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POTENTIAL GENERATION AND RADIOLOGICAL IMPACTS OF GASEOUS 
RELEASED DURING REPROCESSING OF ADVANCED LMFBR FUELS 

4C 

V. J. Tennery, E. S .  Bomar, W. D, Bond,* S .  V .  Raye,? 
L .  E .  Morse* and J .  E .  T i l l +  

ABSTRACT 

U s e  of advanced c a r b i d e  o r  n i t r i d e  f u e l s  i n  place of t h e  
r e f e r e n c e  o x i d e  f u e l  i n  LFlFBRs may be  r e q u i r e d  i n  t h e  f u t u r e  
t o  op t imize  t h e  u t i l i z a t i o n  of t h i s  r e a c t o r  system. 
i n  t h e  envi ronmenta l  impact a s s o c i a t e d  w i t h  such f u e l  s u b s t i -  
t u t i o n s  are of c r i t i c a l  importance i n  de te rmining  t h e  real  
f u t u r e  v i a b i l i t y  of v a r i o u s  advanced f u e l s .  C a l c u l a t i o n s  
i n d i c a t e  t h a t  t h e  c o n c e n t r a t i o n  of 14C can  be  s i g n i f i c a n t l y  
d i f f e r e n t  i n  t h e  v a r i o u s  f u e l s  fo l lowing  t h e i r  r e s i d e n c e  i n  
t h e  r e a c t o r .  The major  s o u r c e  of I4C e n e r a t i o n  i n  mixed 
ox ide ,  c a r b i d e ,  and n i t r i d e  f u e l s  is  l E N .  Most of t h e  14C 
p r e s e n t  i n  t h e  s p e n t  f u e l s  i s  conver ted  t o  I 4 C O 2  du r ing  f u e l  
r e p r o c e s s i n g ,  and 1 4 C  r e l e a s e d  t o  t h e  environment w i l l  b e  i n  
t h i s  form. B e s t  estimates i n d i c a t e  a release t o  t h e  environ- 
ment of no more than  1% of t h e  1 4 C  con ta ined  i n  t h e  s p e n t  f u e l s .  

R a d i a t i o n  dose  commitments due t o  I4CO2 release from 
advanced-fuel r e p r o c e s s i n g  p l a n t s  w e r e  c a l c u l a t e d  and compared 
w i t h  t h a t  p r e v i o u s l y  determined f o r  t h e  r e f e r e n c e  ox ide  on t h e  
b a s i s  of 50 GW(e)-years of energy  g e n e r a t i o n ,  The primary 
source  of exposure  t o  t h e  maximally exposed i n d i v i d u a l  i s  
i n g e s t i o n  of food,  which c o n t r i b u t e s  g r e a t e r  t h a n  99% of t h e  
50-year dose  commitment. Dose commitments t o  t h e  total body 
range  between 1 .5  X l om5  m r e m  from n i t r i d e  f u e l  c o n t a i n i n g  no 
14N t o  a maximum of 50 m r e m  from n i t r i d e  f u e l  s y n t h e s i z e d  w i t h  
n a t u r a l  n i t r o g e n .  Th i s  c a l c u l a t e d  dose  may be compared w i t h  
t h e  n a t u r a l  background exposure  from 1 4 C ,  which w a s  e s t ima ted  
by t h e  United Na t ions  t o  be 1 . 3  m r e m  t o  a n  average  i n d i v i d u a l  
i n  t h e  g e n e r a l  popu la t ion .  

P o p u l a t i o n  doses  w i t h i n  an 80-km (50-mile) r a d i u s  of t h e  
r ep rocess ing  p l a n t  were c a l c u l a t e d  t o  b e  13 man-rems f o r  
c a r b i d e  f u e l  c o n t a i n i n g  1000 ppm 14N and 760 man-rems f o r  n i t r i d e  
f u e l s  s y n t h e s i z e d  from n a t u r a l  n i t r o g e n .  The dose  commitment 
t o  t h e  same popu la t ion  from n a t u r a l  14C is  e s t i m a t e d  t o  be 
1300 man-rems. U l t i m a t e  assessment of t h e  s i g n i f i c a n c e  of t h e  
dose  e s t i m a t e d  from 1 4 C  cannot be  determined u n t i l  doses r e s u l t i n g  
from a l l  o t h e r  r a d i o n u c l i d e s  r e l e a s e d  from t h e  r e p r o c e s s i n g  
p l a n t  have been c a l c u l a t e d .  

low I 4 N  c o n c e n t r a t i o n s  i n  f a b r i c a t e d  f u e l s  and f o r  s i g n i f i c a n t  
improvements i n  t h e  confinement f a c t o r  of 100 a p p l i c a b l e  t o  
c u r r e n t  f u e l  r e p r o c e s s i n g  p l a n t  technology.  

D i f f e r e n c e s  

The r a d i o l o g i c a l  impact of I 4 C  can  be  reduced by ensu r ing  

*Chemical Technology D i v i s i o n .  

?Environmental Sc iences  Div i s ion .  
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INTRODUCTION 

P o t e n t i a l  environmental ,  economic, and s o c i o l o g i c a l  e f f e c t s  o€ 
LMFBRs con ta in ing  the r e f e r e n c e  oxide  f u e l  w e r e  desc r ihed  and eva lua ted  
i n  U . S .  Government documents. ' 9 ' .  These s t u d i e s   ere done i n  compliance 
w i t h  t h e  requi.renieots of t h e  Na t iona l  Environmental  P o l i c y  A c t  o f  1969. 
Genera t ion  of "C i n  t h e  r e f e r e n c e  oxide  fuel.  i s  d i scussed  i n  ref.  2 .  
The work r e p o r t e d  h e r e  w a s  done as p a r t  of an ongoing program suppor ted  
by t h e  Reactor Development and Demonstration Div i s ion  of EKBA to  d e t e r -  
mine t h e  environmental  consequences of s u b s t i t u t i n g  c a r b i d e  o r  n i t r i d e  
f u e l  f o r  the r e f e r e n c e  oxide  f u e l  i n  L W B R s  The m o u n t  o f  I 4 C  p r e s e n t  
i n  spen t  f u e l  i s  of p a r t i c u l a r  i n t e r e s t  i n  t h e  f u e l  r ep rocess ing  s t e p  
of  t h e  LMPRR f u e l  r e c y c l e  s i n c e  t h i s  i s  t h e  p o i n t  i n  t h e  file1 c y c l e  
where 1 4 C  i s  most l i k e l y  t o  b e  rei-eased t o  t h e  environi ient .  

d i s c h a r g e  from the r e a c t o r .  A l i m i t i n g  v a l u e  of burnuy of a f u e l  
depends on  t h e  p r o p e r t i e s  of t h e  f u e l  and the f u e l  management procedures  
fol lowed;  t h e r e f o r e ,  we  have s e l e c t e d  t h e  amount of a gi.ven f u e l  neces- 
s a r y  t o  g e n e r a t e  S O  GW-years of e l e c t r i c  energy as a b a s i c  u n i t  of 
compa.t-ison r a t h e r  t han  u s e  a u n i t  of mass. A t h e m a l - t o - e l . e c t r i c  
convers ion  e f f i c i . ency  of  41% i s  assimed f o r  t h i s  s tudy .  

Carbon-16 i s  a b e t a  emi.tter (0.156 M e V  max> w i t h  a r a d i o a c t i v e  
h a l f - l i f e  of 5745 t 50 y e a r s .  It: is Eound i n  n a t u r a l l y  o c c u r r i n g  carbon 
a t  a c o n c e n t r a t i o n  of about  one p a r t  i n  10" axid i s  produced by i n t e r -  
a c t i o n  of cosmic-ray neut rons  w i . t ~ i  a tmospher ic  n i t r o g e n .  T I I ~  concen- 
t r a t i o n  of I 4 C  i n  deeply  b u r i e d  r e s e r v o i r s  of carbon,  such  as c o a l  and 
o i l ,  i s  much 1.ower. 
atmosphere decreased  ( 2  t o  3%) dur ing  t h e  i n d u s t r i a l  revolut i .on as a 
r e s u l t  of the g e n e r a t i o n  of large q u a n t i t i e s  of CO2 du r ing  t h e  combustion 
of f o s s i l  f u e l s .  
10% a s  a r e s u l t  of n u c l e a r  test: i .ng i n  t h e  atmosphere.  

T h e  I 4 C  c o n t e n t  of s p e n t  f u e l  depends on. t h e  deg ree  of burnup a t  

Because of t h i s ,  t h e  r a t i o  of 14C/12C i n  t h e  

D i i r h g  t h e  1960s t h e  14C/12C r a t i o  w a s  h c r e a s e d  b y  
3 

1. THE PRODUCTION OF 1 4 C  I N  LMmR FUELS 

1. I. INTRODUCTION 

Exper imenta l ly  measured levels of 1 4 C  p roduc t ion  i n  LMFBR f u e l s  
are  no t  a v a i l a b l e ,  so t h i s  i n fo rma t ion  was c a J c u l a t e d  w i t h  t h e  OKIGEN" 
computer code. OICTGFN i s  an i s o t o p e  g e n e r a t i o n  and d e p l e t i o n  code 3rd 
i s  capab le  o f  prov id ing  a n  inven to ry  of several hundred f i s s i o n  products  
and t r ansmuta t ion  p roduc t s ,  i nc lud ing  %he a c t i n i d e s  through ' 5Cm. 
ORIGKN r e q u i r e s  i n p u t  d a t a  on spectrum-averaged c ross  sect  ions For t h e  
n u c l e a r  r e a c t i o n s  of i n t e r e s t ,  t h e  i n i t i a l  composi t ion of t h e  c o r e  
load ing ,  and t h e  c o r e  management schedule .  

