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DEVELOPMENT OF A PROCEDURE FOR EVALUATING 
THE ECONOMICS OF PROCESS OPTIONS I N  

COMMERCIAL HTGR FUEL RECYCLE 

W. E. Thomas 

ABSTRACT 

This r e p o r t  d e s c r i b e s  t h e  s t a t u s  of and c a l c u l a t i o n a l  
procedures  used i n  a machine code be ing  developed f o r  ca lcu-  
l a t i n g  c o s t s  of f r e s h  f u e l  f a b r i c a t i o n ,  chemical  r e 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  HTGR f u e l .  I n  i t s  p r e s e n t  s t a t e  of  de- 
velopment,  t h e  c a p a b i l i t y  i s  conf ined  p r i n c i p a l l y  t o  calcu-  
l a t i n g  annual  mainstream and s c r a p  recovery p rocess  through- 
p u t s  i n  f r e s h  f u e l  f a b r i c a t i o n ,  chemical  r ep rocess ing ,  and re- 
f a b r i c a t i o n .  The code works from user -suppl ied  r e a c t o r  b u i l d  
schedu les  and f u e l  s p e c i f i c a t i o n s  t o  approximate changing f u e l  
f a b r i c a t i o n  requi rements  over  a 20-year (maximum) p r o j e c t i o n .  
The a v a i l a b i l i t y  of a r e p r o c e s s i n g  f a c i l i t y  may b e  de layed  t o  
some s p e c i f i e d  d a t e  beyond t h e  f i r s t  y e a r  of a p r o j e c t i o n .  
Some of  t h e  c o s t  r o u t i n e s  have a l so  been p r o g r a m e d  and are 
d e s c r i b e d  i n  t h e  r e p o r t .  

Key words: HTGR, f u e l s ,  f a b r i c a t i o n ,  r ep rocess ing ,  
p l a n t s ,  c o s t s  . 

INTRODUCTION 

The purpose of t h i s  r e p o r t  is  t o  d e s c r i b e  t h e  s t a t u s  of development 

of a procedure (machine code) be ing  developed t o  c a l c u l a t e  f r e s h  f u e l  fab- 

r i c a t i o n  c o s t s ,  chemical  r ep rocess ing  c o s t s ,  and r e f a b r i c a t i o n  c o s t s  f o r  

high-temperature  gas-cooled r e a c t o r  (HTGR) f u e l .  

F igu re  1 shows t h e  o v e r a l l  p l a n  t o  be  fo l lowed by t h e  code,  when com- 

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

p r i m a r i l y  i n  c a l c u l a t i n g  p l a n t  and p rocess  throughput  requi rements  i n  a 

growing HTGR economy; t h a t  i s ,  approximately t h e  upper h a l f  o f  Fig.  1. In  

p repa r ing  t h e  r e a c t o r  i n fo rma t ion ,  a u s e r  may c l a s s i f y  a l l  HTGRs i n t o  one 

of  f o u r  d i f f e r e n t  " types7 ' ,  and f o r  each "type" may s p e c i f y  any d e s i r e d  num- 

b e r  of r e a c t o r s  t o  be  " b u i l t "  each yea r .  This  method a l lows  d i f f e r e n t i a -  

t i o n  of  HTGRs acco rd ing  t o  s i z e ,  f u e l  r e s i d e n c e  t i m e ,  f u e l  s p e c i f i c a t i o n s ,  

l oad ings ,  e tc .  
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Combine Reactor Data 
(for up t o  4 different Reactor 
Speciifications) calculate time 
dependent fuel requirements 
t o  support HTGR Reactors 
(first cores, annual refueling 
and Tuel discharged). - 

ORNL-DWG 75-15701 

Evaluate fabrication - reprocessing - refabrication 
plant system production rates required to  support 
HTGR Reactors. Calculate demands for fuel 
element storage, waste handling, reject recla mation, 
etc. 

- 

CODE INPUT I 
I I REACTOR INFORMATION: 

Build schedules, fuel management, 
fuel description, fissile and fertile 
loadings, etc. 

I CODE INPUT I 
FABRICATION - REPROCESSING - 

RE FAB R ICATION PLANT 
Problem control, reject rates, quality control, 
process alternates, plant build and expansion 
schedules, economics ground rules, etc. 

I 

I t I 
I CODE OUTPUT I 

I The INPUT DATA, time dependent, process dependent thorium 
and uranium mass balances. Fresh feed requirements. Spent fuel I element storage requirements, etc. 

OPE R AT1 NG STORED LIBRARY 
OF: UNIT COSTS 

maintenance, consumable, 
utilities, etc. Microscopic 
cost data. 

factured blocks Consumable Supplies 
(regular and control Working Capital 
elements) 

Equipment sizing and 
scalino data. Staffino. 

COSTS DURING 
CONSTRUCTION 

I Interest and Escalation 

operating history considering: 
Taxes (Federal, State and Local) 

CAPITAL 
INVESTMENT 

COSTS 

Land and land rights, 
Buildings, 
Hot cells, 
Cooling towers, 
Storage facilities, 
Process equipment, 
Waste handling equipment, 
Auxiliary equipment, 
Site equipment, 
Contingency, etc. 

Insurance 
Depreciation 
Return on bonds and equity 
Escalation durino operation - .  

Solves for unit  fabrication cost, 
unit  reprocessing cost and 
unit refabrication cost reauired to  
retire all debts at end of plant 
operating history. 
(Probably a cash f low analysis) 

F i g .  1. Outline of code l o g i c .  
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The code computes amount of f u e l  (uranium and thorium) charged t o  

and d ischarged  from a l l  r e a c t o r s  of a p a r t i c u l a r  "type" throughout  t h e  20- 

yea r  (maximum) h i s t o r y .  The code a l s o  keeps books on f u e l  e lements  (both  

c o n t r o l  f u e l  e lements  and r e g u l a r  e lements )  f o r  use i n  computing hardware 

c o s t s .  T o t a l  f a b r i c a t i o n ,  r ep rocess ing  and r e f a b r i c a t i o n  requirements  are 

t h e  sum over  a l l  r e a c t o r  "types".  

t h e  r ep rocess ing  f a c i l i t y ;  t h e  o p e r a t i o n a l  d a t e  i s  u s e r  s p e c i f i e d ,  

A u s e r  may a l s o  de lay  a v a i l a b i l i t y  of 

Fresh f u e l  f a b r i c a t i o n ,  chemical r ep rocess ing  and r e f a b r i c a t i o n  are 

each subdiv ided  i n t o  major p rocesses ;  f o r  example, f u e l  element assembly, 

f u e l  rod manufacture ,  e t c . ,  i n  f a b r i c a t i o n  and r e f a b r i c a t i o n .  The code 

computes annual  process  throughputs  cons ide r ing  use r - spec i f i ed  informat ion  

f o r  r e j e c t  f r a c t i o n s ,  waste f r a c t i o n s  and o t h e r  a u x i l i a r y  in fo rma t ion  re- 

l a t i n g  t o  s c r a p  recovery.  

t i o n  f o r  f i s s i l e  p a r t i c l e  and f e r t i l e  p a r t i c l e  s p e c i f i c a t i o n s .  

ample, c o a t i n g  throughputs  are c a l c u l a t e d  f o r  bo th  B I S O  and TRISO, as w e l l  

as g ross  heavy m e t a l  con ten t  i n  f i s s i l e  and f e r t i l e  p a r t i c l e s .  

s p e c i f i c a t i o n s  are a l s o  r e f e r r e d  t o  i n  chemical p rocess ing  be ing  used, f o r  

example, i n  c a l c u l a t i n g  secondary bu rne r  throughput .  The above d i s c u s s i o n  

is a very  b r i e f  t r ea tmen t  of t h e  process  throughput  c a l c u l a t i o n  which i s  

desc r ibed  i n  d e t a i l  i n  t h e  r e p o r t .  

