n  A i r  and Water  





A b s t r a c t  

I n  r e c e n t  p a p e r s  by H a f e l e ,  Manne and S c h i k o r r ,  
s t r a t e g i e s  f o r  a  t r a n s i t i o n  from f o s s i l  t o  n u c l e a r  
f u e l s  a r e  c o n s i d e r e d  f o r  a  model s o c i e t y  of 250  m i l l i o n  
p e o p l e  w i t h  a n  a s y m p t o t i c  ene rgy  consumption o f  1 0  k i l o -  
w a t t  t h e r m a l  p e r  c a p i t a .  I n  t h e  f i n a l  s t a t e ,  a  p u r e l y  
n u c l e a r  ene rgy  p r o d u c t i o n  sys tem,  based on o n l y  two 
r e a c t o r  t y p e s ,  was assumed t o  c o v e r  a l l  e l ec t r i c  and 
n o n - e l e c t r i c a l  ene rgy  demands of t h e  model s o c i e t y .  

I t  i s  t h e  pu rpose  of  t h i s  paper  t o  e v a l u a t e  t h e  
whole n u c l e a r  f u e l  c y c l e  be long ing  t o  t h e  a s y m p t o t i c  
n u c l e a r  ene rgy  p r o d u c t i o n  sys tem.  I n  o r d e r  t o  a c h i e v e  
t h i s ,  a l l  normal o p e r a t i o n a l  and a c c i d e n k a l  r i s k s  con- 
n e c t e d  w i t h  t h e  n u c l e a r  m a t e r i a l  t h r o u g h p u t s  a r e  ana-  
l y z e d .  Thus,  a n  i d e a  of  t h e  r e l a t i v e  impor tance  of  t h e  
d i f f e r e n t  h a z a r d s  i s  o b t a i n e d ;  f u r t h e r m o r e ,  t h e  b a s i s  
f o r  a  comparison o f  t h e  n u c l e a r  o p t i o n  w i t h  a l t e r n a t i v e  
o p t i o n s  (which i s  t h e  s u b j e c t  o f  fo r thcoming  work) i s  
g i v e n .  With t h i s  pu rpose  i n  mind, o n l y  o r d e r s  o f  mag- 
n i t u d e  a r e  c o n s i d e r e d  t h r o u g h o u t  t h e  p a p e r ;  i n  a d d i t i o n ,  
t h e  a r g u m e n t a t i o n  i s  r e s t r i c t e d  t o  t h e  l e v e l  o f  e x p e c t e d  
v a l u e s .  

The s t r u c t u r e  o f  t h i s  pape r  i s  a s  f o l l o w s .  Follow- 
i n g  t h e  i n t r o d u c t i o n ,  t h e  mass f l o w s  of n u c l e a r  m a t e r i a l  
t h r o u g h  t h e  n u c l e a r  f u e l  c y c l e  a r e  a n a l y z e d .  The meth- 
odology  used  i s  t h e n  deve loped .  The normal o p e r a t i o n s  
r e l e a s e s  of  r a d i o a c t i v i t y  a r e  c o n s i d e r e d ,  and p o s s i b l e  
modes of a c c i d e n t a l  r a d i o a c t i v e  r e l e a s e s  a r e  a n a l y z e d ;  
t h e  problem of a  f i n a l  w a s t e  s t o r a g e  i s  t r e a t e d  sepa-  
r a t e l y  because  of  i t s  u n i q u e  n a t u r e .  D i f f e r e n t  k i n d s  
of  s a b o t a g e  and b l a c k m a i l ,  i n c l u d i n g  t h e  c o n s t r u c t i o n  
of  a  n u c l e a r  e x p l o s i v e  d e v i c e ,  a r e  n e x t  a n a l y z e d ,  and 
f i n a l l y  a l l  c a l c u l a t i o n s  a r e  summarized. I n  c o n c l u s i o n ,  
a  number o f  d e c i s i o n - o r i e n t e d  a s s e s s m e n t s  a r e  i d e n t i f i e d  
t h a t  must be  made when t h e  l a r g e - s c a l e  deployment  of 
n u c l e a r  ene rgy  i s  c o n s i d e r e d .  
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C o n s i d e r a t i o n s  on  t h e  L a r g e  S c a l e  

Deployment o f  t h e  Nuc l ea r  F u e l  C y c l e  

R. Avenhaus ,  W.  ~ a f e l e  and  P.E. McGrath* 

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

I n  t h e  l a s t  t h i r t y  y e a r s  t h e  e x t e n t  t o  which  a  g i v e n  

p r i m a r y  e n e r g y  s o u r c e  w a s  u s e d  w a s  d e t e r m i n e d  p r i m a r i l y  by 

economic r e a s o n s ;  t h e  l ea s t  e x p e n s i v e  and most  f l e x i b l e  e n e r g y  

s o u r c e  o b t a i n e d  t h e  g r e a t e s t  m a r k e t  s h a r e .  An example  i s  t h e  

r e p l a c e m e n t  o f  c o a l  by o i l  i n  many p a r t s  o f  t h e  wor ld  i n  t h e  

l a t e  1 9 5 0 ' s .  Only i n  t h e  p a s t  two y e a r s ,  i n  v i ew  o f  t h e  l i m i -  

t a t i o n  o f  t h e  w o r l d ' s  f o s s i l  e n e r g y  r e s o u r c e s ,  h a s  t h e  s e c u r e  

s u p p l y  o f  l a r g e  amounts  o f  e n e r g y  f o r  l o n g  t i m e  p e r i o d s  been  

c o n s i d e r e d  o f  e q u a l  i m p o r t a n c e .  N u c l e a r  e n e r g y  f o l l o w e d  i t s  

own l i n e s  o f  deve lopmen t  d u r i n g  t h i s  t i m e :  i n  t h e  b e g i n n i n g ,  

t h e  emphas i s  w a s  on  i n n o v a t i o n ,  and i n d e e d ,  n u c l e a r  e n g i n e e r i n g  

h a s  s e r v e d  as  a v e h i c l e  f o r  e n t e r i n g  new domains  o f  t e c h n o l o g -  

i c a l ,  m a n a g e r i a l  and  r e g u l a t o r y  s o p h i s t i c a t i o n  (a  most  s t r i k i n g  

example  i n  t h i s  c o n n e c t i o n  i s  q u a l i t y  c o n t r o l ) .  Only i n  t h e  

l a t t e r  p a r t  o f  t h e  s i x t i e s ,  and by c o n c e n t r a t i n g  on power 

s t a t i o n  s i z e s  beyond 600  MW, h a s  n u c l e a r  e n e r g y  become compet-  

i t i v e .  F o r  t h e  p a s t  f ew y e a r s  t h e  f a v o r a b l e  r e s e r v e  a s p e c t  o f  

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

e n e r g y  s o u r c e .  

Whi le  t h e  s h o r t  t e r m  a s p e c t  o f  t h e  p rob lem o f  s e c u r e  

s u p p l i e s  o f  l a r g e  amounts  o f  e n e r g y  i s  d e f i n i t e l y  resmrce 

o r i e n t e d ,  t h i s  w i l l  b e  mos t  p r o b a b l y  n o t  t h e  c a s e  i n  t h e  l o n g  

r u n  (see Ref .  [ I - 1 1 ) .  Today f o u r  o p t i o n s  a p p e a r  t o  b e  a v a i l -  

a b l e  w i t h  v i r t u a l l y  u n l i m i t e d  s u p p l i e s  o f  e n e r g y ,  a s  f a r  as  

r e s o u r c e s  a r e  c o n c e r n e d  : 

* I n s t i t u t e  f o r  App l i ed  Sys tems  A n a l y s i s  and R e a c t o r  P h y s i c s ,  
Nuc l ea r  R e s e a r c h  C e n t e r ,  K a r l s r u h e ,  F e d e r a l  R e p u b l i c  of  Germany. 



- Nuclear  power from f i s s i o n ,  

- Nuclear  power from f u s i o n ,  

- S o l a r  power, 

- Geothermal  power. 

With t h e s e  o p t i o n s  it w i l l  be  t h e  sys t ems  i m p l i c a t i o n s  of  

h a n d l i n g  l a r g e  amounts of  ene rgy  t h a t  w i l l  e v o l v e  a s  c o n s t r a i n t s .  

T h i s  h a s  been r e f e r r e d  t o  a s  embedding t h e  f l o w  of such  l a r g e  

amounts of  ene rgy  t h r o u g h  t h e  ecosphe re  ( i . e . ,  t h e  l i t h o s p h e r e ,  

t h e  hydrosphe re ,  t h e  a tmosphere)  and t h e  s o c i o s p h e r e  [ I -21 .  

A t  p r e s e n t  o n l y  t h e  o p t i o n  of  o b t a i n i n g  power from f i s s i o n  

b r e e d e r s  i s  t e c h n i c a l l y  and i n d u s t r i a l l y  f e a s i b l e .  Assuming 

f o r  a  moment t h a t  a l l  f o u r  o p t i o n s  w i l l  t u r n  o u t  t o  be f e a s i b l e ,  

and f u r t h e r  t h a t  a l l  o p t i o n s  w i l l  be  e q u a l l y  economical  (which 

i s  v e r y  d o u b t f u l ) ,  t h e n  it i s  t h e  sys t ems  i m p l i c a t i o n s  t h a t  

w i l l  be  t h e  c r i t e r i a  f o r  t h e  c h o i c e  of  one of  t h e s e  o p t i o n s  

o r  pe rhaps  t h e  i d e n t i f i c a t i o n  of a n  o p t i m a l  mix. 

I n  o r d e r  t o  a n a l y z e  t h e i r  sys tems  i m p l i c a t i o n s ,  it i s  

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

I n  t h e  Energy P r o j e c t  of  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  

Appl ied  Systems A n a l y s i s  i t  was t h o u g h t  a d v i s a b l e  t o  g o  t o  t h e  

ex t reme and t o  c o n s i d e r  s c e n a r i o s .  I n  t h e s e  s c e n a r i o s  it i s  

assumed t h a t  f o r  a  c e r t a i n  s o c i e t y ,  a l l  of t h e  ene rgy  demands 

a r e  m e t  by any one  of  t h e  f o u r  o p t i o n s  ment ioned .  T h i s  work 

was i n i t i a t e d  f o r  t h e  n u c l e a r  o p t i o n  by ~ a f e l e ,  Manne and 

S c h i k o r r  [ I -31 ,  [I-41 ; t h e  s o l a r  o p t i o n  i s  b e i n g  s t u d i e d  by 

Weingar t  [ I -51 .  A f t e r  t h e  comple t ion  o f  t h e  s c e n a r i o  work, 

compar i sons  w i l l  be  made. 

I n  t h e  work of ~ a f e l e ,  Manne and S c h i k o r r ,  s t r a t e g i e s  f o r  

a  t r a n s i t i o n  from f o s s i l  t o  n u c l e a r  f u e l s  a r e  c o n s i d e r e d  f o r  a  

model s o c i e t y  of  250 m i l l i o n  peop le  w i t h  a  pr imary  energy  consump- 

t i o n  of 10 kW t h e r m a l  p e r  c a p i t a .  They assumed 7 . 5  kW t h e r m a l  w e r e  

f o r  n o n - e l e c t r i c a l  pu rposes  w i t h  an a n n u a l  g rowth  r a t e  o f  4X,  

and 2 .5  kW t h e r m a l  f o r  t h e  p r o d u c t i o n  of  e l e c t r i c a l  ene rgy  

w i t h  a n  8 %  a n n u a l  g rowth  r a t e .  The i n i t i a l  a v e r a g e  p o p u l a t i o n  

growth r a t e  of  t h e  model s o c i e t y  was assumed t o  be  5%.  With 

t i m e  t h e  ene rgy  demand undergoes  a  t r a n s i t i o n :  a f t e r  45 y e a r s  

t h e  p o p u l a t i o n  h a s  i n c r e a s e d  by 50% and t h e n  assumes a  z e r o  



g r o w t h  r a t e ,  w h i l e  t h e  p e r  c a p i t a  consumpt ion  h a s  d o u b l e d .  

The makeup o f  t h e  e n e r g y  c o n s u m p t i o n  i s  1 0  kW t h e r m a l  p e r  

c a p i t a  f o r  e l e c t r i c a l  p u r p o s e s  and  10 kW f o r  n o n - e l e c t r i c a l  

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

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

r e s o u r c e s  would c o n t i n u e  t o  b e  a  l i m i t i n g  c o n s t r a i n t  11-11, 

[ I - 2 1 .  Whereas t h e  main  p u r p o s e  o f  t h e  work o f  H a f e l e ,  Manne 

and  S c h i k o r r  was t o  i d e n t i f y  s t r a t e g i e s  f o r  t h e  t r a n s i t i o n  

p h a s e ,  w e  w i l l  c o n c e n t r a t e  i n  t h e  f o l l o w i n g  o n  t h e  a s y m p t o t i c  

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

t h i s  a s y m p t o t i c  s t a t e  i s  r e p r e s e n t e d  i n  F i g .  1 . 1 .  F o r  t h e  

assumed 1:1  r a t i o  o f  e l e c t r i c a l  t o  n o n - e l e c t r i c a l  e n e r g y ,  a  

c o m b i n a t i o n  of  F a s t  B r e e d e r  R e a c t o r  (FBR) and  High T e m p e r a t u r e  

Gas Cooled R e a c t o r  (HTGR) seems t o  b e  a n  a p p r o p r i a t e  example  

f o r  a  r e a c t o r  c o n f i g u r a t i o n .  The FBR i s  d e s i g n e d  t o  p r o d u c e  

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

f u e l  r e q u i r e m e n t s  o f  t h e  HTGR, which  i n  t u r n  i s  u s e d  t o  p r o -  

d u c e  n o n - e l e c t r i c a l  e n e r g y .  F o r  example ,  t h e  HTGR would p r o -  

d u c e  p r o c e s s  h e a t  f o r  t h e  p r o d u c t i o n  o f  hydrogen  by w a t e r  

s p l i t t i n g .  

I t  i s  t h e  p r i m a r y  p u r p o s e  o f  t h i s  p a p e r  t o  a n a l y z e  t h e  

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

e n e r g y  demands w i t h  n u c l e a r  e n e r g y .  T h i s  i m p l i e s  t h e  a n a l y s i s  

o f  t h e  mass f l o w s  i n  t h e  n u c l e a r  f u e l  c y c l e  t h a t  a r e  n e c e s s a r y  

t o  m a i n t a i n  r e a c t o r  o p e r a t i o n s ,  and  o f  a l l  p o s s i b l e  o p e r a t i o n a l  

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

i t i e s .  I t  s h o u l d  b e  e x p l i c i t l y  s t a t e d  t h a t  t h e  economics  o f  

n u c l e a r  power i,s n o t  c o n s i d e r e d .  F u r t h e r m o r e ,  t h e  w a s t e  h e a t  

p rob lem i s  n o t  a n a l y z e d  a s  it i s  common t o  a l l  p r i m a r y  e n e r g y  

s o u r c e s  ( t o  v a r y i n g  d e g r e e s )  and t h e r e f o r e  d o e s  n o t  p l a y  a  

m a j o r  r o l e  i n  t h e  c o m p a r i s o n  o f  t h e  d i f f e r e n t  o p t i o n s  m e n t i o n e d  

ea r l i e r .  F i n a l l y ,  t h e  m e t h o d o l o g i c a l  a p p r o a c h  t a k e n  i n  t h i s  

p a p e r  s h o u l d  b e  c l a r i f i e d :  as  no r e f e r e n c e  i s  made t o  a c t u a l  

s i tes  o r  w e a t h e r  c o n d i t i o n s ,  a  c e r t a i n  a b s t r a c t i o n  and  s t y l i -  

z a t i o n  i s  n e c e s s a r y .  Each a c t u a l  c a s e  r e q u i r e s  a much more 

d e t a i l e d  e v a l u a t i o n ,  which h a s  b e e n  made f o r  v a r i o u s  s i n g l e  

n u c l e a r  f a c i l i t i e s  (see, e . g . ,  11-61, [ I - 7 1 ,  [ I - 8 1 ) .  The i d e a  





of  t h i s  pape r  i s  t o  m a i n t a i n  t h e  p e r s p e c t i v e  on t h e  n u c l e a r  

ene rgy  o p t i o n  i n  i t s  e n t i r e t y .  

The s t r u c t u r e  of  t h i s  pape r  i s  a s  f o l l o w s .  I n  t h e  second 

c h a p t e r  t h e  mass f l o w s  of  t h e  n u c l e a r  m a t e r i a l  t h rough  t h e  

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

s t a t e  r e p r e s e n t e d  i n  F i g .  1 . 1 .  I n  c o n t r a s t  t o  t h e  o r i g i n a l  

pape r  [ I -31 ,  it i s  assumed h e r e  t h a t  t h e  p r imary  ene rgy  demand 

i s  10 kW t h e r m a l  p e r  c a p i t a ,  which f o r  a  s o c i e t y  of  360 m i l l i o n  

peop le  g i v e s  a  t o t a l  demand of 3.6 * l o 1 *  Watt t h e r m a l .  I n  

t h e  t h i r d  c h a p t e r  t h e  methodology i s  deve loped .  Equa t ions  a r e  

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

(normal  and a c c i d e n t a l ) .  With some a s sumpt ions  on p o p u l a t i o n  

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

t i o n s  a r e  ex t ended  t o  p o p u l a t i o n  d o s e s .  I n  t h e  f o u r t h  c h a p t e r  

t h e  normal o p e r a t i o n s  r e l e a s e s  of  r a d i o a c t i v i t y  a r e  c o n s i d e r e d .  

These r e l e a s e s  a r e  a s s o c i a t e d  w i t h  t h e  o p e r a t i o n s  of t h e  n u c l e a r  

f u e l  c y c l e  i n d u s t r y  and a r e  governed by t h e  r e t e n t i o n  f a c t o r s  

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

f a c i l i t i e s .  I n  t h e  p a s t  i t  h a s  been p redominan t ly  t h e  r e a c t o r  

t h a t  was of  p r imary  i n t e r e s t  and t h e  f o c u s  of v a s t  r e s e a r c h  

and development  e f f o r t s .  Only now a r e  w e  a t  t h e  adven t  o f  

b u i l d i n g  a  l a r g e  s c a l e  commercial  f u e l  c y c l e ;  t h e  c u r r e n t  prob-  

l e m  o f  b r i n g i n g  a  l a r g e  commercial  chemica l  r e p r o c e s s i n g  p l a n t  

i n t o  o p e r a t i o n  i s  i n d i c a t i v e  f o r  t h i s  k i n d  of  q u e s t i o n .  I n  

t h e  f i f t h  c h a p t e r  p o s s i b l e  modes of  a c c i d e n t a l  r a d i o a c t i v e  

r e l e a s e s  a r e  a n a l y z e d ;  t h e  problem of a  f i n a l  was t e  s t o r a g e  

i s  t r e a t e d  s e p a r a t e l y  i n  t h e  s i x t h  c h a p t e r  because  of  i t s  un ique  

n a t u r e .  Here, t h e  q u e s t i o n  of t h e  r e q u i r e d  d e g r e e  of  e n g i n e e r e d  

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

f a c t o r  ment ioned above .  I n  t h e  s e v e n t h  c h a p t e r ,  d i f f e r e n t  

k i n d s  of s a b o t a g e  and b l a c k m a i l ,  i n c l u d i n g  t h e  c o n s t r u c t i o n  of  

a  n u c l e a r  e x p l o s i v e  d e v i c e ,  a r e  a n a l y z e d .  I n  t h e  e i g h t h  c h a p t e r  

a l l  c a l c u l a t i o n s  a r e  summarized and e v a l u a t e d  i n  a  p r e l i m i n a r y  

manner. I n  t h e  l a s t  c h a p t e r ,  a  number o f  q u e s t i o n s  a r e  

a d d r e s s e d :  What r e t e n t i o n  f a c t o r s  must be  r e q u i r e d  i n  view of  

t h e  l o n g  r a n g e  e v o l u t i o n  of n u c l e a r  power, and how do  t h e y  

r e l a t e  t o  each  o t h e r ?  Is  t h e  emphasis  OP r e a c t o r  s a f e t y  



e x c e s s i v e  compared wi th  t h a t  on p h y s i c a l  p r o t e c t i o n  a g a i n s t  

i l l e g a l  d i v e r s i o n  of f i s s i o n a b l e  m a t e r i a l ?  What a r e  t h e  

a p p r o p r i a t e  r e s e a r c h  and development p r i o r i t i e s ?  What a r e  

t h e  a p p r o p r i a t e  d e s i g n  o b j e c t i v e s  of engineered  s a f e t y  f e a -  

t u r e s ?  I n  o t h e r  words a  number of  d e c i s i o n  o r i e n t e d  a s s e s s -  

ments i s  i d e n t i f i e d  t h a t  must be made when t h e  l a r g e  s c a l e  

deployment of n u c l e a r  energy i s  env i s ioned .  

For t h i s  purpose a  procedure  i s  o u t l i n e d  whereby t h e  

i n d i v i d u a l  and popu la t ion  d o s e s  a r e  f i x e d .  The major a s s e s s -  

ments a r e  made w i t h i n  t h e  framework of t h e s e  c o n s t r a i n t s .  

F i n a l l y ,  it must be emphasized t h a t  t h i s  work should be con- 

s i d e r e d  only  a s  a  f i r s t  e f f o r t  and i s  des igned t o  s t i m u l a t e  

f u r t h e r  work a long t h e s e  d i r e c t i o n s .  

