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AN E V U U A T I O N  OF OPTIONS RELATIVE TO THE FIXATION 

AND DISPOSAL OF 14C-CONTAP.IINATED C02 AS C a C 0 3  

A l l e n  G. C ro f f  

ABSTRACT 

A paper  s t u d y  w a s  conducted t o  determine  t h e  b e s t  
method f o r  f i x i n g  t h e  14C-contaminated 602 r e s u l t i n g  from 
an  HTGR f u e l  b lock  b u r n e r  as CaC03, and t o  de te rmine  the 
b e s t  methods f o r  d i s p o s i n g  o f  the CaCO t h u s  produced. 
T h e  f i x a t i o n  method s e l e c t e d  w a s  t h e  d i r e c t  r e a c t i o n  of 
a C a ( O H )  s l u r r y  w i t h  t h e  CQ . The least expens ive  d i s -  
p o s a l  opgions which are l i k e i y  t o  be  a c c e p t a b l e  appear  
t o  b e  t h e  shallow-land b u r i a l  o f  e i t h e r  drummed CaCO 

3 

solid (total c o s t  = $18,47/kg heavy m e t a l )  o r  drumme2 I 1 -  

i CaCO concre ted  with cement ( t o t a l  cost = $43.33/kg ?, 3 heavy m e t a l ) .  
b e f o r e  t h e  K r  removal p r o c e s s  n o r  s e p a r a t i n g  t h e  bulk of 
t h e  g r a p h i t e  f u e l  b l o c k  from the f u e l  p a r t i c l e s  is attrac-., 
t i ve  on b o t h  t e c h n i c a l  and economic grounds. However, 
r e d u c t i o n  of  t h e  HTGR f u e l  n i t r o g e n  c o n t e n t  a p e a r s  t o  

rate. 

N e i t h e r  p l a c i n g  t h e  GO2 f i x a t i o n  p r o c e s s  

I 

( 
b e  a more a t t ract ive method of reducing  the lr: C release I 1 

1. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

1.1 Summary 

A scoping  s t u d y  h a s  been conducted t o  de te rmine  t h e  b e s t  method f o r  

the f i x a t i o n  of 14C-contaminated C02 as CaCQ3 and t o  e v a l u a t e  t h e  v a r i o u s  

o p t i o n s  a v a i l a b l e  f o r  d i s p o s i n g  otr the CaCO t h u s  produced. The f i x a t i o n  

and d i s p o s a l  o p t i o n s  w e r e  e v a l u a t e d  on t h e  b a s e s  o f  t e c h n i c a l  m e r i t ,  eco- 

nomics,  and r e g u l a t o r y  a c c e p t a b i l i t y .  

3 

The two CO f i x a t i o n  p r o c e s s e s  c o n s i d e r e d  were: 

2 .  A d i r e c t .  p r o c e s s ,  wherein t h e  CO i s  r e a c t e d  d i r e c t l y  w i t h  a 

2 

2 
s l a k e d  l i m e  [Ca(O13>2] s l u r r y  to form a CaC03 s l u r r y .  

2. A double  alkali p r o c e s s ,  wherein the CQ i.s r e a c t e d  w i t h  a 2 
NaOH s o l u t i o n  t o  form N a 2 C 0 3 ;  the  Na2C03 is subsequent ly  



2 

3 r e a c t e d  w i t h  a s l a k e d  l i m e  s l u r r y  t o  produce t h e  C a C O  

product  and t o  r e g e n e r a t e  t h e  NaQN s o l u t i o n .  

The e v a l u a t i o n  of t h e s e  t w o  p r o c e s s e s  was based on t h e  fo l lowing  c r i t e r i a :  

(1) des ign  d a t a  a v a i l a b i l i t y ,  

( 2 )  p r o c e s s  coinplexit:y, 

( 3 )  s o l i d s  handl ing ,  

( 4 )  c o r r o s i v e n e s s  of chemicals  involved  i n  t h e  p r o c e s s  , 
(5) economics. 

The C a C O  disposal .  o p t i o n s  cons idered  were as fo l lows:  

1. Shallow-land b u r i a l  of 

3 

3’ (a )  unpackaged , unconcreted CaCO 

3$ (1)) packaged, unconcreted CaCO 

3’ ( e )  unpackaged, concre ted  C a C O  

3‘ 
(d)  packaged, concre ted  CaCO 

2. Hydraul ic  f r a c t u r i n g  (mixing a CaCO s l u r r y  w i t h  cement and 3 
i n j e c t i n g  i t  i n t o  deep g e o l o g i c a l  s t r a t a ) .  

3 .  Deep-sea d i s p o s a l  ( c o n c r e t i o n  and dumping i n  the deep s e a ) .  

4 .  P a r t i a l  b l o c k  buni ing.  

5 e Emp7-acement i n  a g e o l o g i c  r e p o s i t o r y  f o r  material c o n t a d n a t e d  

w i t h  a l p h a  emitters. 

T h e  CaCO packaging cons idered  i n  t h i s  s t u d y  w a s  s t a n d a r d  55-gal drums. 
3 

r h e  c o n c r e t i o n  method cons idered  was t o  coiuihine t h e  CaCO w i t h  a p p r o p r i a t e  

mofints of w a t e r  and cement t o  form a m o n o l i t h i c  s o l i d  material .  P a r t i a l  

b lock  b u r n i n g  i n v o l v e s  e i t h e r  d r i l l i n g  o r  pushing the g r a p h i t e  m a t r i x  r o d s  

c o n t a i n i n g  t h e  heavy m e t a l  (U and Th) out of t h e  g r a p h i t e  f u e l  b lock  and 

then  s u b j e c t i n g  only  t h e  g r a p h i t e  m a t r i x - f u e l  p o r t i o n  t o  t h e  normal WTGR 

r e p r o c e s s i n g  sequence. The remaining g r a p h i t e  b lock  is  d isposed  o f  i n t a c t ,  

a long  w i ~ h  the reduced amount of C a C O  produced from the burn ing  of t h e  
3 

g r a p h i t e  m a t r i x .  The w a s t e  d i s p o s a l  o p t i o n s  w e r e  a l s o  e v a l u a t e d  on the  

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

m e r i t  e 

3 
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T h e  f e a s i b i l i t y  of p l a c i n g  t h e  CO f i x a t i o n  system b e f o r e  t h e  K r  2 
removal system t o  reduce o r  e l i m i n a t e  the gas  volume which t h e  K r  removal 

system must h a n d l e  was a l s o  i n v e s t i g a t e d .  

1 . 2  Conclusions 

The p r i n c i p a l  conclus ions  of t h i s  s t u d y  are as f o l l o w s :  

1. A major r e d u c t i o n  i n  t h e  1 4 C  dose  rate can probably  b e  more 

e a s i l y  and less e x p e n s i v e l y  achieved  by  reducing  the n l t r o g e n  

c o n t e n t  of t h e  HTGR f u e l  e lement  rather than  f i x i n g  t h e  L4C- 

contaminated C02 as CaCO 3' 
2. The d i s p o s i t i o n  of K r  i n  the CO, f i x a t L o n  p r o c e s s  i s  of paramount 

L. 

importance.  The r e l a t i v e l y  s h o r t  h a l f - l i f e  of 85Kr (10,73 y e a r s )  

and i t s  r e l a t i v e l y  high-energy decay p a r t i c l e s  [B-, 0.687 MeV 

(max); y, 0.514 MeV] as compared t o  1 4 C  r e s u l t  i n  t h e  85Kr b e i n g  

the c o n t r o l l i n g  r a d i a t i o n  hazard  In a l l  phases  of t h e  14C- 

contaminated CO f i x a t i o n  and d i s p o s a l  p r o c e s s e s .  Krypton 's  

l a c k  of  chemical  r e a c t i v i t y  under  normal c o n d i t i o n s  makes prc- 

d i c t i o n  of i ts behavior  v i r t u a l l y  i m p o s s i b l e  w i t h o u t  d e t a i l e d  

e x p e r i m e n t a l  work. 

2 

3 .  The d i r e c t  CO E i x a t i o n  p r o c e s s  a p p e a r s  t o  b e  s u p e r i o r  t o  t h e  2 
double  a l k a l i  p r o c e s s  because o f  decreased  complexi ty ,  reduced 

c o r r o s i v e n e s s  of the chemlcal r e a g e n t s  i n v o l v e d ,  and lower c o s t .  

T h e  two p r o c e s s e s  are e q u i v a l e n t  w i t h  respect t o  s o l i d s  handl ing .  

Design d a t a  a v a i l a b i l  i c y  f a v o r s  t h e  double  a l k a l i  p r o c e s s .  

4 .  Shallow-land b u r i a l  of the CaCO a p p e a r s  t o  b e  the b e s t  d i s p o s a l  3 

3 o p t i o n  available.  The b u r i a l  of unpackaged, unconcreted CaCO 

[Option I ( a ) ,  Sect .  l.lJ w i l l  probably n o t  b e  a c c e p t a b l e .  The 

f u t u r e  a c c e p t a b i l i t y  of bury ing  packaged, unconcre ted  CaCO 

[Option l c b ) ]  o r  unpackaged, c o n c r e t e d  CaCO [Option l ( c ) ]  is n o t  

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

CaC03 [Option l ( d ) ]  w i l l  p robably  be a c c e p t a b l e  i n  t h e  f u t u r e .  

T h i s ,  the p o s s i b l y  a c c e p t a b l e  shal low-land b u r i a l  o p t i o n s ,  i n  

d e c r e a s i n g  o rde r  of econvinic preference, are 2 

3 

3 
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(a) B u r i a l  of packaged, unconcreted C a C O  ($18.47/kg heavy m e t a l )  

(b) Burial. of unpackaged, concre ted  CaCO ($29 . l . l /kg  heavy meta l )  

(c)  B u r i a l  of packaged, concre ted  C a C O  ($43.33/kg heavy m e t a l  

3 

3 

3 
when concre ted  a t  &:he b u r i a l  s i t e ;  $55,54/kg heavy metal. 

when concre ted  a t  t h e  r e p r o c e s s i n g  p l a n t )  

.5. The d i s p o s a l  of CaCO v ia  hydraul - ic  f r a c t u r i n g  does n o t  appear  

t o  b e  a t t r a c t i v e  based on a combination of economic ($36.78/kg 

heavy m e t a l ) ,  r e g u l a t o r y ,  and t e c h n i c a l  grounds.  

3 

6. Deep-sea dumping o f  t h e  C a C O  does n o t  appear  t o  b e  a t t r a c t i v e .  3 
on both economic ( $ 5 6 . 4 3 / k g  heavy metal) and regula tory  acceptance  

grounds. 

7.  P a r t i a l  block burning  i.s u n a t t r a c t i v e  because  the m a x i m u m  volume 

r e d u c t i o n  i s  only  about  50% and t h e  f i s s i o n  p r o d u c t s  sorbed  on 

the unreprocessed b l o c k s  elevate t h e  waste from t h e  low- leve l  

c a t e g o r y  t o  a t  least  the i n t e r m e d i a t e  level .  

8. The g e o l o g i c - r e p o s i t o r y  bur ia l .  of  the CaCO i s  economical ly  
3 

u n a t t r a c t i v e  ($281.39/kg heavy metal) and t e c h n i c a l l y  u n j u s t i f i a b l e  

i n  view of t h e  r e l a t i v e l y  l o w  toxf .c i ty  of 1 4 C .  

9.  Process  complexi ty  and unfavorable  economics i n d i c a t e  that:  i t  

would riot b e  advantageous t o  p lace  t h e  CO f i x a t i o n  process  b e f o r e  

the K r  removal p r o c e s s  i n  t h e  off-gas cleanup system. 
2 

1.3 Recornendat ions 

I f  14C-contaminated CO i s  t o  b e  f i x e d  and d isposed  of as CaCO 2 3' the 

fo l lowing  developmental  requi rements  must b e  m e t  : 

3.. The behavior  o f  K r  i n  the C 0 2  f i x a t i o n  p r o c e s s  m u s t  be  determined.  

Even when the  f i x a t i o n  p r o c e s s  fol.J.ows t h e  K r  removal p r o c e s s ,  t h e  

a c t i v i t y  of the K r  i s  c o n t r o l l i n g  i n  a11 cases examined. Thus, 

the amount of K r  p r e s e n t  w i l l  have a major  impact on s h i e l d i n g  

requi rements ,  the method used t o  t r a n s p o r t  t h e  C a C O  t h e  CaCO 

d i s p o s a l  methods and t h e  economics of  t h e  overa l l .  p r o c e s s .  

2. An immediate e f f o r t :  is r e q u i r e d  t o  b e t t e r  d e f i n e  t h e  a l l o w a b l e  

3 3' 

methods f o r  t r a n s p o r t a t i o n  and d i - sposa l  o f  t h e  CaCO O f  p a r t i c u l a r  
3'  
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concern is whether  the CaCO must b e  concre ted  t o  a m o n o l i t h i c  

form b e f o r e  d i s p o s a l .  
3 

3. The r e a c t i o n  rate o f  CO with a C a ( O l i )  s l u r r y  m u s t  b e  ~ b t . a l n e d  

o r  measured as a f u n c t i o n  of t i m e ,  temperature, and r e a c t a n t  

c o n c e n t r a t i o n .  I n  the case o f  t h e  double  a l k a l i  p r o c e s s ,  t h e  

c a u s t i c . i z a t i o n  r e a c t i o n  n e e d s  f u r t h e r  i n v e s t i g a t i o n .  The et  f ec t  

of v a r i o u s  procedures  f o r  s l a k i n g  l i m e  must be  i n v e s t i g a t e d  f o r  

e i t h e r  t h e  d i r e c t  o r  double  a l k a l i  p r o c e s s .  

2 2 

4 .  Although cont inuous  vacuum f i l t e r s  and s p r a y  d r y e r s  are used 

commercially , an itives t i  g a t i o n  i n t o  v a r i o u s  dewater ing  methods 

and the r e s u l t i n g  product  c h a r a c t e r i s t i c s  is  r e q u i r e d  

d i s p o s i n g  of 14C-contaminat;ed GO2, the f o l l o w i n g  recormierrdntions 

are made: 
(a) A major e f f o r t  should  b e  made t o  de te rmine  whether  o r  n o t  

5 .  In  view of the c o s t  and l o g i s t i c a l  complexi ty  of producing and 

1 4 C  i s ,  i n  f a c t ,  a s i g n i f i c a n t  r a d i o l o g i c a l  hazard.  

If I4C is  a s i g n i f i c a n t  h a z a r d ,  a major e f f o r t  should  b e  

made t o  de te rmine  whether  a r e d u c t i o n  in  the n i t r o g e n  con- 

c e n t r a t i o n  i n  the g r a p h i t e  w i l l  reduce the 1 4 C  hazard t o  

a c c e p t a b l e  levels. 
I f  t h e  1 4 C  cannot  b e  r e l e a s e d ,  the p o s s i b i l - i c y  af i so topi -c  

s e p a r a t i o n  s h o u l d  be  i n v e s t i g a t e d .  

(b)  

(c) 

2. INTRODUCTION 

2 . 1  D e s c r i p t i o n  of the Problem 

The p r i n c i p a l  o b j e c t i v e s  o f  t h i s  p r o j e c t  w e r e  t o  i n v e s t i g a t e :  

( I )  p o t e n t i a l  p r o c e s s e s  f o r  the E i x a t i o n  of  the 14C-contamiaated 

3 ;  
CO stream from an FITGB f u e l  b lock  b u r n e r  as CaCO 2 

(2) various o p t i o n s  f o r  packaging,  c o n c r e t i o n ,  t r a n s p o r t a t i o n  and 

3 ;  
disposal.  of the CaCQ 

(3) the f e a s i b i l i t y  of pLacing the CO f i x a t i o n  p rocess  before the 
2 

K r  removal p r o c e s s  t o  e l i m i n a t e  o r  reduce t h e  s i z e  o f  the K r  

removal. p r o c e s s ,  and  



6 

( 4 )  t h e  f e a s i b i l i t y  of  s e p a r a t i - n g  the f u e l  par t ic les  from t h e  

g r a p h i t e  b l o c k s  by burn ing  o f f  t h e  mechanica l ly  s e p a r a t e d  

g r a p h i t e  matrix, w i t h  subsequent  disposal .  of t h e  unburned 

g r a p h i t e  b l o c k s .  

These i n v e s t i g a t i o n s  were t o  i n c l u d e  s u c h  matters as t e c h n i c a l  S e a s i b i l i t y ,  

r e g u l a t o r y  a c c e p t a b i l i t y ,  developmental  requi rements ,  and economics. The 

r e s u l t s  of these i n v e s t i g a t i o n s  were t o  b e  recommended p r o c e s s e s  f o r  t h e  

f i x a t i o n  and d i s p o s a l  of 14C-contaminated CO 

outl . ine of the major  r e s e a r c h  and development work r e q u i r e d  t o  implement 

t h e s e  recommended CO f i x a t i o n  and d i s p o s a l  p r o c e s s e s .  

as C a C O  2 3' a l o n g  w i t h  an 

2 

2.2 Background 

The b a s i c  h y p o t h e s i s  of t h i s  i n v e s t i g a t i o n  w a s  t h a t  t h e  stream of 

14C-contaminated CO 

b l o c k s  cannot b e  r e l e a s e d  t o  t h e  environment.  T h i s  i n v e s t i g a t i o n  i n  no  

way a d d r e s s e s  more b a s i c  q u e s t i o n s  such  a s  whether  t h e  product ion  of I 4 C  

r e s u l t i n g  from the burn ing  of HTGR g r a p h i t c  f u e l  2 

14 can b e  reduced, what f r a c t i o n  of the C i s  r e l e a s e d  d u r i n g  burn ing ,  and  

whether t h e  1 4 C  can, i n  f a c t ,  b e  r e l e a s e d  t o  t h e  environment.  

a l s o  assumed t h a t  the CO would b e  f i x e d  as CaCO w j t h  no e f f o r t  b e i n g  

undertaken t o  de te rmine  if a more f a v o r a b l e  f i x a t i o n  medium exists.  

S i n c e  t h e  CaCO f i x a t i o n  p r o c e s s  u s e s  an inexpens ive  r e a g e n t  ( l i m e ) ,  is 

themlodynamically f a v o r a b l e  ( A H % -  25 kcal /g-mole) ,  and r e s u l t s  i n  a 

s t a b l e  s o l i d  (CaCO decomposes a t  tempera tures  > 1500"F),  i t ;  would appear  

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

r e s e a r c h  and development e f f o r t  i s  r a t h e r  remote. 