The code a l s o  depends on user -suppl ied  informa- 

For ex- 

Coat ing 

A f t e r  c a l c u l a t i n g  annual  throughputs  i n  each major p rocess  of  t h e  

f a b r i c a t i o n  p l a n t ,  t h e  chemical  r ep rocess ing  p l a n t  and t h e  r e f a b r i c a t i o n  

p l a n t ,  then  t h e s e  throughputs  must each be  t r a n s l a t e d  i n t o  u n i t s  of equip- 

ment requi rements ,  space  requirements  and c o s t s .  Details of t h e  method 

used is  desc r ibed  i n  t h e  s e c t i o n  on equipment c o s t s .  The p r i n c i p a l  area 

of work remaining t o  be  done i s  i n  p repa r ing  equipment u n i t  c o s t  d a t a  from 

informat ion  i n  conceptua l  des ign  r e p o r t s  and a s s o c i a t e d  d e t a i l  c o s t  es t i -  

mates; t h a t  i s ,  t h e  code looks  f o r  u n i t  c o s t s  f o r  major equipment i tems 

( fu rnaces ,  c r u s h e r s ,  d i s s o l v e r s ,  e t c . )  and n o t  t h e  c o s t  f o r  each p i e c e  of 

p ipe ,  va lve ,  microswitch,  e t c . ,  used i n  f a b r i c a t i n g  t h a t  i t e m .  Use of 

m u l t i p l e  i d e n t i c a l  equipment items i s  t h e  method used i n  s c a l i n g  equipment 

t o  meet r e q u i r e d  throughputs .  The assumption has  a l s o  been made t h a t  

t h e s e  p l a n t s  w i l l  n o t  n e c e s s a r i l y  be  expanded on a cont inuous year- to-year  

b a s i s  t o  keep pace wi th  i n c r e a s e d  throughputs  i n  a growing economy. P l a n t  

expansion schedu les  are s p e c i f i e d  by t h e  u s e r  w i th  equipment be ing  s i z e d  

f o r  maximum throughput  between expansion d a t e s .  
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DESCRIPTION OF HTGR FUEL AND FUEL MANAGEMENT 

D e t a i l e d  d e s c r i p t i o n s  of HTGR f u e l  are g iven  i n  s e v e r a l  r e f e r e n c e ~ l - ~  

arid w i l l  n o t  b e  r e p e a t e d  i n  d e t a i l  h e r e .  B r i e f l y ,  HTGRs are g r a p h i t e  

moderated r e a c t o r s ;  t h e  p r i n c i p a l  makeup f u e l  is  uranium e n r i c h e d  t o  93.15% 

2 3 5 U ,  and t h e  dominant f e r t i l e  material i s  thorium. 

thorium are i n  t h e  form of e i t h e r  ox ides  o r  c a r b i d e s  which are formed i n t o  

s r n a l l  microspheres  c a l l e d  k e r n e l s ,  t y p i c a l l y  200 1-1 t o  500 LI i n  diameter .  

These k e r n e l s  are coa ted  w i t h  l a y e r s  of  carbon,  o r  w i t h  l a y e r s  of carbon 

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

f i s s i o n  p roduc t s  and keep t h e  r e a c t o r  c o o l a n t  (helium) r easonab ly  f r e e  of 

r a d i o n u c l i d e s .  Coated p a r t i c l e s  f a b r i c a t e d  w i t h  uranium are c a l l e d  f i s s i l e  

p a r t i c l e s ,  and coa ted  p a r t i c l e s  whose k e r n e l s  c o n t a i n  on ly  thor ium are 

c a l l e d  f e r t i l e  par t ic les .  

have been proposed and t e s t e d  f o r  u se  i n  HTGRs. 

Both t h e  uranium and 

S e v e r a l  a l t e r n a t e 4  f i s s i le  and f e r t i l e  p a r t i c l e s  

F i s s i l e  and f e r t i l e  p a r t i c l e s  are b lended ,  bonded t o g e t h e r  w i t h  p i t c h  

a s  a m a t r i x  material, and molded t o  form s h o r t  rods about  2 i n .  long.  

I n e r t  carbon par t ic les  c a l l e d  shim o r  f i l l  p a r t i c l e s  may a l s o  b e  used i n  

rod manufac ture ,  as r e q u i r e d ,  f o r  t h e  purpose of f i l l i n g  i n  vo ids .  These 

rods  are t h e n  i n s e r t e d  i n t o  h o l e s  (1/2 i n .  o r  5/8 i n .  diam) d r i l l e d  i n  

31.2-in.-long hexagonal g r a p h i t e  b l o c k s ,  14.17-in. a c r o s s  f l a t s ,  t o  com- 

plete a f u e l  element assembly. 

Reference  Fue l  Management 

P r e s e n t  p l a n s  are f o r  HTGRs t o  s tar t  up on 93.15% e n r i c h e d  uranium and 

thorium. The f u e l  e lements  f a b r i c a t e d  f o r  t h i s  f i r s t  l o a d i n g  are c a l l e d  

i n i t i a l  (or  f i r s t  c o r e )  e lements  and are f a b r i c a t e d  i n  a f r e s h  f u e l  p l a n t .  

During o p e r a t i o n  i n  t h e  r e a c t o r ,  uranium ( c a l l e d  b red  uranium) i s  produced 

from thor ium by n u c l e a r  r e a c t i o n s .  

nium is  mainly i s o t o p e  2 3 3 U ,  t o g e t h e r  w i th  v a r i o u s  amounts of i s o t o p e s  

234U, 235U and a small amount of 2 3 6 U  a l s o  b e i n g  produced i n  t h e  r e a c t i o n  

cha in .  I n  an HTGR n e u t r o n  energy  spec t rum,  b red  uranium i s  u s u a l l y  a 

somewhat s u p e r i o r  f u e l  compared w i t h  e n r i c h e d  uranium, t h a t  i s ,  produces 

more f a s t  neu t rons  p e r  neu t ron  absorbed i n  uranium. Hence, i t  i s  d e s i r -  

a b l e  t o  r e c y c l e  t h e  b r e d  uranium back t o  t h e  r e a c t o r  a t  some f u t u r e  d a t e .  

The i s o t o p i c  composition of  b red  ura- 
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The en r i ched  uranium i n  t h e  f i s s i l e  p a r t i c l e s  of  t h e  f irst  c o r e  e lements  

d e p l e t e s  i n  2 3 5 U  c o n t e n t  and b u i l d s  up cons ide rab ly  i n  236U con ten t  du r ing  

in-core  r e s idence .  The 36U i s  predominant ly  a neu t ron  abso rbe r  (po i son) .  

S ince  236U cannot  b e  s e p a r a t e d  o u t  chemica l ly ,  i t  limits any advantages  

i n  r e c y c l i n g  t h i s  s p e n t  makeup uranium throughout  t h e  r e a c t o r  o p e r a t i n g  

h i s t o r y .  

reclaimed i n  chemical  r ep rocess ing  w i l l  be  r e f a b r i c a t e d  ( i n  so -ca l l ed  25R 

e lements )  and r e t u r n e d  t o  t h e  r e a c t o r  f o r  one a d d i t i o n a l  f u e l  c y c l e .  

i s ,  en r i ched  uranium w i l l  r e s i d e  i n  r e a c t o r  a maximum of two c y c l e s  and 

w i l l  t hen  be d i sca rded .  The b red  uranium e x t r a c t e d  from t h e  f e r t i l e  par-  

t i c les  w i l l  be  r e f a b r i c a t e d  i n t o  f i s s i l e  p a r t i c l e s  and assembled i n t o  23R 

e1ement.s f o r  r e c y c l e  t o  t h e  r e a c t o r .  Subsequent r e p r o c e s s i n g  w i l l  reclaim 

a l l  b r e d  uranium from t h e  f i s s i l e  p a r t i c l e s  i n  t h e  23R e lements  as w e l l  as 

from a l l  f e r t i l e  p a r t i c l e s  f o r  r e f a b r i c a t i o n  and r e c y c l e .  

P r e s e n t  HTGR f u e l  management s p e c i f i e s  t h a t  s p e n t  makeup uranium 

That 

The convers ion  r a t i o ,  de f ined  a s  f i s s i l e  atoms produced p e r  f i s s i l e  

atom des t royed ,  i n  HTGRs i s  cons ide rab ly  less than  u n i t y ,  t y p i c a l l y  0 .65  t o  

0.7.  This  means t h a t  a t  each  r e f u e l i n g  some makeup uranium ( f r e s h  e n r i c h e d  

uranium) w i l l  b e  r e q u i r e d  i n  a d d i t i o n  t o  t h e  rec la imed and r e c y c l e d  ura- 

nium. These makeup e lements  w i l l  be  f a b r i c a t e d  i n  a f r e s h  f u e l  p l a n t .  