There fo re  it should be kep t  i n  mind t h a t  t h i s  paper i s  

meant t o  be on ly  one  b u i l d i n g  block w i t h i n  a  s e t  of models 

t h a t  a r e  des igned t o  suppor t  d e c i s i o n  making i n  t h e  broader  

f i e l d  of energy,  wi th  n u c l e a r  energy being on ly  one o p t i o n .  
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2. D e s c r i p t i o n  o f  S u p p o r t i n s  F u e l  C y c l e  

The o p e r a t i o n  of  t h e  a s y m p t o t i c  r e a c t o r  s y s t e m  d e s c r i b e d  

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

w i t h  i t s  a s s o c i a t e d  f a c i l i t i e s .  Such a  f u e l  c y c l e  i s  shown 

i n  F i g .  2.1 w i t h  t h e  v a r i o u s  a c t i v i t i e s  g i v e n  a s  b o x e s .  A l l  

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

p o r t a t i o n .  

The mass b a l a n c e s  f o r  t h i s  f u e l  c y c l e  have  been  c a l c u l a t e d  

and  a r e  shown i n  F i g .  2 .2 .  F o r  t h e  c a l c u l a t i o n ,  t h e  f o l l o w i n g  

p r i m a r y  a s s u m p t i o n s  were made : 

G e n e r a l  - i) The f i s s i o n  o f  1 gram o f  m a t e r i a l  p r o d u c e s  

0 .95  MWthd; 

ii) L o s s e s  i n  f a b r i c a t i o n  and i n  r e p r o c e s s i n g  

f a c i l i t i e s  f o r  t h o r i u m ,  u ran ium,  and p l u t o n i u m  

a r e  0 . 5% e a c h  o f  t h e  a n n u a l  t h r o u g h p u t ;  i n  

t o t a l  1 . 0 %  o f  t h e  a n n u a l  t h r o u g h p g t .  

FBR System - 
i) 90% o f  t h e  r e a c t o r  power i s  produced  i n  t h e  

c o r e  and  a x i a l  b l a n k e t ;  

ii) The a v e r a g e  d i s c h a r g e  bu rnup  o f  t h e  c o r e  i s  

100 ,000  MW d / t ,  and  o f  t h e  a x i a l  b l a n k e t  
t h  

3000 MWthd/t; w i t h  c o r e  and a x i a l  b l a n k e t  o f  

e q u a l  m a s s e s  t h e  mixed d i s c h a r g e  bu rnup  i s  

51 ,500  MWthd/t; 

iii) The f i s s i l e  p l u t o n i u m  c o n t e n t  o f  t h e  c o r e  and 

a x i a l  b l a n k e t  mixed i s  8 % ;  

i v )  The neptunium-237,  amer ic ium,  and c u r i u m  c o n t e n t  

o f  t h e  c o r e  and a x i a l  b l a n k e t ,  a t  d i s c h a r g e ,  i s  

1 . 5  kg p e r  t o n  o f  mixed c o r e  and  a x i a l  b l a n k e t ;  

V )  The a v e r a g e  d i s c h a r g e  bu rnup  o f  t h e  r a d i a l  

b l a n k e t  i s  10 ,000  MWthd/t; 

v i )  The r a d i a l  b l a n k e t  a v e r a g e  p r o d u c t i o n  r a t e  o f  

U233 i s  0.12 t/GWthy; 

v i i )  The p r o t a c t i n i u m - 2 3 1  and neptunium-237 c o n t e n t  

o f  t h e  r a d i a l  b l a n k e t ,  a t  d i s c h a r g e ,  i s  0 .14 k g / t ;  

v i i i )  The c o r e  and  a x i a l  b l a n k e t  a r e  s e l f - s u p p o r t i n g  

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

p e n s a t e  f o r  p r o c e s s  l o s s e s .  
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HTGR Sys tem - 
i)  The a v e r a g e  d i s c h a r g e  burnup  o f  t h e  f u e l  

e l e m e n t s  i s  65 ,000  MWthd/t; 

ii) The p r o t a c t i n i u m - 2 3 1  and neptunium-237 c o n t e n t  

o f  f u e l  a t  d i s c h a r g e  i s  2 .6  k g / t ;  

iii) The c o n v e r s i o n  r a t e  o f  t h e  HTGR i s  s u f f i c i e n t  

t o  b a l a n c e  U233 n e e d s ,  and f o r  t h e  r a t i o  o f  

U233 makeup t o  U233 r e c y c l e  (U233 f rom FBR/ 

U233 f rom HTGR) t o  b e  e q u a l  t o  1 .474 .  

I n  t h e  r e s u l t s  o f  F i g .  2 . 2  t h e  r e f e r e n c e  t o  p l u t o n i u m  

c o n c e r n s  o n l y  f i s s i l e  p lu ton ium;  f e r t i l e  p l u t o n i u m  i s  assimi- 

l a t e d  t o  n a t u r a l  u r an ium.  I n  a d d i t i o n ,  i n  t h e  HTGR s y s t e m  

t h e  U233 r e f e r s  t o  a l l  f i s s i l e  u ran ium;  f e r t i l e  u ran ium is  

a s s i m i l a t e d  t o  t h o r i u m .  

The c a l c u l a t i o n  o f  t h e  mass b a l a n c e 1 )  i s  shown i n  t h e  

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

shown i n  F i g .  2 . 2  a s  t h e  p o i n t s  A ,  B  and C .  The c a l c u l a t i o n  

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

and r e p r e s e n t s  a n n u a l  q u a n t i t i e s .  

P o i n t  A: 

( a )  F u e l  q u a n t i t y  needed  p e r  y e a r  f o r  FBR 
c o r e  and a x i a l  b l a n k e t  

( b )  8 %  o f  t h e  f u e l  q u a n t i t y  i s  p l u t o n i u m  
( f  i s s i l e )  

( a )  * 0 .08  = 11500 t  * 0 . 0 8  

( c )  T o t a l  q u a n t i t y  o f  u ran ium ( p l u s  f e r t i l e  
p l u t o n i u m )  

( a )  - ( b )  = 1 1 5 0 0 t  - 9 2 0 t  - - 10580 t /y r  

 he mass d e f e c t  which  g o e s  w i t h  t h e  c o n v e r s i o n  o f  b i n d i n g  
e n e r g y  i n t o  m e c h a n i c a l  e n e r g y  upon f i s s i o n  i s  1  t o n  p e r  y e a r .  



( d )  Q u a n t i t y  o f  f i s s i o n  p r o d u c t s  p r o d u c e d  i n  
FBR c o r e  a n d  a x i a l  b l a n k e t  

( e )  T o t a l  amoun t  o f  h e a v y  metal o u t  o f  t h e  
FBR c o r e  a n d  a x i a l  b l a n k e t  

( a )  - ( d )  = 11500  - 622 

( f )  T o t a l  ( f i s s i l e )  p l u t o n i u m  o u t  o f  FBR c o r e  
a n d  a x i a l  b l a n k e t  m u s t  e q u a l  w h a t  g o e s  i n ,  
( b ) ,  p l u s  1 %  t o  a c c o u n t  f o r  f a b r i c a t i o n  
a n d  r e p r o c e s s i n g  l o s s e s  

( g )  T o t a l  amount  o f  nep tun ium-237 ,  a m e r i c i u m ,  
a n d  c u r i u m  p r e s e n t  i n  s p e n t  f u e l  

0 .0015  * (a )  = 0 . 0 0 1 5  * 11500  

( h )  Remain ing  q u a n t i t y  o f  u r a n i u m  ( p l u s  f e r t i l e  
p l u t o n i u m )  

(i) Waste stream l o s s  i n  r e p r o c e s s i n g  f a c i l i t y  

- a l l  f i s s i o n  p r o d u c t s  = ( d )  

- a l l  Np + Am + Cm = ( g )  

- 0 . 5 %  o f  i n c o m i n g  p l u t o n i u m  = 0 . 0 0 5  * ( f )  

- 0 . 5 %  o f  i n c o m i n g  u r a n i u m  = 0 . 0 0 5  * ( h )  

(j) Q u a n t i t y  o f  p l u t o n i u m  o u t  o f  r e p r o c e s s i n g  
f a c i l i t y  f o r  r e u s e  

( f )  - (i) = 929 - 5  



( k )  Q u a n t i t y  o f  u r an ium o u t  o f  r e p r o c e s s i n g  
f a c i l i t y  f o r  r e u s e  

( h )  - (i) = 9932 - 50 

(1) Waste  s t r e a m  l o s s  i n  f a b r i c a t i o n  f a c i l i t y  

- 0 .5% of  f a b r i c a t e d  p l u t o n i u m  = 0.005 * ( b )  

- 0 . 5 %  o f  f a b r i c a t e d  u ran ium = 0.005 * (c )  

( m )  Makeup n a t u r a l  u r an ium r e q u i r e d  i n  
f a b r i c a t i o n  f a c i l i t y  

P o i n t  B: 

( a )  R a d i a l  b l a n k e t  f u e l  q u a n t i t y  needed p e r  y e a r  
f o r  FBR ( t h o r i u m )  

( b )  T o t a l  q u a n t i t y  o f  f i s s i o n  p r o d u c t s  

( c )  Q u a n t i t y  o f  U233 p roduced  i n  t h e  r a d i a l  
b l a n k e t  o f  t h e  FBR 

( d )  P r o t a c t i n i u m - 2 3  1  and neptunium-237 c o n t e n t  
o f  r a d i a l  b l a n k e t  a t  d i s c h a r g e  

0 . 0 0 0 1 4 t / t  * ( a )  = 0.00014 * 6570 



( e )  T o t a l  q u a n t i t y  o f  r e m a i n i n g  t h o r i u m  i n  r a d i a l  
b l a n k e t  f u e l  

( a )  - ( b )  - ( c )  - ( d )  = 6570 - 69 - 216 - 1  = 6 2 8 4 t / y r  

( f )  Waste stream l o s s  i n  r e p r o c e s s i n g  f a c i l i t y  
f o r  r a d i a l  b l a n k e t  e l e m e n t s  

- a l l  f i s s i o n  p r o d u c t s  = ( b )  

- a l l  P a  + Np = ( d )  

- 0 . 5 %  o f  t h o r i u m  i n c o m i n g  = 0 . 0 0 5  * ( e )  

- 0 . 5 %  o f  U233 i n c o m i n g  = 0 . 0 0 5  * ( c )  

( g )  Q u a n t i t y  o f  U233 o u t  o f  r e p r o c e s s i n g  f a c i l i t y  
t o  HTGR f a b r i c a t i o n  f a c i l i t y  

( c )  - ( f )  = 216 - 1  - - 21 5 t / y r  

( h )  Q u a n t i t y  o f  t h o r i u m  d i s c h a r g e d  f r o m  r e p r o -  
c e s s i n g  f a c i l i t y  

( i)  Waste stream l o s s  i n  f a b r i c a t i o n  f a c i l i t y  
f o r  t h o r i u m  r a d i a l  b l a n k e t  f o r  FBR 

0 . 5 %  o f  q u a n t i t y  f a b r i c a t e d  = 0 . 0 0 5  * ( a )  

( j )  Makeup t h o r i u m  r e q u i r e d  a t  f a b r i c a t i o n  
f a c i . l i t y  f o r  r a d i a l  b l a n k e t  

( a )  + i - ( h )  = 6570 + 3 3  - 6252 - - 351 t / y r  

P o i n t  C :  

( a )  F u e l  q u a n t i t y  n e e d e d  p e r  y e a r  f o r  HTGR 



(b) Quantity of U233 in fresh fuel 

bmo = fissile material into HTGR 

bml = fissile material out of HTGR 

from FBR calculation bmo - bml = 215t 

but (bmo - bml)/bml = 1.474 

(c) Quantity of thorium in fresh fuel 

(a) - (b) = 101 00 - 361 

(d) Amount of fission products 

(e) Total heavy metal content of spent HTGR 
fuel 

(a) - (d) = 10100 - 691 

(f) Protactinium-231 and neptunium-237 
content of spent HTGR fuel at discharge 

2.6kg/t * 10-~t/k~ * 101 OOt 



( g )  C o n t e n t  o f  U233 i n  s p e n t  HTGR f u e l ;  
s u f f i c i e n t  t o  b a l a n c e  n e e d s  

- i n  f a b r i c a t i o n  

0 . 5 %  loss  = 2 t  U233 

x t U233 
(HTGR) ' 

- i n  r e p r o c e s s i n g  

0 . 5 %  loss  = I t  U233 

( h )  T h o r i u m  c o n t e n t  o f  s p e n t  f u e l ,  a t  d i s c h a r g e  

( e )  - ( f )  - (9 )  = 9409 - 26 - 149  - - 9 2 3 4 t / y r  

( i )  Waste stream l o s s  i n  r e p r o c e s s i n g  f a c i l i t y  

- a l l  f i s s i o n  p r o d u c t s  = ( d )  

- a l l  Pa  + Np = ( f )  

- 0 . 5 %  o f  i n c o m i n g  t h o r i u m  = 0 . 0 0 5  * ( h )  

- 0 . 5 %  o f  i n c o m i n g  U233 = 0 . 0 0 5  * ( g )  

( j )  Q u a n t i t y  o f  U233 t o  f a b r i c a t i o n  f a c i l i t y  f r o m  
r e p r o c e s s i n g  



( k )  Q u a n t i t y  o f  t h o r i u m  t o  f a b r i c a t i o n  f a c i l i t y  
f r o m  r e p r o c e s s i n g  

( h )  - ( i )  = 9 2 3 4  - 46  

(1) Waste stream l o s s  i n  f a b r i c a t i o n  f a c i l i t y  
f o r  HTGR e l e m e n t s  

- 0 . 5 %  o f  t h o r i u m  f a b r i c a t e d  = 0 . 0 0 5  * ( c )  

- 0 . 5 %  o f  U233 f a b r i c a t e d  = 0 . 0 0 5  * ( b )  

( m )  Makeup t h o r i u m  r e q u i r e d  a t  HTGR f a b r i c a t i o n  
f a c i l i t y  

( c )  + (1) - ( k )  = 9 7 3 9  + 4 9  - 9 1 8 8  



L i t e r a t u r e  R e l a t e d  t o  G e n e r a l  F u e l  C y c l e  C o n s i d e r a t i o n s  

S imcha  G o l a n  a n d  R. Sa lomon,  " N u c l e a r  F u e l  L o g i s t i c s " ,  
N u c l e a r  News, F e b r u a r y  1 9 7 3 ,  V o l .  1 6 ,  No. 2 .  

" S i t i n g  o f  F u e l  R e p r o c e s s i n g  P l a n t s  a n d  Waste Management 
F a c i l i t i e s " ,  ORNL-4451, J u l y  1 9 7 0 .  

"An E v a l u a t i o n  o f  H i g h - T e m p e r a t u r e  Gas-Cooled  R e a c t o r s , "  
WASH-1 085 ,  December 1 9 6 9 .  

"1000 MWe L i q u i d  Metal F a s t  B r e e d e r  R e a c t o r  Fo l low-on  
s t u d y , "  GEAP-5678, December 1968 .  



3 .  R a d i a t i o n  Doses 

3 . 1  I n t r o d u c t i o n  

The n u c l e a r  f a c i l i t i e s  d e s c r i b e d  i n  Chap te r  2 a r e  d e s i g n e d  

t o  p r o v i d e  a l l  t h e  pr imary  ene rgy  o f  t h e  model s o c i e t y .  Assoc i -  

a t e d  w i t h  i t s  p r o d u c t i o n  i s  t h e  r e l e a s e  of c e r t a i n  amounts of  

r a d i o a c t i v i t y  e i t h e r  a s  normal o p e r a t i o n  l o s s e s  o r  a s  a c c i d e n t a l  

l o s s e s .  Both t y p e s  of  r e l e a s e s  l e a d  t o  c e r t a i n  i n d i v i d u a l  d o s e  

r a t e s  u s u a l l y  e x p r e s s e d  i n  mrem/yr. I n  a d d i t i o n ,  a  p o p u l a t i o n  

d o s e  r a t e ,  e x p r e s s e d  i n  manrem/year, i s  c o n s i d e r e d ;  t h a t  i s ,  t h e  

d o s e  r a t e  t o  t h e  i n d i v i d u a l  m u l t i p l i e d  by t h e  number o f  exposed 

p e r s o n s .  The two c o n s i d e r a t i o n s  r e f l e c t  d i f f e r e n t  p o i n t s  of  

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

p o i n t  of  view,  w h i l e  t h e  p o p u l a t i o n  d o s e  r a t e  concep t  may r e f l e c t  

a  governmenta l  p o i n t  of  view. For  i n s t a n c e ,  t h e  s o c i e t y  a s  a  

whole may b e  p a r t i c u l a r l y  conce rned ,  f o r  g e n e t i c  r e a s o n s ,  abou t  

t h e  r a d i a t i o n  r e c e i v e d ,  w h i l e  an  i n d i v i d u a l  may b e  concerned  o n l y  

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

e v a l u a t e d .  

The r a d i a t i o n  e x p o s u r e ,  and r e s u l t i n g  d o s e  r a t e  t o  t h e  i n d i -  

vidua.1 and t h e  p o p u l a t i o n  a s  a  whole ,  i s  c a l c u l a t e d  by d e s i g n  i n  

a  r a t h e r  s i m p l e  manner. R e l e a s e s  of  r a d i o n u c l i d e s  t o  t h e  a t -  

mosphere a r e  assumed t o  r e p r e s e n t  a  p o t e n t i a l  haza rd  o n l y  a s  

l ong  a s  t h e y  remain  a i r b o r n e  (one  e x c e p t i o n  i s  t h e  t r e a t m e n t  

of i o d i n e ) .  Resuspens ion  of  t h e  r a d i o n u c l i d e s  a f t e r  d e p o s i t i o n  

i s  n e g l e c t e d ,  a s  i s  t h e  t r a n s f e r  of t h e  r a d i o n u c l i d e s  a l o n g  

food c h a i n s  ( t e r r e s t r i a l  and a q u a t i c )  and e x t e r n a l  i r r a d i a t i o n  

(gamma) from t h e  d e p o s i t e d  r a d i o n u c l i d e s .  T h e r e f o r e ,  t h e  mode 

of  exposu re  i s  s imp ly  i n h a l a t i o n  of  r a d i o n u c l i d e s  b e f o r e  depo- 

s i t i o n .  

R e l e a s e s  of r a d i o n u c l i d e s  t o  t h e  hydrosphe re  a r e  assumed 

t o  r e p r e s e n t  o n l y  an  i n g e s t i o n  hazard  from d r i n k i n g  con tamina ted  

w a t e r .  The r a d i a t i o n  exposu re  from immersion i n  w a t e r ,  a s  w e l l  

a s  t h e  e x t e r n a l  i r r a d i a t i o n  from s t a n d i n g  n e a r  t h e  con tamina ted  

w a t e r  body, i s  n e g l e c t e d .  

To i n c l u d e  i n  an  a n a l y s i s  t h e  modes of  r a d i a t i o n  exposu re  

n e g l e c t e d  i n  t h i s  r e p o r t  it i s  n e c e s s a r y  t o  pe r fo rm a  s t u d y  

i n v o l v i n g  a  much g r e a t e r  complex i ty  of  t r e a t m e n t ,  such  a s  



"The Year 2000 S tudy"  [3-11 made f o r  t h e  USAEC. For  such  a  

s t u d y  geography and demography must be  e x p l i c i t l y  d e l i n e a t e d  

which,  f o r  t h e  s a k e  of  g e n e r a l i t y ,  ha s  been avoided  i n  t h i s  

work. However, "The Year 2000 Study"  d i d  n o t  c o n s i d e r  t h e  

g r e a t  b r e a d t h  of p o t e n t i a l  s o u r c e s  of  r a d i a t i o n  exposu re  con- 

s i d e r e d  i n  t h i s  r e p o r t .  An i m p o r t a n t  p o i n t  from Ref .  [3-11 

was t h a t  t h e  i n h a l a t i o n  of  con tamina ted  a i r  and t h e  d r i n k i n g  

of  con tamina ted  w a t e r  r e p r e s e n t e d  g e n e r a l l y  a  s i g n i f i c a n t  

f r a c t i o n  ( > 6 0 % )  of  t h e  t o t a l  i n t a k e  of  r a d i o n u c l i d e s .  The 

f a c t  t h a t  n o t  a l l  modes of  exposu re  a r e  t r e a t e d  i n  t h i s  r e p o r t  

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

3 .2  P o i n t  S o u r c e s  

I n  many c a s e s  t h e  s o u r c e  of  t h e  r a d i o a c t i v i t y  r e l e a s e d  

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

method i s  deve loped  i n  a  h i g h l y  schemat ized  manner. I t  shou ld  

be remembered however,  t h a t  t h e  r e s u l t s  a r e  c o n s i d e r e d  neces-  

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

r e l e a s e s .  S u f f i c i e n t  c o n s t r a i n t s  a r e  deve loped  f o r  each  par -  

t i c u l a r  c a s e  and r e q u i r e  a  s p e c i a l  e v a l u a t i o n  such  a s ,  t h o s e  

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

b a s i c  problem,  however,  i s  i n  p r i n c i p l e  a lways t h e  same: an  

emis s ion  Q [ C u r i e / s e c ]  i s  r e l a t e d  by a  m e t e o r o l o g i c a l  d i l u t i o n  
3 3  f a c t o r  s[sec/m ]  t o  a n  ambient  a i r  c o n c e n t r a t i o n  D [ C i / m  I .  

T h i s  i s  r e l a t e d  by a n  impact  f a c t o r  p[- m r e m / e ]  t o  a  p a r t i c u l a r  
Y r  m3 

m r e m  i n d i v i d u a l  d o s e  r a t e  B[- I .  The impact  f a c t o r  p a c c o u n t s  
Y r  

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

a c t i v e  i s o t o p e .  