1 . 2  OXLDE FUEL 

Various neutron-induced r e a c t i o n s  r e s u l t i n g  i n  t h e  product ion  o i  
2 4 C  i n  re ference-oxide  f u e l  and s t a i n l e s s - s t e e l  c l add ing  were reviewed 
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i n  ERDA-1535. The LMFBR model assumed f o r  t h e  r e f e r e n c e  oxide  review 
w a s  t h e  Atomics I n t e r n a t i o n a l  Follow-On Design. The energy-dependent 
c r o s s  s e c t i o n s  for  s e v e r a l  r e a c t i o n s  t h a t  y i e l d  1 4 C  w e r e  combined i n t o  
s i n g l e  e f f e c t i v e  c r o s s  s e c t i o n s .  
i n t o  t h e  ORIGEN code. The code w a s  t hen  used,  a long  w i t h  some hand 
c a l c u l a t i o n s ,  t o  c a l c u l a t e  t h e  14C y i e l d .  
(U,Pu)O2 f u e l  of t h e  r e f e r e n c e  LMFBR2 i s  g iven  i n  Table  1. 
carbon and n i t r o  en l e v e l s  i n  t h e  f u e l  w e r e  20 ppm. The c o n t r i b u t i o n  
of t h e  3C(n,y) 
r e a c t i o n  produces most of t h e  1 4 C  a c t i v i t y  i n  r e f e r e n c e  o x i d e  f u e l ;  
t h e r e f o r e ,  t h e  amount of 14C produced i s  p r i m a r i l y  a f u n c t i o n  of t h e  
amount of 1 4 N  p r e s e n t .  

These c r o s s  s e c t i o n s  were i n c o r p o r a t e d  

The I4C produced i n  t h e  
The assumed 

f C r e a c t i o n  w a s  i n c o n s e q u e n t i a l ,  whereas t h e  I4N(n,p) 14C 

Table  1. Produc t ion  of  I4C i n  Reference LMFBR (U,Pu)02 Fuela  

React i o n  Cross  S e c t i o n  
(mb 

14C A c t i v i t y  React i o n  

( X  of T o t a l  I 4 C  
A c t i v i t y  ) ( C i / m e t r i c  t on )b  

13C(n,y)14C 0.0005 9.62 X PO-* 4.6 x 10-~ 

14N(n,p) l4C 12.6 0.202 96 

5N(n,d)  1 4 C  1 .0  5.70 x 2 . 7  X lo-* 

'60(n, 3 H e )  l4C 0.00005 4 . 5 3  x 2.5 

1 7 0 ( ~ , a )  14c 0.12 4.03 X 1.9 

TOTAL 0.211 -100 

a Assumed impur i ty  c o n t e n t :  C = 20 ppm and n a t u r a l  n i t r o g e n  
(99.64% 14N) = 20 ppm. 

con ten t  of Uo,ePuo,2Oz = 88.16% by we igh t .  
( d r i v e r  p l u s  b l a n k e t s )  w a s  37,100 M W ( t )  d / m e t r i c  t o n .  

bMetr ic  t o n  = metric t o n  of heavy metal c o n t e n t .  Heavy metal 
Average burnup of f u e l  

1.3 CARBIDE FUEL 

Carbon-14 g e n e r a t i o n  i n  advanced LMFBR c a r b i d e  f u e l s  was examined 
i n  t h i s  s tudy  us ing  c o r e  l o a d i n g ,  i s o t o p i c  composi t ions ,  and burnup 
d a t a  t aken  from a 5000 MW(t) advanced LMFBR des ign  prepared  a t  Argonne 
Na t iona l  Labora tory .  I n  t h e  absence  of s p e c i f i c  neutron-spectrum 
in fo rma t ion  f o r  t h e  ca rb ide - fue led  c o r e  t h e  c r o s s - s e c t i o n  d a t a  used i n  
t h e  r e f e r e n c e  ox ide  a n a l y s i s  were a l s o  used i n  t h i s  i n v e s t i g a t i o n .  
Although u s e  of c r o s s - s e c t i o n  d a t a  d e r i v e d  f o r  an ox ide  c o r e  w i l l  r e s u l t  
i n  some e r r o r ,  w e  f e e l  that t h e  e r r o r  w i l l  be  small .  
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'Two c a l c u l a t i o n s  were made w i t h  t h e  QRIGEN computer code t o  assess 
t h e  14C con ten t  of the spen t  c a r b i d e  f u e l .  
n i t r o g e n  impur i ty  i n  t h e  (U,Pu)C f u e l  and t h e  second assumed 25 ppm 
of n a t u r a l  n i t r o g e n  impur i ty .  The r e s u l t  of t h e  l a t t e r  computation 
was e x t r a p o l a t e d  t o  t h e  e q u i v a l e n t  oE 1000 ppm o f  n i t r o g e n ,  which is 
p r e s e n t l y  a proposed l i m i t  f o r  t h i s  i m p u r i t y n 7  
i n  Tab le  2 i n  t e r m s  o f  "+c con ten t  p e r  met r ic  t o n  of heavy me ta l  i n  
c a r b i d e  f u e l  . 

The f i r s t  assumed no 

The r e s u l t s  are g iven  

T a b l e  2 .  P roduc t ion  of ''+C i n  Advanced LMFBR (U,Pu)C Fuela 

"C Act. ivi-ty 
Ni t rogen  React i o n  ..I._ill 

Content React ion  Cross S e c t i o n  b (% of T o t a l  
( ? P d  (mb) I 4 C  A c t i v i t y )  ( C i / m e  t r i c ton)  

0 

1000 

c(~,Y> ' '+c 0.0005 2.39 X lo-'' 100 

c (n ,r> ' 4~ 0.0005 2.39 x io - '+  2 . 6  x l o - 3  

1 3  

-100 1 2 . 6  9.07 

a Fuel  may c o n t a i n  up t o  10% by volume of the s e s q u i c a r b i d e  phase ,  
n i t r o g e n  impur i ty  as Lndicated 

of U O , ~ P U O , ~ C  = 95.20% by weight .  Average burnup of f u e l  ( d r i v e r  p l u s  
b l a n k e t s )  w a s  29,600 Mrdd/metrj.c t on .  

'Metric t on  = m e t r i c  t o n  oE heavy metal c o n t e n t ;  heavy m e t a l  contenf  

1 . 4  NITRIDE FUEL 

A 5000-MW(t) advanced LMFhR des ign  prepared  by Argonne Na t iona l  
Laboratory was a l s o  used i n  con junc t ion  w i t h  QRIGEN c a l c u l a t i o n s  t o  
d e t e m i n e  t h e  "C produced i n  c o r e s  having n i t r i d e  f u e l .  
l oad ing  d a t a  and burnup were unique t o  t h e  n i t r i d e  c o r e ,  b u t  aga in  t h e  
nucl eat- c r o s s - s e c t i o n  in fo rma t ion  used i n  t h e  r e f e r e n c e  oxide  LMFBR 
a n a l y s i s  w a s  employed. ' 5N f o r  ' 4N i n  t h e  fiicl w a s  a l so  c a l c u l a t e d .  T h r  r e s u l t s  f o r  f u e l  
r e p r e s e n t e d  by one m e t r i c  t o n  of heavy m e t a l  con ta in ing  na l -ura l  n i t r o g e n  
o r  en r i ched  w i t h  1 5 N  a r e  g iven  in Table  3.  

The c o r e  

The efFect on I 4 C  g e n e r a t i o n  of subst i t t i t i n g  

1 . 5  CLADDING AND OTHER METAL1,I:C PARTS O F  FUEL ELENENTS 

C a l c u l a t i o n s  s imi l a r  t o  t h o s e  made f o r  the f u e l  rnaterj-als w e r e  
a l s o  ob ta ined  f o r  t h e  s t a i n l e s s  s t ee l  a s s o c i a t e d  w i t h  one m e t r i c  t o n  
o f  the oxide  f u e l . 2  
t y p i c a l  carbon and n i t r o g e n  c o n t e n t s  of 500 ppin and 45 ppm, r e s p e c t i v e l y .  

The r e s u l t s ,  l i s t e d  i n  Table  4 ,  were ob ta ined  f o r  
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Table 3 .  Production of I 4 C  in Advanced W B R  (U,Pu)N Fuel  

I 4 C  Act iv i ty  
Enrichment Level 14N Reaction 

of Fuel i n  15N i n  Fuel Reaction Cross Section 
(73 (XI (mb) (Ci/metric tonla  14C '% Activity) of  

0.  36b 5.53 I 4  N(n,p) I 4 C  12.6 

90 0.55 14N(n,p) 1 4 C  12.6 

99 0.055 14N(r.,p)14C 12.6 

521 100 

52.3 100 

5 . 2 3  100 

100 
0.0022 0 

12.6 1.11 x 100 
0 

dMetric ton = metric ton of heavy metal content; heavy m e t a l  content o f  
Uo,ePuo.2N = 94.45% by weight.  
29,400 MWd/metric ton. 

na tu ra l  nitrogen is ' 'N . 

Average bumup of fuel  (dr iver  plus blankets) w a s  

bUo.~Puo,2N contains 5.554% N by weight, of which 99.64% by weight of 

Table 4 .  Production of 14C in Stainless Steel Componentsa 
of Reference Oxide LMFBR Fuel Elements 

14C Activity React ion 

b (% of Total l4C React ion Cross Section 
(Ci/rnetric ton) Activity ) (mb) 

13C(n,y) l4C 0.0005 1.30 X 3.05 x 10'~ 

14N(n,p) 1 4 C  12.6 0.245 - 100 
15N(n,d) 14C 1.0 6 .92  x 10'~ 2.94 x 

TOTAL, 0.246 -100 

%atural contents assumed to be 500 ppm C and 45 ppm N. 

bAmount of l4c activity generated in stainless steel associated 

Heavy metal content of Uo,ePu0~~02 = 88.16% by weight; ratio 
Average burnup of fuel 

with one metric ton of fuel; metric ton = metric ton of heavy metal 
content. 
of stainless steel/heavy metal in fuel = 0.54. 
(driver plus blankets) was 37,100 MWd/metric ton. 
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Comparison of 1 4 C  v a l u e s  from T a b l e s  1 and 4 shows t h a t  t h e  amount of  
''C gene ra t ed  i n  the s t a i n l e s s  s t ee l  components i s  comparable w i t h  
that  produced i n  t h e  r e f e r e n c e  oxide  f u e l .  Mixed c a r b i d e  f u e l  con ta in ing  
no I4N w i . 1 1  produce about  t h r e e  o r d e r s  of magnitude less a c t i v i t y  from 
1 4 C  t han  would b e  produced i-n t h e  a s s o c i a t e d  c l add ing  and duc t  components. 
A r e l a t i v e l y  s m a l l  I 4 N  l e v e l  i n  t h e  f u e l  w i l l ,  however, r e s u l t  i n  "C 
a c t i v i t y  comparable w i t h  t h a t  from t h e  m e t a l  components of t h e  c o r e  
s t r u c t u r e .  