Fue l  Management P r i o r  t o  A v a i l a b i l i t y  of  Reprocess ing  

The above d i s c u s s i o n  has  assumed r e p r o c e s s i n g  and r e f a b r i c a t i o n  t o  be  

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

‘years  fo l lowing  s t a r t u p  of t h e  f i r s t  HTGR. From t h e  t i m e  an HTGR goes on 

l i n e  u n t i l  r e p r o c e s s i n g  becomes a v a i l a b l e ,  t h e  r e a c t o r  w i l l  be  o p e r a t i n g  

nonrecycle ;  i . e . ,  a t  each r e f u e l i n g ,  on ly  e lements  c o n t a i n i n g  f r e s h  en- 

r i c h e d  uranium w i l l  b e  loaded ,  and a l l  s p e n t  e lements  removed w i l l  accumu- 

l a t e  i n  s t o r a g e .  During t h i s  t r a n s i t i o n  p e r i o d ,  t h e  q u a n t i t y  of  uranium 

which w i l l  have accumulated f o r  r e p r o c e s s i n g  (once r e p r o c e s s i n g  beg ins )  

w i l l  depend on t h e  number of HTGRs b u i l t ,  t h e  p h y s i c a l  s i z e  of each r e a c t o r ,  

and how long  each has  been o p e r a t i n g  r e l a t i v e  t o  t h e  d a t e  a t  which a re- 

p r o c e s s i n g  f a c i l i t y  becomes a v a i l a b l e .  
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T i m e  Allowed f o r  F a b r i c a t i o n ,  Reprocess ing  
and R e  f ab r i  ca t i o n  

Assume t h a t  a r e p r o c e s s i n g  p l a n t  i s  i n  o p e r a t i o n  and t h a t  each  HTGR 

s t a r t e d  up can o p e r a t e  i n  r e f e r e n c e  r e c y c l e  mode throughout i t s  o p e r a t i n g  

h i s t o r y .  The t i m e  frame f o r  f a b r i c a t i o n ,  r e p r o c e s s i n g  and r e f a b r i c a t i o n  

r e l a t i v e  t o  t h e  power producing  p e r i o d  f o r  a s i n g l e  r e a c t o r  i s  shown sche- 

m a t i c a l l y  on F ig .  2. W e  b e g i n  t h e  d i s c u s s i o n  w i t h  f i r s t  c y c l e  o p e r a t i o n  

and. f a b r i c a t i o n  of  f u e l  f o r  t h e  f i r s t  r e l o a d .  I n i t i a l  o r  f i r s t  c o r e  fab- 

r i c a t i o n  is  d i s c u s s e d  i n  a la ter  s e c t i o n .  W e  assume t h a t  t h e  HTGR w i l l  

r e c y c l e  i t s  own b r e d  uranium; t h u s ,  t h e r e  w i l l  be  no r e c y c l e d  e lements  

loaded  a t  t h e  f i r s t  r e f u e l i n g .  Sometime c o n c u r r e n t l y  w i t h  f i r s t  c y c l e  

o p e r a t i o n ,  f r e s h  makeup f u e l  e lements  must be  f a b r i c a t e d  and sh ipped  t o  

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

During r e f u e l i n g ,  approximate ly  one- four th  of t h e  c o r e  (one-s ix th  c o r e  

i n  F o r t  S t .  Vrain)  i s  removed and r e p l a c e d  wi th  t h e  f r e s h  f u e l  e lements .  

Spent e lements  removed are t r a n s f e r r e d  i n i t i a l l y  t o  an o n - s i t e  f u e l  s t o r a g e  

f a c i l i t y .  It i s  n o t  c e r t a i n  how long  s p e n t  f u e l  e lements  might remain i n  

s t o r a g e ,  somewhere, even though t h e  r e p r o c e s s i n g  f a c i l i t y  w e r e  a v a i l a b l e .  

W e  assume t h a t  s p e n t  f u e l  w i l l  be  r ep rocessed  and r e f a b r i c a t e d  f o r  re load-  

i n g  as q u i c k l y  as p r a c t i c a l .  This  assumption i m p l i e s  t h a t  t h e  earliest  

d a t e  f o r  r e l o a d i n g  r e c y c l e d  uranium would be a t  t h e  beg inn ing  of t h e  t h i r d  

r e a c t o r  c y c l e ,  i f  each r e a c t o r  r e c y c l e s  i t s  own f u e l .  Spent f u e l  e lements  

w i l l  p robably  remain a t  t h e  r e a c t o r  s i t e  f o r  some p e r i o d  o f  t i m e  t o  a l low 

f i s s i o n  p r o d u c t s  t o  decay. On-site c o o l i n g  reduces  t h e  h e a t  removal re- 

qui rements  d u r i n g  t r a n s p o r t a t i o n .  For example, power g e n e r a t i o n  due t o  

b e t a  and gamma r a y s  a f t e r  30 days c o o l i n g  would be  ~ 0 . 2 %  of t h e  f u e l  ele- 

ment power l e v e l  d u r i n g  i r r a d i a t i o n  and would reduce  t o  ~ ~ 0 . 0 8 %  (of f u e l  

e:lement power d u r i n g  i r r a d i a t i o n )  i f  decayed 150 days. 

A f t e r  t h e  decay ( coo l ing )  p e r i o d ,  t h e  s p e n t  e lements  are sh ipped  t o  

t lhe  chemical r e p r o c e s s i n g  si te.  Fue l  element shipment could  be  p o s t u l a t e d  

as: ( a )  r a i l  o r  ba rge  shipment of a n  e n t i r e  r e l o a d  segment, o r  (b) sev- 

eral  sh ipments ,  each  some f r a c t i o n  of one r e l o a d  segment w i t h  t h e  t o t a l  

s h i p p i n g  t i m e  ex tend ing  ove r  a few weeks. 

Concur ren t ly  w i t h  t h e  second c y c l e  of r e a c t o r  o p e r a t i o n ,  s p e n t  f u e l  

e lements  must be  r ep rocessed  t o  reclaim t h e  b red  uranium and, i f  s p e c i f i e d ,  

f 
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the  s p e n t  makeup uranium a l s o .  

t h e  23R e lements  and t h e  s p e n t  makeup uranium r e f a b r i c a t e d  i n t o  t h e  25R 

e l emen t s ,  and a l l  e lements  sh ipped  back t o  t h e  r e a c t o r  i n  t i m e  f o r  t h e  n e x t  

(second)  r e f u e l i n g .  Some f r e s h  makeup f u e l  e lements  must a l s o  be f a b r i -  

c a t e d  ( i n  t h e  f r e s h  f u e l  p l a n t )  and sh ipped  t o  t h e  r e a c t o r  f o r  t h i s  r e f u e l -  

i n g  as shown i n  F ig .  2. The sequence of  e v e n t s  d e s c r i b e d  above d u r i n g  t h e  

second c y c l e  r e a c t o r  o p e r a t i o n  i s  r e p e a t e d  du r ing  each s u c c e s s i v e  c y c l e  

throughout  t h e  r e a c t o r  o p e r a t i n g  h i s  t o r y .  

The b r e d  uranium must b e  r e f a b r i c a t e d  i n t o  

Es t ima t ing  F a b r i c a t i o n ,  Chemical Reprocess ing ,  
and R e f a b r i c a t i o n  Requirements 

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

and t h e  r e f a b r i c a t i o n  p l a n t  should  serve several HTGRs.  A t  p r e s e n t ,  i t  i s  

d i f f i c u l t  t o  estimate w i t h  any degree  o f  accuracy  t h e  a c t u a l  number of 

HTGRs expec ted  t o  s t a r t u p  i n  a g iven  f u t u r e  y e a r .  F igu re  3 i l l u s t r a t e s  

one assumed r e a c t o r  b u i l d  schedu le .  

i n  t h e  key;  t h e  number of r e a c t o r s  ” b u i l t ”  each y e a r  and t h e  cumula t ive  

number of r e a c t o r s  on - l ine  are shown i n  t h i s  f i g u r e .  Reac tor  b u i l d  sched- 

u l e s  are code i n p u t  i n fo rma t ion  and can b e  c o n t r o l l e d  by t h e  u s e r .  

Four “ types”  of HTGRs are i l l u s t r a t e d  

With t h e  e x c e p t i o n  of F o r t  S t .  Vra in ,  which h a s  been loaded  w i t h  f u e l  

and i s  approaching  power o p e r a t i o n ,  a l l  of t h e  r e a c t o r s  shown i n  F ig .  3 

were determined from f o r e c a s t s  of HTGR c a p a c i t y  growth i n  t h e  n u c l e a r  econ- 

omy and known commitments d u r i n g  t h e  second q u a r t e r  of 1975 .  One source  

of HTGR f u t u r e  c a p a c i t y  a d d i t i o n s  has  been t h e  v a r i o u s  pub l i ca t ions ’  ,6 pre- 

pa red  by t h e  ERDA O f f i c e  of P lanning  Analys is .  