The r e s u l t  i s  t h a t  one a lways  h a s  a  r e l a t i o n  o f  t h e  

f o l l o w i n g  form: 

Emission Meteorology Bio logy  I n d i v i d u a l  
d o s e  r a t e  



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

p r o c e s s  o f  d i l u t i o n  have been  deve loped  i n  t h e  p a s t ,  such  a s  

t h e  S u t t o n  fo rmula  o r  more r e c e n t l y  t h e  P a s q u i l l  f o rmu la  

(see Ref s .  [3-21 and 13-31) .  Much s o p h i s t i c a t i o n  was u sed  t o  

a r r i v e  a t  t h e  most a p p r o p r i a t e  m e t e o r o l o y i c a l  c o n s t a n t s  con- 

t a i n e d  i n  t h e s e  f o r m u l a s .  For  t h e  pu rpose  o f  t h i s  work it 

i s  s u f f i c i e n t  t o  employ t h r o u g h o u t  t h e  paper  s imp ly  a n  a v e r a g e  
-8 v a l u e  o f  s = 10 sec/m3 f o r  a n  i n d i v i d u a l  a t  a  d i s t a n c e  of  

10 km from t h e  s o u r c e .  I n  many a p p l i c a t i o n s ,  t h e  v a l u e  o f  s 

r a n g e s  between lo-' and lo-'. I n  Appendix 2 t y p i c a l  meteo- 

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

I n  a  few c a s e s  v a l u e s  o t h e r  t h a n  a r e  u s e d ,  a s  

e x p l i c i t l y  s t a t e d  i n  t h e  t e x t .  The impac t  f a c t o r  p c a n  b e  ob- 

t a i n e d ,  f o r  i n s t a n c e ,  from t h e  d a t a  t a b l e s  o f  t h e  I n t e r n a t i o n a l  

Committee on R a d i a t i o n  P r o t e c t i o n  (Ref .  13-41).  T h i s  f a c t o r  

c a n  be e x p r e s s e d  a s  

P = 
500 

(3-2)  
MPC500 

where MPC500 i s  t h e  "maximum p e r m i s s i b l e  c o n c e n t r a t i o n "  o f  t h e  

r a d i o n u c l i d e  i n  a i r  which would r e s u l t  i n  a  d o s e  r a t e  o f  500 

mrem/yr i f  i n h a l e d  c o n t i n u o u s l y .  

For a  m i x t u r e  of  i s o t o p e s  e q u a t i o n  (3-1)  becomes 

i 
when MPC500 i s  t h e  "maximum p e r m i s s i b l e  c o n c e n t r a t i o n "  f o r  t h e  

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

of  t h e  r a d i a t i o n  i n  t h e  body, t h e  i d e n t i f i c a t i o n  o f  a  c r i t i c a l  

o rgan  and t h e  r a t e  of b i o l o g i c a l  damage p e r  ambien t  a c t i v i t y  

c o n c e n t r a t i o n .  I t  s h o u l d  b e  n o t e d  t h a t  by u s i n g  t h i s  r a t i o ,  

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

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

a b s o l u t e  l e v e l  a s  a  s t a n d a r d  i s  a  s e p a r a t e  problem.  



For  normal o p e r a t i o n s  l o s s e s  t h e  l e a k  r a t e  of r a d i o -  

a c t i v i t y  i s  Q [ C i / s e c ] .  I n  a n  a c c i d e n t  s i t u a t i o n  it i s  assumed 

t h a t  a  f i n i t e  amount C [ C i ]  of r a d i o a c t i v i t y  i s  r e l e a s e d  and 

t h a t  t h e  p o p u l a t i o n  i s  exposed t o  t h e  r e l a t e d  r a d i a t i o n  f o r  

a  l i m i t e d  t i m e  d [ s e c ] .  T h i s  means t h a t  a  t o t a l  o f  C d  

r a d i o a c t i v e  d e c a y s  [ C i  sec] a r e  c o n s i d e r e d .  The a rguments  

i n  t h i s  pape r  a r e  based  s o l e l y  on e x p e c t a t i o n  v a l u e s .  T h i s  

i m p l i e s  a  compensa t ion  of  h i g h  and low v a l u e s .  W e  d e f i n e  C '  

t o  b e  t h e  r a d i o a c t i v e  d e c a y s  p e r  second ,  ave raged  o v e r  one  

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

C '  = d  * C [ C i ]  . 
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I f  P[sec- '1  i s  t h e  p r o b a b i l i t y  p e r  u n i t  t i m e  f o r  t h e  a c c i d e n t  

i n  q u e s t i o n  t o  o c c u r ,  a  s u b s t i t u t i o n  l e a k  r a t e  c a n  be d e f i n e d :  

t h a t  a l l o w s  one  t o  employ e q u a t i o n  ( 3 - I ) ,  w i t h i n  t h e  s c o p e  of  

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

3 .3  Volume S o u r c e s  

S o u r c e s  c a n n o t  be  approximated  a s  p o i n t  s o u r c e s  i n  a l l  

c a s e s .  Rare  g a s e s ,  f o r  i n s t a n c e ,  d i f f u s e  i n t o  t h e  e n t i r e  

a tmosphere .  The a c t u a l  b e h a v i o r  i s  i n f l u e n c e d  by t h e  h a l f -  

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

t h i s  pape r  a n  a r e a  F  i s  e n v i s i o n e d  f o r  t h e  model s o c i e t y .  
3  Above t h a t  a r e a  i s  a  volume V [ m  I .  I f  Q [ C i / s e c ]  i s  t h e  l e a k  

3  r a t e  of r a d i o a c t i v i t y  i n t o  t h e  volume V [ m  1 t h e n  t h e  ambien t  
3  a c t i v i t y  c o n c e n t r a t i o n  D [ C i / m  ] i s :  

- f o r  a  h a l f  l i f e  T,  t h a t  i s  s h o r t  enough f o r  an  e q u i l -  
2 

i b r i u m  t o  be  e s t a b l i s h e d  b u t  l o n g  enough t o  a c h i e v e  a  

u n i f o r m  d i s t r i b u t i o n ,  



T a b l e  3-1.  P e r c e n t a g e  o f  p o l l u t a n t s  i n  t h e  
a t m o s p h e r e  i n  t h e  f i r s t  100 m 
a b o v e  t h e  l a n d  s u r f a c e ;  a f t e r  
~ : k e r  e t  a l . ,  R e f .  [3-51 . 

P o l l u t a n t  

S02 

D u s t  

N02 

F l u o r i n e  

co 

CmHn 

X e  133  

K r  8 5  



w h e r e  h [ s e c - ' 1  i s  t h e  d e c a y  c o n s t a n t  o f  t h e  r a d i o i s o t o p e  i n  

q u e s t i o n  ( A  = R n 2 / ~ , )  ; a n d  
2 

- f o r  a h a l f  l i f e  t h a t  i s  l o n g  compared  t o  t h e  t i m e  

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

f o r m  d i s t r i b u t i o n ) ,  

w h e r e  t [ s e c ]  i s  t h e  t i m e  c o n s i d e r e d .  
3  

F o r  t h e  m o d e l  s o c i e t y ,  a vo lume  o f  V = 10'  ' [m 1 , i s  

as sumed  t h r o u g h o u t .  T h i s  may c o r r e s p o n d  t o  a s u r f a c e  area 
7 2  

o f  F  = 10  [km 1 a n d  a h e i g h t  o f  1 0  [km] . 
A c c o r d i n g  t o  t h e  b a r o m e t r i c  l a w  r a d i o a c t i v e  i s o t o p e s  a r e  

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

o n l y  t h e  f i r s t  1 0 0 m  a r e  o f  i n t e r e s t .  T h e r e f o r e ,  t h e  f r a c t i o n  

f  i n  t h e  a t m o s p h e r e  w h i c h  r e m a i n s  w i t h i n  t h e  f i r s t  1 0 0 m  i s  

g i v e n  i n  T a b l e  3-1 f o r  d i f f e r e n t  p o l l u t a n t s .  W i t h  t h i s  c o r -  

r e c t i o n ,  e q u a t i o n  ( 3 - 4 )  becomes  

a n d  e q u a t i o n  (3 -5 )  

w h e r e  f i s  t h e  v a l u e  g i v e n  i n  T a b l e  3-1 .  

3 . 4  P o p u l a t i o n  D e n s i t i e s  a n d  D o s e s  - 
The  a p p l i c a t i o n  o f  t h e  p o p u l a t i o n  d o s e  c o n c e p t  r e q u i r e s  

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

n u c l e a r  f a c i l i t y .  F o l l o w i n g  J . R .  B e a t t i e  [3-61 we a s s u m e :  

A )  Low p o p u l a t i o n  d e n s i t y  

0- 8  km: 1 0 , 0 0 0  p e o p l e  t o t a l  ( 5 0  ~ e o ~ l e / k m ' )  

8-16 km: 5 0 , 0 0 0  p e o p l e  t o t a l  ( 8 2  peop le /kmz)  

16 -65  km: 2 0 0 , 0 0 0  i n  a c i t y  a n d  60 p e o p l e / k m  2  



B )  Medium p o p u l a t i o n  d e n s i t y  

0- 8  km: 200,000 p e o p l e  t o t a l  

8-48 km: 1 ,000 ,000  p e o p l e  i n  a  c i t y  and 120 people/kmz 

C )  High p o p u l a t i o n  d e n s i t y  
2  

c o n s t a n t  5 ,000  people/km . 
With t h i s  i n f o r m a t i o n  t h e  p o p u l a t i o n  d e n s i t y  c a n  b e  

c h a r a c t e r i z e d  a s  a  f u n c t i o n  of  t h e  d i s t a n c e  r from a  s o u r c e ,  

f  ( r ) .  L e t  BM[manrem/yr] b e  t h e  p o p u l a t i o n  d o s e  r a t e .  Then 

f o r  t h e  c a s e  of  a  c o n t i n u o u s  p o i n t  s o u r c e  

For  t h e  o t h e r  c a s e s  c o n s i d e r e d  t h e  e q u a t i o n  i s  deve loped  

a c c o r d i n g l y .  

I t  i s  s u f f i c i e n t  f o r  t h e  p u r p o s e  of  t h i s  pape r  t o  e v a l -  

u a t e  t h e  i n t e g r a l  

J = dF * s ( r )  * f  ( r )  I (3-7)  

f o r  t h e  t h r e e  c a s e s  A ,  B ,  C o n l y  once ,  keep ing  i n  mind t h a t  

a c t u a l  c a s e s  r e q u i r e  a  much more d e t a i l e d  p r o c e d u r e .  I n  s o  

d o i n g  it i s  assumed t h a t :  

- For  r a d i o n u c l i d e  t r a n s p o r t  i n  a i r  t h e  wind blows i n  a  

60° s e c t o r  and h a s  downwind c h a r a c t e r i s t i c s  o f  
1 s ( r )  - . T h i s  i s ,  of  c o u r s e ,  o n l y  a  rough  r e p r e -  - 

s e n t a t i o n  of  a  f r e q u e n t  m e t e o r o l o g i c a l  s i t u a t i o n  (where  

t h e  power of  r v a r i e s  between -1 . 2  and - 2 . 4 ,  see Appendix 2 ) ;  

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

i n  a  60° s e c t o r  and h a s  downflow c h a r a c t e r i s t i c s  o f  

s ( r )  - r-' (see fo rmula  A2-2). 

The c a s e  of  r a d i o n u c l i d e  t r a n s p o r t  i n  r i v e r w a t e r  o c c u r s  on ly  

o n c e  ( i n  Chap te r  4 )  and i s  d e s c r i b e d  t h e r e .  



T h e r e f o r e ,  one o b t a i n s  t h e  f o l l o w i n g :  

- For  t h e  c a s e  of a  r e p r o c e s s i n g  p l a n t  ( low p o p u l a t i o n  

d e n s i t y ,  c a s e  A ,  a i r )  w i t h  

-8 
such  t h a t  s ( r  = 10 km) = 10 s ( r )  - -2- 

r 

man 1 - < r - < 8  (= R ' )  

f ( r )  = i f 2  = 82 [mq] f o r  8  - < r - < 16 (=  R t 1 )  
km 

I man 
£3 = 7 4  rZ] 16 - < r - < 6 5  

one g e t s  

- For  t h e  c a s e  of a  f i n a l  was t e  s t o r a g e  (low p o p u l a t i o n  

d e n s i . t y ,  c a s e  A ,  g roundwater )  w i t h  

and 

one  g e t s  

g roundwater  = 1 .7  * l o  - 4  mansec 
J~ L m 3 i i  

- For t h e  c a s e  o f  a  r e a c t o r  (medium p o p u l a t i o n  d e n s i t y ,  

c a s e  B ,  a i r ) ,  w i t h  

such  t h a t  s (r  = 10 [km]) = 10 s ( r )  - 7 
r 



= I011 [s] l < r 5 8  - 
f  ( r )  = f o r  

= 262 [s] 8 < r <  - - 48 

one  g e t s  

-3 mansec . 
= 2 . 7  * I 0  [ m3 ] , 

- For  t h e  c a s e  o f  a  c i t y  ( h i g h  p o p u l a t i o n  d e n s i t y ,  c a s e  

C ,  a i r )  w i t h  

s ( r )  - - s u c h  t h a t  s ( r  = 10 [km] ) = 10 
r 2  

man f  ( r )  = 5000 [-J] , Rl  = 0.01 [km] , R2 = 10[km] 

o n e  g e t s  

mansec 
J : ~ ~  = 3 . 6  * 1 1 . 

3 .5  Number o f  F a c i l i t i e s  

So f a r ,  l e a k  r a t e s  o r  s u b s t i t u t i o n  l e a k  r a t e s  f o r  t h e  

e n t i r e  n u c l e a r  f u e l  c y c l e  have  been  c o n s i d e r e d ,  and t h e r e b y  

t h e  e f f e c t  o n  t h e  e n t i r e  model s o c i e t y .  I n  o r d e r  t o  examine 

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

number of  f a c i l i t i e s ,  w e  now c o n s i d e r  t h e  c a s e  o f  a r e a c t o r .  

3 .5 .1  Reac to r  l e a k  ra tes  due  t o  normal  o p e r a t i o n s  l o s s e s  

I n  t h e  c a s e  o f  a  s i n g l e  g i a n t  r e a c t o r ,  t h e  normal  o p e r a t i o n s  

releases Q a r e  c o n t r o l l e d  s u c h  t h a t  t h e  i n d i v i d u a l  d o s e  r a t e  

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

s m a l l  r e a c t o r s  a t  n  d i f f e r e n t  s i t e s ,  w i t h  t h e  same t o t a l  power 

o u t p u t  a s  t h e  g i a n t  r e a c t o r ,  t h e  r e l e a s e s  o f  which a r e  a g a i n  

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

l a r g e r  t h a n  a  g i v e n  v a l u e ,  which i s  t h e  same as t h a t  above .  



Then t h e  c a s e  o f  t h e  s i n g l e  g i a n t  r e a c t o r  i s  c e r t a i n l y  b e t t e r  

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

r a t e  i s  n  t i m e s  a s  l a r g e .  R e a l i s t i c  c a s e s  o f  r a d i o a c t i v e  re- 

l e a s e s  may l i e  be tween  t h e s e  two c a s e s  [3 -71 .  

3 . 5 . 2  R e a c t o r  l e a k  r a t e s  d u e  t o  a c c i d e n t a l  l o s s e s  

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

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

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

t h a n  a  g i v e n  v a l u e .  A l t e r n a t i v e l y ,  c o n s i d e r  n  s m a l l  r e a c t o r s  

a t  n  d i f f e r e n t  s i t e s ,  and assume t h a t  t h e  r a d i o a c t i v e  r e l e a s e  
1  o f  a s i n g l e  r e a c t o r ,  i n  case o f  a n  a c c i d e n t ,  i s  - o f  t h a t  o f  
n  

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

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

l a r g e r  t h a n  a g i v e n  v a l u e ,  which  i s  t h e  same as t h a t  o f  t h e  

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

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

g i a n t  r e a c t o r .  However, t h i s  i s  a g a i n  a t  t h e  e x p e n s e  o f  t h e  

s o c i e t y ,  as t h e r e  are t h e n  n  reactors and t h e  p o p u l a t i o n  d o s e  

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

g i a n t  r e a c t o r .  

3 . 5 . 3  Number o f  f a c i l i t i e s  i n  t h e  model  s o c i e t y  

I t  i s  assumed i n  t h e  model  f u e l  c y c l e  t h a t  t h e r e  e x i s t :  

- 100 r e a c t o r  p a r k s  w i t h  36 GW e a c h  (1000 r e a c t o r  p a r k s  
t h  

seem t o  p o s e  i n s u r m o l l n t a b l e  s i t i n g  and  w a s t e  h e a t  

d i s p o s a l  p r o b l e m s ) ,  

- 20 f a b r i c a t i o n  p l a n t s ,  and 

- 20 r e p r o c e s s i n g  p l a n t s ,  e a c h  w i t h  a  1500 t / y r  t h r o u g h -  

p u t  ( o n  t h e  a v e r a g e ) ,  

- 140 i n t e r m e d i a t e  w a s t e  s t o r a g e  f a c i l i t i e s ,  i . e . ,  7  s u c h  

s t o r a g e s  f o r  e a c h  r e p r o c e s s i n g  p l a n t ,  and 

- 10 f i n a l  w a s t e  s t o r a g e  f a c i l i t i e s .  
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4 .  Normal O p e r a t i o n s  R e l e a s e s  

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

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

compose t h e  f u e l  c y c l e ,  a s  d e s c r i b e d  i n  C h a p t e r  2 ,  a r e  p r e -  

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

assumed t h a t  f o u r  a c t i v i t i e s  o f  t h e  f u e l  c y c l e  r e l e a s e  s i g n i f -  

i c a n t  amounts  o f  r a d i o a c t i v i t y  t o  t h e  e n v i r o n m e n t :  r e a c t o r  

o p e r a t i o n ,  f u e l  r e p r o c e s s i n g ,  f u e l  f a b r i c a t i o n ,  and  w a s t e  

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

s e p a r a t e l y  f o r  t h e  FBR and  HTGR r e a c t o r  s y s t e m s .  The d o s e  

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

and volume s o u r c e s .  

I n  a l l  d o s e  r a t e  c a l c u l a t i o n s  t h e  MPC v a l u e s  f o r  a i r  a r e  

u s e d ;  i n  o n l y  two c a s e s  a r e  t h o s e  f o r  w a t e r  u s e d .  Most r o u t i n e  

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

f a c i l i t i e s '  main  s t a c k s  [ 4 - I ] .  A s  men t ioned  e a r l i e r ,  a n  

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

a c c o u n t  o t h e r  p a t h w a y s  o f  e x p o s u r e  t h a n  immers ion  i n  a i r  

( e . g . ,  r a d i o r l u c l i d e s  c a n  b e  c o n c e n t r a t e d  by t h e  a q u a t i c  f o o d  

c h a i n )  . 
Both  t h e  i n d i v i d u a l  d o s e  r a t e  B  r e s u l t i n g  from a  s i n g l e  

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

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

g round  r a d i a t i o n  e x p o s u r e  i s  c o n s i d e r e d ;  it i s  assumed t o  b e  

and a c c o r d i n g l y ,  

The e q u a t i o n s  u s e d  i n  t h i s  s e c t i o n  o f  t h e  r e p o r t  a r e  shown 

i n  T a b l e  4-1. 
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TABLE 4-1: L I S T  OF FORMULAE USED I N  CHAPTER 4 

1) POINT ~ O U R C E  I N D I V I D U A L  DOSE RATE FROM A S INGLE PLANT 

w L L C  2 . R  MREM 
[ Y R ]  $ 1  [SEC] [I] [p] [ Y R ]  

2) POINT SOLIRCE POPULATION DOSE RATE FROM A S INGLE PLANT 

BpM =cm%*&ph*0.5* I = 

MANREM [ YR ] $ 1  [s] [I] [%I [TI 
WHERE I I S  G I V E N ' B Y  

I =  { 2.8*10-~  FOR REPROCESSING, FABRICATION AND 
WASTE SOLID I F I  CAT I ON PLANTS 

2 . 7 * 1 0 - ~  FOR REACTORS 

3) VOLUME SOLIRCE I N D I V I D U A L  DOSE RATE I N  EQUILIBRIUPI  

4) VOLUME SOURCE POPULATION DOSE RATE I N  E Q U I L I B R I U M  

BVEM = .  BVE . 3.6.10 5 r MANREM yR 1 
5) INCREASING VOLUME SOLIRCE I N D I V I D U A L  DOSE RATE 

6) INCREASING VOLUME SOLIRCE POPULATION DOSE RATE 



4.2 FBR R e a c t o r  F u e l  C y c l e  

4 . 2 . 1  FBR r e a c t o r  o p e r a t i o n  

The e m i s s i o n  f rom a n  FBR r e a c t o r  i s  assumed t o  c o n s i s t  

p r i m a r i l y  o f  k r y p t o n  8 5 ,  xenon 133  and t r i t i u m .  The s p e c i f i c  

release r a t e s  o f  K r  8 5 a n d  X e  1 3 3 i n t o  a i r  a r e  i n  a c c o r d a n c e  

w i t h  R e f .  [4-21 : 

T h e s e  f i g u r e s  r e f e r  t o  a f a c t u a l  r e t e n t i o n  which  i s  c o n s i s t e n t  

w i t h  p r e s e n t - d a y  t e c h n o l o g y .  

I f  a n  e n e r g y  p r o d u c t i o n  e f f i c i e n c y  o f  40% i s  assumed ,  

t h e n  f o r  t h e  f a s t  b r e e d e r  r e a c t o r s  o n e  h a s  

D a t a  on t r i t i u m  releases v a r y  w i d e l y  a s  t h e y  depend  upon t h e  

p a r t i c u l a r  s i t u a t i o n ;  w e  t a k e  

C i  t r i t i u m  i n t o  a i r  : 200 [y r  * 1 0 0 0  me I 
t r i t i u m  i n t o  w a t e r :  

I n  T a b l e  4-2 t h e  d a t a  u s e d  i n  t h e  c a l c u l a t i o n s  f o r  t h e  

t h r e e  r a d i o n u c l i d e s ,  a s  w e l l  a s  t h e  r e s u l t i n g  d o s e  r a t e s ,  a re  

g i v e n .  I n  t h e  c a s e  o f  3~ d i s p e r s i o n  i n t o  t h e  a i r  it i s  assumed 

t h a t  t h e r e  i s  n o  volume s o u r c e  d o s e  r a t e ,  a s  t h e  t r i t i u m  i s  

washed o u t  o f  t h e  a i r  and  t a k e n  i n t o  t h e  sea by  t h e  r i v e r w a t e r .  