2. REPROCESSING OF ADVANCED 1,MFBR FUELS 

2 + 1 INTRODUCTION 

The d i s t r i b u t i o n  of I 4 C  i n  gaseous ,  l i q u i d ,  and s o l i d  p rocess  streams 
as a r e s u l t  of t h e  u s e  of o x i d a t i o n  i n  t h e  hc?ad--end t rea tment  and t h e  
aqueous chemical  r ep rocess ing  of s p e n t  advanced T2IFBR f u e l s  i s  cons idered  e 
However, a soi.irce term f o r  assessment of t h e  environmenral  impact of 
gaseous e f f l u e n t  a lone  i s  p resen ted .  D i s p o s i t i o n  of I . iquid and s o l i d  
p rocess  waste streans are  n o t  cons idered  i n  t h e  r e p o r t .  

Conceptual  f l owshee t s  f o r  r ep rocess ing  c a r b i d e  and n i t r i d e  f u e l s  
and f o r  t r e a t i n g  t h e  off-gas  streams are shown i n  F i g s .  1 and 2 ,  respec-  
t i v e l y .  The darkened a r e a s  i n  t h e  f lowshee ts  d e p i c t  t h e  p r i n c i p a l  
d i f f e r e n c e s  between t h e  r ep rocess ing  of ox ide  f u e l s  and advanced f u e l s .  
These f lowsheets  are based 011 the l i m i t e d  m o u n t  of srna1.l.-scale h o t - c e l l  
work and co ld  l a b o r a t o r y  work found i n  tihe l i t e r a t u r e .  

an o x i d a t i o n  s t e p  a t  450 t o  600°C us ing  oxygen. I n  t h i h  o x i d a t i o n  s t e p ,  
t h e  i n t e r n a l  sodium is d e a c t i v a t e d  and t h e  n i t r i d e  o r  c a r b i d e  i s  burned 
t o  t h e  m e t a l  ox ide  ( F i g .  1 ) .  The 602 r e s u l t i n g  from t h e  o x i d a t i o n  i s  
then s e p a r a t e d  from t h e  o t h e r  r a d i o a c t i v e  gases  and i s  conver ted  t o  
s o l i d  CaCO3 f u r  s t o r a g e .  I n  c o n t r a s t ,  c u r r e n t  f lowshee ts  f o r  ox ide  f u e l  
r ep rocess ing  use a d i l u t e  n i t r i c  a c i d  wash t o  d e a c t i v a t e  t h e  i n t e r n a l  
sodiuiii, and then t h e  washed f u e l  i s  d i s s o l v e d  i n  a more concen t r a t ed  
soSut ion  of n i t r i c  a c i d .  

The p r inc ipa l .  b a s i s  €OK t h e  f lowshee t  i n  r e g a r d  t o  1 4 C  removal i s  

1 

2 . 2  SIGNIFICANT DLFFERENCES BETWEEN REPKOCESSLNG OXLIIE FUEL AND 
ADVANCED FUEL 

The p r inc i -ya l  d i f f  e r ence  i n  fhe rep rocess ing  of t h e  advanced T.,MFBR 
fue1.s compared w i t h  t h e  ox ide  f u e l s  i s  t h a t  t h e  oxide  fuels ( a f t e r  removal 
of  i n t e r n a l  sodium) may b e  d i s s o l v e d  d i r e c t l y  i n  n i t r i c  a c i d  to p r e p a r e  
s a t i s f a c t o r y  s o l v e n t  e x t r a c t i o n  feed  s o l u t i o n s .  Aqueous d i s s o l u t i o n  of 
c a r b i d e  f u e l s  resu1.ts i n  the format ion  of  s o l u b l e  o r g a n i c  comgoiinds , 
which, d e s p i t e  a d d i t i o n a l  t r ea tmen t  of t h e  s o l u t i o n ,  may : i .n terfere  wi th  
bo th  t h e  plutonium recovery  and p rocess  o p e r a b i l i t y  i.n solvent ext rac l r ion .  
F u r t h e r ,  t h e  r e s e n c e  of t h r s e  o rgan ic  compounds would i -ncrease  t h e  
r e t e n t i o n  of ''C and contaminat ion  of t h e  main p rocess  streams by ' " C .  
No d a t a  could be Eound i n  t h e  l i t e r a t u r e  t o  demonst ra te  t h a t  s a t i s f a c t o r y  
s o l v e n t  e x t r a c t i o n  feed  could be  prepared  by t r e a t i n g  t h e  s o l u b l e  o r g a n i c  
compounds w i t h  chemical  r e a g e n t s ,  such as permanganate chromate,  pe rox ide ,  
o r  ozone. 9 O 

a 
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Stremas from t h e  Aqueous Chemical P rocess ing  of Advanced Nuclear Fue l s .  



I f  c a r b o n i t r i d e  f u e l s  were cons idered  f o r  u s e ,  d i . r ec t  d i s s o l u t i o n  
of c a r b o n i t r i d e  f u e l s  i.s l i k ~ e l y  t o  encounter  the s a m e  problems i n  t h e  
removal of s o l u b l e  o rgan ic  compounds. 9 Addi t iona l  devel.opment work. 
t h a t  c l  ear1.y demons (:rates t h a t  sol .uble  o r g a n i c  conipounds can b e  des t royed  
o r  removed t o  make a s a t i s f a c t o r y  s o l v e n t  e x t r a c t i o n  f eed  i s  r equ i r ed  
b e f o r e  d i r e c t  d i s s o l u t i o n  can b e  cons idered  a v i a b l e  method f o r  u s e  i n  
t h e  r ep rocess ing  of  s p e n t  c a r b i d e  QP: c a r b o n i t r i d e  f u e l s .  

f o r  producing s a t i s f a c t o r y  s o l v e n t  e x t r a c t i o n  f eed  s o l u t i o n s .  
However, i f  the n i t r i d e  f u e l  i s  prepared  w i t h  n i t r o g e n  en r i ched  i n  I 5 N ,  
yecovery of t h i s  valiiabl-e material would b e  h inde red  by i s o t o p i c  exchange 
r e a c t i o n s .  I€ n a t u r a l  n i t r o g e n  i s  used ,  t h e  contaminat ion  of t h e  main 
p rocess  streams i s  inc reased  There fo re ,  whi1.e the head-end o x i d a t i o n  
of  s p e n t  n i t r i d e  f u e l s  a p p e a r s  t o  be o p t i o n a l ,  i t  appears  t o  b e  necessa ry  
i n  t h e  case of c a r b i d e  o r  c a r b o n i t r i d e  f u e l s .  

Oxida t ion  of advanced f u e l s  t o  ox ides  b e f o r e  d i s s o l u t i o n  i.s a 
s i g n i f  i.cant: d e p a r t u r e  from t h e  more conventional.  method of d i r e c t  
d i s s o l u t i o n  t h a t  i s  employed f o r  ox ide  f u e l s .  Neve r the l e s s ,  i.t is no t  
s i g n i f i c a n t l y  d i f f e r e n t :  from advanced concepts  f o r  r ep rocess ing  oxide  
f u e l s  ( s e e  Sec t .  2 . 4 ) .  The theo re t i ca l .  f e a s i b i l i t y  of f u e l  o x i d a t i o n  
has been e s t a b l i s h e d  i n  small-scale tes ts  i n  the l a b o r a t o r y  and i n  
h o t  ce l l s .  However, p r a c t i c a l  met:hods f o r  c a r r y i n g  o u t  t h e  o x i d a t i o n  
and d i s s o l u t i o n  i n  remote o p e r a t i o n s  are y e t  t o  be e s t a b l i s h e d .  Although 
n o t  conc l~us ive ly  demonstrated,  c o r r o s i o n  c o n s i d e r a t i o n s  probably p rec lude  
c a r r y i n g  o u t  t h e  d i k s o l u t i o n  i n  t h e  same vessel t h a t  i s  used f o r  t h e  
f u e l  ox ida t ion .  Problems r e l a t e d  t o  t r a n s f e r  of t h e  oxide  and c l add ing  
t o  a subsequent  d i s s o l u t i o n  vessel .  would r e q u i r e  e v a l u a t i o n  on bo th  t h e  
l a b o r a t o r y  and enginec?r:ing s c a l e .  However, t h e  o x i d a t i o n  s t e p  does have 
t h e  p o t e n t i a l  advantage t h a t  more than  99% of t h e  carbon would be  
removed i n  a s i n g l e  s t e p  and the d i s t r i b u t i o n  of 1 4 C  throughout  o t h e r  
p rocess  streams would b e  s i g n i f i c a n t l y  reduced. 

D i r e c t  d i s s o l u t i o n  of spen t  n i t r i d e  f u e l s  i n  n i t r i c  acid i s  f e a s i b l e  
9 l 4  

2 . 3  I S O L A T I O N  OF 1 4 C  DURING ADVANCED-FUEL REPROCESSING AND I T S  KELEASE 
FROM A mTEL REPROCESSING FACILITY 

The movement of "C between t h e  gaseous ,  l i q u i d ,  and s o l i d  p rocess  
streams w i t h i n  t h e  f u e l  r ep rocess ing  p l a n t  i s  e s t ima ted  i n  [:his s e c t i o n ,  
and these estimates are used t o  o b t a i n  a 1 4 C  sou rce  term f o r  t h e  gaseous 
waste stream l e a v i n g  t h e  p l a n t .  For  our purposes  h e r e ,  waste streams arc  
des igna ted  as those  l e a v i n g  t h e  boundary of t h e  r ep rocess ing  p l a n t  
wh i l e  v a r i o u s  f l o w s  w i t h i n  t h e  p l a n t  boundary a r e  de f ined  as p rocess  flOTd 
streams. I 4 C  from t h i s  p l a n t  
i s  n o t  c.onsidered in t h i s  r e p o r t .  
form suitab7.e f o r  long-[:em i s o l a t i o n  i s  p r e s e n t l y  t h e  o b j e c t  of  esper i -  
mental  work a t  0-WL. A s  t h i s  technology i s  developed and demonst ra ted ,  a 
r e a l i s t i c  assessment  of t h e  "C rc..l.czase a s s o c i a t e d  w i t h  the i s o l a t e d  
s o l i d  was te  from t h e  a lan t  w i l l  be  p o s s i b l e .  For t h e  purposes  of t h i s  
r e p o r t ,  releases of  1 4 C  r e s u l t i n g  from t h i s  w a s t e  stream. are assumed t o  
be  negIi.gibl.e. 