For t h e  purpose of c a l c u l a t i n g  f a b r i c a t i o n  p l a n t  th roughput  and re- 

p r o c e s s i n g - r e f a b r i c a t i o n  p l a n t  th roughputs  f o r  u se  i n  c o s t i n g  t h e s e  p l a n t s ,  

s imple  models have been used. P rocess  dependent throughput  i n  f r e s h  f u e l  

f a b r i c a t i o n ,  chemical  r e p r o c e s s i n g  and r e f a b r i c a t i o n  are c a l c u l a t e d  on a n  

annua l  b a s i s .  

Except as d e s c r i b e d  below, a l l  HTGRs are assumed t o  b e  on a n  annua l  

r e f u e l i n g  c y c l e .  A s  p r e s e n t l y  programmed, t h e  code does n o t  a l low t h e  u s e r  

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

e,ach y e a r .  
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Probably most HTGRs w i l l  exper ience  a somewhat l onge r  ( than  one y e a r )  

f i r s t  c y c l e  o p e r a t i o n  due t o  r o u t i n e  shakedown o p e r a t i o n ,  pe r sonne l  t r a i n -  

i n g ,  t e c h n i c a l  d i f f i c u l t i e s ,  scheduled  low-power t e s t i n g ,  e t c . ;  a u s e r  may 

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

s i m u l a t e  approach t o  ful l -power o p e r a t i o n .  

I n  a t y p i c a l  growth p e r i o d  of  20 y e a r s ,  most of t h e  HTGRs " s t a r t e d  

up" acco rd ing  t o  some assumed b u i l d  schedule  ( e .g . ,  Fig.  3 )  w i l l  probably 

beg in  o p e r a t i o n  l a t e  i n  t h e  h i s t o r y  of a c a l c u l a t i o n .  Therefore ,  drop-off 

i n  c a p a c i t y  f a c t o r  w i t h  age ( say  a f t e r  10 t o  15 y e a r s  r e a c t o r  o p e r a t i o n )  

can probably b e  assumed t o  have n e g l i g i b l e  e f f e c t  on t h e  g ross  f a b r i c a t i o n  

and r e p r o c e s s i n g - r e f a b r i c a t i o n  requi rements .  

The code assumes t h a t  f r e s h  f u e l  f a b r i c a t i o n ,  chemical r ep rocess ing  

and r e f a b r i c a t i o n  of  f u e l  e lements  f o r  an  e n t i r e  r e l o a d  segment w i l l  occur  

du r ing  a d i s c r e t e  ca l enda r  y e a r  as opposed t o  a t t e m p t i n g  t o  s p l i t  a r e load  

segment between two a d j a c e n t  y e a r s .  The r eason  f o r  t h i s  assumption can be 

exp la ined  i n  t h e  fo l lowing  example.  F igure  4 is  a schemat ic  r ep resen ta -  

t i o n  of t h e  in fo rma t ion  i n  F ig .  2 ,  b u t  f o r  s e v e r a l  r e a c t o r s  "beginning op- 

e r a t i o n "  a t  v a r i o u s  t i m e s  du r ing  a ca l enda r  y e a r .  For each r e a c t o r ,  t h e  

top  two connected s o l i d  arrows r e p r e s e n t  t i m e  frames f o r  t h e  f i r s t  and 

slecond c y c l e  o p e r a t i o n .  F i r s t  c y c l e  o p e r a t i o n  w a s  assumed t o  b e  two cal- 

endar  y e a r s ,  second and subsequent  c y c l e  operat img t i m e  is  one ca l enda r  

y e a r .  The small s o l i d  a r rows ,  immediately below, r e p r e s e n t  t h e  t i m e  f o r  

f r e s h  f u e l  f a b r i c a t i o n  and d e l i v e r y ,  assumed t o  span  approximately t h r e e  

months j u s t  p r i o r  t o  each r e f u e l i n g .  I n  t h e  d i s c u s s i o n s  which fo l low,  

imagine t h a t  t h e  arrows i n  each c l u s t e r  f o r  each " reac to r "  ma in ta in  t h e i r  

same l e n g t h  and r e l a t i v e  p o s i t i o n s ,  b u t  can b e  s h i f t e d  r i g h t  o r  l e f t  as a 

group t o  r e p r e s e n t  o t h e r  " i n s e r t i o n  da te s"  o r  a d d i t i o n a l  " r e a c t o r s "  on 

l i n e  d u r i n g  a g iven  c a l e n d a r  year .  

t.hen examinat ion of  Fig.  4 would i n d i c a t e  t h a t  most r e a c t o r s  (%87.5%) 

I f  w e  a l lowed one month f o r  s h i p p i n g ,  

s t a r t e d  up" i n  y e a r  N w i l l  r e q u i r e  f r e s h  f u e l  f a b r i c a t i o n  f o r  f i r s t  re- 

f u e l i n g  t o  be  completed i n  y e a r  N+2, and f r e s h  f u e l  f a b r i c a t i o n  f o r  each 

subsequent  r e f u e l i n g  t o  be  completed a t  one y e a r  increments  t h e r e a f t e r .  

I t  

The arrows i n  F ig .  4 shown wi th  broken l i n e s  r e p r e s e n t  t h e  t o t a l  t i m e  

a l lowed f o r  un loading  s p e n t  f u e l ,  o n - s i t e  coo l ing ,  s h i p p i n g ,  r ep rocess ing ,  

8 



11 

. . I 

-
-
-
-
-
-
-
-
 

-
 

LT 
0
 

k
 

0
 

a w
 

LT 
h
 

tf I I I i -
-

 

-r- I I 

r' -
 

I I I I
-
 

-
-
 

-
-
 

0
 

- m
 

+ c 
- 

M
 

G
 

-
-
 

I
 

N
 

+ c
 
- 

-
-
-
-
-
-
-
 

-
-
-
-
 

-
-
-
-
-
-
-
-
 

-
-
-
-
-
 



12  

r e E a b r i c a t i o n  and r e t u r n  s h i p p i n g  of t h e  r e c y c l e  f u e l  e lements .  Unload- 

i n g  (%1/2 month),  c o o l i n g  ( ~ 4  months) ,  and r a i l  shipment ( ~ 1  month) i m -  

p l y  t h a t  r e p r o c e s s i n g  could  n o t  beg in  b e f o r e  approximately s i x  months 

o r  one-half  c y c l e  a f t e r  r e a c t o r  shutdown. 

A l l  t h i n g s  cons ide red ,  i t  appea r s  r a t i o n a l  t o  assume t h a t  f r e s h  f u e l  

f a b r i c a t i o n  and t h e  m a j o r i t y  of chemical  r e p r o c e s s i n g  and r e f a b r i c a t i o n  

w i l l  occu r  i n  t i m e  toward t h e  end of each r e a c t o r  cyc le .  Lumping f r e s h  

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

c a l e n d a r  y e a r s  shou ld  be w e l l  w i t h i n  t h e  accuracy  of p r e d i c t i n g  a c t u a l  

HTGR s t a r t u p  d a t e s .  

T r a n s i t i o n s  from Nonrecycle t o  Recycle Mode 

I n  t h e  d i s c u s s i o n  t h u s  f a r ,  w e  have cons ide red  f u e l  management of a n  

i n d i v i d u a l  r e a c t o r  and how f u e l  f a b r i c a t i o n ,  chemical  r e p r o c e s s i n g  and re- 

f a b r i c a t i o n  must b e  t imed re la t ive  t o  r e a c t o r  o p e r a t i o n  i n  o r d e r  t o  keep 

those  r e a c t o r s  i n  service.  W e  have i n d i c a t e d  t h a t  r e p r o c e s s i n g  f a c i l i t i e s  

may n o t  b e  a v a i l a b l e  u n t i l  some t i m e  a f t e r  s t a r t u p  of some of t h e  ea r l i e r  

r e a c t o r s .  

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

requi rements  f o r  several  HTGRs w i l l  b e  s e r v e d  by c e n t r a l  f a b r i c a t i o n  

p l a n t ( s )  and c e n t r a l  r e p r o c e s s i n g - r e f a b r i c a t i o n  p l a n t ( s ) .  These p l a n t s  are 

a l s o  assumed t o  serve only  HTGR r e a c t o r s .  W e  a l s o  r e q u i r e  t h a t  t h e  cal- 

c u l a t i o n a l  procedure  must expec t  a d d i t i o n a l  new r e a c t o r s  t o  be  coming "on- 

l i n e "  acco rd ing  t o  some assumed preplanned  schedule .  