I n  t h e  c a s e  o f  3~ d i s p e r s i o n  i n t o  t h e  water t h e r e  i s ,  i n  

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

w a t e r  f o r  d r i n k i n g .  I t  i s  assumed t h a t  t h e  t o t a l  w a t e r  f l o w  

o f  t h e  m a j o r  r i v e r s  o n  which  t h e  r e a c t o r s  a r e  l o c a t e d  i s  
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m 3 
5000[sec1, and t h a t  o n e  t h i r d  o f  t h e  p o p u l a t i o n  t a k e s  i t s  

d r i n k i n g  w a t e r  f rom t h e s e  r i v e r s .  T h e r e f o r e ,  f o r  t h e  volume 

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

one  h a s  

[ sec ci * GWe ] [.we] [?I ["~,"/9 IF] 1 

and a c c o r d i n g l y ,  

4 . 2 .2  FBR f u e l  r e ~ r o c e s s i n a  

I n  t h e  r e p r o c e s s i n g  of  t h e  c o r e ,  a x i a l ,  and r a d i a l  

b l a n k e t s ,  k r y p t o n  8 5 ,  t h e  i o d i n e s ,  and t h e  a c t i n i d e s  a r e  of  

s i g n i f i c a n t  i m p o r t a n c e .  The t o t a l  q u a n t i t y  o f  f u e l  t o  b e  

r e p r o c e s s e d  f rom t h e  c o r e  and b l a n k e t  combined i s  a b o u t  

18,000 t o n s  p e r  y e a r .  

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

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

150 d a y s  a f t e r  removal  f rom t h e  r e a c t o r .  T h e r e f o r e ,  t h e  

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

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

e l emen t  s h e a r i n g ,  d i s s o l u t i o n ,  e t c . ) .  

Krypton 85.  The p r e s e n t  s t a t e  o f  t e c h n o l o g y  i n  r e p r o -  

c e s s i n g  a c t i v i t i e s  r e s u l t s  i n  t h e  r e l e a s e  of  a l l K r 8 5  p r e s e n t  

i n  t h e  s p e n t  f u e l  e l e m e n t s  ( i . e . ,  a  r e t e n t i o n  f a c t o r  RE' = 1 ) .  

Techniques  f o r  t h e  c o l l e c t i o n  o f  K r  85 a r e ,  however,  under  

deve lopment .  The d a t a  u t i l i z e d  and t h e  r e s u l t a n t  d o s e  r a t e s  

a r e  g i v e n  i n  T a b l e  4-3. 

T r i t i u m .  T r i t i u m  p r e s e n t s  a  p a r t i c u l a r  p rob lem s i n c e  it 

i s  e x t r e m e l y  d i f f i c u l t  t o  c o l l e c t  o r  t o  keep  s e p a r a t e  f rom 

t h e  p r o c e s s  w a t e r .  The c o n c e p t s  a t  p r e s e n t  b e i n g  deve loped  
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f o r  f u e l  r e p r o c e s s i n g  f a c i l i t i e s  c a n n o t  b e  e v a l u a t e d  a s  y e t .  

T h e r e f o r e ,  two a l t e r n a t i v e s  a r e  c o n s i d e r e d :  e i t h e r  a l l  o f  

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

b o t h  c a s e s  t h e  r e t e n t i o n  f a c t o r  i s  RF = 1 0 ' ~ .  T r i t i u m  i n  

w a t e r  i s  t r e a t e d  i n  t h e  same manner a s  i n  t h e  c a s e  of t h e  

r e a c t o r s .  The d a t a  u sed  and t h e  r e s u l t a n t  d o s e  r a t e s  a r e  

g i v e n  i n  T a b l e  4-3. 

I o d i n e s .  With p r e s e n t - d a y  t e c h n o l o g y  t h e  i o d i n e s  c a n  

be  c o l l e c t e d  w i t h  a  r e t e n t i o n  f a c t o r  o f  a b o u t  l o 3  (see Ref .  

[ 4 - 3 1 ) .  Because  o f  t h e  s h o r t  h a l f  l i f e  o f  i o d i n e  131 

(TI = 8 .05  d a y s )  t h e  c o o l i n g  t i m e  o f  t h e  s p e n t  f u e l  b e f o r e  
2 

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

r a t e  r e s u l t i n g  f rom 1 1 3 1 .  Fo r  t h e  c a l c u l a t i o n s ,  a  f u e l  c o o l -  

i n g  t i m e  o f  150 d a y s  was assumed,  a s  ment ioned  p r e v i o u s l y .  

The re  a r e  d i s c u s s i o n s  a t  p r e s e n t  which s u g g e s t  c o o l i n g  t i m e s  

o f  250 d a y s  which would e l i m i n a t e  t h e  I 1 3 1  problem c o m p l e t e l y .  

I n  t h e  d o s e  r a t e  c a l c u l a t i o n s  t h e  MPC v a l u e s  o f  t h e  ICRP 

f o r  i o d i n e  w e r e  m o d i f i e d  by a  f a c t o r  o f  700 t o  a c c o u n t  f o r  

t h e  grass-cow-milk  pathway t o  t h e  t h y r o i d s  o f  s m a l l  c h i l d r e n  

[4-41. The r e s u l t s  o f  t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  

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

T h e r e f o r e ,  o n l y  t h e  volume s o u r c e  d o s e  r a t e  r e s u l t i n g  from 

t h e  1 1 2 9  r e l e a s e s  i s  c o n s i d e r e d .  

I n  o r d e r  t o  e s t i m a t e  t h e  volume s o u r c e  d o s e  r a t e  it i s  

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

t h e i r  r e a c t i v i t y ,  r e a c h  o n l y  a  r e g i o n  w i t h i n  10 km d i s t a n c e  

f rom t h e  p l a n t ,  and f u r t h e r m o r e ,  t h a t  i n  t h e  l o n g  r u n  t h e y  w i l l  

come t o  a n  e q u i l i b r i u m  w i t h  a l l  o f  t h e  i o d i n e  i n  t h e  b iomass .  

A s  t h e  b iomass  o n  l a n d  i s  a b o u t  0.23 t / m 2  [4-51,  and a s  t h e  

a v e r a g e  i o d i n e  c o n t e n t  i n  b iomass  ( i n c l u d i n g  w a t e r )  i s  a b o u t  

0 . 3  ppm 14-61, t h e r e  i s  a  r e l a t i v e  b u i l d - u p  o f  1 .62 * 10 - 4  

p e r  y e a r ,  which c o u l d  i n  p r i n c i p l e  l a s t  i n d e f i n i t e l y .  Accord- 

i n g  t o  ~ o n i g  [4-71 t h e  f r a c t i o n  of  I 1 2 9  i n  t h e  t h y r o i d  s h o u l d  

n o t  b e  more t h a n  1 . 6  * t h i s  means t h a t  f o r  p e o p l e  who 

l i v e  e x c l u s i v e l y  f rom t h e  b iomass  i n  t h e  r e g i o n  a round  t h e  

r e p r o c e s s i n g  p l a n t  t h i s  l i m i t  w i l l  b e  exceeded  a f t e r  t e n  y e a r s .  



P l u t o n i u m  i n t o  w a t e r .  A c c o r d i n g  t o  o u r  a s s u m p t i o n s  o n e  

r e p r o c e s s i n g  p l a n t  p r o c e s s e s  92 t Pu p e r  y e a r ;  a  r e p r e s e n t a -  

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

i n  T a b l e  4-4. About  1 %  o f  t h e  p l u t o n i u m  g o e s  i n t o  t h e  l i q u i d  

w a s t e ,  and a p p r o x i m a t e l y  a  f r a c t i o n  o f  t h i s  g o e s  i n t o  

t h e  w a s t e  w a t e r .  I f  it i s  assumed a g a i n  t h a t  t h e s e  waste 

w a t e r s  f e e d  i n t o  t h e  main  r i v e r s ,  t h e  d o s e  r a t e  c a n  b e  c a l c u -  

l a t e d  i n  t h e  same manner a s  t h a t  f o r  t r i t i u m .  The r e s u l t s  

a r e  g i v e n  i n  T a b l e  4-3. 

A c t i n i d e s  i n t o  a i r .  The r e l e a s e  o f  t h e  t o x i c ,  l o n g  

h a l f  l i f e  a c t i n i d e s ,  s u c h  a s  1 1 2 9 ,  a l s o  r e p r e s e n t s  a n  i r r e -  

v e r s i b l e  commitment t o  t h e  e n v i r o n m e n t .  I t  i s  assumed t h a t  

t h e  a c t i n i d e  mix i n  t h e  o f f - g a s  i s  a p p r o x i m a t e l y  t h e  same as 

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

it i s  p r e d o m i n a n t l y  Pu 241 and  Cm 242.  F o r  t h e  d-ose c a l c u l a t i o n s  

a l l  a c t i n i d e s  f r o m  T I 2 0 7  t o  E s  253 a r e  c o n s i d e r e d .  F o r  t h e  

r e t e n t i o n  f a c t o r  a  v a l u e  o f  l o 8  i s  assumed ,  a s  e x p l a i n e d  i n  

t h e  n e x t  S e c t i o n .  The r e s u l t s  h a v e  b e e n  c o n v e r t e d  t o  e q u i v a -  

l e n t  o f  Pu 239. B e c a u s e  o f  t h e  s h o r t  h a l f  l i f e  r e s i d e n t  t i m e  

o f  t h e s e  i s o t o p e s  i n  a i r  ( -  5 d a y s ) ,  t h e  volume s o u r c e  d o s e  

r a t e  c a n  b e  n e g l e c t e d .  

C o n s i d e r a t i o n  of  a  p o i n t  s o u r c e  and t r a n s p o r t  i n  a i r  i s  

n o t  t o t a l l y  s a t i s f y i n g  a s  it d o e s  n o t  t a k e  i n t o  d e t a i l e d  

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

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

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

C o n t r a r y  t o  t h e  case o f  i o d i n e ,  where  t h e  f a c t o r  o f  700 a l l o w s  

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

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

4 .2 .3  FBR f u e l  f a b r i c a t i o n  

A c c o r d i n g  t o  t h e  model  f u e l  c y c l e ,  o n l y  u r a n i u m  238,  

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

p l a n t s .  Of t h e s e ,  o n l y  p l u t o n i u m  p o s e s  a  r i s k  t o  t h e  e n v i r o n m e n t  

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

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

N u c l e a r  R e s e a r c h  C e n t e r  K a r l s r u h e  [4-81 h a v e  i n d i c a t e d  t h a t  
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about 0.1% of the plutonium throughput ends up in these filters. 

According to Ref. [4-91 the retention factor for these absolute 

filters is between lo4 and lo5. Therefore, we conclude that 
-8 not more than a fraction of 10 of the throughput goes into 

the atmosphere. In the following, proportionality between the 

plutonium throughput and the amount of plutonium leaving the 

plant is assumed, although this may be questionable. 

According to the assumptions in Chapter 3 there are 10 

FBR fuel fabrication plants handling plutonium. Therefore, 

the annual throughput of one plant is about 100 t Pu. The 

isotope composition of the plutonium handled is given in 

Table 4-4. The results for the point source dose rate are 

given in Table 4-5; the volume source dose rate from plutonium 

in air may be neglected. 

4.2.4 FBR waste solidification 

It is conceivable that almost any form of permanent waste 

storage scheme will first entail the solidification of the 

wastes, particularly the high-level liquid wastes. For economic 

reasons the solidification would not take place immediately 

after the spent fuel is reprocessed, but rather several years 

later. For our calculations it is assumed that the time 

period between reprocessing and solidification is five years. 

At present several different processes are being investi- 

gated for the solidification of the wastes. Generally, however, 

the semi-volatiles such as ruthenium, cesium, selenium, 

tellurium and technetium can be off-gased because of the high 

temperatures used. The semi-volatiles would not remain in the 

air very long and would settle on the ground surrounding the 

facility. 

For our purposes the four most important semi-volatiles 

are Ru106, Te125, Cs134, and Cs137. The summation of the 

ratios of their radioactivity (5 years after fuel reprocessing) 

to the corresponding MPCa values is 

i MPC I 



T A B L E  4-5: LORMAL OPFRATIONS RELEASFS OF FRR FUR 
F A B R I C A T I O N  

A C T I V I T Y  A V A I L A B L E  
I N  1 F A C I L I T Y  

QI/G ISOTOPE 
3 

I MPC I F M ;  G P u  MIXTURE 

P O I N T  SOURCE DOSE RATE 
FROM 1 F A C I L I T Y  

B [MREM/YR] 

B/Bo 

BM ~ A N R E M / Y R ]  

BM/BMo 

POPULATION DOSE RATE 
FROM 10 F A C I L I T I E S  

BM [MANREM/YR] 
BM/BH0 

- 

PLUTONIUM N I T H  ISOTOPE COM- 
P O S I T I O N  G I V E N  I N  T A B L E  4-4 

100 TO PU 
6.8 * ~ O ~ [ C I / Y R ]  

0.59 * 1 0 l 3  

1 

9 . 1  * 
2.8 * 10' 

7 

2.8 * 10' 

7 * lo--6 
- 



f o r  a l l  was t e  s o l i d i f i c a t i o n  p l a n t s  t o g e t h e r .  I n  e q u i v a l e n t  
9 Cs137 t h i s  amounts t o  Q = 5 . 3  * 10 [C i /y r ]  w i t h  

MPCa = 5 * 10 -10 3  
[ C i / m  I .  Assuming one  was te  s o l i d i f i c a t i o n  

p l a n t  f o r  each  r e p r o c e s s i n g  p l a n t ,  t h e r e  w i l l  be  10 FBR was te  

s o l i d i f i c a t i o n  p l a n t s  i n  a l l .  The i n d i v i d u a l  and s o c i e t y  

p o i n t  s o u r c e  d o s e  r a t e s  a r e  summarized i n  T a b l e  4-6. 

Again,  t h e  volume s o u r c e  d o s e  r a t e s  may be n e g l e c t e d .  

But ,  a s  b e f o r e ,  t h e  problem of  pathway accumula t ion  and long-  

t e r m  behav io r  remains  open.  

4 .3  HTGR Reactor  Fue l  Cycle  

Many of  t h e  c o n s i d e r a t i o n s  invo lved  i n  t h i s  p o r t i o n  of 

t h e  n u c l e a r  r e a c t o r  energy  sys tem w i l l  be  i d e n t i c a l  w i t h  

t h o s e  i n  t h e  FBR p o r t i o n .  T h e r e f o r e ,  o n l y  t h e  impor t an t  

p o i n t s  w i l l  be  o u t l i n e d  h e r e .  

4 .3 .1  HTGR r e a c t o r  o p e r a t i o n  

The s p e c i f i c  r e l e a s e  r a t e s  from t h e  HTGR's a r e  t aken  

(see Ref .  [ 4 - 2 1 )  t o  be  

Con t ra ry  t o  t h e  FBR c a s e ,  no t r i t i u m  r e l e a s e  i n t o  r i v e r w a t e r  

i s  assumed; w e  t a k e  

t r i t i u m  i n t o  a i r :  1000 [ C i  
y r  * 1000 MWth 

I n  Tab le  4-7 t h e  d a t a  used i n  t h e  d o s e  c a l c u l a t i o n s ,  and t h e  

r e s u l t i n g  dose  r a t e s ,  a r e  p r e s e n t e d .  

4 .3 .2  HTGR f u e l  r e p r o c e s s i n g  

The r e p r o c e s s i n g  t echno logy  f o r  HTGR f u e l  i s  s t i l l  b e i r g  

deve loped ,  b u t  it i s  expec ted  t h a t  r e l e a s e s  w i l l  be  comparable  

t o  t h o s e  of  e x i s t i n g  f a c i l i t i e s  f o r  r e p r o c e s s i n g  of  l i g h t  water  



TABLE 4-6: NORMAL OPERATIONS RELEASES OF FBR WASTE 
SOLIDIFICATION 

A 

TOTAL YEARLY 
ACTIVITY [CI/YR] 

HALF LIFE [YR] 

MPCA [3] '. 500 [v] 
RETENTION FACTOR RF 

POINT SOURCE DOSE RATE 
FROM 1 FACILITY 

B [MREM/YR] 

k 
BM [MANREM/YR] 

9 
POINT SOURCE DOSE RATE 
FROM ALL FACILITIES 

BM [MANREM/YR] 

BM/BM, 

FQUIVAI FNT Cs137 

5 .3  * l o 8  

30 

5 * 10-lo 

l o 5  

1 . 7  

1 .5  * 

4.65 " 10' 

1 .16  * 

i 

4.65 * l o 2  
1 .16  * 
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r e a c t o r  f u e l .  Based on  t h i s  a s s u m p t i o n ,  t h e  d o s e  r a t e s  f o r  t h e  

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

w e r e  c a l c u l a t e d .  The s p e c i f i c  i o d i n e  r e l e a s e s  w e r e  assumed 

t o  b e  ( f o r  o n e  f a c i l i t y )  : 

and 

A s  t h e y  a r e  o f  t h e  same o r d e r  o f  magni tude  a s  t h o s e  i n  t h e  

c a s e  o f  FBR f u e l  r e p r o c e s s i n g  f a c i l i t i e s ,  t h e  same a rgumen t s  

a r e  v a l i d .  

The d a t a  u s e d  and t h e  r e s u l t s  of c a l c u l a t i o n s  f o r  t h e  

HTGR r e p r o c e s s i n g  p l a n t  a r e  g i v e n  i n  T a b l e  4-8. 

4 . 3 .3  HTGR f u e l  f a b r i c a t i o n  

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

and uran ium 233, it is  assumed t h a t  t h e  a rguments  v a l i d  i n  

t h e  c a s e  o f  FBR f u e l  f a b r i c a t i o n  are a l s o  v a l i d  f o r  HTGR f u e l  

f a b r i c a t i o n .  However, a s  t h e  MPC v a l u e  o f  u ran ium 233 i s  3  

o r d e r s  o f  magn i tude  l a r g e r  t h a n  t h a t  o f  p lu ton ium,  and a s  t h e  

r e s u l t i n g  d o s e s  f rom FBR f u e l  f a b r i c a t i o n  w e r e  s m a l l ,  t h e s e  

d o s e s  c a n  b e  n e g l e c t e d .  

4 .3 .4  HTGR w a s t e  s o l i d i f i c a t i o n  

A s  i n  t h e  FBR p o r t i o n  of  t h e  f u e l  c y c l e ,  it i s  assumed 

t h a t  s o l i d i f i c a t i o n  o f  t h e  HTGR wastes w i l l  t a k e  p l a c e  r o u g h l y  

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

i m p o r t a n t  s e m i - v o l a t i l e s  a r e  a g a i n  Ru 106,  T e 1 2 5 ,  C s  134 ,  and 

Cs 137. The summation of  t h e  r a t i o s  o f  t h e i r  r a d i o a c t i v i t y  

( 5  y e a r s  a f t e r  f u e l  r e p r o c e s s i n g )  t o  t h e  c o r r e s p o n d i n g  MPCa 

v a l u e s  i s  
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9 In equivalent Cs137 this amounts to Q = 3.02 * 10 [Ci/yr] 
-10 3 with MPCa = 5 * 10 [Ci/m I .  The individual and population 

dose rates are summarized in Table 4-9 .  



TABLE 4-9: NORMAL OPERATIONS RELEASES DF HTGR WASTE 
SOLIDIFICATZQN 

TOTAL YEARLY 
ACTIVITY [CI/YR] 

HALF LIFE [YR] 

P C  [ I  500 [y ] 
- 

RETENTION FACTOR RF 

POINT SOURCE DOSE RATE 
FROM 1 FAClLITY 

B [MREM/YR] 

B 
% 
BM [MANREM/YR] 

9 
POINT SOURCE DOSE RATE 
FROM ALL FACILITIES 

Bfl [MANREM/YR] 

BM/BM, 

EQUIVALENT Cs137 

3.02 * l o 8  

30 

5 * 10- l0  

l o 5  
I 

0.96 

8.7 * 

2.65 * 10' 

6.63 * 

2.65 * l o 2  
6.63 * 

A 
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5. A c c i d e n t a l  Releases 

5 .1  I n t r o d u c t i o n  

I n  a d d i t i o n  t o  normal  o p e r a t i o n s  r e l e a s e s ,  a c c i d e n t a l  

r e l e a s e s  m u s t  a l s o  be  c o n s i d e r e d .  I n  C h a p t e r  3  t h e  s u b s t i t u -  

t i o n  r e l e a s e  r a t e  P * d  * C was i n t r o d u c e d  which  
3 .15  * l o 7  

a l l o w s  o n e  t o  u s e  e q u a t i o n  ( 3 - 3 ) .  I n  r e c e n t  y e a r s  much e f f o r t  

h a s  been  p u t  i n t o  . the  c a l c u l a t i o n  o f  v a l u e s  f o r  P by a p p l y i n g  

f a i l u r e  t r e e  a n a l y s i s  [ 5 - I ] ,  [5-21,  [5-31 and methods  o f  

r e l i a b i l i t y  c o n t r o l  [5-41.  T h e r e  e x i s t s  t o d a y  a  f a i r l y  l a r g e  

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

l a c k  o f  d a t a  o n  t h e  f a i l u r e  r a t e  o f  e a c h  c ~ m p o n e n t  o f  t h e  

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

f a i l u r e  r a tes .  A  s e c o n d  d i f f i c u l t y  i s  t h e  l a c k  o f  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 ,  o r  g u i d e l i n e s ,  f o r  t h e  c a s e  o f  a n u c l e a r  

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

normal  o p e r a t i o n s  r e l e a s e s .  