The d i s p o s i t i o n  of s o l i d  w a s t e s  c o n t a i n i n  
The f i x a t i o n  of ''C i n  a s o l i d  waste 
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2 . 4  REMOVAL OF 14C I N  HEAD-END REPROCESSING 

Current  concepts  of t h e  head-end p rocess ing  of s p e n t  LMFBR f u e l s  

dismemberment of f u e l  a s sembl i e s  by s h e a r i n g  a f t e r  e x t e r n a l  sodium 
removal ; 
o x i d a t i o n  by h e a t i n g  shea red  f u e l  p i e c e s  i n  ox gen t o  v o l a t i l i z e  
t r i t i u m ,  the f i s s i o n  nob le  g a s e s ,  and 1 4 C  as l'CO2, and t o  d e a c t i v a t e  
t h e  i n t e r n a l  sodium; 

c o n s i s t  of t h e  fo l lowing  sequence of  o p e r a t i o n s :  
1. 

2. 

3 .  d i s s o l u t i o n  of t h e  shea red  and ox id ized  f u e l  i n  H N O 3 .  

t h a t  "C may be  v o l a t i l i z e d  as 1 4 C 0 2  du r ing  t h e  second and t h i r d  o p e r a t i o n s  
b u t  no t  d u r i n g  t h e  f i r s t  s t e p  because both  f u e l  and c l add ing  r e t a i n  t h e  
carbon du r ing  mechanical segmenting. 9 The ba lance  of t h i s  s e c t i o n  
e v a l u a t e s  t h e  d i s p o s i t i o n  of I4C i n  t h e  o x i d a t i o n  and d i s s o l u t i o n  s t e p s .  

A p l i c a t i o n  of t h i s  sequence i n  advanced f u e l s  r e p r o c e s s i n g  i n d i c a t e s  

2 . 4 . 1  Ox ida t ion  and V o l a t i l i z a t i o n  

Carbon-14 con ta ined  i n  t h e  s p e n t  advanced n u c l e a r  f u e l  i s  conver ted  
to 1 4 C 0 2  and v o l a t i l i z e d  from t h e  shea red  f u e l  p i e c e s  i n  t h e  cour se  of 
t h e  fo l lowing  i d e a l i z e d  o x i d a t i o n  r e a c t i o n s  a t  e l e v a t e d  tempera tures :  

+' N z  + X C O Z  (1 + y = 1) , ( 3 )  2 

where, more approximate ly ,  i n  Eq. ( 2 )  t h e  mole r a t i o  of C/(N + C) W 0.004 
because  of 1 4 C  g e n e r a t i o n  i n  mononi t r ide  f u e l  a t  a burnup of 29,400 MWd/ 
m e t r i c  ton .  

The s m a l l  amount of i n fo rma t ion  on t h e  o x i d a t i o n  of i r r a d i a t e d  
advanced f u e l s  is  a v a i l a b l e  from l a b o r a t o r y - s c a l e  experiments w i t h  bo th  
i r r a d i a t e d  uranium-plutonium monocarbide and uranium monocarbide. 
t i o n  of a mixed 20% PuC-80% UC sample (30,000 MWd/metric t o n  U + Pu 
burnup) a t  450°C i n  f lowing  oxygen r e s u l t e d ' '  i n  t h e  q u a n t i t a t i v e  convers ion  
of t h e  carbon i n  t h e  c a r b i d e  t o  C 0 2 .  Oxida t ion- reduct ion  (UC-U30e-U02) 
c y c l e s  on two samples of i r r a d i a t e d  UC (-12,500 and -6,500 MWdlmetric t o n  
burnups) i n d i c a t e d  100% conver s ion  of UC t o  U 0 2 .  The o x i d a t i o n s  w e r e  
accomplished" i n  flowing a i r  by h e a t i n g  t o  600°C. F u r t h e r  i n fo rma t ion  
on t h e  o x i d a t i o n  behav io r  of  c a r b i d e  f u e l s  w a s  ob ta ined  from l a b o r a t o r y  
s t u d i e s  on t h e  o x i d a t i o n  of  n o n i r r a d i a t e d  UC o r  PuC. C a r e f u l  s t u d i e s  
showed t h a t  a s m a l l  amount of carbon w a s  r e t a i n e d  by t h e  o x i d a t i o n  
p roduc t  of UC when o x i d i z e d  a t  600°C i n  flowing oxygen," p o s s i b l y  

Oxida- 
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t r apped  o r  sorbed  as carbon d i o x i d e . 2 0  
a i r  a t  300°C and i n  oxygen a t  400°C has  been r e p o r t e d .  The ox ida t ion  
behavi-or of u n i r r a d i a t e d  nitri .de.  f u e l s  was de r ived  f rom l abora to ry -  
scale  s t u d i e s  on t h e  mononi t r ides  o f  uranium and plutonium. The oxida-  
t i o n  o f  UN i n  d ry  oxygen begins  a t  about  250°C and a t  about  600°C 
convers ion  t o  U J O B  i.s complete.  2 2  

oxygen a t  260°C i s  s lower  than  t h a t  o f  UPJ b u t  i s  c a t a l y z e d  by traces 
o f  water vapor .  2 3  
w a s  no ted ,  b u t  t h e r e  i s  disagreancxrt: as t o  t h e  f i n a l  t empera ture  
r equ i r ed  f o r  i t s  rei-ease Informat ion  about  t h e  r e t e n t i o n  of carbon 
w a s  not  ob ta ined  from t h e s e  experiments  s i n c e  t h e s e  materials were 
carbon-free.  Labora tory  experiments  on t h e  o x i d a t i o n  of n o n i r r a d i a t e d  
uranium c a r b o n i t r i d e s  (UCo.97N0.03, U C o . 9 5 N 0 . 0 5 ,  U C o . g o N o . 1 0 ,  and 
UCo.eoNo.2o) by a i r  provide  in fo rma t ion  re la t ive  t o  t h e  o x i d a t i o n  of 
c a r b o n i t r i d e  f u e l s . 2 q  
UC and UTJ. The o x i d a t i o n  s t a r t e d  a t  260 t o  31OoC, and convers ion  t o  
u308 w a s  complete  above 500°C. 
o x i d a t i o n  products  was no t  mentioned; however, some r e t e n t i o n  of bo th  
carbon and n i t r o g e n  may be  a n t i c i  a t e d  from t h e  r e s u l t s  w i . t h  UC and U N .  
The e x t e n t  of v o l a t i l i z a t i o n  of "C from t h e  s t a i n l e s s  steel. claddi.ng 
du r ing  o x i d a t i o n  i.s not  known. 

from t h i s  p rocess  s t e p  w i l l  be  UTO, C o n ,  p a r t i c u l a t e s ,  and t h e  f i s s i o n  
noble  gases  (Kr and X e ) .  Other  gases  w i l l  b e  e i t h e r  CO2 ( c a r b i d e  f u e l s ) ,  
N 2  (n i r r i -de  fuels) o r  a mix tu re  o f  bo th  ( c a r b o n i t r i d e  f u e l s )  and excess  
0 2 .  Also ,  s o l i d s  w i l l  r e t a i n  some of t h e  gaseous o x i d a t i o n  p roduc t s .  
The of f -gases  a f t e r  c leanup t o  remove HTO and p a r t i c u l a t e s  are  rou ted  
t o  t h e  p rocess  of f -gas  system. 

The ready, o x i d a t i o n  of PuC i n  

The o x i d a t i o n  of PUN t o  PuOz i n  d r y  

Re ten t ion  of n i t r o g e n  i n  bo th  oxida t l -on  p roduc t s  

The behavior  of UC1,Mx w a s  s i m i l a r  t o  t h a t  of 

Re ten t ion  of carbon by t h e  UC1,N, 

The r a d i o a c t i v e  c o n s t i t u e n t s  o f  t h e  o x i d a t i o n  of f -gases  r e s u l t i n g  
1 4  

2 , 4 . 2  Aqueous D i s s o l u t i o n  of  -. Oxidized Fuel  

The s o l i d s  from t h e  o x i d a t i o n  p rocess  , s t a i n l e s s  steel. c ladding  
and t h e  heavy m e t a l  and f i s s i o n  product  o x i d e s ,  a r e  t r a n s f e r r e d  t o  t h e  
d i s s o l v e s .  Under t h e  p r e v a i l i n g  o x i d i z i n g  condi t . ions  t h e  aci.d (HN03) 
w i l l  d i s s o l v e  t h e  ox ides  and about  1% of t h e  s t a i n l e s s  s teel  c l add ing ,  
l i b e r a t i n g  t h e  I 4 C  t rapped  i n  t h e  oxide  s o l i d s  and i n  t h e  d i s s o l v e d  
c l add ing  a s  
pe r  y e a r  t o  t h e  t o t a l  ''C conta ined  i n  t h e  p rocess  stream w i t h i n  t h e  
r ep rocess ing  p l a n t .  The r a d i o a c t i v e  c o n s t i t u e n t s  i n  t h e  d i s s o l v e r  
of f -gases  may b e  C O 2 ,  1 2 ,  K r ,  X e ,  and p a r t i c u l a t e s ;  t h e  o t h e r  gases  
w i 1 . l  i n c l u d e  NO,, 0 2 ,  and,  depending on t h e  f u e l  composi t ion ,  e i t h e r  
C 0 2 ,  N 2 ,  o r  a mix tu re  of  bo th .  The d i s s o l v e r  of f -gas ,  a f t e r  t rea tment  
t o  remove some of t h e  NO, and 12, i s  rou ted  i n t o  t h e  p rocess  of f -gas  
system. 
approximately 992 ' n o t  r e l e a s e d  i n  d i s s o l u t i o n  wi1 . l  remain t r apped  i n  
t h e  m e t a l  and i s  managed as a s e p a r a t e  s o l i d  waste. An a d d i t i o n a l  
quanti . ty of CO? w i l . 1  be  s o l u b l e  i .n t h e  d i s s o l v e r  s o l u t i o n ;  however, i t  
i s  d i f f i c u l t  t o  e s t i m a t e  t h i s  c o n c e n t r a t i o n  because  of  t h e  unknown 
e f f e c t s  of t h e  I 2  rernoval s t e p  on t h e  c o n c e n t r a t i o n  of dissol.ved CO2 
and t h e  l a c k  of C 0 2  s o l u b i l i t y  d a t a  f o r  d i s s o l v e r  s o l u t i o n  cond i t ions .  