Also,  w e  assume t h a t  t h e s e  w i l l  n o t  b e  o n - s i t e  f u e l  f a b r i c a t i o n ,  

It may b e  h e l p f u l  a t  t h i s  t i m e  t o  i l l u s t r a t e  time-dependent t r e n d s  i n  

f r e s h  f u e l  f a b r i c a t i o n ,  chemical  r e p r o c e s s i n g  and r e f a b r i c a t i o n  r equ i r e -  

ments imposed on t h e s e  p l a n t s  by HTGRs added t o  t h e  power economy, accord-  

i n g  t o  a b u i l d  schedu le  such as shown i n  F ig .  3 .  These r e s u l t s ,  shown i n  

F igs .  5 and 6 ,  are f o r  i l l u s t r a t i v e  purposes  on ly .  P l o t t e d  on each f i g u r e  

is  t o t a l  heavy m e t a l  ( thor ium p l u s  uranium) v e r s u s  c a l e n d a r  d a t e .  The 

y e a r  1988 w a s  a r b i t r a r i l y  s e l e c t e d  as t h e  d a t e  a t  which chemical  r ep rocess -  

i n g  became a v a i l a b l e ;  t h i s  s p e c i f i c a t i o n  is  under u s e r  c o n t r o l .  P r i o r  t o  

t .h is  d a t e  (1988), a l l  r e a c t o r s  w e r e  on nonrecycle  o p e r a t i o n .  The bu i ldup  

of  heavy metal d i scha rged  from a l l  r e a c t o r s  du r ing  t h i s  p e r i o d  i s  shown i n  
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Fig.  5. The code assumes t h a t  once r ep rocess ing  b e g i n s ,  a l l  accumulated 

heavy m e t a l  i n  s t o r a g e  w i l l  be  processed dur ing  t h a t  f i r s t  y e a r .  F igure  

5 a l s o  shows t h e  amount of heavy metal ( f r e s h  thorium p l u s  r ecyc led  ura- 

nium) l e a v i n g  t h e  r e f a b r i c a t i o n  p l a n t  i n  r ecyc led  f u e l  e lements .  The up- 

ward t r end  on bo th  curves  a f t e r  1989 r e f l e c t s  t h e  growth i n  HTGR c a p a c i t y  

assumed dur ing  t h a t  pe r iod .  

T o t a l  heavy m e t a l  ou tpu t  from t h e  r e f a b r i c a t i o n  p l a n t  shown i n  Fig.  6 

is t h e  same as i.n Fig.  5 ,  b u t  d i sp l ayed  accord ing  t o  con ten t  i n  2 3 R  ele- 

ments and 2 5 R  e lements .  Again, heavy-metal c o n t e n t  i n  each element type  

is  f r e s h  thorium p l u s  t h e  r e c y c l e  uranium. 

thorium p l u s  en r i ched  uranium) loaded i n t o  i n i t i a l  o r  f i r s t  c o r e  elements  

and i n  annual  f r e s h  makeup e lements ,  i s  a l s o  shown in Fig.  6.  These ele- 
ments are f a b r i c a t e d  i n  a f r e s h  f u e l  f a b r i c a t i o n  p l a n t .  

a b i l i t y  of a r ep rocess ing  f a c i l i t y ,  a l l  e lements  loaded i n t o  t h e  r e a c t o r s  

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

h i s t o r y  (1976) only  one r e a c t o r ,  F o r t  S t .  Vra in ,  w a s  assumed t o  be i n  op- 

e r a t i o n  and r e q u i r i n g  makeup f u e l ;  f i r s t  co re  f a b r i c a t i o n  had a l r e a d y  been 

completed. The second r e a c t o r  w a s  assumed on- l ine  i n  1981. F i r s t  co re  

f a b r i c a t i o n  f o r  t h i s  r e a c t o r  w a s  assumed t o  beg in  3 y e a r s  p r i o r  and w a s  

sp read  over  y e a r s  1978 and 1979.  

d i s t r i b u t i n g  f i r s t  co re  f a b r i c a t i o n  are d i scussed  l a t e r  i n  t h e  s e c t i o n  on 

f i r s t  co re  f a b r i c a t i o n .  Once r ecyc led  f u e l  becomes a v a i l a b l e  (assumed 

h e r e  t o  be  1988) , the  amount of  heavy metal f a b r i c a t e d  i n t o  f r e s h  makeup 

elements  decreases .  Recycl ing f u e l  i n  a n  i n d i v i d u a l  r e a c t o r  dec reases  t h e  

amount of f r e s h  makeup f u e l  r e q u i r e d  f o r  t h a t  r e a c t o r ;  bu t  as more r e a c t o r s  

are brought  on- l ine ,  t h e  t o t a l  amount of heavy m e t a l  annua l ly  f a b r i c a t e d  

i n t o  f r e s h  elements  f o r  a l l  r e a c t o r s  may i n c r e a s e  as shown i n  Fig.  6.  

T o t a l  heavy m e t a l  ( f r e s h  

P r i o r  t o  a v a i l -  

A t  t h e  beginning  of t h e  case 

The op t ions  a v a i l a b l e  f o r  t iming  and 

PROCESS THROUGHPUTS 

I n  each p l a n t ,  equipment has  been grouped i n t o  t h a t  a s s o c i a t e d  wi th  

t h e  va r ious  p rocesses .  For each p r o c e s s ,  t h e r e  is c a l c u l a t e d  t h e  amount 

of heavy m e t a l  ( thorium and uranium) e n t e r i n g  t h e  p r o c e s s ,  l e a v i n g  t h e  

process  and d i v e r t e d  from t h e  p rocess  t o  waste and /o r  r e j e c t  rec lamat ion  
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as a p p l i c a b l e .  The throughput  c a l c u l a t i o n  c o n s i d e r s  c o a t i n g  s p e c i f i c a t i o n s  

and whether  o r  n o t  f i s s i l e  k e r n e l s  were f a b r i c a t e d  w i t h  mixture  of  thor ium 

and uranium. Throughputs are c a l c u l a t e d  i n  u n i t s  of  t o t a l  annua l  k i lograms.  

These annua l  th roughputs  are then  used i n  e s t i m a t i n g  t h e  number of u n i t s  of 

equipment r e q u i r e d  and c o s t s  as d e s c r i b e d  la ter  i n  t h e  s e c t i o n  on equipment 

c o s t s .  Process  throughputs  i n  chemical  r ep rocess ing ,  r e f a b r i c a t i o n ,  f r e s h  

f u e l  f a b r i c a t i o n ,  and s c r a p  recovery  are d i s c u s s e d  s e p a r a t e l y  below. 

Chemical Reprocess ing  

The purpose of r e p r o c e s s i n g  i s  t o  ( a )  reclaim t h e  b r e d  uranium f o r  

subsequent  r e f a b r i c a t i o n  i n t o  23R e lements  f o r  r e u s e  i n  r e a c t o r ,  and (b )  t o  

reclaim t h e  once-burned s p e n t  makeup uranium f o r  r e f a b r i c a t i o n  i n  25R ele- 

ments.  The 25R e lements  r e s i d e  in c o r e  f o r  one c y c l e ,  a f t e r  which t h e  de- 

p:Leted uranium i s  t o  b e  s e p a r a t e d  and s t o r e d .  F i s s i o n  p roduc t s  (F.P.)  and 

t h e  t ransuranium n u c l i d e s  (TU), which are p r i n c i p a l l y  37Np i s o t o p e s  of  

plutonium and s m a l l  amounts of h i g h e r  a tomic number e lements ,  must a l s o  be  

removed and p rocessed  f o r  s a f e  d i s p o s a l .  Spent  thorium c o n t a i n i n g  small  

amounts of i s o t o p e  228Th ( p l u s  very  s m a l l  amounts of  229Th and 230Th) is 

assumed t o  be h e l d  i n  s t o r a g e  f o r  p o s s i b l e  f u t u r e  r euse .  

