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Foreword -- 

On April 7, 1977, President Carter made the following nuclear power 
policy statements: 

I I The benefits of nuclear power are thus very real and practical. But 
a serious risk accompanies world-wide use of nuclear power--the risk 
that components of 'the nuclear power process will be turned to pro- 
viding atomic weapons. " 

11 The U.S. is deeply concerned about the consequences for all nations 
of a further spread of nuclear weapons.or explosive capabilities. We 
believe that these risks would be vastly increased by the further 
spread of sensitive technologies which entail direct access to 
plutonium, highly enriched uranium or other weapons useable material." 

,"We will redirect funding of U.S. nuclear research and development 
programs to accelerate our research into alternative nuclear fuel 
cycles which do not involve direct access to materials useable in 
nuclear weapons. I' 

As a result of this policy statement, ERDA embarked on a vigorous 
effort aimed at evaluating various alternative fuel cycle systems ' 

having possible non-proliferation advantages. Over 60 possible 
candidates were identified for preliminary evaluation. Contractors 
for the Division of Waste Management, Production and Reprocessing, ERDA, 
proceeded to characterize and define the candidate alternatives from 
a fuel cycle processes.and operations standpoint. This docum'ent 
contains these preliminary definitions in the format of functional 
flow diagrams and tabulated evaluations of the operations shown in 
these diagrams. In addition to the definitions presented herein, 
process streams containing fissionable material were identified; 
and the state-of-the-art for each process function has been included. 

WPR is continuing to assess these nuclear fuel cycle alternatives 
from the viewpoint of costs, materia1s:flows aud hventories, and 
proliferation potential. A follow-on document will be issued when 
the work is completed. 

Dennis R. Spurgeon, Assistant 
Director for Fuel Cycle 

Division of Waste Management, 
Production and Reprocessing 
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1. INTRODUCTION 

The United States Energy Research and Development Administration 

Division of Nuclear Research and Applications (ERDA-NRA) proposed 

67 nuclear fuel cycles1 for assessment as to their nonproliferation 

potential. Although the candidate alternative systems present distinct 

cases with respect to reactor (or combinations of reactors) operations, 

certain reprocessing and refabrication operations are coxmuck to several 

cases, making it expedient to treat the cases generically rather than 

individually. The object of the assessment is to determine which fuel 

cycles pose inherently low risk for nuclear weapon proliferation while 

retaining the major benefits of nuclear energy. Economics, resource use, 

and timeliness are also factors in the eva1.uation. Argonne National 

Laboratory (ANL), Hanford Engineering Dvelopment Laboratory (HEDL), 

Oak Ridge National Laboratory (ORNL), and Savannah River Laboratory (SRL) 

participated in studying the back cycles of the candidate systems. This 

is a preliminary analysis of these fuel cycles to develop the fuel recycle 
/ 

2ata that will' complement reactor data, environmental data, and poli'tical 

considerations, which must be included in the overall evaluation. .~ack 

cycle evaluations per se are inadequate for,eliminating certain fuel 

cycles from further consideration. This report .presents the preliminary 

evaluations from the four ~aboratories and is the basis for a continbing . . 

in-depth study. 

The proposed fuel cycles are identified in.Table 1.1 and correlated 

with the responsible Laboratory and the location in.this report where the 

evaluation 'can be found. Case assignments among the several participants 

.were such that prese~tati6~~ of resulp on a case-by-case basis was 

impractical. Hence the evaluations are presented in alphabetical order 

by participating institution. ORNL assuined the responsibility for all 

thorium cycles plus high-temperature gas-cooled reactor (HTGR) cycles; 

SRL for uranium-plutonium fuels in light-water reactor (LWR), heavy-water 

reactor (HWR), and spectral shift systems; ANLIHEUL for uranium-plutonium 

fuels in the liquid-metal fast breeder reactor (LMFBR) and the gas-cooled 

fast breeder reactor (GCFR). Advanced concepts (Group 6) and certain 



Tabls  1.1.- Index f o r  Cor re l a t ing  ERDA-HRA I d e n t i f i c a t i ~ n  of Fuel  Cycles w i th  
P a r t i c i p a n t s  i n  Study and ReprccessTng and R e f a b r i c a t i ~ n  Evaluat ions 

ERDA-NRA 
I d e n t i f i c a t i o n  

Fuel Cycle. 
Desc r ip t i cn  

Responsible . Index t o  Fuel 
Laborat,ory Cycle Evaluat ion 

Group 1.1 
1.1.1 
1.1.2 
1.1.3 
1.1.4 
1.1.5 

. 1.1.6 

Group 1 .2  
1 .2 .1  
1.2.2 

Group 2 .1  
2 .1 .1  
2.1.2 
2.1.3 
2.1.4 
2.1.5 
2.1.6 
2.1.7 

Group .2.2 
-2.2.1 
2.2.2 
2.2.3 
2.2.4 

Group 3.1' 
3 .1.1 . 
3.1.2 
3.1.3 

LWR (U-Pu) 
Standard r ecyc le  ( r e f e rence )  
Spiked r ecyc le  
Coprocessec r ecyc le  
Uranium recyc le ,  Pu stowaway 
Once-through oxide f n e l  
Once-through m e t a l l i c  f u e l  

LWR (Th-U) 
F u l l  r e c y c l e  
P a r t i a l  r e c y c l e ,  Pu stowaway 

Gas-Cooled Reactors  (C-Fu cyc le )  
Stancard r e c y c l e  i n  HTGR ( re fe rence )  
Spiked r e c y c l e  i n  HTGR 
Coprccessed r e c y c l e  i n  HTGR 
P a r t i a l  r e c y c l e  i n  H'IGR, Pu stovEway 
HTGR once-through oxide f u e l  
GCR c.nce-through m e t a l l i c  f u e l  
Standard r e c y c l e  i n  AGR ( r e fe rence )  

HTGR (Th-U cyc le )  
F u l l  r e c y c l e  
P a r t i a l  r ecyc le ,  Pu stowaway 
HEU-Th (carb ide)  HTGR f u l l  r e c y c l e  ( r e f e rence )  
HEU-Th i n  pebble bed gas r e a c t o r  

wi th  f u l l  r e c y c l e  (referemce) 

IIWR (U-Pu cyc le)  
Standard r ecyc le  
Spiked r ecyc le  
Once-through oxide fue l  

ORNL 

ORNL / SRL 
ORNL 

SRL 
SRL 

ORNL 

SRL 

Chap. 5 

Fig.  4.2 

Fig. 4.3 

Chap. 5 
Chap.. 5 
Fig. 4.4 

. Chap. 5 



'Table 1.1. (Continued) 

Fuel Cycle 
Description 

Responsible Index tb' Fuel 
Laboratory Cycle Evaluation 

Group 3.2 
3.2.1 
3.2.2 

Group 3.3 
3.3.1 
3.3.2 

Group 3.4 
3.4.1 
3.4.2 

Group 4.1 
4.1.1 

. 4.1.2 
4.1.3 

Group 4.2 
4.2.1 
4.2.2 

Group 5.1 
5.1.1 
5.1.2 
5.1.3 

HWR (Th-U cycle) 
.Full recycle 
Partial recycle, Pu stowaway 

LWR/HWR tandem cycle 
Tandem cycle with reconstituted fuel 
Tandem cycle without reconstituted fuel 

Spectral shift reactors 
Once-through uranium cycle 
Th-U full recycle 

ORNL Fig. 4.2 

SRL Chap. 5 

SRL/ORNL 
SRL 
ORNL 

LMFBR (U-Pu cycle) ANL/HEDL 
LMFBR~LWR standard recycle (reference) 
LMFBRILWR coprocessed' recycle oxide fuel 
LMFBRILWR coprocessed recycle carbide fuel 

LMFBR (Th-U cycle) 
U-Pu-Th full recycle LMFBR/LWR ' 

.3~! %/~h LMFBR/LWR,. 
U recycle, Pu stowaway 
3 ~ / ~ h  LMFBR/LWR full recycle 

GCFR (U-Pu cycle) 
.GCFR/LWR standard recycle (reference) 
GCFR/LWR~coprocessed recycle oxide fuel 
GCFRILWR coprocessed recycle carbide fuel 

Group 5.2 GCFR (Th-U cycle) ~. 

.5.2.1 U-PU-~h full recycle GCFR/LWR 
5.2.2 LEU-Th. GCFR/LWR U recycle, 

Pu stowaway 
5.2.3 3 ~ / ~ h '  GCFR/LWR f.ull recycle 

ORNL 

Chap. 5 
.Fig. 4.2 

Chap. 2 ,3 

Fig. .4.5 

ANL/HEDL Chap. .2 

. . 
. ORNL -. Fig. 4.6 



T a b l e  1.1. (Cont inued)  

ERDA-NRA F u e l  Cycle Respons ib le  Index t o  F u e l  
I d e n t i f i c a t i o n  D e s c r i p t i c n  Labora to ry  Cycle  E v a l u a t i o n  

Group 6  Advanced c o n c e p t s  Not e v a l u a t e d  
6 . 1  MSBR (Th-U c y c l e )  
6 .2  D i r e c t  r eenr ichment  
6 . 3  E l e c t r o w c l e a r  f u e l  and pover p r o d u c t i o n  
6.4 Gasecus c o r e  r e a c t o r  
6.5 Fus icn  h y b r i d  b r e e d e r  r e a c t o r  (FHBR) 

Group 7 Energy c e n t e r s  w i t h  c c n v e r c e r s  and 
r e c y c l ~  i n s i d e ,  c o n v e r t e r s  o u t s i d e  :. 1 Energy c e n t e r  c o n t a i n i n g  U-Pu c o n v e r t e r s ,  

d i s p e r s e d  U-Pu c o n v e r t e r s ;  r e c y c l i n g  
w i t h i n  c e n t e r ,  no mixed o x i d e  f u e l  
t o  d i s p e r s e d  r e a c t o r s  

7 .1 .1  U-Pu LWF, i n s i d e ,  U-Fu LWR o u t s i d e  
7.1.2 U-Pu HTGR i n s i d e ,  U-Pu LWR o u t s i c e  
7.2 Energy c e n t e r  c o n t a i n i n g  Pu-Th 

c o n v e r t e r s ,  d i s p e r s e d  LEU-Th c o n v e r t e r s ;  
f u l l  r e c y c l e  w i t h i n  c e n t e r  

7 .2 .1  Pu-Th LWR i n s i d e ,  LEU-Th LMR 
o u t s i d e  

7 .2 .2  Pu-Th HF2R i n s i d e ,  LEU-Th LWR 
o u t s i c e  

7 .2 .3  Pu-Th HFrR i n s i d e ,  LEU-Th LWR 
o u t s i c e  

7 .3  Energy c 'nter  c o n t a i n i n g  U-Th c o r v e r t e r s ,  OWL Not e v a l u a t e d  
d i s p e r s e d  LEU-Th c o n v e r t e r s ;  U r e c y c l e ,  
Pu stc~vaway i n  c e n t e r  

7 .3 .1  LWR i n s i . l e ,  SSCR o u t s i d e  
7.3.2 HTGR i n s i d e ,  SSCR o u t s i d e  
7 .3 .3  HWR i n s i d e ,  SSCR o u t s i d e  

3lU/OEWL Not e v a l u a t e d  

' SRL 
o m  
o m  

Ec 

Chap.. 5 
Not e v a l u a t e d  
Not e v a l u a t e d  



Table 1.1. (Continued) 

ERDA-NRA Fuel  c y c l e  Responsible Index t o  Fuel  
I d e n t i f i c a t i o n  . Descr ip t ion  Laboratory Cycle Evaluat ion . . 

Group 8 

. Group 9 

Energy center.s conta in ing  U-Pu breeders  
and U-Pu-FP f u e l  s e n t  t o  d ispersed  conve r t e r s  

LMFBR insids,  
LWR o u t s i d e  
HTGR ou t s idz  
HWR o u t s i d e  
GCFR i n s i d e  
LWR o u t s i d e  
HTGR o u t s i d e  
HWR o u t s i d e  

Energy cen te r  wi th  breeders  wi th  U-Pu 
core ,  Th b lanket  i n s i d e ;  LEU-Th f u e l  
s e n t  t o  d ispersed  conve r t e r s  

LMFBR i n s i d e  
LWR o u t s i d e  
HTGR o u t s i d e  
HWR o u t s i d e  
GCFR i n s i d e  
LWR o u t s i d e  
HTGR outsid,e  
HWR o u t s i d e  

ANL 
SRL 
o m  
SRL 

SRL 
ORNL 
SRL 

ORNL 

ORNL 

Chap. 2 
Not evaluated 
Not evaluated 
Not evalnated 
Chap. 2 
Not eva lua ted  
Not evaluated 
Not eva lua ted  

Not e v a l ~ a t  ed 

Not evaluated 

Group 10  Energy c e n t e r  conta in ing  breeders  w i th  ORNL/HEDL 
U-Pu core ,  Th b lanket  i n s i d e ;  LEU-Th 
breeder  (LMFBR) o u t s i d e  

10 .1  " LMFBR i n s i d e  HEDL 
10.2 GCFR i n s i d e  Not eva lua ted  



combinations of c y c l e s  involv ing  energy c e n t e r s  were no t  eva lua ted  i n  

t h i s  p re l imina ry  s tudy .  This  s tudy might no t  i nc lude  a l l  i n t e r e s t i n g  

c a s e s ,  and o t h e r  f u e l  c y c l e s  may be added f o r  f u t u r e  s tudy.  

The r e l a t i o n s h i p  of t h e  back c y c l e  t o  t h e  o v e r a l l  f u e l  c y c l e  is  

shown i n  Fig. 1.1. 

1.1 ELEMENTS OF THE EVALUATION 

Level  0 and Level  1 f u n c t i o n a l  flow diagrams were prepared t o  d e f i n e  

p r i n c i p a l  ope ra t ions  of reprocess ing  and r e f a h r t c a t i o n .  Each ope ra t ion  

w a s  c h a r a c t e r i z e d  by f i v e  elements ,  which were chosen t o  provide  a  cursory  

t e c h n i c a l  assessment  of  t h e  requi red  f u e l  cyc l e  and r e l a t e  t h e  nuc lea r  

m a t e r i a l  i n  process  t o  i t s  a t t r a c t i v e n e s s  f o r  d ive r s ion .  These elements 

a r e  needed development, m a t e r i a l  l o c a t i o n ,  m a t e r i a l  d e s c r i p t i o n ,  

c o n v e r t i b i l i t y ,  and r a d i a t i o n  hazard. The r a t i n g s  ass igned  t o  t h e s e  

elements  a l low comparison among f u e l  c y c l e s  and broadly  c h a r a c t e r i z e  

p roces s  s t reams con ta in ing  f i s s i o n a b l e  m a t e r i a l  bu t  a r e  i n s u f f i c i e n t l y  

d e t a i l e d  t o  permit  exc lus ion  of c e r t a i n  f u e l  cycles; however, t h i s  

method of r a t i n g  does b r i n g  o u t  advantages of some c y c l e s  over  o t h e r s .  

Needed develppment r e l a t e s  t~ the s t a t e  nf t h e  a r t  of the  ~ o v c r a l  

o p e r a t i o n s  on t h e  f u n c t i o n a l  flow diagram t o  provide an  a p p r a i s a l  of 

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

d e f f n e s  t h e  r e sea rch  phase t o  which development of t h e  process  s t e p  

has  progressed i n  t h e  sequence: co ld  l abo ra to ry ,  h o t  l abo ra to ry ,  co ld  

engineer ing ,  h o t  engineer ing ,  pro to type ,  demonstrat ion f a c i l i t y  (hot  

p i l o t  p l a n t  o r  s m a l l  commercial f a c i l i t y ) ,  and developed. For example. 

h o t  engineer ing  would i n d i c a t e  t h a t  development has  progressed through 

. co ld  l abo ra to ry ,  h o t  l a b o r a t o r y ,  and cold engineer ing  s t a g e s  b u t  needs 

h o t  engineer ing  and a l l  s t a g e s  beyond. 

MaLurlal l oca t io t l  ~ d e n t i f i e s  ~ht?  f a c i l i t y  t h a t  i s  needed t o  house 

t h e  p roces s  s t e p ,  such as h o t  c e l l ,  glove box, sh i e lded  a lpha  f a c i l i t y ,  

o r  hands-on f a c i l i t y ,  Ma te r i a l  l o c a t i o n  i s  probably no t  a  s e r i o u s  

d e t e r r e n t  t o  p r n l i f e r a t i o n  b u t  could impede d i v e r s l u n  from safeguards  

cons ide ra t ions .  The importance of m a t e r i a l  l o c a t i o n  t o  p r o l i f e r a t i o n  

can be  s i g n i f i c a n t l y  i n f luenced  by equipment des ign ,  ope ra t ing  

procedures ,  and a d m i n i s t r a t i v e  c o n t r o l s .  



Fig. 1.1. Level 0 Functional Flow Diagram for Recycle of Fission Reactor Fuel. 
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Mate r i a l  d e s c r i p t i o n  i d e n t i f i e s  t h e  m a t e r i a l  and/or  s t ream i n  t h e  

process  opera t ion .  Chemical and i s o t o p i c  concent ra t ions  were not  

cons idered  i n  t h i s  p re l imina ry  eva lua t ion .  However, t h e s e  q u a n t i t i e s  

need t o  b e  a s se s sed  i n  a n  in-depth s tudy.  

C o n v e r t i b i l i t y  r e f e r s  t o  t h e  use fu lnes s  of d i v e r t e d  m a t e r i a l  f o r  

making a weapon. An a r b i t r a r y  s c a l e ,  u s ing  nonfissionubZe, a, b, c, and 

d, is  used t o  g i v e . a  q u a l i t a t i v e  r a t i n g  t o  d i v e r t e d  m a t e r i a l  where 

O nonfissionabZe i d e n t i f i e s  m a t e r i a l  t h a t  cannot b e  used f o r  a weapon; 

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

s h i e l d e d  i s o t o p e  s e p a r a t i o n  f a c i l i t y  f o r  upgrading t o  weapon 

q u a l i t y  (e ig . ,  2 3 3 ~  denatured wi th  238~). This  m a t e r i a l  may b e  

l e s s  a t t r a c t i v e  a s  a s t a r t i n g  p o i n t  f o r  f a b r i c a t i n g  a weapon than  

n a t u r a l  uranium; 

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

such as < 20% a 3 6 ~  i n  2 a 8 ~ .  A country with such separaefoii eqiiipmexit 

could make a weapon wi thout  d i v e r t i n g  r e a c t o r  f u e l ;  

O c r e f e r s  t o  h i g h l y  r a d i o a c t i v e  m a t e r i a l  r e q u i r i n g  remotely opera ted  

engineer ing  equipment f o r  chemical ly s epa ra t ing  weapon m a t e r i a l  

from i m p u r i t i e s ;  

* d i d e n t i f i e s  weapon m a t e r i a l  t h a t  can b e  sepa ra t ed  from i m p u r i t i e s  

through hands-on ope ra t ions ,  o r  m a t e r i a l  t h a t  is i n  a form s u i t a b l e  

f o r  a weapon wi thout  a d d i t i o n a l  t rea tment ,  

Radia t ion  hazard of a process  s t e p  is a measure of t h e  danger i n  

handl ing  t h e  f i s s i l e  m a t e r i a l  i f  i t  were removed from i ts containment 

f o r  conversion t o  a weapon. Also, i t  can b e  considered a s  a measure of 

t h e  danger a s s o c i a t e d  w i t h  t h e  a l t e r a t i o n  of a process  s t e p  (p ip ing  

changes, i n s t a l l a t i o n  of new equipment, modi f ica t ion  of e x i s t i n g  

equipment, e t c .  i n  a confinement a r e a )  f o r  d i v e r s i o n  of nuc lea r  ma te r i a i .  

Only a rudimental  r a t i n g  is given i n  t h i s  s tudy  s i n c e  computed d a t a  for 

t h e  cand ida t e  f u e l  c y c l e s  has  no t  been completed. The r a t i n g s  used i n  

t h i s  s tudy  a r e  n e c e s s a r i l y  broad i n  context  and a r e  def ined  a s  fol lows:  

O high i d e n t i f i e s  a r a d i a t i o n  l e v e l  equ iva l en t  t o  LD50 a t  30 cm i n  

a few minutes,  nominally > l o 4  ~ / h r ;  



O mediwn i d e n t i f i e s  a  r a d i a t i o n  l e v e l  capable of producing harmful 

phys io log ica l  e f f e c t s  i n  one day (10 t o  l o 4  ~ / h r ) ;  

O low i d e n t i f i e s  a  r a d i a t i o n  l e v e l  r e s u l t i n g  i n  s eve re  exposure i n  

s e v e r a l  days b u t  i n s u f f i c i e n t  t o  prevent  f a b r i c a t i o n  of a  weapon 

(< 10 R/hr) ;  such exposure could l ead  even tua l ly  t o  dea th ;  

O negligible i d e n t i f i e s  no harmful r a d i a t i o n  e f f e c t s  from t h e  m a t e r i a l  

being handled. 

I n  each d e f i n i t i o n  i t  is t a c i t l y  assumed t h a t  t h e  r a d i a t i o n  l e v e l  is 

t h a t  a s soc i a t ed  w i t h  t h e  q u a n t i t y  of material '  r equ i r ed  f o r  a weapon o r ,  

f o r  i n - c e l l  a l t e r a t i o n s ,  t h e  t o t a l  amount of m a t e r i a l  i n  t h e  ce l1 .  The 

presence of a h igh ly  r a d i o a c t i v e  i s o t o p e  of t h e  f i s s i l e  i na t e r i a l ,  such 

a s  2 3 2 ~  i n  2 3 3 ~ ,  w a s  assumed t o  ma& t h e  f  i s s i l e  m a t e r i a l  l e s s  a t t r a c t i v e  

than  f i s s i l e  m a t e r i a l  conta in ing  r a d i o a c t i v e  nuc l ides  t h a t  can b e  

chemical ly removed. . 

1.2 .EVALUATION FORMAT 

The eva lua t ions  of t he  nuc lea r  f u e l  cyc l e s  named i n  Table 1.1 a r e  

t abu la t ed  i n  t h e  fol lowing s e c t i o n s  accompanied by t h e  app ropr i a t e  

f u n c t i o n a l  flow diagrams. Separa te  t a b l e s  and diagrams a r e  provided 

f o r  reprocess ing  and r e f a b r i c a t i o n  opera t ions .  Items i n  t h e  t a b l e s  

are keyed t o  ope ra t ions  shown on t h e  diagrams and a r e  a s se s sed  according 

t o  t h e  d e m e n t s  d iscussed  in. Sect'. 1.1, The a p p r a i s a l s  of t h e  ope ra t ions  

a r e  pre l iminary  diagnoses of f a c t o r s  t o  b e  considered i n  eva lua t ing  t h e  

r e l a t i v e  . a t t r a c t i v e n e s s  f o r  weapon product ion  of nuc lea r  m a t e r i a l  d ive r t ed  

from t h e  process  s t e p .  This  s tudy  does n o t  r a t e  r e l a t i v e  a t t r a c t i v e n e s s  

s i n c e  i t  i s  premature t o  d o ' s o  without  a l s o  cons ide r ing  t h e  p o r t i o n s  of 

t h e  nuc lea r  f u e l  c y c l e  t h a t  a r e  o u t s i d e  r ep roces s ing  and r e f a b r i c a t i o n .  

1.3 FUTURE STUDIES 

This  s tudy  has i d e n t i f i e d  a  need t o . d e v e l o p  a d d i t i o n a l  in format ion  

on the  back cyc le s  'of t h e  candida te  systems t o  f a c i l i t a t e  t h e  choice  of 

t h e  system t h a t  has  t h e  l e a s t  p r o l i f e r a t i o n  r i s k .  The i n i t i a l  l is t1 

of f u e l  cyc l e s  d i d  n o t  inc lude  f a s t  b reeder  systems t h a t  o p e r a t e  w i th  

a thorium-plutonium co re  and a  thorium blanket .  Such systems have h igh  



breeding  ga in ,  good m a t e r i a l  performance, p o s s i b l e  a p p l i c a t i o n  i n  energy 

c e n t e r s ,  and produce 2 3 3 ~  f u e l .  These systems a r e  t o  be included i n  t h e  

nex t  phase of t h i s  s tudy.  

The a t t r a c t i v e n e s s  of d i v e r t e d  f i s s i l e  material cannot b e  f u l l y  

a p p r e c i a t e d  wi thout  an  assessment of t h e  technology and r e sources  needed 

t o  produce a  weapon. Cost,  manpower, t i m e ,  and t e c h n i c a l  s o p h i s t i c a t i o n  

a r e  f a c t o r s  t o  b e  eva lua ted ,  inc luding  "quick and d i r t y "  r o u t e s  from 

t h e  p o i n t  of d i v e r s i o n  t o  t h e  u l t i m a t e  goal.  Each f u n c t i o n a l  flow 

diagram needs t o  be analyzed (perhaps a t  Level 2 d e t a i l )  t o  i d e n t i f y  

d i v e r s i o n  s ides t r eams  and t h e i r  r equ i r ed  a d d i t i o n a l  t rea tment .  

The a n a l y s i s  should a l s o  inc lude  an a p p r a i s a l  of t h e  d i f f i c u l t y ,  

c o s t ,  manpower, and t i m e  t o  modify e x i s t i n g  bock c y c l e  f a c i l i t i e s  t o  

o b t a i n  acces s  t o  f i s s i l e  ma te r i a l .  

Mass flow d a t a ,  i nc lud ing  i s o t o p i c  compositions,  w i l l  b e  developed 

t o  g i v e  a r e l a t i o n s h i p  between spen t  r e a c t o r  f u e l  and weapon c a p a b i l i t y .  

In-depth ana lyses  of t h e  back cyc le s  w i l l  complement companion s t u d i e s  

on r e a c t o r  performance and r e source  requirements  i n  o rde r  t o  i d e p f i f y  

t h e  f u e l  cyc l e  ( o r  cyc l e s )  t h a t  o f f e r  t h e  g r e a t e s t  p r o l i f e r a t i o n  

r e s i s t a n c e .  
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2. FUEL.CYCLE EVALUATIONS FOR URANIUM-PLUTONIUM FUELS IN THE 
LMFBR AND THE GCFR (Argqnne National ~aboratory) 

M. J. SteindlerID. S. Webster 

CORE AND AXIAL BLANKET OF U/Pu FAST BREEDERS 

Group 4.1 LMFBR U-Pu Cycle 

4.1.1 LMFBRILWR standard recycle (Reference) 

4.1.2 LMFBKILWR coprocessed, contaminated, recycled oxide fuel 

4.1.3 LMFBRILWR coprocessed, contaminated, recycled carbide fuel 

Reprocessing and refabrication of cores and axial blankets 

for the above options are treated in this section. 

Group 5.1 GCFR U-PU Cycle 

5.1.1 GCFR/LWR standard recycle (Reference) , . 

Not treated separately, since the system is essentially 

identical to option 4.1.1 with regard to both chemistry ' 

and proliferation susceptibility. (Since there is no , ' 

sodium present, step 3.3 in reprocessing is eliminated.) 
. . 5.1.2 'GCFRILWR coprocessed, contaminated, recycled oxide fuel 

, . Not treated separately, since it is the same as option 4.1.2 

5.1.3 GCFRILWR coprocessed, contaminated, recycled carbide fuel 

Not treated separately - same as option 4.1.3 

8.1 Energy center containing a U/Pu LMFBR 

A reactor within an energy center is postulated to be free 

of proliferation possibilities by means of institutional 

arrangements for the center. Consequently, the LMFBR system 

is that of option 4.1.1. 

8.2 Enerpy center containing a U/Pu GCFR 

This option includes the GCFR of option 5.1.1 



Option 4.1.1 LMFBRILWR Full U/Pu Recycle, Oxide Fuel 

(Reference Case) 

Option 4.1.1 is shown in the attached Figure B-11 taken from the 

draft "Preliminary Plan for Nonproliferation Alternatives Assessment 

Program." The figure represents two different periods of time. During 

the first period LWR1s are operated with low-enriched uranium fuel (LEU) 

which is reprocessed to provide both plutonium for fabricating LMFBR cores 

(and some LWR fuel), and uranium that goes back to the isotope enrichment 

plant. As construction of LMFBR's progresses, a situation is eventually 

reached in which no additional 'LMFBK1s are required; during this second 

period the plutonium bred in excess of that needed to fuel the existing 

LMFBR'S is recycled to LWR1s. This fission-power sequence is that 

envisioned for fast breeders before the recent reconsideration of 

alternatives, and is consequently a reference case. 

The functional flow diagrams (FFD) and process rating tables that 

follow Figure B-ll deal only with the LMFBR core and axial blanket; the 

first set of FFD1s and tables apply to reprocessing, the second set to 

refabrication. 

Tha nnnlyoio of LW. Fual reproaocoing and rafabriacltion io tha onmo 

as for option 1.1.1, so will not be repeated here. Reprocessing of the 

radial blanket is the same as for LWK fuel, but with inclusion of the 

sodium removal step, operatPon 3 . 3  of the attached eore assessment* 
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O p t i o n  4.1.1 

LMFGR/LWR, UiPu Recycle--0xlde Fuel 
. (Rzference Case) 
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upt ion 4.1.1 
LMFBR/LWR, U-PU Recycl e--Oxide Fuel 

(Reference Case) . 
Level 1 
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Opt ion 4.1.1 

LMFBR:LWR, U-Pu Recycl e--0xIde. Fuel 
(Reference Case) 
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Option 4:l.l 

LMFBR/LWR, U-PU Recycle--Oxide Fuel . 
(Reference Case) 
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Opt ion 4.1.1 i.ClFBR/LWR U-,Pu Recycle, Oxide Fuel (Refere ice)  
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Option 4.1.2. LMFBRILWR, U/PU Coprocessed, contaminated, Recycled oxide Fuel 

Thi's 0ption.i~ similar to option 4.1.1 except that plutonium is 

always in the presence'of uranium and enough fission products to make 

cliversion difficult. 

The following functional flow diagrams and process rating 'tables 

deal only with the LMFBR core and axial blanket: the first set of FFD's 

and tables apply to reprocessing, .the second set . to . refabrication. 

The issessme*t of LWR fuel reprocessing and refabrication is the 

-same as for option .l.1.3, so will not be repeated here. 
. . 

. . 



O p t i w  4.1.2 

. LMFBR/LWR,. U-PU Coprocessed, ~ont.amlnated, 
and Recycled--Oxide Fuel 
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Option 4.1.2 

LMFBR/LWR', U-PU ~oproct+ssed , Contamlna ted, 
. and .Recycl ed--Oxide Fuel 
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'Option 4.1.2 

', LMFBR/LWR, U-Pu Coprocessed, Contaminated, 
. and 3ec jc l  ed--Oxide'  Fuel 
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Option 4.1.2 
LMFBVLWR, U-PU Coprocessed , Contaminated, 

and Recycl ed--0xi de Fuel 
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Opt i o n  4.1.2 LKB2:LUR U-PL Coprocessed, Recy:led Oxide Fuel 

Devel opi~en: Mate r ia l  M a t e r i a l  Rad ia t ion  
.Operation Needed Locat ion Cescr ip t ions  C o n v e r t i b i l i t y  Hazard 
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3.1 Remove Fuel f rom Cask Developed Hot C e l l  I r r a d i a t e d  F ~ e l  C .  H igh 
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' 3.9 D isso lve  .Developed Hot C e l l  S j l u t i o n / S ~ l - d ~  Residue/Hull s , c High 
3.10 C l a r i f y  D isso lve r  So1utior.s ' Developed Hot C e l l  Sal ut ionrSo1 - ds ResidueIHul l  s c High 
3.11 Second D i s s o l u t i o n  o f  S o l l d s  Hot E n g i r e w i n g  H o t  C e l l  Sjl u t i o n l S ~ 1 -  ds Residue/Hul l  s c High 
3.12 C l a r i f y  D isso lve r  Solut ior ,  Developed Hot  C e l l  % l u t i o n ~ S o l  - d s  Residue/Hul ls c . High 
3.13 Trans fe r  t o  Nake-up Tank Developed Hot  C e l l  Solut ion.  U-PU c High 
3.14 Accountabi 1 i t y  Operat ions 'Developed . Hot  C e l l  Solut ion,  U-PU c High 
3.15 Transfer  t o  Feed Tank Developed Hot  C e l l  Solut ion.  U-Pu . c High 
3.16 Check & S to re  H u l l s  Developed Hot  Ce l l /Sh ie lded  H t l l s  NonFissioriable High 

Water Pool 
4. T rea t  O f f  Gas Hot Eng ineer ing .  Hot  C e l l  b s ,  Pard icu 'a te  NonFissionable High 
5. Conduct Sol vent  E x t r a c t i o n  Gp?rat ions 

5.1 Mod i f ied  P a r t i t i ~ n  Cycle Cold Lab- Hot C e l l  U-Pu S o l i  t iom c High 
5.2 Uraniun Concentrat ion Developed Hot C e l l  . U So1utic.n NonFissionable Medium 
5.3 Uranium P u r i f i c a t i o n  Developed Hot  C e l l  U S o l u t i c n  NonFi ss ionabl  e Medium 
5.4 Uranium Concentrat ion Developed Hands-on-Fac U S o l u t i c n  NonFissionable Low 
5.5 S to re  U-n i t ca te  Developed Hands-on-Fac U S o l u t i o n  NonFissionable Low 
5.6 Add FP sp ike  & Ad jus t  Conc Cold Lab Shielded a Fac U-Pu Sol f i t i o n  . c High 
5.7 U-PU Concentrat ion Cold Lab Shielded a Fac C-PU S o l u t i o n  c High 
5.8 A c c o u n t a b i l i t y  0peratJon.s . Developed Shielded a Fac C-PU S o l c t i o n  c High 

6. . Convert U Product Developed Hands-on-Fzc L Solut ion/Sol  i d  NonFissionable Low 
7. Convert U-PU Product 

7.1 Ad jus t  Feed Concentrat ion Developec Shielded a Fac L-PU S o l u t i o n  c High. 
7.2 P r e c i p i t a t i c n  Hot Lab Shi ' l lded a Fac L-PU Solution/U-Pu P r x i p i  t a t e  c High 
7.3 C o l l e c t  & Dr_v F i l t e r  :akc Hot Lab Shialded a Fac L-PU Oxide c High 
7.4 C a l c i n a t i o n  Hot  Lab Shi 21 ded a Fac L-Pu Oxide c High 
7.9 Spent L iquor  Processing Hot Lab Shi 2lded a Fac Z o l u t i o n  NonFissionable Medium 

8. Process Wastes Prototype Hot C e l l  ,Colutionl'Sol i d s  NonFissionable bledi.um/ 
, H igh 

9. s t o r e  U Proc'uct Devel opec ~ a n j s - o n - ~ a c  LO2 Powder ~ o n ~ i s s l o n a b l e  . Negl. 
10. S to re  U-Pq Froduct  Developec ' Hot C e l l  LO2-Pu02 Fowder c High 
11. S to re  Wastes P r o t o t y p ~ ,  Bur led  tanks, ~o lu t ion , "o l  i d  NonFissionabl e Medi um/ 

Hot Eng i reer iag  Wat?r Pool High 

. . 