It w a s  

2 3 $  

3 

3 

The d i r e c t  r e a c t i o n  of CO w i t h  s o l i d  C a O  1-0 form CaCO was r e j e c t e d  , 2  3 
because (1) t h e  ra te  of r e a c t i o n  i s  v e r y  slow i n  t h e  absence of H 0 and 

(2)  t h e  C a C 0 3  l a y e r  formed on t h e  o u t s i d e  of t h e  CaO p a r t i c l e  reduces  t h e  

r a t e  a t  which t h e  C 0 2  d i f f u s e s  t o  t h e  unreac ted  CaU c o r e ,  f u r t h e r  l o w e r i n g  

t h e  r e a c t i o n  rate. 

2 

R e j e c t i o n  of t h e  d r y  CO -CaO p r o c e s s  f o r  C02 f i x a t i o n  I.eads t o  t h e  

c o n s i d e r a t i o n  of two aqueous p r o c e s s e s .  The fi-rst of  t h e s e  ( t h e  d i r e c t  

p r o c e s s )  i n v o l v e s  the d i r e c t  r e a c t i o n  of t h e  CO w i t h  a s l u r r y  of slaked 

l i m e  [Cn(OH) ] accord ing  t o  t h e  fo l lowing  r e a c t i o n s :  

2 

2 

2 



7 

CaO +- H20 .f. C a ( O k O 2  (S lak ing)  ( 1 )  

Ca(OH)2 4- C02 -P Ca@03 -+ H20 (F-ixation) ( 2 )  

A second aqueous p r o c e s s  ( t h e  double  a l k a l i  p r o c e s s )  i n v o l v e s  the reaction 

of C 0 2  w i t h  NaOH t o  form Na2C03:  

2 N a O H  + C02 + Na2C03 -+ H 2 0  ('3) 

The N a  CO i s  t h e n  c a u s t i c i z e d  wi.th the s l a k e d  l i m e  produced i n  r e a c t i o n  
2 3  

(1) : 

N a 2 C 0 3  + C a ( O H ) 2  -+ 2NaOH f CaC03 ( 4 )  

E i t h e r  KOH o r  NH OH can b e  s u b s t i t u t e d  f o r  the NaOH i n  this p r o c e s s .  

The d i r e c t  p r o c e s s  i s  used commercially t o  produce w h i t i n g  (or  prc-  

4 

c i p i t a t e d  c h a l k ) ,  a v e r y  p u r e  form oC CaCO 

characterist ics which make i t  u s e f u l  as a paint.  pigment,  A p r o c e s s  anal- 

ogous t o  t h e  double  a lka l i  p r o c e s s  i s  used t o  s c r u b  SO from power p l a n t  

stack gas.  The r e s u l t i n g  product  i n  the case of a stack gas s c r u b b e r  is  

a CaSO CaSO m i x t u r e .  The double  a l k a l i  p r o c e s s  could a l so  be ~ i s e d  to  

produce w h i t i n g ,  a l though t h e  washing r e q u i r e d  as a r e s u l t  of the NaOH 

p r e s e n t  h a s  made this a p p l i c a t i o n  less a t t rac t ive  t h a n  o t h e r  whiting 

manufac tur ing  p r o c e s s e s .  

having s p e c i f i c  p h y s i c a l  
3 

2 

3- 4 

2 . 3  Scope and Assumptions 

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

r e p r o c e s s  36 f u e l  e lements  p e r  day f o r  300 days p e r  y e a r ,  a p p r o x h a t e l y  

t h e  size of a demonstrat ion-type facility. T h i s  r e s u l t s  Sn the burn ing  

o f  3600.0 kg of  carbon p e r  day, y i e l d i n g  13,200.0 kg of C 0 2  p e r  day. 

c a s e s  were also examined wherein the fuel s t i cks  were asszmcd t o  b e  removed 

from t h e  g r a p h i t e  block by d r i l l i n g  o r  by s i m p l y  push ing  them o u t ,  resul.l:ing 

i n  o n l y  p a r t  of t h e  f u e l  e lement  b e i n g  burned. 

Two 

For the purposes  o f  this s t u d y ,  t h e  r e p r o c e s s i n g  p l a n t  was assurned t o  

c o n s i s t  o f  che f u e l  e lement  b u r n e r s ,  t h e  pre-KALC off-gas  t r e a t m e n t  systems, 

t h e  KALC p r o c e s s  f o r  removing K r ,  and t h e  CO f i x a t i o n  p r o c e s s .  The re fer -  

ence case, shown i n  F ig .  2 . 1 ,  has the KEL1;C process  preceding  the CO f i x a t i o n  
2 

2 
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ORMI. D W G  7 5 - 5 3 4 8  8 3  

I FUEL ELEMENT BURNING 
OFF-GAS COOLING 

FlhTRllTlON 

- ... .. . . 1 

TRITIUM A N D  RADON REMOVAL 

183.8 scfm 

C 0 2  8 9 . 7  voi Vo 

O2 7.5 v d  % 
N p  2 . 8  VOI  % 

7 8 0 g / Q a y  Total K r  
19,080 Ci/day 85Kr 

1 8 3 . 8  scfm 

cos 89.7 V O I  % 

0, 7.5 VOI O h  

2 .8  v o l %  
7.8 g/Qay Tola l  K r  
191 Ci/Qay B 5 K r  

29,689 bg/day CaCO3 
Voriable Amounts of 

TO 
I 

7.8 g/Qoy  Total Kr * D I S P O S A L  
191 C!/day B5Kr 

0, 53.7 VOI */.a 

M 2  20.0 V O I  % 
H20 19.8 V O I  70 

25 7 scfm 

Kr 0 (Assumed) 

TO 
ATMOSPHERE 

Fig. 2 . 1 .  Schematic of H1'GR f u e l  reprocess ing  pl.ant cons idered .  



process .  hn a t t e r n a t e  case w a s  a l s o  e x m i n e d  wherein the CO f i x a t i o n  

p r o c e s s  w a s  p l a c e d  before  the KALC p r o c e s s .  
2 

J. 4 The p r i n c i p a l  mode of 1 4 C  p r o d u c t i o n  i n  HTGRs i s  t h e  1 4 N ( ~ 1 s p )  C 

r e a c t i o n .  S i n c e  t h e  d e g r e e  t o  w l i i c h  n i t r o g e n  w i l l  be p r e s e n t  Fn t h e  fue l  

is  n o t  y e t  well known, n i t r o g e n  i m p u r i t y  levels of 0 ,  26 (expected c a s e ) ,  

and 100 ppm were cons idered .  The 1 4 C  c o n t e n t  of t h e  off-gas stream is 

given  i n  Table  2 . 1  f o r  t h e s e  three impuricy levels based on d a t a  given 

in r e f .  1. The I4C p r o d u c t i o n  i n  t h e  0-ppm 1 4 N  case i s  p r i n c i p a l l y  n 

r e s u l t  of the I3C(n,y) r e a c t i o n ,  which a l s o  accounts  f o r  19.3% o f  the 

1 4 C  product ion  i n  t h e  26-ppm N case. 14 

One of t h e  p r i n c i p a l  assumptions made i n  t h i s  s t u d y  w a s  that  a l l  of 

the K r  which e n t e r s  t h e  C02  f j x a t i o n  p r o c e s s  ex i t s  combined ( p h y s i c a l l y )  

w L t h  che CaCO product .  

r e s p e c t  t o  CaCO c o n c r e t i o n ,  t r a n s p o r t a t i o n ,  ,and d i s p o s a l  sirice the radio- 

a c t i v i t y  o f  t h e  CaCO product  i s  maximized. However, i t  is to be  emphasized 

t h a t  t h i s  assumption is t o t a l l y  s p e c u l a t i v e ,  s i n c e  t h e r e  are no d a t a  avail- 

a b l e  concerning the d i s p o s i t i o n  of K r  i n  t h i s  t y p e  o f  a system. Because t h i s  

assumption r e g a r d i n g  K r  is  c o n t r o l l i n g  i n  most p a r t s  of t h e  CO f i x a t i o n  and  

d i s p o s a l  p r o c e s s e s ,  the r e a d e r  should  be aware t h a t  the c o n c l u s i o n s  of t h i s  

r e p o r t ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t r a n s p o r t a t i o n ,  may be dras t ica1 l .y  a l -  

t e r e d  i f  the major p o r t i o n  of t h e  K r  i s  n o t ,  i n  f a c t ,  e n t r a i n e d  w i t h  the 

CaCO product .  

T h t s  assumption r e s u l t s  i n  the “’worst case“ w i t h  3 
3 

3 

2 

3 

3 .  PROCESSES FOR THE PROIHJCILTON OF CaC03 PROM C02 

3 . 1  Direc t  R e a c t i o n  of e0 with an Aqueous 
Slaked Lime S l u r r y  2 

3.1.1 D e s c r i p t i o n  of t h e  d i r e c t  f i x a t i o n  - p r o c e s s  -- 
A schemat ic  of t h e  d i r c c t  CO f i x a t i o n  p r o c e s s  t o  produce CaCO i s  

shown i n  F ig .  3.1. Pebble  l i m e  ( C a O )  i s  p u l v e r i z e d  i n  a b a l l  m i l l  and 

then  moved t o  s t o r a g e .  The l i m e  i s  s l a k e d  (hydra ted)  as needed i n  t h e  

l i m e  s lak ing  tank, accord ing  t o  r e a c t i o n  (I) [ S e c t .  2.21. rhe  s l a k e d  

t i m e  t h u s  produced i s  r e l a t i v e l y  in so lub le ,  w i t h  about  0.185 g of Ca(OBQ2 

d i s s o l v i n g  in  100 g o f  water a t  0°C. T h e  s o l u b i l i t y  d e c r e a s e s  t o  0,077 

2 3 
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1 2  

g p e r  100 g of H 2 0  a t  1 0 0 ° C .  

w t  % Ca(011)2, i s  t h e n  pumped t o  t h e  f i x a t i o n  Lower, where i t  i s  c o n t a c t e d  

by CO be ing  bubbled through a s p a r g e r  a t  t h e  bottom of t l i r  Lower. The 

tower w a s  assumed t o  have no p l a t e s  o r  packing.  The s l u r r y  r e s u l t i n g  

from t h e  C 0 2  f i x a t i o n  c o n t a i n s  about 15  w t  % C a C 0 3  which i s  produced 

accord ing  t o  r e a c t i o n  ( 2 ) .  The CaCO i s  a l s o  q u i t e  Ensoluble ,  with only  3 
0.0015 g d i s s o l v i n g  i n  100 g W 0 a t  25°C.  The aqueous stream c o n t a i n s  

abouL 0.6 w t  X Ca(OH)2, r e s u l t i n g  from t h e  assumed 5 mole % e x c e s s  of 

s l a k e d  l i m e  over  t h a t  which i s  t h e o r e t i c a l l y  r e q u i r e d .  The slurry i s  

then f i l t e r e d  on a cont inuous f i l t e r ,  w i t h  t h e  f i l t r a t e  be ing  used f o r  

s l a k i n g .  The f i l t e r  cake i s  t r a n s p o r t e d  by screw conveyor e i t h e r  t o  t h e  

packaging system, the t r a n s p o r t  system, or a d r y e r ,  depending on t h e  s h i p -  

p ing  and d i s p o s a l  methods used .  

T h e  s l a k e d  l i m e  s l u r r y ,  which i s  about  1 2  

2 

2 

3.1.2 Direct  f i x a t i o n  D K O C ~ S S  f low r a t e s  

T h i s  p r o c e s s  i s  assumed t o  remove 99% of t h e  C 0 2  i n i L i a l l y  p r e s e n t .  

The f low rates and composi t ions of t h e  gas  stream e n t e r i n g  and l e a v i n g  

t h e  f i x a t i o n  tower a r e  s m a r i z e d  i n  F ig .  2 . 1 .  The s l u r r y  f low r a t e  

through t h e  tower i s  about  31.5 gpm. Lime is r e q u i r e d  a t  a ra te  oE 

1 7 ,45 7 kg /day, 

'The f i l t e r  cake w i l l  c o n t a i n  about 6 0  w t  X s o l i d s  and 40 w t  % w a t e r ,  

3 
assuming t h a t  a r e l a t i v e l y  l a r g e  C a C O  p a r t i c l e  s i z e  is  a t t a i n e d .  T h e  

p r o d u c t  r a t e  i s  30,787 kg of s o l i d s  [CaCO 

s o l i d s  p e r  f u e l  e lement)  a long w i t h  20,524 kg of H 0 p e r  day (570 kg of 

H 2 0  p e r  f u e l  e lement ) .  

s o l i d s ,  depending on whether or n o t  ;he f i l t e r  cake is  d r i e d .  T h i s  57ater 

l o s s ,  p l u s  t h a t  evapora ted  i n  t h e  tower, rer,ulf:s i n  20,791 kg o f  H 0 b e i n g  

r e q u i r e d  as make-up each day. 

-!- Ca(OII),] p e r  day (855 kg of 3 

2 
The w a t e r ,  of coii-csp, may o r  may not: b e  w i t h  t h e  

2 

3 . 1 . 3  Discuss ion  of t h e  d i r e c t  f i x a t i o n  Drocess  

The. d i r e c t  p r o c e s s  u s e s  r e l a t i v e l y  wel~l-known technology and i s  used 
2 6 

However, t h e  industr : i .a l  p r o c e s s  u s e s  

3 

3' 
i n d u s t r i a l l y  t o  produce C a C O  

l a r g e  e x c e s s e s  of CO 

i s  r e q u i r e d .  The i n d u s t r i a l  CaCO manufactur ing f a c i l i t i e s  typica1.l.y 

s i n c e  complete convers ion  of t h e  C : I ( O H ) ~  t o  C a C O  2 

3 
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he a t  
3 +  have t h e s e  l a r g e  e x c e s s e s  of CQ a v a i l a b l e  from Lime k i l n s  (CaCO 2 

CaQ + GO,). 

r e a c t i o n  ( 2 )  can b e  determined by a s i m p l e  pH measurement, very  l i t t l l e  

mass t r a n s f e r  and r e a c t i o n  ra te  d a t a  w e r e  r e q u i r e d  i n  t h e  p a s t .  Hoog, 

of t h e  M i s s i s s i p p i  L i m e  Company, s t a t e d  t h a t  t h e y  had no  mass t r a n s f e r  

d a t a  t h a t  r e l a t e d  t o  t h e  d i r e c t  c a r b o n a t i o n  of s l a k e d  Pime. 

Tc!c€n:lcal Market ing,  h a s  m a s s  t r a n s f e r  r e s u l t s  , b u t  c o n s i d e r s  them pra-  

p r i e t a r y .  The d a t a  from ref. 3 could  most l i k e l y  b e  o b t a i n e d  by  approaching 

upper eche lon  management personnel  and o f f e r i n g  s a f e g u a r d s  t o  prevent  release 

o f  t h e  d a t a .  The t e c h n i c a l  l i t e r a t u r e  has a l s o  been searched ,  bu t  d a t a  do 

not  appear  t o  b e  a v a i l a b l e .  

S i n c e  b a t c h  p r o c e s s e s  are  used and s i n c e  t h e  endpoin t  of 

2 

L ~ p l e y , ~  of 

A s  w a s  s t a t e d  p r e v i o u s l y ,  a l a r g e  CaCO p a r t i c l e  s i z e  i s  d e s i r a b l e  

A l a r g e  
3 

because i t  allows f o r  a h i g h e r  s o l i d s  d e n s i t y  i n  t h e  product .2  

CaCO 

( 2 )  a h i g h  r e a c t i o n  tempera ture ,  and (3) s e e d i n g  the f i x a t i o n  tower.  

These c o n d i t i o n s  are also d e s i r a b l e  because  they t e n d  t o  reduce  t h e  aqueous 

volumes that m u s k  be pumped and t o  i n c r e a s e  r h e  rate a t  which t h e  carbona- 

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

p a r t i c l e  s i z e  is favored  by: 2 ’3  (1) a h i g h  Ca(QH)* c o n c e n t r a t i o n ,  3 

The f l o c c u l e n c e  of t h e  s o l i d s  i n  t h e  s l u r r y  may mean that  a g i t a t i o n  

by t h e  CO bubbles  i n  t h e  f i x a t i o n  tower w i l l  cause  t h e  Lower t c  behave 

l i k e  a completely mixed s t i r r e d  r e a c t o r  r a t h e r  than  a c o u n t e r c u r r e n t  tower 

w l t h  no axial mixing. T f  t h i s  o c c u r s ,  s e v e r a l  completely-mixed s t i r r e d  

r e a c t o r s  w i t h  t h e  g a s  stream flowing c o u n t e r c u r r e n t  t o  t h e  s l u r r y  would 

probably  b e  more e f f e c t i v e .  

2 

Conversa t ions  w i t h  tloog2 and Lepley3 i n d i c a t e  t h a t ,  i n  i n d u s t r i a l .  

p r a c t i c e ,  t h e  CaCO product ion  p r o c e s s e s  ( l ) o t h  d i r e c t  and double  alk.31 i> 

tend to l o s e  a s i g n i f i c a n t  p o r t i o n  of the product .  The p r i n c i p a l  r e a s o n s  

f o r  t h i s  are l e a k y  pump seals, p i p e s ,  t a n k s ,  e tc .  S i n c e  t h e  CO f i x a t i o n  

sys tem under c o n s i d e r a t i o n  h e r e  w i l l  i n v o l v e  r a d i o a c t i v e  m a t e r i a l s ,  care- 

fu_l a t t e n t i o n  must b e  g iven  t o  q u a l i t y  ass i i rance and maint:enance, 

3 

2 

Each of t h e  o p e r a t i o n s  involved  i n  the d i r e c t  CO fixation p r o c e s s ,  

slriowri .in F i g .  3.1, have been and are b e i n g  p r a c t i c e d  commercially.  Most :  

of the commercial p r o c e s s e s  are b a t c h  CO f i x a t i o n  because of t h e  d e s i r e  

2 

2 



14 

t o  produce pure C a C O  

d a t a  on t h e  CO a b s o r p t i o n  and r e a c t i o n  rates w i t h  t h e  s l a k e d  l i m e  s l u r r y ,  2 
 he d e s i g n  of a cont inuous p r o c e s s  should  b e  r e l a t i v e l y  s t r a i g h t f o r w a r d .  

and t h e  a v a i l a b i l i t y  of excess C O 2 @  However, g iven  3 

3.2 Double A l k a l i  C 0 2  F i x a t i o n  Process  

3 . 2 , 1  D e s c r i p t i o n  of t h e  double  - a l k a l i  f - e a t i o n  p r o c e s s  
-I_ 

A schemat ic  diagram of the double a l k a l i  p r o c e s s  i s  given i n  F ig .  3 .2 .  