The uranium i s  rec la imed by combinat ion of p h y s i c a l  s e p a r a t i o n  ( f i s -  

sile particles f r o m  f e r t i l e  p a r t i c l e s )  i n  t h e  head-end p rocesses  and by 

chemical  s e p a r a t i o n  i n  t h e  s o l v e n t  e x t r a c t i o n  p rocess .  F igu re  7a is  a 

schemat ic  r e p r e s e n t a t i o n  of i d e a l  uranium recovery  f o r  HTGRs o p e r a t i n g  

r e f e r e n c e  r e c y c l e .  The b locks  a t  t h e  extreme l e f t  r e p r e s e n t  t h e  t h r e e  

fue l -e lement  t y p e s ,  and t h e  f i s s i l e  p a r t i c l e  c o n t e n t  and f e r t i l e  p a r t i c l e  

con ten t  of each when i n i t i a l l y  loaded  i n  t h e  r e a c t o r .  The i n i t i a l  and 

makeup ( I M )  e lements  c o n t a i n  f r e s h  en r i ched  uranium (FU) i n  t h e  f i s s i l e  

par t ic les  and f r e s h  thor ium (Th) i n  t h e  f e r t i l e  p a r t i c l e s .  A f t e r  exposure 

i.n t h e  r e a c t o r ,  t h e  e n r i c h e d  uranium i n  I M  e lements  h a s  d e p l e t e d  i n  2 3 5 U  

c o n t e n t  and is  then  c a l l e d  s p e n t  makeup uranium (SU). The f e r t i l e  p a r t i c l e s  

b r i l l  c o n t a i n  somewhat less thor ium (Th')  w i t h  t h e  m a j o r i t y  of t h i s  thorium 

d e f i c i t  hav ing  been t ransmuted t o  b r e d  uranium ( B U ) .  Although n o t  shown on 

t h e  f i g u r e ,  f i s s i o n  p roduc t s  (F .P . )  and some TU w i l l  a l s o  be p r e s e n t  w i t h i n  

t h e  p a r t i c l e s  a f t e r  exposure.  Head-end r e p r o c e s s i n g  receives t h e  s p e n t  
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f u e l  e lements .  Head-end p r o c e s s i n g  i s  e s s e n t i a l l y  a two-step ope ra t ion :  

1) t o  c rush  t h e  s p e n t  f u e l  e lements  i n t o  small p i e c e s ,  and 2 )  t o  burn  

away t h e  g r a p h i t e  moderator  i n  a f lu id i zed -bed  bu rne r .  An a l t e r n a t e  

p rocess7  u s i n g  a whole b l o c k  b u r n e r  has  a l s o  been proposed f o r  head-end 

t r ea tmen t .  I f  w e  assume t h a t  p a r t i c l e  des ign  ( p a r t i c l e  s i z e ,  weight  and 

c o a t i n g  s p e c i f i c a t i o n s )  i s  such  t h a t  t h e  f i s s i l e  p a r t i c l e s  can be  sep- 

a r a t e d  from t h e  f e r t i l e  p a r t i c l e s  i n  a gas  c l a s s i f i e r  a f t e r  bu rn ing ,  t h e  

BU and SU can e n t e r  s e p a r a t e  streams as shown i n  F ig .  7a. 

When r e p r o c e s s i n g  beg ins  i n i t i a l l y ,  I M  e lements  are t h e  on ly  sou rce  of 

bred  uranium f o r  r e f a b r i c a t i o n  i n t o  2 3 R  e lements  ( r i g h t  s i d e  of F ig .  7 a ) .  

A f t e r  t h e  2 3 R  e lements  and 2 5 R  e lements  have r e s i d e d  i n  t h e  r e a c t o r  one 

f u e l  l i f e t i m e ,  which may b e  e i t h e r  %4 o r  %6 c a l e n d a r  y e a r s ,  t hen  t h e s e  ele- 

ments a l s o  become a v a i l a b l e  f o r  r e p r o c e s s i n g  and c o n t r i b u t e  t o  t h e  sou rce  

of BU. 

of t h e  2 5 R  e lements  i s  n o t  r ecyc led .  The b lock  i n  t h e  lower r i g h t  of F ig .  

7a i n d i c a t e s  t h a t  f r e s h  makeup e l emen t s ,  f a b r i c a t e d  i n  f r e s h  f u e l  p l a n t ,  

c o n t a i n  e n r i c h e d  uranium i n  f i s s i l e  p a r t i c l e s  and f r e s h  thor ium i n  t h e  

f e r t i l e  p a r t i c l e s ,  i . e . ,  same as i n i t i a l  c o r e  e lements .  

The r e s i d u a l  s p e n t  makeup uranium (SU' )  i n  t h e  f i s s i l e  p a r t i c l e s  

I f  t h e  f i s s i l e  p a r t i c l e s  i n  t h e  I M  e lements  are mixtures  of  thorium 

and e n r i c h e d  uranium, such  as s p e c i f i e d  f o r  t h e  f i r s t  c o r e  i n  F o r t  S t .  

Vra in  r e a c t o r ,  t hen  some b r e d  uranium w i l l  b e  carried a long  w i t h  t h e  SU 

and r e f a b r i c a t e d  i n t o  t h e  2 5 R  e lements  as shown i n  F ig .  7b. The assump- 

t i o n  i s  a l s o  made t h a t  t h e  th ree - fue l - type  r e a c t o r  is p rese rved ,  and t h a t  

f i s s i l e  and f e r t i l e  p a r t i c l e s  are p h y s i c a l l y  s e p a r a b l e .  Note t h a t  some of 

t h e  BU w i l l  b e  r e t i r e d  w i t h  t h e  SU' when t h e  2 5 R  e lements  are rep rocessed .  

Although n o t  shown i n  F ig .  7b, i f  w e  p o s t u l a t e  t h a t  nonsegrega ted  f u e l  

(mixtures  of thor ium and uranium i n  k e r n e l s )  i s  s p e c i f i e d  f o r  each re- 

f a b r i c a t e d  e lement ,  t hen  ( a )  more b r e d  uranium, t h a t  produced from t h e  

assumed thor ium c o n t e n t  i n  t h e  f i s s i l e  p a r t i c l e  of t h e  2 5 R  e lements ,  w i l l  

be  r e t i r e d ;  and (b)  s p e n t  thor ium (Th')  w i l l  have t o  b e  chemica l ly  sepa- 

r a t e d  from uranium i n  each p a r t i c l e  t ype  c o n t r i b u t i n g  t o  t h e  r e c y c l e  

streams. 

F u l l  r e c y c l e  of a l l  uranium might b e  an  a l t e r n a t e  o r  p o s s i b l y  pre-  

f e r r e d  f u e l  management f o r  t h o s e  r e a c t o r s  u s i n g  nonsegrega ted  (mixed 
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k e r n e l s )  f u e l .  

poisun)  b u i l d s  up t o  a g r e a t e r  e x t e n t  ove r  r e a c t o r  l i f e t i m e ,  i . e . ,  t h e  re- 

cyc led  s p e n t  makeup uranium, h i g h  i n  2 3 6 U  c o n t e n t ,  is n o t  b e i n g  p e r i o d i -  

c a l l y  removed from t h e  system. However, t h e r e  would be  no b r e d  uranium 

removed t o  s t o r a g e  as shown i n  Fig.  7b. I f  w e  assume t h a t  on ly  one re- 

c y c l e  ("R") element would be  r e f a b r i c a t e d  , t hen  r e p r o c e s s i n g  requi rements  

mi:ght be  as shown i n  Fig.  7c f o r  t h e  f u l l  r e c y c l e  case .  

Fig.  7c t h a t  t h e r e  would b e  no r eason  f o r  p h y s i c a l l y  s e p a r a t i n g  f i s s i l e  

p a r t i c l e s  from f e r t i l e  p a r t i c l e s  u n l e s s  (a )  one p a r t i c l e  were TRISO coa ted  

and t h e  o t h e r  p a r t i c l e  BISO c o a t e d ;  TRISO coa ted  p a r t i c l e s  r e q u i r e  removal 

of  S i c  c o a t i n g  fo l lowed by secondary  b u r n i n g  p r i o r  t o  d i s s o l v i n g ,  o r  

(b) t h e  f i s s i l e  p a r t i c l e  i n  t h e  "R" e lements  d id  n o t  c o n t a i n  thorium. We 

assume throughout  t h i s  d i s c u s s i o n  t h a t  s p e n t  thorium (Th ' )  w i l l  always have 

t o  be  chemica l ly  s e p a r a t e d  from uranium p r i o r  t o  r e f a b r i c a t i o n .  

F u l l  r e c y c l e  h a s  t h e  d i sadvan tage  t h a t  236U ( a  neu t ron  

We can see from 

One o t h e r  v a r i a t i o n  i n  f u e l  management might b e  cons ide red .  Should 

t h i e  c o s t  f o r  r e p r o c e s s i n g  and r e f a b r i c a t i n g  25R f u e l  e lements  exceed any 

s a v i n g s  i n  f r e s h  f u e l  pu rchases ,  t hen  i t  might be  dec ided  n o t  t o  r e c y c l e  

t h e  s p e n t  makeup uranium, Fig.  7a. This  would imply t h a t  t h e  f i s s i l e  par -  

t ic les  i n  t h e  I M  e lements  would be  p h y s i c a l l y  s e p a r a t e d  from t h e  f e r t i l e  

pa r t i c l e s ,  canned and s t o r e d .  No 25R e lements  would t h e n  appear  i n  Fig.  7a. 