O p t i o n  4 . 1 . 3  , LMI:I)II/LWK, U/l'u Coprocessed,  C o ~ ~ r o m i n a t e d ,  

Recycled Carb ide  F u e l  

T h i s  o p t i o n  is  similar t o  o p t i o n  4.1.2--coprocessing and contamina- 

t i o n  w i t h  f i s s i o n  products--except t h a t  t h e  LMFBR c o r e  and a x i a l  b l a n k e t  

a r e  c a r b i d e s  r a t h e r  t h a n  ox ides .  

F u n c t i o n a l  f low diagrams and p r o c e s s  r a t i n g  t a b l e s  . f o l l o w  f o r  re -  

p r o c e s s i n g  and r e f a b r i c a t i o n  of LMFBR c o r e  and a x i a l  b l a n k e t .  

The LWR assessment  i s  t h e  same a s  f o r  o p t i o n  4.1.2; t h e  o n l y  change 

i s  t h a t  d u r i n g  t h e  f i r s t  p e r i o d  (LMFBR b u i l d u p )  m a t e r i a l  from LWR pro- 

c e s s i n g  is  conver ted  t o  c a r b i d e  b e f o r e  u s e  i n  t h e  LMFBR. 



Option . 4 . 1 . 3  
LMFBRILWR, U-PU Coprccessed, Contamf nated,, 

and Recycled--Carbide Fuel 
Level 0 

TRANSPORT : u-pu I 
WASTE 1 

I J'  





LMBWLWR. U-PU ~ o p r o r s s e d ,  Contmf na ted. 
' and Recycled- -brblde Fuel. 

Level  1 

URANIUM 
PURIFICATICN CCGICENTRATION, 

5.3 5.4 

ADD F.F. SPIKE' 
CONCENTRATIOQ 

( renote )  ORERATIOMS 
(remote) 

PROCESS q.  F T E S  ,1. 

CONVERT 
U-Pu 

PRODUCT 



Option 4 . 1 . 3  

LMFBR/LWR, U-PU ~oprocessed, Contaminated, 
and Recycl ed--Carbi de Fuel 

Level 1 

AND GRAPHITE 
(remote), = .  

ACCOUNTA8 I L ITY 
OPERATIONS 

- 
CONVERT 

U-Pu 
PRODUCT 

7- 

PROCESS 
WASTES 

I t 
1 0  

ADJUST 
FEED 

CONCENTRATIONS ' 

( remote) 
7 .1 

-- 

TRANSFER TO CONDUCT 
CARBOTHERMIC 

REDUCTION 
( remote) (remote) 

b 

COLLECT AND 
PRECIPITATION DRY FILTER CALCINATION r STORE 

+ ( remote) + CAKE - .  (remote) ' u-Pu ] N [ PRODUCT a .  

7 .2 ,  7.4 



Orcion 4.1.3 LhFl!R/LWR U/Pu Coprocessed, Recycled. Carbide Fuel 

. M a t e r i a l  ' 

Develcprvenr. M a t e r i a l  'Radiat ion 
Operat i o n  Neec ed Locat ion Descript 'ons . C o n v e r t i b i l i t y  ' Hazard 

Receive & S to re  Fuel 
T rans fe r  t o  Head End 
Conduct Head-End Operat ions 
Remove Fuel from Cask 
Accountabi 1 i t y  Operat ions 
Remove Sodiem 
Trans fe r  Fuel t o  Shear 
Shear Fuel 
T rans fe r  t o  Burner 
Oxid ize Fuei 
T rans fe r  t o  D isso lve r  
D isso lve  
C l a r i f y  D isso lve r  S o l u t i o n s  
Second D i s s ~ l u t i o n  of S o l i d s  
C l a r i f y  D isso lve r  S o l u t i c n  
T rans fe r  t o  Make-up Tank 
Accountabi 1 i t y  Operat ions 
T rans fe r  t o  Feed Tank 
Check & Sto- l i u l l s  

Developed- 
Devel oped 

Developed 
Developed 
Cold Lab 
Developed 
Hot  Eng ineer ing  
Hot Enginfer . ing 
Hot Engineer.ing 
Devel o p ~ d  
Developed 
Developed 
Hot  EngIneerLng 
D e v e l o p d  
Developed 
D e v e l o p d  
D e v e l o p d  
Developed 

T r e a t  O f f  Gas Hot Engineer ing 
Conduct Sol vent  E x t r a c t i m  Ogerat iot ls 
M o d i f i e d  P a r t i t i o n  Cycle Cold Lab 
Uranium Concentrat ion Developed 
Uranium P u r i f i c a t i o n  Devel oped 
Uran i  um Concentrat ion Developed 
S to re  U - n i t r 3 t e  Devel o p d  
Add FP sp ike  & Ad jus t  Conc Cold Lab, 
U-PU Concentrat ion Cold Lab! 
Accountabi l  -i&y Operat ions Developej 
Convert U Pr2duct . ' Developei  
Convert U-PU Product 
Ad jus t  Feed Concentrat ion Developej  
P r e c i p i  t a t i c ~ i l  Hot  Lab 
C o l l e c t  & Dry F i l t e r  Cake Hot  Cab 
C a l c i n a t i o n  . Hot Lab 
a lend  U-PU Cixide & Graphi te  Hot Lab . 
Transfer  t o  I!eduction Hot Lab 
Conduct Carbothermic R e d w t  Hot Lab 
Accountabi 1 i i y  Operat ions ' Hot Lab 
Spent L i q u o r  Processing Hot Lab. 

Sl i ie lded Water Pool 
Shfelded Water Pool 

Hot  C e l l  
Hot  C e l l  
Hot C e l l  
Hot C e l l  
Hot  C e l l  
Hot  C e l l  
Hot  C e l l  
Ho t  C e l l  
Hot C e l l  
Hot  C e l l  
Hot  C e l l  
Hot C e l l  
Ho t  C e l l  
Hot C e l l  
Hot C e l l  
Hot Cel l / S h i e l d e d  
Water Pool 
Hot  C e l l  

I r r a d i a t e d  Fuel ' ' a c 
I r r a d i a t e d  Fuel . c 

I r r a d i a t e d  F u e l  c 
I r r a d i a t e d  Fue l  c 
I r r a d i a t e d  Fue l  c 
I r r a d i a t e d  f u e l  c 
Hot MC Fuel Fragments/Hul 1s c 
Hot RC Fuel Fragnents/Hul ls  C .  
Hot NO Pow&r/llul 1 s . c 
Hot 1910 Powder/Hull s c 
Sol u t i o n i S ~ 1  i d s  Residue/Hul l  s c 
S o l u t i o n t S o l  i d s  Residue/Hul ls  c 
Sol u t ionpSol  i d s  Residue/Hul ls c 
Sol u f  i onlSol  i d s  Residue/Hul l  s c 
So lu t ion ,  U-PU c 
Solut ion,  U-Pu' c 
So lu t ion ,  U-.P.u c 
.Hul l  s NonFissionable 

. .. - 
Gas, P a r t i c ~ l a t e  NonFissionable 

H igh  
High 

High 
High 
High 

.High, 
High 
High 
High 
High 
High 
High 
High 
High 
High 
H i g h .  
High 
High 

High 

Hot  C e l l  . 
Hot  C e l l  
Hot C e l l  
.Hands-on-Fac 
;Hands-on-Fac 
Sh ie lded  a Fac 
Sh ie lded  -a Fac 
Sh ie lded  a Fac 
Hands-on-Fac 

Sh ie lded  a Fac 
Shie lded a Fac 
Shie lded a Fac 
Shie lded a Fac 
Shielded a Fac 
Shie lded a Fac 
Shielded a Fac 
Shie lded a Fac 
Shielded a Fac 

U-Pu Sol u t i m  
U S o l u t i c n  
U S o l u t i c n  
U S o l u t i m  
U S o l u t i m  
U-PU S o l u t i o n  
U-Pu S o l u t i o n  
U-Pu S o l u t i o n  
U S o l u t i o n / S o l i d  

C 
NonFissionable 
NonFissionable 
NonFissionable 
NonFissionable 

C 
C 
C 

NonFissionable 

J-Pu S o l u t i o n  c 
J-PU Solution/U-Pu P r e c i p i t a t e  c 
J-PU Oxide c 
J-PU Oxid? - . . . . . . c . 
J-PU Oxide/Eraphi t e  ' c  
J-PU Oxide/Eraphi t e  c 
,J-PU Carbide c .  
;J-Pu Carbide c 
.Solut ion NonFjssionable 

~ i ~ h  
Med i urn 
Medium 

Low 
Low 
High 
High 
H igh  
Low 

I i i g h  
High 
High 
High 
High 
High 
High 
High 

Med i um 
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Opt ion 4.1.3 LMFBR/LWR U/Pu ~ o ~ r o c e s s e d ,  Recycled Carbide. Fuel (cont ld)  
- - - -- - - - - - - - - - - ~ 

. . Devel opment M a t e r i a l  M a t e r i a l  -. .. . Rad ia t ion  
Opera t i o n  Needed. : Locat ion Descr ip t ions  ' . Conver t i  b l l  i t y  Hazard 

- - -  ~ 

8. . Process .Wastes Prototype ' : Hot  C e l l  Sol u t ion /So l  i d s  N o n ~ i s s i  onabl e Medium/ 
' Hiah 

. 9. . S to re  U Product ~ e v e i  oped Hands-on-Fac UO2 Powder NonFissionabl e . Negi. 
10. S to re  U-PU Product  Developed Hot C e l l  U02-Pu02 .Powder .. . ' c High 
11. S to re  Wastes Prototype, Bur ied.  tanks, So lu t ion /So l  i d  NonFlssionable Medium1 

Hot  Engineer ing Water Pool High 



WAS INTENTIONALLY 

. LEFT BLANK 



3. FUEL CYCLE EVALUATIONS FOR URANIIJM-PLUTONIUM FUELS IN,THE LMFBR AMD 
LMFBRILWR (Hanford Engineering Development Laboratory) 

H. C.  F. Ripfe l  

: M. J. Barr 

S. R. F ie lds  

E. M. Greene 

R. L. Plum 

D. D. Scot t  

3.1 DISCUSSION 

This chapter  covers the  f a b r i c a t i o n  of LMFBR f u e l  f o r  t h e  following 

cases : 

o LMFBRILWR Standard Recycle - Case 29 

. o LMFBRILWR Coprocessed (Contaminated) Oxide - Case 3 0 .  

o I ~ B R / L W R  Coprocessed (Contaminated) Carbide - Case 31 

o ImBR With U/Pu Core, Th Blanket, Ins ide  Secure Energy Center; 

LMFBR With Denatured U Core, Th Blanket, 0utside.Energy Center - 
Case 66 

3.1.1 $NFBR/LWR Standard Recycle - Case 29 

This a l t e r n a t e  using low (c12%) 240 PU feed is es tabl ished technology. 

It is included - i n  the  ana lys i s  a s  a "benchmark" case. Cost and process. engi- 

neering d a t a  e x i s t  t o  be used a s  a basel ine  f o r  evaluation of o the r  cycles  and 

exrension of Case 29 t o  include t h e  .use of high (>20%) 240 Pu feed.  Improve- 

ment i n .  t h e  ex i s t ing  p r o l i f e r a t i o n  r e s i s t a n c e  of t h i s  case can be obtained 

through modificat ion of feed mate r i a l s  and process opera t ions  and improve- 

ments, i n - m a t e r i a l  accountabi l i ty  and process l i n e  concepts. 

3.1.2 LMFBR~LWR Coprocessed .(Contaminated) .Oxide - Case 30 

This case is  d i f f e r e n t i a t e d  from Case 29 by the  inc lus ion  of g p  radio- 

a c t i v e  mate r i a l s  i n  t h e  f u e l .  This measure increases  p r o l i f e r a t i o n  res i s t ance ,  

p a r t i c u l a r l y  aga ins t  d ivers ion by a subnational  ( t e r r o r i s t )  group. Also, i f  

d ivers ion occurs, t h e  rad ioac t ive  "spiking" mate r i a l  h inders  subsequent handl- 

ing and .processing of the  f u e l  i n  t h e  weapon fac to ry .  Removal of t h e  spiking 

mate r i a l  would requ i re  use of a shielded chemical processing f a c i l i t y .  



The required  l e v e l  of r a d i o a c t i v i t y  induced by spiking is  y e t  t o  be 

determined a s  is  t h e  method of spiking.  For the  purposes of t h i s  s tudy i t  

was a r b i t r a r i l y  assumed t h a t :  

o A sp ikant  a l r eady  ex i s t ed  i n  incoming Pu o r  MOX feed.  

o The spikant  was smal l  q u a n t i t i e s  ( ~ 0 . 1 % )  and would no t  adverse ly  

a f f e c t  processing o r  f u e l  behavior. 

o The spikant  would be a high gamma e m i t t e r  wi th  a ha l f  l i f e  of 

about 1 year o r  more. 

o The r a d i a t i o n  would be  high enough t o  d e b i l i t a t e  d i v e r t e r s  wi th  

exposure ro  1 KG f o r  1 HR. 

The impact of sp ik ing on f u e l  f a b r i c a t i o n  complexity, equipment requi re-  

ments, personnel  r a d i a t i o n  exposure and c o s t  is  y e t  t o  be determined. The 

economics of t h e  f u e l  cycle ,  although secondary i n  p r i o r i t y  t o  nonprolifera-  

t i o n ,  may u l t ima te ly  determine whether t h e  f u e l  cyc le  is v iab le .  

3.1.3 LMFBRILWR Coprocessed (Contaminated) Carbide - Case 31 

This  case is  very  s i m i l a r  t o  Case 30 except t h a t  i t  has a very few addi- 

c i o n a l  process ~ L e y s ;  e.g., ~ l l e  adllitioli  of a carbothermic reduetion and 

modified waste r e c y c l e  process.  It has been concluded t h a t  t h e  p r o l i f e r a t i o n  

a s p e c t s  of these  two cases  w i l l  not  d i f f e r  s i g n i f i c a n t l y  from each o the r  and 

t h e  two cascs  may be combined i n  t h i s  study; i.e., Case 31 i s  a "derived case." 

3.1.4 LMFBR With U/Pu Core, Th Blanket, Ins ide  Secure Energy Center; 

. LMFBR With Denatured U Core, .Th Blanket, Outside Energy Center - 
Case 66 

'l'he type of f u e l  used f o r  elie core  of t h e  "inside" MFBR Is s h i l a r  LO 

t h a t  of Case 29. 

It is to  be  noted t h a t  the  method of a n a l y s i s  incorpora tes  no way of 

g iv ing c r e d i t  t o  t h e  energy cen te r  concept for i t s  a n e l p r o l l f e r a ~ i o n  value .  

"Accessibi l i ty" r e f e r s  t o  t h e  ease  o r  d i f f i c u l t y  of access  t o  m a t e r i a l  usable  

f o r  f a b r i c a t i n g  a nuclear  weapon. The r a t i n g  terms suggested by I. Spiewak, 

ORNL, t o  Saul Strauch, ERDA DNA, i n  h i s  l e t t e r  of August 3, '1977 (remote pro- 

cess ing  c e l l ,  ho t  c e l l ,  glovebox, sh ie lded alpha f a c i l i t y  and' hands-on f a c i l i -  

- ty)  do not  al low considera t ion  of o the r  important f a c t o r s  such as t h e  l e v e l  

and type of p l a n t  safeguard measures and secur i ty .  



3.2 PROLIFERATION RESISTANCE FACTORS AND DEVELOPMENT REQUIREMENTS 

The pro l i fe ra t ion  res i s tance  f ac to r s  and development needs f o r  each 

of the  four cases t reated i n  t h i s  chapter a r e  shown i n  Tables 3.1 through 

= - - -- -3.4 .- The rating- mechod-used- was-&he--one- described i n -  the- Ant-roduc t ion t-o - 

t h i s  report .  

3.3 FUNCTIONAL PROCESS now DIAGRAMS 

Level I and Level I1 funct ional  process flow diagrams f o r  Cases 29, 

30, 31 andL,66-,are shown i n  Figures 3.1 through 3.30. A level-0 diagram 
,."a , . 

is  provided f o r  Case 66 t o  show how the  fuel- fabr icat ion process f i t s  i n t o  

t he  ra ther  complex f u e l  cycle. 



Table 3.1. C a s ~  29, 3.2.3.1, LMFBR C/Pu R E C Y C ~ ~  

(Refer e x e  Case) Fuel Fabri cat ior-  

Process Develapment Mater ia l  Radiat ion 
Step Operation Mate r i a l  Descript ion Needed . Location C o n v e r t i b i l i t y  Hazard 

1. Feed Mater ia l  U02, Pu02 and MOX powder some#  loveb box^ 8* LOW+ 

2.  Fuel  EOX . . p o d e r  and p e l l a t s  some/!  loveb box^ d LOW+ 

Fabr ica t ion  

3 .  P i n  NOX p e l l e t s  and p ins  . . ~ o m e ~ ~    love box^ d LO& 

FaEr i c a t i o n  

4. Bundle 
A s s  a b l y  

5. Scrap 
Recycle 

MOX p ins  aad assemblies ~ o d e r a t e i j  L in i t ed  Accsss d 
Assembly Arza 

. . 

MOX powder and p e l l e t s ,  L i t t l e**  Glovebox d 
s o l u t i o n s  of Pu and U' 

6. Waste Sol id  and l i q u i d  wastes L i t t l e**  Glovebox d Low** 
Reprocess containing low-level Bu 

and U c.on t amina t i o n  

24  "1 
(ij) Processes a r e  cu r ren t ly  usad i n  indus t ry  wl th  low ( ~ 1 2 % )  Pu maLcria1. 

Hot prototype needed f o r  z ~ t o m a t e d  opera t ion  and o r e  of 2 3 3 ~  o r  hlgli (>20%) 2 4 0 ~ ~ .  

(*I UOi i s  nonf issic .xable.  
233 

(+) Negl ig ib le  f o r  ~ o r n a l  o r  Gepleted U02. Nap be higher f o r  U02. 

( A )  Containment wi th  mechanize3/automated cpera t ion .  

(**) Fuel containing 2 3 3 ~  may need an a d d i t i o n a l  sepazat ions  s t zp .  



Table 3.2. Case 30, 3.2.3.2, LMFBR/LWR U/Pu 
Coprocessed, Contaminated and Recycled Oxide Fuel 

Process Development Material Radiation 
Step operation . . Material' Descrip.tion Needed Location Convertibility Hazard 

- - - - - - - - - - - + * 
1. Feed Material UO2, PuO2 and MOX powder, Hot Lab Hot cell c medium to 

contaminated high 

2. Fuel MOX powder and pellets, Hot Lab Hot cell c medium to 
Fabrication contaminated high 

P 
3. Pin MOX pellets and pins, Hot Lab Hot cell c medium to 

Fabricat ion contaminated high 

. 4 .  Bundle . MOX pins and assemblies, Hot Lab Hot cell 
Assembly contaminated 

. . 

5. ~crad Recycle MOX poider and pellets, Hot Hot cell 
solutions of Pu and U, Engineering 
all contaminated 

c medium to 
high 

W 

medium to 4 
C 

high 

6. Waste Solid and liquid wastes Hot Hot cell c medium to 
Reprocess containing low-level Pu , Engineering high 

U' and contamination 

(+) Containment including local shielding with automated operation. 
. . 

(*) U02 is nonfissionable. 



Table 3.3. Case 31, 3.2.3.2, LMFBR/LWR U/Pu 
Coprocessed, Contaminated and Recycled Carbide Fuel 

Process W~elopment Material  Radiation 
Step Operation Matzrial DescriptLon Needed Location Conver t ib i l i ty  Hazard 

- 

+ .  * 1. Feed Mater ia l  U02, Pu02, IJC, PuC, MOX Hot Lab Hot cell  c medium 
and YC powder, 
cont~minated 

2.  Fuel MC powder and pel1  e t s  , Hot Lab Hot cell c 
Fabr ica t ion c o n t d n a t e d  

3. Pin MC. p e l l e t s  and pins,  Hot Lab Hot c e l l  c 
Fabr ica t ion contzminated 

medium 

medium 

4 .  Bundle MC p ins  and assenbl ies ,  Hot Lab Hot c.el l  c medium 
A s s  emblp contiminated w CID 

5. Scrap Recycle MOX a d  MC powder and Hot Hot c , e l l  c 
p e l l  e t s  , so lu t ions  of Pu Engineering 
and Y, a l l  contaninated 

medium 

6. Waste - SoliL and l i q u i d  wastes Hot Hot cell c . medium 
Reprocess contzining low-level Pu, Engineering 

U an? gamma emit t ing  
con tzmina t ion 

(+) Containment including l o c a l  sh ie ld ing  with automated operat ion.  

(*) UO2 and UC' are nonffssionable.  . . 



Table 3.4 Case 66, 3.4.2.6, Energy c e n t e r  Containing LMFBR wi th  U/Pu Core, Th Blanket . 

In s ide ,  Modifled L E U / T ~  LMFBR Outside. Externa l  LMFBR Spent Fuel  

Returned t o  'Center f o r  Reprocessing 

-- 

Process  Development Material 
- - -- 

Radia t ion  
S tep  Operat ion Material Desc r ip t ion  Needed Locat ion C o n v e r t i b i l i t y  Hazard 

1. Feed 'Matei-ial U02, PuC2 and MOX powder some#  loveb box^ d* LOW+ 

2. Fue l  MOXpowder and p e l l e t s  .some!/   love box^ d 
Fab r i ca t ion  

3. P i n  MOX p e l l e t s  and p i n s  some!/  loveb box* d Iiod . . 
F a b r i ~ a t i ~ o n  

4. Bundle MOX p i n s  and assemblies  ~ o d e r a t e i j  Limited Access d 
Assembly Assembly Area 

5. Scrap MOX powder and p e l l e t s ,  L i t t l e**  Glovebox d Lo&* 
Recycle s o l u t i o n s  of Pu and U 

6. Waste So l id  and l i q u i d  wastes  , Li t t l e**  Glovebox 
Reprocess conta in ing  low-level Pu 

and U contamination 

24 0 
(11) Processes  are c u r r e n t l y  used i n  i ndus t ry  wi th  low ( ~ 1 2 % )  Pu m a t e r i a l .  

Hot pro to type  needed f o r  automated ope ra t ion  and u s e  of 2 3 3 ~  o r  h igh  (>20%) 2 ' 0 ~ u .  

(*I UO2 is  nonf i s s ionab le .  
2 3 3  

(+) .Negl ig ib le  f a r  normal o r  deple ted  U02. May be  higher  f o r  ,U02. 

( A )  Containment w i t h  mechanized/automated .opera t ion .  

(**) Fuel  conta in ing  2 3 3 ~  may need a n  a d d i t i o n a l  s e p a r a t i o n s  s t e p .  
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CASE 29 
3.2.3.1 LMFBR U/PU RECYCLE (REF CASE] , 

AND RECYCLED OXIDE FUEL 
FUEL REFABR I CAT1 ON 

LEEL9 W N C T I  ONAL R O W  DIAGRAM 

6. WASTE REPROCESS 

6. i I 

AQUEOUS 
WASTE 

15.3 
SOL1 D.I .FICATION . A 

6.6 
S H I P  FOR 

REPROCESS 

6.5 
AS SAY 

& 

6.2 
SOL1 D 
WASTE 

6.4 . . 

COMPACTION - 
I b 

. 
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CASE 30 
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CASE 30 
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CASE 30 
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CASE 31 
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CASE 31 
3.2.3.3 LMFBR /LWR U /Pu COPROCESSED, CONTAMINATED, 
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CASE 31 
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CASE 31  
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- CASE 66 
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CASE 66 
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CASE 66 
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4 .  FUEL CYCLE EVALUATIONS FOR THORIUM-FUELED REACTORS 
AND THE HTGR (Oak Ridge National  Laboratory)  

R. H. Rainey, W. L. C a r t e r ,  D. R. Johnson, and J. A. Horak 

4.1 INTRODUCTION 

The ana ly&es  of t h e  back cyc le s  f o r  t h e  HTGRs us ing  e i t h e r  t h e  

convent ional  o r  plutonium-uranium f u e l  and of t h e  va r ious  o t h e r  nuc lea r  

r e a c t o r  systems w i t h  nonconventional (thorium-containing) f u e l s  were made 

by s t a f f  members of t h e  Oak Ridge National  Laboratory. 

, A t  t h e  t ime t h i s  r e p o r t  w a s  o r i g i n a l l y  prepared,  t h e  p r o l i f e r a t i o n  

r i s k  assessment techniques under development by Science App l i ca t ions ,  Inc .  

(SAI)' and the  d e s c r i p t i v e  ma t t e r  on t h e  va r ious  f u e l  types  proposed i n .  

t h e  EPRI r e p o r t 2  were no t  a v a i l a b l e  as a b a s i s  f o r  t h e  eva lua t ion .  This  

r e p o r t  t he re f  o r e  r e p r e s e n t s  t h e  au tho r s  ' understanding of t h e  va r ious  

r e a c t o r  systems based on t h e  m a t e r i a l  d i s t r i b u t e d  a t  t h e  A t l a n t a  meeting. 3 

An example of t h e  d i f f e r e n c e s  between t h e  f u e l  handl ing  systems eva lua ted  

i n  t h i s  r e p o r t  and t h e  f u e l  handl ing i n  r e f .  1 i s  a s  fo l lows:  i n - t h i s  

r e p o r t ,  except  where s p e c i f i e d ,  recyc led  f u e l  was assumed t o  r e t u r n  t o  

t h e  same r e a c t o r ;  t h a t  i s ,  i f  t h e  f u e l s  t o  t h e  r e a c t o r  were a  d r i v e r  f u e l  

of 2 3 5 ~ 0 2 - 2 3 8 ~ 0 2  and a  f e r t i l e  f u e l  of Tho2 and t h e  2 3 3 ~  was t o  be recyc led  

t o  t h e  U02, then  t h e  new d r i v e r  f u e l  would con ta in  a mixture  of 2 3  3 ~ ,  

2 3 5 ~  and 2 3 8 ~  . I n  t h e  EPRI r e p o r t  t h e  new charge would con ta in  two 

s e p a r a t e  d r i v e r  f u e l s ,  2 3 5 ~  i n  2 3 8 ~  and 2 3 3 ~  i n  2 3 8 ~ ,  which may be 

loaded i n  d i f f e r e n t  r e a c t o r s .  This  d i f f e r e n c e  in f luences  t h e  p r o l i f e r a t i o n  

eva lua t ion ,  s i n c e  c r e d i t  i s  taken f o r  t h e  presence of t h e  ' 3 2 ~  a s s o c i a t e d  

w i t h  t h e  2 3 3 ~  t o  make t h i s  f u e l  l e s s  a t t r a c t i v e ,  e i t h e r  f o r  a  weapon 

d i r e c t l y  o r  as a feed  t o  an  i so tope ,enr ichment  p l a n t .  For t h i s  reason  

i f  h igh ly  enr iched  2 3 5 ~  contained 2 3 3 ~ ,  i t  w a s  assumed t o  be much l e s s  

a t t r a c t i v e  f o r  p r o l i f e r a t i o n  than  i f  t h e  3~ were n o t  p re sen t .  

A r e p o r t 4  by H. C. Carney e t  a l .  , HTGR Fuel Cycle - Definitions 

for Nonproliferation Assessment, General Atomic Company  raft), was 

prepared a t  approximately the same t ime a s  t h i s  r e p o r t .  There was 

n o t  enough t ime t o  make t h e  two r e p o r t s  c o n s i s t e n t  f o r  t h i s  p u b l i c a t i o n ,  

bu t  t h e  GA r e p o r t  w i l l  be  very  va luab le  f o r  t h e  next  l e v e l  of s tudy .  



4.2 EVALUATION PROCEDURE 

Figures  4 . 1  through 4.5 present  t h e  choice  t r e e  diagrams f o r  t h e  back 

c y c l e  process ing  schemes of t he  v a r i o u s  r e a c t o r  systems being eva lua ted .  A 

b r i e f  d e s c r i p t i o n  is given of each type  of r e a c t o r  f u e l  r e c y c l e  scheme and 

t h e  composition of t h e  f u e l  t h a t  would be  t h e  feed  t o  t h e  recovery p l a n t .  

These d e s c r i p t i o n s  assume t h a t  "homogeneous f u e l s "  i n d i c a t e s  t h a t  t h e  

r e a c t o r  c o n t a i n s  only  one type  f u e l ,  which con ta ins  a l l  t h e  des igna ted  

f i s s i l e  and f e r t i l e  m a t e r i a l s .  "Heterogeneous f u e l s "  i n d i c a t e s  t h a t  

two o r  more types  of f u e l  a r e  i n  t h e  reactor and tha t  t h e s e  a r e  s epa rab le  

be fo re  e n t e r i n g  t h e  s o l v e n t  e x t r a c t i o n  system. .When needed, t h e r e  i s  an  

i n d i c a t i o n  t h a t  t h e  f u e l  con ta ins  h igh ly  enr iched  uranium (HEU), low- 

enr iched  uranium (LEU), o r  e i t h e r .  The h o r i z o n t a l  blocks i n d i c a t e  t h e  

r ep roces s ing  scheme t h a t  would be  r equ i r ed  f o r  t h e  head-end t rea tment ,  

r e p r o c e s s i n g j  and r e f a b r i c a t i o n  of t h e  f u e l .  An a t tempt  was made t o .  

i nc lude  a l l  t h e  choices  t h a t  could b e  used t o  r e c y c l e  t h e  f u e l  from each 

r e a c t o r  back t o  t h e  same r e a c t o r .  The form of t h e  product (s )  from each 

r ep roces s ing  and r e f a b r i c a t i o n  scheme is included.  

The Level 1 Funct iona l  Flow Diagrams (FFDs) f o r  t h e  d i s s o l u t i o n  of 

metal-clad r e a c t o r  f u e l  a r e  given i n  F ig ,  4 .6 ,  For Zircaloy-clad UO2-P1102 

f u e l  o r  s t a i n l e s s - s t e e l - c l a d  U02-Pu02 o r  U02-Tho2 a s i z e  r educ t ion  followed 

by a d i s s o l u t i o n  of t h e  exposed f u e l  (chop-leach) would be  used. For 
L 

Zircaloy-clad U02-Tho2 some as y e t  undecided method f o r  removing t h e  

c l add ing  would be  r equ i r ed  b e f o r e , t h e  f u e l  i s  d isso lved .  The head-end 

p roces ses  f o r  water-cooled r e a c t o r s  and f o r  l iquid-metal-cooled r e a c t o r s  

a r e  eva lua ted  i n  Table 4.1. The FFD f o r  HTGR f u e l  is  given i n  Fig. 4.7 

and eva lua ted  i n  Table 4.2.  For t h e s e  FFDs, and a l l  t h a t  fo l low,  t h e  

p roces s ing  s t e p s  be ing  eva lua ted  a r e  enclosed i n  s o l i d  l i n e s .  The 

b locks  enclosed by dashes a r e  used t o  i n d i c a t e  r e l a t e d  b u t  n o t  eva lua ted  

operatioas. 

The FFDs f o r  t h e  v a r i o u s  choices  f o r  r ep roces s ing  t h e  r e a c t o r  f u e l s  

a r e  g iven  i n  F igs .  4.8 through 4.21 and eva lua ted  i n  Tables  4 . 3  through 

4.25. These FFDs and t a b l e s  i nc lude  t h e  mod i f i ca t ions  of t h e  Purex and 

Thorex so lven t  e x t r a c t i o n  systems t o  accommodate t h e  combinations of 

'u, 3 ~ ,  3 8 ~ ,  Pu, and Th t h a t  have been proposed f o r  u se  i n  t h e  

r e a c t o r s  and t h e  cho ices  of coex t r ac t ion  and p a r t i t i o n i n g  of t h e s e  f u e l s  



in the reprocessing systems. In evaluating ,the development needed for 

the various operations, we assumed that mixtures of 23 'U and 3 8 ~  would 

be converted to UF6 for return to an isotope enrichment facility. When 

2 3 3 ~  was present, we assumed that it would be enriched by blending with 

additional 2 3 3 ~  or enriched 2 3 5 ~  . Since the plutonium from recycled 

power reactor fuels would contain relatively large quantities of 3 8 ~ ~ ,  

the conversion and refabrication would require remotely operated equipment. 

Commercial-scale cquipment for these operations has not been developed. 

Columns giving Material Location and Material Description are 

included for used in future more refined evaluations of the attractiveness 

of the material for proliferation. The scales used in rating the effects 

of the convertibility of the material and its radiation on the proliferation 

attractiveness are given in Chap. 1. 

Figures 4.8 through 4.14 show various modifications of the Purex 

solvent extraction process for the reprocessing of fuels containing 
235-238 U or 3'2 5'2 3 8 ~  and plutonium. These modifications include 

the flowsheets for partitioning or coextraction of the uranium and 

plutonium or systems in which the plutonium remains with the fission 

products in the aqueous waste. Figures 4.15 through 4.21 give similar 

modifications for the Thorex process for the reprocessing of either 2 3 3u 

and thorium or mixtures of 23 3 ~ ,  thorium, and plutonium. There is only 

limited laboratory-scale data for the three-component system (U-Pu-Th), 

but the chemistry of the system indicates that processes of the types 

presented could be successfully operated. 