A s  i n  t h e  d i r e c t  f i x a t i o n  p r o c e s s ,  t h e  pebble  l i m e  i .s p u l v e r i z e d  i n  a b a l l  

m i l l  and s t o r e d .  Winen needed, t h e  lime i s  s l a k e d  w i t h  t h e  f i l t r a t e  from 

t h e  f i l t e r ,  accord ing  t o  r e a c t i o n  (1) .  Howwer, i n  the double  a lka l i  f low- 

s h e e t ,  t h e  f i l t r a t e  c o n t a i n s  approximately 4 N NaOH and 0.2 N N a  C 0  a long  

w i t h  s m a l l  amounts of Ca(OH)2 and C a C 0 3 .  A t  t h e  same L:ime, t h e  gas  stream 

e n t e r i n g  t h e  packed f i x a t i o n  tower is b e i n g  contac ted  w i t h  4 __ N NaOH t o  form 

approximately 3 . 2  I J N a 2 C 0 3  accord ing  t o  r e a c t i o n  ( 3 ) .  

t i o n  e x i t i n g  t h e  tower i s  about  1 N .  The 3.2 N Na CO s o l u t i o n  i s  t h e n  

combined w i t h  t h e  s l a k e d  l i m e  s l u r r y  i n  t h e  c a u s t i c i z a t i o n  t a n k  t o  form t h e  

C a C O  and t o  r e g e n e r a t e  t h e  4 E NaOlZ. Thi.s C a C O  s l u r r y  i s  subsequent ly  

f i l t e r e d ,  and t h e  f i l t e r  cake washed. A p o r t i o n  of t h e  f i l t r a t e  is r e t u r n e d  

t o  t h e  lime s l a k i n g  tank.  

make-up water and NaOH,  and r e t u r n s  t o  t h e  CO f i x a t i - o n  tower. The f i l t e r  

cake i s  moved by screw conveyor t o  t h e  dry-package-transport  system, 

2 3  - - 

The NaOH concentra-  

- 2 d  3 - 

3’ 3 

The remainder of t h e  f i l t r a t e .  i s  augmented by 

2 

3 .2 .2  Double a l k a l i  p r o c e s s  f low rates _I 

The gas  flow rates are as d e s c r i b e d  i n  F ig .  2.1. L i m e  (CaO) is  

r e q u i r e d  a t  a rate of 17 ,457  kg/day,  as i n  t h e  d i r e c t  E ixa t ion  p r o c e s s .  

The f low rate  oi: l i q u i d  i n t o  t h e  l i m e  s l a k i n g  r e a c t o r  i s  about  9 gpm and 

t h e  flow ra te  of l i q u i d  through t h e  C 0 2  a b s o r p t i o n  tower i s  about: 36 gpm, 

g i v i n g  a l i q u i d  flow rate  of  about  45 gpm o u t  o f  t h e  c a u s t i c i z a t i o n  reac- 

t o r .  The wash w a t e r  f low rate  i s  about. 3.45  gpm. The make-up water f low 

rate i s  about  0.38 gpn, and t h e  N a O H  make-up ra te  is  e s t i m a t e d  t o  b e  1 , 8 7 3  

kg/day. The f i l - t e r  cake c o n t a i n s  approximately t h e  f o l l o w i n g :  
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C a C O  29,689 kg/day 

Ca(OH)2 1 ,099  kglday 

H20 20 ,525  kg/day 

N aOH 1,831 kglday 

N a 2 C 0 3  1 13 kg /day 

3 . 2 , 3  Discuss ion  o f  t h e  double  a l k a l i  Cixat ion p r o c e s s  _I-_ 

The double  a l k a l i  CO f i x a t i o n  p r o c e s s  i s  n o t  used i n d u s t r i a l l y  as 2 
such ,  s i n c e  the calcium carbonate  produced u s i n g  t h i s  p r o c e s s  r e q u i r e s  

e x t e n s i v e  washing t o  remove r e s i d u a l  N a O H m 4  However, most of t h e  opera- 

t i o n s  i n  t h e  double  a l k a l i  p r o c e s s  have been proven as a r e s u l t  of t h e i r  

i n c l u s i o n  i n  o t h e r  p r o c e s s e s .  

The most d i r e c t  analogy w i t h  t h e  double  a l k a l i  CO f i x a t i o n  system 
2 

d e s c r i b e d  h e r e i n  is t h e  double  a l k a l i  SO f i x a t i o n  system f o r  removing 

SO2 from s t a c k  gases ,  

s c r u b  t h e  SO from t h e  s t a c k  g a s ,  forming N a  SO 2 2 4 '  2 3  
These s p e c i e s  are then  c a u s t i c i z e d  w i t h  s l a k e d  l i m e  t o  r e g e n e r a t e  t he  

NaOH, formi.ng CaS04 and CaS03 p r e c i p i t a t e s .  

c e n t r a t i o n  h a s  r e s u l t e d  i n  double  a l k a l i  f l o w s h e e t s  w i t h  N a O H  concentra-  

t i o n s  ranging  from 0.08 t o  0.5 - N .  

h e r e i n  u s e s  much h i g h e r  NaOH concentrat:.i.ons t o  reduce t h e  p o s s i b i l i t y  of 

f l o o d i n g  w h i l e  s t i l l  r e a c t i n g  w i t h  t h e  r e q u i r e d  amount o f  COz.  

2 
I n  t h i s  p r o c e s s  , t h e  N a O H  s o l u t i o n  i s  used t o  

N a  SO ~ and NaHS03.  

However, t h e  low SO2 con- 

The double  a l k a l i  C02 flowsheet: proposed 

Both t h e  l i m e  g r i n d i n g ,  s t o r a g e ,  and s l a k i n g  and t h e  f i . I . t r a t i o n ,  

2 d r y i n g ,  and packagi-ng steps are v e r y  n e a r l y  t h e  s a m e  as i n  t h e  d i r e c t  CO 

f i x a t i o n  p r o c e s s .  The only  d i f f e r e n c e  i.s t h e  presence  of NaOH i.n t h e  water 

used f o r  l i m e  s l a k i n g .  

The c a u s t i c i z a t i o n  r e a c t i o n  i s  c a r r i e d  nut  i n d u s t r i a l l y  i n  the  manu- 

f a c t u r e  of NaOH from soda  a s h  (Na2C03) and s l a k e d  l i m e  [Ca(OH)2] . 8  The 

c a u s t i c i z a t i o n  r e a c t i o n  i s  s l i g h t l y  endothermic (AH .-- 0.44 kcal /mole)  and 

w i l l  proceed more r a p i d l y  when hea ted .  The e q u i l i b r i u m  cons tan t  f o r  t h e  

c a u s t i c i z a t i o n  reac t i -on  i s  g iven  by 
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The 4 N NaQH c o n c e n t r a t i o n  used i n  the double  CO f i x a t i o n  p r o c e s s  r e su l t s  

i n  t h e  c a u s t i c f z a t i o n  r e a c t i o n  b e i n g  approximately 902 complete a t  e y u i -  

L i b  rium. 

and i n  t h e  e n t r a i n e d  water i n  rhe f i S t e r  c,lke, The N a  CO i n  t h e  f i l t r a t e  

which is  used f o r  l i m e  s l a k i n g  will. react i n  the s l a k i n g  r e a c t o r  t o  $ o m  

CaC03. 

c u l a t e d  through the C02 f i x a t i o n  tower.  

2 - 
8'9 T h i s ,  i n  t u r n ,  r e s u l t s  i n  N a  CO b e i n g  p r e s e n t  i n  t h e  filtrate 2 3  

2 3  

The remainder  of the f i l t r a t e ,  p l u s  t h e  make-up t120-NaOH, i s  recir-  

The fac t  t h a t  t h e  water i n  t h e  f i l t e r  cake c o n t a i n s  s u b s t a n t i a l  amounts 

of NaOH and lesser amounts of N a  CO r e q u i r e s  t h a t  NaOH be cont inuous ly  in- 

p u t  t o  t h e  process .  I f  a w a t r e r  b a l a n c e  is  t o  b e  main ta ined ,  t h e  volumc of  

wash water must approximately e q u a l  t h e  volume of  water i n  the f i l t e r  cake, 

r e s u l t b g  €n a poor NaOH recovery.  I t  is e s t i m a t e d  that 50% of t h e  NaOlI 

p r e s e n t  i n  t h e  water e n t r a i n e d  i n  the CaCO product  can b e  recovered ,  

r e s u l t i n g  i n  4 . 6 5 2  of t h e  NaOH e n t e r i n g  t h e  f i l t e r  and b e i n g  l o s t  t o  t h e  

f i l t e r  cake.  T h e  a l t e r n a t i v e  t o  t h i s  i s  t o  i n c r e a s e  t h e  wash volume and 

u s e  an e v a p o r a t o r  t o  m a i n t a i n  t h e  water ba lance .  T h i s  o p t i o n  w a s  n o t  

i n v e s t i g a t e d  e x p l i c i t l y  , b u t  the extreme c o r r o s i v i t y  of h o t ,  c o n c e n t r a t e d  

c a u s t i c  s o l u t i o n s  i n d i c a t e s  t h a t  this m o d i f i c a t i o n  would n o t  b e  d e s i r a b l e .  

2 3  

3 

3.3 Comparative E v a l u a t i o n  of the Direc t  and 
Double A l k a l i  CO F i x a t i o n  P r o c e s s e s  2 

T h e  f o l l o w i n g  paragraphs  w i l l  g i v e  a q u a l i t a t i v e  comparison of the  

2 most s i g n i f i c a n t  a s p e c t s  of t he  two GO f i x a t i o n  p r o c e s s e s .  

3.3.1 I A v a i l a b i l i t y  of d e s i g n  ..-- data  

A t  t h e  p r e s e n t  t i m e ,  t h e  double alkali p r o c e s s  h a s  an advantage over 

the d i r e c t  p r o c e s s  w i t h  r e s p e c t  t o  d e s i g n  d a t a  a v a i l a b i l i t y  s i n c e  da ta  on 

t h e  r e a c t i o n  rate of CQ w i t h  aqueous NaOH,  c a u s t i c i z a t i o n ,  and l i m e  s l a k i n g  

are a v a i l a b l e  in the opcn l i t e r a t u r e .  

fo1- t h e  d i r e c t  GO 

a v a i l a b l e  i n  t h e  open Sirerature m i l i t a t e s  a g a i n s t  t h e  d i r e c t  p r o ~ ' e s s .  

Although d e s i g n  d a t a  also exis t  9-12 2 

f i x a t i o n  system,3 the f a c t  t h a t  t h e y  are n o t  t - e d i l y  2 



3 . 3 . 2  Complexity 

C l e a r l y ,  t h e  d i r e c t  f i x a t i o n  p r o c e s s  is s u p e r i o r  i n  t h i s  r e s p e c t .  

The double  a l k a l i  p r o c e s s  i s  more complex than  the d i r e c t  p r o c e s s  phys i -  

c a l l y  because of t h e  a d d i t i o n a l  l o o p  r e q u i r e d  and m O r e  complex chemica l ly  

because of t h e  i n t r o d u c t i o n  of NaOH and N a  CO i n t o  t h e  system. The USE 

of NaOH a l s o  r e q u i r e s  t h a t  t h e  f i l t e r  cake b e  washed and t h a t  t h e  l i m e  

b e  s l a k e d  w i t h  4 N NaOEI. 

2 3  

3 . 3 . 3  S o l i d s  

Both CO f i x a t i o n  systems i n v o l v e  t h e  handl ing  of s o l i d s  o r  s l u r r i e s .  
2 

The only  p i e c e  of equipment which does n o t  i n v o l v e  s l u r r i e s  o r  s o l i d s  i s  

t h e  C02 f i x a t i o n  tower i n  the double a l k a l i  p r o c e s s ,  which should  c o n t a i n  

o n l y  s o l u b l e  sodium compounds. 

o r  Ca(0H) 

tower,  depending on s p e c i f i c  c o n d i t i o n s ,  imgerr i t ies ,  e tc .  V e r i f i c a t i o n  

o r  n e g a t i o n  o f  t h i s  p o s s i b i l i t y  must await d e t a i l e d  exper imenta l  work. 

3 
It  might ,  however, b e  p o s s i b l e  f o r  CaCO 

p r e c i p i t a t i o n  o r  s c a l i n g  t o  o c c u r  i n  t h e  double  a l k a l i  f i x a t i - o n  2 

3 . 3 . 4  Corrosion 

The p r e s e n c e  of c o n c e n t r a t e d  NaOH i n  the double  a1kaJ.i p r o c e s s  coul.d 

r e s u l t  i n  c o r r o s i o n  problems. The expec ted  c o r r o s i o n  rate of  carbon s t ee l  

i n  4 - N NaOH i s  about 0.004 i n .  p e r  y e a r ,  which is  r e l a t i v e l y  l o w ,  

t h e r e  i s  a r i s k  of s t r e s s - c o r r o s i o n  c r a c k i n g  when carbon s teels  are used 

w i t h  c o n c e n t r a t e d  c a u s t i c  s o l u t i o n s .  As a r e s u l t ,  t h e  u s e  of  h i g h e r  a l l o y  

steels o r  s t a i n l e s s  steels may b e  r e q u i r e d ,  

However, 

The s m a l l  011- c o n c e n t r a t i o n ,  r e s u l t i n g  from t h e  low Ca(OH)2 s o l u b i l . i t y ,  

e l i m i n a t e s  the p o s s i b i l i t y  of s t r e s s - c o r r o s i o n  c r a c k i n g ,  making mi ld  s t e e l  

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

3.3.5 Economics 

The d e t a i l e d  economic a n a l y s e s  of t h e  CO f i x a t i o n  p r o c e s s e s  are  g i v e n  
2 

i n  S e c t .  8. However, f o r  comparat ive purposes ,  t h e  c a p i t a l  c o s t s  of t h e  

competing systems appear  t o  b e  approximately e q u a l  assuming t h a t  carbon 

s teel  can b e  used as t h e  c o n s t r u c t i o n  material  for t h e  double  a l k a l i  C 0 2  
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f i x a t i o n  p r o c e s s .  The use of s t a i n l e s s  steel could  i n c r e a s e  t h e  c a p i t a l  

c o s t  of t h e  double  a l k a l i  p r o c e s s  by as much as 33% [about  $0 .65/ (kg  heavy 

me t a l )  1. The opera t - ion ,  maintenance,  and r a w  m a t e r i a l  c o s t s  are expec ted  

t o  be about  t h e  same f o r  b o t h  systems,  except  f o r  t h e  1873-kgjday NaOH 

make-up r e q u i r e d  of t h e  double  a lka l i  p r o c e s s .  A t  t h e  c u r r e n t  p r i ce  of  

about  $O. l4 / lb ,  th i s  amounts t o  $578/day o r  $1.61/kg heavy metal ,  a v a l u e  

almost  e q u a l  t o  the e s t i m a t e d  f i x e d  charges  on the c a p i t a l  c o s t  o f  t h e  

f i x a t i o n  equipment e 

3 . 3 . 6  I_ P r o c e s s  recommendation 

The f o l l o w i n g  b r i e f l y  summarizes t h e  preceding  d i s c u s s i o n :  

C r i t e r i o n  

1.. Design d a t a  a v a i l a b i l i t y  

2.  Complexity 

3.  S o l i d s  

4 .  Corros ion  

5. Economics 

Favored P r o c e s s  

Double a l k a l i  

Direct 

N e i t h e r  

D i  rect 

Direct 

I --.I_ 

These c o n s i d e r a t i o n s  l e a d  t o  the c o n c l u s i o n  t h a t  t h e  d i r e c t  CO f i x a t i o n  

p r o c e s s  i s  s u p e r i o r  t o  the double  a lka l i  p r o c e s s  and should  t h e r e f o r e  b e  

cons idered  t o  be  t h e  r e f e r e n c e  p r o c e s s .  F o r t u n a t e l y ,  s i n c e  the p r o d u c t s  

of the t w o  p r o c e s s e s  are n e a r l y  i d e n t i c a l ,  t h e  p o r t i o n  of t h i s  p r o j e c t  

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

a p p l i c a b l e  t o  e i t h e r  of t h e  C02 f i x a t i o n  p r o c e s s e s .  

2 

3 

4 .  CONCRETION AND PACKAGING OF THE C a C 0 3  PRODIJCT 

4.1. Concre t ion  

T h e  CaCO w a s  assumed t o  b e  concre ted  with cement, a common p r a c t i c e  
3 

f o r  many t y p e s  of low- and i n t e r m e d i a t e - l e v e l  wastes. The m o n o l i t h i c  

product  was assumed t o  c o n t a i n  35 w t  % cement, 35 wt % w a t e r ,  ant1 30 w t  

X CaC03, a t y p i c a l  composi t ion f o r  t h e  c o n c r e t i o n  o f  i n e r t  s o l i d s  w i t h  

cement. The bulk  d e n s i t y  of t:he c o n c r e t e d  product  was t a k e n  t o  b e  100 

l b l f t  . 3 
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13-1 5 Concret ion c o s t s  v i a  cement were o b t a i n e d ,  b u t  proved t o  be 

r e l a t i v e l y  d i f f i c u l t  t o  i n t e r p r e t .  They t y p i c a l l y  inc luded  c o n c r e t i o n ,  

packaging, and disposal.  as a s i n g l e  c o s t .  Even when a c o s t  breakdown w a s  

g iven ,  t h e  l a b o r  c o s t  f o r  a l l  t h r e e  sCeps was given  as a s i n g l e  number. 

However, f o r  low-level m a t e r i a l  (no s i g n i f i c a n t  f i s s i o n  product  contamin- 

a t i o n ) ,  a c o s t  of $.40  p e r  g a l l o n  of  46 w t  % CaCO s l u r r y  i s  probably 

a p p r o p r i a t e .  FOP h i g h e r - a c t i v i t y  mater ia l  (e .g . ,  g r a p h i t e  w i t h  some f i s s i o n  

product  contaminat ion)  , t h c  c o n c r e t i o n  c o s t  was taken t o  be $ . 6 0 / g a l .  

3 

There. are, of c o u r s e ,  o t h e r  c o n c r e t i o n  media a v a i l a b l e .  Two media 

which may b e  of i n t e r e s t  i n  t h i s  a p p l i c a t i o n  are a polymer-type c o n c r e t i o n  

agent  (e .g .  , u r e a  formal.dehyde) and a s p h a l t .  Both should  a l l o w  t h e  i n c o r -  

p o r a t i o n  of more C a C O  w i t h i n  a given concre ted  product  mass. The polymer 

weighs less t h a n  e i t h e r  a s p h a l t  or  cement b u t  i s  r e l a t i v e l y  expens ive .  

Asphal t  should  b e  a b l e  t o  c o n t a i n  50 w t  X C a C O  and has e x c e l l e n t  p r o p e r t i - e s  

f o r  reducing  t h e  leachabi l - i . ty  of t h e  conta ined  waste, Asphal t  i s ,  however, 

flammable when s u b j e c t e d  t o  moderate h e a t i n g .  