F o r  t h e s e  two r e a s o n s  a  n o r m a t i v e  a p p r o a c h  i s  f o l l o w e d  

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

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

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

c u l a t e d  which  f u l f i l l s  t h i s  r e q u i r e m e n t .  W e  w i l l ,  however ,  

r i g o r o u s l y  u s e  t h e  scheme o f  e x p e c t e d  v a l u e s .  T h i s  i s  i n s t r u -  

m e n t a l  f o r  d e v e l o p i n g  a  judgement  on  t h e  r e l a t i v e  i m p o r t a n c e  

o f  t h e  v a r i o u s  componen ts  o f  t h e  f u e l  c y c l e  a s  f a r  a s  a c c i -  

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

e x p e c t e d  v a l u e s  c a n  l e a d  o n l y  t o  n e c e s s a r y ,  b u t  n o t  s u f f i c i e n t ,  

c o n d i t i o n s .  I n  a d d i t i o n ,  it l e a d s  t o  c o n c e p t u a l  d i f f i c u l t i e s  

t h a t  w i l l  be  a l l u d e d  t o  i n  t h e  c o n c l u d i n g  c h a p t e r .  F i n a l l y ,  

i n  e a c h  a c t u a l  c a s e  a d d i t i o n a l  and more s t r i n g e n t  c o n d i t i o n s  

may h a v e  t o  b e  o b s e r v e d ,  e v e n  w i t h i n  t h e  scheme o f  e x p e c t a t i o n  

v a l u e s .  

F o r  t h e  i n d i v i d u a l  r a d i a t i o n  d o s e  r a t e s  t h a t  may b e  t o l e r a b l e  

i n  t h e  e v e n t  o f  a n  a c c i d e n t ,  it i s  common t o  assume a  d o s e  r a t . e  

o f  25 r e m  o v e r  a  p e r i o d  o f  70 y e a r s  (see R e f .  [5-51 1 .  The 

p r o b l e m  i s  t h e n  t o  s e e k  t h e  p r o b a b i l i t y  P p e r  u n i t  t i m e  [ s e c ]  

which  i s  e q u i v a l e n t  t o  25000/70[mrem/yr] .  Both  t h e  p r o b a b i l i t y  



P and t h e  d o s e  r a t e  B c a n ,  w i t h i n  t h e  framework of  t h e  meth- 

odology  based  on e x p e c t a t i o n  v a l u e s ,  b e  smoothed o u t  o v e r  any 

p e r i o d  of  t i m e .  Tha t  i s ,  it i s  p o s t u l a t e d  t h a t  t h e  f o l l o w i n g  

p o i n t  s o u r c e  r e l a t i o n  h o l d s :  

- 1 
I t  i s  c l e a r  t h a t  P must  be  s m a l l e r  t h a n  (70  y r  * 3.15  * lo7)- '  [sec 1 .  
I f  P becomes l a r g e r  t h a n  t h i s  v a l u e  t h e n  t h e  f o l l o w i n g  r e l a -  

t i o n s  must  be  u s e d :  

25 Tha t  i s ,  a  f r a c t i o n  o f  - [ r e m ]  i s  assumed f o r  each  a c c i d e n t ,  a  
and t h e r e b y  a  t o t a l  o f  25 r e m  o v e r  70 y e a r s .  For  t h e  pu rpose  

o f  compar i son ,  t h e  n a t u r a l  background r a d i a t i o n  l e a d s  t o  a n  

i n d i v i d u a l  d o s e  o f  0.11 * 70 = 8 [ r e m ]  . 
E i t h e r  e q u a t i o n  (5-1)  o r  e q u a t i o n  (5-2)  c a n  be  used  t o  

f i n d  a  v a l u e  o f  P t h a t  must  be  p o s t u l a t e d .  The n o t a t i o n  P: 

w i l l  be u sed  t o  d e n o t e  t h i s  v a l u e .  

5 .2  R e a c t o r  A c c i d e n t s  

The c o n c e p t  of  t h e  maximum c r e d i b l e  a c c i d e n t ,  MCA, p r e -  

v a i l e d  f o r  a  l ong  t i m e  ( s e e  [5-61,  [5 -71 ) ;  t h u s  t h e  r e a c t o r  

had t o  be  d e s i g n e d  such  a s  t o  c o n t a i n  t h e  a c c i d e n t ,  p o s s i b l y  

w i t h  somewhat enhanced l e a k a g e s  o f  r a d i o a c t i v i t y .  A c c i d e n t s  

more s e v e r e  t h a n  t h e  maximum c r e d i b l e  a c c i d e n t  were c o n s i d e r e d  

i n c o n c e i v a b l e .  L a t e r ,  t h e  t r e n d  was t o  c o n s i d e r  even  incon-  

c e i v a b l e  a c c i d e n t s ,  and t h e  spec t rum o f  s e v e r i t y  t h e n  became 

open-ended. T h i s  n e c e s s i t a t e d  t h e  d e f i n i t i o n  o f  a  d e s i g n  b a s i s  



a c c i d e n t ,  DBA. A r i g o r o u s  l o o k  a t  t h e  meaning o f  t h i s  l e d  

t o  t h e  o b s e r v a t i o n  t h a t  t h e  p r o b a b i l i t y  PR f o r  any  a c c i d e n t  

more s e v e r e  t h a n  t h e  DBA mus t  b e  s m a l l e r  t h a n  t h e  p r o b a b i l i t y  

PD o f  t h e  DBA, 

A p r e c i s e  s p e c i f i c a t i o n  o f  a  DBA would t h e r e f o r e  have  t o  i n -  

c l u d e  t h e  n u m e r i c a l  v a l u e  f o r  P  
D '  By a p p r o p r i a t e  t e c h n o l o g i c a l  

m e a s u r e s  PD c a n  b e  made s m a l l e r  t h a n  any  g i v e n  p o s i t i v e  s m a l l  

number E .  I t  i s  n o t  p o s s i b l e ,  however ,  t o  make E e x a c t l y  z e r o .  

The open-endedness  o f  t h e  c o n s i d e r a t i o n  o f  r e a c t o r  a c c i d e n t s  

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

r e a c t o r  a c c i d e n t s  w i t h  p r o b a b i l i t i e s  s m a l l e r  t h a n  E .  These  

a c c i d e n t s  w i l l  b e  c a l l e d  t h e  t r a n s  d e s i g n  b a s i s  a c c i d e n t s ,  TDBA. 

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

s m a l l  numbers have  r e c e n t l y  b e e n  d i s c u s s e d  by o n e  o f  t h e  

a u t h o r s  [5-81.  One mus t  r e a l i z e ,  however ,  t h a t ,  r i g h t l y  o r  

wrong ly ,  t h e  p u b l i c  i s  conce rned  w i t h  t h e  TDBA's. 

I n  t h e  f o l l o w i n g ,  c e r t a i n  n o r m a t i v e  t a r g e t  v a l u e s  are  

imposed o n  t h e  D B A ' s  which  r e f e r  t o  t h e  a c t u a l  d e s i g n  o f  a 

r e a c t o r .  A s  a l r e a d y  men t ioned ,  s u c h  a  p r o c e d u r e  r e f e r s  t o  t h e  

TDBA's o n l y  i m p l i c i t l y  by assuming  t h a t  a n  o r d e r i n g  o f  t h e  

l e v e l  o f  t h e  DBA i s  e q u a l l y  s i g n i f i c a n t  f o r  t h e  l e v e l  o f  t h e  

TDBA. With  t h i s  i n  mind t h e  f o l l o w i n g  a s s u m p t i o n s  f o r  t h e  DBA 

a r e  made: 

a )  The v a l u e  o f  P: i s  i n d e p e n d e n t  o f  t h e  s i z e  o f  a  

n u c l e a r  power s t a t i o n ;  

b )  The r e l e a s e  o f  r a d i o a c t i v i t y  t o  t h e  o u t s i d e  o f  t h e  

r e a c t o r  c o n t a i n m e n t  i s  assumed t o  o c c u r  o n l y  5 m i n u t e s  

a f t e r  t h e  a c c i d e n t  i s  i n i t i a t e d ;  

C )  The e x p o s u r e  t i m e  f o r  i n d i v i d u a l s  i n  t h e  v i c i n i t y  of  

t h e  r e a c t o r  i s  assumed t o  b e  1 . 8  * l o 5  s e c ,  o r  50 hou r s :  

d )  I n  t h e  e v e n t  of  a n  a c c i d e n t ,  i t  i s  assumed t h a t  t h e  

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

t h e  a t m o s p h e r e .  A c t u a l l y ,  much less i s  e x p e c t e d  t o  

b e  r e l e a s e d  i n  t h e  e v e n t  o f  a DBA. By c o n s i d e r i n g  



t h i s  v e r y  p e s s i m i s t i c  s c e n a r i o ,  c o n s e r v a t i v e  v a l u e s  
0 

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

A h i g h e r  v a l u e  of  P; would r e s u l t  i f  less r a d i o a c t i v i t y  

were r e l e a s e d ;  

e )  The p o p u l a t i o n  d e n s i t y  of  t h e  n u c l e a r  power s t a t i o n  

i s  t h a t  o f  C l a s s  B i n  C h a p t e r  3 .  

I f  o n e  assumes  f o r  t h e  moment t h a t  t h e r e  e x i s t s  o n l y  

o n e  g i a n t  n u c l e a r  power s t a t i o n ,  t h e n  t h e  b a s i c  e q u a t i o n  (5 -1)  

r e a d s  a s  f o l l o w s :  

m r e m  m r e m  

[A] ["I W t h  [17th] [E] [T] [TI [TI 
where  L i s  t h e  t h e r m a l  power o f  t h e  n u c l e a r  power s t a t i o n .  

Using t h e  a v e r a g e  v a l u e  f o r  i o d i n e ,  

(where  t h e  v a l u e  o f  MPCI1 31 d o e s  n o t  i n c l u d e  t h e  f a c t o r  700 

f o r  t h e  g rass -cow-mi lk  pathway a s  i n  a c c i d e n t  s i t u a t i o n s  t h e  

u t i l i z a t i o n  of  c o n t a m i n a t e d  m i l k  i s  a v o i d a b l e ) ,  and 

L = 3 . 6  * 1 0 l 2 [ ~ ] ,  o n e  f i n d s  

I f  i n s t e a d  o f  o n e  g i a n t  r e a c t o r  t h e r e  a r e  100 r e a c t o r s ,  t h e n  

f o r  e a c h  o f  t h e s e  r e a c t o r s  

which l e a d s  t o  



The p o p u l a t i o n  d o s e  r a t e  BM' f o r  one  o f  t h e s e  100  power s t a -  

t i o n s  i s ,  a c c o r d i n g  t o  e q u a t i o n  (3 -6 )  

BM' = * L 5 1 3 1  * - * d  * 0 . 5  * JB a i r  ( 5 - 6 )  
D MP%l 31 l o o  3 . 1 5  * l o 7  

With t h e  v a l u e  ( 3 - 7 c )  f o r  t h e  p o p u l a t i o n  d e n s i t y  i n t e g r a l  one  

a r r i v e s  a t  

BM' = 3 . 5  * 1 0  

f o r  t h e  t o t a l  p o p u l a t i o n  d o s e  r a t e  one  f i n d s  

and 

I n  view of t h i s  h i g h  BM/BM r a t i o  i t  might  a p p e a r  ques-  
0 

t i o n a b l e  whe the r ,  i n  r e a l i t y ,  t h e  f a c t o r  100 shou ld  be  used  

i n  e q u a t i o n  ( 5 - 5 ) .  On t h e  o t h e r  hand,  one must r e a l i z e  t h a t  

p r e s e n t  r e a c t o r  e n g i n e e r i n g  p r a c t i c e s  r e s u l t  i n  v a l u e s  f o r  P  
0 t h a t  a r e  lower  t h a n  PD by o r d e r s  of magni tude.  T h i s  h a s  been 

h i g h l i g h t e d  by t h e  r e c e n t  Rasmussen Repor t  [5-31 .  I n  t h e  l a s t  

c h a p t e r  o f  t h i s  p a p e r ,  t h e  obv ious  d i s c r e p a n c i e s  between p r e s -  

e n t  e n g i n e e r i n g  p r a c t i c e  and o u r  no rma t ive  app roach  a r e  d i s -  

c u s s e d .  



5.3 Reproces s ing  F a c i l i t y  A c c i d e n t s  

Many k i n d s  of  a c c i d e n t s  a r e  p o s s i b l e  i n  a  r e p r o c e s s i n g  

p l a n t .  I t  i s  assumed h e r e  t h a t  t h e  a c c i d e n t a l  r e l e a s e s  would 

be c h a r a c t e r i z e d  by t h e  v o l a t i l e s  and s e m i - v o l a t i l e  compounds 

of t h e  n u c l e a r  m a t e r i a l  i n  p r o c e s s .  The f o l l o w i n g  a s sumpt ions  

a r e  made: 

a )  I n  t h e  e v e n t  o f  a  s e v e r e  a c c i d e n t  5% o f  a l l  f i s s i o n  

p r o d u c t s  and 1 %  of t h e  heavy m e t a l s  p r e s e n t  i n  pro-  

cess a r e  r e l e a s e d ;  

b )  The exposu re  t i m e  f o r  i n d i v i d u a l s  i n  t h e  v i c i n i t y  of 

t h e  p l a n t  i s  assumed t o  be  1 . 8  * l o 5  sec o r  50 h o u r s ;  

o f  t h e  t o t a l  y e a r l y  c )  The m a t e r i a l  i n  p r o c e s s  i s  300 
t h r o u g h p u t ;  

d )  A t  t h e  s i t e  of t h e  r e p r o c e s s i n g  p l a n t  t h e r e  a r e  

assumed t o  b e  7  i n t e r m e d i a t e  l i q u i d  w a s t e  s t o r a g e s .  

Because t h e r e  e x i s t s  f o r  each  of  t h e s e  i n t e r m e d i a t e  

l i q u i d  was t e  s t o r a g e s  a  non-zero a c c i d e n t  p r o b a b i l i t y ,  

and because  t h e  p e o p l e  i n  t h e  v i c i n i t y  of  t h e  p l a n t  

must n o t  r e c e i v e  more t h a n  a n  expec ted  a c c i d e n t a l  

d o s e  of  2 5  r e m  o v e r  70 y e a r s ,  t h e  t o t a l  amount i s  

d i s t r i b u t e d  a s  f o l l o w s :  

[T] f o r  t h e  r e p r o c e s s i n g  p l a n t ,  

& [T] f o r  each  l i q u i d  w a s t e  t a n k  a t  t h e  s i t e  

of  t h e  r e p r o c e s s i n g  p l a n t ;  

e )  The p o p u l a t i o n  d e n s i t y  i n  t h e  v i c i n i t y  of t h e  p l a n t  

i s  t h a t  o f  C l a s s  A i n  Chapter  3 .  

According t o  assumpt ion  b ) ,  i n v e n t o r i e s  A o f  t h e  r e p r o -  

c e s s i n g  p l a n t s  a r e :  

~ e a v y  m e t a l s  F i s s i o n  p rod .  

Heavy m e t a l s  F i s s i o n  p rod .  



A summation of  t h e  r a d i o a c t i v i t y  from 5% o f  t h e  f i s s i o n  

p r o d u c t s  and 1% of  t h e  heavy m e t a l s  p r e s e n t  i n  t h e s e  f u e l s ,  

d i v i d e d  by t h e  c o r r e s p o n d i n g  MPC v a l u e s ,  g i v e s  t h e  d i l u t i o n  

volume p e r  t o n :  

If t h e r e  i s  o n l y  one g i a n t  r e p r o c e s s i n g  p l a n t  t h e n  e q u a t i o n  

(3-1 ) , w i t h  e q u a t i o n  ( 3 - 3 )  and 

becomes 

S o l v i n g  f o r  a ,  one f i n d s  a  = 6.23 ,  and t h e r e f o r e ,  

C o n s i d e r i n g ,  i n s t e a d ,  20 r e p r o c e s s i n g  f a c i l i t i e s ,  t h e  a c c i d e n t  

p r o b a b i l i t y  i s  a l lowed t o  be l a r g e r  a s  t h e  r e l a t e d  i n v e n t o r i e s  

a r e  s m a l l e r ;  t h e  c a l c u l a t i o n  g i v e s  

and t h e r e f o r e  



0 0 ' 
Again ,  t h e  r e s u l t i n g  v a l u e s  f o r  P  and PD a r e  u n r e a l i s t i c a l l y  

0 
h i g h .  I n  o r d e r  t o  d e t e r m i n e  t h e  e x p e c t e d  p o p u l a t i o n  d o s e  

r a t e  BM' f rom e a c h  o f  t h e  r e p r o c e s s i n g  p l a n t s ,  e q u a t i o n  (3-6)  

i s  used  i n  t h e  f o l l o w i n g  form 

0 ' 
* C *  

d  a i r  BM' = PD * 0 . 5  * JA 
3 . 1 5  * l o 7  

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

i s  t h e r e f o r e  

BM = 2 0  BM' = 2 . 8 6  * 1 0  

and 

5 . 4  L i a u i d  Waste S t o r a a e  F a c i l i t v  A c c i d e n t s  

Almost any  h i g h - l e v e l  w a s t e  management scheme i n v o l v e s  

a n  i n t e r i m  s t o r a g e  o f  t h e  w a s t e s  i n  l i q u i d  fo rm.  A c c i d e n t s  

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

- t a n k  c o r r o s i o n ,  

- l o s s  o f  c o o l i n g ,  

- hydrogen e x p l o s i o n ,  

- e x t e r n a l  c a u s e s  (e .  g .  e a r t h q u a k e ,  s a b o t a g e ,  f l o o d  e t c  . ) . 
I t  i s  assumed t h a t  t h e  most  s e v e r e  a c c i d e n t  i s  a  permanent  

l o s s  o f  c o o l i n g  i n  t h e  t a n k .  I n  such  a n  a c c i d e n t  t h e  s e m i -  

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

p r o d u c t s  c o u l d  b e  r e l e a s e d  t o  t h e  a tmosphe re .  The f o l l o w i n g  

a s s u m p t i o n s  a r e  made: 

a )  The l i q u i d  w a s t e s  a r e  s t o r e d  f o r  5 y e a r s  between f u e l  

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



b )  I n  t h e  e v e n t  o f  an a c c i d e n t  a l l  o f  t h e  s e m i - v o l a t i l e  

r a d i o n u c l i d e s  and 5% of  t h e  r ema in ing  f i s s i o n  p r o d u c t s  

a r e  r e l e a s e d  o v e r  a  t i m e  p e r i o d  o f  r o u g h l y  3 0 0 h  

12 d a y s )  ; 

C )  The t o l e r a b l e  i n d i v i d u a l  d o s e  d u e  t o  a  s i n g l e  t a n k  

a c c i d e n t  i s  2  r e m  o v e r  70 y e a r s  (see S e c t i o n  5 . 3 ) ;  

d )  The p o p u l a t i o n  d e n s i t y  i n  t h e  v i c i n i t y  i s  t h e  same 

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

e )  One m3 o f  l i q u i d  w a s t e  i s  t o  be  s t o r e d  f o r  e a c h  

t o n  of  f u e l  r e p r o c e s s e d .  

Accord ing  t o  a )  and e ) ,  t h e  t o t a l  s t o r a g e  i n v e n t o r y  gBR and eGR, r e s p e c t i v e l y ,  i s  g i v e n  by 

The summation of  t h e  d i l u t i o n  volumes f o r  t h e s e  r a d i o n u c l i d e s  

a t  t h e  m i d p o i n t  o f  t h e  t o t a l  l i q u i d  w a s t e  s t o r a g e  p e r i o d  

( 2 . 5  y r )  i s  performed w i t h  t h e  h e l p  o f  t h e  O R I G E N  computer  

c o d e  [5-91 and g i v e s  

I f  one  assumes f o r  t h e  moment t h a t  t h e r e  e x i s t s  o n l y  one  

l i q u i d  w a s t e  s t o r a g e ,  t h e n  e q u a t i o n  (3-1)  r e a d s  a s  f o l l o w s :  



T h i s  g i v e s  

R e c a l l i n g  t h a t  a  t o t a l  o f  20 r e p r o c e s s i n g  s i t e s ,  e a c h  w i t h  7 

l i q u i d  s t o r a g e  t a n k s ,  was assumed, t h e  s i z e  of  s u c h  t a n k s  i s  

T h e r e f o r e ,  t h e  p r o b a b i l i t y  p e r  y e a r  and t a n k  must be  l i m i t e d  

t o  

To d e t e r m i n e  t h e  e x p e c t e d  p o p u l a t i o n  d o s e  r a t e  BM' from 

a  s i n g l e  l i q u i d  w a s t e  s t o r a g e  t a n k ,  one  h a s  

2  manrem 
Z 8 * l 0  1- y r  J 

The p o p u l a t i o n  d o s e  r a t e  from a l l  i n t e r m e d i a t e  l i q u i d  w a s t e  

s t o r a g e  t a n k s  t o g e t h e r  i s  

BM = 140 BM' = 1.12 * 10 

which means 

5 .5  Waste S o l i d i f i c a t i o n  F a c i l i t y  Acc iden t s  

Due t o  d i f f i c u l t i e s  o f  making a p p r o p r i a t e  a s s u m p t i o n s  

c o n c e r n i n g  commerc ia l  w a s t e  s o l i d i f i c a t i o n  f a c i l i t i e s ,  no 

n u m e r i c a l  example i s  g i v e n  h e r e .  However, it would b e  s t r i c t l y  



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

w a s t e  s t o r a g e .  