The fuel refabrication flowsheets can all be described in terms of 

two functional flow.diagrams. Figure 4.22 is the functional flow diagram 

for metal-clad sintered pellet fuel. This flow diagram applies to the 

LWR, HWR, and FBR cases. Figure 4.23 is the functional flow diagram for 

the fabrication of graphite fuel elements containing coated fuel micro- 

spheres. This flow diagram is peculiar to the HTGR. Tables 4.26 through 

4.38 provide the preliminary proliferation analysis for the LWR, HWR, and 

FBR fuel cycles; each of these tables is associated with functional flow 

diagram 1, Fig. 4.22, Tables 4.39 through 4.46 are associated with functional 

flow diagram 2, Fig. 4.23, and provide the preliminary proliferation analyses 

for the HTGR fuel cycles. In addition to the information tabulated in the 



reprocessing analyses, Tables 4.26 through 4.46 also have tabulations 

of uranium enrichment as LEU, fissile content less than 4%; MEU,  fissile 

content greater than 4% and less than 15% (in the case of 2 3 5 ~ ,  20%) ; 

and HEU, fissile content greater than 15%. The fissile concentration of 

fuel mixtures is also tabulated as low, less than 4%; medium, between 

4 and 15%; and high, greater than 15%. 

For the HTGR cases, colocation of the reprocessing and refabrication 

plants has been assumed. The product of the HTGR fuel reprocessing plant 

will be aqueous solutions of uranium, plutonium, and thnrium nitrates, 

which will be pumped directly to the fuel refabrication plant. 

In all cases, the refabricsted fuel has been assumed to be in the 

form of metal oxides. The functi,onK! flow diagrams for metal carbide 

or nitride fuels would be no different at the Level 1 stage. Thus, the 

distinctions between the oxide fuel and more advanced types,would not 

influence this preliminary analysis. 

The analyses of fuel refabrication methods consider the uranium 

enrichments that are currently used or planned for refabricated fuel: 

LEU for LWR, HWR, and SSCR, and MEU for FBR and HTGR. The choice tree 

diagram, Fig. 4.1, considers some advanced HEU fuel as well. The refab- 

rication analyses have not been tabulated for the advanced HEU systems. 

Nonetheless, the HEU systems can be evaluated by modifying the reference 

refabrication methods indicated on the choice tree diagram to indicate a 

compatibility value of d for process steps 1, 2, and 3. The refabrication 

methods for which the HEU fuel might be considered are 1, 2, 3, 4, 7, 8, 

13, and 14. 

In the evaluation of the effects on proliferation potential due to 

the difficulty associated with the conversion of the fissionable material 

to a form suitable for a weapon, it was assumed that low-enriched uranium 

(LEU) would require isotbpic enrichment but that HEU or plutonium would 

require only chemical conversion. It was also assumed that the irradiation 

level of plutonium separated from fission products would not be a major 

deterrent to its conversion to weapons material. On the othcr hand, the 

2 3 2 ~  content of a weapon quantity of "U would result in a much higher 

irradiation field and was considered a deterrent. 



4.3 CONCLUSION FROM EVALUATION 

,The eva lua t ion  of t h e  reprocess ing  processes  shows t h a t  a  major 

a r e a  of p r o l i f e r a t i o n  p o t e n t i a l  is i n  t h e  "rework and recyc le"  and the  
11 waste  t reatment"  a r e a s .  .Even when t h e  main p roces s  l i n e  i s  designed 

t o  minimiz,e t h e  p o t e n t i a l  f o r  p r o l i f e r a t i o n  t h e r e  is  a  r e l a t i v e l y  good 

chance t h a t  o f f - s p e c i f i c a t i o n  m a t e r i a l s ,  because of e i t h e r  uninten.tiona1 

o r  i n t e n t i o n a l  ope ra t iona l  e r r o r s  i n  t h e  p l a n t ,  would con ta in  f i s s i o n a b l e  

w t e r i a l s  t h a t  would be a t t r a c t i v e  f o r  p r o l i f e r a t i o n .  E s s e n t i a l l y  a l l  

process  v e s s e l s  a r e  designed s o  t h a t  s o l u t i o n s  can b e  s e n t  t o  rework o r  

waste. Due t o  i t s  i s o t o p i c  d i l u t i o n  LEU remains u n a t t r a c t i v e  under a l l  

condi t ions .  S imi l a r ly  3~ i s  always a s s o c i a t e d  w i t h  3 2 ~  and s o  is 

r e l a t i v e l y  u n a t t r a c t i v e .  On t h e  o t h e r  hand, plutonium has  no "na tura l"  

p r o t e c t i o n  and i s  r e l a t i v e l y  easy t o  s e p a r a t e  from i m p u r i t i e s  and s o  is 

a more a t t r a c t i v e  sou rce .o f  m a t e r i a l  f o r  a  weapon. This  s tudy  shows 

t h a t  t h i s  remains t r u e  even when t h e  process ing  p l a n t  i s  designed t o  

l eave  t h e  plutonium wi th  t h e  f i s s i o n  products .  

This  s tudy  assumed t h a t  t h e  2 3  3~ w a s  a s s o c i a t e d  wi th  s e v e r a l  hundred 

p a r t s  per  m i l l i o n  of 2 3 2 ~ .  Data t h a t  became a v a i l a b l e 5  a f t e r  much of 

t h i s  r e p o r t  was prepared i n d i c a t e  t h a t  t h e  2 3 3 ~  may con ta in  a s  much a s  

1% 2 3 2 ~  . This  would i n d i c a t e  t h a t  a  10-kg 3~ weapon may con ta in  about 

100 g  of 2 3 2 ~  and have a  r a d i a t i o n  f i e l d  of about  l o 4  R a t  0.3 m ( 1  f t ) .  

A t  t h i s  l e v e l  t h e  "Radi.atinn Hazard" would r a t e  a s  "high" r a t h e r  than  
11 medium," a s  i t  was r a t e d  i n  t h i s  r e p o r t .  I n  o r d e r  f o r  t h e  presence 

of t h e  2 3 2 ~  t o  c o n t r i b u t e  t o  t h e  i r r a d i a t i o n  l e v e l  of t h e  2 3 3 ~ ,  t h e  decay 

products  of t h e  2 3 2 ~  must be p re sen t .  When t h e  2 3 2 ~  i s  separa ted  from 

a l l  of i t s  decay products ,  t h e  regrowth of a c t i v i t y  i s  l i m i t e d  p r imar i ly  

by t h e  1.9-year h a l f - l i f e  of t h e  2 2 8 ~ h .  The a c t i v i t y  reaches  1% of i t s  

maximum va lue  i n  about  1 5  days. I f  t h e  uranium i s  no t  separa ted  from 

rhe  thuriulu i n  t h e  reproccoaing,  t h o  regrowth of t h e  decay products  is  

l i m i t e d  by t h e  3.6-day h a l f - l i f e  of 2 2 4 ~ a  . The time a v a i l a b l e  f o r  

conver t ing  d i v e r t e d  2 3 3 ~  t o  a  weapon m a t e r i a l  be fo re  t h e  decay products  

of t h e  2 3 2 ~  reach thousands of roentgens a t  one f o o t  i s  only a few 

days when t h e  uranium has  been separa ted  from thorium and i s  too  s h o r t  

t o  be of p r a c t i c a l  va lue  when t h e  uranium and thorium a r e  not  separa ted .  
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Group 1.2 LWR (Th-U) 

Group 3.2 HUR (Th-U) 

and 3.4.2 Spectral  S h i f t  (Th-U) 

1.2.1. 3.2.1. ~ n d  3.4.2 ( F u l l  Recycle) 

HOMOGENEOUS FUEL 

furl: "'~'l~"'oUO,-PuO,-ThOI e i t h e r  llCU o r  LCU 

n   REPROCESSING SCHEME 10. 13. o r  14 I I He;pd 1-4 Products . 
10 .- 7"'7'''"8U02. PuO,, and Tho, H REFABRICATION METHOD 

13 - n'.2"."'U02-P~0,-Th0, mixed oxide 
I o r  2 o r  3 I u 14 - "3 ' "3 ' "8U~,  and Puu,-lhU, mixed oxide 1 - 

Headend 3 
HETEROGENEOUS FUEL 

Recycle t o  same f u e l ,  i . e . .  Pu t o  UO:. and "'U t o  Tho2 . . 
Fuel I: "I-"'UO 2 -  P uO?. HEU o r  LEU 

Fuel 2: "'U02-Tho, 

o r  3 and 8. o r  3 and 9 REFABRICATION METHOD 

Products 4 and 5 o r  

1 - 1 1 1 . 2 1 8 ~ ~  1. PUO? 4 and 6 o r  

3 - "s'"eU02-P~0,, MOX 7 and 5 o r  

8 - "'U02. Tho2 7 and 6 

Cross progeny. i .e . .  recyc le  "'U t o  UO, and Pu t o  Tho, 

Fuel 1 :  "''"s'"0U02. HEU o r  LEU 

Fuel 2: PuOZ-Tho1 

1 - "5"'2'1UF6 and PuO. 

2 - "3~2'5" '1U0, and Pu02 H I 

Plutonium recyc le  one pass only.  i . e . .  p lutonium from U02 

recyc led  t o  Tho,; plutonium from Tho, discharged t o  aqueous phase 

w i t h  f i s s i o n  products; '"U recyc led  t o  e i t h e r  U02 o r  Tho2 

Fuel 1 : '3'."5.23aUOI, HEU o r  LEU 

Fuel 2: PuOl-Tho2 

o r  

Fuel 1: 2 3 ' s 2 3 a U 0 2 .  HEU o r  LEU 

Fuel 2: 2"U0,-Pu0,-Th0, . 

Headend 
1 A 

n 

1.2.2 and 3.2.2 ( P a r t i a l  recycle.  plutonium stowaway) 

HOMOGENEOUS FUEL 

. ., 
REPROCESSING SCHEME 2 and 10, o r  2 and 14 

Products 

2 - ~ I ~ . Z > S . H ~ ~ ~  , and PuOl 

10 - "'UOI. PuO.. and Tho2 

I 4  - "'UO, and Pu0,-Tho, mixed oxide 

REPROCESSIIlG SCHEME 1 and I 2  o r  2 and 11 

Products I 

U , 

REFABRICATION METHOO 

8 and 9 

o r  - 

8. 9 and 10 

11 - " ' ~ 0 ~ .  Tho2 I 9 and 8 

12 - "'U02-Tho2 mixed oxide 

HETEROGENEOUS FUEL 

"'U from the Tho, cou ld  be recyc led  t o  e i t h e r  the  UO1 

o r  the Tho2 

Fuel 1: "s '2 'aU0 ,. HEU o r  LEU 

Fuel 2: "'U02-Tho2 

2 ~ ~ 2 1 5 ~ 1 3 0 ~ 0  ~ h o  
2- 1 .  LEU 

Fuel 1: "'.'35."oU02, HEU o r  LEU 

Fuel 2: Tho2 

REPROCESSING SCHEME 5 and 8, o r  5 and 9. o r  

6 and 8 

Products 

Headend 5 - 2 3 5 . 2 3 8 ~ ~  

6 - "I."l. ' lsuo 

8 - '"UO, and Tho, 

9 - "'U0,-Thol mixed oxide 

REFABRICATION METHOD 

5 o r  13 

B a n d  1 3 o r  5 

Headend 
1 A 

F i g ,  4.1.  Choice T r e e  Diagram f o r  Recyc le  of Th-U F u e l s  i n  LWRs, 
HWRe, and SSCRo. 

REPROCESSING SCHEME 11 or 12 

Products 
11 - >33,2,$,2,8u0 

2 ,  ~ h 0 2  
12 - 23 '~ '3~ '23eU0. -Th02 mixed oxide 

- - REFABRICATION METHOD 

5 o r 6  
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GROUP 2.1 GAS-COOLED REACTORS (U-PU CYCLE) 

2.1.1 Standard Recycle i n  HTGR 
2.1.2 Spiked Recycle i n  HTGR 
2.1.7 Standard Recycle i n  AGR 

Fuel 1.: 35,23eU02-Pu02, HEU 
Fuel 2: 235.2  3eU02 (natura l  ) 

n I REPROCESSING SCHEME 1 and I, o r  3 and 1 I m 

2.1.3 Coprocessed Recycle i n  HTGR 

Headend 
2 

Coprocessing both  f u e l  types would n o t  be a s a t i s f a c t o r y  
procedure. The p l  u ton i  um concentrat ion i n  the natura l  
uranium would increase cont inuously so the design o f  
t h e  f u e l  would have t o  change cont inuously.  See above 
f o r  acceptable choices. 

L 

2.1.4 Uranium Recycle w i t h  Plutonium Throwaway (stowaway) 

Fuel 1: 2"923eU02, HEU 
Fuel 2: 235.238U02 (natura l  ) 

Fig. 4 . 2 .  Choice Tree Diagram for Recycle of U-Pu Fuels i n  HTGRs. 

Products 

1 - 235.238UF6 and P U ( N O ~ ) ~  
3 - 2 3 5 , 2 3 8 ~ 0  ~ ( N O ~ ) ~ - P U ( N O ~ ) ~  

Headend 
2 

2.1.5 Once-through cycle----oxide f u e l  
2.1.6 Once-through cyc le- - - -meta l l i c  f u e l  

Headend 
none requ i red 

, 

. - 

REFABRICATION METHOD 
14 

, 

REFABRICATION METHOD 
none vequi r ed 

> 

REPROCESSING SCHEME 5 and 5 
Products 

5 - 2 3 5 , 2 3 8 ~ ~  6 

REPROCESSING 
none requ i red ) 

, 

REFABRICATION METHOD 
none requ i red 
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GROUP 2.2 HTGR (Th-U Cycle) 

2.2.1 F u l l  Recycle 

~ e c ~ c l e - ~ i  ss i . le-Mate~ia l  s-to-same-Microsph6e~ 
. 

Fuel I: '3'.'"UO 2 -  P UOI 

Fuel 2: 2'1U02-Th0, 

Cross Progeny; Recycle F i s s i l e  Ma te r ia l s  t o  Opposite Microspheres 
~~~l 1: 233.235,238~0 

Fuel 2: Pu02-Tho2 

REFABRICATION METHOD 

14 and 15 

o r  

14 and 16 

o r  

17 and I 5  

n r  

17 and 16 

2.2.2 P a r t i a l  Recycle (Plutonium t o  Aqueous w i t h  F i ss ion  Products) 

- 

Recycle 233U t o  t h e  U02 Fuel 
~~~l 1: 233.235.238~0~ 

Fuel 2: Tho2 

I REPROCESSING SCHEME 1 and 8. o r  1 and 9. 

o r  3 and 8, o r  3 and 9 

Products 

1 - 23""8UF6 and Pu(N03), 

j - 21r.238~0 2(N03)2-Pu(N03)r mixed oxide, 

8 - 233U02(N03)2 and Th(NO,), 

9 - 2 3 3 1 . 1 ~ n ( ~ ~ 1 ) ~ - ~ h ( ~ n ~ ) c ,  

Headend 
2 

REFABRICATION METHOD 

18 and 19 

o r  

20 and 19 

, ) 

- 

Recycle 233U t o  the Tho2 Fuel 

Fuel 1: 2 3 S . 2 3 e ~ 0 2  HEU o r  LEU 

Fuel 2: 233U02-Th02 

REPROCESSING SCHEME 2 and 10, o r  2 and 14 

Products 

2 - 2 3 3 . " 5 , ' 3 9 ~ 0  2 (NO 3 1 2  and Pu(NO3)r 

10 - 233U02(N03)2.  P u ( N O ~ ) ~ .  and Th(NO3)r 

14 - 233U02(N03)2 and Pu(NO,),-T~(NO,), 

Headend 
2 

. 

REFABRICATION METHOD 
15 

2.2.3 HEU-Th(C~rbidc) HTGR F u l l  Rccyclc (Rcfcrcnco) 

2.2.4 HEU-Th i n  Pebble-Bed Gas Reactor w i t h  F u l l  Recycle (Reference) 
~~~l 1: 233,23S,238uo2 

Fuel 2: ' Tho2 

- Headend 
2 

K~~'ABHICA? ION METHOD 

15 o r  16 

L 

Headend 
2 

Fig. 4 . 3 ,  C h o i c e  T r e e  D i a g r a m  f o r  R e c y c l e  of Th-U F u e l s  i n  HTGRs. 

. 
- .  

- 
REPROCESSING SCHEME 5 and 8, 
o r  5 and 9 

Products 
5 - 235.2]8UF6 

8 - "3U02(N03)2 and Th(N03), 

9 - 233U02(NO~)2-Th(NO~)~ 

REPROCESSING SCHEME 6 and 8 

Products 
6 - 233.235.238U02(N03)2 

8 - 213U0,(N0,)r and Th(NOl)( 

REPROCESSING SCHEME 6 and 8 

Products 
6 - 233~235~23~UO2(NO3),  

8 - 233U02(N03)t and Th(NO,)+ 

- Headend 
2 

REFABRICATION METHOD 

15 OR 21 - 
' - 



GROUP 4.2 LMFBR (Th-U Cycle) 

4.2.1 U-Pu-Th F u l l  Recycle LMFBR/LWR 

Fuel t o  LWR (')'U from LMFBR) 
~~~l 1: 233.23$,238~0 2, LEU 

Fuel t o  LMFBR (Pu from LWR) 

Fuel 1: 23s~23"U02-Pu02 LEU u r  HEU 
Fuel 2: Tho2 

Headend 
l a  

4.2.2 U-233/U-238/Th LMFBR/LWR, U recycle, Pu throwaway 

Fu r l  t o  LWR from LMFBR) 

Fuel 1: 233*2351238U02 ,  LEU 

REPROCESSING SCHEME 2 
Products 

2 - 2 3 3 , 2 3 5 , 2 3 8 ~ 0  and. Pu02 
. L 

Headend 
I b 

REFABRICATION METHOO 

8 

Fuel t o  LMFBR 

bUCI I! L J J  L~bUU2 , llLU 
Fuel 2: Tho2 

REFABRICATION METHOD 

4 
C 

Headend 
1 a - 

4.2.3 U-233/Th LMFBRILWR f u l l  r ecyc le  

Fuel t o  LWR ( ' ? %  from LMFBR) 
Fljel 1: 233.235,"8UQ . 7 ,  LEU 

RCPROCESSING SCHEME 1 and B 
Products 

1 - 235*23nUF6  and Pu02 
0 - 233U02 and Tho, 

. - t 

REPROCESSING SCHEME 6 
Products 

6 - 233,235.23811n2 (PI) w i t h  FPs) 

Headend 
I h 

REFABRICATION METHOO 

8 

Fuel t o  LMFBR 

Fuel 1: 233UOz-Th0~, LEU 
Fuel 2: Tho2 

* 

Haadand 
l a  

Fig, 4 .4 ,  Choice Tree Diagram f o r  Recycle of Th-U Fuels  i n  LMFBRs. 

REPROCESSING SCHEME 5 and 8 
Products 

5 - 235,238UF,, (Pu with FPc) , 

8 - )'U02 and Tho2 

- REPROCESSING SCHEME 2 
vroauccs 

2 - 233,235,218 u02 

REPROCESSING SCHEME 8 (combine f ue l s )  
 product^ 

8 - 233U02 and Tho2 

RPI?ABRlCATI011 METiiOD 

8 

REFABRICATION MFTtlfln 

5 

_ -- REFAPRILAI ION Mt IHUU 
13 



GROUP 5 .2  GCFR (Th-U C y c l e )  

5.2.1 U-Pu-Th F u l l  R e c y c l e  GCFRILWR 

ORNL-DWC 17-15868 

F u e l  t o  LWR ("'U f r o m  GCFR) 

~~~l 1 :  :I I~?IS,ZI~UO, , LEU 

F u e l  t o  GCFR (Pu  f r o m  LWR) ' . 
F u e l  1:  2 1 5 ~ 2 3 B U 0 2 - P ~ 0 2 ,  LEU o r  HEU 
F u e l  2:  Tho2 

Headend 
1A 

5 .2 .2  U - 2 3 3 l U - 2 3 8 l T h  GCFRILWR, U r e c y c l e .  Pu  stowaway 

F u e l  t o  LWR ( 2 1 3 U  f rom GCFR) , 

- 

F u e l  1: 2 3 1 ~ 2 3 5 ~ f 3 8 ~ 0 2 ,  LEU 

REFABRICATION METHOD. 

8 
m 

REFABRICATION METHOD 

4 

REPROCESSING SCHEME 2 
P r o d u c t s  

- f l l . 2 1 5 . 2 3 8 ~ 0  2 a n d  PUOZ 

C 

Headend 
1 A 

F u e l  t o  GCFR 

F u e l  1 :  2 3 5 , 2 1 s  UO 2 ,  HEU 
F u e l  2:  Tho, . 

REPROCESSING SCHEME 1 a n d  8 
P r o d u c t s  

1 - 2 ? 5 . 2 3 8 U F 6  a n d  PUOZ 

8 - 231U02 a n d  Tho2 

REFABRICATION METHOD 

8 

Headend 
1 A 

5 .2 .3  U-ZSJI l t i  GC~HILWH, ~ U I  I ~ e e y e i e  

F u e l  t o  LWR ( 2 3 3 U  f r o m  GCFR) 
~~~l 1: 2 3 i , 2 1 5 , 2 3 8 ~ ~  2 ,  LEU 

c 

REFABRICATION METHOD 
13 

F u e l  t o  GCFR 
F u e l  1 : 2 3 3 U 0 2 - T h 0 2 .  LEU 
F u e l  2:  Tho2 

REPROCESSING SCHEME 6 
P r o d u c t s  

6 - 2 3 3 . 2 1 5 . 2 3 8 U 0 2  (Pu w i t h  FPs) 

REPROCESSIKG SCHEME 5 and  6 
P r o d u c t s  

5 - 2 3 5 9 2 3 8 U F 6  (Pu w i t h  FPs) 

B - '31U02 a n d  Tho, 

Headend 
1A - 

REFABR ICATION METHOO 

8 

. . 

Fig, 4.5. Choice Tree Diagram for Recycle of Th-U Fuels in GCFRs. 

Headend 
1A 

REPROCESSING SCHEME 2 
P r o d u c t s  

2 - 211,13>.118U0 
L .) 

C 

REPROCESSING SCHEME 8 (combine  f u e l s )  
P r o d u c t s  

0 - 7"U0, and  Tho2 

Headend 
1A 

. REFABRICATION METHOO 

5 
. . 

- 
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I TO OFF-GAS 1 
I )I TREATMENT I 

Fig.  4.6. Head-Erid Schzme 1 - L e v e l 1  Funct iona l  Flow Diagram: Head-End Treatment of LWR, HWR, 
and FBR Fuels .  

r---1 
TO FUEL I 

A DISSOLUTION I 

1 FSiEy4; FULL , 0 
I TRANSPORT BEEVE/STOi iE  

FROM I SPENT FUEL 
L - - - - J  

0 
C U D  REMOML - 

Tho2 CLAC W ZIRCALOY 

@ 
0 

,SIZE REDUCTION \ 



T a b l e  4.1.. Head-End P r o c e s s i n g .  Scheme 1 
. . 

Process  S tep  and 
Operat i on  

. . 
Development Ma te r i a l  . . M a t e r i a l '  Radia t ion  

~ o n v e r t i b i l i ' t y  Needed Locat i on  Desc r ip t ion  Hazard  

Water-Cooled Reactor  Fue l s  and GCFR 

1 Receiving and Developed Under watdr  . ~ r r a d i a t e d  c  o r  l e s s *  . High . . 

s t o r a g e  f u e l  elements  
. . . . 

2 S i z e  r e d u c t i o n  Developed Hot c e l l  I r r a d i a t e d  c o r  l e s s *  High 
f u e l  elements  

. . 

3 Cladding removal Cold l a b  o r  Hot c e l l  I r r a d i a t e d  c o r  l e s s *  High 
ho t  f u e l  eleinents . . 
eng inee r ing  03 

W '  

~ i ~ u i d - ~ e t a l - c o o l e d  Reactor  Fuel  

1 Receiv ing  an3 . .Col'd S to rage  ' I r r a d i a t e d .  c  o r  l e s s *  
. . 

High 
s t o r a g e  eng inee r ing  undecided . . f u e l  elements  

7 S i z e  r educ t i .>n  . Cold . Hot c e l l  ~ r r a d i a t e d  'c o r  l e s s *  lligh 
" eng inee r ing  f u e l  elements  

3 Cladding r e m v a l  ..Cold Hot c e l l  . I r r a d i a t e d  c o r  l e s s *  High 
. . l a b o r a t o r y  o r  f u e l  elements  

. . 
ho t  
eng inee r ing  

. P . . . . 
. .. 

*could a l s o  r e q u i r e  i s o t o p e  s e p a r a t i o n ,  which wodid lower t h e  r a t i n g  of t h e  c o n v e r t i b i l i t y .  , 
. . .. 
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L k G A i G L <  7 
1 0  WASTE STORAGE 1.--  -- -- -J  

. r 
I, SPENT FUEL 
I .TRANSPORT 

PARTICLE . , 
SPEN,T FUEL CRUSHING/BURNING SEPAIATION 

L-------J 

FERTILE I TO FERTILE i 
PARTICLE I 

. . 1 L - - - - J  DISSOLUTION 

Fig. 4.7. Head-Er.d Scherre 2 - Level 1 Functional Flow Diagram: He~d-End Treatment of HTGR Fuel. 



. .  . . - . .<" t .  :. . . 
. . 

. . 
. . . . . .  

. - 

Table 4.2. - Head-End Reprocessing Scheme 2 for HTGR . ' -  

. .  . . . 
process Step and D~velopment  ater rial Material Radiation 

~0nver.t ibility Operat ion Needed Location Description Haz;~rd 

1 Receiving and 
storage 

2 Fuel element 

Cold Vault storage Irradiated c or less* 
engineering fuel blocks 

Cold .. Hot cell Irradiated . , c or less* 

High 

High 
crush and burn engineering . . microspheres. 

3 Fis'si1e.-fertile Ccqld Hot cell Irradiated c or less* High 
separation ~ngineering . . microspheres 

' . '  ' 4 . Particle crush Cc ld Hot cell Irradiated c or less* . High 
and burn engineering fuel kernels 

*Could also require isotop? separation, which would lower the rating ,of the convertibility; 
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Fi . 4.8. Reprocessing Scheme 1.- Level 1 Functional Flow Diagram:. Reprocessing 
( 2 3 5 ~ ,  838W01-P~C12 Fuel b y  the Purex Pi-ocess. Partition of uranium and plutonium. . '  

r - - ----1 '------I @ 

., 

--) AN>- ENVIRONMENT I 
I I 

A 
L----..-J 

a OFF-GAS 
STOFLGE 

@ RE YORC 

4 
-\ ' DISSOLUTION 

. A.VD ~ A N C ; )  W 'D  FEED 
RE 3YCL E C ?CJUSTMENT 

A . a  

T 

. . .  @ jP<PARATION 
FROCESSES 

PUREX . 
( U / P U  PL3TITIONI  

@ 
WASTE 

STORAGE 

I 

COF.VER5ION 



Table 4.3. Analysis f o r  ~ e ~ r d c e s s i n ~  Scheme 1 for <20% 2 3  'U 
. . 

Feed: 2 3 5 9 2 3 e ~ ~  ~ ( N O ~ ) Z - P U ( N O ~ ) C  P roduc t s :  ( 1 )  2 3 5 9 2 3 8 ~ ~  6 (<20% 2 3 5 ~ )  
(<20% 2 3 5 ~ )  (2)  PuO2 

P roces s  S t e p  and Development M a t e r i a l  M a t e r i a l  C o n v e r t i b i l i t y  Rad i a t  ion  
Opera t  i o n  Needed Loca t ion  D e s c r i p t i o n  Hazard 

1 D i s s o l u ~ i o n  and Hot c e l l  .Disso lved  f u e l  C (Pu> High co l,d 
e n g i n e e r i n g  m a t e r i a l  f e ed  ad ju s tmen t  

2  S e p a r a t i o n s  p r o c e s s  P r o t o t y p e  Hot c e l l  Low . 

3 Uranium -convers ion  Developed Semiremote . U 0 2 a n d U F 6  b. Low 

f a c i l i t y  m 
I 4 

4 Sh ip  UF6 pro . iuc t  De.velo.ped Gas c y l i n d e r s  . UF6 b Low 

5 Plutonium conve r s ion  C o l l  . Shie lded  a l p h a  Pu02 d Low 

e n s i n e e r i n g  . f a c i l i t y  
. . 

6. Off -gas  t r e a tmen t  Ho t ' Remote Rad ioac t i ve  Nonf i s s i onab l e  
e n g i n e e r i n g  f a c i l i t y  g a s e s  

Gas s t o r a g e  

Rework and r e c y c l e  

Waste t r e a tmen t  

Waste s t 3 r a g e  

Hot 
e n g i n e e r i n g  

Hot 
e n g i n e e r i n g  

Cold 
e n g i n e e r i n g  

Hot ' .  

eng inee r i ng  

Remote 
f a c i l i t y  

Remo t e 
f a c i l i t y  

Remote 
f a c i l i t y  

Remote 
f a c i l i t y  

Rad ioac t i ve  
ga se s  

Rad ioac t i ve  
l i q u i d  

~ a d i o a c  t i v e  
l i q u i d  

Rad ioac t i ve  
l i q u i d  

Nonf i s s i onab l e  

. . 
c - t o  d Medium 

t o  low 

c t o  d  High t o  
medium 

. . 

High 



Table  4 .4 .  Ana lys i s  f o r  ' Reproc . e s s i~g  Scheme L ' f o r  >20Z. 2'3 'U 

Prcduc t s :  (1)  2 3 5  . 2 3 e ~ ~ 6  (>20% 2 3 5 ~ )  
( 2 )  PuO;! 

Process  S tep  and Development Materi31 M a t e r i a l  Rad ia t i on  
C o n v e r t i b i l i t y  

Operat  i o n  Needed Locat i s n  Desc r ip t i on  Hazard 

1 D i s s o l u t i o n  and Co 18 Hot c e l l  Dissc lved  f n e l  c High 
feed  ad j us  tment eng inee r ing  ma. ter ia1 . . 

UO2(MO3)2 or LOW 2  Sepa ra t i ons  ?ro.:otype 3 o t  c e l l  
p roces s  PU (no3) i s o l u t i o n  

3 Uranium con -~e r  s i o n  3evs-loped Semiremo t e  U02 and UFE d  
f a c i l i t y  

Low 

4 Ship  UF p r o c . ~ c t  . 6 Developed Gas  cylinder,^ d Low 
UF 6 

5 Plutonium canvers ion  C o l d  Sh i e lded  a L ~ h a  PuO, 
eng inee r ing  f a c i l i t y  

& 

d Low 

6 . Off-gas t r e a t n e n t  Hot Remote Rad i3ac t i ve  Nonf i s s i o n a b l e  
eng inee r ing  f a c i l i t y  gas  2s 

. . 7 ' Gas s t o r a g e  Hot  Xemo t e  Rad i sac t i ve  Nonf i s s i onab  l e  
eng inee r ing  f a c i l i t y  ga se s  

6 Rework and r e c y c l e  Hot Remo t 2 . -. Rad b a c t  i v e  . c  t o d  ~ e d i u m  
e r g i n e e r i n g  . f a c i l i t y  1 i q u i d  

9 Waste t r e a t m t n t  COY d  Remote R a d b a c t  i v e  - c  t o  d  High 
er .gineering f a c i l i t y  l i q u i d  

.. . 
Hot ' 1 0  Waste s t o r a g e  Reno te Rad ioac t i ve  c .  High 

eng inee r ing  f a c i l i t y '  l i @ u i d  
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'i------1 

) AND FEE0 
ADJUSTMENT . . 

, . . . 
. . 

. . 

. . . . 

. . 

HTGR FUEL . . 

Fig. 4 : 9 .  Reprocessing Scheme 2 - Level 1 Functional Flow Diagram: ~e~rocessing ( 2  3 ~ ,  3 8 ~ ) ~ 2  Fuel' . '. . , . ' 

by the Purex Process. Partition of uranium and plutonium. 
. . 



. . 
:able 4.5. Analysis f c r  Repro~essieig Scheme 2 for <lSW-Enriched 3~ . . 

. . 

Feed: 2 3 3 ' 2 3 8 ~ 0 ~ ( ~ ~ 3 ) z - ~ ~ ( ~ 0 3 j ~  
(<15% 2 3 3 ~ )  

P r o d u c t s :  ('1) 2 3  ' 2  3 e ~ ~ 2  (<15% 2 3  3 ~ )  

(2)  Pu02 

P r o c e s s  S t e p  and 
O p e r a t i o n  

Development '?la t e r i a l  Ma ter i a  1 R a d i a t i o n  
Iieeded 

C o n v e r t i b i l i t y  
Locat b n  Descr . ip t  i o n  Hazard 

D l s s o l u t i o n  and. 
f eed  'ad j u s  tmerut  

S e p a r a t i o n s  p r o c e s s  
. . 

Uranium conver  s. ion , 

Plutonium c o n v e r s i o n  

Of f - g a s  t r e a t m e n t  

6 Gas s t o r a g e  

Cold ' - -  
I--0 t c e  1.1 

e n g i n e e r i n g  

P r o t o t y p e  g o t  c e l l  

Hot Sh ic ld2d  a l p h a  
e n g i n e e r i n g  f a z i l i t y  

Cold Shie1d.d a l p h a  
. e n g i n e e r i n g  . f a c i l i t y  

Hot Remote 
e n g i n e e r i n g  f a z i l  h ty  

I i s s o l v e d  f c d  c (pu> 
m a t e r i a l  

U02 (N6l3) 2  o r  d  (Pu)  
Pu (NO3) s o k ~ t  ion 

Xad iosc t ive  . N o n f i s s i o n a b l e  
g a s e s .  

Hot 3emclte - R a d i o a c t i v e  N o n f i s s i o n a b l e  
e n g i n e e r i n g  f a c i l i t y  gase.; 

High 

Low 

Medium 

Low 

7 Rework a n d  recyz  l e  Hot- Remote l a d i o ~ t i v e  c  t o  d  Me6 ium 
e n g i n e e r i n g  f a c i l i t y  . l i q u i d  ' t o  low 

8 Waste t r e a t m e n t  Cold Rem.2, t e  .Xadio3ct ive  c  t o  d  High t o  
e n g i n e e r i n g  f a c i l i t y  l iquZd medium 

9 Waste s t o r a g e  Hot . Xemste Radio 3c t i v e  c High 
e n g i n e e r i n g  f a c i l i t y  l i q u i d  - 



. . 