3 

3 

4 . 2  Packagixig 

When packaging w a s  r e q u i r e d  f o r  ei.ther t h e  unconcre ted  o r  concre ted  

p r o d u c t ,  i t  w a s  assumed t h a t  s t a n d a r d  55-gal (7.5-Et ? steel  drums would 

b e  used. 

t h e  lowest  c o s t  p e r  u n i t  of conta ined  volume. Used drums. s e l l  f o r  about  

$8 each ,  w h i l e  new drums ar t  about  $10. Packaging c o s t s ,  i n c l u d i n g  l a b o r  

and equipment:, we.re taken t o  be $12  p e r  drum f o r  low-level  wastes and $15 

p e r  drum f o r  somewhat h i g h e r - l e v e l  wastes. For those  cases w h e r e  uncon- 

c r e t e d  CaCO i s  packaged a t  t h e  r e p r o c e s s i n g  p l a n t  and unpackaged f o r  

c o n c r e t i o n  o r  b u l k  b u r i a l  a t  t h e  d i s p o s a l  s i t e ,  an a d d i t i o n a l  charge of  

$4 p e r  drum w a s  a s s e s s e d  t o  cover  t h e  extra handl ing  s t e p s  r e q u i r e d .  

3 

A v a i l a b l e  economics’-5 i n d i c a t e  t h a t  mass-produced drums have 

3 
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5 . 1  C h a r a c t e r i z a t i o n  o f  t h e  CaCO Product  Being Transpor ted  

The C a C 0 3  p roduct  t h a t  w i l l  be  t h e  b a s i s  f o r  d i s c u s s i o n  i n  t h i s  

3 

s e c t i o n  i s  t h e  mois t  f i l t e r  cake c o n t a i n i n g  60  w t  X s o l i d s  [CaCO 4- 

Ca(OHI2] and 40 w t  X H20. 

cake from t h e  d i r e c t  p r o c e s s  i s  comprised o f :  

3 
As w a s  p r e v i o u s l y  s t a t e d ,  t h e  moist f i l t e r  

29,689 kg CaC03/day, 

1,099 kg Ca(OH)2/day, 

20,525 kg H20/day. 

If t h e  double  alkali C02 f i x a t i o n  p r o c e s s  is  used ,  t h e  cake a l s o  c o n t a i n s  

approximately 

1 , 8 3 1  kg NaOH/day, 

113 kg Na2C03/day, 

w i t h  b o t h  of t h e  sodium salts being d i s s o l v e d  i n  t h e  e n t r a i n e d  w a t e r .  

Based on a m o i s t  f i l t e r  cake b u l k  d e n s i t y  of 102 .2  Z b / f t  

i t y  -- 1 . 6 4 ) , 2  t h e  r e s u l t i n g  volume is  1107 f t  /day f o r  t h e  d i r e c t  p r o c e s s ,  

where no sodium s a l t s  are p r e s e n t .  

CaCO 

It is expec ted  t h a t  a somewhat h i g h e r  Lrc C a C 0 3  packed d e n s i t y  could be 

o b t a i n e d  i n  t h e  CO fixation p r o c e s s  s i n c e  a l a r g e r  p a r t i c l e  s i z e  can b e  

produced. However, compaction w i l l  probably be r e q u i r e d  t o  attain a d r y  

C a C O  product  d e n s i t y  e q u i v a l e n t  t o  t h e  e f f e c t i v e  mois t  f i l t e r :  cake d e n s i t y  

of 61.3 l b / f t  

3 ( s p e c i f i c  grav- 
3 

The packed d e n s i t y  of - d r y  commercial 
1 6  ranges  between 31.8 and 46.2 l b / f t 3  ( s p e c i f i c  g r a v i t y  = 0.51 t o  0 . 7 4 ) .  

3 

2 

3 
3 

( s p e c i f i c  g r a v i t y  = 0.98).  

3 

42,000-1.b payload l i m i t ,  approximately 2 . 7  t r u c k  shipments  would b e  r e q u i r e d  

each day. I f  r a i l  t r a n s p o r t  were used ,  approximately o n e - t h i r d  boxcar p e r  

day would b e  r e q u i r e d .  

Based on a volume of 1107 ft /day (36 f u e l  b locks  p e r  day) and a 

One of t h e  most i m p o r t a n t  c h a r a c t e r i s t i c s  of t h e  CaCO product  w i t h  3 
r e s p e c t  t o  t r a n s p o r t a t i o n  is i t s  r a d i o a c t i v i t y .  Informat ion  r e l a t e d  t o  

t h e  1 4 C  and 85Kr a c t i v i t i e s  p r e s e n t  i n  the p roduc t  is given in T a b l e  5 , l .  

T h e  two p r i n c i p a l  s o u r c e s  o f  I4C w e  t h e  I4N(n,p) 14 13 C and C(n,y]l4C 
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2 3  

r e a c t i o n s .  

abundance = l . l l X ) ,  t h e  p r o d u c t i o n  rate o f  1 4 C  from 

8.030 Ci /b lock .  The p r o d u c t i n n  ra te  of  1 4 C  f r o m  "N i s  v a r i a l l ~ ,  depend-  

i n g  on t h e  amount of n i t r o g e n  i n i t i a l l y  p r e s e n t  in t h e  f u e l  b lock .  'Che 

1 4 N  c o n c e n t r a t i o n  i n  an HTGR f u e l  b lock  h a s  been e s t i m a t e d  t o  be less than 

30 ppm.' 

p a r a m e t r i c a l l y  as a f u n c t i o n  of [.he N c o n c e n t r a t i o n .  

S i n c e  t h e  amount of 1 3 C  i n  a f u e l  b lock  1s f ixed  ( n a t u r a l  
13 C -is constant  at 

1 

However, i n  Table  5 . 1  rhe c a l c u l a t e d  I4C a c t i v i t i e s  are given 
1 4  

It was assumed t h a t  a l l  of t h e  K r  e n t e r i n g  t h e  CO f ixa t ion  p r o c e s s  
2 

(see Fig .  2.1) w a s  conta ined  i n  t h e  product .  I n  Table  5 .1 ,  Cases I - I T 1  

r e p r e s e n t  85Kr  l e v e l s  when t h e  C02 f i x a t i o n  p r o c e s s  follows t h e  U L C  pro- 

cess. The i n f o r m a t i o n  g iven  i n  Table  5 .1  c l e a r l y  i n d i c a t e s  t h a t .  even 

when t h e  "lowr'  (Cases 1-111) K r  cases are c o n s i d e r e d ,  t h e  8 5 K ~  a e t i v i t y  

predominates  over  t h e  1 4 C  a c t i v i t y  a t  a l l  'ltN c o n c e n t r a t i o n s  examined. 

T h e  1 4 N  c o n c e n t r a t i o n  would have to b e  about  1000 ppm f o r  t h e  

t o  e q u a l  t h e  85Kr a c t i v i t y  i n  t h e  ""1~" K r  case. 

m o n o l i t h i c  form, t h e  K r  is  r e t a i n e d  i n  the CaCO p r o d u r t  on ly  by  d i s s o l u t i o n  
3 

i n  the e n t r a i n e d  water and by s o r p t i o n .  

by simply h e a t i n g  t h e  product ,  o r  p o s s i b l y  by  compressing t h e  product .  

1 4  C a c t i v i t y  

Without c o n c r e t i o n  t o  a 

The 8 s K r  can,  t h e r e f o r e .  b e  r p l e a s e d  

5.2 C a t e g o r i z a t i o n  o f  t h e  GaC03 Product  

5 .2 .1  Department of T r a n s p o r t a t i o n  _-_.______ lil_L 

The r e g u l a t i o n s  governing t h e  t r a n s p o r t  of r a d i o a c t i v e  m a t e r i a l s ,  as 

set  f o r t h  by t h e  Department o f  T r a n s p o r t a t i o n  (DOT), are q u i t e  complex. 

However, i t  is  c l e a r  t h a t  t h e  CaCO p r o d u c t ,  as c h a r a c t e r i z e d  i n  Ia5J.e 
3 

5.1,  can q u i t e  r e a d i l y  b e  t r a n s p o r t e d  i n  Type A packaging under  e x i s t i n g  

r e g u l a t i o n s .  

18 

The f a c t  t h a t  Type A packaging can b e  uscd implies t h e  f o l l o w h g :  

1. The p r o d u c t  may be. packaged i n  a w j d e  v a r i e t y  of r e a d i l y  avai.lablu 

metal o r  f i b e r  drums, wooden boxes ,  or . f i be rboa rd  boxes 

2 .  The packaged p r o d u c t  does n o t  have to m e e t  t h e  s t r i n g e n t  h y p o t h c t -  

i c a l  a c c i d e n t  cortd it i o n s  ( 1475*P f o r  38 min, w a t c L r  iiimersi on f o r  

8 hr ,  e t c . ) ,  bu t  must i n s t e a d  meet c o n d i t i o n s  p r i n c i p a l l y  con- 

s i s t i n g  of v a r i o u s  drop tests. 



The h igh  d e n s i t y  of t h e  product  wou1.d probab1.y n e g a t e  t h e  use of f i b e r -  

board c o n t a i n e r s  i f  t h e  product  i s  c l a s s i f i e d  as Type A. 

It  is d e s i r a b l e  t o  have t h e  product. c l a s s i f i e d  under  t h e  least  s t r i n g e n t  

ca tegory  as i s  p o s s i b l e  s i n c e  this maximizes t h e  C a C O  product  c o n c r e t i o n ,  

t r a n s p o r t a t i o n ,  and d i s p o s a l  o p t i o n s  from which an o v e r a l l  "IC d i s p o s a l  

scheme may b e  s e l e c t e d .  I t  i s  probablc  t h a t  t h e  C a C O  product  may a l s o  b e  

c a t e g o r i z e d  as Low S p e c i f i c  A c t i v i t y  (LSA) . The on1.y q u e s t i o n  here is whal. 

t h e  m a x i m u m  a l l o w a b l e  c o n c e n t r a t i o n  of 85Kr  i s  i n  t h e  p r o d u c t ,  s i n c e  t h e r e  

i s  p r e s e n t l y  no l i m i t  g iven f o r  t h e  aniouni o f  85Kr which may be p r e s e n t  i n  

LSA mater ia l .  The DOT r e g u l a t i o n s  a s s i g n  r a d i o a c t i v e  n u c l i d e s  t o "Groups , ' I  

w i t h  I4C b e i n g  i n  Group 1 V  and 85Kr i n  Group V I .  

q u a l i f y  f o r  LSA are as f o l l o w s :  

3 

3 

The a c t i v i t y  l i m i t s  t o  

Group 1 <O. 1 pCi/g 

Group I1 < 5  yCi/g 

Groups 111, I V  <300 ! ~ C i / g  

Groups V-VI1 Not s p e c i f i e d  

The f a c t  t h a t  i n  t h e  "high" K r  case (311 U C i  of 85Kr p e r  gram) t h e  8 5 K r  

a c t i v i t y  i s  approximately e q u a l  t o  the a c t i v i t y  l i m i t  f o r  Groups 111 and TV, 

combined w i t h  t h e  f a c t  t h a t  t h e  a c t i v i t y  l i m i t s  are becoming less s t r i n g e n t  

w i t h  i n c r e a s i n g  Group numbers i n d i c a t e s  t h a t  t h e  C a C O  product  ( i n c l u d i n g  

t h e  85Kr) can probably  b e  cons idered  as LSA material .  LSA materials,  when 

t r a n s p o r t e d  i n  v e h i c l e s  ass igned  f o r  t h e  s o l e  use  of t h e  cons ignor ,  must 

3 

. . . b e  packaged i n  s t r o n g ,  t i g h t  packages so  t h a t  t h e r e  w i l l  b e  no 1 1  

l eakage  of r a d i o a c t i v e  mater ia l  under c o n d i t i o n s  normally i n c i d e n t  t o  t r a n s -  

p o r t a t i o n .  "18 

p u n c t u r e ,  e t c . )  t o  b e  m e t  by t h e  packaged m a t e r i a l .  Thus, c l a s s i f i c a t i o n  

o f  t h e  product  as LS.4 could g r e a t l y  reduce t h e  packaging requi rements  € o r  

t r a n s p o r t .  

Yore s i g n i f  i c a n t l y ,  t h e r c  are no test c o n d i t i o n s  (drops ,  

Cons iderable  addi t i o n a l  f l e x i b i l i t y  could be obta ined  i f  t h e  LSA 

material  could q u a l i f y  f o r  bu lk  (unpackaged) shipment.  The p r i n c i p a l  

c r i t e r i o n  h e r e  i s  t h a t  the product  must have an a c t i v i t y  l e s s  than 1 . 0  

pCi /g .  Under t h i s  c r i t e r i o n ,  none of t h e  products  r e p r e s e n t e d  by ;he s i x  

cases i n  Table  5 . 1  would q u a l i f y  f o r  b u l k  shipment ,  t h e  problem b e i n g  t h e  

85Kr a c t i v i t y .  This  c r i t e r i o n  could b e  m e t  ( f o r  Cases 1-111) by: 



2.5 

( I )  i n c r e a s i n g  t h e  K r  recovery  311 ;he U C  p r o c e s s  t o  96.8% 

(DF = 500) o r  

showing t h a t  less t h a n  one-fourth o f  t h e  K r  e n t e r i n g  t he  fisn- 

t i o n  p r o c e s s  w i l l  b e  p r e s e n t  i n  the p r o d u c t  as a r e s u l t  of e i t he r  

k r y p t o n ' s  p h y s i c a l  p r o p e r t i e s  o r  d e g a s s i n g  t h e  product  - 

(2) 

The advantages  of b u l k  shipment w i l l  be  d i s c u s s e d  i n  Sec t .  6 .  

5 . 2 . 2  IAEA R e g u l a t i o n s  

A t  t h e  p r e s e n t  t i m e  the DOT r e g u l a t i o n s  r e g a r d i n g  r a d i o a c t  i.ve waste 

t r a n s p o r t a t i o n  are b e i n g  r e w r i t t e n  t o  conform much more c l o s e l y  t o  c u r r e n t  

IAEA t r a n s p o r t a t i o n  r e g u l a t i o n s .  19-21 Assuming t h a t  t h e  r e w r i t t e n  DOT 

r e g u l a t i o n s  are the same as t h e  p r e s e n t  IAM r e g u l a t i o n s ,  t h e  cr i ter ia  

which d e f i n e  LSA material  are g iven  i n  Table 5.2.  

p o r t i o n  of paragraph  121 (Table 5.2) € o r  t h e  case a t  hand is  item 1 2 1 ( e ) .  

T h i s  i t e m  means t h a t ,  i f  the r a d i o a c t i v i t y  might  b e  c o n c e n t r a t e d  d u r i n g  

t r a n s p o r t ,  t h e n  the  r e s u l t i n g  c o n c e n t r a t e d  a c t i v i t y  must s t i l l  b e  less 

than  A2/g. 

C i  f o r  uncompressed 8 5 K r .  Thus, when c o n c e n t r a t e d ,  the s p e c i f i c  activities 

must b e  less t h a n  0.01 Ci/g f o r  1 4 C  and less t h a n  0 .1  C i / g  f o r  85Kr.  Le i s  

difficult t o  conce ive  of a pxocess f o r  f u r t h e r  c o n c e n t r a t i n g  t h e  C ac t iv -  

i t y ,  s i n c e  t h e  CaCO occupies  n e a r l y  t h e  t o t a l  t r a n s p o r t  volume and i s  

q u i t e  s t a b l e .  However, t h e  small amount of K r  p r e s e n t  w i t h  t h e  CaCO i s  

o n l y  f i x e d  by p h y s i c a l  f o r c e s  ( a d s o r p t i o n  or d i s s o l u t i o n )  and presumably 

could b e  r e l e a s e d  by lowering t h e  external p r e s s u r e  o s  h e a t i n g .  This  could 

r e s u l t  i n  t h e  formation of K r  bubbles  at Gome point :  i n  t h e  s h i p p i n g  package. 

These bubbles  would have an a c t i v i t y  of about  24.5 C i  p e r  gram of krypcotl, 

f a r  exceeding  t h e  s p e c i f i e d  l i m i t  of 0 .1  Ci/g.  'Uhis p rob lem c ; m  be  alle- 

v i a t e d  somewhat by u s i n g  smaller sh ipping  packages which c o n t a i n  a t o t a l  

85Kr  a c t i v i t y  less t h a n  24.5 Ci. 

c o n t a i n  only  1 . 2 9  C i  of 85Kr ,  assuming t,he 

the K r  removal p r o c e s s .  

t h a n  8.1 C i  p e r  package by d e c r e a s i n g  the package s i z e  does n o t  appear  t o  
3 be p r a c t i c a l ,  s i n c e  the r e q u i r e d  package s i z e  i s  about  4 . 2 5  g a l  (0.58 f c  1. 

Thus, t h e  m o i s t  f i l t e r  cake cannot  r e a d i l y  b e  shown t o  be  LSA mater ia l  under  

'I'he most restrictive 

The a p p r o p r i a t e  v a l u e s  of A are 100 C i  f o r  I 4 C  and 1000 2 

I 4  

3 

3 

For  example, a s i n g l e  55--gal tlruiii would 
1 4  C f i x a t i o n  p r o c e s s  f o l l o w s  

However, r e d u c t i o n  of the 85Kr a c t i v i t y  K O  less 
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a 'Table 5 .2 .  LAEA .-.-- d e f i n i t i o n  of ___ low specif ic  ._....._l......l I____ ac t iv i l :y  ...... ........... m a t e r i a l  ~ _~ 

121. Low s p e c i f i c  a c t i v i t y  material (LSA) s h a l l  mean any of t h e  fo l lowing:  

( a )  Uranium o r  thorium o r e s  and p h y s i c a l  o r  chemical. c o n c e n t r a t e s  
of those o r e s  e 

(b) U n i r r a d i a t e d  n a t u r a l  o r  d e p l e t e d  uranium o r  u n i r r a d i a t e d  n a t u r a l  
t h o  r i.um e 

( c )  T r i t i u m  oxi.de i n  aqueous s o l u t i o n s ,  p rovided  t h e  c o n c e n t r a t i o n  
does n o t  exceed 10 C i / l i t r e .  