2 

1 4  CO:! . Cladding d i s s o l u t i o n  w i l l  c o n t r i b u t e  about  2 C i .  1 4 C  

1 4  

The ba lance  o f  t he  1 4 C  i n  t h e  s t a i n l e s s  s t ee l  c l add ing ,  
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It is  reasonab le  t o  assume t h a t  s o l u b i l i t y  of C02 w i l l  n o t  b e  g r e a t e r  
t h a n  t h a t  i n  water a t  t h e  same tempera ture  because  of  t h e  h i g h  e l e c t r o -  
l y t e  c o n c e n t r a t i o n s  i n  t h e  d i s s o l v e r  s o l u t i o n s  (see Sect.. 2 .6) .  The 
s o l u b i l i t y  of C02 i n  t h e  d i s s o l v e r  s o l u t i o n  p rov ides  a p o t e n t i a l  p a t h  
f o r  the i n t r o d u c t i o n  of  14C i n t o  t h e  s o l v e n t  e x t r a c t i o n  system. 

2.5 TECHNIQUE FOR 14C CONTAINPENT DURING FUEL REPROCESSING 

The p r o c e s s  vessel of f -gas  f low is es t ima ted  t o  be  about 0.47 m3/sec 
(1000 cfm) f o r  a chemical p l a n t  p rocess ing  ox ide  f u e l  a t  t h e  rate of 
5 m e t r i c  tons /day  of e q u i v a l e n t  heavy metal c o n t e n t .  2 5  The a d d i t i o n a l  
gas  gene ra t ed  by r e p r o c e s s i n g  t h e  advanced n u c l e a r  f u e l s  through an 
o x i d a t i o n  procedure  is  c a l c u l a t e d  t o  b e  approximate ly  5 .7  l i t e rs / sec  
(12  cfm) C02 f o r  c a r b i d e s ,  approximate ly  2.8 l i ters/sec ( 6  cfm) N2 f o r  
n i t r i d e s ,  and an i n t e r m e d i a t e  v a l u e  f o r  CO;! f N 2  f o r  c a r b o n i t r i d e s .  
The re fo re ,  t h e  maximum c o n t r i b u t i o n  from t h e s e  sou rces  would be  less 
t h a n  1.5% of t h e  t o t a l  p r o c e s s  of f -gas  volume. The process  of f -gas  
would be  decontaminated by selective a b s o r p t i o n  i n  a f luo roca rbon  s o l v e n t  
b e f o r e  v e n t i n g  t o  t h e  atmosphere. The r e t a i n e d  g a s e s  are f r a c t i o n a t e d ,  
and t h e  r a d i o a c t i v e  f r a c t i o n s  are p laced  i n  permanent s t o r a g e .  

2.5.1 Fluorocarbon Absorp t ion  Process  

S e l e c t i v e  a b s o r p t i o n  i n  f luo roca rbon  s o l v e n t s  i s  a p rocess ing  
t echn ique  f o r  the decontaminat ion  of gaseous e f f l u e n t  streams from 
n u c l e a r  f a c i l i t i e s .  It u t i l i z e s  the d i f f e r e n c e s  i n  gas - l iqu id  s o l u b i l -  
i t i es  t h a t  exist between t h e  s o l v e n t  and t h e  v a r i o u s  gas  c o n s t i t u e n t s  
t o  e f f e c t  t h e i r  s e p a r a t i o n .  26 
demonst ra t ion  of  t h i s  p rocess  have been i n  p rogres s  s i n c e  1968. Tests 
have shown t h a t  a f luo roca rbon  p rocess  des igned  t o  remove 99.9% of t h e  
of f -gas  krypton  can a l s o  b e  r e l i e d  upon t o  remove and. c o n c e n t r a t e  a t  
least t h a t  much I4C p r e s e n t  as C 0 2 .  Although t h e  p o t e n t i a l  c a p a b i l i t y  
of t h e  b a s i c  p r o c e s s  needs  t o  b e  b e t t e r  d e f i n e d ,  removal of 99% of t h e  
C02 appea r s  t o  b e  r e a d i l y  o b t a i n a b l e .  The a b s o r p t i o n  p rocess  product  
stream c o n t a i n s  Con, N20, t h e  noble  gases  (Kr and Xe), and some 02. 
The less s o l u b l e  decontaminated g a s e s  are vented  t o  t h e  atmosphere 
a f t e r  f i l t r a t i o n  t o  remove any e n t r a i n e d  p a r t i c l e s .  F u r t h e r  t e s t i n g  
of t h i s  p rocess  is now proceeding i n  a p i l o t  f a c i l i t y  of o n e - f i f t h  t o  
one-s ix th  t h e  scale of a u n i t  r e q u i r e d  f o r  a 5-metric ton/day f u e l  
p rocess ing  p l a n t .  

P i l o t - p l a n t - s c a l e  development and 

2.5.2 S e p a r a t i o n  of ''COz-Kr 

The primary purpose  of t h i s  s e p a r a t i o n  i s  t o  a l l e v i a t e  some of the 
problems a s s o c i a t e d  w i t h  t h e  permanent s t o r a g e  of 85Kr and " C .  
t i o n s  based  on co ld  t r a p p i n g  and u s e  of molecular  s i e v e s  are be ing  
developed t o  f r a c t i o n a t e  t h e  absorp t ion-process  product  stream. 

Separa- 

26 
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2.5 .3  F i x a t i o n  of I4C as llllll--_.-__ CaCO3 

The I 4 C  i s  prepared  f o r  f i n a l  s t o r a g e  by conve r t ing  C 0 2  i n t o  a 
s o l i d  compound. The compound s e l e c t e d  i s  C a C 0 3 ,  which i s  prec ip i . ta&-ed  
by t h e  r e a c t i o n  of C 0 2  w i t h  an aqueous Ca(OH)2 s l u r r y : 2 7  

Ca(OI1)2 -k C 0 2  -+ C a C 0 3  -k H 2 0  . ( 4 )  

I n  p r i n c i p l e  t h i s  should  be a h i g h l y  e f f i c i e n t  method t o  f i x  t h e  I4C 
s i n c e  t h e  c a l c u l a t e d  p r e s s u r e  o f  COz(g) i n  equ i l ib r ium w i t h  a s o l u t i o n  
s a t u r a t e d  w i t h  b o t h  C a C 0 3  and Ca(OR)2 i s  about  lo-' Pa (10-19 atm) and 
t h e  c a l c u l a t e d  carbon c o n c e n t r a t i o n  i n  l i q u i d  phase due t o  s o l u b l e  C a C 0 3  
i s  about  3 X 

f o r  f i n a l  d i s p o s a l ,  and t h e  f i l t r a t e  is r ecyc led .  The of f -gas  a l s o  may 
be  r ecyc led  i f  necessa ry .  Engineer ing development f o r  t h e  f i x a t i o n  of 
1 4 C  by t h i s  p rocess  i s  a l r e a d y  under way i n  t h e  HTGR program. 

g / l i t e r . ; ! '  The p r e c i p i t a t e  i s  f i l t e r e d  o f f  and prepared  

2.6 ESTFMATION OF THE 1 4 C  CONTENT I N  LIQUID PROCESS STREAMS INTERNAT, 
TO THE REPROCESSING PLANT 

The p r inc ipa l .  sou rce  of  I 'C i n  l i q u i d  streams i s  assumed t o  be  the 
The 1 4 C  d i s s o l v e d  COP i n  t h e  f u e l  s o l u t i o n  l e a v i n g  the  f u e l  d i s s o l v e r .  

c o n c e n t r a t i o n  i n  t h e  aqueous p rocess  stream may b e  e s t ima ted  i f  :i.t i s  
assumed t h a t  a l l  t h e  I 4 C  en t e r ing  t h e  s o l v e n t  e x t r a c t i o n  system as a 
r e s u l t  of t h e  s o l u b i l i t y  of CO;! i n  t h e  f u e l  d i s s o l v e r  s o l u t i o n  i s  
r e t a i n e d  i n  t h e  aqueous s t ream.  On the  premise t h a t  t h e  C 0 2  s o l u b i l i t y  
w i l l  no t  b e  g r e a t e r  t han  t h a t  i n  water a t  100°C ( M . 3  X M), and 
t h a t  t h e  volume of concent ra ted  aqueous waste p laced  i n  temporary 
s t o r a g e  is  5000 l i t e r ~ / d a y , ~ ~  a n  upper l i m i t  f o r  the I 4 C  c o n t e n t  was 
c a l c u l a t e d .  On a n  annual  b a s i s ,  t h a t  i s  process ing  s p e n t  f u e l  used t o  
g e n e r a t e  50 GW-year of e l ec t r i ca l  energy ,  the  s t o r e d  wastes would c o n t a i n  
4 3  m C i  1 4 C  f o r  a c a r b i d e  f u e l  w i t h  a 1000 ppm 1 4 N  impur i ty  and 1091 C i  
1 4 C  f o r  a n i t r i d e  f u e l  prepared  w i t h  n a t u r a l  n i t r o g e n .  'The d i f f e r e n c e  
i n  c o n t e n t s  r e s u l t s  from t h e  d i l u t i o n  of  1 4 C  by n a t u r a l  carbon i n  t h e  
c a r b i d e  f u e l  (see Sec t .  1.0).  The need f o r  an  experiui.tmtal. program t o  
de te rmine  t h e  a c t u a l  I4C c o n t e n t s  i n  t h e s e  wastes and methods f o r  t h e i r  
r e d u c t i o n  t o  a c c e p t a b l e  levels ,  where necessa ry ,  i s  i n d i c a t e d .  