- - 

. . 

T a b l e  .4.6. A n a l y s i s  f o r  R e p r o c e s s i n g  Scheme 2 f o r  >15%-Enriched 2 3 3 ~  . 

. . . . 
Feed: 2 3 3 , 9 2 3 8 ~ ~ 2  (NO;) 2 - ~ ~ ( ~ ~ 3 )  ;(>15% - . 2 3  3 ~ )  Products :  (1)  ' ~ 0 2 .  

( 2 )  Pu02 
. . . . 

Process  S tep  and Development M a t e r i a l  M a t e r i a l  Rad ia t ion  
C o n v e r t i b i l i t y  

.' Operat  i o n  Needed Loc a t ' ion Desc r ip t ion  Hazard 

1 Dissolu t . ion  and Cold Hot c e l l   iss solved f u e l  c High 
feed  ad j u s  t n e n t  eng inee r ing  . . ' m a t e r i a l  

U0 2 (NO.3 2 o r  d (Pu) 2 s e p a r a t i o n s  'P roco type  Hot c e l l  Low 
p rocess  Pu(N03) s o l u t i o n  

3 Uraniumq:onversion Hot Shie lded  a lpha  U02 
en.$ineering f a c i l i t y  

4 P lu ton iun  con"ersion '  Cold'  Shie lded  a l p h a '  Puo2 
eng inee r ing  ' f a c i l i t y  

Pled ium 

Low 

~ o t  Remote 5 Off-gas t r ea tmen t  ' .  Radioac t ive  . ~ o n f  i s s i o n a b l e  Medium 
eng inee r ing  f a c i l i t y  gases  . . 

6 Gas s t o r a g e  Hot Remote Rad ioac t ive  Nonf i s s i o n a b l e  Med i u n  
eng inee r ing  f a c i l i t y  gases  

7 Rework and r e c y c l e  Hot Remote Rad ioac t ive  c t o  d Medium 
eng inee r ing  f a c i l i t y  l i q u i d  t o  low 

8 Waste t r ea tmen t  ' - Cold Remote ~ a d i o a c t i v e  . . c t o d  High t o  
e r g i n e e r i n g  . f a c i l i t y .  l i q u i d  medium 

9 Waste s t o r a g e  Hot Remote Rad ioac t ive  c 
eng inee r ing  f a c i l i t y  l i q u i d  

High 

2 3 2  
*A 10  kg ba tch  of 2 x 3 3 ~  i n  e q u i l i b r i u m  w i t h  t h e  daughters  of t h e  U i t  c o n t a i n s  would r e s u l t  i n  about  

100 t o ' 1 0 0 0  R r a d i a t i o n  f i e l d  a t  one f o o t  d i s t a n c e .  
. . 
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F i  . 4.10. Reprocessing Scheme 3 - Le\-el 1 Funct iona l  Flow,Diagrarn: Reprocessing 
( 2 3 5 ~ ,  838U)02-PU3: Fue l  by t h e  Pu re r  P ro i e s s .  Z o s t r i p p i n ~  of Uranium and Plutonium. 
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PUREX 

0 
WASTE 

STORAGE 

1 ( U/Pu COSTRlFPlNGl A 

. . 
f \ y PJ + T R  > 

0 I 
235u, 238 

r--------- 
U i  'u - I 

LWR, HHR , FBR FUEL I REFABRlCATlON I 
3 ! PLAN- I 

CClNVERSlCbN TO 
I 

L-- - - - - - I  
uop - PuOp 

HTGF FUCL 



, . . .  . 

. . .  ... . .  

. . 
. . . .  . 

, . 

T a b l e  4 .7 .  A n a l y s i s  f o r  R e p r o c e s s i n g  Scheme 3 HEU o r  LEU - F a c t o r s  Determined by p l u t o n i u m  

. . 

Feed: 2 ' 3 5 ' 2 3 8 ~ 0 2 ( ~ ~ 3 ) 2 - ~ u ( ~ ~ 3 ) ~ . *  

. . 
Process  S tep  and . Development - M a t e r i a l  M a t e r i a l  C o n v e r t i b i l i t y  Rad ia t ion  

.Hazard Operat  i o n  Needed Locat ion  D e s c r i p t i o n  
. . 

High Dissolved f u e l  1 ~ i s b o l u t i o n  .and Cold Hot ce l l  c - -  : . . 
f eed  adjus tment  er .gineering m a t e r i a l  

2 S e p a r a t i o n s  p rocess  P rc to type  . Hot c e l l  uo2 (NO31 2 -PuW3)  d 
s o l u t i o n  

Low 

3 Conversion t 3  MOX Cold Shie lded  a lpha  U02-Pu02 
er:gineering . f a c i l i t y  

d Low 

4 Off-gas t r ea tmen t  Hot Remote Rad ioac t ive  Nonf i s s i o n a b l e  . . 
Medium 

er-gineering f a c i l i t y  gases  

5 Gas . s t o r a g e  Hot Remote 
eng inee r ing  f a c i l i t y  ' 

~ a d i o a c t i v e  Nonf i s s i o n a b l e  .Medium 
. . 

gases  

6 Rework and r s c y c l e  Hot Remote Rad ioac t ive  c t o  d Medium 
er-gineering f a c i l i t y  l i q u i d  t o  low 

High t o  7 Waste t r ea tmen t  Cold Remote ~ a d i o a c t i v e  ' c  t o  d 
l i q u i d  eng inee r ing  . f a c i l i t y ' .  medium 

8 Waste s t o r a g s  Hot ' . R e m o t e  . ~ a d i o a c t  i v e  c High 
eng inee r ing  ' f a c i l i t y  . ' l i q u i d  

*The uranium cqn be  any concen t r a t ion .  of - 2  'U i n  3 8 ~ .  . . 

. . . . . 
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6-1 UOZ - Pu02 PLANT I 

I 1 

HTGR 'FUE- 
. . 

Fig. 4.11. Reprocessing Scheme 4 - Level 1 Functional Flow Diagram:. Reprocessing '(2 3 ~ ,  S.3 'u, 
238~).0,-~~02 Fuel tmy the Purex Process; Zostrxppir.g.of Uranium and Plutonium. . . ' . . 



Table 4.8. ~nal&is for ~eproiesking .&heme 4 HEU or LEU - Factors Determined by Pl.utoniurn 

Product: 23 * F 3 8 ~ ~ l ~ - ~ ~ 0 2  . '  . ' ' . 

Process Step ~ n d  Development Material Material Radiation Convertibility 
Operat ion Needed Location Description Hazard 

1 Dissolution and Cold 
feed adjustment engineer ing 

2 Separatic~nsprocess ?rot,otype 

3 MOX conversion Cold 
engineering 

4 Off-gas treatment Hot 
engineering 

5 Gas storige Hot 
engineering 

Hot cell 

Hot cell 

Semiremo te 
facility 

Remote 
facility 

Remote 
facility 

Dissolved fuel . c '. 

material 

U02 (NO3) 2- d 
Pu(N03)4 solution 

Radioactive Nonfissionable 
gases 

Radioactive Nonfissionable 
gases 

High 

Low 

Low 

Med i um 

Medium 

Radioactive c to d Medium 6 Rework and Bot Remote . . 

recycle engineering . facility . , liquid .. . to lcly 

. . 
Cold Remote ~adioact ive c t o d  , High to Waste t.reatment . 

'. . engineering facility liquid . rnedicn . . 

. . 

~i'gh C 8 . Waste stcrage Hot Reniote ' .  Radioactive 
engineering facility liquid 

. . 
*The uranium can be any conceqtration of 2 3 3 ~  in 2 3 8 ~ .  . . 

. . . . 
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Fig.  4 . 1 2 .  Reprocessing Scheme 5 - Level  1 ~ u i e  t ional  Flow Diagram :- Reprocessing . ( *  "u, 3 8 ~ - ~ ~ )  0 2  
Fuel by the Purex Process.  Plutonium stmaway with  fissyion products'. 
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Table 4.9. Analysis for ~eprocessin~ Scheme 5 'for <20%-~nriched * 3 5 ~  

. Feed: ' 2 3 . 5 ~ 2 3 % ~ 2 ( ~ 0 3 ) 2 - ~ ~ ( ~ 0 3 ) 4  (<20% 2 3 5 ~ )  Product: (1) 2359'23e UF6 (<20% 2 3 5 ~ )  . ' 

.Plutionium to aqueou's waste for storage '' 

- - - 
-Process Step and Development Material . Material Convertibility Radiation 

Operat ion Needed Location ~ e s c r i ~ t  ion Hazard 
- .  

1 Dissolutionand Cold Hot cell ~isso'lved fuel C. (Pu) High 
feed adjustment englneer ir-g material, 

2 Separations process Proilotype Hot cell U02(N03) 2 
solution 

b ;': LOW 

3 Uranium zonveysion . Dev2loped Semiremo te U02 and UF6 b Low 
facility ! 

. . 
4 ShipUF6product Developed . Gascylinders' UF6. b Low 

5 Off-gas treatment Hot Remote ~adioactive Nonf issionable Medium 
engineering facility gases 

6 Gas storage Hot . Remote Radioactive Nonf issionable Medium 
engineering , facility gases 

Radioactive b Med i urn 7 Rework and recycle ' Hot Remote 
engineering facility liquid to low 

8 Waste treatment Cold . , Remote Radioactive c to d High to. 
engineering , facility liquid med iurn 

9 Waste storage Hot ' Remote Radioactive c 
engineering facility liquid 

High 

'*wit11 relativel) simple chsnges.in the 'eparations process flowsheet the plutonium could be recovered 
in a form that wo.uld enhance relative attractiveness. 



Table 4.10. Analysis l o r  Reprocess ing Scheme 5 f o r  >20%-Enriched 'U 

Fsed: 2 3 5 , 2 3 0  U02 (No;) ~ - P u ( N C ~ ) ~  (>20% 2'3 'u), . pr'6dnct:  ('1) ' 2  ' U F ~  (>20% ' 2 )  
PU.u.:onium t o  aqueous was t e  f o r  s t o r a g e  

P roces s  S t ep  and Development N a t e r i a l  M ~ t e r i a l  . Radia t ion  
C o n v e r t i b i l i t y  

Opera t ion  Iieeded Locat  i on  D e s c r i p t i o n  Hazard 

1 D i s s o l u t i o n  and Cc l d  Hot = e l l  D i s so lved  Fu3l C (Pu) High 
feed ad j us  m e n c  ~ . n g i n e e r i n g  m z t e r i a l  

Sapara t  i o n s  p roces s  P ro to type  Hot = e l l  U@: (NO31 2 . d* LOW 

s c . l u t i on  

3 Uraniun ccn->ersion Developed Semirenote UO, ,= and KF6 
f a c i l  it): 

d Low 

4 S j i p  UF6 p r d u c r :  Developed Gas c y l i a d s r s  UF6 d Low 

5 . Off-gas t reatmert t  " Hct Remote Rac i oac t - i v?  ., Nonf i s s ionab l e  Medium 
eng inee r ing  , F a c i l i t y  . g ~ s e s  

6 Gas s t o r a g e  Hot Remote Rac.ioac t i v ~  Nonf i s s ionab l e  Med ium 
eng inee r ing  f a c i l i t y  gz se s  

7 R2work and r e c 7 c l e  Hot Remote Rac ioac t  i v e  c  t o  d Medium t o  
l i q u i d  eng inee r in2  f a c i l i t y  1 ow 

8 . Waste treatmen: Cold . Remote . Raeioac t  i v e  c t o d  . High t o  
eng inee r ing  f a c i l i t y  l i q u i d  medium 

9 Waste s t o r a g e  Hot Remote R ~ C i o a c t i v e  c High 
eng inee r ing  f a c i l i t y  l r q u i d  

*Plutonium c ~ u l 3  be  recovered  by making r e l a t i v e l y  s imple  f lowshee t  c h a n g e s , - b u t  t h i s  would n o t  
i n c r e a d  t h e  r e l a t i v ?  a t t r a c t i v e n e s s .  
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~ i '  . 4.13. ~ & p r o c e s s i i l g  Scheme 6 .  - Leve l  1 F u n c t i o n a l  Flow Diagram: Reprocess ing  
( 2  "U, '38U)0,-Pu02 F u e l  by t h e  P u r e r  Process .  Plutonium stowaway w i t h  f i s s i o n  p r o d u c t s .  
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T a b l s  4.11'. Ar r a ly s i s  f c r  R e p r o c e s s i ~ g  Scheme 6 f o r  4 5 % - E n r i c h e d  3~ 

Feed:  2 3 3 y 2 3 8 ~ 0 2 ( ~ 3 : 2 - P ~ ( N 0 2 ) 4  ((15% 2 3 f ~ )  P rodu= t :  2 3 3 9 2 3 8 ~ 0 2 ( ~ 0 3 ) 2  
P lu to r . i um. to  aqueous w a s t e  ' f o r  s t o r a g e  

P r o c e s s  S t e p  and ~ e v e l o ~ n e n t  M a t e r l a l  M a ~ e r i a l  . R a d i a t i o n  
C o n v e r t i b i l i t y  

Opera t  i o n  Needec ;ocat i o n  D e s c r i p t i o n  Hazard 

D i s s o l u t i o n  and. 
f eed  ad j u s  tmenit 

Cold 
e n g i n e e r i n g  

Hot c e l l  High 

Medium 

Medium 

Medium 

S e p a r a t i o n s  F rozes s  U02(N03)2 . a k 
s o l u t i o n  , 

P r o t o t y p e  Hot c e l l  

Remote alpha 
f a c i l i t y  

Uranium c o n v ~ r s L o n  Hot 
e n g i n e e r i n g  

Radioac t-i-re Nonf i s s i o n a b l e  
g a e s  

Off -gas t r e a t m e l t  Hot 
e n g i n e e r i n g  

Remote 
f a c i l i t y  . . 

Gas s t o r a g e  Rad ioac  t i v e  Nonf i s s ionab l e  
g a s e s  

Med i urn Ho -, 
e n g i n e e r i n g  . 

Reno t e  
f a c i l i t y  

Remo t e  
f a c i l i t y  

Rad ioac t i ve  c  (Pu) 
l i q u i d  

High t o  
'medium 

Rework and r e c y z l e  Hot 
e n g i n e e r i n g  

'Cold. 
e n g i n e e r i n g  

Remo te 
f a c i l i t y  

Rad ioac t i ve  c (Pu) 
1 i q u i d  

High t o  
medium 

Waste t r e a t m e n t  

Radioac t i v e  c ( p i )  
l Q u i d  

Waste scor;ge . Hot 
e 2 g i n e e r i n g  

Remote 
f a c i l i t y  

High 

*With r e l a t f v ~ l y  s i m p l e  changes i n  t h e  s e p a r a t i o n s  p r o c e s s  f lowsheet  t h e  plutonium could b e  r ecove red .  



. . 
Table 4.12. ''~nalysis f d r  ~eprocessin~ scheme 6 for >15%-Enriched 3~ . 

Feed: 233*2'8~~;(~~3)4 '(>15% 2 3 3 ~ )  , . . . .  Producf : 3.) 'UO ~ ( N O J ) ~  , 

Plutonium to aqueous waste for storage 

. Radiation Process. Step and Development Material Material convertibility 
- . Operation Needed Locat ion Description Hazard . . 

. -. . -- 
. . 

Ccld , . Dissolved fuel 1 . Dissolction and Hot cell C , High 
material ~ngineering feed ~d j us tment 

2 Separations process Prototype Hot cell U02 (NO31 2 . .  C* . . Medium 
solution 

3 Uranium conversion Hct. - .Remote alpha 
engineering facility 

u0 2 d t Medium 

4 Off -gas treatment Het Remote Radioactive Nonf issiongble Medium 
engineering facility gases .- . 

5 Gas storage Hot Remote . Radioactive Nonf issionable ' Med ium 
engineering facility . . gases 

~ework and recycle Remote Radioactive c . .  6 Hot High to 
engineering facility liquid medium 

7 Cold - Remote Radioactive Waste treatment C . High to 
engineering facility liquid medium 

8 Waste storage . Hot 'Remote Radioactive 
engineering facility liquid 

c High 

*With relatively simple changes in the separations process flowsheet the plutonium could be recovered. . . 

t A  10 kg batch of 2 3 3 ~  in equilibrium with the daughters of the , 2 3 2 ~  it contains would fesblt in a 100 to 
1000 R radiation field at one foot distance. 
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Fig.  .4.14. I2eproc+ssing ~ c h i r n e  7 - Level 1 Funct ion31 Flow Diagram: Reprocessing 3 ~ 0 2  
Fuel by t h e  Pcrex  Process,  



Table 4.13. Analysis for ~eprocessing Scheme 7 

.Feed: 2 3 3  UO2 (No31 2 Product.: 3 ~ ~ ;  ( ~ 0 3 )  2 

. . 

Process Step and Development Material Material Radiation 
Conirert ibility 

Operat ion Needed . Location Description ' ~azlard 

. . 
1 Dissolution and Cold .Hot cell Dissolved fuel c H ig!h : . .  

feed adjustment engineering material 

2 Separations process Prototype Hot cell U02 (NO31 2 
solution 

3 Of f-gas treatment Ho t Remo t e Radioactive Nonf issionable Medium P 

gases , 
. 0 '  engineering facility w 

4 Gas storage Hot Remote Radioactive - . Nonfissionable Med ium 
engineering facility gases 

5 Rework and recycle Hot Remote Radioactive c to d Medium 
engineering facility liquid 

'6 Waste treatement Cold Remote Radioactive c to d High to 
engineering facility liquid medium 

7 Waste storage Hot  emote Radioactive c High 
liquid engineering facility 

. . . . 

* A  10' kg batch of '13u in equilibrium with the dhughters of the 2 3 2 ~  it contains would, result in about 
100 'to 1000 R radiation field a't one foot distance. . . 

. . 
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Table 4,14, Analysis for Reprocessing Scheme 8 

Feed : 3 ~ ! 3 2  (NO 3) 2 - ~ h  (NO 3 ) 4. . , P r o d u c t s :  (i) 3u02 ( ~ 1 0 0 %  * 3u) 
(2) '  Thoz 

. P r o c e s s  s t e p  and 
Operat  i o n  

-- 

Development M a t e r i a l  M a t e r i a l  
Needed Loca t ion  D e s c r i p t i o n  

R a d i a t i o n  
Convert  i b c l i t y  Ha zar'd 

1 D i s s o l u t i o n  and Cold Hot c e l l  
f e e d  ad jus tmen t  e n g i n e e r i n g  

' 2  s e p a r a t i o n s  p r p c e s s  P r o t o t y p e  .Hot c e l l  

3  Uranium convers ion  Hot . Shie lded  
e n g i n e e r i n g  a l p h a  f a c i l i t y  

4 Thorium produc t  Developed Sh ie lded  
s t o r a g e  t ank  

Disso lved  f u e l .  c 
m a t e r i a l  

U02 (NO3) 2  and c* 
Th (N03)4 s o l u t i o n s  

Th (No3! 4  Nonf i s s i o n a b l e  
s o l u t l o n  ' 

High 

Medium 

Medium 

Medium 

5 Thorium p r o d u c t '  Developed Semiremo t e .  Tho2 ' N o n f i s s i o n a b l e  Low 
convers ion  f a c i l i t y  

6 Off-gas t r e a t m e n t  Rot Remote R a d i o a c t i v e '  . N o n f i s s i o n a b l e  Medium 
e n g i n e e r i n g  f a c i l i t y  g a s e s  

7 Gas s t o r a g e  Hot Remote R a d i o a c t i v e  N o n f i s s i o n a b l e  Med ium 
e n g i n e e r i n g  f a c i l i t y  g a s e s  

- .  
8 ' Rework and r e c y c l e  Hot Remote R a d i o a c t i v e  c High t o  

e n g i n e e r i n g  f a c i l i t y  l i q u i d  medium 

9 Waste t r e a t m e n t  Cold Remote R a d i o a c t i v e  , c  High . t o  
e n g i n e e r i n g  f a c i l i t y  . l i q u i d  .. medium 

1 0  ' Waste s t o r a g e  Hot Remote R a d i o a c t i v e  c .  - .  ' . High 
' .  e n g i n e e r i n g  f a c i l i t y  l i q u i d  

*A 1 0  kg b a t c h  o f  2 3 3 ~  i n  e q u i l i b r i u m  w i t h  t h e  d a u g h t e r s  o f  t h e  2 3 2 ~  i t  c o n t a i n s  would r e s u l t  i n  a b o u t  
a 100 t o  1000 R  r a d i a t i o n  f i e l = ,  a t  one f o o t  d i s t a n c e .  
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  able 4 ,15  .. A n a l y s i s  f o r  ~ e p r d c e s s i n g  Scheme .9 

Feed: 3 3 ~ 0 2  :N03).2-Th(N03) I, s o l u t i o n  Product :  ( 1 )  3 ~ ~ 2 - T h ~ 2  (%loo% 3 ~ )  

P roces s  S t e p  and 
Operat  i o n  

Development M a t e r i a l  
Needed Loc,at i o n  

M a t e r i a l  
D e s c r i p t i o n  

Rad ia t i on  
Hazard 

- 
1'  iss solution. and Cold Hot c e l l  Disso lved  f u e l  c High 

f e e d  ad j u s  tment e n g i n e e r i n g  m a t e r i a l  

.2 Sepa ra t cons  p r o c e s s  P r o t o  t y p e  Hot c e l l  ' Uo2 (No3) 2-Th(N03)4 C* Medium 
s o l u t l o n  

3 Product  convers ion  Hot Shie lded  a lpha  U02-Tho2 c* Medium 
eng inee r ing  f a c i l i t y  - 

3 

.4 Hot Remote Radioac t ive '  . Nonf i s s ionab le  Med i um .I Off -gas . t rea tment .  
e n g i n e e r i n g  f a c i l i t y  gases  

5 Gas s t o r a g e  Ho c Remote Rad ioac t ive  Nonf i s s ionab le  Med i um 
e n g f n e e r i n g  f a c i l i t y  gases  

6 Rework and r e c y c l e .  Ho z Remote Rad ioac t ive  c High t o  
e n g i n e e r i n g  f a c i l i t y  l i q u i d  medium 

7.  Waste t r ea tmen t  . Cold Remote Rad ioac t ive  c High t o  
. eng inee r ing  f a c i l i t y  l i q u i d  medium 

8 Waste s t o r a g e  Hot Remo t e Rad ioac t ive  c 
enginee.r ing f a c i l i t y  l i q u i d  

High 

*A 1 0  kg b a t c h  of  2 3  3~ i n  e q u i l i b r i u m  w i t h  t h e  daugh te r s  o f '  t h e  2 3 2 ~  i t  c o n t a i n s  would r e s u l t  i n  abou t  
a  100 t o  1000 R . r a d i a t i o n . f i e l d  i t  one f o o t  d i s t a n c e .  . . 



Fi . 4.17. Reprocessing Scheme 10 - Level 1 Functional Flow 3iagram: Reprocessing 
(2 33LJ, " 5U, 2 3 8 ~ 1 ) 0 ~ - ~ ~ 0 ~ - ~ h 0 2  and 23 3 ~ 0 ~ - l ? u 0 ~ - ~ 0 2  Fuel by the Modified Thorex Process. 
Partition of uranium, plutcnim, and thorium. 
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Table 4.16. ~ n a l ~ s i s  for' ~&rocessin~ Scheme 10 for <15%-Enriched 3 3 ~  + 2 3  'U 
. . 

. . 
Feed: ' 3 3 , 2 3 5 , 2 3 8  U02 (N03) z-Pu(N03) 4-Th(NO.3) I, P r o d u c t s :  ( 1 )  ' 3 3 r  3 5 r  3 . 8 ~ ~ 2  (<15% ' 3 9  

(<15% ~ 3 3 , 2 3 5 ~ )  
U) 

(2 )  Pu02 
( 3 )  Tho2 

P r 3 c e s s  S t e p  and Development M a t e r i a l  M a t e r i a l  R a d i a t i o n  
C o n v e r t i b i l i t y  

O p e r a t i o n  Needed Loca t  i o n  D e s c r i p t i o n  Hazard 

D i s s o l u t i o n  and 
f e e d  a d j u s t m e n t  

Cold 
e n g i n e e r i n g  

Hot c e l l  

Hot c e l l  

High 

Low 

Disso lved  f u e l  c 
m a t e r i a l  -. 

L I O ~ ( N O ~ ) ~ , P U ( N O ~ ) ~  , d  (Pu) . '  

and Th(NO3l4 
s o l u t i o n s  

S e p a r a t i o n s  p r o c e s s  P r o t o t y p e  

Cranium p r o d u c t  
c o n v e r s i o n  

Hot 
e n g i n e e r i n g  

S h i e l d e d  . a lpha  
f a c i l i t y  

Medium 

Low 

~ e d i u r r !  

Low 

Medium 

Cold 
e n g i n e e r i n g  

F lu ton ium p r o d u c t  
c o n v e r s i o n  

S h i e l d e d  a l p h a  
f a c i l i t y  

Thorium p r o d u c t  
s t o r a g e  

S h i e l d e d  t a n k  Th(N03)4 N o n f i s s i o n a b l e  

3 o r i c m  p r o d u c t  
c o n v e r s i o n  

Developed Semiremote 
f a c i l i t y  

Tho2 N o n f i s s i o n a b l e  

Of f -gzs  t r e a t m e n t  Hot 
e n g i n e e r i n g  

Remote 
f a c i l i t y  

R a d i o a c t i v e  N o n f i s s i o n a b l e  
g a s e s  

8 G a s s t o r a g e  Hot Remote R a d i o a c t i v e  N o n f i s s i o n a b l e  Medium 

e n g i n e e r i n g  f a c i l i t y  g a s e s  

9 Reworkand  r e c y c l e  Hot Remote R a d i o a c t i v e  c  t o  d  Medium , 

e n g i n e e r i n g  f a c i l i t y  l i q u i d  . t o  Low 

10 Waste  t r e a t m e n t  . Cold Remote R a d i o a c t i v e  ' c  t o  d  High t o  
e n g i n e e r i n g  f a c i l i t y  l i q u i d  medium 

11 Waste s t o r a g e  . Hot Remote . R a d i o a c t i v e  c  t o  d  High 
. e n g i n e e r i n g  f a c i l i t y  l i q u i d ,  

*A 1 0  kg b a t c h  o f  2 3 3 ~  i n  e q u i l i b r i u m  w i t h  t h e  d a u g h t e r  o f  t h e  2 3 2 ~ ' i t  c o n t a i n s  would r e s u l t  i n  a  100  t o  
11300 R  r a d i a t i o n  f i e l d  a t  one  f o o t  d i s t a n c e .  



Table 4 .17 ,  A n a l p i s  f o r  R ~ p r o c e s s i n g  Scheme 10 l o r  >IS:{-Znriched 3~ + 3 5 ~  

2 3 3 , 2 3 5 , 2 3 8 U 0 2 ,  (>.15% 2 3 3 , 2 3 5  P r c d u c t s :  U) 
( 2 )  PuO2 
( 3 )  Tho2 

P r o c e s s  Sccp nr:l 
3 p e r a t i o n  

Devel .opment  Ma t e r h l  ~ l n  t c - i i a l  K a d  i ; ~ t  . ion 
C o n v e r t i b i l i t y  

Needed  1,oca t -inn D e s c r i p t i o n  ll:~z;ircl 
- - - . - .- - . - . - - -- - -. - - - - - - - 

1. D i s s o l u t i o n  a n d  C o l d  . Hos ce l l  . D i s s c l i r e d '  f u e l  c II i.gh 
f e e d  a d j u s  t n e n t  m a t e r i a l  

2 S e p n r a  t i c n s  ? r o c e ; s  P r o t o t y p e  Hc,t c e l i  U02 ( m 3 )  2, Pu (NO 3 )  I, d  I,ow 

T h ( M I 3 l 4  s c l u t l n n s  

7 U r a n i u m  F T O ~ J C ~  H o t  S t i e i d e d  a l p h a  U 0 2  
c o n v e r s i o n  e n g i n e e r i n g  E a c i l i t y  

4  P l u t o n i u a  p r 2 d u c  t 
c o n v e r s i o n  

5  T h o r i u m  6 r o d u c  t 
s t o r a g e  

6 T h o r i u m  p r o d u c t  
c o n v e r s i : l n  

7 Of f - g a s  t a e a  r m e n t  

8 G a s  s t o r a g e  

C o l d  S h i e l d e d  a l ~ h a  P u 0 2  
e n g i n e e r i n : ?  f a c i l i t y  

' j  ;. Mcd i um 

[#eve  l o p e d  S h i e l j e c  t 3 r k  Th(M03)4 N o n f i s s i o n n b l c  Msd ium 
s o l m i o n  

[ l e v e l o p e d  S e m i r  ? m e t e -  Tho2: 
f a c i l i t y  

E o t  Remo t 2 R a d i o 3 c  t i v e  Nonf i s s  i o n a b l e  Nticl itim 
e n g i n e e r i n g  f a c i l i t y  g a s e s  

E o t  Remo t 2 R a d i ~ 3 c t i v e  
e n g i n e e r i n g  . f a c i l i t y  g a s s s  

N o n f i s s  i o n a b l e  Mcd ium 

9 Rework  ani r e c y c l e  Hot Remo t 2 R a d i ~ 3 c  t i v e  c  t o  d  Med i u m  
, e n g i n e e r i n g  f a c i l i t y  l i q u i d  t o  l o w  

1 0  Waste t r e z t m e n t .  C o l d  Remo ta R a d i o . 3 ~  t i v e  c  t o  d  H i g h  t o  
e n g i n e e r i n g  , f z c i l i t y  l i q ~ i d ,  , medium 

11 Waste s t o r a g e  Hut R e m o t e  R a d i ~ x t i v e  c H i g h  ' 

e n g i n e e r i n g  f a c i l i t y  l i q u i d  . . 
-- . . 

. *A 10 k g  b a t c h  o f  ' 3 3 ~  i n  e q u i l i b r i u m  w i t h  t h e  d a u g h t e r s  o f  t h e  2 3 2 ~  i t  c o n t a i n s  w o u l d  r e s u l t  i n  a 1 0 0  t o  
,1.000 R  r a d i a t i o 7  f = e l d  2.t o n e  . f o o t  d i s t a n c e .  
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Fi 4 18. Reprocessing Scheme -11 - Level 1 Functional Flow Diagram: Reprocessing 
(2 'u, '"U: . 2  38~)02-~~02-Th02 Fuel or 2 3  3 ~ 0 2 - ~ ~ q 2 - ~ h 0 2  Fuel by the Modified Thorex Process. 
Partition of uranium and thorium. , .Plutonium stowaway with f ission~'product~. 



.Table 4.18. Analysis for Reprocessing Szheme 11 ' f  r <15Z-Enriched 3~ + 'U 

Feed: ' 2 3 3 ~ 2 3 5 ~ 2 3 8 1 i ~ ~ ( ~ 0 3 ) 2 - ~ ~ ~ ( ~ ~ 3 ) 4 - ~ h ( ~ ~ ~ 3 ) k  P r o d u c t s : '  (1) . 2 3 3 i 2 . 3 5 , 2 3 8 ~ ~ r  .(:15% 2 3 3 , 2 3 5  u)  
s o l u t i c . ~  (:15% 2 3  P 2 3 5  U! ' (2) Tho2 

Plutonium remai'ns in t h e  aqueols  phase wi th  t h e  f i s s i o n  produc ts  

P r x e s s  S t e p  a o d  Development H a t e r i a l  Elater i3l  Radiat ion 
Ops-ratio2 Needed Locat ion . Descr ip t ion  C o l v e r t i b i l i t y  Hazard 

D i s s o l u t i o n  a2d 
feed adf ustmznt 

Separa t i 2 n s  p rocess  

-- 
Uranium :onversion 

Thorium 2rocuc t  
s t o r a g e  

Thcrium product 
ccnvers ion  

Off -gas z r  ea tment 

'Gas s t o r a g e  

Rework an.d r e c y c l e  

Cold Hot c e l l  
eng ineer ing  

F r o t c t y p e  Hot c e l l  

Hot Shielded a l ~ h . 3  
e n g i n e e r i n g  f a c i l i t y  

Developed Shieldzd t a r k  

Developed Semiremo t e  
f a ~ i l i t y  

kt Rem3 t e  
eng ineer ing  f a c i l i t y  

, H 3  t Bemo t e  
zng.ineering f a c i l i t y  

Hat Remote 
zng ineer ing  f a c i l L t y  

Dissolvzd f u e l  c High 
m a t e r i 3 l  

U02 (NO3' 2  and a  * 
Th(N0314 s o l u t  i z n s  

Medium 

Th(N03j, ~ o n f  i s s i o n a b l e  Medium 
s o l u t i o n .  

Tho* . Nonf i s s i o n a b l e  Low 

Radioac t ive  N o n f i s s i ~ n a b l e  Medium 
gases 

Radioac r i v e  Nonf i s s i .>nable  Medium 
gases  

Radioact ive c  t o  d  Medium 
l i q u i d  t o  low 

9 .Waste t r e s t w n t  Cold . Kemote Radioact ive c t o  d  (Pu) High t o  
, . " engineer ing  f a c i l i t y  l i q u i d  low 

. I 

10 Waste s t c  ragz Hot Iiemo t e  Radioac t ive  
eng ineer ing  f a c i l i t y  l i q u i d  

c High 

*With r e l ~ z i v z l y  s imple  chan.ges i n  the separations prclcess f lowsheet  the.plutonium could be recovered .  



Table 4.19. Analysis fpr ~ e ~ r o c e s s i n ~  scheme 11 for >15%-Enriched 2 3 3 ~  + 2 3 5 ~  

~ ~ ~ d :  233,235;?3eu0 ~ ( N o ~ ) ~ - P u ( N o ~ ) ~ - T ~ ( N o ~ ) ~  Produc t s :  ( 1 )  2 3 3 9 2 3 ' 5 * 2 3 e ~ ~ 2  (>'15% 2 3 3 9 2 3 5  
LJ > 

s o l u t i o n  (>15% 9 U 1 (2 )  Tho2 
Plutonium remains  i n  t h e  aqueous  phase  w i t h  t h e  f i s s i o n  p r o d u c t s  

. . . . 