(d) Materials i n  which t h e  a c t i v i t y  , under normal t r a n s p o r t  c:ondi- 
t i .ons,  i s ,  and remains,  uniformly d i s t r i b u t e d  and i n  w i c h  the. average 
est.i.mated s p e c i f i c  a c t i v i t y  does n o t  exceed lom4 A 2 / g -  t: 

(e )  Materials i n  which t h e  a c t i v i t y  i s  uniformly d i s t r i b u t e d  and 
which, i f  reduced t o  t h e  minimum volume under condi t i .ons l i k e l y  t o  be  
encountered i n  t r a n s p o r t ,  such  as d i s s o l u t i o n  i n  w a t e r  w i t h  subsequent  
r e c r y s t a l l i z a t i o n ,  p r e c i p i t a t i o n ,  e v a p o r a t i o n ,  combustion, a b r a s i o n ,  e t c . ,  
would have an average e s t i m a t e d  s p e c i f i c  a c t i v i t y  of no more than 10-4 
A+. b 

( f )  Objec ts  o f  non-rad ioac t ive  material contaminated w i t h  r a d i o a c t i v e  
m a t e r i a l  , provided (:he non--f txed  s u r f a c e  contaminat i o n  does n o t  exceed t e n  
times t h e  v a l u e s  given i n  Table  XL arid t h e  contaminated o b j e c t  o r  t h e  con- 
tamina t ion  on t h e  o b j e c t ,  i f  reduced t o  t h e  minimum volume under c o n d i t i o n s  
l i k e l y  t o  b e  encountered i n  t r a n s p o r t ,  such as d i s s o l u t i o n  i n  water w i t h  
subsequent  r e c r y s t a l l i z a t i o n ,  p r e c i p i t a t i o n ,  e v a p o r a t i o n ,  combustion, abra-  
s ion ,  etc. ,  would have an average e s t i m a t e d  s p e c i f i c  a c t i v i t y  o f  no more 
than  A2/g.b 

(g) O b j e c t s  of non-rad ioac t ive  material contaminated w i t h  r a d i o a c t i v e  
material, provi-ded t h a t  t h e  r a d i o a c t i v e  c o a t m i i n a t i o n  i s  in a non-readi ly  
d i s p e r s i b l e  form and the level  of contaminat ion averaged over  1 m2 ( o r  t h e  
area of  t h e  s u r f a c e  i f  th i s  i s  less than  1. m2) does n o t  exceed 1 pCi/cm2 
f o r  b e t a  and gamrna emitters and f o r  l o w  t o x i c i t y  a l p h a  0 . 1  
u C i / c m 2  f o r  o t h e r  a l p h a  emitters. 

a 

b 

Taken f rom ref.  20. 

A2 = 100 C i  f o r  1 4 C ;  A = 1000 C i  f o r  uncompressed 85Kr.  

235U; 23RU; 232Th;  228Th and 230Th when d i l u t e d  t o  a s p e c i f i c  a c t i v i t y  
of t h e  same o r d e r  as t h a t  of n a t u r a l  uranium and thorium; rad ionucl - ides  
w i t h  a h a l f - l i f e  oE less t h a n  10 days.  

2 



2 3  

p r o j e c t e d  DOT r e g u l a t i o n s .  I f  t h e  CaCB product  is  not: t o  b e  sh ipped  i n  

t h e  more restrictive Type A packaging,  then some o r  a11 o f  the followirig 

a c t i o n s  m a y  b e  r e q u i r e d :  

3 

(1) e x p e r i m e n t a l l y  demonst ra te  that  less t h a n  0 . 1  Ci of 85Kr p e r  

package w i l l  b e  desorbedlevolved  ''. . . under  c o n d i t i o n s  l i k e l y  

t o  be encountered d u r i n g  t r a n s p o r t  . . ., 
d r y  t h e  CaCO 

0 .1  C i  p e r  package, 

2115 

(2) product  t o  reduce t h e  8 5 K r  content.  t o  less than 
3 

( 3 )  fix t h e  K r  i n  place. w i t h ,  f o r  example, cement t o  prevent  i.ts 

c o n c e n t r a t i o n  d u r i n g  t r a n s p o r t ,  o r  

increase the K r  recovery  i n  t h e  GKC p r o c e s s  from 99 t o  99.93%. ( 4 )  

3 
K r  concen- 

Bulk t r a n s p o r t  would be o u t  of the q u e s t i o n ,  s i n c e  t h e  larger mass of CaCO 

and K r  i n  a s i n g l e  package would s imply aggravate t h e  e x i s t i n g  

t r a t i o n  problem. 
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5 .2 .3  Summary o f  t r a n s p o r t a t i o n  r e g u l a t i o n s  

The n e t  r e s u l t  of S e c t s .  5.2,1 and 5 . 2 . 2  is t h a t  t h e  CaCO product  
3 

( i n c l u d i n g  3 . 7 1  C i  of 85Kr per gram of  product )  can probably be cons idered  

t o  b e  LSA material under p r e s e n t  DOT r e g u l a t i o n s .  Furthermore,  t h i s  sitme 

CaiCO product  can probably be  made t o  conform t o  the p r o j e c t e d  LSA m a t e r i a l  

d e f i n i t i o n  by exper imenta l  demonst ra t ion  and p r o c e s s  m o d i f i c a t i o n s  (product  

d r y i n g  and/or  c o n c r e t i o n ) .  Thus, i n  t h e  remainder  of t h i s  r e p o r t ,  i t  i s  

assumed t h a t  o n l y  t h e  minimal. packaging requi rements  d e s c r i b e d  b r i e f l y  i n  

S e c t .  5 .2 .1  need b e  m e t .  

3 

5.3 R a d i a t i o n  Doses  During T r a n s p o r t a t i o n  and Handling 

The r a d i a t i o n  level  of t h e  CaCO product: i s  of i n t e r e s t  d u r i n g  b o t h  
3 

t h e  h a n d l j a g  and the t r a n s p o r t a t i o n  o f  t h e  product .  The cliarge f o r  b u r i a l  

a t  commescial b u r i a l  grounds i n c r e a s e s  s t e p w i s e  depending on t h e  r a d i a t i o n  

l e v e l  of t h e  material  b e i n g  h u r i e d .  The product  r a d i a t i o n  level a l s o  

d e f i n e s  the s h i e l d i n g  requi rements  € o r  s h i p p i n g .  The c o n t r o l l i n g  require-  

rnernt i n  t h i s  case is  that t h e  dose rate must b e  less than LO mre rn /h r  and 

6 ft f r o m  the e x t e r n a l  s u r f a c e  o r  che t r a n s p o r t  v e h i c l e .  1.8 
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3 
product  f o r  t h e  s ix  cases d e f i n e d  i n  Table  5 . 1  are  given i n  Table  5.3.  The 

product  w a s  assumed t o  have a b u l k  d e n s i t y  of 102 .2  l .b / f t '  and t o  c o n t a i n  

40 w t  % water .  The dose race c a l c u l a t i o n s  w e r e  performed u s i n g  t h e  ANISN 

code,22 and t h e  bremsstrahl.ung spectrum and i n t e n s i t y  were based on i n f o r -  

mat ion given i n  r e f s .  23  and 24. A s  i s  e v i d e n t  f r o m  t h e  informat ion  given 

i n  Table  5.3,  85Kr accounts  f o r  v i r t u a l l y  a l l  of t h e  r a d i a t i o n  dose r a t e  

a t  t h e  drum s u r f a c e  i n  a l l  o f  t h e  s i x  c a s e s  examined. The dose rates i n  

Cases 1-111 ("low Ks") are s m a l l  enough so as  t o  i n c u r  no a d d i t i o n a l  b u r i a l  

charges  and so  as t o  p r e s e n t  minimal h a n d l i n g  problems. The dose rates i n  

Cases IV-VI  are r e l a t i v e l y  l a r g e ,  and i n  t h e s e  cases c o n s i d e r a b l e  c a r e  

would be r e q u i r e d  when handl ing  t h e  product .  The b u r i a l  charges  i n  Cases 

The dose ra tes  at; t h e  s u r f a c e  of  55-gal steel. drums containi-ng CaCO 

3 3 as compared w i t h  $1..30/ft I V - V I  are about  $ 3 . 2 5 / f t  

mrem/hr p e r  package. 

3 
imated by assuming t h e  v e h i c l e  w a s  an i n f i n i t e  p l a n e  

The dose rate from a v e h i c l e  c a r r y i n g  t h e  C a C O  

f o r  less than 200 

product  was approx- 

s o u r c e  56.8 cm (1 drum) 

t h i c k .  

from 0.41% o f  a l l  decay e v e n t s ) ,  t h e  outermost  row of drums should  be an 

e f f e c t i v e  s h i e l d  f o r  t h e  K r  gamma rays emanating from t h e  drums i n  t h e  

i n t e r i o r  of t h e  t r u c k .  The r e s u l t s  show t h a t  about  0 . 3  cm (0.12 i n . )  of  

i r o n  would b e  r e q u i r e d  t o  reduce t h e  dose ra te  i n  Cases 1-111 t o  1 0  mremlhr 

a t  a p o i n t  6 E t  from t h e  v e h i c l e  s u r f a c e .  For  Cases P V - V I ,  about 7.35 cm 

(2.9 i n . )  of i r o n  would be r e q u i r e d .  E n  e i t h e r  case, t h e  drum t h i c k n e s s  

of 0 .15 cm may be s u b t r a c t e d  t o  gel: t h e  r e q u i r e d  s h i e l d i n g  t h i c k n e s s .  

These t h i c k n e s s e s  may be p u t  i n  p e r s p e c t i v e  by assuming t h a t  42,000 l b  of 

product  i s  t o  b e  sh ipped  i n  a c u b i c a l  c o n t a i n e r ,  which r e s u l t s  i n  t h e  min- 

imum s u r f a c e  a r e a  f o r  a rec tangular - type  c o n t a i n e r .  For Cases 1-111, t h e  

r e q u i r e d  i r o n  s h i e l d i n g  would weigh about  1400 l b ,  w h i l e  f o r  Cases I V - V I  

t h e  i r o n  s h i e l d i n g  would weigh about  39,500 l b .  Thus, t h e  t o t a l  weight  

shipped i n  Cases I V - V I  i s  n e a r l y  double t h a t  i n  Cases 1-111. 

S i n c e  t h e  85Kr  ganrrna r a y s  have a re1a t i .ve ly  l o w  energy (0.514 M e V  

85 

5.4 T r a n s p o r t a t i o n  Cos ts  

25 The t r a n s p o r t a t i o n  c o s t s  used in t h i s  s t u d y ,  g iven  i n  T a b l e  5 . 4 ,  a r e  

based on e x i s t i n g  I n t e r s t a t e  Commerce Coinmission (IC(:) t a r i f f s  w i  t.h Oak Ridge 



Table 5.3.  Dose rate a t  the surface o f  a 55-gal drum containing CaCO producta with 1 4 C  and 85Kr 3 

per drum per hr per drum per hr 
Case I4N 
No. (PPd fue l  eliment) per d m  per hr 

85K, 
(Ci per 

l 4 c  85Kr Tota l  
M i  mrm ci mrem c i  mrem 

~- 

I 0 5 . 3 1  5 . 3 8  2 . 7 5  0 . 9 4 9  2 2 . 3 4  0 . 9 5 4  2 2 . 3 4  

I1 26 5.31 28 .7  1.47 x lo-2 0 . 9 4 9  2 2 . 3 4  0,978 22 .35  

1x1 100 5 3 3 1  9 4 . 9  4.85 x 0 . 9 4 9  2 2 . 3 4  1 . 0 4  22 .39  

IV 0 5 3 1  5 .38 2 . 7 5  9 4 . 9  2 , 2 3 4  9 4 . 9  2 , 2 3 4  

V 26 5 3 1  28.7 1 . 4 7  x lo-' 94 .9  2 , 2 3 4  9 5 . 0  2 , 2 3 4  

V I  100 5 3 1  9 4 . 9  4.85 x 9 4 . 9  2 , 2 3 4  95.0 2 , 2 3 4  

Hoist filter cake containfng 60% solids and 40% H20. a 
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Table  5 . 4 .  T r a n s p o r t a t i o n  c o s t s  f rom Oak Ridge  t o  va r ious  d e s t i n a t i o n s  

D e s t  inahion  

One-way On e -way 
d i s t a n c e  f r o m  c o s t  

Oak Ridge ( m i l e s )  ( $ / loo  I’D) 
~ . -  .. . 

Morehead, Ky. 188 0 .93  

B a r n w e l l ,  S . C .  339 2 . 1 3  

West V a l l e y ,  N.Y. 630 2.13 

Los Alarnos, N.M. 1403 4 . 2 8  

Hanford, Wash. 2366 6.09 
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as the o r i g i n a t i n g  p o i n t .  

carrier is used ,  t h e  one-way t a r i f f  is a p p l i c a b l e ,  s i n c e  t h e  v e h i c l e  need 

3 
n o t  b e  r e t u r n e d  t o  t h e  o r i g i n a t i n g  p o i n t ,  IF a s p e c i a l l y  d e s i g n e d  CaCO 

product  t r a n s p o r t  vehicle i s  used w i t h  a commercial carr ier ,  the  v e h i c l e  

w i l l  have t o  b e  r e t u r n e d  empty t o  t h e  o r i g i n a t i n g  p o i n t ,  and the Tares Ln 

T a b l e  5 . 4  would be i n c r e a s e d .  I n  the Latter case, i t  would probably be 

more economical t o  s h i p  t h e  product  i n  s p e c i a l l y  des igned  vehic'Les which 

are owned by t h e  r e p r o c e s s o r ,  t h u s  ci rcumventing t h e  ZCC t a r i f f s .  I n d i -  

c a t i o n s  are t h a t  t h e  round- t r ip  c o s t  of a self-owned v e h i c l e  i s  roughly 

t h e  s a m e  as the one-way I C C  t a r i f f .  

If a s t a n d a r d  vehicle owned by a commercial 

The  c o s t  of t r a n s p o r t i n g  t h e  product  by r a i l  w a s  n o t  inves t i -ga ted .  

R e p r e s e n t a t i v e s  o f  t h e  commercial b u r i a l  grounds i n d i c a t e d  that  b u r i a l  

grounds are o f t e n  i n a c c e s s i b l e  t o  r a i l  t r a f f i c .  A d d i t i o n a l l y ,  t h e  r a i h -  

roads i n  some r e g i o n s  of t h e  c o u n t r y ,  most n o t a b l y  the N o r t h e a s t ,  have 

v i r t u a l l y  reFused t o  c a r r y  r a d i o a c t i v e  cargo.  However, it i s  cxpected 

t h a t  t h e  c o s t  of t r a n s p o r t i n g  t h e  product  by r a i l  would be roughly the 

same as t r a n s p o r t a t i o n  by road  vehicles. 

Shipping t h e  product  by barge should  reduce s h i p p i n g  c o s t s  t o  about  

50% of t h o s e  f o r  road o r  r a i l  t r a n s p o r t  on a per-mile b a s i s .  The l i m i t a -  

t l - on  h e r e  is  t o  e n s u r e  t h a t  b o t h  the r e p r o c e s s i n g  p l a n t  and d i s p o s a l  sites 

are a c c e s s i b l e  t o  b a r g e  t r a f f i c ,  T h i s  may be  d i f f i c u l t  t o  accomplish,  s i n c e  

most b u r i a l  grounds are p u r p o s e l y  removed from water s o u r c e s  t o  minimize the 

p o s s i b i l i t y  o f  contaminat ion  of s u r f a c e  water and seepage i n t o  c i r c u l a t i n g  

groundwater.  

6. DISPOSAL OF THE CaC03 PRODUCT 

The method by which the CaCO product  i s  d i s p a s e d  is  ext remely  impor- 
3 

t a n t  s i n c e  t h i s  n o t  o n l y  de te rmines  the r e q u i r e d  c h a r a c t e r i s t i c s  c > €  the 

CaC03 p r o d u c t s  b u t  may a l s o  d i c t a t e  t h e  packaging and t r a n s p o r t a t i o n  

requi rements  - The p r i n c i p a l  problem encountered when t r y i n g  to d e f i n e  the 

b e s t  method f o r  d i s p o s i n g  of the product  i s  that  t h e  r e g u l a t i o n s  r e g a r d i n g  
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t h e  d i s p o s a l  of ' l t C  are n o n e x i s t e n t ,  and t h e  r e g u l a t i o n s  r e g a r d i n g  t h e  

management of low-level wastes, i n  g e n e r a l ,  are v a r i a b l e  and are b e i n g  

cont inuous ly  r e e v a l u a t e d  I 

The v a r i a b i l i t y  o f  t h e  r e g u l a t i o n s  is  a r e s u l t  of t h e i r  be ing  d e f i n e d  

oil a s t a t e - b y - s t a t e  b a s i s  i n s t e a d  of be ing  d e f i n e d  by F e d e r a l  a u t h o r i t i e s .  

For example, t h e  s t a t e  of  Kentucky appears  t o  b e  ratheir co.ciservative,  

s t r i c t l y  l i m i t i n g  the waste forms i t  w i l l  a c c e p t ,  w h i l e  South C a r o l i n a  

appears  t o  b e  more f l e x i b l e  and may be w i l l i n g  t o  c o n s i d e r  exempt:i.ons f o r  

s p e c i f i c  w a s t e  ~ y p e s .  

The f a c t  t h a t  t h e  r e g u l a t i o n s  concerning l o w - l e v e l  w a s t e  management are 

i n  a cont inuous state o f  f l u x  is  a symptom of  the current d i f f i c u l t i e s  b e i n g  

encountered i n  a l l  phases  of waste management. Waste management technology 

i s  p r e s e n t l y  t h e  s u b j e c t  of i n t e n s i v e  r e s e a r c h  and development, as w e l l  a s  

widespread d e b a t e ,  i n  b o t h  p u b l i c  and p r i v a t e  forums. E t  appears  that t h e  

r e s e a r c h ,  development, and d e b a t e  have j u s t  begun and, t h e r e f o r e ,  t h a t  

r e s o l u t i o n  of t h e  problems concerning b7ast.e management r e g u l a t i o n s ,  i n c l u d -  

h g  low-level w a s t e s ,  w i l l  b e  several y e a r s  i n  t h e  f u t u r e ,  The only  p o i n t  

that most people  who are exper ienced  i n  low-l-evel w a s t e  management agree  

upon i s  t h a t  t h e  t r e n d  i s  i n c r e a s i n g l y  toward c o n c r e t i o n  of a l l  r a d i o a c t i v e  

w a s t e s .  

The remainder oE Sect .  6 w i l l  be  devoted t o  a d i s c u s s i o n  of t h e  fo ' l lowing 

C a C O  product  d i s p o s a l  o p t i o n s :  3 
(1) shal low-land b u r i a l  

( 2 )  p a r t i a l - b l o c k  burn ing  and burial .  