S u f f i c i e n t  d a t a  are  nol: p r e s e n t l y  a v a i l a b l e  t o  d e f i n e  t h e  q u a n t i t y  
and chemical  form of I4C t rapped  ( o r  sorbed)  by t h e  ox ide  as a r e s u l t  of 
t h e  o x i d a t i o n  of t h e  s p e n t  f u e l .  Residual. ICC i n  the ox.i-de will be  t h e  
de te rmining  f a c t o r  f o r  t h e  1 4 C  con ten t  of t h e  p rocess  streams fruin 
subsequent  aqueous r ep rocess ing .  Although i t  may b e  t h e o r e t i c a l l y  
p o s s i b l e  t o  conver t  t h e  r e s i d u a l  carbon t o  gaseous s p e c i e s  du r ing  and 
after aqueous di.ssol.ution of  t h e  oxide  and t o  c o l l e c t  t h e  gases  by 
a b s o r p t i o n  p rocesses ,  q u a n t i t a t i v e  d a t a  for such p rocesses  have not  been 
ob ta ined .  The l i m i t a t i o n s  of p r a c t i c a l  p rocesses  w i l l  p r ec lude  complete 
s e p a r a t f o n  of 14c from t h e  ~ . i . q u i d  p rocess  s t r e a m s .  
work i s  r equ i r ed  t o  d e f i n e  t h e  "'C decontaminati-on f a c t o r s  t ha t  can b e  
r e a l i s t i c a l l y  achieved  f o r  l i q u i d  p rocess  streams. 

There fo re ,  experimental  
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2.7 ESTIMATE OF 14C SOURCE TERM FOR GASEOUS EFFLUENT 

Estimates of  t h e  1 4 C  c o n t e n t  of t h e  gaseous e f f l u e n t  from an LMFBR 
f u e l  p rocess ing  p l a n t  are based  on t h e  levels of p roduc t ion  r e p o r t e d  i n  
S e c t .  1 o f  t h i s  r e p o r t  and the assumption t h a t  99% (confinement f a c t o r  
= 100) of t h e  CO;! gene ra t ed  du r ing  r e p r o c e s s i n g  i s  removed from t h e  o f f -  
gas  stream by t h e  f luo roca rbon  s e l e c t i v e  a b s o r p t i o n  p r o c e s s  p r e v i o u s l y  
d i s c u s s e d .  A comparison of t h e  14C produced i n  t h e  ox ide  f u e l  w i t h  t h a t  
i n  t h e  c a r b i d e  and n i t r f .de  f u e l s  on t h e  b a s i s  of a m e t r i c  t o n  of heavy 
metal processed  does n o t  t a k e  i n t o  account  t h e  d i f f e r e n c e  i n  burnup of 
t h e  f u e l s .  
of f u e l  e q u i v a l e n t  t o  50 GW-year of e l e c t r i c i t y  and assuming a thermal- 
t o - e l e c t r i c  conve r s ion  e f f i c i e n c y  of 41% f o r  t h e  power p l a n t .  Th i s  is 
e q u i v a l e n t  t o  t h e  energy gene ra t ed  in IS00 m e t r i c  tons of heavy m e t a l  
a t  a n  average  burnup of 29,500 MWd. The r e s u l t i n g  s o u r c e  terms a r e  
g i v e n  i n  Table 5. 

P roduc t ion  of 1 4 C  w a s  t h e r e f o r e  based on p rocess ing  an amount 

Table  5. Carbon-14 Content of Gaseous E f f l u e n t  
from W B R  Fue l  P rocess ing  P l a n t a  

Fuel  
Concent ra t ion  of R a d i o a c t i v i t y  

14N i n  Fuel  Releas edb 
( X I  [ C i / 5 0  GW(e) -year] 

Reference oxideC 

Carbided 

N i t r i d e e  

0.002 2.5 

0 3.58 x 

0 . 1  136 

99 .64  ( n a t u r a l  N) 

10  785 

7 .82  x i o 3  

1 78.5 

0 1 .68  x 

a A confinement f a c t o r  of 100 assumed f o r  14C. Confinement 
Fac to r  = C i  Processed  Through P l a n t / C i  Released.  

50 GW-year of e l e c t r i c i t y ,  assuming a the rma l - to -e l ec t r i c  convers ion  
e f f i c i e n c y  of 41%. 

burnup: 

i r r a d i a t e d  i n  a r e a c t o r  presumed t o  have same neu t ron ic s  as t h e  GE 
Follow-On Reactor .  Average burnup; 29,610 MFId/metric t o n  of heavy m e t a l .  

i r r a d i a t e d  i n  a r e a c t o r  presumed t o  have t h e  same neu t ron ic s  as t h e  
GE Follow-On Reactor .  Average burnup; 29,406 MWdImetric t o n  of heavy 
metal. (U,Pu)N c o n t a i n s  5.554% N by weight .  

bRelease based on rep rocess ing  an  amount of f u e l  e q u i v a l e n t  t o  

Blend of UO;! and (U,Pu)Oz f u e l  ( d r i v e r  p l u s  b l a n k e t s ) .  Average C 

37,100 MWd/metric ton of heavy metal. 
dBlend of UC and (U,Pu)C f u e l  p e l l e t s  ( d r i v e r  p l u s  b l anke t s )  

Blend of UN and (U,Pu)N f u e l  p e l l e t s  ( d r i v e r  plus  b lanke t s )  e 



3 .  RADIOLOGICAL IMPACT OF 1 4 C  

3 .1  INTRODUCTION 

Carbon i s  a major  c o n s t i t u e n t  of a l l  l i v i n g  c e l l s ,  and because of 

The uptake  of 1 4 C  by l i v i n g  organisms depends upon 
t h i s ,  rad iocarbon i s  taken up r e a d i l y  by biocherni.cal p rocesses  r e g u l a t i n g  
carbon metabolism. 
t h e  amount of carbon p r c s e n t ,  s i n c e  ce l l s  do not: d i s t i n g u i s h  r a d i o a c t i v e  
from s t a b l e  atoms of carbon.  For t h e  purposes  of t h i s  r e p o r t ,  releases 
of 14C from the model f u e l  r e p r o c e s s i n g  f a c i l i t y  are assumed t o  b e  
gaseous 
r ep rocess ing  p l a n t  w i l l  b e  i n  t h e  form of C O Z ,  w e  are choosing t h e  
chemical  form t h a t  wi-1.1 r e s u l t  i n  m a x i m u m  1 4 C  up take  by b i o t a .  

The r e l e a s e d  "C02 w i l l  become qu ick ly  d i l u t e d  by t h e  s t a b l e  CO2 
i n  t he  atmosphere. The r a t i o  of  r a d i o a c t i v e  t o  s t a b l e  atoms of carbon 
i s  a n  impor tan t  r e l a t i o n s h i p  f o r  t h e  environmental  assessment  of releases. 
I t  i s  u s u a l l y  r e f e r r e d  t o  as t h e  s p e c i f i c  a c t i v i t y  and i s  w r i t t e n :  

14 C o n .  By assuming t h a t  a l l  of t h e  1 4 C  r e l e a s e d  from t h e  
14 

where 

SA = s p e c i f i c  a c t i v i t y ,  

l ~ C i  = microcur i e s  of r a d i o a c t i v i t y ,  and 

g = grams of carbon.  

The s p e c i f i c  a c t i v i t y  concept  i s  used i n  t h i s  s tudy  t o  assess t h e  
consequences of "C  releases t o  t h e  environment.  

ment w i l l  depend on s e v e r a l  f a c t o r s ,  incl .uding t h e  h e i g h t  of t h e  of f -gas  
s t a c k ,  the  q u a n t i t y  of h e a t  r e l e a s e d  w i t h  t h e  1 4 C 0 2 ,  and t h e  l o c a l  
me teo ro log ica l  c o n d i t i o n s .  These parameters  are u s u a l l y  s p e c i f i e d  i n  
atmospheri-c d i f f u s i o n  models o f  t h e  type  used t o  c a l c u l a t e  t h e  concen- 
t r a t i o n  and/or  s p e c i f i c  a c t i v i t y  of 14C a t  s h o r t  d i s t a n c e s  from a t a l l  
s t a c k .  

1 4 C  only  when pho tosyn thes i s  o c c u r s ,  
i n  plant: t i s s u e s  on ly  du r ing  d a y l i g h t  hours  of  t h e  growing season .  
P l a n t s  t a k e  up 1 4 C  a t  t h e  l e a f  s u r f a c e  as 14C02, and CO2 gas  pas ses  
through t h e  s tomata  t o  be  used a s  b u i l d i n g  b locks  i n  t h e  manufacture  
of chlorophyl- l  and o t h e r  molecules  f o r  growth and maintenance.  Thus, 
most of t h e  carbon atoms e n t e r i n g  t:he l e a v e s  i n i t i a l l y  are t r a n s l o c a t e d  
t o  o t h e r  p a r t s  of t h e  p l a n t .  

The i n i t i a l  behavior  of t h i s  1"C02 i n  t h e  l o c a l  a tmospher ic  environ-  

Although crops  may b e  immersed i n  1 4 C 0 2  con t inuous ly ,  t hey  t a k e  up 
That i s ,  1 4 C  will b e  i n c o r p o r a t e d  
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3 . 2  DOSIMETRY MODEL FOR ' 4C 

3.2.1 I n d i v i d u a l  Dose Commitment 

3.2.1.1 I n g e s t i o n  Model 

I n g e s t i o n  is  t h e  dominant mode of exposure  f o r  14C r e l e a s e d  to t h e  
environment,  p r i n c i p a l l y  because  almost 99% of r e f e r e n c e  man's carbon 
i n t a k e  is  v i a  i n g e ~ t i o n . ~ '  
as approximate ly  300 g /day ,  and e s s e n t i a l l y  all t h i s  i n t a k e  is assimi- 
l a t e d . 3 0  The u s u a l  assumption i n  modeling food c h a i n  transport of I4C 
is  t h a t  t h e  SA ( s p e c i f i c  a c t i v i t y )  of food is e q u a l  t o  t h e  SA i n  man. 
It fo l lows  t h a t  c a t t l e ,  p o u l t r  , and o t h e r  l i v e s t o c k  f e e d i n g  upon 
v e g e t a t i o n  contaminated w i t h  "C will l i k e w i s e  a t t a i n  a s t e a d y - s t a t e  
SA a t  t h e  same level,  as w i l l  man as t h e  f i n a l  consumer. 