5 .6  T r a n s p o r t a t i o n  A c c i d e n t s  

Here, t h e  emphas i s  i s  o n l y  on t h e  t r a n s p o r t a t i o n  o f  s p e n t  

f u e l  e l e m e n t s .  The f o l l o w i n g  a s s u m p t i o n s  a r e  made: 

a )  Accord ing  t o  Ref .  [5- 101 t h e  e x p e c t e d  a c c i d e n t a l  

r e l e a s e  C o f  r a d i o a c t i v i t y  i s  less  t h a n  100 C i  p e r  

a c c i d e n t ;  

b )  A s  K r  85 i s  t h e  most  haza rdous  m a t e r i a l  i n  t h i s  con- 

n e c t i o n ,  a n  a c c i d e n t  i s  c o n s i d e r e d  whereby a l l  o f  

t h e  r a d i o a c t i v i t y  r e l e a s e d  is  K r  85;  

c )  For  Europe (see Ref .  15-11] ) ,  a b o u t  3  s e v e r e  a c c i d e n t s  

p e r  1 o 5  t r a n s p o r t s  have been r e p o r t e d .  The a c c i d e n t  

r a t e  i s  t h e r e f o r e  P = 3  * 1 o - ~ ;  
d )  I t  i s  assumed t h a t  one  t r a n s p o r t  c o n s i s t s  o f  I t  of  

s p e n t  f u e l .  T h e r e f o r e ,  t h e  t r a n s p o r t  f r e q u e n c y  T  i s  

g i v e n  by 

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

t h e  e v e n t  o f  a  t r a n s p o r t a t i o n  a c c i d e n t  i s  assumed 

t o  b e  s = 10 -6  sec [ - I  ; 
f )  The p e o p l e  i n  t h e  v i c i n i t y  o f  t h e  a c c i d e n t  a r e  exposed 

t o  t h e  r a d i a t i o n  f o r  3000 min (2 .08  d a y s ) .  

I n  o r d e r  t o  d e t e r m i n e  t h e  i n d i v i d u a l  d o s e  r a t e  it i s  

assumed t h a t  a l l  a c c i d e n t s  o c c u r  a t  t h e  same p l a c e .  Then t h e  

i n d i v i d u a l  d o s e  r a t e ,  a c c o r d i n g  t o  e q u a t i o n  ( 3 - I ) ,  i s  g i v e n  

T  * P  * C  * d  1  * s t - *  500 
3 .15  * l o 7  MPC 



T h i s  g i v e s  a n  i n d i v i d u a l  d o s e  r a t e  of 

which means t h a t  d o s e s  due  t o  such  a c c i d e n t s  a r e  n e g l i g i b l e  

compared t o  t h e  o t h e r  r a d i a t i o n  exposu re  p o s s i b i l i t i e s ,  and 

more so i f  one  t a k e s  i n t o  accoun t  t h a t  t h e  a c c i d e n t s  a r e  n o t  

l i k e l y  t o  o c c u r  i n  t h e  same p l a c e .  

A s e p a r a t e  a s p e c t  i s ,  n e v e r t h e l e s s ,  t h e  problem of  con- 

t a m i n a t i o n s  and d i s t u r b a n c e s  t h a t  would accompany such  a c c i -  

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

h e r e .  
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6.  F i n a l  Waste S t o r a g e  F a c i l i t y  Acc iden t  

A t  p r e s e n t ,  v a r i o u s  c o n c e p t s  f o r  t h e  f i n a l  d i s p o s a l  of 

r a d i o a c t i v e  w a s t e  a r e  b e i n g  d i s c u s s e d :  g e o l o g i c ,  s eabed ,  ice 

s h e e t  and e x t r a t e r r e s t r i c  d i s p o s a l  (see, e . g .  Ref .  [6-11 and 

[6 -21 ) .  I t  seems t o  be  i m p o s s i b l e  a t  t h e  moment t o  d e c i d e  

what c o n c e p t  i s  t h e  most p romis ing  f o r  t h e  f u t u r e .  

The f i n a l  w a s t e  s t o r a g e  concep t  r e f e r r e d  t o  i n  t h i s  

paper  i s  t h a t  o f  s o l i d i f i e d  was t e  i n  a  s a l t  d e p o s i t .  Only 

t h e  h i g h - l e v e l  w a s t e s  a r e  c o n s i d e r e d  h e r e .  The s o l i d i f i e d  

w a s t e s  a r e  assumed t o  be  i n  t h e  form of c y l i n d e r s  20 c m  i n  

d i a m e t e r  and s t a c k e d  t o  a  f i n a l  l e n g t h  of  4 0 m .  The w a s t e  

w i l l  r e p r e s e n t  a p p r o x i m a t e l y  25% by volume o f  t h e  c y l i n d e r s ,  

r e s u l t i n g  i n  a b o u t  80 l i t e rs  of  c y l i n d e r  p e r  t o n  of  f u e l  

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

The most e a s i l y  c o n c e i v a b l e  a c c i d e n t  i n  t h e  w a s t e  

s t o r a g e  would b e  f l o o d i n g  of  t h e  s t o r a g e  f a c i l i t y  w i t h  a  con- 

t i n u e d  in -  and o u t - f l u x  o f  w a t e r .  The r e l e a s e  o f  r a d i o a c t i v e  

m a t e r i a l  from t h e  w a s t e  c y l i n d e r s  would b e  a  r e l e a s e  t o  t h e  

w a t e r  t h r o u g h  l e a c h i n g .  Almost e v e r y  r a d i o n u c l i d e  i s  p r e s e n t  

i n  t h e  r a d i o a c t i v i t y  w a s t e s .  The compos i t i on  o f  t h e  w a s t e s ,  

p e r  t o n  of  o r i g i n a l l y  s p e n t  f u e l ,  have been c a l c u l a t e d  w i t h  

t h e  O R I G E N  computer code  [6-31 a t  t h e  K a r l s r u h e  Nuclear  

Research  Cen te r  [6-41 , and i n d e p e n d e n t l y  by Wild [6-51 . I n  

F i g s .  6-1 and 6-2 t h e  t i m e  dependence o f  t h e  s p e c i f i c  d i l u t i o n  

volumes 

a r e  shown f o r  b o t h  t h e  FBR and HTGR. 

I f  t h e  w a s t e  s t o r a g e  f a c i l i t y  i s  loaded  a t  a  c o n s t a n t  

r a t e  t h e  t o t a l  r a d i o a c t i v i t y  i n  t h e  f a c i l i t y  r e a c h e s  an  e q u i -  

l i b r i u m  a s  shown i n  F i g .  6-3. T h i s  o c c u r s  a f t e r  app rox ima te ly  

800 y e a r s .  One must r e a l i z e ,  however, t h a t  t h i s  i s  n o t  a  t r u e  

e q u i l i b r i u m  a s  t h e  a c t i n i d e s  have long  h a l f  l i v e s  b u t  c o n t r i b -  

u t e  o n l y  a  s m a l l  p o r t i o n  t o  t h e  t o t a l  v a l u e .  



F I G U R E  6.1 SUMMARY OF HAZARD INDEX COMPONENTS 

FROM AN FBR -1000 MWe 

(WASTES FROM 1 M E T R I C  TON OF CORE 

AND BLANKET MIXED PROPORTIONALLY 

AT 34000 M W D / T  1 
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1 0l2- 

F I G U R E  6.2 SUMMARY O F  H A Z A R D  INDEX COMPONENTS 

FROM A HTGR - 1000 MWe W I T  H U 233 

RECYCLE F U E L  
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F I G U R E 6 . 3  H A Z A R D  INDEX OF TOTAL WASTE 

STORAGE FACILITY AT A CONSTANT 
1 1  3 YEARLY RATE ( H l ( t )  = 4.14~10 m , 

CORRESPONDING TO THE WASTE FROM 

1 METRIC TON OF SPENT FUEL REPROCESSED) 
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I t  s h o u l d  a l s o  b e  n o t e d  t h a t  95% o f  t h e  e q u i l i b r i u m  v a l u e  

i s  r e a c h e d  a f t e r  190 y e a r s .  The e q u i l i b r i u m  v a l u e  i s  a b o u t  

21 t i m e s  t h e  v a l u e  of  t h e  y e a r l y  a d d i t i o n .  

L e t  t = 0  b e  t h e  t i m e  when t h e  w a s t e  i s  s o l i d i f i e d .  Then 

a t t = O  

where  t h e  i n d e x  w r e f e r s  t o  w a t e r .  With  t h e  y e a r l y  f u e l  

t h r o u g h p u t s  

t h e  t o t a l  w a t e r  d i l u t i o n  volume a t  e q u i l i b r i u m  i s  

The l e a c h  r a t e s  measured  f o r  v a r i o u s  t y p e s  o f  s o l i d i f i e d  
2  w a s t e s  r a n g e  t y p i c a l l y  f rom t o  [g/cm * d a y ] ,  (see 

Ref .  [ 6 - 6 1 ) .  I f  t h e  w o r s t  of  t h e s e  v a l u e s  i s  u s e d ,  o n e  o b t a i n s  

a  l e a c h  r a t e  o f  1 . 16  * [g/cm2 * s e c ]  . 
I t  was men t ioned  above  t h a t  t h e r e  a r e  80 l i t e r s  o f  w a s t e  

p e r  t o n  o f  f u e l  r e p r o c e s s e d .  F o r  a  l o n g  c y l i n d e r  o f  D = 20[cm] 
4 - 1  d i a m e t e r  t h e  su r f ace - t o -vo lume  r a t i o  i s  - = 20[m I .  One h a s ,  

e D 
L t h e r e f o r e ,  a  s u r f a c e  S[m /tfuel 1 o f  



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

I t  i s  f u r t h e r  assumed t h a t  o n l y  a  f r a c t i o n  F1 o f  t h e  t o t a l  

s u r f a c e  of  a l l  g l a s s  c y l i n d e r s  i s  exposed t o  w a t e r .  There-  

f o r e ,  F1 * f  i s  t h e  l e a c h  r a t e  r e f e r r i n g  t o  t h e  e n t i r e  w a s t e  
W 

s t o r a g e  f a c i l i t y .  One s h o u l d  r e a l i z e ,  however,  t h a t  once  t h e  

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

n o t  a b a t e d  by a p p r o p r i a t e  means.  

I t  i s  assumed t h a t  t h e s e  a p p r o p r i a t e  means r e q u i r e  10 

y e a r s  t o  become e f f e c t i v e .  Wi th in  t h i s  p e r i o d  a  f i n i t e  amount 

o f  r a d i o a c t i v i t y  w i l l  have  been r e l e a s e d ,  r e s u l t i n g  i n  a  pop- 

u l a t i o n  d o s e .  A s  a  w o r s t  c a s e  it i s  c o n s i d e r e d  t h a t  t h e r e  i s  

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

r e c y c l i n g ,  and t h e r e f o r e  a n  a c c u m u l a t i o n  of  t h e  d o s e  w i t h  

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

b u i l d - u p  w i t h  t i m e .  I t  i s  assumed t h a t  t h e r e  i s  a  f i l t e r i n g  

e f f e c t  i n  t h e  s o i l  t h r o u g h  which t h e  w a t e r  i s  c i r c u l a t i n g  and 

which r e t a i n s  a  f r a c t i o n  F2 o f  t h e  r a d i o n u c l i d e s  r e l e a s e d .  

T h i s  model o f  g roundwa te r  r e c y c l i n g  i s  c r u d e  and somewhat 

a r b i t r a r y ,  a s  t h e  f a c t o r s  F1 and F2 a r e  n o t  f u r t h e r  s p e c i f i e d .  

I t  is  used  o n l y  b e c a u s e  t h e  m e t h o d o l o g i c a l  a s p e c t  o f  n o r m a t i v e  

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

I n  e a c h  a c t u a l  c a s e ,  however,  a  model t h a t  r e f l e c t s  t h e  p r e -  

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

I f  it i s  assumed f o r  t h e  moment t h a t  t h e r e  i s  o n l y  one  

f i n a l  w a s t e  s t o r a g e ,  e q u a t i o n  (3-1)  g i v e s  

(6-6)  

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

t h e  t i m e  where  t h e  r a d i o a c t i v i t y  b u i l d s  up.  



W i t h  s = 10-I 171 (see Append ix  2 )  , o n e  o b t a i n s  

o * F1 * F 2  = 1 . 3 2  * 1 0 - l ~  [L] 4 . 1 5  * 
P~ sec [&I 

(6 -7 )  

I n  t h e  mode l  s o c i e t y  it was  assumed t h a t  t h e r e  w e r e  1 0  f i n a l  w a s t e  

s t o r a g e  f a c i l i t i e s .  T h e r e f o r e ,  f o r  t h e  s i n g l e  w a s t e  s t o r a g e  

0 ' PD * F1 * F 2  = 1 . 3 2  * [L] ̂= 4 . 1 5  * 1 0  
sec -6 [&I 

F o r  t h e  p u r p o s e  o f  i l l u s t r a t i o n ,  i f  o n e  a s s u m e s  F  - 3  
1  * F 2 = 1 0  1 

0 ' O '  = 4  * 1 0  -3  
PD 

i s  c a l c u l a t e d  t o  b e  PD 

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

10  s t o r a g e  f a c i l i t i e s  

0 ' 
BM' = pD * F1 * F 2  * f W  T  

2  MPC I 

w h i c h  g i v e s ,  w i t h  t h e  p o p u l a t i o n  d e n s i t y  i n t e g r a l  v a l u e  ( 3 - 7 b ) ,  

a n d  f o r  t h e  e n t i r e  s o c i e t y ,  



R e f e r e n c e s  f o r  C h a p t e r  6 

[6-11 Overv iew o f  High-Leve l  R a d i o a c t i v e  Was te  Management 
S t u d i e s ,  

B a t t e l l e  P a c i f i c  N o r t h w e s t  L a b o r a t o r i e s  R e p o r t  
BNWL-1758, R i c h l a n d ,  Wash. ,  A u g u s t  1973 

[6-21 High-Leve l  R a d i o a c t i v e  Was te  Management A l t e r n a t i v e s ,  
USAEC R e p o r t  WASH-1297, b7ash., D.C. ,  May 1974 

[6-31 S e e  R e f .  [5-91 

[6-41 P .E.  McGrath 
R a d i o a c t i v e  Was te  Management 
P o t e n t i a l s  and  H a z a r d s  f r o m  a R i s k  P o i n t  o f  V i e w  
KFK 1992  ( J u n e  1 9 7 4 )  

[6-51 H .  Wi ld  
R a d i o a k t i v e  I n v e n t a r e  und d e r e n  z e i t l i c h e r  V e r l a u f  

n a c h  A b s c h a l t e n  d e s  R e a k t o r s  
KFK 1797 ( F e b r u a r  1 9 7 4 )  

[6-61 K .  J .  S c h n e i d e r  
S o l i d i f i c a t i o n  a n d  D i s p o s a l  o f  High-Leve l  R a d i o a c t i v e  

Was te  i n  t h e  U n i t e d  S t a t e s ,  
R e a c t o r  T e c h n o l o g y ,  V o l .  1 3 ,  387-415 ( 1 9 7 1 )  



7 .  T h e f t  of F i s s i l e  M a t e r i a l  and D e s t r u c t i o n  of  Nuc lea r  

F a c i l i t i e s  

7.1 C l a s s i f i c a t i o n  

Two s o r t s  o f  r i s k s  w i l l  be  c o n s i d e r e d  h e r e :  

i)  T h e f t  of f i s s i l e  o r  r a d i o a c t i v e  m a t e r i a l  by a  p r i v a t e  

g roup  (see Ref .  [7-11) f o r  t h e  pu rpose  of  c o n s t r u c t i n g  

a  n u c l e a r  e x p l o s i v e  d e v i c e ,  o r  r e l e a s e  of  r a d i o a c t i v e  

m a t e r i a l  t o  t h e  envi ronment ;  

ii) D e s t r u c t i o n  of  a  n u c l e a r  f a c i l i t y  a s  a  s p e c i a l  form 

o f  s a b o t a g e .  

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  by a  s t a t e  government i s  n o t  

c o n s i d e r e d  h e r e .  T h i s  f a l l s  i n  t h e  domain o f  t h e  I A E A  i n t e r -  

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

Non-Prolif  e r a t i o n  T r e a t y  [7-21 . 
7.2 T h e f t  o f  F i s s i l e  o r  R a d i o a c t i v e  M a t e r i a l  by a  

P r i v a t e  Group: D i v e r s i o n  S t r a t e g i e s  

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

b u t  o n l y  t h e  most e f f i c i e n t  ones  from t h e  p o i n t  of view o f  

t h e  d i v e r t e r .  T h i s  means t h a t  t h e  r e a c t o r s  c a n  be exc luded  

because  o f  t h e i r  heavy con ta inmen t  and t h e  s e l f - s h i e l d i n g  

e f f e c t  o f  h i g h - r a d i a t i o n  envi ronment  of  t h e  f i s s i l e  m a t e r i a l .  

Two p o s s i b i l i t i e s  have t o  be c o n s i d e r e d :  

i)  C l a n d e s t i n e  t h e f t  of s m a l l  amounts o f  n u c l e a r  m a t e r i a l ,  

ii) T h e f t  by sudden a t t a c k .  

I t  i s  assumed t h a t  c a s e  i )  is  n o t  p o s s i b l e  w h i l e  t h e  m a t e r i a l  

i s  i n  t r a n s p o r t  o r  i n  a  was t e  s t o r a g e  f a c i l i t y  because  o f  t h e  

con ta inmen t  measures  a p p l i e d  t h e r e ;  and i n  a d d i t i o n ,  t h a t  

c a s e  ii) d o e s  n o t  a r i s e  a t  a  was t e  s t o r a g e  f a c i l i t y ,  a s  t h e  

e x t r a c t i o n  o f  t h e  r e s i d u a l  f i s s i l e  m a t e r i a l  f o r  t h e  pu rpose  

of c o n s t r u c t i n g  a  f i s s i o n  bomb would b e  most d i f f i c u l t .  

F u r t h e r ,  it c a n  b e  assumed t h a t  sudden a t t a c k  f o r  t h e  

pu rpose  of o b t a i n i n g  s m a l l  amounts of  r a d i o a c t i v e  s u b s t a n c e s  

f o r  p lanned  c o n t a m i n a t i o n s  c a n  be  exc luded ,  a s  t h i e v e s  may 

hope t o  g e t  them more e a s i l y  by c l a n d e s t i n e  d i v e r s i o n .  



A s  a  r e s u l t ,  w i t h  r e s p e c t  t o  t h e  r i s k  o f  r e l e a s e  of  

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

d e s t i n e  d i v e r s i o n  o f  Pu o r  U233 from t h e  r e p r o c e s s i n g  and 

f a b r i c a t i o n  f a c i l i t i e s .  I t  i s  p l a u s i b l e  t o  assume t h a t  

d i v e r s i o n  would t a k e  p l a c e  when such  n u c l e a r  m a t e r i a l s  a r e  

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

Assuming t h a t  l o c k s  o f  p r e s e n t - d a y  d e s i g n  a r e  i n s t a l l e d ,  

a b o u t  1 g  of  Pu may b e  t a k e n  o u t  i n  a  s i n g l e  o p e r a t i o n .  T h i s  

r e q u i r e s  a  s h i e l d i n g  o f  a b o u t  5cm l e a d  [7-31. I t  i s  t h e r e -  

f o r e  assumed t h a t  l o g  Pu ( o r  U233) may b e  d i v e r t e d  i n  t h i s  

manner. 

To c o n s t r u c t  a n  e x p l o s i v e  d e v i c e  one  would r e q u i r e  a b o u t  

1000 s i n g l e  d i v e r s i o n s .  T h e r e f o r e  t h i s  manner of  o b t a i n i n g  

f i s s i l e  m a t e r i a l  f o r  a  bomb w i l l  n o t  be  c o n s i d e r e d  h e r e .  

I n s t e a d ,  a n  a t t a c k  on a  s i n g l e  t r a n s p o r t ,  which h a s  enough 

f i s s i l e  m a t e r i a l  f o r  one  e x p l o s i v e  d e v i c e ,  i s  c o n s i d e r e d .  

The s t r a t e g i e s  c o n s i d e r e d  a r e  l i s t e d  i n  T a b l e  7-1. 

7 .3  R e l e a s e  o f  R a d i o a c t i v e  M a t e r i a l  

I t  i s  assumed t h a t  a  p r i v a t e  g r o u p  h a s  o b t a i n e d  a  g i v e n  

amount of  p lu ton ium ( x  grams)  and i n t e n d s  t o  d i s p e r s e  it i n t o  

t h e  a tmosphere  above a  c i t y  o f  l o 6  i n h a b i t a n t s .  

I n  T a b l e  4 - 4 ,  a  t y p i c a l  p lu ton ium m i x t u r e ,  a s  w e l l  a s  

i t s  r a d i o a c t i v i t y ,  i s  g i v e n .  I f  one  assumes t h a t  t h e  amount 

x [ g ]  of  p lu ton ium i s  d i s p e r s e d  i n t o  t h e  a tmosphere  and w i l l  

r emain  t h e r e  f o r  T  = 10 d a y s ,  t h e n  t h e  a p p l i c a t i o n  o f  equa- 

t i o n  ( 3 - l ) ,  w i t h  e q u a t i o n  ( 4 - 2 ) ,  r e s u l t s  i n  

S i n c e  i n  t h i s  c a s e  t h e  c l o s e  v i c i n i t y  of  t h e  p o i n t  where t h e  

d i s p e r s i o n  t a k e s  p l a c e  i s  t h e  most  c r i t i c a l  one ,  a  v a l u e  of  

s = i s  used  h e r e ,  which l e a d s  t o  
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T h i s  means ,  f o r  example ,  t h a t  f o r  x  = 5 k g  t h e  l i m i t i n g  v a l u e  

would b e  P  = 0.28 * 1  o - ~  [$I . 
The p o p u l a t i o n  d o s e  r a t e  i s  g i v e n  by 

T  * 8 . 6 4  * l o 4  C a i r  B M = P * x * -  * 1 lii * 0 . 5  * Jc 
MPCi 3 . 1 5  * l o 7  

I 

i 

which  g i v e s  

One may c o n s i d e r  t h e  c a s e  where  t h e  p l u t o n i u m  i s  d i s p e r s e d  

i n  t h e  d r i n k i n g - w a t e r  s u p p l y  o f  t h e  c i t y .  The d o s e  r a t e  

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

MPC's o f  w a t e r  and a i r  a r e  much s m a l l e r  t h a n  t h o s e  o f  t h e  

amounts  o f  w a t e r  and  a i r  consumed by t h e  a v e r a g e  man d u r i n g  

t h e  same p e r i o d  o f  t i m e .  