( 3 )  h y d r a u l i c  f r a c t u r i n g  

( 4 )  deep-sea d i s p o s a l  

(5) g e o l o g i c  r e p o s i t o r y  emplacement 

6.2 Shallow-Land B u r i a l  Options 

Shallow-land burial ,  o f  low-level. r a d i o a c t i v e  wastes t y p i c a l l y  i n v o l v e s  

bur ia l .  of t h e  waste i n  s u r f a c e  t r e n c h e s  having dfmensions oE 500 f t  x 40 f t  

x 20 f t  deep. When r a d i o a c t i v e  waste has  accumulated to a depth  of 1 5  to 

1 7  f t ,  t h e  t r e n c h  i s  b a c k f i l - l e d  w i t h  p r e v i o u s l y  excavated e a r t h .  Drainage 
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i s  provided  f o r  t h e  t r e n c h ,  and p r o v i s i o n s  are made f o r  mon i to r ing  the 

water ( i f  any) d r a i n i n g  from the t r ench .  Commercial shal low-land b u r i a l  

sites a r e :  

- Operated by -..-I_- 

Loca t ion  

Shef f i e l d ,  Ill a 

Richland ,  Wash. Nuclear  Engineer ing  Go., 

B e a t t y ,  Nev. 
Morehead, Ky. 

Morehead, Ky. 

Barnwel l ,  S .  C. Chem-Nuclear S e r v i c e s ,  Lnc. 
Be l l evue ,  Wash. 

W e s t  V a l l e y ,  N .  Y. Nuclear  Fue l  S e r v i c e s ,  
West Va l l ey ,  N. Y .  

The Nuclear  Fue l  S e r v i c e s '  b u r i a l  ground is n o t  p r e s e n t l y  a c c e p t i n g  wastm 

f o r  b u r i a l .  

Noncommercial shal low-land b u r i a l  f a c i l i t i e s  are main ta ined  by the 
26 F e d e r a l  government a t  ORNL, S I C ,  NRTS (Tdaha), Hanford, and EASL. 

3 Charges f o r  b u r i a l  appear  t o  b e  q u i t e  uniform,  and are $1.3Q/ft f o r  

a dose  rate less than  200 mrem/hr a t  the s u r f a c e  of t h e  package.  1-f the 

dose  rate a t  t h e  s u r f a c e  i s  between 200 and 5000 m r e m / h r ,  the charge  is 

$ 3 . 2 5 / f t  . These rates may be reduced i f  l a r g e  volumes of w a s t e  (greater 

than  100,000 ft / y r )  are being b u r i e d ,  as would b e  i n  the case wlth t h e  

C a C O  p roduc t  d i s p o s a l ,  which amounts t o  about  450,000 f t  01 unconcreted 

material p e r  y e a r  from t h e  demonst ra t ion  s i z e  r e p r o c e s s i n g  plant. 

volume d i s c o u n t  could b e  expec ted  t o  b e  about  10%. Surcharges  are l e v i e d  

f o r  l a r g e  packages ( g r e a t e r  than 15  t o n s  p e r  package) and f o r  h igh-dens i ty  

materials ( g r e a t e r  than  200 Lb / f r  1. 

3 

3 

3 -  
3 

The 

3 

The f o l l o w i n g  f o u r  sha l low- land  b u r i a l  o p t i o n s  have been i d e n t  i.ried: 

(1) b u r i a l  of unpackaged, unconcre ted  CaCO, produc t ,  

(2)  b u r i a l  of packaged, unconcre ted  CaC03 produc t ,  

(33 bur i a l .  of unpackaged, conc re t ed  CaCO p r o d u c t ,  

(4 . )  b u r i a l  of packaged, conc re t ed  CaC03  produc t .  

3 

3 
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Low-level w a s t e  b u r i a l  charges  were d i scussed  p r e v i o u s l y .  Concre t ion  and 

packaging c o s t s  are d i scussed  i n  Sec t .  4 ,  The fo l lowing  disc:ussion w i l l  

concern t h e  v i a b i l i t y  o f  t h e  f o u r  shallow-land b u r i a l  concepts  i n  t h e  

f u t u r e .  

6 .2 .1  __ B u r i a l  of unpackaged .-.._ ...._ , unconcre.JzL-Ce3 produsL 

T h i s  d i s p o s a l  method was i nc luded  p r i n c i p a l l y  f o r  t h e  sake of complete- 

ness since it  i s  the f o u r t h  possib1.c combination of the packaged-unpackaged 

and unconcreted-concreted product. choices. This  practice i s  no t  pe rmi t t ed  

a t  any of the commercial b u r i a l  s i tes.  The ready  s o l u b i l i t y  o f  CaCO i n  

even weakly a c i d  water and the suscep t : i . b i l i t y  of  unpackaged, unconcreced 

material  t o  u n i n t e n t i o n a l  d i s t u r b a n c e  by v i r t u a l l y  any t y p e  o f  excavat ion  

i n d i c a t e  that  t h e r e  i s  l i t t l e  hope t h a t  t h i s  dispos;iJ. method will. b e  pe rmi t t ed  

i n  the f u t u r e  u n l e s s  there are r a d i c a l  reverses i n  t h e  d i r e c t i o n  of p r e s e n t  

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

3 

1 
A s l i g h t  v a r i a t i o n  of t h i s  concept  was sugges ted  by Brooks e t  a l . ;  

the p l a n  w a s  t o  bury the  CaCO i n  l a y e r s  a d j a c e n t  t o  the rep rocess ing  s i t e ,  

w i t h  each l a y e r  be ing  covered by soiiie waterproof  inaterial. T h i s  d i s p o s a l  

p l a n  i s  s u b j e c t  t o  t h e  same problems ci.t:ed b e f o r e .  I n  a d d i t i o n ,  t h e  selec- 

t i o n  of t h e  r ep rocess ing  p l a n t  l o c a t i o n  would b e  r e s t r i c t e d  by t:hc availa- 

b i l i t y  of  s i t e s  w i t h  an a c c e p t a b l e  geol.ogy f o r  b u r i a l  of t h e  C a C O  

3 

product .  

14 
3 

To s u m a r i z e  , shall-ow-land bur ia l .  of unpackaged unconcre ted ,  C- 

contaminated C a C O  i s  n o t  a c c e p t a b l e  under  p r e s e n t  r e g u l a t i o n s ,  and probably  

will. n o t  be a c c e p t a b l e  under  f u t u r e  r e g u l a t i o n s .  T h e  implementat ion of t h i s  

p l a n  would probably  requi-re that  the C a C O  product  b e  g iven  a spec ia l  exemp- 

t lon  from low-level waste d i s p o s a l  r e g u l a t i o n s  , an arduous and u n c e r t a i n  

course  a t  b e s t .  

3 

3 

Shallow-land b u r i a l  of  packaged, unconcreted CaCO product  c o n s i s t s  

o f  packaging e i ther  tht. ino is t  CaCO f i l t e r  cake o r  the dry  C a C O  product  

i n  c o n t a i n e r s ,  assumed t o  be  s t a n d a r d  55-gal drums i n  t h i s  sludy. 

3 
3 3 
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Current: p r a c t i c e  r e g a r d i n g  shallcw-land b u r i a l  cf  pachaged, unconcreted 

low-level  wastes varies dependlng on which commercial b u r i a l  s i t e  i s  b e i n g  

cons idered .  For example, t h e  b u r i a l  s i t e  a t  Morehead, Kentucky, will not 

a c c e p t  unconcreted CaCO p r o d u c t ,  d r y  o r  m o i s t .  The b u r i a l  s i t e  a t  RarnwelL,  

South C a r o l i n a ,  w i l l  probably a c c e p t  packaged, unconcreted sslt ,dsr b u t  on ly  

i f  the s o l i d s  are d r y  ( i . e . ,  a mois t  f i l t e r  cake i s  n o t  a c c e p t a b l e ) ,  

3 

A s  u s u a l ,  the f u t u r e  regulatTons r e g a r d i n g  t h e  b u r i a l  o f  packaged, 

unconcreted low-I.eve1 wastes a r e  open t o  s p e c u l a t i o n .  Tn t h e  s h o r t  term 

(i.e., f o r  t h e  demonst ra t ion  p l a n t ) ,  t h e  d i s p o s a l  of  packaged, unconcreted 

CaCO product  w i l l .  probably be a c c e p t a b l e .  In  t h e  longer  term, t h e  f a c t  

that t h e  CaCO product  presumably r e q u i r e s  containment f o r  t e n s  of t.housandrs 

o f  y e a r s  i n d i c a t e s  t ha t  unconcre ted  b u r i a l  w i l l  probably n o t  be a c c e p t a b l e  

f o r  a commercial HTGR economy s i n c e  t h e  c o n t a i n e r s  w i l l  probably n o t  r e t a i n  

their i n t e g r i t y  for even a f e w  hundred y e a r s .  

somewhat more a c c e p t a b l e  i f  cement s t o r a g e  c o n t a i n e r s  w e r e  used. 

3 
3 

This o p t i o n  might be rendered 

6 . 2 . 3  B u r i a l  of unpackaged, concre ted  C a L s  p roduct  

This o p t i o n  would i n v o l v e  mixing the CaCO p r o d u c t  w i t h  a p p r o p r i a t e  
3 

amounts of cement and water and p l a c i n g  t h e  w e t  m i x t u r e  d i r e c t l y  .in t h e  

shallow-land b u r i a l  t r e n c h ,  The r e s u l t  w i l l  be  massive (about: 40 f t  x 1 5  
ft x 500 f t ) ,  unpackaged b l o c k s  of concre ted  CaC03.  T h i s  d i s p o s a l  method 

is  n o t  p r e s e n t l y  a c c e p t a b l e  a t  any of t h e  commercial b u r i a l .  grounds 

The p r i n c i p a l  advantage i n  t h i s  d i s p o s a l  method (other t:hm the  

e l i m i n a t i o n  o f  packaging c o s t s )  f o l l o w s  from the r e a l i z a t i o n  that  any 

packaging used w i l l  probably r e t a i n  i ts  i n t e g r i t y  f o r ,  a t  t h e  rhost, sev- 

eral c e n t u r i e s .  A f t e r  t h e  packaging h a s  been breached ,  t h e  Loss of l a r g e  

amounts of 14C-contaminated CaCO 

low rate a t  which the CaCO i s  leached  f rom the c o n c r e t e .  Tliiis, f o r  long- 

t e r m  s a f e t y  i t  may be more d e s i r a b l e  tu have a minimum surface-to-volume 

r a t i o  r a t h e r  t h a n  packaging,  s i n c e  t h e  l e a c h  ra te  is proport i 'ondl  t o  

exposed s u r f a c e  area. 

t o  t h e  environment i s  prevented  by t h e  
3 

3 

T e c h n i c a l l y ,  t h e  b u r i a l  o f  u n p a c k a g d ,  concre ted  product  wauld  seem 

s u p e r i o r  t o  t h e  b u r i a l  of packaged concre ted  waste (Sect + 6 . 2  4 )  because 
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t h e  former is more economical (no packaging c o s t ) ,  and i t  has  a lower 

long-term l e a c h  rate due t o  i t s  lower surface-to-volume r a t i o .  However, 

t h e  emotional ism sur rounding  t h e  d i s p o s a l  of r a d i o a c t i v e  wastes  might w e l l  

l e a d  t o  t h e  r e q u i r e d  use  of packaging t o  placate t h o s e  who p e r c e i v e  s h o r t -  

term r i s k s  more a c u t e l y  t h a n  long-t:em r i s k s .  S ince  t h i s  met:hod of w a s t e  

d i s p o s a l  h a s  n o t  been e x t e n s i v e l y  used,  t h e  "propose i t  and see what happens" 

approach appears  t o  b e  the only  way t o  determine t h e  a c c e p t a b i l i t y  o f  t h e  

unpackaged b u r i a l  of concre ted  CaCO 
3' 

6 . 2 . 4  -______ B u r i a l  of packaged, .... concre ted  CaCOGgpduct  

This  b u r i a l  o p t i o n  c o n s i s t s  of packaging and burying  t h e  C a C O  product  3 
which h a s  been mixed w i t h  a p p r o p r i a t e  m o u n t s  of cement and w a t e r  so as t o  

r e s u l t  i n  t h e  product  be ing  concre ted  i n  a monol.ithic form. 'Che volumes, 

masses, and c o s t s  involved  i n  c o n c r e t i o n  are d i s c u s s e d  i n  S e c t .  4 .  The 

C a C O  may b e  c o n c r e t i z e d  a t  e i t h e r  t h e  r e p r o c e s s i n g  p l a n t  o r  t h e  b u r i a l  3 
s i te .  

Shallow-land b u r i a l  of c o n c r e t e d ,  packaged low-level w a s t e s  i s  p r e s e n t l y  

a c c e p t a b l e  (and p r e f e r a b l e )  a t  a l l  of  t h e  commercial b u r i a l  grounds.  Addi- 

t i o n a l l y ,  t h i s  b u r i a l  o p t i o n  can probably b e  expec ted  t o  remain a c c e p t a b l e  

i n  t h e  f u t u r e .  The d i f f i c u l t y  w i t h  t h i s  o p t i o n  is one o f  econoinics, s i n c e  

the twin burdens o f  c o n c r e t i o n  and packaging are p r e s e n t .  The l a r g e  mass 

of t h e  concre ted  product  can r e s u l t  i n  c o n s i d e r a b l e  a d d i t i o n a l  t r a n s p o r t a -  

t i o n  c o s t .  This  b r i l l  b e  d i s c u s s e d  i i r  d e t a i l  i n  Sec t .  8. 

6 . 3  P a r t i a l  Block Burning and Concret ion 

This method of  d i s p o s i n g  of t h e  l a r g e  volume of 14C-contaminated 

g r a p h i t e  i s  a v a r i a t i o n  on the b u r i a l  o p t i o n s  d e s c r i b e d  i n  Sect;. 6 . 2 ,  

Here, t h e  g r a p h i t e  m a t r i x  rods c o n t a i n i n g  t h e  heavy m e t a l  ( p r i n c i p a l l y  

U and Th) and t h e  f i s s i o n  products  are removed from t h e  HTGR f u e l  b l o c k  

by e i t h e r  (core)  d r i l l i n g  them o u t  or by pushing [:hem o u t .  The g r a p h i t e  

m a t r i x  and t h e  heavy m e t a l  which have been removed from t h e  g r a p h i t e  b l o c k  

are s u b j e c t e d  t o  t h e  s t a n d a r d  r e p r o c e s s i n g  sequence (bu rn ,  l e a c h ,  c t c . ) ,  

w i t h  t h e  reiiioved g r a p h i t e  mat r ix  u l t i m a t e l y  b e i n g  f i x e d  as CaCO The 
3' 



remainder  of t h e  g r a p h i t e  b l o c k  i s  packaged w i t h  t h e  6aCO product  w i t h  

no f u r t h e r  p r o c e s s i n g ,  and t h e  whole mass i s  d isposed  of as a u n i t .  
3 

The p r i n c i p a l  advantage r e s u l t i n g  from t h i s  d i s p o s a l  method is a 
14 marked r e d u c t i o n  i n  t h e  volume and m a s s  o f  C-contaminated waste which 

must b e  b u r i e d .  In t h e  case where t h e  f u e l  r o d s  a r e  pushed o u t  of t h e  

g r a p h i t e  b l o c k ,  t h e  w a s t e  volume and mass are reduced t o  about 50% of  

t h e  CaCO volume r e s u l t i n g  from whole b l o c k  burn ing .  The w a s t e  volume 

and mass are reduced t o  about 80% of t h e  o r i g i n a l  volume when che fuel. 

r o d s  are d r i l l e d  out .  The d i f f e r e n c e  between d r i l l i n g  and pushing t h e  

r o d s  o u t  r e s u l t s  from the r e q u i r e d  use  o f  an o v e r s i z e d  c o r e  d r i l l . .  Ttiescl 

r e d u c t i o n s  i n  volume and m a s s  are s i g n i f i c a n t  i n  view of t h e  s u b s t a n t i a l  

c o s t s  of c o n c r e t i o n ,  packaging,  t r a n s p o r t a t i o n ,  and b u r i a l .  

3 

U n f o r t u n a t e l y ,  b o t h  of t h e  p a r t i a l  b l o c k  burn ing  schemes have several 
o t h e r  d i s a d v a n t a g e s .  F i r s t l y ,  t h e  hardware t h a t  would h e  r e q u i r e d  to push 

o r  d r i l l  t h e  f u e l  rods  o u t  of t h e  g r a p h i t e  b l o c k  promises  t o  f u r t h e r  e m -  

p l i c a t e  the a l r e a d y  complex and expens ive  o p e r a t i o n s  involved  i n  t h e  CITGR 

head-end p r o c e s s .  Secondly,  the g r a p h i t e  b l o c k  which is  n o t  burned and 

processed  c o n t a i n s  a m u l t i t u d e  o f  adsorbed f i s s i o n  p r o d u c t s  from broken 

f u e l  p a r t i c l e s  as w e l l  as a c t i v a t i o n  p r o d u c t s .  The r a d i a t i o n  from t h e s e  

adsorbed s p e c i e s  is  s u b s t a n t i a l  and would r e s u l t  i n  t h e  unburned b l o c k  

having t o  b e  t r e a t e d  as an i n t e r m e d i a t e -  o r  h igh- leve l  wastze. Thus, what 

w a s  once very low-level  waste now r e q u i r e s  remote h a n d l i n g ,  s h i e l d e d  t r a n s -  

p o r t ,  aid q u i t e  probably  b u r i a l  i n  deep g e o l o g i c a l  s t r a t a  ( e . g . ,  a salt 

mine r e p o s i t o r y ) .  The economic p e n a l t i e s  a s s o c i a t e d  w i t h  t h e s e  disadvan-  

t a g e s ,  combined w i t h  t h e  s t i l l  l a r g e  volume o f  w a s t e  (7.5 t o  1.20 drums p e r  

day) ,  l e a d  t o  t h e  c o n c l u s i o n  t h a t  p a r t i a l  b l o c k  burn ing  should  not  be 

cons idered  as a method f o r  d i s p a s  ing  of 6-contaminated g r a p h i t e .  114 

6.4  D i s p o s a l  of  GaCO by H y d r a u l i c  F r a c t u r i n g  
3 

T h i s  method c o n s i s t s  of mixing t h e  aqueous CaCO waste w i t h  preblctided 
3 

d r y  s o l i d s  c o n t a i n i n g  p r i n c i p a l l y  cement II and then  pumping the r e s u l t i n g  

s l u r r y  down a well and out  i n t o  a conformable,  n e a r l y  h o r i z o n t a l  f r a c t u r e  

i n  a t h i c k  s h a l e  format ion  a t  t h e  d e s i r e d  depth.  The cased  w e l l  i s  p r e p a r e d  
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f o r  t h e  i n j e c t i o n  by p e r f o r a t i n g  t h e  c a s i n g  a t  t h e  d e s i r e d  depth  and p r e s -  

s u r i z i n g  t h e  w e l l  w i t h  w a t e r .  T h i s  induces  a f r a c t u r e  i n  t h e  r o c k s ,  which 

i s  f u r t h e r  extended as t h e  s l u r r y  is  pumped i n t o  i t .  A f t e r  t h e  pumping 

phase is  completed,  t h e  cement s l u r r y  is  allowed t o  harden under p r e s s u r e ,  

thereby  forming a t h i n ,  h o r i z o n t a l  g r o u t  s h e e t .  

r e p e a t e d  s u c c e s s i v e l y  up t h e  w e l l ,  c r e a t i n g  a s t a c k  of h o r i z o n t a l  g r o u t  

s h e e t s .  