The annual  dose  ra te  t o  a r e f e r e n c e  organ  of an i n d i v i d u a l  from 
up take  of 1 4 C  by i n g e s t i o n  is  g iven  by Ki l lough e t  a l .  as 

This  q u a n t i t y  is l i s t e d  i n  I C R P  P u b l i c a t i o n  23 

3 1  

where 

Dw = annua l  dose  ra te  (mrem/year), 

Q = ra te  of release of r a d i o i s o t o p e  from source  ( C i / s e c ) ,  

x/Q = e s t i m a t e d  d i l u t i o n  f a c t o r  (sec/m3) f o r  t h e  r e c e p t o r  
p o i n t  o f  i n t e r e s t ,  

of  carbon by t h e  r e f e r e n c e  organ 
Fu = f r a c t i o n a l  c o n t r i b u t i o n  of i n g e s t i o n  t o  t h e  t o t a l  up take  

f, X (308 g C/day) - 9 - 
fu X (300 g C/day) + fa X ( 2 3  rn' a i r l d a y )  X (0.16 g C/m3  air) 

f, = f r a c t i o n  of i n g e s t e d  carbon t aken  up by r e f e r e n c e  organ 

f 

rl f o r  total body, 

n0.01 f o r  t o t a l  body, and 
= f r a c t i o n  of i n h a l e d  carbon t aken  up by r e f e r e n c e  organ a 

(DW) = dose r a t e  f a c t o r  f o r  14C i n  r e f e r e n c e  organ. 

3.2.1.2 I n h a l a t i o n  Model 

I n h a l a t i o n  i s  a minor mode of exposure  because  r e f e r e n c e  man's 
d a i l y  i n t a k e  i s  computed as 
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The t o t a l  body uptake  v i a  i n h a l a t i o n  i s  a c t u a l l y  v e r y  s m a l l  because  
o n l y  1% is  r e t a i n e d  by t h e  body; t h e  ba l ance  i s  exhaled b e f o r e  uptake  by 
t i s s u e s  occurs .  

The model f o r  computing t h e  annual  dose rate due t o  i n h a l a t i o n  i s  
i d e n t i c a l  t o  E q .  (6)  except  Fa i s  used i n  p l a c e  of  Fw. This  new q u a n t i t y ,  
Fa, i s  d e f i n e d  as t h e  f r a c t i o n a l  c o n t r i b u t i o n  of i n h a l a t i o n  t o  t h e  t o t a l  
up take  of  carbon by t h e  r e f e r e n c e  organ  such t h a t  Fa + Fw = 1. 

I f  i n h a l a t i o n  t a k e s  p l a c e  a t  a l o c a t i o n  difEerent  from food produc- 
t i o n ,  t hen  t h e  a p p r o p r i a t e  x/Q must b e  s u b s t i t u t e d  i n  E q .  (6) t o  r e f l e c t  
a d i f f e r e n t  c o n c e n t r a t i o n  of 1 4 C  b rea thed  by man. 
of I 4 C  i n  a i r  t h a t  man b r e a t h e s  is  s i g n i f i c a n t l y  greatex (> loox)  t han  t h e  
Concent ra t ion  o f  1 4 C  i n  a i r  where h i s  food is  produced, t hen  t h e  inha la -  
t i o n  pathway may b e  t h e  most impor tan t  mode of exposure.  Th i s  would be  
the on ly  s i t u a t i o n  where t h e  dose  from inha la t imn  could p rov ide  a s i g n i -  
f i c a n t  p a r t  of t h e  t o t a l  dose.  

2 9  

I f  Lhe c o n c e n t r a t i o n  

3.2.1.3 Immersion Model 

I f  a person  is  exposed by i n h a l a t i o n ,  t h e n  he  w i l l  a l s o  b e  exposed 
a t  t h e  .sane t i m e  by immersion i n  t h e  plume. The dose r ece ived  wi.11 
depend upon t h e  t y p e s  of r a d i a t i o n  and t h e i r  e n e r g i e s .  I n  t h e  c a s e  of 
1 4 C  t h e  parameters are  such t h a t  t h e  dose  from immersion can b e  neg lec t ed  
r e l a t ive  t o  t h e  doses  from i n g e s t i o n  and even i n h a l a t i o n .  The EXREM III 
computer code w a s  used t o  c a l c u l a t e  a s k i n  dose rate f a c t o r  f o r  immersion 
i n  a n  i n f i n i t e  c loud .  32 

3.2.2 Popu la t ion  Dose Commitment 

Carbon-14 r e l e a s e d  to t h e  atmosphere would mix r a p i d l y  w i t h  t h e  
1.8 X lo1* g of carbon e s t ima ted  t o  be  p r e s e n t  in  the atmosphere,  l and  
b iosphe re ,  and t h e  mixed l a y e r s  of t h e  ocean.31 
3.0 X 10” g of carbon i n  the deep ocean occur s  w i t h  a mean l i f e  of 
59 y e a r s  e Because of t h i s  mixing throughout  t h e  atmosphere,  b i o s p h e r e ,  
and ocean waters, and because 14C has  a l ong  r a d i o a c t i v e  h a l f - l i f e ,  t h e  
r a d i o l o g i c a l  impact t o  world popu la t ions  from 1 4 C  w i l l  he  p r e s e n t  f o r  
many y e a r s  a f t e r  i t  i s  r e l e a s e d  t o  t h e  environment .  

Following UNSCEAR, 34 t h e  g l o b a l  popu la t ion  dose  commitment over  a l l  
t i m e  fo l lowing  release of 1 Ci of 1 4 C  may b e  e s t ima ted  from t h e  ra te  of  
product ion  of n a t u r a l  1 4 C ,  3 X lok Ci /yea r ,  and t h e  average  dose  r a t e  i n  
human t i s s u e  from n a t u r a l  I4C, 1 . 3  X 

Mixing w i t h  t h e  e s t ima ted  

rem/year .  

D = y W / B  , 

where 
D = g l o b a l  popu la t ion  dose coiiimitrnent: ove r  a l l  t i m e  fo l lowing  

y = average  dose  rate i n  human tissue from n a t u r a l  C ( r em/yea r> ,  

release of ’‘+c (man-rem) , 
1 4  
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W =  
R =  

i l l =  

amount of 14@ r e l e a s e d  (Ci) , 
ra te  of p roduc t ion  of' n a t u r a l  14C ( C i / y e a r ) ,  and 

c o n s t a n t  world popu la t ion .  

For a c o n s t a n t  world popul-ation of 6 x lo9 and a r e l e a s e  of 1 Ci 
this y i e l d s  w i t h  s u b s t i t u t i o n :  

D = (1 .3 x rem/year) 1 C i  (6  X 1 0 9 ) / ( 3  X lo4 Ci /yea r )  , 

I) = 260 man-rems . 

3 . 3  DOSES FROM I 4 C  IN THE V I C I N I T Y  OF A REPROCESSING FACILITY IIANDLING 
ADVANCED LMFBR FUELS 

I n  t h i s  r e p o r t  r a d i o l o g i c a l  impact i s  e s t ima ted  as t h e  50-year dose  
commitment (mrem] .  The "dose commitment" i s  a s s o c i a t e d  w i t h  a s p e c i f i e d  
i n t a k e  of 1 4 C  and i s  d e f i n e d  as t h e  t o t a l  dose  t o  a r e f e r e n c e  o rgan ,  
r e s u l t i n g  from one y e a r  of i n t a k e ,  t h a t  w i l l  a cc rue  d u r i n g  t h e  remaining 
l i f e t i m e  of t h e  i n d i v i d u a l .  The exposed i n d i v i d u a l  is  assumed t o  be  an 
a d u l t  (20 years of age) a t  t h e  t i m e  of i n t a k e  who w i l l  l i v e  t o  an age 
of 70 y e a r s .  Thus, t h e  dose  commitment is c a l c u l a t e d  by i n t e g r a t i n g  
t h e  dose  rate ove r  a SO-year p e r i o d ,  and t h e  r e s u l t  i s  c a l l e d  t h e  

s h o r t  b i o l o g i c a l  h a l f - l i f e  of 28 days ,  t h e  dose  commitment i n t e g r a t e d  
t o  50 y e a r s  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  annual  dose.  There- 
f o r e ,  a l though  i t  i s  t e c h n i c a l l y  c o r r e c t  t o  estimate t h e  r a d i a t i o n  
exposure i n  u n i t s  of  t h e  50-year dose  commitment, t h e  annual  exposure  
t o  a n  i n d i v i d u a l  from 14C i n  mrem/year would b e  approximate ly  t h e  same 
v a l u e  as t h e  SO-year dose  commitment. I n  t h i s  r e p o r t ,  dose,  dose commit- 
ment, and SO-year dose  commitment have t h e  same meaning when i n d i v i d u a l  
exposures are under d i s c u s s i o n .  

50-year dose commitment." I n  t h e  c a s e  of I4C, which has  a r e l a t i v e l y  II 

3 . 3  a 1 Maximum I n d i v i d u a l  Doses 

The AIRDOS computer code3' w a s  used t o  estimate 50-year dose  connnit- 
ments t o  t h e  maximally exposed i n d i v i d u a l  i n  t h e  v i c i n i t y  of a r e p r o c e s s i n g  
f a c i l i t y  hand l ing  advanced LMFBR f u e l s .  The r e p r o c e s s i n g  p l a n t  w a s  
assumed t o  have a s t a c k  h e i g h t  of 100 m. Meteorology and o t h e r  s t a c k  
parameters  were assumed t o  be i d e n t i c a l  t o  those  d e s c r i b e d  i n  t h e  LMFBR 
Proposed F i n a l  Environmental  S ta tement .  Release rates f o r  4 C  from t h e  
s t a c k  as ' k O 2  a r e  l i s t e d  i n  Table  5 of t h i s  r e p o r t .  

1000 m from t h e  s tack.  Table  6 l ists  doses  t o  v a r i o u s  organs  of an 
i n d i v i d u a l  a t  t h i s  l o c a t i o n .  The dose  estimates given are 50-year dose  
commitments c a l c u l a t e d  f o r  one y e a r  of r a d i o n u c l i d e  release from t h e  
f a c i l i t y .  Doses p r e s e n t e d  are f o r  a n  a d u l t  i n d i v i d u a l  r e s i d i n g  c o n s t a n t l y  

The p o i n t  of  maximum exposure occur s  a t  the  p l a n t  boundary, which i s  
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a t  t h e  s i t e  boundary and consuming on ly  food and beverages  produced a t  
t h a t  s i te.  
b u t e s  g r e a t e r  t han  99% of t h e  dose.  

n u c l i d e s  o t h e r  t h a n  I4C r e l e a s e d  by a re rocess ing  p l a n t  hand l ing  mixed- 
ox ide  f u e l  were summarized i n  WASH-1535.' The dose  estimate f o r  t h e  
t o t a l  body p resen ted  t h e r e  i s  2.0 m r e m .  Assuming t h e  t o t a l  body dose 
from r a d i o n u c l i d e s  o t h e r  t h a n  1 4 C  a s s o c i a t e d  w i t h  releases from an 
advanced f u e l  r e p r o e e s s i n  p l a n t  i s  a lso 2.0 m r e m ,  w e  can estimate t h e  
relative c o n t r i b u t i o n  of ''C t o  the t o t a l  sou rce  term. The a d d i t i o n  of 
1 4 C  t o  the s o u r c e  term would s i g n i f i c a n t l y  i n c r e a s e  t h e  t o t a l  body dose 
from c a r b i d e  f u e l  hav in  
n a t u r a l  n i t r o g e n ,  10% IPN ( en r i ched  t o  90% "N) , o r  1% I4N ( en r i ched  t o  
99% 15N). 