From t h e  d i s c u s s i o n s  so f a r ,  i t  shou ld  be  e v i d e n t  t h a t  r e p r o c e s s i n g  

may vary  somewhat depending on f u e l  s p e c i f i c a t i o n  and reactor fuel  manage- 

ment. For t h e  purpose  of  c a l c u l a t i n g  heavy metal throughputs  i n  r ep rocess -  

i n g ,  equipment w a s  assumed t o  be grouped as shown i n  t h e  b lock  diagram of 

Fig.  8. Fue l  e lements  l e a v i n g  s t o r a g e  e n t e r  t h e  c r u s h e r s  where t h e  f u e l  

e lements  are broken i n t o  s m a l l  p i e c e s  f o r  i n t r o d u c t i o n  i n t o  t h e  primary 

b u r n e r s .  To account  f o r  waste l o s s e s  from t h e  c r u s h i n g  o p e r a t i o n ,  t h e  u s e r  

s u p p l i e s  a w a s t e  f r a c t i o n  which i s  a p p l i e d  s e p a r a t e l y  t o  thorium, b red  ura- 

nium, and s p e n t  makeup uranium. All waste f r a c t i o n s  are s p e c i f i e d  accord- 

i n g  t o  r e a c t o r  "type" and hence up t o  f o u r  d i f f e r e n t  se ts  of waste f r a c -  

t:ions may be  used i n  a c a l c u l a t i o n .  

I n  t h e  primary b u r n e r s ,  t h e  g r a p h i t e  is  burned away expos ing  t h e  sil- 

i-con-carbide c o a t i n g  ( i f  t h e  p a r t i c l e  w e r e  TRISO coa ted )  o r  t h e  p a r t i c l e  

is  burned down t o  an ox ide  k e r n e l ,  o r  t h e  heavy m e t a l  remains i n  t h e  a sh  

. 
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as ox ides .  Waste f r a c t i o n s  a p p l i c a b l e  t o  pr imary burn ing  and c l a s s i f i c a -  

t i o n  are s p e c i f i e d  s e p a r a t e l y  f o r  f i s s i l e  p a r t i c l e s  and f e r t i l e  p a r t i c l e s .  

Waste f r a c t i o n s  a p p l i c a b l e  t o  heavy metal c o n t e n t  i n  f i s s i l e  p a r t i c l e s  are 

a l s o  s p e c i f i e d  s e p a r a t e l y  f o r  i n i t i a l  c o r e  e lements ,  f r e s h  makeup e lements ,  

and r e c y c l e  2 3 R  e lements .  F i s s i l e  p a r t i c l e s  from 2 5 R  e lements  are assumed 

t o  b e  r e t i r e d .  

The code assumes t h a t  t h e  only  purpose f o r  secondary b u r n e r s  i s  t o  

p rocess  TRISO p a r t i c l e s .  The r o u t i n e s  look  f o r  user -suppl ied  c o a t i n g  spec- 

i f i c a t i o n  f o r  use i n  c a l c u l a t i n g  heavy m e t a l  throughput  from secondary 

bu rne r s .  Secondary b u r n e r s  are preceded by r o l l  c r u s h e r s  o r  o t h e r  equip- 

ment capab le  of b reak ing  t h e  S i c  c o a t i n g  and expos ing  t h e  k e r n e l s  f o r  ox- 

i d a t i o n  du r ing  burn ing .  Material waste f r a c t i o n s  a p p l i c a b l e  t o  secondary 

burn ing  are s p e c i f i e d  t h e  same as f o r  pr imary burn ing .  

Fol lowing t h e  bu rn ing  p r o c e s s e s ,  t h e  heavy m e t a l  is d i s s o l v e d  o r  

leached  wi th  a c i d  and then  c e n t r i f u g e d  t o  remove r e s i d u a l  s o l i d s .  The 

s o l u t i o n s  are f e e d  a d j u s t e d  and passed  t o  s o l v e n t  e x t r a c t i o n .  Output from 

s o l v e n t  e x t r a c t i o n  ( t h e  b r e d  uranium and once-burned s p e n t  makeup uranium) 

i s  assumed t o  e n t e r  t h e  r e f a b r i c a t i o n  p l a n t .  Spent  thorium i s  assumed t o  

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

thorium, b r e d  uranium, and s p e n t  makeup uranium; one set  a p p l i c a b l e  t o  t h e  

d i s s o l v i n g  p r o c e s s ,  and a n o t h e r  set a p p l i c a b l e  t o  s o l v e n t  e x t r a c t i o n .  A l l  

w a s t e  f r a c t i o n s  s p e c i f i e d  f o r  t h e  r e p r o c e s s i n g  p l a n t  shou ld  r e f l e c t  what 

t h e  u s e r  b e l i e v e s  t o  b e  f i x e d  by e i t h e r  economical recovery  o r  known pro- 

cess e f f i c i e n c i e s .  

A t  p r e s e n t ,  th roughputs  are conf ined  t o  mainstream heavy-metal f low 

e v a l u a t e d  on a n  annua l  b a s i s .  Waste h a n d l i n g  of f i s s i o n  p roduc t s ,  neptu-  

nium, plutonium, e tc . ,  has  n o t  y e t  been cons idered .  

Ref ab  r ica t  i o n  

The purpose of t h e  r e f a b r i c a t i o n  p l a n t  is  t o  produce u s u a l l y  two types  

of  f i n i s h e d  f u e l  e lements :  1 )  f u e l  e lements  loaded  w i t h  b r e d  uranium (23R 

e l emen t s ) ,  and 2)  f u e l  e lements  (25R) loaded  w i t h  t h e  s p e n t  makeup uranium 

rec la imed from f i s s i l e  p a r t i c l e s  i n  t h e  I M  e lements .  
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One of t h e  o b j e c t i v e s  of t h e  code w a s  t o  c o s t  p o s s i b l e  a l t e r n a t e s  i n  

f u e l  r e f a b r i c a t i o n .  The b a s i c  s t e p s  i n  r e f a b r i c a t i n g  HTGR f u e l  are as 

f 0:LloWs : 

1. Produce a k e r n e l  o r  s m a l l  microsphere con ta in ing  e i t h e r  t h e  re- 

cyc led  uranium o r  a mixture  of f r e s h  thorium and r ecyc led  uranium. 

2.  Coat t h e  k e r n e l  w i th  v a r i o u s  l a y e r s  of carbon ( B I S O )  o r  va r ious  

l a y e r s  of carbon t o g e t h e r  w i th  a l a y e r  of S i c  ( T R I S O ) .  

3.  Blend t h e  f i s s i l e  p a r t i c l e s  from t h e  c o a t i n g  o p e r a t i o n  wi th  

f e r t i l e  par t ic les  (coa ted  p a r t i c l e s  c o n t a i n i n g  only f r e s h  thorium i n  t h e  

k e r n e l )  and i n e r t  s p h e r i c a l  carbon p a r t i c l e s  c a l l e d  shim o r  f i l l  p a r t i c l e s .  

The b lend  of t h e s e  t h r e e  p a r t i c l e  t ypes  i s  then  poured i n t o  molds and 

fused  t o g e t h e r  w i th  a ma t r ix  o r  b i n d e r  material t o  form s o l i d  c y l i n d r i c a l  

rods .  

4 .  Load t h e  f u e l  rods  i n t o  f u e l  h o l e s  d r i l l e d  i n  t h e  f u e l  b locks  and 

complete t h e  assembly t o  produce f i n i s h e d  f u e l  e lements  f o r  r e c y c l e  t o  t h e  

r e a c t o r .  Fuel  element assembly i n c l u d e s  ca rbon iz ing  f u e l  rods and anneal-  

i n g  f u e l  e lements .  