This  procedure can be 

26 

Assuming t h a t  a 30 w 6  X CaG03 s l u r r y  is  i n j e c t e d ,  a volume of 22,500 

g a l l d a y  (700 gal. p e r  f u e l  element p e r  day) would have t o  be i n j e c t e d ,  Cost 
1 ' 1  

A L l  estimates f o r  h y d r a u l i c  f r a c t u r i n g  range from $0-50 t o  $l.OO/gal. 

v a l u e  of $0 .50/ga l  w a s  used i n  t h i s  s t u d y  because economies of scale would 

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

The p r i n c i p a l  advantage of  t h i s  p r o c e s s  is  t h a t  t h e  wastes a r e  i n j e c t e d  

and immobilized a t  d e p t h s  (360 t o  900 f t )  w e l l  below t h e  zone of c i r c u l a t i n g  

w a t e r .  T h i s  g r e a t l y  reduces  t h e  p o s s i b i l i t y  of any leached  14C-contaminat ed 

CaC03 r e a c h i n g  t h e  environment.  

The d isadvantages  of t h e  h y d r a u l i c  f r a c t u r i n g  are as f o l l o w s :  

1. The c a p a c i t y  of an  i i i j e c t i o n  w e l l  i s  l i m i t e d .  The t o t a l  w a s t e  

volume i -njected a t  ORNL up t o  the p r e s e n t  time i s  abaut one 

m i l l i o n  g a l l o n s ,  as compared w l t h  t h e  r e q u i r e d  WTGK demonstra- 

t i o n  r e p r o c e s s i n g  plant:  i n j e c t i o n  rate of 5 to 1 0  m i l l i o n  g a l l o n s  

p e r  y e a r .  Thus, many i n j e c t i o n  w e l l s  w i l l  probably be r e q u i r e d ,  

2 .  Hydraul ic  f r a c t u r i n g  r e q u i r e s  r a t h e r  s p e c i f i c  g e o l o g i e s  t o  e n s u r e  

h o r i z o n t a l  f r a c t u r i n g  and t h e  absence o f  c i r c u l a t i n g  water. This  

res t r ic ts  t h e  a v a i l a b l e  r e p r o c e s s i n g  p l a n t  sites. 

3 .  The u n c e r t a i n t i e s  i n h e r e n t  i n  t h e  waste placement may make 

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

To summarize, t h e  unfavorable  economies, the  p o t e n t i a l  u n c e r t a i n t i e s ,  

and the  r e s t r i c t i o n s  i n h e r e n t  i n  t h e  l i c e n s i n g  and operati-on of the h y d r a u l i c  

f r a c t u r i n g  concept  make i t  i i n s u i t a b l e  i n  c h i s  a p p l i c a t i o n .  
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6.5  Deep-Sca Disposa l  o f  t h e  C a C 0 3  Product  

Deep-sea d i s p o s a l  o f  v i r t u a l l y  every type of: radioactive w a s t c  p a o -  

duced has been sugges ted  d u r i n g  t h e  las t  several y e a r s .  A p r o p o s a l  t o  

d i s p o s e  of t h e  CaCO product  i n  t he  deep sea receives f u r t h e r  impetus 

from t h e  f a c t  t h a t  t h e  deep sea c o n t a i n s  about 90% of t h e  e a r t h ' s  I4C 

i n v e n t o r y  e 

3 

1 

Active sea d i s p o s a l  of r a d i o a c t i v e  waste is  c e n t e r e d  in t h e  wes tern  

European n a t i o n s ,  w i t h  c o n s i d e r a b l e  i n t e r e s t  i n  Japan. 

v i a b l e  commercial sea d i s p o s a l  a c t i v i t y  i n  t h e  LJnited S t a t e s  For  over 10 

y e a r s ,  due princ-ipally t o  u n f a v o r a b l e  economics. The long t r a n s p o r t a t i o n  

d i s t a n c e s  required, combined w i t h  t h e  h i g h  c o s t  o f  c o n c r e t i o n ,  would a l s o  

appear  t o  make the d i s p o s a l  of CaCO i n  t h e  deep sea uneconomical. 

There has been 510 

3 

The r e g u l a t o r y  climate r e g a r d i n g  r a d i o a c t i v e  waste d i s p o s a l  i n  the 

deep s e a  is a l s o  unfavorable .  The f o l l o w i n g  appears  i n  thc D r a f t  Ynviron- 

mental  S ta tement  

Contaminated R a d i o a c t i v e  Wastes : 

on t h e  Management of Commercial High-Level and 'I'ransurata' !.LlZll- 

28 

I t  may be assumed t h a t  i n  a d m i n i s t e r i n g  sea d i s p o s a l  
r e g u l a t i o n s ,  t h e  EPA will c l o s e l y  f o l l o w  a p r i o r  p o l i c y  
recommendation by t h e  Council on Environmental  Q u a l i t y  
(CEQ) as f o l l o w s :  

The p o l i c y  recommended would c o n t i n u e  the prac- 
t i c e  of p r o h i b i t i n g  h i g h - l e v e l  r a d i o a c t i v e  wastes 
i n  t h e  ocean. Dumping o t h e r  r a d i o a c t i v e  m a t e r i a l s  
would b e  p r o h i b i t e d ,  e x c e p t  i n  a very few cases 
f o r  which no p r a c t i c a l  a l t . e r n a t i v e  o f f e r s  less 
r i s k  t o  man and h i s  environment ." 

11 

_--- Ocean Dumping, a N a t i o n a l  P o l i c y ,  
A Report: to t h e  P r e s i d e n t  prepared 
by the Council. on Environmental  
Q u a l i t y ,  October  1970. 

I n  view of b o t h  the unfavorab 1.e economics and t h e  u n f a v o r a b l e  r egu la to ry  

climate, the concept of deep-sea disposal .  of t he  CaCO product  should  

probably n o t  b e  cons idered .  
3 
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6 . 6  Geologic  Repos i tory  Emp1.acemen.t of  t h e  C a C O  Product  3 

Because I4C has  a r e l a t i v e l y  l o n g  h a l f - l i f e  (5730 y e a r s ) ,  t h e r e  is 

a s - t g n i f i c a n t  chance that  t h e  CaCO product  may have t o  b e  p laced  i n  a 3 
g e o l o g i c  r e p o s i t o r y  which i s  p r i n c i p a l l y  designed f o r  non-heat-generating 

wastes contaminated by long- l ived  a l p h a  e m i t t e r s .  

L o g i c a l l y ,  t h e  b u r i a l  of 14C-contaminated waste i.n a g e o l o g i c  repos-  

i t o r y  should  n o t  b e  r e q u i r e d ,  s i n c e  I 4 C  has  a much lower r a d i o t o x i c i t y  

than  t h e  a l p h a  emitters. The magnitude of t h i s  d i f f e r e n c e  is  evi.dent from 

Table  6.1, wherein t h e  r a d i o t o x i c i t y  of C y  as measured by t h e  i n g e s t i o n  

Radionucl ide Concent ra t ion  Guide (RCG), is  compared t o  t h e  RCGs o f  several 

a l p h a  emitters w t t h  comparable h a l f - l i v e s  and t o  t h a t  of t r i t i u m .  The least :  

t o x i c  of t h e  a l p h a  emitters is 200 tines as t o x i c  as ''Cy whereas I 4 C  is 

only  3.75 t i m e s  as t o x i c  as t r ic ium.  A s  a r e s u l t  o f  t h i s  low t o x i - c i t y ,  

1 4 C  should  n o t  have t o  b e  t r e a t e d  as an a l p h a  emitter,  assuming t h a t  t h e  

r e g u l a t i o n s  are w r i t t e n  i n  some l o g i c a l .  f a s h i o n .  The only  c a v e a t  here i s ,  

a g a i n ,  t h a t  t h e  emotional ism sur rounding  the management of r a d i o a c t i v e  

w a s t e s  might f o r c e  I4C t o  be t r e a t e d  l i k e  an a l p h a  emitter,  even though 

i t  is  much less t o x i c  than  t h e  a l p h a  emitters. U n o f f i c i a l  c o n v e r s a t i o n s  

w i t h  a r e p r e s e n t a t i v e  of the NRC i n d i c a t e  t h a t  there is  a s i g n i f i c a n t  

chance that  g e o l o g i c  r e p o s i t o r y  emplacement o f  the C a C O  product  w i l l  b e  

r e q u i r e d .  

1.4 

3 

Costs  f o r  waste b u r i a l  i n  a g e o l o g i c  r e p o s i t o r y  a r e  n o t  w e l l  known, 

b u t  i t  is f e l t  t h a t  a charge of $ 2 4 , S O / r e c t i l i n e a r  f t 3  would b e  a p p r o p r i a t e  

f o r  p r e s e n t  comparat ive purposes .  

6 .7  Summary 
A v a i l a b l e  f o r  

The most economical o f  

probably be envi ronmenta l ly  

are : 

of t h e  S t a t u s  of t h e  O p t i o n s  
Xlisposal of  the CaCO Product: 

t h e  CaCO product  d i s p o s a l  o p t i o n s  which would  

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

3 

3 

(1) shallow-land b u r i a l  of 

(2) shallow-land b u r i a l  o f  

( 3 )  shallow-land b u r i a l  o f  

packaged, unconcreted CaCO p r o d u c t ,  

unpackaged, concre ted  C a C O  p r o d u c t ,  

packaged , concre ted  CaCQ3 product .  

3 

3 
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Shallow-land b u r i a l  of unconcreted,  unpackaged product  was r e j e c t e d  

because of i t s  a n t i c i p a t e d  environmental  u n a c c e p t a b i l i t y .  

i f ,  as d i s c u s s e d  i n  S e c t .  5 ,  t h e  b u l k  shipment o f  t h e  C a C O  product  i s  

n o t  allowed because o f  t h e  presence  oE k r y p t o n ,  Option 2 (shallow-land 

b u r i a l  of unpackaged, concre ted  CaCO ) would b e  p o s s i b l e  only  i f  t h e  

CaCO 

The o t h e r  d i s p o s a l  o p t i o n s  ( p a r t i a l  b lock  b u r n i n g ,  h y d r a u l i c  f r a c l u r i n g ,  

deep-sea bur i -a l ,  g e o l o g i c  r e p o s i t o r y  b u r i a l )  were r e j e c t e d  on t h e  b a s i s  

of some combination of envi ronmenta l ,  t e c h n i c a l ,  o r  economic ( s e e  Sect .  

8) grounds.  

A d d i t i o n a l l y ,  

3 

3 
w e r e  shipped i n  packages which w e r e  emptied at t h e  b u r i a l  s i t e .  

3 

F i n a l l y ,  i t  should  b e  noted  t h a t  a t  t h e  p r e s e n t  t i m e  t h e  e v a l u a t i o n  

of v a r i o u s  CaCO d i s p o s a l  o p t i o n s  i s  n e c e s s a r i l y  q u i t e  s u b j e c t i v e .  There- 

f o r e ,  a c o n t i n u i n g  e f f o r t  should  b e  made t o  seek o u t  i n d i v i d u a l s  w i t h  

e x p e r t i s e  i n  t h e  waste management area w i t h  an eye  toward v e r i f y i n g  t h e  

above d i s c u s s i o n  and moni tor ing  c u r r e n t  developments r e g a r d i n g  waste 

management. 

3 

7. LOCATION OF T E  CO2 FIXATION SYSTEM W I T H  
RESPECT TO THE KALC PROCESS 

It h a s  been suggested3' t h a t  t h e  KALC system f o r  removing 85Kr  might 

p o s s i b l y  b e  minimized w i t h  r e g a r d  t o  s i z e ,  o r  el.iininated a l t o g e t h e r ,  by 

p l a c i n g  t h e  C02 f i x a t i o n  system b e f o r e  t h e  KAIX p r o c e s s  i n  t h e  of f -gas  

c leanup system. 

7.11 E l i m i n a t i o n  of KALC 

I f  t h e  M L C  system i s  t o  be eli .minated, a t  least  99% of t h e  K r  i n  

t h e  b u r n e r  of f -gas  stream must be  e n t r a i n e d  w i t h  t h c  C a C O  

e n s u r e  t h e  f i x a t i o n  of t h e  K r  w i t h  t h e  C a C O  

i f i c a t i o n s  must b e  made t o  t h e  d i r e c t  CO f i x a t i o n  p r o c e s s  (Fig.  3 . 1 ) :  

The cont inuous vacuum f i l t e r  must b e  r e p l a c e d  by a t h i c k e n e r .  

The a i r  b e i n g  drawn through t h e  f i l t e r  rake  would desorb  K r ,  

and t h e  reduced p r e s s u r e s  would cause  K r  which w a s  d i s s o l v e d  

i n  t h e  water t o  be  evolved. 

product .  To 3 
product ,  t h e  fo l lowing  mod- 

3 

2 
1. 
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2. The product  cannot be d r i e d ,  s i n c e  t h e  major  p o r t i o n  of t h e  

sorbed  and d i s s o l v e d  K r  would be r e l e a s e d  by t h e  h e a t .  

3 ,  To p reven t  t h e  release of t h e  r e l a t i v e l y  l a r g e  amounts of KP i n  

t h e  CaCQ 

i t  i s  expec ted  t h a t  immediate product  c o n c r e t i o n  w i l l  b e  requiyed. 

product  du r ing  t r a n s p o r t a t i o n  and d i s p o s a l  o p e r a t i o n s ,  3 

A d d i t i o n a l l y ,  t h e r e  may be  a problem w i t h  r e t a i n i n g  t h e  K r  i n  aqueous so lu-  

t i o n  w i t h i n  t h e  CO f i x a t i o n  tower.  

p r o c e s s ,  t h e  flow rate of water through t h e  tower is about  50 t i m e s  l a r g e r  

(at  14OoF) than  t h e  t h e o r e t i c a l  amount r e q u i r e d  t o  d i s s o l v e  all of t h e  K r  

e n t e r i n g  the  tower,  assuming t h a t  t h e  s o l u b i l i t y  of  K r  i n  water is una f fec t ed  

by t h e  p re sence  of o t h e r  s o l u t e s  and suspended s o l i d s .  However, as t h e  Kr 

c o n c e n t r a t i o n  i n  t h e  w a t e r  i n c r e a s e s  ( i e e . 9  t h e  d r i v i n g  f o r c e  for d i s s o l u -  

t i o n  and s o r p t i o n  d e c r e a s e s ) ,  i t  may prove  d i f f i c u l t  t o  l i m i t  t h e  amount 

of Kr leaving t h e  tower t o  less t han  1% of t h a t  e n t e r i n g  t h e  tower. 

I n  t h e  o r i g i n a l  d i r e c t  GO2 f i x a t i o n  
2 

The fo l lowing  faciilors combine t o  make t h i s  o p t i o n  one of t h e  m o s t  

expens ive  o p t i o n s  cons idered:  

1. 

2. Both t h e  CaCO - K r  and t h e  i n e r t  conc re t ion  agent  must be 

The CaGO - K r  must be  conc re t ed  and packaged. 
3 

3 
t r a n s p o r t e d ,  i n c r e a s i n g  t h e  t r a n s p o r t a t i o n  c o s t .  

3. The r a d i o a c t i v i t y  of t h e  K r  w i l l  r e q u i r e  s u b s t a n t i a l  s h i e l d i n g  

d u r i n g  c o n c r e t i o n ,  packaging,  and transportation. 

4 .  The l a r g e  volume of t h e  concre ted  CaGO K r  w i l l  r e s u l t  i n  3- 
i n c r e a s e d  b u r i a l  c o s t s .  

5. The r a d i o a c t i v i t y  of t h e  K r  w i l l  r e s u l t  i n  i n c r e a s e d  b u r i a l  cust:s, 

When all of t h e s e  f a c t o r s  are taken  i n t o  c o n s i d e r a t i o n  ( see  Sec t .  8.21, 

the r e s u l t i n g  1 4 C  d i s p o s a l  c o s t  is equiva len t :  t o  a charge of $86.20/kg 
heavy meta l .  A s  8 r e s u l t  of t h e  e x c e s s i v e  cost  and the d i f f i c u l t y  i n  
making s u r e  t h a t  less than  1% of the  K r  i s  r e l e a s e d ,  i t  i s  recommended 

chat t h i s  o p t i o n  n o t  be pursued.  
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7.2 S i z e  Reduction of t h e  W C  P r o c e s s  

I f ,  on t h e  o t h e r  hand, t h e  s i z e  of t h e  KATX system i s  o n l y  t o  he 

minimized, t h e n  

(1) t h e  CaCO product  must c o n t a i n  l ess  t h a n  1% ( p r e f e r a b l y  0.1%) 

of the K r  o r i g i n a l l y  i n  t h e  off-gas  stream t o  f a c i l i t a t e  

packaging, t r a n s p o r t a t i o n ,  and d i s p o s a l  of t h e  CaC03 and, 

( 2 )  t h e  e f f l u e n t  stream c o n t a i n i n g  t h e  K r  should  c o n t a i n  less than  

1% of t h e  C 0 2  o r i g i n a l l y  p r e s e n t  i n  t h e  off-gas  stream and 

should  b e  d i l u t e d  as l i t t l e  as p o s s i b l e  by o t h e r  gas streams 

t o  minimize t h e  s i z e  o f  t h e  KALC system. 

3 

Assuming t h e r e  i s  no d i l u t i o n  of t h e  e f f l u e n t  s t ream c o n t a i n i n g  K r ,  t h e  

gas  volume t h e  KALC system must handle  i s  reduced approximately s i x f o l d  

( s e e  Fig. 2 . 1 )  by p l a c i n g  t h e  C02  f i x a t i o n  process  before  t h e  KALC system. 

The m o d i f i c a t i o n s  r e q u i r e d  i n  t h e  d i r e c t  CO f i x a t i o n  f lowshee t  

(P ig ,  3.1) t o  al-low t h e  s i z e  of the KATX system t o  b e  reduced are as 

f o l l o w s  : 

2 

1. T h e  vacuum f i l t e r  must b e  r e p l a c e d  by a t h i c k e n e r  t u  e l i m i n a t e  

d i l u t i o n  of t h e  e f f l u e n t  K r  by a i r  p a s s i n g  through t h e  f i l t e r  

cake.  