T h e  pr imary exposure pathway i s  via  i n g e s t i o n  which c o n t r i -  

E s t i m a t e s  o f  doses  t o  a n  i n d i v i d u a l  a t  t h e  same l o c a t i o n  from rad io -  

1000 ppm I4N and from n i t r i d e  f u e l  having 

3.3.2 Average I n d i v i d u a l  and Popu la t ion  Doses 

Popu la t ion  doses  w e r e  c a l c u l a t e d  w i t h  the AIRDOS computer code3 
and assuming a popu la t ion  o f  one  m i l l i o n  l i v i n g  w i t h i n  a 50-mile r a d i u s  
of t h e  f a c i l i t y .  The meteorology and p l a n t  ph s ical  characterist ics 
were i d e n t i c a l  t o  t h o s e  r e p o r t e d  i n  WASH-1535. Y 

Table  7 l ists  popu la t ion  doses  i n  man-rems f o r  each t y p e  of W B R  
f u e l  u s ing  t o t a l  body as a r e f e r e n c e  organ.  Dose estimates are 50-year 
dose commitments r e s u l t i n g  from one  year of  r a d i o n u c l i d e  release. 
Estimates o f  p o p u l a t i o n  dose  f o r  o t h e r  r e f e r e n c e  t i s s u e s  would scale t o  
t h e  t o t a l  body value as t h e  i n d i v i d u a l  dose estimates g iven  f o r  t h e  
r e s p e c t i v e  t i s s u e s  i n  Table  6 .  This  c a l c u l a t i o n  assumes t h a t  i n d i v i d u a l s  
l i v i n g  w i t h i n  a n  80-km (50-mile) r a d i u s  of  t h e  f a c i l i t y  o b t a i n  all of 
t h e i r  food and beverages  from the p o i n t  where they  r e s i d e .  Greater t han  
99% of t h e  e s t i m a t e d  dose  i s  r ece ived  v i a  t h e  i n g e s t i o n  pathway. E s t i -  
mates f o r  t h e  average  dose  t o  a l l  i n d i v i d u a l s  l i v i n g  w i t h i n  t h e  50-mile 
r a d i u s  are a l s o  l i s t e d  i n  Tab le  7. 

a l l  r a d i o n u c l i d e s  o t h e r  t h a n  1 4 C  r e l e a s e d  from a re r o c e s s i n g  f a c i l i t y  

yea r  of f a c i l i t y  o p e r a t i o n .  Assuming t h a t  t h e  popu la t ion  dose  would b e  
similar t o  t h i s  f o r  a r e p r o c e s s i n g  p l a n t  handl ing  c a r b i d e  o r  n i t r i d e  f u e l  
i n s t e a d  of ox ide  f u e l ,  t h e  a d d i t i o n  o f  14C t o  t h e  s o u r c e  term would 
s i g n i f i c a n t l y  i n c r e a s e  t h e  popu la t ion  dose  f o r  c a r b i d e  f u e l  having  1000 ppm 
1 4 N  and f o r  n i t r i d e  f u e l  having n a t u r a l  n i t r o g e n ,  10% 14N ( en r i ched  t o  90% 
"N) , o r  1% ' 4 N  ( en r i ched  t o  99% ' %). 

3 . 3 . 3  

The t o t a l  popu la t ion  [l m i l l i o n  i n  80-km (50-mile) r a d i u s ]  dose  from 

handl ing  mixed-oxide f u e l  w a s  r e p o r t e d  i n  WASH-1535 P t o  be  35 man-rem p e r  

The E f f e c t  of I4N Content  i n  Advanced Fue l s  on t h e  M a x i m u m  
I n d i v i d u a l  Dose 

A s  d i s c u s s e d  i n  S e c t .  1 of t h i s  r e p o r t ,  t h e  p r i n c i p a l  mode of  produc- 
t i o n  o f  I 4 C  i n  LMFBR f u e l s  i s  by t h e  14N(n,p)14C r e a c t i o n ,  which has a n  
effect ive c r o s s  s e c t i o n  of 12.6 m b .  F igu re  3 i l l u s t r a t e s  t h e  maximum 
i n d i v i d u a l  SO-year dose commitment from "C as a f u n c t i o n  of the I 4 N  
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OXIDE FUEL 

10' 102 103 to4 
NITROGEN-14 CONTENT IN THE FUEL ( p p m  1 

Fig.  3 .  Maximum I n d i v i d u a l  50-Year T o t a l  Body Dose Commitment as 
a Funct ion  of "N Content i n  Mixed-Oxide, Ca rb ide ,  o r  N i t r i d e  JAFBR F u e l ;  

con ten t  i n  ox ide ,  c a r b i d e ,  and n i t r i d e  LMFBR f u e l s .  This  graph assumes 
a l i n e a r  r e l a t i o n s h i p  between t h e  1 4 C  inven to ry  and I 4 N  c o n t e n t  i n  t h e  
f u e l .  A containment f a c t o r  f o r  I4C of 100 i n  the f u e l  p rocess ing  p l a n t  
w a s  used. 

S e v e r a l  conc lus ions  may b e  drawn from F i g .  3.  F i r s t ,  i n  t h e  range  
of 1 t o  1000 ppm 14N t h e r e  is  l i t t l e  d i f f e r e n c e  between t h e  maximum 
i n d i v i d u a l  dose  commitment from I4C f o r  each f u e l  a t  a g iven  c o n c e n t r a t i o n  
of 1 4 N .  
l i b r a r y  used f o r  t h e  ORIGEN c a l c u l a t i o n s  w a s  s p e c i f i c  t o  a n  oxide- fue l  
LPPBR des ign .  
advanced f u e l  LMFBR des igns  are c u r r e n t l y  be ing  developed and when a v a i l -  
a b l e  w i l l  b e  used t o  more a c c u r a t e l y  compute t h e  I 4 C  c o n c e n t r a t i o n s  i n  
s p e n t  advanced f u e l s .  A second conc lus ion  from t h i s  f i g u r e  i s  t h a t  even 
a t  t h e  maximum a n t i c i p a t e d  c o n c e n t r a t i o n  of I4N of 200 ppm i n  oxide  and 
1000 i n  c a r b i d e  f u e l s ,  t h e  maximum i n d i v i d u a l  dose commitment i s  less than 

This  r e su l t  may be somewhat a r t i f i c i a l ,  s i n c e  t h e  n e u t r o n i c  

L i b r a r i e s  a p p r o p r i a t e  f o r  advanced f u e l s  and based  on 



2% 

1 m r e m .  F i n a l l y ,  Fig.  3 i l l u s t r a t e s  t h a t  the dose  commitment from 
n i t r i d e  f u e l  may b e  s i g n i f i c a n t l y  g r e a t e r  t han  t h e  dose commitment from 
e i t h e r  ox ide  o r  c a r b i d e  f u e l  depending on t h e  f r a c t i o n  of t h e  n i t r o g e n  
t h a t  i s  "N. 

3 . 4  ANALYSIS OF WORLD POPULATION DOSES FROM "'C PRODUCED I N  ADVANCED 
LMFBR FUELS 

Dose commitments t o  t h e  world popu la t ion  from I tC produced by 
W I B R  f u e l s  w e r e  e s t ima ted  by assuming a v a l u e  of 260 man-rems/Ci of 
release t o  t h e  environment c a l c u l a t e d  i n  Sect. 3.2.2. These dose commit- 
ments are l i s t e d  i n  Table  8 and are based on SO GW(e)-year of energy 
f o r  each f u e l .  Assuming t h e  annual  dose from 1 4 C  de r ived  from n a t u r a l  
sou rces  i s  1 . 3  m r e m  and a world popu la t ion  of 6 x lo9, t h e  annua l  dose 
conmitment t o  the world popiilaLion from n a t u r a l  14C would b e  7 .8  x lo6 
man-rems. 
TXFBK f u e l s  because of t h e  u n c e r t a i n t y  in p r e d i c t i n g  t h e  c o n t r i b u t i o n  
which t h e  LMFBR will make t o  energy p roduc t ion  i n  t h e  f u t u r e .  It i s  
p o s s i b l e  t h a t  i f  n i t r i d e  f u r l  w i t h  n a t u r a l  n i t r o g e n  i s  s e l e c t e d ,  when 
the energy produced by LElSFBRs i s  S i g n i f i c a n t l y  g r e a t e r  than 50 GW(e)-year, 
t h e n  t h e  dose  commitment t o  the world popu la t ion  from 1 4 C  produced i n  
LMFBRs could exceed t h a t  from 1 4 C  t h a t  occu r s  n a t u r a l l y .  

Th i s  v a l u e  cannot  b e  d i r e c t l y  compared w i t h  1 4 C  from advanced 

Table  8. Dose Commitment t o  t h e  World Popu la t ion  
From 1 4 C  Produced by LMPHRs 

Release Race of  "C Dose Commitment 
p e r  50 GWe-years of t o  t h e  World 
Energy from L W B R s a  Popu la t ion  

(Ci/year> (man-rems) 
Type of F u e l  b 

Oxide 2.5 

Carbide 

No I 4 N  3.58 x 

1000 ppm 1 4 N  136 

N i t r i d e  

N a t u r a l  N 

90% 1 5 N  

99% 1 5 N  

1.00% 1 5 N  

7.82 x i o 3  
7 85 

78.5 

1 .68  x 

6 50 

0 . 9 3  

3.5 x i o 4  

2.0 x l o 6  
2.0  x i o 5  
2.0 x io4 

0.44  

a 

p l a n t .  
Assuming a deconta i i ina t ion  fac to i -  of 100 a t  t h e  r e p r o c e s s i n g  

bAssuming 260 man-rems/Ci of 1 4 C  r e l e a s e d  t o  the environment.  
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