7 . 4  D e s t r u c t i o n  o f  a  N u c l e a r  F a c i l i t y  

C o n s i d e r a t i o n  i s  g i v e n  o n l y  t o  a  f u e l  f a b r i c a t i o n  f a c i l i t y ,  

a s  u n t i l  now s u c h  f a c i l i t i e s ,  c o n t r a r y  t o  r e a c t o r s  and r e p r o -  

c e s s i n g  f a c ' i l i t i e s ,  h a v e  no heavy  c o n c r e t e  c o n t a i n m e n t  s t r u c -  

t u r e s .  The c a l c u l a t i o n s  w i l l  b e  g i v e n  f o r  a  p l u t o n i u m  p l a n t ;  

c a l c u l a t i o n s  f o r  u r a n i u m  233 p l a n t s  a r e  s i m i l a r .  

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

o b t a i n s  

which r e s u l t s  i n  



a  
(Here one  h a s  t o  u s e  P  = - and - 7  0  2 5 0 0 0  f o r  q u a n t i t i e s  which 

1 
7  0a 

would l e a d  t o  P  > 70 . )  

For  x  = 5009 t h i s  g i v e s  

The p o p u l a t i o n  d o s e  r a t e  i s  g i v e n  by 

T  * 8.64 * l o 4  'i a i r  B M = P * x *  7  * * 0.5 * JB I 

3.15 * 10 i 

which ,  w i t h  t h e  v a l u e  ( 3 - 7 c ) ,  g i v e s  

7 . 5  C o n s t r u c t i o n  o f  a  Nuc lea r  ~ x p l o s i v e  ~ e v i c e  

I n  t h i s  s e c t i o n  it i s  assumed t h a t  a  p r i v a t e  g roup  

(g roup  ' X ' ,  see Ref .  [ 7 - I ] )  h a s  o b t a i n e d  t h e  m a t e r i a l  neces -  

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

a s sumpt ions  a r e  made: 

a )  An e x p l o s i v e  d e v i c e  i s  c o n s t r u c t e d  w i t h  5 . 6 k g  of PU 

of  t h e  c o m p o s i t i o n  g i v e n  i n  T a b l e  4 - 4 .  1 %  of  t h e  Pu,  

(56 g )  i s  f i s s i o n e d .  T h i s  c o r r e s p o n d s  t o  1 k i l o t o n  

of  TNT (see Ref .  [ 7 - 4 1 ) ;  

b )  The d e v i c e  i s  exp loded  on a  t ower  i n  t h e  midd le  of  
-6 sec 

a  c i t y .  T h e r e f o r e  a  d i s p e r s i o n  f a c t o r  o f  s = 10 

i s  u s e d ;  01 
C )  The p e o p l e  i n  t h e  v i c i n i t y  o f  t h e  e x p l o s i o n  a r e  

exposed  t o  t h e  r a d i a t i o n  f o r  T  = 300 min; 
2 

d )  The p o p u l a t i o n  d e n s i t y  i n  t h e  c i t y  i s  5000 man/km , and 

a n  env i ronmen t  w i t h  a  r a d i u s  o f  10 km i s  c o n s i d e r e d ;  



e )  The d o s e  f rom such  a n  e v e n t  d o e s  n o t  exceed 25 r e m  

o v e r  70 y e a r s ;  

f )  The mechan ica l  d e s t r u c t i o n  i s  c o n s i d e r a b l e ,  b u t  i s  

n o t  assumed t o  b e  o r d e r s  o f  magni tude  l a r g e r  t h a n  

t h a t  of  a  c o n v e n t i o n a l  e x p l o s i v e  d e v i c e .  I t  w i l l  

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

n u c l e a r  f u e l  c y c l e .  

The a v e r a g e  d i l u t i o n  volume, 3000 min a f t e r  t h e  e x p l o s i o n ,  

i s  d e t e r m i n e d  g r a p h i c a l l y .  The v a l u e  i s  3 . 2  * 10 15 m3 

a  - 1 L e t  P = - be  t h e  p r o b a b i l i t y  [sec 1 t h a t  a  d e v i c e  w i l l  7  0  
b e  exp loded .  Then from e q u a t i o n  (3-1 ) one  h a s  

T h i s  g i v e s  

a  = 3.56  and P  = - 2'0 [&I 
The p o p u l a t i o n  d o s e  r a t e  i s  g i v e n  by 

L i a i r  B M = P * ~ - *  T * 6 0  * o . s * J ~  I 

i MPCi 3.15  * 1 o7 

which g i v e s ,  w i t h  ( 3 - 7 d ) ,  
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8 .  Summarv o f  R a d i a t i o n  Dose R a t e s  

T a b l e  8-1 summar izes  a l l  i n d i v i d u a l  a n d  p o p u l a t i o n  d o s e  

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

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

c o n s t i t u t e  t h e  n u c l e a r  f u e l  c y c l e  d e s c r i b e d  i n  C h a p t e r  2. 

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

f r o m  normal  o p e r a t i o n s  r e l e a s e s  i s  d i f f e r e n t  f r o m  t h a t  u s e d  

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

(RF) c o n s i s t e n t  w i t h  p r e s e n t - d a y  t e c h n o l o g y  and  p r a c t i c e s  

a r e  u s e d .  A s  t h e r e  i s  no e x p e r i e n c e  w i t h  r e s p e c t  t o  a c c i d e n t  

p r o b a b i l i t i e s  (P:') it was n e c e s s a r y  t o  p l c c e e d  i n  a  d i f f e r e n t  

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

o f  2 5 r e m  o v e r  a  l i f e t i m e  was assumed and  t h e  c o r r e s p o n d i n g  

a c c i d e n t  p r o b a b i l i t y  r e s u l t i n g  i n  s u c h  a  d o s e  was c a l c u l a t e d .  

I t  s h o u l d  b e  m e n t i o n e d ,  however ,  t h a t  o u r  method o f  

e v a l u a t i n g  r a d i a t i o n  d o s e s  i s  s i m p l e  enough t o  p r o v i d e  new 

v a l u e s  i f  t h e r e  a r e  good r e a s o n s  t o  c h a n g e  t h e  r e t e n t i o n  

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

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

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

h a v e  b e e n  d o n e .  

A s  t h e  r e t e n t i o n  f a c t o r s  may c h a n g e  c o n s i d e r a b l y  i n  t h e  

n e x t  50 y e a r s ,  it i s  d i f f i c u l t  t o  d r a w  a n y  c o n c l u s i o n s  f r o m  

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

T a b l e  8-1.  I t  i s  c l e a r  t h a t  k r y p t o n  8 5  c a n n o t  c o n t i n u e  t o  

b e  c o m p l e t e l y  r e l e a s e d ;  i n  f a c t ,  k r y p t o n  r e t e n t i o n  i s  b e i n g  

p l a n n e d  t o d a y .  On t h e  o t h e r  h a n d ,  e s p e c i a l l y  t h e  k r y p t o n  8 5  

f i g u r e s  i n  T a b l e  8-1 s h o u l d  n o t  b e  t a k e n  t o o  l i t e r a l l y ,  a s  

t h e r e  i s  a n  o n g o i n g  d i s c u s s i o n .  Some s a y  t h a t  t h e  c o n v e r s i o n  

f a c t o r  f o r  k r y p t o n  8 5  i s  t o o  c o n s e r v a t i v e  (see e . g . ,  Ref .  [ 8 - I ] ) ,  

and o t h e r s  i n  f a c t  a r g u e  f o r  a  s t r o n g  r e d u c t i o n  o f  t h e  k r y p t o n  

8 5  r e l e a s e s  [8-21.  

I t  i s  i n t e r e s t i n g  t o  compare  t h e  r a t i o s  o f  t h e  p o p u l a t i o n  

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

g r o u n d  r a d i a t i o n .  The h i g h e s t  v a l u e s  are g i v e n  by :  



TABLE 8-1: SUMMARY OF RADIATION DOSE RATES 

cc 

U 

I 

cc w 
+LLl 

ax+ 
z-cn - 4 
cnnz 
cnZ 

01-44 -- 
,%en.~ 
-cn 

b 

KR 85 (A) 

XE 133(A) 

H3 (A) 

H3 ( W )  

KR 85 (A) 

H ~ ( A ) "  

H3 (w)" 

Pu (W)  

U233 ( W  > 
ACTIN I D E S ( A ) ~ .  

NORMAL OPERATING 

B/Bo 

1 . 4 * 1 0 - ~ ( ~ )  
5 . 3 * 1 0 - ~  (v) 

2 9*10-' (P) 
7 . 4 * 1 0 - ~ ( ~ )  
6 . 3 * 1 0 - ~ ( ~ )  

1 .4  * lo- '  (v) 

0.31 (P) 
0.74 (Y> 
1 . 3 * 1 0 - ~ ( ~ )  

2 . 5 * 1 0 - ~ ( ~ )  

~ . l * l O - ~  (v) 

4 . 8 * 1 0 - ~ ( ~ )  
5 * 1 0 - ~ ( ~ )  

10-2 (p) 

,4,10-2(p) 

- 

- 

- 

I 

FABRI CAT I ON PLANT 
Pu (A) 

WASTE SOLIDIFICATIOh2 
EQU, Cs 137 (A) 

FINAL WASTE STORAGE 

BM/BMo 

5,3*10-3 

7 6*10- 4 

- 

4 . 5 * 1 0 - ~  

0.24 

- 

8.10'~ 

6 . 9 * 1 0 - ~  

1 . 6 * 1 0 - ~  
10'~ 

7 * 1 0 - ~  

1 18*10-5 

- 

- 

- 

n a 
Z Z 
4 - 
W -  
a 4  

E 8 
m a  
4 -J 

m m  

B/Bo 

% 

3 

- 

% 

3 

25 -8 

RELEASES 

RF 

1) 

" 

1) 

1 

10 

l o 2  
l o 7  
107 

10" 

10' 

105 

- 

- 

- 

RELEASE OF 
RADIOACTIVE 
MATERIAL 

EXPLOSIVE 
DEVICE 

ACCIDENTAL 

BM/BMo 

0.09 

REPRO: 

7.2 

INT,W,ST! 
0,003 

2 . 5 * 1 0 - ~  

- 

0.15 

4 3.2.10- 

0.02 

RELEASES 

P i 1  [h] 

0.04 

0 . 4 

5 * 1 0 - ~  

' P ~ * X  = 

1.4*103 3 '  

- 

p g 1 * ~ 1 * ~ 2 =  

4 . 2 * 1 0 - ~  4 '  

p j l * x=  

1 4 ~ '  

0.05 



E x p l a n a t i o n s  f o r  T a b l e  8-1 

B : I n d i v i d u a l  d o s e  r a t e  

Bo : I n d i v i d u a l  n a t u r a l  background r a d i a t i o n  d o s e  r a t e  

BM : P o p u l a t i o n  d o s e  r a t e  

BMo: P o p u l a t i o n  n a t u r a l  background r a d i a t i o n  d o s e  r a t e  

RF : R e t e n t i o n  f a c t o r  

P :  Upper l i m i t  f o r  a c c i d e n t  p r o b a b i l i t y  f o r  o n e  
f a c i l i t y  

P  : P o i n t  s o u r c e  d o s e  r a t e  

V : Volume s o u r c e  d o s e  r a t e  

1 )  : C o n s i s t e n t  w i t h  p r e s e n t - d a y  t e c h n o l o g y  

2 )  : A l t e r n a t i v e l y ,  s e e  t e x t  S e c t i o n  4 . 2 . 2  

3 )  : Amount x  [ g ]  o f  p l u t o n i u m  r e l e a s e d  

4 )  : F r a c t i o n  F1 o f  s t o r a g e  f l o o d e d  and r e t e n t i o n  

f a c t o r  F2  o f  t h e  s o i l  



a) Intermediate waste storage facility accident 

(BM/BMo = 0.003) , 
b) Nuclear explosive device (BM/BM = 0.02), 

0 

c) Reactor accident (BM/BMo = 0.09) , 
d) Final waste storage facility accident (BM/BMo = 0.15). 

Even if it is difficult to understand the actual values (we 

will come back to this question in the next chapter) one can 

appreciate their ordering in view of the different population 

densities used in each case and the following plausibility 

arguments: 

a) It was assumed for the explosive device that 569 

of fissionable material is fissioned; 

b) In a 1000 MWe reactor with an inventory of 3000 kg 

of fissionable material, we have on the average 

3000 kg fissionable material which is fissioned. 

If one assumes a ratio of 60 between the radio- 

activity of material just fissioned and that of 

material fissioned one year earlier (see Ref. [6-31) , 
and if one assumes further that on the average the 

fissioned material in the reactor was fissioned one 

year earlier, the radioactive inventory corresponds 

to 3000/60 = 50kg of freshly fissioned material; 

c) In one intermediate liquid waste storage facility 
3 one has 1000m , which corresponds to 1000 tons of 

fuel, 30 tons of which was fissioned. Assuming for 

the average storage content a ratio of 100 between 

material just fissioned and material fissioned 2.5 

years earlier (see Ref. [6-3]), one obtains an in- 

ventory corresponding to 300kg of freshly fissioned 

material; 

d) According to the fuel cycle data, one final waste 

storage facility receives 150 tons of waste per year. 

Furthermore, according to Chapter 6 the equilibrium 

radioactive inventory is about 20 times the annual 

input into the storage. Assuming a decay factor of 

3000 between freshly fissioned material and the 

average waste stored, one obtains an inventory corre- 

sponding to 10 tons of freshly fissioned material. 



Without f u r t h e r  e labora t ion  on these  values  of radio-  

a c t i v e  inven to r i e s ,  one can g e t  an ind ica t ion  of where the  

major problems of a  l a rge  s c a l e  nuclear f u e l  cyc le  a r e  

located.  
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9.  P o l i c y  C o n s i d e r a t i o n s  and t h e  Concept o f  U t i l i t y  

9.1 Reac to r  Acc iden t s  

Befo re  s t a r t i n g  a  new l i n e  of r e a s o n i n g ,  l e t  u s  r e c a l l  

t h e  meaning of t h e  r e a c t o r  a c c i d e n t  p r o b a b i l i t y  P O '  a s  d e f i n e d  
D 

i n  S e c t i o n  5.2 ( t h e  prime i n d i c a t e s  t h a t  t h i s  q u a n t i t y  i s  de-  

f i n e d  f o r  one  r e a c t o r ) .  A l t o g e t h e r  100 r e a c t o r s  a r e  c o n s i d e r e d ,  

50 FBR's and 50 HTGR's. The index  0  r e f e r s  t o  t h e  f a c t  t h a t  

t h i s  i s  a n  upper  bound, and D r e f e r s  t o  " d e s i g n "  and t h e  

concep t  of  " d e s i g n  b a s i s  a c c i d e n t "  ( D B A ) .  I n  S e c t i o n  5.2 

it was a l s o  observed  t h a t  one c a n  always imagine t r a n s  d e s i g n  

b a s i s  a c c i d e n t s  (TDBA) . I m p l i c i t l y  it was assumed t h a t  t h e  

p r o b a b i l i t y  f o r  a  TDBA i s  always s m a l l e r  t h a n  t h a t  f o r  a  DBA, 

and t h a t  changes  i n  t h e  l i m i t i n g  v a l u e  o f  p r o b a b i l i t y  of  t h e  

DBA by a p p r o p r i a t e  t e c h n i c a l  means have a n  impact  on t h e  

l i m i t i n g  v a l u e  of  t h e  TDBA p r o b a b i l i t y  w i t h i n  t h e  c o n s i d e r e d  

o r d e r i n g .  
0 ' The v a l u e  of  PD was c a l c u l a t e d  w i t h  t h e  h e l p  of equa- 

t i o n  (5-4)  by u s i n g  t h e  c o n c e p t  of  an  i n d i v i d u a l  d o s e  r a t e  

of 25 r e m  i n  70 y e a r s ,  un i fo rmly  d i s t r i b u t e d  ove r  t h a t  p e r i o d .  

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

r a t e  BM' o f  a  s i n g l e  r e a c t o r ,  de te rmined  by u s i n g  e q u a t i o n  

(5-6)  , i s  e q u i v a l e n t  t o  

0 ' 
BM' = PD 

T h i s  e q u a t i o n  c a n  be  i n t e r p r e t e d  i n  such  a  manner t h a t  an 

a c c i d e n t  w i t h  a  consequence o f  x  manrem must n o t  occu r  more 
0 t h a n  PD t i m e s  p e r  y e a r .  

The r e s u l t  of t h e  c a l c u l a t i o n s  was t h a t  t h e  v a l u e s  f o r  

O '  a r e  a s  h i g h  a s  and t h a t  t h e  p o p u l a t i o n  d o s e  r a t e s  from 
P~ 
a l l  r e a c t o r s  was o n l y  1/10 t h e  p o p u l a t i o n  n a t u r a l  background 

r a d i a t i o n  d o s e  r a t e .  However, it i s  w e l l  known t h a t  r e a c t o r  

a c c i d e n t  p r o b a b i l i t i e s  a r e  p o s t u l a t e d  t o  b e  s m a l l e r  by many 

o r d e r s  of magni tude.  T h i s  may seem unnecessa ry  i n  view of  

ou r  r e s u l t s .  I t  i s  c l e a r  t h a t  t h e  r e a s o n  f o r  t h i s  l a r g e  

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



was u sed :  it was assumed t h a t  25 r e m  u n i f o r m l y  d i s t r i b u t e d  

o v e r  70 y e a r s  i s  t h e  same a s  25 r e m  w i t h i n  a  v e r y  s h o r t  t i m e .  

I n  a d d i t i o n ,  i n  t h e  a n a l y s i s  i n  S e c t i o n  5 .2  it was assumed 

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

t h e  DBA; and t h a t  a s  a  consequence  o f  s u c h  a n  a c c i d e n t  no 

p e r s o n  g e t s  more t h a n  25 r e m .  I n  r e a l i t y ,  however ,  a  v a r i e t y  

o f  a c c i d e n t s  o f  d i f f e r e n t  magn i t udes  a r e  p o s s i b l e  t h a t  i n  

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

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

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

b e  l e t h a l ,  w h i l e  t h e  same d o s e  d i s t r i b u t e d  o v e r  a  l a r g e  num- 

b e r  o f  p e o p l e  c a u s e s  r e l a t i v e l y  l i t t l e  harm. ( A s  a n  example:  

a n  i n d i v i d u a l  h a s  a  p r o b a b i l i t y  o f  0 . 5  o f  d y i n g  i f  s u b j e c t  

t o  a  500 r e m  d o s e ;  1000 manrem w i l l  t h e r e f o r e  l e a d  t o  one  

f a t a l i t y ,  i f  t h e  number o f  p e o p l e  exposed  i s  s u f f i c i e n t l y  

s m a l l .  ) 

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

o f  r e a c t o r  a c c i d e n t s  by Farmer  [9-11;  t h e  s o - c a l l e d  Farmer  

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

d e n t  o f  a  g i v e n  consequence .  F o l l o w i n g  t h i s  c o n c e p t ,  S t a r r  

[9-21 and o t h e r s  have  i n t r o d u c e d  t h e  r i s k  c o n c e p t  by c o n s i d e r -  

i n g  t h e  e x p e c t a t i o n  v a l u e  o f  t h e  c o n s e q u e n c e s  ( e . g . ,  number 

o f  f a t a l i t i e s )  of  a n  a c c i d e n t  o c c u r r i n g :  i n  a  d i s c r e t e  v e r -  

s i o n ,  i . e . ,  i f  o n l y  a  f i n i t e  number o f  a c c i d e n t s  i s  p o s s i b l e ,  

t h e  e x p e c t a t i o n  v a l u e  E i s  

where  xi  d e s c r i b e s  t h e  c o n s e q u e n c e s  o f  t h e  a c c i d e n t  i t  and 

p ( x i )  t h e  p r o b a b i l i t y  o f  t h e  a c c i d e n t  i o c c u r r i n g .  By p e r -  

f o r m i n g  t h i s  summation,  a n  a v e r a g i n g  p r o c e s s  w i t h  r e s p e c t  t o  

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

w i t h  a  s m a l l  p r o b a b i l i t y  a r e  t a k e n  t o g e t h e r  w i t h  a c c i d e n t s  

t h a t  a r e  much less  s e v e r e  b u t  have  a  much h i g h e r  p r o b a b i l i t y .  

I n  t h e  e x t r e m e  t h i s  l e a d s  t o  t h e  r e s u l t  t h a t  r a r e  b u t  v e r y  



severe accidents are de facto eliminated from the analysis as 

they do not contribute significantly to the expectation value 

(9-2). This represents a particular difficulty of the con- 

cept, as societal perception of accidents rates one severe 

accident higher than the equivalent sum--in terms of conse- 

quences--of small accidents. Focussing on that difficulty, 

let us now consider two types of accidents: a first type 

with a particular manrem value which is smaller than or equal 

to a DBA, and a second type with a particular manrem value 

relating to a TDBA. 