P r o c e s s  S t e p  and 
Opera t iori 

Development. M a t e r i a l  
Iieeded ~ o c a t i o n  

M a t e r i a l  R a d i a t i o n  C o n v e r t i b i l i t y  
D e s c r i p t i o n  Hazard 

1 D i s s o l u t i o n  and Cold ' Hot c e l l  Di s so lved  f u e l  F: . High 
f e e d  ad j . 3 ~  tment e n g i n e e r i n g  m a t e r i a l  

2  S e p a r a t i o n s  p r o c e s s  P r o t o  t y p e  Hot c e l l  U02 (NO3) 2  and d* Med ium 
Th (N03)4 s o l u t i o n s  

3  Uranium c o n v e r s i o n  . H i t ,  Sh ie lded  a l p h a  U02 d  t Medium 
e n g i n e e r i n g  f a c i l i t y  

4  . Thorium p r o d u c t  Developed Sh ie lded  t a n k  ' Th(N03)h , ~ o n f  i s s i o n a b l e '  Medium 
s t o r a g e  

. . 
. . 

5 .  Thorium p r o d u c t  Developed . Semiremote Tho2 N o n f i s s i o n a b l e  Low 
c o n v e r s i o n  f a c i l i t y  

6 Off-gas.  t r e a t m e n t  Hot Remote R a d i o a c t i v e  Nonf i s s i o n a b l e  Medium 
. . 

e n g i n e e r i n g  f a c i l i t y  g a s e s  

' 7 Gas s t o r a g e  Hot Remote R a d i o a c t i v e  N o n f i s s i o n a b l e  Medium 
e n g i n e e r i n g  : f a c i l i t y  

. . 
g a s e s  

8 Rework ar.d r e c y c l e  Hot .- . . Remote R a d i o a c t i v e  c  t o  d Medium 
e n g i n e e r i n g  f a c i l i t y  l i q u i d  t o  low 

.9 ~ a ' s  t e  t r e a t m e n t  Cold Remote R a d i o a c t i v e  c  t o  d  (Pu) High t o  
. . 

e n g i n e e r i n g  f a c i l i t y  l i q u i d  low . . 
. . 

1 0  w a s t e  s t o r a g e  Ho.t Remote R a d i o a c t i v e  

. . e n g i n e e r i n g  , f a c i l i t y  l i q u i d  

. . . . 
c High 

*With r e l ~ t i v e l y  s i m p l e  changes  i n  t h e  s e p a r a t i o n s  p r o c e s s  f l o w s h e e t  t h e  p lu ton ium c o u l d  b e  r e c o v e r e d .  
. . 

t A  1 0  kg b a t c h  of 2 3 3 ~  i n  e q u i l i b r i u m  w i t h  t h e  d a u g h t e r s  o f  t h e  2 3 2 ~ .  i t  c o n t a i n s  would r e s u l t  i n  a  100. t o  
1000 .R r a d i a t i o n  f i e l d  a t  one f o o t  d i s t a n c e .  

. . 
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Fig. 4.19. 3eprocesshng Scheme 82 - Level 1 Functional Flow Diagram: Reprocessing 
(23lU, 2 3 5 u  238 , UI02-P~~I2-rh02 Fuel or 23 3~02-P~az-~h02 h e 1  by the Modified Thorex Process. 
Costripping oaf Uranium and Thorium. Plutonium stowaway aith fission procucts. 



. . 

Table 4.20. Analysis for Reprocessing scheme 12 ' for <15%-Enriched 3~ + 2 3  'U . ' 

Feed: 233,235,238~0 2(N03) 2-Pu(N03) s-Th(N03)s solution Product: (1) 2 3 3  y 235*238~02-~h02 (<15% 233,235 U) 
233,235u) .: Plutonium remains with fission products in aqueous waste 

Process Step and Development Material Material Convertibility . Radiation 
Operation, Needed Locat ion Description . . . Hazard 

1 Dissolution and Cole c High. Hot cell Dissolved fuel 
feed ad j us tnent engineeri'ng material 

2 Separations process Prototype Hot cell 

3 Product conversion Hot Shielded alpha 
engineering facility ' 

4 Of £-gas trea rment Hot Remote 
engineering facility 

5 Gas storage Hot Remote 
engineering facility 

~0~ (~03) 2-Th (NO3) a;* Med j.um 
solution 

U02-Tho2 a Med i um 

Radcaoctive Nonfissionable Medium 
gases 

Kad ioac t ive Nonf issionable Medium. 
gases 

6 Rework and recycle Hot Remote Radioactive c to d (Pu) ~edi'um 
.engineering facility liquid to low ,. 

7 ' Waste treatment . Cold Remote ~adioac t ive c to d (Pu) High to 
medium engineering facility liquid 

8 Waste storage Hot Remote Radioactive C '  ~ i g h '  
engineering facility, liquid 

. . 

 he plutonium could be recovered with the uranium and, thorium . . by. use of relatively simple process changes. ' . 



. . 
Tab.le 4.21, Analy.;is for Reprocessing Scheme 12 for >Is%-Enriched 2 3 3 ~  + 2 3 5 ~  

Feed: 2 3 3 , 2 3 5 , 2 3 8  ~0~  ( ~ 0 ~ )  2 - ~ u ~ ~ 0 5 )  I , - T ~ ( N O ~ )  I, so1ut i :on F-roduct:  ' (1) 2 3  9 5 3 , 2  3 8 ~ @ 2 - ~ h 0 2  (>15% 

(>15% 2 3 3 , 2 3 5  
u > 

u)  . .  'Plutonium r e m a i n s - v i t h  f i s s i o n  p r o d u c t s  i n  aqueous was te  

P r o c e s s  S,t?p and Dz.velopment M a t e r i a l   lat ti rial R a d i a t i o n  , 
c o n v e r t i b i l i t y  O p e r ~ t i o n  Needed Locat  i o n  D e s c r i p t i o n  Hazard 

1 D i s s o l u t i o n  a--d Cold Hz~t c e l l  Di s so lved  f u e l  c 
f e e d  ad j u s  t m ~ n t  e n g i n e e r i n g  m a t e r i a l  

High 

2  S e ~ a r a  t i ~ n s  p r o c ~ s s  P r o t o t y p ?  H > t ' c e l l  U02(Nq3) 2-ThlK0z)4 'k Pled ium 
s o l u t i o n  

3 Prcducc conversi .3n Coid - - S_7ieTderl a l p h a  U 0 2 - M 2  
e n g i n e e r i n g  f a c i l i t y  

-3.r Medium 

4 . - Off -gas  t rea t r ren:  -7ot Remote R a d i c ~ c  t i v e  Nonf i s s i o n a b l e  Medium 
e n g i n e e r i n g  f a c i l i t y  g a s e s  

5  Gas s t o r a g e  Hot Rzmo t e  R a d i o a c t i v e  N o n f i s s i o n a b l e  Medium 
e n g i n e e ~ i n g  f a c i l i r t y  g a s e s  

6 R e ~ o r k  aqd recyc  he k t  Ramo t e  R a d i o a c t i v e  c  t c  d  (Pu) Medium 
e n g i n e e r i n g  f a c i l i t y  l i q u i d  t o  low 

7 Waste t r e a  tme3t Cold Rsmo t e  R a d i o a c t i v e  c  t o  d  (Pu) High t o  
e n g i n e e y i n g  E a c i l i t y  l i q u i d  medium 

. . 8 Wasre s t o r a g e ,  Hot Remote Radioax t i v e  c High 
e n g i n e e r i n g  f a c i l i r y  l i q d  

. . 

*The p lu ton ium ,:ocld b e  recovered  .wi th  t h e  uran:um axd thor ium by u s e  c f  r e l a t i v e l y  s i m p l e  p r c c e s s  c h a n ~ , e s .  

i A  1 0  kg b a t c h  o f  2 3 3 ~  i n  e q u ~ l i b r i u m  w i t h  t h e  d a u g h t e r s  o f  t h e  2 3 2 ~  i t  c m t a i n s  would r e s u l t  i n  a  100 t o  
1000 R r a d i a t i o n  f i ~ L d  a t  0r.e f o o t  d i s t a n c e .  
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T a b l e  $.,22. A n a l y s i s  f o r  Repr ,oces s ing  Scheme 1.3 f o r  ' <l52-Enr i ched  3~ + 'U 

Feed: ' 3 3 9  3 5 9 2  3 8 ~ ~ 2  ( ~ 0 . 3 )  z - P u ( N ~ ~ )  t,-Th(Ncjj)t+, s o l u t i o n  P roduc t :  (1)  2.3 s 2  5 9  2 3 E ' ~ 0 2 - ~ ~ ~ 2 - ~ h 0 2  (mixed ox ide )  
2 3 3 , 2 3 5  ' U) ('<I52 

Process  S t ep  and 3evelopment Ma't e r i a l  M a t e r i a l  Rad ia t i on  
C o n v e r t i b i l i t y  

Opera t ion  '. Needed Loca t ion  D e s c r i p t i o n  Hazard 

1 D i s s o l u t i o n  and Hot Hot c e l l  Dissolved f  wl. c High 
feed  ad jus tment  eng inee r ing  m a t e r i a l  

2  S e p a r a t i o n s  p r o c e s s  P ro to type  Hot c e l l  UO; (NO3) 2-Pu(K03) c  (Pu)* Medium 
a r d  Th(N03) ; mixed 
s c l u t  i o n  

3 Product  conve r s ion  Cold Shie lded  3 lpha  UO; -Pu02-Tho2 c  (Pu)* Medium 
eng inee r ing  f a c i l i t y  

4 Of f -gas  t r ea tmen t  Hot Remote Rad i o a c t i v , ?  ' . . Tlonfissionable Medium 
eng lnee r ing  f i c J l i t y  g ~ s e s .  

Gas s t o r a g e  

Rework and r ~ c y s l e  

Waste t r ea tmen t  

Wa.ste s t o r a g e  

Hot 
eng inee r ing  

HO c 
eng inee r ing  

Cold 
e n g i n e e r i n g  

Hot 
eng inee r ing  

Remo t  e  
f  acji l i t y  

Remote 
f a c i l i t y  

Remote 
f a c 5 l i t y  

Rmo te 
f a c i l i t y  

Rac i o a c t i v e  
gEses 

Radkioactive 
l i q u i d  

Radioac t  i - ~ e  
l i q u i d  

Rad ioac t ive  
l i lquid 

Wonf i s s i o n a b l e  Medium 

c  t o  d  (Pu) Medium 
t o  l o w  

. c  t o  d  (Pu) High t o  
medium 

c High 

*Th? plutonium c3uld  be  s e p a r a t e d  f r m .  t h e  o t h e r  =omponents 'by u s e  of r e l a t i v e l y  s imp le  p roces s  changes.  



Table 4 . 2 3 .  Analysis for ~ e p r o c e s s i ~ ~  scheme 13 for >l5%-Enriched 9 "U 
. . .  

. . 

Process s t & $  a d  
. . 

. Development Material . . Ma.t er ia 1 Radiation 
,. Operation Convertibility Nelded Locat ion Description Hazard 

. . 
1.  iss solution and Cold Hot cell., Dissolved fuel c High 

feed .adjustment enzineering material 

2 Separations process Pro totype Hot cell U02 (NO3) 2-Pu (NO3) 4- c (Pu) * Medium 
Th (NO3) mixed 
solutions 

3 
P 

Product conversion Cold Shielded alpha U02-Pu02-Tho2 c (Pu)* Med ium +' 
a .  

lajoratory . facility 

4 Off-gas treatment 

5 Gas storage 

6 Rework and recycle 

- 7 Waste treatment 

8 Waste storage 

Hot 
engineering 

Hot 
engineering. 

Hot 
engineering 

Cold 
engineering 

Hot 
engineering 

Remote 
.facility 

Remote 
facility 

Remote 
facility 

Remote . 
facility 

Remote 
facility 

Raddoac t ive 
gases 

Radioactive ' 
gases 

Radioactive 
liquid 

Radioactive 
liquid 

Radioactive 
liquid 

.Nonf issionable Medium 

Nonfissionable Medium 

c to d ' Medium 
. . 

to low 
. . 

c to d High to 
. . . . medium 

c - . High 

. . 
*The plutonium could be separated from the other components by use of relatively simple process changes. 



F i  4.21, Reprocessing Scheme l4 - -Level  1 Funct iona l  Flow,Diagram: Reprocessing 
. (2  'L' Y .  "?u, 2 5 e ~ ] 0 2 - ~ ~ ~ ; - ~ h 0 2  Fuel  and i 3 ~ 0 2 - ~ ~ 0 2 - ~ k . 0 2  F u e l  b y  the Modified Thorex Process .  ' ' 
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Cost r ipp ing  of plutonium and thorium; P a r t i t i o n  of uranium from p1utoniurr.-thorium mixture .  
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'Table' 4.24 .'.. Analysis for Reprocessing Scheme 14 for <15%-Enriched 3~ + 5~ . 

~ ~ ~ d :  233,235,238 U02 (NO3) 2-Pu(NC 3) b-Th(N03)1, solukion ' . Products:. (1) 2 3 3 9 2 3 5 9 2 3 8  U02 (<15% 2 3 3 * 2 3 5  u > 
(2) PuOz-Tho2 (mixed oxide) 

Process Step and Development Material Material ~adiat ion . 
. . Needed . 

Convertibility Operation Location Descfip t ion Hazard 

1 Dissolution and Cold Hot cell Dissolved.fuel c 
feed adj us tment engineering material 

High 

. . 
2 Separations proce'ss Prototype . Hot cell U02(~03)2 and C 

Pu(N0314-Th (NO314 
solutions 

Medium 

3 Uranium conversion cold Shielded alpha U02 
engineering facility 

a Medium 

Thorium-Plutonium 
product storage 

Hoz' 
engineering 

Shielded tank Pu(NO~)~-T~(NO~)~ C* = 

solution 

Pu02-Tho2 d 

Medium 

Medium 

Medium 

Medium 

Thorium-Plutonium 
product conversion 

Ho L 

engineering 
Semiremo te 
facility 

Ho z 
engineering 

Off-gas treatment 

Gas .storage 

Radioactive Nonfissionable 
gases , 

Remote 
facility 

Ho r 
engineering 

Remote 
facility 

Radioactive Nonf issionable 
gases 

Medium 
to low 

Rew0r.k and recycle Hot 
engineering 

Remote 
facility 

Radioactive c to d 
liquid 

High to . 

medium . 
Waste treatment Co Ld 

engineering 
Remote 
facility 

Radioactive c to d 
liquid 

10 Waste storage Hot Remote :Radioactive c High 
engineering . facility lcquid . . 

. . 

*The plutonium could be 'separated from the thorium by use of relatively simple process changes. 



. . 

Table 4.25.  Analysis for Reprocessing Scheme 14 f o r  >154-Znriched * 3~ + 2 3 5 ~  

~ ~ ~ h ;  : 2 3 3 9 2 3 5 9 ' 3 8 ~ 0 2 ( ~ 3 3 )  2-Pu(NO3;l I,-Th(E103) I, s o l u t i o n  P r o d u c t : '  '(1) 2 3 3 , i 3 5 , 2 3 8  UOz (>15% 2 3 3 9 2 3 5  Ll > 
( PuOz-Thoz (mixed o x i d e )  

P r o c e s s  S t e p  a d  Development M a t e r i a l  b l a t e r i a l  R a d i a t i o n  
C o n v e r t i b i l i t y .  

3 p e r a  t i o n  Needed L o c a t i o n  D e s c r i p t i o n  Hazard 
- 

1 D i s s o l u t i o n  a n d  Cold Hot c e l l  D i s s o l v e d  f u e l  c High 
f e e d  ad  j u s t n e n t  e n g i n e e r  ir.g m a t e r i a l  

2  S e p a r a  t i c n s  p r o c e s s  ? r o  t o  t y p e  Hot s e l l  UO? :NO3) 2-?u(b03)4-  c* . Medium 
Th:N03) 4   sol^ t i o n s  . 

3  Uranium c o n v e r s i o n  Cold  S h i c l d e d  a l p h a  U02 
e n g i n e e r i n g  f a c i l i t y  

d  t Medium 

4  Thorium-Plutonium Hot Shi .e lded t a n k  Pu(U03)4-Ti(NC3:lL , c * Pl2dium - .  
p r o d u c t  .3 t c r a g e  e n g i n e e r i n g  s o l u t i o n  

5 T h o r i u m - F l u t x i u m  Xot Semiremo te Pu0,-Tho2 - 
p r o d u c t  c o n v e r s i o n  l a b o r a t o r y  f a c i l i t y  

6 O f f  - g a s  t r e a t m e n t  Hot Remcte Radzoac t i v e  Ncnf i s s i o n a b l e  Medium 
e n g i n e e r i n g  f a c i l i t y  g a s e s  

7 Gas s t o r E g e  Hot Remote R a d L o a c t i v ?  N o n f i s s i o n a b l e  Medium 
' e n g i n e e r i n g  E a e i l i t y  g a s e s  

8 Rework ar.d = c y c l e  Rot  R.emc. t e  R a d r o a c t i v s  c  t o  d  Medium 
e n g i n e e r i n g  f a c i l i t y  l i q u i d  t o  low 

9 Waste t r ~ a  t m n t  Cold Remote ~ a d l d a c  t i v ?  . c to d High to 
e n g i n e e r i n g  f a c i l i t y  l i q u i d  medium 

1 0  Waste s t c r a g e  Hot .~emc.  t e  R a d P o a c t i v 2  ' c . High 
e n g i n e e r i n g  f a c i l i t y  l i q u i d  

*The p l u t o n i ~ m  c o u l d  tee s e p a r a t e d  f r o n  t h e  ~ h o r i u m  by  u s e  o f  r e l a t i v e l y  s i m p l e  p r o c e s s  c h a n g e s .  

d  Medium 

?A 10 kg h a t c h  of 2 3 3 ~ f  i n  e q u i l i b r i u m  w i t h   he 2 ' 2 ~  i t  c o n t a i n s  would r e s u l t .  i 2  a ,  1 0 0  t o  
100C R  r a d i a t i o n  f i e l d  a t  cane f o o t  d i s t a n c e .  
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. . Table 4;  26. Analys i s  of X e l  Refabz ica t ion  Wethod 1, 

Fluw Diagram 1 

Feed: 2 3 3 9 2 3 5 2 2 3 8 ~ ~ 2  Pm&r  
Pu02 Powder 
Tho2 Powder 

Prc~duct : (U,Pu9Th)02 P e l l e t s  
Welded i n t o  Fuel P ins  

Mate r i a l  F i s s i l e  
Process  Development Mate r i a l  Uranium Convert- Radia t ior :  Operat  i c n  Concen- 
'S t ep  Needed Location D e s c r i p t i o r  Enrichment t r a t 5 o n  a b i l i t y  Hazard 

1 Fuel  rec.aivin5 Cold .prototype 
s to rage  

Thoz powder 
. -  . 

U02 makeup 
2 P e l l e t  s i n t e r -  Hot l abora to ry  Hot c e l l  

i ng  

3 - Fuel  p i n  Cold engineer- Hot c e l l  Skntered 
assembly i n g  iU,Pu,Th)02 

p e l l e t s  

4 Element Cold engineer- Hot c e l l  and Wel3ed f u e l  
assembly img s h i p p h g  cask p i x  

. . 

LEU Low a Medium 
, High d Low 

Non- Low 
f i s s i o n a b l e  

a u  Medium a ( 2 3 3 ~ )  o r  Medium ( 2 3 ' ~ ~ )  
b ( 2 3 5 ~ )  o r  low 

(23 5 ~ )  

c Medium 

c Medium 

5 Scrap recover{ Hot l abora to ry  Hot c e l l  Mis:ellaneous d Low 
of E-spec 
naZer i a l  

6 of£-gas t r e a t -  Hot engineer- Hot c e l l  S i n t e r i n g  Non- Low 
ment inf3 furnace  f i d s  ionable  

ef Eluent 



Table'.i.27. Analysis of Fuel Refabrication.Method 2, . . 

Flow Diagrain 1 ' . . 

Feed: Mixed Oxides of Product: S in te red  P e l l e t s  of 
233,235,238u,pu, (U,Pu,Th)02 Welded 
and Th 

' . i n t o  ~ u e l  Pins  
. . 

Process Development Mate r i a l  Mate r i a l  . Uranium Fissile Cofivert- 
Concen- Radiation 

Step Operation . Needed Location Descr ipt ion Enrichment tration a b i l i t y  Hazard 

1 Fuel  receiving Cold prototype LEU Low c Medium 
s to rage  

U02 makeup Medium ( 2 3 3 ~ )  
2 P e l l e t  s i n t e r -  Hot laboratory  Hot c e l l  o r  Low 

i n g  (2 3%) 

3 Fuel  p i n  cold  eigirmer- ~ o t  c e l l  Sintered c Medium 
assembly ing (U,pu,Th~o2 

p e l l e t s  

4 . Element Cold engineer- Hot c e l l  and Welded f u e l  c Medium 
assembly ing sRipping cask p ins  

. . 
. . 

5 sc rap '  recovery ' Hot l abora to ry  Hot c e l l  .Miscellaneous c Medium 
of f-spec .. . 
m a t e r i a l  

6 Off-Gas Treat- Hot engineer- Hot c e l l  S in te r ing  Non- Low 
men= ing  ,furnace . f i s s i o n a b l e  

e f f l u e n t  . . 



Table 4.28. Analysis of Fuel Refabrication Melhod 3, 
Flow Diagram 1 

Product: (U,Pu,Th)02 S in te red  
P e l l e t s  Welded i n  Fuel  
P i n s  

Development M a t e r i a l  M a t e r i a l  U r z d u n  F i s s i l e  Convert- P rocess  Radiatior. O p e r a t i m  Conc'?n- 
Step  Needed Locatfon Desc r ip t ion  Enrichmext trathon a b i l i t y  Hazard 

1 Fuel j e c e i v i =  Cold prototype.  Shippirg  con- 
t a i n e r  .and 
hot  c e l l  I 

2 P e l l e t  d o t e r -  Hot l a b o r a t o r y  Hot c e l l  -. J 
i n g  . 

235,235,238 u% LEU LOW a Medium 

d Low Low I-' 

Medium a ( 2 3 3 ~ )  o r  Medium ( 2 3 3 ~ )  
h, :au m 

b ( 2 3 5 ~ )  ' o r  LOW 

( 2 3 5 ~ )  

' - 3  Fuel pin! " Cold engineer; Hot c e l l  . . (7 ,Pu , Th) 02 - Low . a Medium a .  

assembly i 3 3  39ntered 
> e l l e t s  

Element CoLd mginee r -  Hot c e l l  and Wslded f u e l  
assembly i x g  shipping cask  . ? h s  

Low a Medium 

. . 

5 Scrap r e c o - ~ e r y  Hot La'boratory Hot c e I l  HU.~cellaneous d (Pu,Th) Low 
~f f -spec 

' ns terial 

6 Off-gas t r e a t -  Hot ensineer-  Hot c e l l  S Lr-tering 
ment i n g  Ecrnace 

=f f l u e n t  

Non- Low 
f i s s i o n a b l e  



.. Feed: PuO2 Powder 
3 8 ~ 0 2  Powder . 

I 
. 'Process Development Mate r i a l  Mate r i a l  Uranium Fissile convert-  Radia t ion 

Step 
Operation Needed 

Concen- 
Location Descr ipt ion Enrichment tration a b i l i t y .  ~ g z a r d  

I 

Table 4.29. ' ~ n a l ~ s i s  of. Fuel Refabrication Method 4, 
Flow Diagram 1 

1 Fuel receiving Developed Powder sealed 
s to rage  

PuOg powder High d Low 

. 2  2 3 8 ~ ~ 2  powder. Low Low b Negl igible  P P e l l e t  s i n t e r -  Developed Glove box . . N 
i ng  .3 . , 

. . . . .  

3 ' Fuel p in  Develop,& Glove box (pu,u)o2 Low (LWR) d .  Low 
assembly p e l l e t s  , Medium 

(LMFBR) 

Product: (PJ, 2 3 8 ~ ) ~ 2  Pe+le t s  
Welded i n t o  Fuel Pins  

I . .. 

4 Element Developed Hands-on Welded f u e l  
assembly pins  

Low 1 
. . 

5 sc rap  recovery Developed ' Glove box Miscellaneous d 
of f-spec 
mate r i a l  

6 ,Of f-gas t r e a t - .  Developed S in te r ing  Kon- Low 
ment. furnace f i s s i o n a b l e  . . 

e f f l u e n t  . . 



Table 4.30. Anilysis  of Ftel Refabr3cation.Method 5, 
Plow Di~grarn  1 

Feed: 2 3 3 ~ ~ 2  Powder 
Thop Powder 

P r ~ d u c t :  (U,Th)02 P e l l e t s  
Welded i n t o  Fuel  P ins  

Development Mate r i a l  Materialt U r ~ r i i u n  convert-  Radia t ion 
Process opera t ion  Concen- 

Step Needed Location Desc r ip t ion  Enrichmext tration a b i l i t y  Hazard 

-. 
1 Fuel receBqring Cold prototype Shipping czsk 

s t o r a g e  and h c t  c e l l  3?J~2  powder H3U High d Medium 
Non- Lov 

2 Fuel p e l l e t  Cold engineer- Hot c e l l  f i s s i o n a b l e  
s i n t e r i n g  i n g  

Fuel  p i n  
assembly , 

Cold exgineer- Hot c e l l  (.J, Th) 02 
i n g  ? e l l e t s  

4 Element Cold engineer- Hot c e l l  ar.d Welded f u e l  
assembly ing  shipping cask ?iris 

5 Scrap recc..lery Hot l abora to ry  Hot c e l l  MLscellaneous 
o f f  -spec 
m a t e r i a l  

Low (LWR) c Medium 
Medium . 

(LWBR) 

c Medium 

d Medium 

6 Of f-gas t r e a t - '  Hot engineer- Hot c e l l  ' Sln te r ing  Non- Low 
ment i n g  : . :r urnace f i s s i o n a b l e  

e f f l u e n t  



Table 4.31. Analysis of Fuel Refabrication Method '6, . . 

Flow Diagram 1 

. . 
Feed:. . ( 2 3 3 ~ , ~ h j ~ 2  powder Product: ( 2 3 3 ~ , ~ h ) 0 2  P e l l e t s  

Welded i n t o  Fuel Pins  . . 

. . 

Deve1opmer.t Mate r i a l  Mate r i a l  Uranium Fissile convert-  Radia t ion 
opera t ion  Concen- Step . ' Needed Location Descr ipt ion Enrichment tration a b i l i t y .  . Hazard 

1 ~ u e l ' r e c e i v i n ~  Cold prototype 
s to rage  

2 P e l l e t  s i n t e r -  Cold engineer- Hot c e l l  f o r  makeup 
ing  i n g  

3 Fuel p in  Cold engineer- Hot c e l l  (U,Th)O2 
assembly ing  p e l l e t s  

4 Element Cold engineer- Hot. c e l l  and Welded fue l .  
assembly ing  shipping cask p ins  

5 Scrap recovery Cold laborator 'y Hot c e l l  Miscellaneous 
of f-spec 
m a t e r i a l  

HEU Low c 

MEU Medium a ( 2 3 3 ~ )  o r  
b ( 2 3 5 ~ )  

Low C 

Medium 

Medium ( 3 ~ )  
o r  Low 
(23511) 

Medium 

Medium 

Med i.um 

6 Off-gas t r e a t -  Hot engineer- , Hot c e l l  S in te r lng  Non- .Low 
men t i n g  .. furnace f i s s i o n a b l e  

e f f l u e n t  



Table 4.32.  Analy.sis >f Fuel  Re fab r i ca t ion  Method 7 ,  
Flo-;J Diagram 1 

Feed: (2359 2 3 8 ~ , ~ u ) ~ 1  
Powder 

Product:  (U,Pu)02 p e l l e t s  
Welded i n t o  Fue l  P ins  

F i s s i l e  
Development Material M a t e r i a l  Concen- Convert- Process  Rad ia t ion  

Opera tio:. 
S tep  Needed Locat ion Desc r ip t ion  Enrichnemt tratlon a b i l i t y  Hazard 

1. Fuel  r e c a i v i n s  Developed 
1-  LEU Low d Low 

. . s t o r a g e  J.II LULW owde r- 
MFiU Medi.lm 

P e l l e t  s i n t e r -  - Developed Glove I-- 
b 

2 
Low 

-a I I f o r  makzup 

Fuel  p i n  Developed Glove box 
assembly 

(U, Pu? 02 
p e l l e t s  

Low 

4 Element Developed Contact  Welded P ~ e l  
assembly f a c i l i t y  p i n s  

d Low 

d Low 

5 Scrap r e c a v e r : ~  . Developed Glove box Miscellaneous d Low 
. off-spe: 

. . materiall . 

6 Of f-gas ",reat-- Developed Glove box S i n t e r i n g  Non- Low 
ment furnace  f i s s i o n a b l e  

e f f l u e n t  



, . 
Table 4.33. Analysis of Fuel Refabricat5on Method 8'; . . 

Flow Diagram 1 
. . 

Feed: 23 3 9 2 3 E 9  238~02 Powder - . . . Product: U02 Pellets Welded . 
= into Fuel Pins 

. . 

Developmznt Haterial Material . . Uranium Fissile . Con"&rt- Operation 
Radiation 

Description Enrichment Concen- 
Step Needed Location ability Hazard 

. tration 

1 I I Fuel receiving Cold prototype Shipping cask 
LEU storage and hot cell U02 powder Low a Medium 

U02 makeup MEU Medium a'(233~) or Medium (233~) , 

2 b: (235~) or low w Pellet sinter- Cold engineer- not cell. . 
(235~) . I - ' .  

ing ing 

3 - Fuel pin Cold engineer- Hot. cell Sintered U02 LEU ' Low a Me,dium 
assembly ing pellets 

4 Element Cold engineer- Hot cell and welded fuel 
asslmbly ing , - shipping cask pins 

5 Scra? recovery Cold engineer-..Hot cell Miscellaneous 
ing of f-spec 

material 

a Medium 

a or b Medium or low 

6 Off-gas treat- Hot engineer- . Hct cell ' ' Sintering Non- Low 
men t ing furnace . . fissionable . . 

. .effluent ., . 

. . .  . . . . .  
. . 



Table 4.34. Analysis of Fuel Refabsication G t h o d  9, 
Diagram 1 

Feed: Pu02 Powder . . 
Tho2 Powder 

Product: (Pu,Th)02 P e l l e t s  
Welded i n t o  Fuel 
Pins. 

F i s s i l e  
Process  ~ e v e i o ~ m e n t  Mate r i a l  Mate r i a l  Uranium Convert- ~ a d i a ' t i c n  Operagisn Concen- 

Step Needed Locat ion Pescr ip . t ian  E n r t c b e n  t t r a t i o n  a b i l i t y  Hazard 

1 Fuel  r ece iv ing  Developed Powder sea led  
s to rage  

Th32 powder 
2 P e l l e t  s i n t e r -  Hot Laboratory Glove box 

i n g  

3 Fuel p in  ' . 
assembly 

4 Element 
assembly 

Developed Glove box ' ( f i , ~ h ) 0 2  
p l l e t s  ' , 

Developed Contact Wdded f u e l  
f a c i l i t y  p ins  

5 Scrap Hot l abora to ry  Glove box Miscellaneons 
recovery aff -spsc  

m t e r i . a l  - 

6 Off-gas tyea  t- Developec 
men t 

Glove box . - S h t e r i n g  
furnace 
e f f l u e n t  

High d Low P 
W ' 

Non- Low N 

f i s s i o n a b l e  

Low d 

Low d 

Low 

Low 

d Low 

Non- 
f i s s i o n a b l e  

Low 



. . . . 

Table 4.35. Analysis of Fuel ~efabrication' ~ e t h o d  . l o ,  
Flow Diagram, 1 

Feed: (Pu, Th)02 .Powder . Product : (Pu,Th) 02 P e l l e t s  
Welded i n t o  Fuel 
Pins  

Development Mate r i a l  Mate r i a l  Uranium ' i s s i l e  Convert- 
Process  Radia t ion 

Opera t i o n  Concen- 
Step Needed Location Descr ipt ion Enrichment tration a b i l i t y  Hazard 

Fuel  ' receiving Developed Powder sealed) [ 
s t o r a g e  (Pu, Th) O2 powder 

PuOp makeup 
P e l l e t  s i n t e r -  Hot laboratory  Glove box 

. .  . 
i n g  

Fuel p i n  , Developed Glove box (Pu,Th)oq 
assembly - p e l l e t s  

Element Developed Contact Welded f u e l  
assembly f a c i l i t y  p i n s  

' ~ c r a p . r e c o v e r y  Hot l a b o r ~ t o r y  Glove box Miscellaneous 
of f-spec 
mate r i a l  

Low . d 
High d 

Low d 

Low d 

Low 
Low 

Low 

Low 

Low 

Non- Low 6 off-,gas t r e a t -  Developed. . Glove box . Sfn te r ing  
furnace f i s s i b n a b l e  men t . 
e f f l u e n t  



Table 4.36. Analysis 3f Fuel Refabrication Method 11, 
Ploy Diagram 1 . . 