3 
2. The product  must b e  d r i e d  t o  d r i v e  o f f  K r  adsorbed on t h e  CaCO 

and d i s s o l v e d  i n  the water i n  t h e  f i l t e r  cake.  

I f  a carr ier  gas i s  used i n  the d r y e r ,  it must b e  r o u t e d  through t h e  KALC 

system t o  remove t h e  K r  desorbed and evolved from t h e  C a C 0 3  p roduct  d u r i n g  

d r y i n g ,  i n c r e a s i n g  t h e  s i z e  of t h e  KALG system. Dryers  which minimize t h e  

amount of carrier g a s  used ( e . g , ,  vacuum d r y e r s )  are t y p i - c a l l y  r a t h e r  

expens ive  t o  o p e r a t e  and have a l i m i t e d  throughput .  

Thus, i t  appears  t h a t  minimizing t h e  s i z e  o f  t h e  KALC system would 

e n t a i l  many p r o c e s s  c o m p l e x i t i e s  and u n c e r t a i n t i e s ,  as w e l l  as s i g n i f i c a n t  

a d d i t i o n a l  cos ts .  I n  view of t h e  fact: t h a t  a K r  removal system must be  

developed f o r  t h i s  case anyway, t h e  a d d i t i o n a l  c o m p l e x i t i e s ,  u n c e r t a i n t i e s ,  

and c o s t s  do n o t  appear  t o  be  worth pursu ing .  
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8. ECONOMICS 

8.1.1 C a p i t a l  c o s t  

An estimate of t he  c a p i t a l  C Q S t  of t h e  C02 f i x a t i o n  p r o c e s s  is given 

i n  Table  8.1. The i n s t a l l e d  c a p i t a l  c o s t s  w e r e  ob ta ined  from s t a n d a r d  

sources  f o r  chemical eng inee r ing  c o s t  d a t a  31-35 and w e r e  e s c a l a t e d  t o  a 

c o n s t a n t ,  1975 d o l l a r  b a s i s  us ing  t h e  M6S Equipment Cost Index. The 

double  a l k a l i  p rocess  was used as t h e  b a s i s  f o r  c a p i t a l  cos t  e s t i m a t i o n  

because of the  ready a v a i l a b i l i t y  of r e a c t i o n  rate data which enabled  t h e  

f i x a t i o n  tower t o  be  des igned ,  However, the c a p i t a l  cos t  of t h e  d i r e c t  

f i x a t i o n  p r o c e s s  should be very nearly t h e  same, s i n c e  m o s t  of t he  process 

equipment i s  i d e n t i c a l .  

i nc luded  t o  account  f o r  the requirement  t h a t  t h i s  e n t i r e  system be  " t i g h t e r "  

than  a normal i n d u s t r i a l  system t o  p reven t  l e a k s  and t o  f a c i l i t a t e  main- 

tenance .  

A "nuclear  cont ingency f ac to r ' !  o f  50% has  been 

8.1.2 T o t a l  CO f i x a t i o n  c o s t  2 

The t o t a l  cost  of producing d r y  CaC03, i n c l u d i n g  f i x e d  charges,  l a b o r ,  

u t i l i t i e s ,  and raw material c o s t s ,  is  g iven  i n  Table  8.2. The c o s t  of NaQH 

mak.e-up w a s  n o t  i nc luded ,  s i n c e  t h e  estimate i n  Table  8.2 i s  in tended  t o  

p e r t a i n  t o  t h e  d i r e c t  f i x a t i o n  p rocess  where no NaOH i s  r e q u i r e d .  However, 

a t  t h e  c u r r e n t  p r i c e  of about  14C/ lb  NaOH, t h e  NaOH make-up c o s t  would be 

about  $L69,000/yeaz ($P,56/kg heavy metal) .  

8.2 T o t a l  Cost of Producing and Disposing 
o f C- C on t  axtin a t  ed C aCO 

T h e  i n d i v i d u a l  c o s t  components compris ing the t o t a l  cos t  of producing 

and d ispos ing  of 1-4C-contaminated C02 have been d i scussed  p rev ious ly  i n  the 

s e c t i o n s  where the. components were desc r ibed .  I n  t h i s  s e c t i o n ,  t h e s e  i n d i -  

v i d u a l  c o s t  components w i l l  be combined t o  y i e l d  t o t a l  c o s t s  f o r  several 
d i f f e r e n t  sequences o f  packaging,  c o n c r e t i o n ,  t r a n s p o r t a t i o n ,  and (lis- 

p o s a l .  Toward this end,  nine cases have been d e f i n e d  based on the o p t i o n s  
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a 
Table  8.1.  Est imated c a p i t a l  c,ost of f i x i n g  C 0 2  as CaC03 

C a p i t a l  c o s t  
I ten ($1 - 

38,700 F i x a t i o n  tower 

Pumps 6,700 

C a u s t i c i z a t i o n  t ank  and a g i t a t o r  44,600 

B a l l  m i l l  

S o l i d s  s t o r a g e  

Convey0 rs 

Vacuum f i l t e r  

Screw conveyor 

Dryer and pneumatic system 

T o t a l  i n s t a l l e d  equipment 

Bui ld ing  and f a c i l i t i e s  

Base c a p i t a l  c o s t  

27,800 

900 

20,200 

70,700 

8,400 

37,900 

255,900 

260,900 

516,800 

Normal cont ingency @ 15% 77,500 

Nuclear  cont ingency @ 50% 

T o t a l  c a p i t a l  c o s t  

258,400 

852,700 

_..__I_. ._-- 

a Double a l k a l i  p r o c e s s ,  1975 d o l l a r s ;  capital c o s t  of  
d i r e c t  p rocess  assumed t o  be t h e  same. 
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d i s c u s s e d  i n  S e c t s .  4 through 7 .  The r e p r o c e s s i n g  p l a n t  i s  assumed t o  b e  

l o c a t e d  a t  Oak Ridge, Tennessee,  i n  a l l  cases. 

Case 1 

The d r y  CaCQ3 i s  assumed t o  b e  t r a n s p o r t e d  i n  55-gal drums t o  a b u r i a l  

s i t e  i n  t h e  v i c i n i t y  of B a r n w e l l ,  South C a r o l i n a ,  where i t  i s  b u r i e d  as an 

unpackaged, unconcreted so1i.d. The drixms are recovered  f o r  reuse .  

Case 2 

The d r y  C a C 0 3  is  assumed t o  b e  packaged (unconcreted)  i n  55-gal s t ee l  

drums and t r a n s p o r t e d  t o  the b u r i a l  s i t e  i n  t h e  v i c i n i t y  of Barnwell., South 

C a r o l i n a ,  where i t  is b u r i e d  wi thout  c o n c r e t i o n .  

Case 3 

The d r y  CaC03 is assumed t o  b e  t r a n s p o r t e d  i n  55-gal s tee l  drums t o  

t h e  b u r i a l  s i t e  i n  t h e  v i c i n i t y  of Barnwell ,  South C a r o l i n a ,  where i t  i s  

mixed w i t h  cement and water and poured into b u r i a l  t r e n c h e s  wi thout  pack- 

aging.  The drums are recovered f o r  r e u s e .  

Case 4 

The d r y  CaC03 i s  packaged i n t o  55-gal drums and t r a n s p o r t e d  by t r u c k  

t o  a b u r i a l  s i t e  i n  the v i c i n i t y  of Barnwell ,  South C a r o l i n a ,  where i t  i s  

concre ted  and s u b j e c t e d  t o  shallow-land b u r i a l .  

Case 5 

The CaCO i s  assumed t o  b e  mixed w i t h  cement and water i n t o  55-gal 3 
drums a t  t h e  r e p r o c e s s i n g  p l a n t  and t r a n s p o r t e d  by t r u c k  t o  t h e  b u r i a l  

site i n  the v i c i n i t y  of Barnwell ,  South C a r o l i n a ,  where i t  is s u b j e c t e d  

t o  shallow-land b u r i a l .  

Case 6 

The CaCO i s  assumed t a  b e  mixed w i t h  an a p p r o p r i a t e  amount 05 cement 3 
and water and then  pumped i n t o  a deep g e o l o g i c a l  s t r a t u m  (at t h e  r e p r o c e s s i n g  

s i t e )  f a r  removed from c i r c u l a t i n g  ground water. 
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Case 7 

The CaC03 i s  assumed t o  b e  mixed w i t h  cement and water i n t o  55-gal 

dsums, loaded onto b a r g e s g  and t r a n s p o r t e d  t o  t h e  deep sea (3000 m i l e s  

round t r i p  assumed),  where t h e  concre ted  mass is dumped. 

Case 8 

The d r y  CaC03 is  assumed t o  b e  packaged (unconcreted)  i n  55-gal drums 

and t r a n s p o r t e d  t o  a g e o l o g i c  r e p o s i t o r y  i n  the v i c i n i t y  of Barnwell ,  Souttm 

C a r o l i n a ,  where i t  i s  unpackaged, c o n c r e t e d ,  repackaged, and b u r i e d  i n  t h e  

r e p o s i t o r y .  

Case 9 

The CaCO c o n t a i n i n g  99+ % of t h e  K r  i n i t i a l l y  p r e s e n t  i n  t h e  C 0 2  i s  3 
assumed to be mixed w i t h  cement and water i n t o  55-gal drums and t r a n s p o r t e d  

i n  a s h i e l d e d  t r u c k  ( 0 . 5  l b  o f  s h i e l d i n g  p e r  pound of payload)  t o  t h e  v i c i t l i t y  

of B a r n w e l l ,  South C a r o l i n a ,  w h e r e  i t  i s  s u b j e c t e d  t o  shallow-land b u r i a l .  

The o v e r a l l  c o s t s  o f  producing and d i s p o s i n g  of 14C-contaminated CaCO 
3 

f o r  the n i n e  cases d e s c r i b e d  above are g i v e n  i n  Table  8 . 3 .  Table 8 . 4  br icf1.y 

summarizes the economic b a s e s  used i n  Table  8 . 3 .  Table  8.5 i s  a summary of 

t h e  packaging,  c o n c r e t i o n ,  t r a n s p o r t a t i o n ,  and d i s p o s a l  o p t i o n s  which define 

each o f  t h e  n i n e  cases examined. The c o s t s  are g i v e n  i n  b o t h  dollass/day 

and dollars/kg heavy m e t a l  (U f Th) t o  f a c i l i t a t e  comparison w i t h  e x i s t i n g  

f u e l  c y c l e  c o s t  i n f o r m a t i o n .  For  an HTGR, a l e v e l l z e d  f u e l  c y c l e  c o s t  o f  

2.0 mills /kWhr(e)  is  approximately e q u i v a l e n t  t o  a charge of S175Olkg heavy 

me ta l .  

Before d i s c u s s i n g  t h e  r e s u l t s  g i v e n  i n  Table  8 . 3 ,  i t  would b e  u s e f u l  

to b r i e f l y  r e c a p i t u l a t e  

d i s p o s a l  o p t  ions (Sect .  

CaC03 d i s p o s a l  o p t i o n s ,  

(1) Case 2 ,  

(2)  Case 3,  and 

the r e s u l t s  of the s e c t i o n  d i s c u s s i n g  t h e  waste 

6 ) .  R e f e r r i n g  t o  Table  8.5, t h e  t h r e e  recommended 

i n  d e c r e a s i n g  o r d e r  o f  d e s i r a b i l i t y ,  a r e  : 

( 3 )  Cases 4 and 5. 

Cases 1 and 7 were r e j e c t e d  p r i n c i p a l l y  on t h e  b a s i s  of p r o b a b l e  r e g u l a t o r y  

u n a c c e p t a b l l i t y .  Cases 6, 8 ,  and 9 w e r e  c o n s i d e r e d  l i k e l y  t o  b e  acxep ted  

frcm a r e g u l a t o r y  v iewpoin t .  



Table 8.3,  hrerclll c o s t  of producing and d i spos ing  of 14C-contminared CaC03" 

CaCB3 
product ion 1 ,991  5.53 1 ,991  5.53 1 ,991  5.53 1 ,991  5.53 1,991 5.53 

Packaging 590 1.64 1 , 7 7 1  4.92 590 1.64 4,208 11.69 3,615 10.05 

0 0 0 0 5,010 13.92 5,010 13.92 5,010 13.92 Concretion 

Transpor t a t ion  1,446 4.02 1,446 4.02 1,446 4.02 1,446 4.02 6,432 17.87 

Disposal  1,439 4.00 1,439 4.00 2,942 a.  17  2,942 8.17 2,942 - 8. i 7  

T o t a l  5,466 15.19 6,647 10.47 10,476 29.11 15,597 43.33 19,993 55.54 

Cost Case 6 Case 7 Case 8 Case 9 
Component S / w  S/kg mb Sfday $/kg ID? s t d a y  ~ / k g  mb Sfday Sfkg  mb 

CaW3 
product ion 1 ,991  5.53 I,  991 5.53 1 , 9 9 1  5.53 1 ,991  5.53 

Packaging 0 0 3,618 10.05 4,208 11.69 4,523 12.56 

c o n c r e t i o n  0 0 5,010 13.92 5,010 13.92 7,515 20.88 

Transpor t a t io r .  3 0 9,695 26.93 1,446 4.02 9,648 26.80 

7,354 20.43 Disposal  11,250 31.25 0 0 

T o t a l  13,241 36.73 20,314 56.43 101,296 281.39 31,031 84.20 

56,643 246.23 - -  

0 

~~- ~ 

a See Table  8.4 f o r  a sumjury o f  the econonic  bases of t h i s  t a b l e ;  see Table  8.5 f o r  a siasrary of the case c h a r a c t e r i s t i c s .  

2 .0  rc i l lsfk%r(e)  $1750/rcg heavy metal.. 



Ta3le  8 , 4 .  Bases f o r  Table  8.3 

Operation Bases 

CaCO product ion  See Tables 8.1 and 8.2 
10 kg heavy metal/block; 36 b loeks /day ;  300 days /year  3 

3 Packaging 55-gal (7.5-ft 1 drums @ $12 each 
$15/drm f o r  Case 8 because of s h i e l d i n g  
$4/drum f o r  handl ing  i n  Cases 1, 3, 4 ,  and 8 

Concret ion 4Dc/gal of 46 w t  X CaC03 slurry 
Concreted product  30 nt X CaC03, 100 l b / f t 3  
6 Q ~ / g a l  f o r  Case 8 t o  account  f o r  s h i e l d i n g  

T r a n s p o r t a t i o n  Truck Oak Ridge, Tenn. t o  Barnwell, S. C .  $2.13/100 lb 

S h i e l d e d  
t r u c k  0.5 l b  s h i e l d / l b  payload 

Barge $4.28/100 16 (round t r i p )  

D i spos  a1 Shallow-land 
b u r i a l  $1. 30/ft3 for < 200 mR/hr  

$3.25/fls3 fo r  200 t o  5000 mR/hr 

3 
Geologic 

r e p o s i t o r y  $24.50!f t ( r e c t i l i n e a r  volume, 1 2  ft3/drum) 

Hydrau l i c  
f r ac tu r ing  .$0,50/gal,  30 w t  % CaC03 
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The c o s t s  f o r  t h e  s'x-ecomended'f CaCO d i s p o s a l  o p t i o n s  (Cases 2-5) 3 
range from $18.47 t o  $55.54/kg heavy metal .  

c i t e d  above, t h i s  range cor responds  t o  about  0.022 t o  0.063 mill /kt .fhr(e),  

o r  from 1.1. t o  3 . 2 %  of a 2.0-mill/kWhr(e) f u e l  c y c l e  c o s t .  Case I ,  COR- 

s i d e r e d  t o  b e  unacceptab le  from a r e g u l a t o r y  s t a n d p o i n t ,  i s  t h e  most 

economical o p t i o n ,  at $15,19/kg heavy m e t a l .  

Based on t tw equiva lcncy  

The h y d r a u l i c  f r a c t u r i n g  method of d i s p o s a l  is  e s t i m a t e d  tu cos t  

$36.78/kg heavy metal based  on a h y d r a u l i c  f r a c t u r i n g  C Q S ~  o f  $0.50 p e r  

ga:llon of C a C O  s l u r r y .  The $0 .50/ga l  u n i t  c o s t  cor responds  to t h e  lower 

end of t h e  $0.50 t o  $l.OO/gal c o s t  estimate given in ref. 27.  However, 

i t  i s  f e l t  t h a t  t h e  lower cost is a p p l i c a b l e  i n  t h i s  case because of t h e  

economies of scale i n h e r e n t  i n  i n j e c t i n g  5 t u  1 0  m i l l i o n  gal. lons p e r  y e a r .  

3 

The c o s t  of deep-sea d i s p o s a l  i s  a l s o  r e l a t i v e l y  h i g h  ( $ 5 6 . 4 3 / k g  heavy 

m e t a l ) ,  p r i n c i p a l l y  r e f l e c t i n g  t h e  r e q u i r e d  long-d is tance  t r a n s p o r t a t i o n  

3' of the l a r g e  m a s s  of concre ted  CaCO 

The high cost  of geologic r e p o s i t o r y  b u r i a l  ($282.39/kg heavy m e t a l )  
3 reElects t h e  h i g h  b u r i a l  charge ( $ 2 4 . 5 0 / r e c t i l i n e a r  f t  ) f u r  a deep g e o l o g i c  

f a  I c i  I i t  y . 
The u n i t  c o s t  of $86.2Q/kg heavy metal  i n  Case 9 g i v e s  an I n d i c a t i o n  

of t h e  h i g h  c o s t  of d i s p o s i n g  of non-low-level material, s i n c e  the material 

b e i n g  d isposed  of was assumed t o  c o n t a i n  100% of the 85Kr  o r i g i n a l l y  i n  t h e  

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

t r a n s p o r t i n g  heavy s h i e l d i n g  and t h e  a d d i t i o n a l  charges  f o r  b u r y i n g  h i g h e r -  

level wastes. The d i s p o s a l  c o s t  f o r  t h e  graphite-CaC0 r e s u l t i n g  f rom 

p a r t i a l  b l o c k  burn ing  and concretion (Sect.  6 . 3 )  can also be expec ted  t o  

b e  above $75/kg  heavy m e t a l ,  s i n c e  t h e  b l o c k  has a h i g h e r  a c t i v i t y  l e v e l  

than t h a t  i n  Case 9. 

3 

There is ,  o f  course ,  a p o s s i b i l i t y  t h a t  t h e  GaCO d i s p o s a l  f a c i l i t y  

may b e  l o c a t e d  a d j a c e n t  t o  the r e p r o c e s s i n g  p l a n t .  This would r e s u l t  in 

s u b s t a n t i a l  s a v i n g s ,  s i n c e  t h e  t r a n s p o r t a t i o n  c o s t  of $4 t o  $27/kg heavy 

m e t a l  would b e  reduced t o  v e r y  n e a r l y  zero .  

3 
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