The limiting values for reactor accident probabilities 

are at present much smaller than those calculated in Chapter 

5. For the purpose of illustration, the recently published 

Rasmussen Report [9-31 concludes that for Light Water Reactors 

the probability of a TDBA with 3000 fatalities is per 

year. If it is assumed that, as mentioned above, 1000 rem 

is lethal, then if rigorously pursued, this translates, with- 

in the concept of expected values, into an expected population 

dose rate of 

which is indeed a very small number for any society. 

Conceptually, this result is applied to our case in the 

following manner. In the Rasmussen Report 100 GWe were con-- 
- 

sidered, whereas in this paper the equivalent of about 1000 GW 
manrem e 

is considered. A total population dose rate of 3[ I for 
Yr 

TDBA's with 3000 fatalities is thus implied by the Rasmussen 

analysis. This leads to an implied TDBA probability P for all 

reactors, which is given by 

- 8  1 or P = 7 0 - ~  [ l ]  for all reactors, i.e., PI = 10 [--I for each 
Yr Yr 

single reactor station of the model society; which is in line 



w i t h  p resen t -day  e n g i n e e r i n g  p r a c t i c e s .  The c o n t r a s t  t o  t h e  

v a l u e s  of  Chapter  5  can  be  f u r t h e r  h i g h l i g h t e d  by a p p l y i n g  

e q u a t i o n  (9-2) t o  t h e  c a s e  of  t h e  two t y p e s  of  a c c i d e n t s  

o n l y .  T h i s  l e a d s  u s  t o  t h e  f o l l o w i n g  e x p e c t a t i o n  v a l u e :  

where index  1 r e f e r s  t o  t h e  f i r s t  t y p e  of a c c i d e n t  and index  

2 t o  t h e  second t y p e .  According t o  S e c t i o n  5 .2  one  h a s  

and f u r t h e r m o r e ,  

p ( x 2 )  * X 2  = 3 ( manrem 
Y r  I 

For t h e  s a k e  of a  h e u r i s t i c  argument it i s  assumed t h a t  

s o c i e t a l  p e r c e p t i o n  of a c c i d e n t s  i s  such  t h a t  bo th  t y p e s  o f  

a c c i d e n t s  a r e  of e q u a l  concern .  One manner of f a c t o r i n g  t h i s  

p e r c e p t i o n  i n t o  t h e  r i s k  c a l c u l a t i o n  i s  through t h e  i n t r o d u c -  

t i o n  of a  u t i l i t y  concep t  a c c o r d i n g  t o  v .  Neumann and 

Morgenstern [9-41. One o f  t h e  a u t h o r s  r e c e n t l y  p a r t i c i p a t e d  

i n  i l l u s t r a t i n g  p o s s i b l e  a p p l i c a t i o n s  of  t h i s  concep t  t o  t h e  

c a s e  of r e a c t o r  a c c i d e n t  a n a l y s i s  19-51, Accord ing ly ,  

c o n s i d e r ,  i n s t e a d  of  e q u a t i o n  ( 9 - 3 ) ,  t h e  f o l l o w i n g  e x p r e s s i o n :  

where u ( x )  i s  t h e  " u t i l i t y "  of  t h e  e v e n t  x ( s o c i e t y ' s  percep-  

t i o n  of  t h e  o b j e c t i v e  e v e n t  x ) .  I t  i s  now p o s s i b l e  t o  e q u a t e  

t h e s e  two components i n  e q u a t i o n  ( 9 - 4 ) ;  one o b t a i n s  



A utility ratio of l o 6  therefore reflects the ratio of 

society's perception of these different objective events. 

Existing techniques for evaluating utilities necessitate 

question and survey research of one sort or another. This 

results in a formalized scheme of dealing with society's 

perceptions and arrives at normative figures for the various 

probabilities in question. This kind of investigation is at 

present being pursued at IIASA. 

9.2 A Decision Procedure for the Develo~ment of a 

Large Nuclear Fuel Cycle -- 

This paper suggests a certain decision procedure for 

the deployment of a large nuclear fuel cycle if nuclear power 

is to be employed on a large scale. After having assessed 

the energy demand that is to be expected, and thereby the 

size of the fuel cycle in question, the following sequence 

of decisions or evaluations must be envisioned. 

1. A regulation must be established that sets an upper 

limit for the individual dose rate resulting from normal opera- 

tions losses and from accidental losses. So far, legally binding 

regulations for the individual dose rate resulting from the 

normal operations losses of the Light Water Reactors have 

been established in the U.S.A. and elswhere. For other fuel 

cycle facilities or other types of reactors, similar limits 

have been established, but they are not yet of the same legal 

quality. Fixing upper limits would lead to a first assessment 

of the design target for the various retention factors in- 

volved. Limits for an individual dose rate resulting from acci- 

dental losses have been considered but not yet introduced as 

part of a formal regulation. Among other things, binding 

regulations would require a more advanced state of failure 

tree analysis, or in other words, an extension of the kind of 

analysis performed in the Rasmussen Report [ 9 -31  to all kinds 

of nuclear facilities. Only in this case can limits for acci- 

dent probabilities, which thus have a normative function, be 

translated into engineering measures. 



Nevertheless, a formal assessment of limits to be esta- 

blished for the integrated individual dose over 70 years 

appears feasible. The value of 25 rem over 70 years is 

suggested in this paper. 

2. In addition, a regulation must be established that 

restricts an upper expected population dose rate resulting from 

normal operating releases and accidental releases. Further- 

more, governments may wish to assess constraints in terms 

of such population doses for regions where nuclear facilities 

are to be installed. A procedure analogous to that explained 

in this paper, but much more extensive and detailed can then 

be applied for site selection in each specific case. 

3. On a regional basis, procedures for assessing utili- 

ties of accidental releases of radioactivity should be en- 

visioned. This has the advantage that techniques of conflict 

analysis can be incorporated which involve all interest groups 

of the region. An example of this type of analysis has 

recently been given by Gros [ 9 - 6 1 .  In fact, such techniques 

would give interest groups a natural function in the region 

in question, and could help to resolve the issue of govern- 

mental versus group interests. This would lead, for example, 

to limits for accident probabilities which are consistent 

with the views of the local interest groups. It should be 

realized, however, that such a procedure may change the allo- 

cated limit for the population dose; the original limit would 

therefore serve more as a criterion for the adequate geograph- 

ical distribution of the population dose than for determining 

its actual limits. 

The authors realize that it will take some time before 

such a scheme can be made operational. Failure tree analysis 

and procedures for assessing utilities are most in need of 

development. However, it should be realized that the rational 

deployment of a large nuclear fuel cycle also requires time. 

It is obvious that more work is needed if such rational de- 

ployments are to be made. 
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APPENDIX I 

Maximum P e r m i s s i b l e  C o n c e n t r a t i o n  of R a d i o n u c l i d e s ,  

a s  Recommended by t h e  ICRP 

The I n t e r n a t i o n a l  Commission f o r  R a d i o l o g i c a l  P r o t e c t i o n  

(ICRP) c l a s s i f i e s  a l l  t y p e s  of r a d i a t i o n  e x p o s u r e  i n t o  c a t e -  

g o r i e s  a s  f o l l o w s :  

A.  O c c u p a t i o n a l  exposu re  

B. Exposure  o f  s p e c i a l  g r o u p s  

1 )  A d u l t s  who work i n  t h e  v i c i n i t y  of c o n t r o l l e d  

a r e a s  b u t  who a r e  n o t  t h e m s e l v e s  employed i n  

work c a u s i n g  exposu re  t o  r a d i a t i o n ,  

2 )  A d u l t s  who e n t e r  c o n t r o l l e d  a r e a s  o c c a s i o n a l l y  

i n  t h e  c o u r s e  of  t h e i r  d u t i e s  b u t  who a r e  n o t  

r e g a r d e d  a s  r a d i a t i o n  worke r s ,  

3 )  Members o f  t h e  p u b l i c  l i v i n g  i n  t h e  ne ighbor -  

hood of c o n t r o l l e d  a r e a s ;  

C .  Exposure  of t h e  p o p u l a t i o n  a t  l a r g e .  

For  o c c u p a t i o n a l  e x p o s u r e ,  t h e  b a s i c  s t a n d a r d s  of  p e r -  

m i s s i b l e  exposu re  t o  i n t e r n a l  e m i t t e r s *  a r e  adop ted  f rom t h e  

v a l u e s  d e s i g n e d  o r i g i n a l l y  f o r  e x t e r n a l  exposu re** ;  i . e . ,  t h e  

d o s e  t o  t h e  gonads o r  t h e  b lood- forming  o r g a n s  d u r i n g  any 

p e r i o d  of  13 c o n s e c u t i v e  weeks may n o t  exceed  3  r e m ,  and t h e  

accumula ted  d o s e  t o  t h e  blood-forming o r g a n s  o r  gonads  a t  

a g e  N may n o t  exceed  5(N - 18)  r e m .  The d o s e  r a t e  t o  o r g a n s  o t h e r  

t h a n  gonads ,  s k i n ,  bone,  and t h y r o i d  may n o t  exceed  15  rem/ycar .  

The s k i n  and t h y r o i d  a r e  p e r m i t t e d  t w i c e  t h i s  v a l u e .  

* 
R a d i a t i o n  a r i s i n g  f rom r a d i o n u c l i d e s  w i t h i n  t h e  body. 

* *  
R a d i a t i o n  r e a c h i n g  t h e  body from r a d i o n u c l i d e s  e x t e r n a l  

t o  t h e  body. 



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

o r  w a t e r  a r e  o b t a i n e d  by c a l c u l a t i n g  t h e  c o n c e n t r a t i o n  of a  

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

would i n  a  l i f e t i m e  e x p o s u r e  o f  50 y e a r s  r e s u l t  i n  a  body 

burden  t h a t  would d e l i v e r  t h e  maximum p e r m i s s i b l e  d o s e  t o  one  

o r  more o r g a n s  of  t h e  body. The o r g a n  t h a t  t e n d s  t o  r e c e i v e  

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

r a d i o n u c l i d e ,  i s  known a s  t h e  c r i t i c a l  o rgan .  

The p e r m i s s i b l e  l e v e l s  f o r  t h e  i n t e r n a l  emit ters  a r e  

c a l c u l a t e d  on t h e  a s sumpt ion  t h a t  t h e r e  i s  no e x p o s u r e  t o  

e x t e r n a l  r a d i a t i o n .  Where such  e x p o s u r e  d o e s  e x i s t ,  t h e  

p e r m i s s i b l e  i n t e r n a l  d o s e  must be  r educed  s o  t h a t  t h e  t o t a l  

d o s e  t o  t h e  o r g a n  f rom b o t h  i n t e r n a l  and e x t e r n a l  s o u r c e s  d o e s  

n o t  exceed t h e  b a s i c  v a l u e .  To accompl i sh  t h i s ,  t h e  MPC 

v a l u e s  must  b e  r educed  by t h e  f a c t o r  ( D  - E ) / D ,  where D i s  

t h e  maximum p e r m i s s i b l e  d o s e  p e r m i t t e d  t o  a n  o r g a n  and E i s  

t h e  d o s e  r e c e i v e d  f rom e x t e r n a l  r a d i a t i o n .  

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

r e p o r t e d  i n  t h i s  p a p e r .  The b a s i c  r a d i a t i o n  g u i d e  recommends 

t h a t  i n d i v i d u a l s  who compr i se  g r o u p s  B ( a )  and B ( b )  , a s  g i v e n  

above,  shou ld  n o t  e x p e r i e n c e  d o s e  r a t e s  exceed ing  a  whole-body o r  

gonada l  d o s e  of  1 . 5  r ems /yea r .  The c o r r e s p o n d i n g  l i m i t  f o r  

an  i n ? . i v i d u a l  of c l a s s  B ( c )  i s  se t  a t  0 .5  rems/year .  I f  t h e r e  

i s  no e x t e r n a l  r a d i a t i o n ,  t h e  c o r r e s p o n d i n g  MPC v a l u e s  f o r  

c l a s s e s  B ( 1 )  and B ( 2 )  a r e  0 . 3  o f  t h e  o c c u p a t i o n a l  v a l u e s  f o r  

t h e  40 h r  week, and f o r  c l a s s  B ( 3 )  0.1 o f  t h e  o c c u p a t i o n a l  

v a l u e s  f o r  c o n t i n u o u s  exposu re ,  i . e .  f o r  t h e  1 6 8 h r  week. 

The c o n t i n u o u s  o c c u p a t i o n a l  gonadal.  d o s e  r a t e  p e r m i t t e d  by 

t h e  ICRP recommendat ions  i s  5 rem/yr .  The c o r r e s p o n d i n g  MPC' 

v a l u e s  have  been e s t a b l i s h e d  by t h e  ICRP f o r  many r a d i o n u c l i d e s  

and a l l  c r i t i c a l  o r g a n s .  T h e r e f o r e ,  t h e  ICRP t a b l e s  p r o v i d e  

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

o r  w a t e r  a r e  l a b e l e d  MPCA o r  MPCW where A i s  f o r  a i r  and W 
w a t e r .  



t h e  va lue s  f o r  t h e  convers ion f a c t o r  p def ined  i n  Chapter 3: 

; MPC' = 10 MPC . 

I t  i s  t o  be noted t h a t  t h e  convers ion f a c t o r s  f o r  some impor- 

t a n t  r ad ionuc l i de s  have been c a l c u l a t e d  independent ly  by t h e  

EPA ( s e e  Ref. [8-21 ) . The EPA va lue s  do not  d i f f e r  much from 

t h e  ICRP va lue s ;  t h e r e f o r e ,  f o r  r easons  of cons i s t ency ,  t h e  

I C R P  va lue s  a r e  used.  

The l e v e l  sugges ted  by t h e  ICRP a s  t h e  maximum permiss i -  

b l e  gonadal dose  t o  t h e  whole popu la t ion ,  C lass  C above, i s  

a  cumulat ive dose  of 2 rem over 30 years*  appor t ioned between 

a  maximum of 1 .5  rem from i n t e r n a l  e m i t t e r s  and 0.5 rem from 

e x t e r n a l  r a d i a t i o n .  S ince  t h e  cont inuous  occupa t iona l  l e v e l  

( 1  68 hr/week) pe rmi t s  5  rem/year * 30 yea r s  = 150 rem i n  30 

yea r s  t o  t h e  gonads, such a  cont inuous  occupa t iona l  MPC must 

be m u l t i p l i e d  by a  f a c t o r  of 0 . 0 1  t o  g i v e  an equ iva l en t  con- 

s t a n t  l e v e l  of exposure.  The I C R P  has  suggested t h a t  t h e  same 

dose r a t e  l i m i t  ( 1  . 5  rem/30 y e a r s )  and r educ t i on  f a c t o r  ( 0 . 0 1 )  

be app l i ed  when t h e  t o t a l  body i s  t h e  c r i t i c a l  organ.  I n  t h e  

absence of an MPC v a l u e  based on t h e  gonads, it i s  recommended 

t h a t  0 . 0 1  of t h e  MPC based on t o t a l  body be used.  

For a  r a d i o n u c l i d e ,  o r  mixture  of r ad ionuc l i de s ,  which 

does no t  have t h e  t o t a l  body o r  t h e  gonads a s  a  c r i t i c a l  organ,  

it i s  sugges ted  t h a t  t h e  average pe rmi s s ib l e  l e v e l  f o r  l a r g e  
I popula t ions  be - of t h e  cont inuous  occupa t iona l  va lue  3  0 

- 

* 
The average  pe r iod  of p r o t e c t i o n  i s  t h e  f i r s t  30 y e a r s ,  

which i s  t h e r e f o r e  used a s  t h e  a p p r o p r i a t e  pe r iod  i n  which t h e  
g e n e t i c a l l y  s i g n i f i c a n t  dose  i s  accumulated. 



APPENDIX I1 

R a d i o n u c l i d e  T r a n s ~ o r t  i n  A i r  and Water 

T r a n s p o r t  i n  a i r  

I n  o r d e r  t o  d e t e r m i n e  ground l e v e l  c o n c e n t r a t i o n s  down- 

wind from a  c o n t i n u o u s  p o i n t  s o u r c e  t h e  f o l l o w i n g  e q u a t i o n  

i s  commonly used (see Ref .  [ A 2 - 1 1 )  : 

X ( X ~ Y )  = 
Q yL  e x p ( -  - T ; ~  

2 2 2 ) ,  
n * 6 y ( ~ )  ( x )  u 2 a y  ( x )  2 a Z  (x) 

(A2-  1 ) 
where 

x ( X  , y )  = c o n c e n t r a t i o n  [?] a t  downwind p o i n t  ( x ,  y ,  o )  

x = downwind d i s t a n c e  [ m ]  

Y = c ros swind  d i s t a n c e  [ m ]  

= s o u r c e  s t r e n g t h  [&I 
6 y , 6 z  = c ros swind  and v e r t i c a l  plume s t a n d a r d  d e v i a -  

t i o n s  [ m ]  

U = mean wind speed  [szc] - a t  t h e  s t a c k  e l e v a t i o n  h[m] 
- 
h  = e f f e c t i v e  s t a c k  h e i g h t  ( h  + Ah, t h e  plume r i s e ) ,  

[ m l  . 

Numerical  v a l u e s  f o r  6 and 6 z  w i l l  v a r y  a c c o r d i n g  t o  
Y 

s t a b i l i t y  c o n d i t i o n s ,  wind s h e a r ,  and roughness  o f  t h e  t e r r a i n .  

Fo r  p r a c t i c a l  a p p l i c a t i o n ,  v a l u e s  f o r  6 and B Z  were d e f i n e d  
Y 

by c l a s s i f y i n g  s t a b i l i t y  c o n d i t i o n s  a c c o r d i n g  t o  p r e v a i l i n g  

c o n d i t i o n s  o f  a v e r a g e  wind speed  and e s t i m a t e d  r a d i a t i o n  
X b a l a n c e .  I n  F i g .  A . 2 . 1  v a l u e s  f o r  U - a s  a  f u n c t i o n  o f  
Q 

downwind d i s t a n c e  f o r  a  s o u r c e  l o c a t e d  a t  a  h e i g h t  o f  30m 

a r e  g i v e n .  For  d i s t a n c e s  between 1 and 100km, t h e  v a l u e  of  

U X v a r i e s  between 1 o - ~  and  lo-'. T h e r e f o r e ,  assuming wind Q 



x ( m e t e r s  ) 

X 
FIGURE A2.1: VALUES OF O*,(x) AS A F U  NCTlON OF 

DOWNWIND DISTANCE x FOR A SOURCE 
LOCATED AT A HEIGHT OF 30rn. 



s p e e d s  o f  1  t o  100 m/sec, v a r i e s  be tween  1  o - ~  and lo-'. 
Q 

I n  T a b l e  A.2 .1  s i t u a t i o n s  which  r e s u l t  i n  a  d i s p e r s i o n  

f a c t o r  o f  X = lo-*  a r e  g i v e n .  T h i s  d i s p e r s i o n  v a l u e  i s  u s e d  Q 
f r e q u e n t l y  i n  t h e  l i t e r a t u r e  (see R e f .  [A2-21 and  [ A 2 - 3 ] ) ,  

and  i s  a l s o  u s e d  i n  t h i s  r e p o r t  e x c e p t  i n  a  few c a s e s  a s  n o t e d  

i n  t h e  t e x t .  

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

i s  n e c e s s a r y  t o  a c c o u n t  f o r  t h e  x -dependence  o f  x ( x , y )  . I n  

R e f .  [A2-41, it i s  shown t h a t  o n e  c a n  assume 

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

be tween  0 .6  and  0 . 9  and g  be tween  0 . 5  and 1 . 3 8 .  T h e r e f o r e ,  

f o r  o u r  p u r p o s e s  it i s  assumed t h a t  

n e g l e c t i n g  t h e  x -dependence  o f  6 and 6z i n  t h e  e x p o n e n t i a l  
Y 

f u n c t i o n  i n  e q u a t i o n  (A2-1) .  

T r a n s p o r t  i n  w a t e r  

I n  s h a l l o w  c o a s t a l  w a t e r s  t h e  maximum c o n c e n t r a t i o n  o f  

a  c o n t a m i n a n t  X ( x )  a l o n g  t h e  a x i s  o f  t h e  c u r r e n t  a t  a  d i s t a n c e  

x  f r o m  a  s o u r c e  i s  g i v e n  by (see R e f .  [A2-11) 

where  

Q = s o u r c e  s t r e n g t h  [s] 
D = d e p t h  o f  w a t e r  [m] - a -  

K = d i f f u s i v i t y  c o e f . f i c i e n t  
- 

U = c u r r e n t  v e l o c i t y  [%I 



TABLE A.  2 . 1: DISTANCES x [KM] WHERE FOR D IFFERENT 
METEOROLOG I C h L  CONDITIONS AND DIFFERENT 
WIND SPEEDS A D.ISTR!BUTION FACTOR 

= " I S  REALIZED. Q K] 

NOTE: 

A: EXTREMELY UNSTABLE 

B :  MODERATELY UNSTABLE 

C :  S L I G H T L Y  UNSTABLE 

D :  
E :  S L I G H T L Y  STABLE  



F o r  a d e p t h  o f  w a t e r  o f  D = 100 m and  a d i f f u s i o n  c o -  

e f f i c i e n t  K = 10  t h e  f o l l o w i n g  v a l u e s  o f  

o b t a i n e d :  

-2 T h e r e f o r e ,  i n  t h e  f o l l o w i n g  t h e  v a l u e  ( x )  = 1 0  w i l l  b e  
Q 

u s e d .  

F o r  g r o u n d w a t e r ,  o n e  c a n  a s s u m e  a d e p t h  o f  1 0 m  a n d  a 

s p e e d  o f  0 .1  m/sec. T h e r e f o r e ,  a  v a l u e  o f  10-I w i l l  b e  u s e d .  
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