Feed: 233,  2 3 5 s 2 3 8 ~ ~ 2  Powder Product: (U,Th)02 P e l l e t s  Welded 
Tho2 Powder i n t o  Fuel Pins  

F i s s i l e  
DeveLopnent Mate r i a l  Mate r i a l  Uraniun Convert- Radia t ion 

Process Operation Concrn- 
Needed Location Descrip t i o r  Enrichment a b i l i t y  Hazard S tep  t r a t i o n  

\ 

1 Fuel  r ece iv ing  Cold prototype Shipplng cask 
s to rage  and h c t  c e l l  1 

2 Fue l  p e l l e t  Cold engineer- Hot s e l l  
s i n t e r f n g  i n g  J 

L3U Low a Medium 
Non- Low 

f i s s i o n a b l e  
MEU Medium a ( 2 3 3 ~ )  o r  Medium ( 2 3 5 ~ )  

b ( 2 3 5 ~ )  
P 

o r  law w 
(2 SU) 

C 

3 Fuel  p i n  Cold engineer- Hot =ell S in te red  MU Low . . a Medium . , 

(U,Th)Og . assembly . i ng  
p e l l e t s  

4 . Element Cold tngi1eer- Hot c e l l  and kelded f u e l  
assembly ing  shipping cask p ins  

S c r a p . r e c ~ v e r y  Cold laboratory  Hot cell Miscellaneous 
oEf-spec 
m t e r i a l  

6 Off-gas, t r e a r -  Hot engineer- Hot c e l l  S in te r ing  
ment i n g  furnace 

e f f l u e n t  

a Medium 

a o r  b Medium o r  low 

Non- Low 
f i s s i o n a b l e  . 



. . 

. . 
Table 4.37. Analysis of Fuel Refabrication Method 12, 

.Flow Diagram 1 ' , . . 

Feed: (23332353238~9m)~2 Powder Product: (U,Th)02 Pellets 
Welded into Fuel Pins 

Process Development Material Material Uranium Fissile convert- . Radiation Opera tfon Concen- 
Step Neede? Location Description Enrichment tration ability Hazard 

1 Fuel receiving Cold prototype LEU Low a Medium 
storage 

U02 makeup MEU Medium . a (23 3 ~ )  or Medium or low 
2 Pellet slnter- Cold engineer- Hot cell b - (23 5 ~ )  w 

V, 
ing irig 

'. . 

3 Fuel pin ' Cold engineer- Hot cell Sintered .LEU Low . . a Medium 
assembly ing (U,Th)02 , 

pellets 

4 Element Cold engineer- Hot cell and Welded fuel 
assembly ing shipping cask pins 

'5 Scrap recovery ' Cold laboratory Hot cell Miscellaneous 
. . of f-spec 

material 

a Medium . 

a or b Medium or low 

. . 
6 Of f-gas treat- ~ o t  engineer- Hot cell Sintering . ' , Non- ' L w  

men t ing furnace fissionable 
effluent 



.Table 4 . 3 8 .  Ar:alysis of F-lel Refabrication M=thod I.3, 
F l w  Diagram 1 

Feed: 2 3 3 ~ ~ 2  Bowder 
3 8 ~ 0 2  Powder 

Product: U02 P e l l e t s  Welded 
i n t o  Fuel P ins  

Development Material Mate r i a l  Uran~um Fissile convert-  ope ra t ion  Concen- 
Radia t ion 

Step Needed Location Descr ipt ion Enrizhnent a b i l i t y  Hazard t r a t i o n  

1 Fuel  r e c e i v i r @  Cole prc toty?e Shipping cask 
s t o r a g e  and hot  c e l l  2 5 3 ~ ~ 2  powder EEU- High d Yedium 

2 3 8 ~ ~ 2  powder 1 I LEU Lov b Low P 
2 Fuel pe lLe t  Coll! engineer- Hot c e l l  W 

rn 
s i n t e r i n g  i n 6  

3 Fuel p in  Cold engineer- Hor c e l l  L-O2 p e l l e t s  LEE Low (,LWR) a Medium 
" ' , .  assembly . i n g  Medium 

CLMFBR) 

4 Element 3016 engineer- Hot c e l l  and Velded fue l .  
asserbLy ing s l i p p i n g  cask p i n s  

5 Scrap reco\;err Hot l a b o r a t c r y  Hot c e l l  Ni sce l l anems  
o f f  -spec 
m a t e r i a l  

6 O f f - g ~ s  .trea:- Hot engineer- Hot cell S i n t e r i n g  . . 
ment i n 2  furnace 

e f f l u e n t  

a Yedium 

d Medium 

Non- Low 
f i s s i u n a b l e  
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Tayzle 4.39. Ar:alysis of F ~ e l  F a b r i c a t i o n  Yetnod 1 4 ,  
F l c w  Diagram 2 

Feed : Product: Coated (U,Pu)02 Fuel 
P a r t i c l e s  Within a 
Graphite Fuel Element 

- Mater ia l  F i s s i l e  Process  Development M a t d a l  Ur.3nicm Convert- Concen- Radiation'  Opera t i a n  
Step N e ~ d e d  Location k s c r i p t i o n  Enr izhm~nt  a b i l i t y  Hazard t r a t  ion  

1 Fuel r ece iv ing  Hot er.gimer- Glove box 
s to rage  ' Lng 1 

2 Fuel ke rne l  Hot engineer- Glove -lox 
f a b r i c a t i o n  Ing I 

3 Fuel pa r t2c le  Bgt engineer- . Glove .>ox 
coa t ing ,  i n g  ., 

4 Fuel rod Cold prototype Glove box 
fabr ica t ion .  

5 Fuel e lenent  C ~ l d  prototype Glove box 
assembly 

Fru :NO3) 1, 
so lu t ion  

LO2 (NO3 ) 2 L E J  
s o l u t i o n  

tU.Pu)02 f u e l  L3BU 
kernels ,  

Coated f u e l  
p a r t i c l e s  

P i t ch  bonded 
f u e l  rods 

High 

Low 

Medium 

Low 

Low 

Low 

Low 

Low 

6 scrap-  recovecy Hjt engineer- Glove box Uiscellaneous , . d Low 
ing  off-spec 

umter ia l  

7 Of f-gas t r e a t -  Developed Glove Box Radioactive 
men t gases 

Non- LOW 
f i s s ionab le  



Table  4.40. - ~ n a l ~ s i s  of F u e l  F a b r i c a t i o n  Method 15,  
. . Flow ~ i a ~ r a r n  2 

Feed: ( 2 3 3 ~ 0 ; ) ( ~ 0 3 ) 2  . . .  . . Product: Coated U02 Fuel. 
P a r t i c l e s  Within a 
Graphi te  Fuel 'Element 

. . 
Development Mate r i a l   ater rial Uranium. Fissile. convert- Radiation 

Process opera t ion  ~ o n c e n -  
Step 'Needed Location Descr ipt ion Enrichment a b i l i t y  Hazard t r a t i o n  

1 Fuel r ece iv ing  Cold prototype Hot c e l l  
s t o r a g e  and hot 

engineering (23 3 ~ ~ 2 )  (NO3) 2 HEU Hf gh d Medium 

( 2 3 8 ~ ~ 2 ) ( N o 3 ) 2  LEU LOW b Low 
2 Fus l  ke rne l  Cold prc totype 

f a b r i c a t i o n  and hot  
engineering 

. . 

3 Fuel  p a r t i c l e  Cold prototype Hot c e l l  UC2 micro- MEU Medium a Medium 

coat ing spheres 

4 Fuel rod Cold prototype.  ~ o t  c e l l  Coated micro- a ' Medium 

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

5 Fuel element Cold prototype, Hot c e l l  Pitch-blended 
assembiy . f u e l  rods  

Scrap recovery: Hot. l abora to ry  Hot c e l l  Miscellaneous .; , 

. . of f-spec 
. . m a t e r i a l  

7 . Off-gas t r e a t -  Hot engineer- ~ o t  c e l l  Radioactive 
men t i n g  : .gases 

Medium 

d Medium 

ion- LOW 

f i s s i o n a b l e  



Table 4 . 4 1 .  Analysis of Fuel F~bricstion Method 16, 
Flow Dhgram 2 

. . 

Feed: Nixed Soluti ,ons of Th and 
2 3 3 ~  n i t r a t e  

Product: Coated (U,Th)02 Fuel  
P a r t i c l e s  Within a 
Graphite Fuel  Element 

Process  Developnent Mate r i a l  Operation ; Step Needed Location 

Mats-rial Fi3si1e convert-  , co =en- 
Radia t ion 

3escrLption Enrlchuent a b i l i t y  Hazard t r x i o n  

. Fuel  r e c a v f n g  Cold prototype Hot c e l l  i 1 
s t o r a g e  HEW Mdium c Medium 

2 Fuel k e r z e l  Cold l a b ~ r a t c r y  Hot c e l l  
f a b r i c a t i o n  

I 

: , 3  Fuel : p a r t i c l e  Cold prototype Hot c a l l  (-J,Th)02 f u d  HEU M~.dium c Medium 
. . coa t ing  microspheres 

4 Fuel rod Cold p rc to type  Hot cell C ~ a t e d  f u e l  
f a b r i c a t i o n  . p a r t i - l e s  

5 Fuel element Cole prcntoty?e Hot c e l l  . P i t c h  bonded 
a s  senb.1.j f u e l  rods  

6 Scrap recovery Xot laboratory  Ho: c e l l  P : i s c e l l a n e r ~ s  
of f-spec 
m a t e r i a l  . 

7 Of f-gas t r e a t -  . Hot engineer- Hot c e l l  Eadioact iv& 
ment ing gases . - 

c Medium 

c Medium 

c Medium 

Non- Low 
. f i s s i o n a b l e  



~ a b l b  4 . 4 2 .  Analysis of Fuel Fabrication Method 17., 
Flow Diagram 2  

. . 

Feed: Mixed N i t r a t e  Solutions.  of Product:' Coated (U,Pu)02 Micro- 
235,23eU ,d pu. spheres Within a 

Graphite Fuel Element 

Process Developuent. , Mater ia l  Mate r ia l  - Uranium Fissile' convert- Radiation Operation Descr ipt ion Enrichment Concen- 
Step Needed Location a b i l i t y  Hazard t r a t i o n  

1 Fuel receiving Developed 
s to rage  (U02) (N03) 2 - MEU Medium d Low 

Pu(N03)4 . 
-2 Fuel ke rne l  Hot laboratory Glove box s o l u t i o n  

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

3' Fuel p a r t i c l e  Hot engineer- Glove box (u,pu)o .' MEU Medium . d Low 
coat ing ing  microspheres . . . . 

4 ' Fuel rod Cold prototype m love box - . 
f a b r i c a t i o n  

Fuel element Cold prototype Glove box - 
assembly 

Sc'rap recovery Hot engineer- . Glove box 
ing  

Coated micro- 
spheres 

P i t ch  bonded 
f u e l  rods 

Miscellaneous 
of £-spec 
mate r ia l  

d, Low 

7 Of f-gas t r e a t -  .Developed G.love box Radioactive Non- Low 
men t gases f i s s i o n a b l e  



T a k * l e  4.43.  Analysis of F u e l  Fsbrication Nethod 18, 
F l o w  D i a g r a m  2 

Feed: Pu(UO3)t, Solut ion '  Product: Coated Pu02 Microspheres 
Combined with Coated ThOp 
blicrospheres i n  a Graphite 
Fuel Element 

M a t e r i a l  Uranium F i s s i l e  Conver t -  
D e v ~ l o p e n t  kkterid R a l i a t i o n  

Operation Concen- 
Needed Location Descr ipt ion Enrichnent tratio2 a b i l i t y  Hazard Step 

1 Fuel receivl% Developed 
storage. H i  sh 

:solut ion 
2 Fuel ke rxe l  Yot labcrato-y Glove box 

f a b r i c a t i m  

3 Fuel p a r t i c l e  Hot engineer- Glo-~e box Pu02 ~ i c r o -  , High 
coat ing spheres 

4 Fuel rod 'Cold p r o t o t y i e  G h s  box Coatec Pu02 
f ab r icz t ion  .microsphenes 

5 Fuel ekment  Col t  p n t o t g p e  Glav,? box ? i t c h  bonded 
assembly f u e l  rods  

6 '  Scrap r e c w e r y  Hot l a t o r a t o r y  Glcve box . a s c e  Llaneous 
of £-spec 
mate r ia l  

7 Of f-gas t r e~ t -  Developed Glove box 
a e n t  

Radioactive 
gases 

Low 

Low 

Low 

Low 

d .  Low 

Non- Low 
f i s s ionab le  



Tab13 4.44. Analysis  0.f Fuel Fab r i ca t i on  Method 19 ,  
Flow- Diagram 2 

I .  
Feed : - 3 ~ ~ 2  (no3) Solut ions ,  Product: Coated U02 ~ ~ ' c r o s ~ h e r ~ s  

HEU and LEU i n  a ~ r a ~ h i t 4  Puel  Element 
I I . .  

1 Fuel  receLving Cold prototype Hot c e l l  
s t o r a g e  

2 Fuel  k e r n e l  ., Cold -engineer- Hot c e l l  
f ab r i ca tLon .  i n g  

Process  Development Mate r i a l  Mate r i a l  Uranium Fissile convert-  
Concen- Step  Operat icn  

Needed Location Desc r ip t ion  Enrichment tration a b i l i t y  

HEU High d 
LEU Low a 

Radia t ion 
Hazard 

I Medium 

[ Medivm 

6 Scrap recovery Hot laborartory Hot c e l l  Miscellaneous d Medium 
of f-spec . . 

. 8 .  

m a t e r i a l  

3 Fue l .  p a r t i c l e  Cold 'prototype Hot c e l l  U02 micro- MEU Medium a .  
. coa t ing  spheres  

4 Fuel  ro'd Cold prototype Hot c e l l  Coated U02 : a 

7 Of f -gas , t r ea t -  Hot eng ine l r ing  Hot c e l l  Radioactive Nan-' .. 1 . '  Low . , 
ment , 

. . 
gases  f i s s i o n a b l e  . 

. . . 1 :  

. . 
. . 

. Medium 
I ~ . P i e d 2  

f a b r i c a t i o n  microspheres 
1 1  

5 Fuel  element Cold ,p ro to type  Hot c e i l  P i t c h  bonded a , Yedium 
assembly f u e l  rods 1 .  , .  

, , 
, . 



Feed: Pu(N03) I+ - Th(NC3) I+ 

Blended Solwticns 

T a b l e  4.45.. AnaI.ysis  .of F u e l  F a b r i c a t i o n  Method 20, 
Flow Diagram 2 

Product: Coated (Pu,Th)02 Micro- 
spheres  i n  a Graphi te  
Fuel Element 

P rocess  Development Material Mate r i a l  Uranium Operation 
Fissile Convert- 
Concen- Radia t ion 

Step Nee3ed Locat ion Desc r ip t ion  Enrichment a b i l i t y  Hazzrd t r a t i o n  

Fue l  l?ece~ved Developed l o -  box 1 
s to rage  P u ( N O ~ ) ~  - 

F u e l  k e r n e l  Hot l abora to ry  G l w e  box rh(N03) 4 

3 Fue l  p a r t i c l e  Hot engineer- G l o . ~ e  box (Pu,Th)o2 
coa t ing  i n g  a icrospheres  

4 Fuel  rod Cold p ro to type  Glove box h a t e d  f u e l  
fabr ica tLon .nicrospheres 

. . 
. . 

5 Fuel  element. Cold p ro to type  Glove box Pltch-Bonded 
assembly Fuel rods  

6 Scrap recovery Hot l a j o r a t o r y  Glove box M l s c e l l a n e o u ~  
~f f-spec 
m a t e r i a l  

7 Of f-gas t r e a t -  Develwped Glovebox . ~ d i o a c t i v e  
men t zases 

Medium - d 
H i s e  

Medium - 
Hi* 

Low 

d Low 

d Low 

z d LOW 

Non- Low 
f i s s i o n a b l e  



. . Feed: 2 3 3 ~ ~ 2  (N03)2 Solut ion . . I Product : Coated. UO2 ~ i c r ~ s ~ h e r e s  
Within S p h e r i c 4  Graphi te  

. . Fuel. Elements I : 

Development Mate r i a l  Mate r i a l  Uranium Fi.Ssile C o n e r -  Radi'at i o n  
Operat ion.  Concen-. 

Needed Location 'Descr ipt ion Enrichment tration a b i l i t y  Hazard Step 
\ 

1 Fuel r ece iv ing  Cold prototype Hot c e l l  i 
I s t o r a g e  

2 3 3 ~ ~ 2  ( ~ 0 3 )  2 HEU High d '1 Medium P 

1 C 
2 ,  Fuel ke rne l  Cold prototype Hot c e l l  U1 

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

I 
HEU . High d 3 - F u e l  p a r t i c l e  Cold prototype . Hot c e l l  U02 micro- Medium 

coe t ing  spheres  , I .  

4 Fuel  rod NA . , blA N A N A N A NA 
f a b r i c a t i o n  

5 Fuel  element Cold engineer- Hot c e l l  Coated f u e l  
assembly ing  p a r t i c l e s  i .  Medium 

I . .  ' :  . :  7 Of f-gas t r e a t -  ~ o t  enginzer-. Hot c e l l  Radioactive Non- 
f i s s i o n a b l ~  ment i n g  gases 

. . 

6 Scrap recovery Hot l abora to ry  Hot c e l l  Miscellaneous d 
of f-spec 
mate r i a l  . .  . 

Medium 
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5. FUEL CYCLE EVALUATIONS FOR URANIUM-PLUTONIUM FUELS IN LWRS 
(Savannah River Laboratory) 

Savannah Xiver Laboratory 

E. I. du Pont de Nemours and Co. 

Aiken, South Carolina 

F. R'. Field and F. E. Driggers 

5.1 INTRODUCTION 

The President's Nuclear Policy Statement of October 28, 1976, iden- 

tified activities by the U.S. Government to reduce the risk of nuclear 

weapon proliferation while providing for the continued use of nuclear 

power worldwide. The United States Energy Research and Development 

Administration (ERDA) is developing a Nonproliferation Alternative 

Systems Assessment Program (NASAP) to implement the Nuclear Policy 

Statement. As shown.in Fi.gure. 5.1, a cooperative program to identify 

and evaluate alternative nuclear fuel cycles is under the direction of 

the ~ivision of,'Nuclear Research and Applications (NRA); the Division 

of Waste Management, Production, and Reprocessing (WPR); and. the Division 

of Safeguards and Security (DSS). The objective of this program is to- 

define viable fuel cycles which have the.most potential for reducing the 

risks of nuclear weapon proliferation. Laboratories currel~tly partici- 

pating in the WPR program are: 

.Argonne National- Laboratory (ANL) - 

Hanford Engineering Development Laboratory '(HEDL) 

oak .Ridge National Laboratory (ORNL) 

Savannah. Kiver ~aboratory (SKLj 

The study -6f .alternative fuel cycles is proceeding in phases; in 

Phase 1, the interest is to consider a wide range of possib1.e fuel cycies. 

In Phase 2, the number of fuel cycles will be reduced for detailed study. 

. . 

* The informafion contained in this article was developed during the 

course of work under Contract No. AT(07-2)-1 with the U.S.' Energy 

Research and Development. Administration. 
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F ig .  5.1. Schedule f o r  Ass:zssment o f  A1 t e r n a t i v e  Fuel Cycles 

Select  
and Def-ne 
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1 
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3i t e r i a  

DSS, 
e t c .  
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Risks 
Assessnent: 
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. . 
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NRA = Nuclear  Research and Appl icat ions 
WPR = Waste Manacemen+,, Production, and Reprocessing 
DSS = D i v i s i o n  of Safeguards and Secur i t y  
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. . 

- 
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and Design 
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2 

Define 
R e a c b r  
Requiremenrs 

+ 

- 
Reac-or 
Conceptual 

' Des5gns 

* 

Development 
Program 
D e f i n i t i o n  



This r epor t  combines t h r e e  previ.ous Phase 1 SRL r e p o r t s  i n t 0 . a  

s ing le  document describing 16 fue l  cycles (Table 5.1) and completes Phase 

1 f o r  SRL. The diagrams f o r  the  16 f u e l  cycles  cover two l e v e l s ,  Level 0 

and Level 1. Level 0 i s  defined t o  include t h e  major segments of a f u e l  

t ~ e l e  such a s  Enrichment, Reprocessing, Terminal Waste Storage, ~ i x e d  

Oxide (MOX) Fuel Fabr ica t ion ,  e t c . ,  while Level 1 i d e n t i f i e s  major process . . 

s t eps  within each segment; i . e . ,  shearing f u e l  and solvent  ex t rac t ion  a r e  

process s t eps  f o r  t h e  Reprocessing segment. In Phase 2, Level 2 diagrams 

w i l l  expand Level 1 processes t o  d e t a i l e d  equipment opera t ions .  ~ o s ' t s  and 

resource demands w i l l  be included. 

, 
Each Level 1 diagram i s  complemented by a t a b l e  t h a t  descr ibes  the  . . 

development s t a t u s  of each process and some of t h e  r e l evan t  c h a r a c t e r i s t i c s  

of t h e  ma te r i a l  i n  process ( f i s s ionab le  content ,  r a d i a t i o n  l eve l ,  e t c . ) .  

The development s t a t u s  w i l l  be used t o  es t imate  t h e  cos t  knd time frame 

f o r  development of such a f u e l  cycle .  The mate r i a l  c h a r a c t e r i s t i c s  a r e  

intended t o  be used t o  analyze t h e  r e l a t i v e  r e s i s t a n c e  t o  p r o l i f e r a t i o n  . . 

of a f u e l  cycle  o r  t o  compare f u e l  cycles  t o  o the r  non-fuel cycle  pa ths  

t o  p r o l i f e r a t i o n  (e .g . ,  research  r e a c t o r  o r  enrichment p l a n t ) .  The 

methods t o  analyze f u e l  cycles  a r e  t o  be developed by Science' Applicat ions,  

Inc . ,  under con t rac t  t o  t h e  NRA. 
- .  

The 16 cases (Table 5.1) a r e  discussed ind iv idua l ly .  Seven cases  a r e  

associa ted  with t h e  l i g h t  water r e a c t o r  (LWR). Two cases concerning t h e  

gas-cuuled r e a c t o r  (CCR) a r e  derived from gener ic  LWR cases .  Three cases 

concern t h e  heavy water r eac to r  (HWR), t h r e e  cases  involve hybrid LWR-HWR 

operat ion,  and the  f i n a l  case,  energy center ' (EC) ,  i s  a combination of f u e l  

cycle  cases .  

5.2.1 Case 1.1.1 (LWR) : Recycle of Uranium and Plutonium (Base) . 

Tlie i~~ajur .segments of t h i s  f u e l  cycle  ('Level Uj a r e  shown schematical ly 

i n  Figure 5.2. Major process s t e p s  (Level 1) a r e  shown i n  Figures 5.3, 5 .4,  

and 5.5. The s t a t e -o f - the -a r t  and mate r i a l  c h a r a c t e r i s t i c s  f o r  t h e  chemical 



Table 5.1.  Fuel Cycle A l t e r n a t i v e s  

Case Uescr i p  t i o n  
Process  

CaseNumber Tables Figures 

A .  I.WK - 
Recycle of Uranium and Plutonium (Reference) 1 .1 .1  5.2 5 .2  -5 .5  

Recycle of Uranium and Spiked Plutonium 1.1.2 5 .3  5 .6  -5 .9  

Recycle of Uranium and Spiked Uranium - 
Plutonium Oxide (Coprocessed). 

Recycle of Uranium; Plutonium Diverted t o  1 . 1 . 4  5 .5  5.14-5.16 
High A c t i v i t y  Waste Stream 

F I I ~ ~  Throwaway - Oxide Fuel l , l , s  5.6 5.17-5.19 

Puel T111~wbwdg = Metal Fuel 1 .1 .6  6.7 6 , 3 0  5 . 2 2  

Recycle o f  Uranium and Uranium-Plutonium 1.1 .7  . 5.9  5.23-5.26 
Oxide (Coprocessed) 

B .  €as-Cooled Reactorsa 

Fuel Throwaway - Metal Fuel (Magnox) 

Recycle of Uranium and Plutonium i n  
Advanced Gas Reactors (Oxide Fuel) 

C. HWR - 
Recycle of Plutonium b 

Recycle of Spiked plutoniumb 

Fuel Throwaway - Oxide ~ u e l ~  ' ' 

D .  LWR-MJR Hvbrids 

Tandem Cycle - Recons t i tu ted  LWR Fuel 3 .3 .1  5.15 5.45-5.48 

Tandem Cycle - Fuel not  Reconst i tu tedc.  3.3.2 5.16 5.49-5.51 
(LWR f u e l  compat ible  wi th  HWR opera t ion)  

S p e c t r a l  S h i f t  Reactor - Thro away of 
Oxide F I I ~ I  (1,WR-HWR hyhri d l  3 

F. Energy Centere 

U-Pu LWR with ' ~ e c ~ c l e  of Pu Fuel I n s i d e  7 . 1 . 1  5.18 5.54-5.58 
Cen te r ;  U Fueled LWR Outs ide  Center ,  
I r r a d i a t e d  Fuel Trans fe r red  t o  
Lnergy Center 

a Gas-cooled r e a c t o r  cases  a r e  der ived from gener ic  LWR c a s e s .  

b H W ~  cases  a r e  de r ived  from gener ic  LWR c a i e s ,  except uranium i s  not  recycled 
because of low 2 3 5 ~  c o n t e n t .  

' ~ e r i v e d  from t h e  previous  tandem case .  

d ~ e r i v e d  from case '  1 . 1 . 5  f o r  LWR f u e l .  
e Energy c e n t e r  cases  a r e  combinations of o t h e r  f u e l  c y c l e  cases .  



LEVEL 0 

Fig. 5.2. Case 1.1..1 -Recycle o f  Uranium and Plutonium 
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" T r e a t  Of f -Gas"  and "Process Sol i d  Waste."  

F i g .  5.3. Case 1 .I .1 - Recycle o f  Uranium and Plutonium; 
S l i g h t l y  Enr iched ( 2 4 %  - 2 3 5 ~ )  Uranium F a b r i c a t i o n  (2.0,) 
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reprocessing s t e p  (4.0) and t h e  MOX f a b r i c a t i o n  s t e p  (5.0) a r e  shown i n  

Table 5 .2 .  This f u e l  cycle i s  probably the  most well-defined and w i l l  be 

useful  i n  the  study a s  a reference  cos t  case.  

The MOX p lan t  i s  assumed t o  be located a t  a separa te  s i t e  from t h e  

reprocessing p lan t  ( a l so  i n  Cases 1.1.2, 1.1.3,  and 1.1.7) . A co-located 

MOX p lan t  could be another case  f o r  evaluat ion .  

5.2.2 Case 1.1..2 (LWR): Recycle of Uranium and Spiked Plutonium 

Level 0 segments a r e  shown schematical ly i n  Figure 5.6; Level 1 s t e p s ,  

i n  Figures 5.7, 5.8, and 5.9. The s t a t e - o f - t h e - a r t  and mater ia l  charac ter -  

i s t i c s  f o r  the  chemical reprocessing s t e p  (4 .0 )  and r e f a b r i c a t i o n  s t e p  (5.0) 

a r e  shown i n  Table 5.3.  

F iss ion  products i n  t h e  plutonium may i n t e r f e r e  with proven f a b r i c a t i o n  

methods and q u a l i t y  cont ro l  inspect ion  of MOX f u e l  and thereby a f f e c t  t h e  

f u e l  power guarantees t h a t  a r e  customary f o r  f u e l  f a b r i c a t o r s  t o  o f f e r  

u t i l i t i e s .  

The optimum amount of r a d i a t i o n  t o  be emitted by t h e  plutonium i s  a 

balance. of the  b e n e f i t s  gained i n  r e s i s t a n c e  t o  unauthorized use  t o  t h e  

c o s t  p e n a l t i e s  i n  processing. Pending more study (see Section 5.4, "Spiking 

Plutoniumtt), the  plutonium stream from t h e  f i r s t  Purex cycle  of solvent  
. . 

ex t rac t ion  is  assumed t o  contain t h e  'desired l e v e l  of f i s s i o n  product 

content  i n  the  plutonium i n  Cases:1.1.2, 1.1.3,  and 3.1.2. Radiation 

emitted w i l l  vary with f u e l  power, f u e l  decay period,  chemical processing 

techniques,: and o ther  f a c t o r s .  



KEY t o  Symbols i n  Tables  5.2 through 5.18 

'A. S t a t e  of t h e  A r t  (8 s t a g e s )  

S = Study Concept HE = Hot Engineering 

CL = Cold Laboratory CP = Cold Pro to type  

HL - Hot Laboratory HnF = Hnt Demonstration F a c i l i t y  

CE = Cold Engineering D = Developed 

B .  Radiat ion Hazard (4 ranges)  

High : > l o 4  R/hr 

Medium : 10 t o  l o 4  R/hr 

Low : <10 R/hr 

Negl ig ib le :  Z ~ U U  mK/hr 

C. Ma te r i a l  C o n v e r t i b i l i t y  (4 c l a s s e s  of f i s s i o n a b l e  m a t e r i a l )  

A = , M a t ~ r i a l  needs i .sotope s e p a r a t i o n  for enrichment 
t o  weapons grade and i s  r a d i o a c t i v e .  

R = Mate r i a l  needs i so tope  s e p a r a t i o n  f o r  enrichment 
r.a weapons grade. 

C = Highly r a d i o a c t i v e  m a t e r i a l  mixed with f i s s i o n a b l e  
m a t e r i a l ,  bu t  chemical ly s epa rab le .  

D = Minor i m p u r i t i e s  o r  minor chemical changes needed t o  
conver t  to weapons-grade m a t e r i a l .  



Table  5.2.  Case 1.1.1 (LWR) : Htscycle of  Ilral~ium and P l t ~ t o n i l ~ ~ s  ( IK1.frrttnc:r Prllt.i.ssJ 

Sta te-or-  Ma te r i a l  Ma te r i a l  Radiat lun Mate r i a l  
the-Art Desc r ip t ion  Locat ion Hazard C o n v e r t i b i l i t y  - Process  Step - 

A .  Chcmic;~l Reprocessing (4 .I)) 

4. I Receive and S t o r e  Fuel D ' I r r a d i a t e d  Fuel Basin High 

D I r r a d i a t e d  Fuel Basin l l i ~ h  

n Fuel Elements Canyon tligh 

t1L Fuel Element Pieces  Canyon l l i ~ h  

n Fuel i n  So lu t ion  Canyon lligh 

4 . 2  T rans fe r  t p  Shear  

4 . 3  Shear  

4 . 4  Voloxidat ion 

4 . 5  Dissolve  

Solvent  Ex t r ac t ion  So lu t ion  o f  U ,  Pu, 
F i s s ion '  Products  

F'u N i t r a t e  

Pu N i t r a t e  

F'uoz 

5 0 2  

Pu02 

Canyon lligh 

LO w 

LOW 

1 . 0 ~  

Low 

LOW 

Neg l ig ib l e  

Neg l ig ib l e  

High 

High 

lligh 

High 

Variable  

High 

High 

High 

High 

Trans fe r  Pi1 Liquid 

S t o r e  Pu 

Convert t o  Pu02 

S t o r e  PuOz 

Package f o r  Shipment 

Convert U t o  UF6 

Package UF6 

S t o r e  Liquid Waste 

S o l i d i f y  Liquid Waste 

S t o r e  S o l i d  Waste 

Package f o r  Shipment 

Co l l ec t  Waste 

Co l l ec t  Hu l l s  and S o l i d s  

Process  'waste 

Package f o r  Shipment 

T r e a t  Off-Gas 

D 

n 
.HE 

HE 

IIE 

D 

D 

.D 

HDF 

HDF 

CE 

D 

D 

CE 

CE 

HL 

Canyon 

Canyon 

Ce l l  

Ce l l  

Cell .  

C e l l  

Warehouse 

Canyon 

canion 

Canyon 

Canyon 

Canyon 

Canyon 

Canyon 

Cel l  

Canyon 

U N i t r a t e  

UF 6 

Radioact ive  Liquids  

Radioact ive  S o l i d s  

Radinact ive  S o l i d s  

Radioact ive  S o l i d s  

Radioact ive  S o l i d s  

Radioact ive  S o l i d s  

Radioact ive  S o l i d s  

Radioact ive  S o l i d s  

Radioact ive  Gases 

MOX Fab r i ca t  i on  (5.0) 

5.1 Receive and S t o r e  
F'u Powder 

HDF Ce l l  Low 

5.2  Receive and S t o r e  
11 Powder 

5 .3  Blend 

5.4 Produce P e l l e t s  

5.5 Assemble Rods 

HDF Ce l l  Neg l ig ib l e  

HDF 

HDF 

HDF 

HDF 

D 

HDF 

HDF 

HDF 

HDF 

HDF 

PuO?./U02 

Pu02/U02 

Pu02/U02/Cladding 

Pu02/U02/Cladding 

U02/Cladding 

Pu02/UO, 

Pu02/U02 

Miscel laneous  

Miscel laneous  

Pu 

C e l l  

Ce l l  

(:el 1 

C e l l  

Warehouse 

Cel l  

Warehouse 

C e l l  

Cell  

C e l l  

LOW 

LOW 

LOW 

Low 

Neg l ig ib l e  

LOW 

Low 

I..~w 

5.6  Prepare  Assemblies 

5.7 U02 Rod Storage 

5.8 Regrind and Screen Sc rap  

5 .9  S t o r e  and Package 

5.10 Process  So l id  Waste 

5.11 S t o r e  and Package Sc rap  

5.12 T r e a t  Off-Gas 
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LEVEL 1  

A l l  f u n c t i o n s  a r e  developed s t a t e  o f  t h e  a r t ;  m a t e r i a l  i s  a  n e g l i g i b l e  r a d i a t i o n  hazard.  

M a t e r i a l  c o n v e r t i b i l i t y  i s  Category B f o r  a l l  s teps  excep t  " T r e a t  Off-Gas" and 
"Pr.ocess Sol id  Waste." 

- 

Fig.  5.7. Case 1.1.2 - Recycle o f  Uranium and Plutonium w i t h  F i s s i o n  
Products; S l i g h t l y  Enriched (2-4% 2 3 5 ~ )  Uranium F a b r i c a t i o n  (2.0)  
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Fig. 5.9. Case 1 .1 .2-Recycle  of Uranium and ~ l u t o n i u m w i t h  
Fission Products; MOX Fabrication (5.0) 



Table 5.3. Case 1.1.2 (LWR): Rccyclq o f  Uranium and Spiked Plutullium 

-- 
State-of- Material Material Radiation Material Process Step 
the-Art Description Location Hazard Convertibi llty 

- - - -  -- 
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5.2.3 Case 1.1.3 (LWR): Recycle of Uranium and Spiked Uranium - 
Plutonium Oxide (Coprocessed) 

Level 0 segments a r e  shown schematical ly i n  Figure 5.10; Level 1 

s t eps ,  i n  Figures 5.11, 5.12, and 5.13. The s t a t e - o f - t h e - a r t  and mate r i a l  

- - - -- -- -- - char-ae ter is t ics  f o r -  t h e  chemical processing s tep-  (4.0.) and the  MOX- fabri- - - - 

ca t ion  s t e p  (5.0) a r e  shown i n  Table 5.4. 

The coprocessed product i s  about 10% Pu - 90% U with excess uranium 

separated and converted t o  UF6.  The f i s s i o n  product content  i s  assumed 

t o  vary a s  previously discussed.  See a l s o  t h e  sec t ion  "Spiking Plutonium." 

5.2.4 Case 1.1.4 (LWR): Recycle of Uranium (Plutonium Diverted t o  High 
Ac t iv i ty  Waste Stream) 

Level 0 segments are' shown schematical ly i n  Figure 5.14; Level 1 s t e p s ,  

i n  Figures 5.15 and 5.16. The s t a t e -o f - the -a r t  and mate r i a l  desc r ip t ion  

f o r  t h e  chemical reprocessing s t e p  (4.0) a r e  shown i n  Table 5.5. 

This f u e l  cycle  complicates t h e  waste processing s t e p s  and y i e l d s  

none of t h e  economic b e n e f i t  from plutonium recyc le  a s  i n  Reference Case 

1.1.1. 

5.2.5 Case 1.1.5 (LWR): Fuel Throwaway - Oxide Fuel 

Level 0 segments a r e  shown schematical ly i n  Figure 5.17; ,Level 1 s t e p s ,  

i n  Figures 5.18 and 5.19. The s t a t e - o f - t h e  a r t  and mate r i a l  c h a r a c t e r i s t i c s  

f o r  t h e  major processing. s t e p s  a r e  shown i n  Table 5.6. 

A por t ion  of t h i s  f u e l  cycle  i s  t h e  current  mode of LWR opera t ion  i n  

,.the U.S. and thus  i s  a present-day reference  s i m i l a r  t o  Case 1.1.1. I r -  

r ad ia ted  f u e l  i s  c u r r e n t l y  being s tored  a t  LWR s i t e s  i n  t h e  U.S. ERDA 

has programs t o  de f ine  t h e  away-from-reactor s to rage  systems and t h e  

terminal  waste d isposal  systems f o r  i r r a d i a t e d  LWR f u e l .  

5.2.6 Case 1 . 1 . h (GWF.) : Fuel Throwaway - Metal Fuel 

Level 0 segments a r e  shown schematical ly i n  Figure 5.20; Level 1 s t e p s ,  

i n  Figures 5.21 and 5.22. The s t a t e - o f - t h e - a r t  and mate r i a l  c h a r a c t e r i s t i c s  

f o r  the  f u e l  encapsulat ion s t e p s  (8.0) a r e  shown i n  Table 5 . 7 .  

The process desc r ip t ion  i s  s i m i l a r  t o  Case 1.1.5,  except t h a t  no metal 

f u e l  f a b r i c a t i o n  indust ry  e x i s t s .  Uranium metal f u e l  f o r  LWR1s would 
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F i g .  5 .10.  Case t . 1 . 3  - Rec:icle o f  Uranium and Spiked 
Uranium-Pl utoniuw Oxide (Coprocessed) 

Rezycle UF6 
I 

/'r 

t 

U + 'J 

r2'. 0 3.D 
U 

LWR Fab 

I 

U, Pu 
F? D 

4.0 
Chemical 
Process 

N a t u r a l  U 
o r  

Recycle U 

p, - 5.0 
MOX 
Fab 



LEVEL 1 

T r e a t  
O f f  -Gas 

Process  
S o l i d  
Waste 

D i s s o l v e  

A l l  f u n c t i o n s  a r e  developed s t a t e  o f  t h e  a r t ;  m a t e r i a l  i s  a  n e g l i g i b l e  
~ ' a d i &  L'iul~ l ~ a ~ d t ' d .  

Conver-  
s i o n  

M a t e r i a l  c o n v e r t i b i l i t y  if Category B f o r  a l l  s teps  except  "T rea t  Off-Gas" 
and "Process Sol i d  Waste. 

a Sol  v e n t  
E x t r a c t  

. . 

F ig .  5.11. Case 1.1 :3 - Recycle o f  Uranium and Spiked Uranium-Plutonium 
. Oxide (Coprocessed) ; S l i g h t l y  Enriched (2-4% 235U)  

.Uranium Fabr i ca t i on  (2.0) 

. 

u F 6  C a l c i -  P e l  l e t  Rod and S t o r e  
R e c e i p t  E lement  and n a t i o n  

Assembly 

I I I 
I I I 
I 

--- 
4- I 

I 
I 

Scrap  UOz 

A A 
-------- 

I 
I 
I 
I - 

r----- 
I 

I 
! 



LEVEL 1 

Shipment Waste 

4.1 
Receive and 
S t o r e  Fuel 

4.14 ' 

Sol ven t  
S o l i d i f y  S to re  Exr racr  

L i q u i d  
Waste Waste 

4.13 4.12 ' 

Package UF, f o r  Shipmen Convert  U t o  UF, - 

I I I 
1 I I 
I I I FtL --==-- 4 I----- i 

4.19 0 
/ 

4. Ll / 4.20 -. C o l l e c t  H u l l s  
1 and Sol i d s  - 

Package ' 
f o r  Process 

e 
Shipment Waste 

- C o l l e c t  Waste 

4.2 
T r a n s f e r  
t o  Shear 

4.11 4.10 4.3 1.8 4.7 
Packa e 
P ~ o ~ , ~ o ~  I I F I. I.I I ,e Cnnvwt. S t o r e  Transfer 
F.P. f o r  P U O ~ - U O ~  @ t o  Pu02- Pu,U, & * Pu-U-FP 
S h i  prlcnt A F.P .  lln, A F.P.  F.P. L i a u i d  
t o  MOX - 

Fig .  5.12 Case 1 .l. 3 - Recycle o f  Urani urn and Spiked 
Ur*dni  in - P'l uton  i u ~ n  Oxide (Coprocessed) ; 
Chemical Reprocessing (4.0) 

4.3 

Shear , - . c 

? 

4.4 

Volox 

4.5 

D i s s o l v e  



LEVEL 1 

5.8 

Grind  
5 . 1 1  . .  

and 
Screen 

-------- ---- T r e a t  
5-  1 A Of  f-Gas 

U02 -PuC2 I 
Powder - 
R r c e i  p t  

I 
Storage  5 . 3  

I 
5 . 6  

-0 
5 . 9  

Remote Remote S t o r e  
----C Remote Pel  1 e t  Rod Element and 
d Blend Assembly Package 

C 
Prod. 

3= Assembly 
- 

5 . 2  
+ A 

I 
L - 

UD2 - . I 1 I 
I, 

I 
Powder - I I 1 

Rece ip t  I 1 1- - 5.7- 1 

S torage  I I I I 

I I U02 Rod 1 I 
I I I R e c e i p t  I 

I Storage I 
I I I I 
I I I 
I I i b Process k----  --- -------- L- --jrl Sol i d  

Waste 

Fig: 5.13. Case 1.1.3 - Recycle of Uranium and .Spiked 
 rani um-~l utonium Oxide (~oprocessed) ; 
MOX Fabrication (5.0) 



1 1  4 Case 1. I. 3 (IYR) : Recycle of Uranlum and Spiked Uranium-Pl~~tonium Oxidc (Ct~pr~rcsssed) 
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Tahlc 5.5. Case 1.1.4 (I.WR): Hecycle of Uranium (Plutonium Uiverted tn Waste) 

- - - -. . - - - . - -, - . - - - -- - . 
State-of- Elaterial Material Radiation Material 

I'rtvcess Step 
the Art Description Location Hazard Convertibility - - - - - --- - - 
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FIG. 5.19. Case 1.1 - 5  - Fuel Throwaway (Oxide Fuel); 
Encapsulate Fuel . . (5 .0 )  
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L E V E L  1 

F i g .  5.22.  Case 1  . l .  6 - F u e l  Throwaway (Meta l  ~ u e l  ) ; 
F n c a p s ~ ~ l a t e  F u e l  (8.0) . , 

Table 5 . 7 .  Comparison of Oxide and Metal Fuel  Cycles f o r  LWR 

b 

8.1 
Receive and 
Store Fuel 

+ 

Fuel Enrichment, % "" U charged 3 . 2  i . 5  

a 

8.2 
Transfer for 
Encapsulation 

Fuel Exposure. MWD/tonne . . ~ 0 , 0 0 0 .  12,000 (6000)' 

8.3 
Encapsulate 

' Fuel .I 

8.5 
Recycle Failures 

1 

8'Rckage for  

Uranium Feed Requircd, 
T a i l s  = 0.25% '"u (throwaway) kg/kg f u e l  5 .87 2.71 

Normalized and Corrected f o r  Fuel Exposure 1 . 0  1.15 

8.4 Store 
Encapsulated 

Storage 
Fuel 

.L I 

Enrichment Required, 
T a i l s  = 0.25% 5~ (throwaway), SWU/kg f u e l  4 . 2 1  1.06 

Normalized and Corrected f o r  Fuel Exposure 1 . O  0 .63 

Pu Produced, kg f i s s i l e /MT 6,.2 4 . 1  

Re l a t i ve  Pu Produced, kg / reac tor -year  1 . 0  "J1.5 

, 

a 
The metal  d e n s i t y  i s  about twice t h e  oxide d e n s i t y ,  s o  t h e  exposure 
conversion i s  necessary  f o r  exposure comparisons. 



probably r a i s e  formidable problems with r e spec t  t o  s a f e t y  (metal-water 

r e a c t i o n  i n  case  of a f u e l  f a i l u r e )  and exposure ( f u e l  growth) charac-  

t e r i s t i c s .  Nor does t h e  use  of  uranium metal  f u e l  a p p e a r , t o  have any 

safeguards o r  non-p ro l i f e r a t ion  advantages.  

Operating c h a r a c t e r i s t i c s  of uranium oxide and uranium metal  f u e l  

cyc l e s  a r e  compared i n  Table 5 .8 .  The e s t ima te s  i n d i c a t e  some enr ich-  

ment savings,  bu t  more o r e  consumption with metal  f u e l .  , T h e  plutonium 

produced i n  t h e  f u e l  would be about 80% f i s s i l e ,  and cons iderably  more 

plutonium would be produced annual ly  wi th  metal  f u e l .  The e s t ima te s  a r e  

based on metal f u e l  exposures t h a t  a r e  considered d i f f i c u l t  t o  a t t a i n  

without major p e n a l t i e s  on LWR power a s  a consequence of  f u e l  growth. I f  

a major m e t a l l u r g i c a l  program were i n i t i a t e d ,  metal  f u e l  f o r  u s e  i n  L W R t s  

might be a v a i l a b l e  i n  about 20 yea r s  (10 yea r s  f o r  development and 10 

years  t o  commercialize and l i c e n s e  t h e  f u e l  c y c l e ) .  Licensing t h e  uranium 

metal f u e l  c y c l e  i n  t h e  U.S. may be d i f f i c u l t  because t h e  s a f e t y  reviews 

would address  t h e  r i s k  of a metal-water r e a c t i o n  i n  t h e  event  of  a c ladding  

f a i l u r e .  The chemical energy i s  high f o r  t h e  metal-water  r e a c t i o n ,  bu t  

n e g l i g i b l e  f o r  uranium oxide f u e l .  

Chemical recovery of  plutonium from metal  f u e l  d i v e r t e d  from t h e  

throwaway mode i s  no more d i f f i c u l t  than  from oxide f u e l .  The waste volume 

occupied by t h e  i r r a d i a t e d  meta l  f u e l  discharged from LWR would equal  o r  
' exceed t h a t  of  oxide f u e l  because of t h e  lower exposure a t t a i n a b l e  with 

metal  f u e l .  

5 . 2 . 7  Case 1.1.7 (LWR): Recycle of 'u ran ium and Uranium-Plutonium 
Oxide (Coprocessed) 

Level 0 segments a r e  shown schemat ica l ly  i n  F igure  5.23; Level 1 

s t e p s ,  i n  ~ i ~ u k e s  5.24, 5.25, and 5.26. The s t a t e - o f - t h e - a r t  and m a t e r i a l  

c h a r a c t e r i s t i c s  f o r  t h e  chemical reprocess ing  s t e p  (4.0) and t h e  MOX fab-  

r i c a t i o n  s t e p  (5.0) a r e  shown i n   able 5 .9 .  

This  c a s e  i s  s i m i l a r  t o  Case 1 . 1 . 3  except a source  of h igh  r a d i a t i o n  

has  no t  been d e l i b e r a t e l y  added t o  t h e  plutonium-containing stream a s  a 

non-p ro l i f e r a t ion  measure. This  ca se  i s  analyzed t o  i d e n t i f y  t h e  b e n e f i t ,  

i f  any, of r a d i a t i o n  i n  t h e  plutonium stream a s  a p r o l i f e r a t i o n  d e t e r r e n t .  



Table 5.8. Case 1.1.6 (LWR) : Fuel ~hrowawa; (Metal Fuel) 

Process Step 
State-of- Material Material Radiation Material 
the-Art Description Location Hazard Convertibility 

A .  Encapsulation (8.0) 

8.1 Receive Fuel D Irradiated LWR Fuel Basin lligha ca 
8.2 Transfer to 

Encapsulation 
D Irradiated I:uel Basin lligh C 

8.3 Encapsulate Fuel sb 
Remove Gas 

Irradiated Fuel Canyon -High [: 

8. J Store Bncapstrl a tnd  'FIIPI D Irradiated Fuel Basin or High ' (: 
Vault . 

8.5 Recycle Fai IIITRS S Failed Irradiated Fuel Canyon l l i eh  C 
. .  . 

8.6 Package for Shipment CE Irradiated Fuel Basin or Iiigh C 
Vault 

a~ar~irs with age of fuel. 

b ~ o m e  Canadian development work for CANDU fuel may be app;icable. 
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Mater ia l  c o n v e r t i b i l i t  i s  Category 0 f o r  a l l  steps except "Treat  Off-Gas" 
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Fig .  5.26. Case 1.1.7 - Recycle o f  Uranium and ~ r h i u r n - p l u t o n i u m  

Oxide (Coprocessed); MOX F a b r i  :ation. (5,.0) 



Tablc 5.9. Case 1.1.7 (LWR): Recycle 01' Uranium and Uranium-Plutonium (Coprocessrd) 

-- 
State-of- llaterial Material Radiation Material 

Process Step the-Art Description Locat ion Hazard Convertibility -- 
:\. (>icmi <;I l Hcl~roccssillg (4. O I 

4. I Itcceive and Store I:ucl I1 Irradiated Fucl Basin lligh (: 
4.2 Transfcr to Shcclr ' Irradiated Fuel Basin lligh (: 

J..i Shear I) Fucl Elements Canyon lligh C 

4.4 Voloxidation IIL Fuel Element Pieces Canyon lligh (: 

.1.5 llissolvc n Fuel in Solution Canyon lligh (: 

4.1 Solvent Extraction D Solution of U. Pu, Canyon lligh (: 
Fissior, Products 

4.7 Transfer Pu-U I.iquid CP Pu-U Nitrate Canyon Low I 1 

4.8 Store Pu-U CP . Pu-U Nitrate Canyon Low I1 

4.9 Convcrt to Pu02-U02 CP Pu02 - UCI~ Cell Low I1 

4.10 Store l'uOn-UO2 D Pu02 -U02 Cell Low I) 

4. 1 1  Pclckagc for Shipment D PuO2 -UO2 Cell Low I) 

4.12 Convert U to UF6 D U  itr rate Cell Negligible B 

4.13 Package UF6 D UFs Warehouse Negl ig.i hle B 

4.14 Store Liquid Waste D Radioactive Liquids Canyon High 

4.15 Solidify Liquid Waste HDF Radioactive Solids Canyon High 

1.16 Store Solid Waste HDF Radioactive Solids Canyon High 

3 .  li Packaee for Shipment CE Radioactive Solids Canyon High 

4.18 Collect Waste D Radioactive Solids Canyon \lariable 

4.19 Collect Hulls and Solids D Radioactive Solids Canyon High 

4.20 Process Waste CE Radioactive Solids Canyon High 

4. ll Package for Shipment CE Radioactive Solids Cell High 

4 . 2 2  Treat Off-Gas HL Radioactive Gases Canyon High 

B. hlOS Fabrication (5.0) 

5.1 Receive and Store 
Pu Powder 

5 . 2  Receive and Sturr 
U Powder 

5.3 Blend 

5.4 Produce Pellets 

5.5 Assemble Rods 

5 - 6  Prepare Assemblies 

5.7 UO2 Rod Storage 

5.8 Regrind and Screen Scrap 

5.9 Store and Package 

5.10 Process Solid Waste 

5.11 Store and Package Scrap 

5.12 Treat Off-Gas 

HDF 

HDF 

HOF 

HDF 

HDF 
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Pu 
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LOW 
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Low 
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Low 
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The major advantages of this coprocessing process are compatibility 

with U.S. qualified and licensed fuel fabrication methods, some possible 

small economic advantage in fuel fabrication, and a reduction in the 

risk of successful diversion of plutonium by subnational groups. The 

mass of U02 - Pu02 required for a given amount of plutonium is increased 
by about a factor of 8 over the spiked, separated plutonium (Case 1.1.2), 

but is less than the corresponding mass of irradiated fuel by a factor 

of 12. Therefore, the advantage of this fuel cycle is related to,domestic 

safeguards or to internationally controlled reprocessing centers. 

Preliminary study of the uranium-plutonium coprocessing has indicated 

that the Pu-U mixture obtained from solvent extraction for coprecipitation 

(Figure 5.251 should c0ntai.n 12% Pu for LWR, Thc mixture will be diluted 

'to about 5% Pu02 (Figure 5.26) at the MOX facility for fabrication into 

LWR fuel. Higher concentrations may be required for LMFBR fuel processi.ng. 

If further study permits increasing the plutonium concentration beyond 12%, 

some cost-savings would be expected. 

5.2.8 Case 2.1.6 (GCR): Fuel Throwaway - Metal Fuel (Magnox) 
Level 0 segments are shown schematically i.n Fig1.m~ 5.27; Lava1 1 

steps in Figures 5.28 and 5.29. The state-of-the-art and material charac- 

teristics for this case are shown in Table 5.10. 

The processes described in this case are for a throwaway fuel cycle 

which is representative of the British gas-cooled reactor (Calder  Mall 

type). This reactor concept is now considered obsolete and non-competitive 

by the U.S. because of the low power-density inherent with natural uranium 

metal fuel (Magnox-clad) cooled by carbon dioxide gas. A typical reactor 

power level is only 200 MWth (35 MW,). Although the case is d e f i n e d  as 

fuel throwaway, the British have reprocessed fuel from Calder I-la11 reactors 

using thc hnzi r. Pi.~sc?x prircwss, 

5.2.9 Case 2.1.7 (GCR) Recycle of Uranium and Plutonium in Advanced 
Gas Reactors (Oxide Fuel) 

Level 0 segments are shown schematically in Figure 5.30; Level 1 

steps, in Figures 5.31, 5.32, and 5.33. The state-of-the-art and material 

attractiveness for the chemical processing step (4.0) and the MOX fabrica- 

tion step (5.0) are shown in Table 5.11. 
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Table 5.10. Case 2.1.6 (WK): Fuel Throvavay (Magnox) 

- ---- 
Process Step Sta te-of-  

Mater ia l  Mater ia l  Radiation Mater ia l  
the-Art Description Location Hazard Conver t ib i l i t y  

A .  Encapsulation (8 .0)  

8 .1  Receive Fuel D 

8 . 2  Trans fe r  t o  Encapsulation 0  

8 . 3  Encapsulate Fuel sb 
Remove Gas 

8.4 S to re  Encapsulated Fuel D 

8 .5  Recycle Fai lures  S 

8 .6  Package for  Shipment t o  CE 
Storage 

I r r ad ia t ed  Magnox Fuel Basin ~ i ~ h ~  

I r r ad ia t ed  Furl Basin High 

I r r ad ia t ed  Fuel Canyon High 

I r r ad ia t ed  Fuel Basin o r  High 
Vault 

Failed I r r ad ia t ed  Fuel Canyon High 

I r r ad ia t ed  Fuel Basin o r .  High 
Vault 

-- -- -- 

a ~ a r i e s  wi th  age of f u e l .  

b ~ o m e  ~ a n a d i a n  development work f o r  CANDU fuel  may be appl icable .  
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F ig .  5.32. Case 2.1.7 - Recycle o f  Uranium and Plutonium i n  AGR 
(Oxide Fuel ) ; 'Chemical Reprocessing (4.0) 
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F i g .  5.33,. Case 2.1.7 - Recycle of Uranium and Plutonium i n  AGR 
(Oxide Fuel ) ; M3X Fakr ica t ion  (5.0)  



Table 5.11. Case 2 .1 .7  (GCR): Recycle of Uranium and Plutonium in  AGR (Oxide Fuel) 

State-of- Mater ia l  Mater ia l  Radiation Material 
Process Step the-Ar t Description  tion on Hazard Conver t ib i l i t y  

-..<-. .-. 
A. Chemical Reprocessing (4 .0)  

5.1 Receive and S to re  Fuel D I r r ad i a t ed  Fuel Basin tligh C 

4.2 Transfer  t o  Shear D I r r ad i a t ed  Fuel Basin High C 

4 . 3  Shear D Fuel Elements Canyon High C 

1 . 4  Voloxidation H L  Fuel Element Pieces Canyon High C 

4 .5  Dissolve 0 Fuel i n  Solut ion Canyon High C 

4 . 6  Solvent Extraction D Solut ion of U, Pu. Canyon High C 
Fission Products 

4.7 Transfer  Pu Liquid D Pu Ni t r a t e  Canyon Low 0 

4 . 8  Sto re  Pu D .  Pu Ni t r a t e  Canyon Low D 

4.9 Convert t o  PuOz HE PuOz Cel l  Low D 

4.10 S to re  PuOz D PuO2 Cel l  Low D 

4.11 Package f o r  Shipment D PuO2 Cel l  Low D 

4.12 Convert U t o  UF6 D U N i t r a t e  Cell Negl igible  B 

4.13 Package UF6 D uF6 Warehouse Negl igible  B 

4.14 S to re  Liquid Waste D Radioactive Liquids Canyon High 

4.15 So l id i fy  Liquid Waste HDF Radioactive Sol ids  Canyon High 

5.16 S to re  So l id  Waste HOF Radioactive Sol ids  Canyon High 

4.17 Package fo r  Shipment CE Radioactive Sol i d s  Canyon High 

4.18 Col lect  Waste D Radioactive So l id s  Canyon Variable 

4.19 Col lect  Hul ls  and So l id s  D Radioactive So l id s  Canyon High 

4.20 Process Waste CE Radioactive So l id s  Canyon High 

4.21 Package f o r  Shipment CE Radioactive So l id s  Cel l  High 

4.22 Treat Off-Gas HL Radioactive Gases Canyon High 

B. MOY Fabricat ion (5.0) 

5 .1  Receive and S to re  
Pu Powder 

5.2 Receive and S to re  
U Powder 

5 .3  Blend 

5.4 Produce P e l l e t s  

5.5 Assemble Rods 

5.6 Prepare Assemblies 

5 .7  U02 Rod Storage 

5 .8  Regrind and Screen 5crap 

5 .9  S to re  and Package 

5.10 Process Sol id  Waste 

5.11 S to re  and Package Scrap 

5.12 Treat  Off-Gas 
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The processes descr ibed i n  t h i s  case include recycle  of uranium 

and plutonium discharged from an advanced gas-cooled r c a c t o r  (AGR). A 

t y p i c a l  example of  an AGR, t he  Hinkley B S ta t ion ,  i s  r a t e d  a t  1500 Nth 

(621 MWe) . The f u e l  i s  s l igh t ly -enr i ched  uranium oxide p e l l e t s  (Q2% 'u) 

c lad  i n  s t a i n l e s s  s t e e l ;  t y p i c a l  f u e l  exposure i s  18,000 MWD/Tonne. Fuel 

coolant  i s  carbon dioxide  gas and t h e  r e a c t o r  core s t r u c t u r e  i s  g raph i t e .  

The f u e l  cycle i s  s i m i l a r  t o  t h e  LWR cycle  except f o r  the  lower enrich- 

ment andenhancedplutonium convcrsion r a t i o  with g raph i t e  ( l e s s  o re  

consumed) with some savings o f f s e t  by the 11.1wer fuel  o~rposur t .  Reprocess- 

ing  systems a r e  very s i m i l a r  t o  the  base r ecyc le  case f o r  LWR. Even with 

t h e  s i m i l a r i t i e s  i n  f u e l  cycle,  in t roduct jnn  nf a gas-ooolcd rcacLur i n r a  

t h e  U.S, power system would probably requ i re  many years f o r  comrttercializa- 

t i o n  and l i cens ing .  

5.2.10 Case 3 .1 .1  (HWR): Recycle of Plutonium 

Lcvcl 0 segments a r e  shown schematical ly i n  Figure 5.34; Level 1 

s t e p s  i n  Figures 5.35,  5.36, and 5.37. The s t a t e - u f - t h e - a r t  and mate r i a l  

a t t r a c t i v e n e s s  of t h e  chemical reprocessing s t e p  (4.0) and t h e  MOX f a b r i -  

c a t i o n  s t e p  (5.0) a r e  shslm in Table 5.12. 

The CANDU r e a c t o r  was developed i n  Canada f o r  domestic use and f o r  

expor t .  Current power r a t i n g  of CANDU r e a c t o r s  i s  about 2200 MWth (630 We) 

and some advanced des igns  a r e  projec ted  t o  opera te  a t  750 MWe. The r e a c t o r  

can be fue led  with n a t u r a l  uranium, but  some economic benef i t  i s  ca lcu la ted  

with s l i g h t  enrichment (Q1% 23 'u) o r  with plutonium r e c y r l e .  Higher c a p i t a l  

c o s t s  a r e  est imated f o r  HWRs than f o r  LWRs because nf t h e  cos t  of heavy 

water and engineering refinements t o  minimize heavy water leakage. Thc 

incen t ives  and impediments f o r  in t roduct ion  of  IlWRs i n  t h e  U.S. have been 

s tud ied .  Commercialization and l i cens ing  of t h e  HWR design i n  the  U.S, 

would probably r c q u i r e  mally years .  

Under cu r ren t  economic condi t ions  i n  the  l J .S . ,  reproccssing and 

recyc le  of plutonium from IlWRs is probably not  a t t r a c t i v e .  Other coun t r i e s  

lacking uraniwn n r e  and enrichment I a c i l i e i e s  ( e .g . ,  Brazi l )  plan on 

plutonium recovery. The processes f o r  plutonium recovery a r e  very s i m i l a r  

t o  those  o f  the  base case f o r  recycle  of  LWR f u e l .  
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Table 5.12. Case 3 .1 .1  (HWR): Recycle of Plutonium 

State-of- Mater ia l  Mater ia l  Radiation Mater ia l  Process Step 
, the-Art Description Location Hazard Conver t ib i l i t y  

- - _ _  
A .  Chcmical Reprocessing (4 .O) 

4.1 Receivc and Storc  Fucl D I r r ad i a t ed  Fuel Basin High C 

4 . 2  Transfer  t o  Shear D I r r ad i a t ed  Fuel Basin High C 

4 .3  Shear D Fuel Elements Canyon lligh C 

4.4 Voloxidation H L  Fuel Element Pieces Canyon High . C 

4 .5  Uissolve D Fucl i n  Solut ion Canyon High C 

4 .6  Solvent Extraction D . Solut ion of U, Pu. Canyon High C 
Fiss ion Products 

4.7 Transfer  Pu Liquid D Pu N i t r a t e  Canyon Low D 

4 .8  S to re  Pu D Pu N i t r a t e  Canyon Low . O  

4.9  Convert t o  Pu02 HE Pu02 Cel l  Luw D 

4.10 S to re  Pu02 D p"O2 Cel l  Low 0 

4.11 Package f o r  Shipment D PuO2 Cel l  Lo w D 

4.12 Convert U t o  U02 D uoz Cell Negl igible  B 

4.13 Package U02 D uo2 Warehouse Negl igible  B 

4.14 S to re  Liquid Waste D Radioactive Liquids . Canyon High 

4.15 So l id i fy  Liquid Waste HDF Radioactive Sol i d s  Canyon ' High 

4.16 Store '  Sol id  Waste HDF Radioactive Sol ids  Canyon High 

4.17 Package f o r  Shipment CE Radioactive Sol i d s  . Canyon High 

4.18 Col lect  Waste D Radioactive Sol ids  Canyon Variable  . 
4.19 Col lect  Hulls and Sol ids  D Radioactive Sol i d s  Canyon High 

4.20 Process Waste CE Radioactive So l id s  Canyon High 

4.21 Package f o r  Shipment CE Radioactive Sol ids  Cel l  High 

4.22 Treat  Off-Gas HL Radioactive Gases Canyon High 

B .  MOX Fabr icat ion (5.0) 

5.'1 Receive and S to re  HDF PuO2 
Pu Powder 

Receive and Store  
U Powder 

Blend 

Produce P e l l e t s  

Assemble Rods 

P r o p n ~ o  Acr~mblies  

UO2 Rod Storage 

Regrind a l ~ d  Screen Scrap 

S to re  and Package 

Process Sol id  Waste 

S to re  and Packagc Scrap 

Treat  Off-Gas 

HUP 

HOF 

HDF 

HDF 

HnF 

D 

HDF 

HDF 

HDF 

HDF 

HOF 

Pu02 /u02 

Pu02/U02 

PuOz/UOz/Cladding 

hQ~/UOa/Cladding 

UO~/Cladding 

PuOa/1102 

Pu02/UO2 

Miscellaneous 

Miscellaneous 

Pu 

Cel l  Low 

Ccl l 

Cel l  

Cel l  . 

Cell  

Cel l  

Warehouse 

Cel l  

Warehouse 

Cel l  

Cel l  

Cel l  

Negl igible  

Low 

LOW 

LOW 

Low 

Negl igible  

LOW 

Low 

LOW . 



The uranium recovered from HWR fuel is about 0.3% 3 5 ~  (somewhat 

higher with enriched fuel loading) and, hence, not economical for recycle. 

Storage of uranium for eventual use in breeder reactors is assumed. 

5.2.11 Case 3.1.2 (HWR): Recycle of Spiked Plutonium 

Level 0 segments are shown schematically in Figure 5.38; Level 1 

steps, in Figures 5.39, 5.40, and 5.41. The state-of-the-art and mate- 

rial attractiveness for the chemical processing step (4.0) and the MOX 

fabrication step (5.0) are shown in 'I'able 5.13. 

Difficulties in providing an effective spiking method for plutonium 

fuel are discussed sepa.rately under Section 5.4, "Spikirlg .Plurilnium." 

5.2.12 Case 3.1.3 (IWR): Fuel Throwaway - Oxide Fuel 
Level 0 segments are shown in Figure 5.42; Level 1 steps, in Figures 

5.43 and 5.44. The state-of-the-art and material attractiveness are shown 

in Table .5,. 14. 

-The CANDU reactors are currently operated in the fuel thrnwaway 

mode. Annual fuel throughput for HWRs is two or three times that of 

LWRs because the fuel exposure .is only about 7,000 MWD/ton metal compared 

to about 30,000 MWD/ton for LWRs, This cnmpasison i s  basod on the s a w  

thermal output from both types of reactnrs. The conversion ratio of 

plutonium is higher in HWRs than for LWRs; thus, the stored HWR fuel 

would become a future resource should a decision be made to phase in 

breeder reactors as a consequence of high uranium cost or short slipply. 

5.2.13 Case 3.3.1 (HWR): . Tandem Fuel - Reconstituted LWR Fuel 
Level 0 segments are shown in Figure 5.45; Level 1 steps, in Figures 

5.46, 5.47, and 5.48. 'I'he state-of-the-art and material characteristics 

for Operation 5.0 (Reconstitute Fuel for HWR) and Operation 8.0 (Spent 

Fuel Encapsulation) are shorn in Table 5.15. 

In the tandem fuel cycle, irradiated LWR fuel is reirradiated in 

HWRs without il~termediaee chemical reprocessing. The power recovered 

from a given amount of uranium is extended about 30%, and the fuel di.s- 

charged from the HWR contains <0.5% * 3 5 ~  and about 20% less plutonium 
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LEVEL 1 

A l l  func t ions  are  developed s t a t e  o f  the a r t  i n  Canada; r a d i a t i o n  hazard 
i s  neg l i g i b l e .  

- 

Mater ia l  c o n v e r t i b i l i t y  i s  Category B f o r  a l l  steps except "Treat off-  as" 
and "Procoss S o l i d  Wactc." 

F ig.  5.39. Case 3.1.2 - Recycle o f  Spiked Plutonium; S1,i h t l y  
Enriched (0.7-1 .S% 2 3 5 ~ )  Uranium Fabr i ca t i on  72.0) 

A 

Scrap U02 ., 

A 
Treat 

c=iii-i-- --c----- O f f  -Gas 

I I 

I 
I 

t I .  
! I 

1 

UFB Ca lc i -  P e l l e t  , Rod and Store Receipt . * Element and na t i on  Storage 
I PackaQP I - 

I I 
I I I 

Sol i d  
Waste 

Conver- 
s ion  

Sol vent 
Ex t rac t  

J 

0 Dissolve 



LEVEL -I 

4.13 4.12 . 

Package U02 fo r  Shipment Convert U t o  U02 

, 

4.5 

Dissolve 

4.1 

Receive and 
Store Fuel 

Sol vent 
Ex t rac t  

F ig.  5.40. Case 3 .1 .2-Recyc le  o f  Spiked Plutonium; 
Chemical Reprocessing (4  .O) 

I I I 
I I I 
I I I FkL ------ i ------ i 

4.18 t 
I 

/ Col l  e c t  Hu l l  s / 

4.14 
Store 
L iqu id  
Waste 

d 

4.11 4.10 4.9 4.8 4.7 

- 

4.15 
S o l i d i f y  
L i q u i d  
Waste 

Remote 
Pdckdye 
PUOZ f o r  
Shipment 

Co l l ec t  Waste 

4.21 
package 
f o r  
Shipment 

4.17 
Package 
f o r  
Shipment 

I 

4 C .  

4.16 
Store 
So l i d  
Waste 

4.2 

Transfer 
t o  Shear 

b 

I 
I) 

4 

Remote 
Transfer 
U-Pu-FP 
L i q u i d  

I 

4.4 

Volox 

4.20 
Process 
Waste 

1 

Remote 
Store 
PuO* 

, - 4.3 

Shear 

6 
Remote 
Convert 
t o  PuOz 

b 

I Remote 
Store 
Pu-U-FP 
L i q u i d  



LEVEL 1 

Fig .  5.41. Case 3.1.2-Rec.ycle o f  Spiked Plutonium; MOX F a b r i c a t i o n  (5 .0 )  
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Table 5.13. Case 3.1.2 (HUR): Recycle of Spiked Plutonium 

Process Step 

A .  Chcmical Reprocessing (4 .0)  

4 .  I Receive and S to re  Fuel 

4 . 2  Transfer t o  Shear 

4 .  Shear . 
4 . 9  Voloxidation 

4 .5  Dissolve 

Rad i a  t  ion Mater ia l  
Hazard Conver t ib i l i t y  

State-of- m t e r i a l  Mater ia l  
the-Art Description Location 

I r r ad ia t ed  Fuel Basin High C 

lligh C 

High C 

High C 

High C 

High C 

I r r ad i a t ed  Fuel 

Fuel Elements 

Fuel Element Pieces 

. Purl i n  Solut ion 

Solut ion of U ,  Pu, 
Fiss ion Products 

Pu Ni t ra te /F.P.  

Basin 

Canyon 

Canyon 

Canyon 

Canyon 4 . 6  Solvent' Extraction 

Remote Transfer Pu 
Liquid/F.P. 

Remote S to re  Pu/F.P. 

Convert t o  PuOz/F. P. 

S to re  PuOz/F.P. 

Package fo r  Shipnent 

Convert U t o  UF6 

Package UF6 

S to re  Liquid Waste 

So l id i fy  Liquid Waste 

S tn rc  Snl id  Waste 

Package f o r  Shipment 

Col lect  Waste 

Col lect  Hul ls  and So l id s  

Process Waste 

Package f o r  Shipment 

Treat  Off-Gas 

Canyon Medium C 

. Pu Nitra te /P.P.  

PuOz/F. P. 

PuOz/F.P. 

PuOz/F.P. 

U N i t r a t e  . 
UF6 

Radioactive Liquids 

Radioactive So l id s  

Radioactive Sol i d s  

Radioactive Sol ids  

Radioactive So l id s  

Radioactive Sol ids  

Radioactive Sol ids  

Radioactive Sol ids  

Radioactive Gases 

Medium C 

Medium C 

Medium C 

Medium C 

Negl igible  B 

Negl igible  B 

High 

High 

High 

High 

Variable 

High 

High 

High 

High 

U 

CP 

CP 

CP 

D 

D 

D 

HDF 

HDF 

CE 

D 

D 

CE 

CE 

HL 

Canyon 

Cel l  

Cel l  

Cel l  

Cel l  

Warehouse 

Canyon 

Canyon 

Canyon 

Canyon 

Canyon 

Canyon 

Canyon 

Cel l  

Canyon 

B .  bIOX Fabr icat ion (5.0) 

5 .1  Receive and S to re  
Pu Powder 

5.2 Receive and S to re  
U Powder 

5 . 3  Blend 

5.4 Produce P e l l e t s  

5.5 Assemble Rods 

5.6 Prepare Assenblies 

5 . 7  UO* Rod Stnraee  

5.8 Regrind and Screen Scrap 

5.9 S to re  and Package 

5.10 Process Sol id  Waste 

5.11 S to re  and Package Scrap 

5.12 Treat  Off-Gas 

HDF Cel l  Medium D 

HDF Cel l  Negl igible  B 

HOF 

HDF 

HDF 

HDF 

D 

HDF 

HDF 

HDF 

HDF 

HDF 

PuOz/UOz/F.P. 

PuOz/UOz/F.P. 

PuOz/UOz/F. P. 

PuOz/UOz/F.P. 

U02/Cladding 

PuOz/UOz/F.P. 

PuOz/UOz/F.P. 

Miscellaneous 

Miscellaneous 

Pu 

Cel l  

Cel l  

Cel l  

Cel l  

Warehouse 

Cel l  

Med i um 0 

Medium D 

Medium D 

Medium D 

Negl igible  B 

Medium D 

Warehouse 

Cell 

Cell  

Cel l  

Med i um D 

Negl igible  
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LEVEL 1  
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Fig .  5.43.  Case 3 . 1 . 3  - Fuel Throwaway (Oxide Fue l )  ; S l i g h t l y  Enriched 
(0 .7-1 .5% 2 3 5 ~ )  Uranium Fabr icat ion  ( 2 . 0 )  



LEVEL 1 
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Table 5.14. Case 3.1.3 (HUR): Fuel Throwaway (Oxide Fuel) 

Process Step State-of - Material 
the-Art Description 

A .  Encapsulation (8.0) 

8.1 Receivc Furl 0 .  Irradiated llWR Furl 

8.2 Transfer to .Encapsulation D Irradiated Fuel 

8.3 Encapsulate Fuel sb Irradiated Fuel 
' Rcmove Cas 

3.4 Store Encapsulated Fuel 0 Irradiated Fuel 

8.5 Recycle Failures S Failed Irradiated Fuel 

8.6 Package for Shipment to CE Irradiated Fuel 
Storage 

Material 
Locat ion 

Radiation 
Hazard 

Material 
Convertibilitv 

Basin 

Basin 

Canyon 

Basin or 
Vau 1 t 

Canyon 

Basin or 
Vault 

~ i ~ h "  

High 

High 

High 

High 

High 

a~aries with age .of fuel. 

b~ome Canadian development work for CANDU fuel may be applicable. 
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LEVEL 1  - 
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Fig. 5.47. Case 3 .3 .1  - Tandem Cycle . w i t h  ~econs t i tu ted  LWR Fuel ; 
~ e c o n s t i t u t e  Fuel (5.6) 
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LEVEL 1 

F.ig. 5.48. Case 3.3,1 - T a n d e m c y c l e w i t h  Recons t i t u ted  LWRFuel; 
Spent Fuel  Encapsu la t ion  (8.0) 



Table 5.15. Case 3.3.1: Tandem Cycle - Reconstituted LWR Fuel 

Process Step 
State-of- Mater ie l  Mater ia l  Radiation Mater ia l  
the-Art Deacript ion Location Hazard Conver t ib i l i t y  

A.  Reconst i tu te  Fuel (5.0) 

5.1 Receive n t ~ d  SLure 
LWR Fuel 

5.2 Dissassemble and 
Declad Rods 

5 . 3  Grind P e l l e t s  

5.4 M i l l  Powder 

5 .5  Blend Powder 

5 . 6  Mix with Dinder and Press  

5.7 S i n t e r  

5.8 Grind 

5.9 Inspect and Cage 

5 . i b  Encapsulate P e l l e t s  
i n  Rodc 

5.11 Inspect  Rods 

5.12 Assemble HW Clus t e r s  

5.13 Inspect  and S to re  

5 . 1 4  Lollecr AlrDurne ~ ~ t i v i c y  

5.15 Trea t  Airborne Ac t iv i ty  

5.16 CullecL Solid Waste 

5.17 Treat  Sol id  Waste 

Basin High I r r ad ia t ed  Fuol 

I r r ad ia t ed  Fuel Hot Cell High 

I r r ad ia t ed  Fuel Pieces 

UOz/F.P. /Pu02 

U02/F. P. /Pu02 

UOi/F.P./PuO, 

UOz/F.P. /PuOz 

U02/F .P. /PuOz 

IIO$/F.P.  /p0,n2 

UUz/F.P. /PuUz 

Hot Cel l  

Hot Cel l  

Hot Cell 

Hot Cell 

Hot Cell 

Hot Cel l  

llot Cel l  

Hot Cel l  

High 

High 

High 

. wish 

High 

High 

lligh 

Hign 

UOz/F.P. /Pu02 

Clad UO~/F.P./PUOZ 

Clad UOz/F.P. /Pu02 

Alr, xe,  Kr, '1 

A i r ,  Xe, Kr, 'T 

Miscellaneous 

Hot Cel l  

Hot Cel l  

Hot Cel l  

llui Cells 

Hot Cel l  

Hot Cc l l s  

Hot Cel l  

High 

High 

High 

Luw, Val l ab le  

Low; va r i ab le  

Low; Varioblc 

Medium; Variable Miscellaneous 

R. E n c a p s u l a t j ~  (8..0) 

8 .1  Receive Fuel D 

8.2 Transfer  t o  Encapsulation D 

8 . 3  Encapsulate Fuel sb 
Remove Gas 

8 .4  S t o r e  Encapsulated Fuel D 

I r r ad i a t ed  LWR Fuel Basin Higha 

I r r ad ia t ed  Fuel Basin High 

I r r ad ia t ed  Fuel Canyon High 

I r r ad ia t ed  Fuel Basin o r  High 
Vault 

Fa i l&  I r r ad ia t ed  Fvb! ranynn Hiah 

I r r ad ia t ed  Fuel Basin o r  High 
Vault 

8 .5  Rocyclo Fai lurec  S 

8 . 6  Package fo r  Shipment CE 
t o  Storage 

. . 

% a r i e s  with age of f u e l .  

b~ome  Canadian development work f o r  CANDU fue l  may be app l i cab le .  



than t h e  f u e l  discharged from t h e  LWR. In t h i s  case,  t h e  LWR f u e l  i s  

re fabr i ca ted  i n t o  a f u e l  form t h a t  corresponds t o  t h e  normal CANDU HWR 

configurat ion.  Fuel p ieces  f o r  HWRs a r e  l a r g e r  than f o r  LWRs. The 

re fabr i ca t ion  s t e p  may be needed t o  improve t h e  uniformity of f u e l  power 

generat ion during HWR exposure and t o  match HWR mechanical design.  

A prel iminary review of t h e  tandem f u e l  cycle  was made i n  Reference 

1. The r e f a b r i c a t i o n  s t e p  i s  t e c h n i c a l l y  uncer ta in ,  and t h e  f u e l  perform- 

ance during extended exposure i s  undemonstrated. Many years  of technica l  

development would probably be required t o  implement t h e  tandem f u e l  cycle .  

The incent ive  t o  recover plutonium from s tored  f u e l  would depend on t h e  

demands of  a breeder r e a c t o r  program. LWR f u e l ,  HWR f u e l ,  o r  tandem f u e l  

might a l l  contain enough plutonium t o  warrant processing.  

5.2.14 Case 3.3.2 (HWR): Tandem Fuel - Fuel Not Reconst i tuted 

Level 0 segments a r e  shown i n  Figure 5.49; Level 1 s t e p s ,  i n  Figures 

5.50 and 5.51. The s t a t e - o f - t h e - a r t  and mater ia l  c h a r a c t e r i s t i c s  f o r  

spent fue l  encapsulation (7.0) a r e  shown on Table 5.16. 

The f u e l  r e f a b r i c a t i o n  s t e p  would not  be required i f  a  f u e l  design 

could be developed t h a t  could be used d i r e c t l y  i n  HWRs a f t e r  discharge 

from LWRs. Currently t h e r e  a r e  t h r e e  PWR vendors and one BWR vendor. 

About 75 f u e l  designs have been developed, and t h e r e  i s  very  l i t t l e  i n t e r -  

changeabi l i ty  (only f o r  some BWR f u e l  des igns) .  Fuel enrichments a r e  a l s o  

a va r i ab le .  I t  seems un l ike ly  t h a t  a  dual-purpose f u e l  design could be 

developed without a  major compromise i n  f u e l  economy and without causing 

a reduction i n  r e a c t o r  power. 

5.2.15 Case 3.4.1 (HWR): Spec t ra l  S h i f t  Reactor - Throwaway of Oxide 
Fuel (LWR-HWR Hvbrf d) 

Level 0 segments a r e  shown i n  Figure 5.52; Level 1, i s  shown i n  

Figure 5.53. The s t a t e -o f - the -a r t  and mate r i a l  c h a r a c t e r i s t i c s  f o r  t h i s  

case a r e  shown on Table 5.17. 

The s p e c t r a l  s h i f t  r e a c t o r  concept i s  based on increas ing t h e  

moderating c h a r a c t e r i s t i c s  of t h e  coolant  during f u e l  exposure t o  

compensate f o r  r e a c t i v i t y  'changes. This s h i f t  i n  moderating charac ter -  

i s t i c s  is  achieved by reducing t h e  fractinn nf hea~ry wa.t.er (n20) i n  
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Fig. 5.51. Case 3.3.2 - Tandem Cycle - Fuel Not Reconstituted; 
Spent Fuel Encapsulation (8.0) 
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Table 5.16. Case 3.3.2 (HWR): Tandem Cycle - Fuel Not Reconstituted; Encapsulation !8.0) 

State-of- Mater ia l  Mater ia l  Radiation Mater ia l  
Process Step the-Art Descr ipt ion Location Hazard Conver t ib i l i t y  

A. Erlc;~pbulat ion (8.0) 

8 .1  Receive Fuel 

8 . 2  Transfer  t o  Encapsulation D 

8 . 3  Encapsulate Fuel ' Sb 
Remove Gas 

8 .4  S to re  Encapsulated Fuel 0 

8 .5  Recycle Fai lures  S 

8 .6  Package f o r  Shipment t o  CE 
Storage 

I r r ad ia t ed  LWR Fuel Basin Higha ca 
I r r ad ia t ed  Fuel Basin High C 

I r r ad ia t ed  Fuel canyon High C 

I r r ad ia t ed  Fuel Basin o r  High C 
Vault 

Fai led I r r ad ia t ed  Fuel Canyon High C 

I r r ad ia t ed  Fuel Basin o r  High C 
Vault 

'varies with age of f u e l .  

b~ome  Canadian development work f o r  CANDU fue l  may be appl icable .  
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LEVEL 1 

All functions are developed state of the art; radiation hazard is negligible. 

Material convert:bility is Category B for all steps except "Treat Off-Gas" and "Process solid wsste." 

Fig. 5.53. Case 3.4.1 - Spect ra l  S h i f t -  Reactor (Throwaway o f  Oxide Fuel ) ;  
S i  i g h t l y  Enriched (2.4% 235U)  Uranium Fabr i ca t i on  (2.0) 



Table 5.17. Case 3.4.1 (LWR-HWR): Spec t r a l  S h i f t  Heactor (Thruvaway - Oxidc Fuel) 

Procesa Step State-of - Mater ia l  Mater ia l  
the-Art Description Locat ion 

Mater ia l  
Conve r t ib i l i t y  

A. Encapsulation (8.0) 

8 . 1  Receive Fuel 

8.2 Transfer  t o  Encapsulation 

8 .3  Encapsulate Fuel 
Remove Gas 

8 . 4  S to re  Encapsulated Fuel 

8 .5  Recyclc Fai lures  

8 .6  Package f o r  Shipment 
t o  &topago 

D I r radia ted LWR Fuel Basin 

D ' I r r ad ia t ed  Fuel Basin 

sb I r r ad ia t ed  Fuel Canyon 

D I r r ad ia t ed  Fuel Basin o r  
Vault . 

S Fai led I r r ad ia t ed  Fuel Canyon 

CE Ir radia ted Fuel Basin. o r  
Vault 

lligha 

Hieh 

High 

High 

High 

High 

a ~ a r i e s  with age of f u e l .  

b~ome  Canadian development work f o r  CANDU f u e l  may be appl icable .  



t he  coolant  from 60 t o  10% during a f u e l  cycle ,  so t h a t  t h e  spectrum 

approaches t h a t  of  the  LWR-PWR. This mode of operat ion has t h e  advantage 

of reducing the  amount of  enrichment needed from 3.2 t o  2.6 w t  % 

i n  the  oxide f u e l  and e l iminates  the  necess i ty  o f  using boron a s  a 

chemical shim f o r  r e a c t i v i t y  cont ro l  i n  a PWR. B&W once attempted t o  

market t h e  s p e c t r a l  s h i f t  r e a c t o r . '  

I f  t h e  same f u e l  exposure i s  a t t a i n e d  (by producing more 2 3 9 ~ ~  f u e l  

by resonance absorption with t h e  s p e c t r a l  s h i f t  r e a c t o r  concept) ,  a 

resource savings of  about 20% is  a t t a i n a b l e  without reprocessing.  I t  

i s  not  c l e a r  t h a t  annual f u e l  reloadings a r e  compatible with t h e  s p e c t r a l  

s h i f t  mode. The d e t a i l s  of ad jus t ing  t h e  coolant  concentrat ion should 

be c a r e f u l l y  reviewed. The conversion from 10% t o  60% D20 would probably 

requ i re  a s i g n i f i c a n t  inventory of D20 which, i n  addi t ion  t o  f a c i l i t i e s  

f o r  upgrading t h e  discharged coolant ,  would inc rease  the c a p i t a l  cos t  

of the  s p e c t r a l  s h i f t  concept. 

5.2.16 Case 7.1.1 (Energy Center - LWR): Combination of Fuel Cycles 
with I n t e r n a l  Control of  Plutonium 

Level 0 segments a r e  shown i n  Figure 5.54; Level 1 s t e p s ,  i n  f i g u r e s  

5.55, 5.56, 5.57 and 5.58. The s tg te -o f - the -a r t  and mate r i a l  charac ter -  

i s t i c s  f o r  chemical processing (4.0) , MOX f a b r i c a t i o n  (5.0) and spent  

f u e l  encapsulat ion (8.0) arc.  shown i n  Table 5.18. 

Light water r e a c t o r s  fue led  with uranium-plutonium would be operated 

i n s i d e  t h e  energy cen te r  f o r  i n t e r n a l  cont ro l  o f  t h e  plutonium. Uranium- 

fueled  LWRs would be operated ou t s ide  t h e  energy cen te r .  A l l  i r r a d i a t e d  

f u e l  from outs ide  t h e  energy cen te r  could be shipped i n t o  t h e  energy 

center  f o r '  i n t e r n a l  processing and eventual use i f  t h e  r e a c t o r  capaci ty  

i n  t h e  cen te r  were la rge  enough. About 30% of t h e  t o t a l  LWR power would 

have t o  be located within t h e  energy center .  The f l e x i b i l i t y  shown i n  

t h e  diagram implies some shipment of f u e l  t o  terminal  s torage  a s  i f  t h e  

energy cen te r  does not  have s u f f i c i e n t  capaci ty .  
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A l l  functions a r e  developed s t a t e  o f  the  a r t ;  r a d i a t i o n  hazard 
i s  n e g l i g i b l e .  

Mate r ia l  c o n v e r t i b i l i t y  i s  Category B f o r  a l l  steps except 
"Treat  Off-Gas" and "Process Sol i d  Waste. 
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Fig. 5.55. Case 7.1.1 - Energy Center ;  S l i g h t l y  Enriched 
(2-4% 2 3 5 ~ )  Uranium Fabr i ca t i on  (2 .0)  
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F i g .  5.513. Case 1.1. I - Etieryy Cerrler; Spent Fuel Encapsulation (8.0)  
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Table 5.18. Caae 7.1.1 (LVR Energy Center):  I n t e r n a l  Recycle of Plutonium 

State-of- t i a t e r i a l  Mater ia l  Radiation t i a t e r i a l  
Process Step the-Art Description ~ o c a t i o n  Hazard Conver t ib i l i t y  

A.  Chemical Reprocessing (4.0) 

4.1 Receive and S to re  Fuel U I r r ad ia t ed  Fuel Basin High C 

4.2  ' Transfer t o  Shear D I r r ad i a t ed  Fuel Basin High C' 

4 . 3  Shear D Fuel Elements Canyon High C 

4.4 Voloxidation HL ' Fuel Element Pieces Canyon High C 

4 .5  Dissolve D Fuel i n  Solut ion Canyon High C 

4.6 Solvent Extract ion D Solut ion of U .  Pu, Canyon High C 
Fiss ion Products 

4.7 Transfer Pu Liquid D ' Pu Ni t r a t e  ,. Canyon Low D 

4.8 S to re  Pu D Pu Ni t ra t e  Canyon Low D 

4.9 Convert . t o  P i 0 2  HE Puoz Cel l  Low D 

4,10 S to re  PuO2 D Puoz Cel l  Low D 

4.11' Package f o r  Shipment D Puoz Cel l  ,Low D 

4.12 Convert U t o  UF6 D U N i t r a t e  Cell Negl igible  B 

4.13 Package UFs D UF6 Warehouse Negl igible  B 

4.14 S to re  Liquid Waste D Radioactive Liquids Canyon High 

4.15 So l id i fy  Liquid Waste HDF Radioactive Sol ids  Canyon High 

4.16 S to re  Sol id  Waste HDF Radioactive Sol ids  canyon High 

4.17 Package f o r  Shipnent CE ' Radioactive Sol ids  Canyon High 

4.18 Col lect  Waste D Radioactive So l id s  Canyon Variable  

4.19 Col lect  Hulls and Sol ids  D . Radioactive So l id s  Canyon High 

4.20 Process Waste CE Radioactive So l id s  Canyon High 

4.21 Package f o r  Shipment CE Radioactive So l id s  Cel l  High 

4.22 Treat  off-Gas HL Radioactive Gases Canyon High 

.' B. MOX Fabr icat ion (5.0) 

5.1 Receive and S to re  Pu Powder 

5.2 Receive and S to re  U Powder 

5 .3  Blend 

5.4 Produce P e l l e t s  

5.5 Assemhle Rods 

5 .6  Prepare Assemblies 

5.7 U02 Rod Storage 

5.8 Regrind and Screen Scrap . 

5.9 S ~ u r e  and Package 

5:10 Process Sol id  Waste 

5.11 S to re  'and Package Scrap 

5.12 Treat  Off-Gas 

HDF 

HDF 

HDF 

HDF 

HDF 

HDF 

D 

HDF . 

HDP 

HDF 

HDF 

HDF 

C .  Encapsulation (8.0) 

8 . 1  Receive Fuel 

8.2 Transfer  t o  Encapsulation D 

8 . 3  Encapsulate Fuel . Sb 
Remove Gas 

8.4 S tu re  e l~capsula ted Puel D 

8 . 5  Recycle Fa i lu re s  S 

8 .6  Package f o r  Shipment CE 
t o  Storage 

Puo2 

u02 

Pu02/u02 

PuU2/U02 

h~D~/ l IO~/Cladd ing  

Pu02/UO~/Cladding 

UOz/Cladding 

Puo2 /UO2 

Pu02/UO2 

Miscellaneous 

Miscellaneous 

Pu 

I r r ad ia t ed  LWR Fuel 

I r r ad ia t ed  Fuel 

I r r ad ia t ed  Fuel 

Fai led I r r ad ia t ed  Fuel 

I r r ad ia t ed  Fuel 

Cel l  

Cell  

Cel l  

Gel 1 

Cell 

Cel l  

Warehouse 

Cell 

Warehouse 

Cel l  

Cel l  

Cell  

Basin 

Basin 

Canyon 

Bas111 u r  
Vault 

Canyon 

Basin o r  
Vault 

Low D 

Negl igible  B 

Low D 

LOW U 

LOW D 

Low D 

Negl igible  B 

Low D 

Luw D 

Negl igible  

~ i ~ h ~  ca 
High C 

High C 

High , . C 

High C 

High C 

%ar i e s  with age of f u e l .  

b3thia= Canadiaii d=%llopain=iit W G ~ L  Ti,' CAldDU Tul.1 lwry Lc ~ p p l i c ~ b l r .  



5 .3  PROCESSING SIDESTREAMS 

Normal processing sequences f o r  t h e  16 a l t e r n a t i v e  f u e l  cycles  

analyzed by SRL a r e  shown i n  t h e  previous f i g u r e s  and t a b l e s .  However, 

t h e  ease  of  d i v e r t i n g  f i s s i o n a b l e  ma te r i a l  i n t o  a s idestream f o r  spec ia l  

processing and conversion i n t o  weapons i s  a l s o  of  i n t e r e s t  i n  t h i s  s tudy.  

The ease  of modifying a process t o  recover t h e  f i s s i o n a b l e  mater ia l  i n  a 

more convenient form w i l l  a l s o  be s tudied .  A prel iminary desc r ip t ion  of 

such sidestream processing t o  recover plutonium is given i n  Table 5.19 

f o r  t h e  SRL cases .  Sidestream processing f o r  some cases  w i l l  be s tudied  

i n  more d e t a i l  i n  Phase 2 .  The cases  a r e  l i s t e d  i n  order  of  increas ing 

d i f f i c u l t y ;  however, t h e  degree of d i f f i c u l t y  i s  judged t o  be minor. 

Recovery of plutonium from a so lu t ion  can be accomplished by pre-  

c i p i t a t i o n  o r  ion  exchange.as well a s  t h e  l a rge - sca le  i n d u s t r i a l  separa-  

t i o n  methods (mixer - se t t l e r s ,  pu l se  columns, e t c  . ) . Radiation provides 

some i n t e r f e r e n c e  with processing,  but  i s  only a minor complication i n  a 

n a t i o n a l l y  planned program of recovery. 

5.4 SPIKING PLUTONIUM 

Cases 1.1.2, 1.1.3, and 3.1.2 r e q u i r e  t h a t  plutonium streams contain 

a source of  high r a d i a t i o n  t o  se rve  a s  a d e t e r r e n t  t o  d ivers ion  of  plutonium 

f o r  unauthorized purposes. Some r e l a t i o n s h i p  between t h e  r a d i a t i o n  l e v e l  

and r e s i s t a n c e  t o  s idestream d ive r s ion  ( t o  p r o l i f e r a t i o n )  may be developed 

i n  f u t u r e  work t o  a i d  i n  determining a s u i t a b l e  processing method. Pre- 

l iminary  considera t ion  of  spiking plutonium assumes plutonium containing 

t h e  r e s i d u a l  f i s s i o n  products  a f t e r  one cycle  of so lvent  ex t rac t ion  w i l l  

be adequately spiked. Calcula t ions  by t h e  SRL Reactor Physics Division 

i n d i c a t e  t h e  r a d i a t i o n  l e v e l  i n  t h e  spiked plutonium i s  about ten-fo ld  

h igher  than i n  p u r i f i e d  plutonium, because an e f f e c t i v e  DF of  5000 i s  

ca lcu la ted  f o r  t h e  f i r s t  cycle  of so lvent  ex t rac t ion .  'I'hus, t h e  spiked 

plutonium would emit more than severa l  R/hr/kg. I t  would be necessary 

t o  de.crease the  e f f e c t i v e n e s s  of  t h e  Purex process i f  a f u r t h e r  inc rease  

i n  r a d i a t i o n  is  warranted. 



Table 5.19. Diversion of Sidestreams 

Stepe t o  Obtain 
Pu Metal i n  Plent  F a c i l i t y  f o r  Pu Recovery 

Sideetream After  Decision t o  I n d u s t r i a l  , 

casea  Cmooeit ion Radiation P r o l i f e r a t e  P l an t  Clandest ine  

U. Pu Recovery Cases 

1 .1 .1  Recyc'le of U and Pu t o  LWR 
(Base) o r  

2.1.7 Recycle of U and Pu t o  ACR o r  
3.1.1 Recycle of U and Pu t o  HWR 

1.1.7 Coprocessed Pu Recycle t o  LWR 

1.1.2 Spiked Pu Recycle t o  LWR o r  
3 .1 .2  Spiked Pu 'Recycle t o  HWR 

1 .1 .3  Coprocessed Spiked Pu Recycle 
t o  LWR 

U Recovery Case 

1.1.4 . Recycle Uranium-Plutonium 
and Fiss ion Products t o  
Waste (LWR) 

Throwaway Cases 

Reactor Type Fuel 
1.1.5 LWR Oxide 
1.1.6 LWR Metal 
2.1.6 GCR ' Metal 
3 .1 .3  HWR Oxide 
3.4.1 PWR/HWR Oxide 

Tandem Cases 

3 .3 .1  
3.3.2 

Energy Center. 

7.1.1 .LWR with Pu recycle  i n s ide  
LWR with U fue l  only ou t s ide  
I r r ad ia t ed  fue l  shipped back 

t o  cen te r  

Puoz 1-2 R/hr Reduce PuOz. Yes Poss ible  

h02-UO, -1 R/hr Modify operat ion t o  
s epa ra t e  U and Pu. 
reduce Pu. 

Yes Poss ib l e  

Pu02 Under Modify operat ion t o  sepa- Yes Poss ible  
s tudy but r a t e  Pu and f i s s i o n  products,  
assumed recover and reduce Pu (shielded 
t o  be over ope ra t ion ) .  
l o  n/hr 

Pu01 - Over Modify operat ion t o  sepa- Yes 
uoz 10 ~ / h r  r a t e  Pu from U and f i s s i o n  

products,  recover and reduce 
Pu (shielded ope ra t ion ) .  

PuOz and Variable Modify operat ion t o  sepa- 
f i s s i o n  but very r a t e ,  recover,  and reduce 
products high Pu (shielded operat ion) .  . 

>lo r  R/hr 

I r r ad ia t ed  Variable Divert fue l  assemblies,  . 
Fuel but very d i s so lve  f u e l ,  separate  
Assemblies high Pu, r educe  Pu.. 

I r r ad ia t ed  Variable Same a s  f o r  throwaway. 
Fuel but  very 
Assemblies high 

I r r ad ia t ed  Variable Same a s  f o r  throwaway 
Fuel but very ou t s ide  energy cen te r .  
Assemblies high Energy cen te r  i s  not  

s i t e d  i n  a non-weapons 
s t a t e .  

Yes 

Poss ible  

Poss ible  

Required 

Required 

Required 

-- -- 

a ~ a s e s  l i s t e d  i n  o rde r  of increas ing technical  d i f f i c u l t y .  



Several  techniques of spiking plutonium a r e  l i s t e d  i n  Table 5.20. 

A l l  methods provide some deter rence  t o  d ivers ion of small amounts of f i s s i l e  

mate r i a l ,  but  none seem s i g n i f i c a n t l y  p r o l i f e r a t i o n - r e s i s t a n t .  A l l  would 

cbmpli'cate t h e  handling of t h e  f u e l  and increase  t h e  r i s k  of a severe 

occupational  dose t o  members of t h e  nuclear  work fo rce .  Most methods 

impair t h e  f u e l  f a b r i c a t i o n  process. However, a l l  can be r e l a t i v e l y  

e a s i l y  defeated when a na t iona l  determination is  made t o  obta in  pur i f i ed  

plutonium. The ease  of chemical separa t ion of plutonium, f i s s i o n  products, 

and uranium (ion exchange, p r e c i p i t a t i o n ,  o r  solvent  ex t rac t ion  with 

valence adjustments) i s  not s i g n i f i c a n t l y  complicated by t h e  need f o r  

sh ie ld ing  t o  reduce dose r a t e s .  A na t iona l  plan t o  assemble equipment 

f o r  t h e  t a s k  would not  be delayed by r a d i a t i o n ;  cruder equipment and 

poorer y i e l d s  with r a d i a t i o n  would not se r ious ly  d e t e r  t h e  t a sk .  For 

t h i s  reason,  i r r a d i a t e d  fue1,assembl ies  (throwaway cases)  ox t h e  mixture 

o f  plutonium and f i s s i o n  products (Case 1.1.4) would a l s o  provide appro- 

p r i a t e  feed mate r i a l s  f o r ' a  covert  crude plutonium recovery plan.  

F i s s ion  prdducts  considered f o r  spiking plutonium a r e  character ized 

i n  Table 5.21. No isotope has  i d e a l  q u a l i f i c a t i o n s  of high dose, long 

h a l f - l i f e ,  n o n - v o l a t i l i t y ,  and chemical a f f i n i t y  f o r  t h e  plutonium stream. 

Zirconium and ruthenium isotopes  were suggested2 a s  t h e  bes t  candi- 

d a t e s  f o r  de te r r ing  d ive rs ion  (safeguards) i n  plutonium f o r  up t o  200 days 

a f t e r  separa t ion from f u e l  t h a t h a d  decayed 160 days. The f u e l  cos t  was 

est imated t o  increase  10 t o  50% a s  a consequence of t h e  f u e l  containing 

f i s s i o n  products. No considera t ion of r e s i s t a n c e  t o  p r o l i f e r a t i o n  was 

included i n  Reference 2. 
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Table 5.20. Spiking Plutonium 

Effect  on Means t o  Radiation 
Method Fuel Process Defeat . . Level 

A .  ~ i s s i o n  Products 

Incomplete Yes Yes; recycle  High; but w i l l  
Removal decay 

Select ive  P a r t i t i o n  Y e,s Yes; avoid High; but w i l l  
and Add-Back add-back .decay 

I r r a d i a t e  Fuel a f t e r  No Yes; bypass Yes; but w i l l  
Fabrication i r r a d i a t i o n  decay 

6. Cobalt Sources 

Mixed with Pu Fuel Yes Yes; separa te  High; l e s s  
chemically decay 

Added t o  Fuel Assembly No Yes 
or  t o  Pu Fabrication 
Plant . 

High; l e s s  
decay 

Minor 
(%few R/hr) 



Table 5.21. Candida tes  f o r  F i s s i o n  Product  Spiking of Plutonium 

Rad i a t i on  Level ,  Cross  V o l a t i l e s  Simple 
R/hr @ 1 yrlkg Pu Sec t i on ,  . i n  .MOX Contaminate 

I s o t o p e  Gamma Beta Half L i f e ,  y r  ba rn s  P e l l e t  Fab. Pu 

y g l  1 5 0.2 1 . 4  - - 

z r g 5  2 x l o 3  2 0.2 - - Yes 

Ru'03 40 < O .  1 0 .1  - Yes Yes 

R U ' O ~  2  x l o 3  200 1 0.15 Yes Yes 

sblZS 1 5n 5 2.7 - - - 

,--117 2 A l o 3  7 3 0 0 .1  Yc3 

a 
Pu contaminated w i th  a  mix ture  of  r a r e  e a r t h s  i s  ach i evab l e ,  but  s e l e c t i v e  
contamina t ion  w i th  cerium and .no t  gadolinium o r  samarium i s  ve ry  d i f f i c u l t .  
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