F igure  9 is  a s imple  b l o c k  diagram used t o  i n d i c a t e  t h e  forward flow 

of heavy metal (uranium and,  where a p p l i c a b l e ,  thorium) through each major 

s t e p  of r e f a b r i c a t i o n .  Within each b lock ,  t h e r e  w i l l  be  s e v e r a l  p rocess  

s t e p s  and numerous p i e c e s  of equipment. For t h e  purpose of s i z i n g  equip- 

ment w i t h i n  each p rocess  shown i n  Fig.  9 ,  i t  i s  assumed t h a t  throughput  f o r  

each s e p a r a t e  equipment i t e m  can be  r e l a t e d  t o  t h e  amount of heavy m e t a l  

e n t e r i n g  ( o r  l e a v i n g )  each p rocess .  That i s ,  one should  be  a b l e  t o  use a 

s i m p l e  model f o r  r e f a b r i c a t i o n  t o g e t h e r  w i th  d e t a i l e d  u n i t  c o s t s  and u n i t  

flows f o r  each equipment i t e m  w i t h i n  each p r o c e s s ,  p rope r ly  s p e c i f i e d ,  t o  

a r r i v e  a t  good estimates f o r  equipment c o s t s  ( s e e  s e c t i o n  on equipment 

c o s t s )  . 
The p r i n c i p a l  reason  f o r  s p e c i f y i n g  t h e  b lock  diagram as shown is  t o  

a l low one t o  c o s t  a l ternate  p rocesses  cons ide red  f o r  some of t h e  major re- 

f a b r i c a t i o n  s t e p s .  The i n t r o d u c t i o n  (by op t ion )  of f r e s h  thorium i n t o  

microsphere p r e p a r a t i o n  is an  example; i . e . ,  some HTGRs might r e q u i r e  mixed 

(Th-HJ) f i s s i l e  k e r n e l s  similar t o  t h e  f i r s t  c o r e  f u e l  loaded i n t o  t h e  F o r t  

S t .  Vrain r e a c t o r .  The u s e r  i n i t i a t e s  t h i s  o p t i o n  by simply s p e c i f y i n g  a 
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Fig. 9. Simple (general) block diagram for refabrication. 



T h / U  r a t i o  f o r  t h e  r e f a b r i c a t e d  f i s s i l e  p a r t i c l e ,  and t h e  code automati-  

c a l l y  keeps books on bo th  thorium and uranium through microsphere  prepara-  

t i o n  and microsphere  c o a t i n g  as w e l l  as thorium f u e l  p r e p a r a t i o n  i n  t h e  

f r e s h  f u e l  p l a n t .  

The u s e r  may o p t i o n a l l y  s e l e c t  t h e  type  of c o a t i n g  t o  b e  s p e c i f i e d  f o r  

bo th  t h e  f i s s i l e  and f e r t i l e  p a r t i c l e s ,  i . e . ,  e i t h e r  B I S O  o r  TRISO.  F e r t i l e  

p a r t i c l e s  a r e  assumed t o  b e  manufactured i n  t h e  f r e s h  f u e l  p l a n t .  The code 

c a l c u l a t e s  (and o u t p u t s )  t h e  f e r t i l e  p a r t i c l e  thorium requi rements  f o r  t h e  

r e f a b r i c a t e d  e lements  s e p a r a t e l y  from t h e  f e r t i l e  p a r t i c l e  requi rements  

f o r  t h e  f i r s t  c o r e  e lements  and f r e s h  makeup elements.  

The r e f a b r i c a t i o n  p l a n t  manufactures  two types  of f u e l  e lements ,  i . e . ,  

t hose  e lements  c o n t a i n i n g  t h e  r ecyc led  bred  uranium i n  t h e  f i s s i l e  p a r t i -  

c les  and t h o s e  e lements  c o n t a i n i n g  t h e  r ecyc led  s p e n t  makeup uranium i n  t h e  

f i s s i l e  p a r t i c l e s .  The code c a l c u l a t e s  and r e p o r t s  t h e  throughputs  sepa-  

r a t e l y  f o r  each type  of r e c y c l e  e lement  manufactured,  based on t h e  d i f f e r -  

e n t  i n p u t  s p e c i f i c a t i o n s  d e f i n i n g  t h e  two types  of f u e l  e lements .  

For each r e a c t o r  s p e c i f i c a t i o n  and each type  of f u e l  e lement  r e f a b r i -  

c a t e d ,  t h e  u s e r  s p e c i f i e s  a l o s s  ( t o  nonrecoverable  was te)  f r a c t i o n  i n  

f eed  p r e p a r a t i o n  and r e j e c t  ( t o  recovery  p rocesses )  f r a c t i o n s  f o r  each ma-  

j o r  r e p r o c e s s i n g  s t e p .  Waste f r a c t i o n s  f o r  microsphere  p r e p a r a t i o n  and 

some p r o c e s s e s  i n  microsphere  c o a t i n g  shou ld ,  perhaps ,  a l s o  b e  cons idered  

b u t  have n o t  y e t  been programmed. 

Only one r e j ec t  f r a c t i o n  p e r  p rocess  (pe r  fuel-element  type)  can  b e  

s p e c i f i e d ;  hence,  i n  p rocesses  such a s  microsphere c o a t i n g  where rejects 

may occur  a f t e r  each  c o a t i n g  s t e p  ( b u f f e r ,  i n n e r  p y r o l y t i c ,  e t c . ) ,  t h e  u s e r  

should  s p e c i f y  a g r o s s  o r  o v e r a l l  re jec t  f r a c t i o n .  

Scrap  Management 

A t  each p rocess  s t e p ,  such as microsphere  p r e p a r a t i o n ,  p a r t i c l e  coa t -  

i n g ,  e t c . ,  i n  bo th  f r e s h  f u e l  f a b r i c a t i o n  and r e f a b r i c a t i o n ,  t h e r e  w i l l  be  

prolduced v a r i o u s  amounts of Scrap  may b e  r e j e c t e d  uncoated ker-  

n e l s  which because of shape ,  s i z e ,  l oad ing ,  e t c . ,  do n o t  m e e t  r e a c t o r  spec- 

i f i c a t i o n s ,  o r  s c r a p  may be  p a r t i c l e s  r e j e c t e d  a f t e r  each c o a t i n g  o p e r a t i o n  

because  o f ,  f o r  example, improper c o a t i n g  t h i c k n e s s  o r  d e n s i t y .  Some f r a c -  

t i o n  of t h e  molded f u e l  rods  and f u e l  e lements  i n  v a r i o u s  deg rees  of 
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assembly may a l s o  f a i l  t o  m e e t  s p e c i f i c a t i o n  and c o n t r i b u t e  t o  s c r a p .  It 

a l s o  appears  t h a t  t h e  t o t a l  amount of re jects  may be  a r a t h e r  l a r g e  (per-  

haps 30+%) f r a c t i o n  of t h e  t o t a l  p l a n t  th roughput .  S ince  uranium va lues  

may be  upwards of %$17,00O/kg U, a cons ide rab le  economic i n c e n t i v e  e x i s t s  

f o r  i n c l u s i o n  of s c r a p  recovery  systems.  

A t  t h i s  w r i t i n g ,  t h e  des ign  concept  f o r  s c r a p  recovery is s t i l l  under 

s tudy .  The code p r e s e n t l y  o p e r a t e s  on t h e  assumption t h a t  s c r a p  recovery  

employs t h e  p rocesses  s i m i l a r  t o  t hose  used i n  s p e n t  f u e l  r e p r o c e s s i n g ,  

w i th  some d i f f e r e n c e s .  Scrap  does n o t  c o n t a i n  e i t h e r  f i s s i o n  p roduc t s  o r  

chemical  e lements  w i th  h i g h e r  a tomic number than  uranium. Only f r e s h  tho- 

rium would be p r e s e n t  i n  s c r a p ,  and t h e r e  would be no bu i ldup  of  228Th i n  

f e r t i l e  p a r t i c l e s  as i n  s p e n t  f u e l  e lements .  The e n t r y  p o i n t  i n  a s c r a p  

recovery system may be dependent somewhat on t h e  sou rce  of r e j ec t s ,  i . e . ,  

uncoated k e r n e l s ,  coa ted  p a r t i c l e s ,  f u e l  rods ,  o r  f u e l  e lements .  

Table  1 i s  a g e n e r a l  o u t l i n e  of t h e  s t e p s  assumed t o  be r e q u i r e d  i n  

r ec l a iming  t h e  v a r i o u s  c a t e g o r i e s  of s c r a p .  Mixed f i s s i l e  k e r n e l s  ( i . e . ,  

k e r n e l s  c o n t a i n i n g  mixtures  of thorium and uranium) are  n o t  t h e  r e f e r e n c e  

r e c y c l e  p a r t i c l e ,  b u t  are inc luded  as an  a l ternate .  It w a s  a l s o  assumed 

t h a t  a l l  s c r a p  would b e  processed  i n  s e p a r a t e  equipment,  whereas some 

s c r a p  from r e f a b r i c a t i o n  ( e . g . ,  rods  and e lements )  may a c t u a l l y  be  re- 

tu rned  t o  t h e  main chemical  p l a n t  f o r  r ep rocess ing .  When s c r a p  manage- 

ment procedures  are e v e n t u a l l y  s p e c i f i e d ,  t hen  mod i f i ca t ions  t o  t h e  book- 

keeping can b e  made t o  r e f l e c t  a c t u a l  p r a c t i c e .  

The s c r a p  management procedure  does have some f l e x i b i l i t y  b u i l t  i n .  

The u s e r  can o p t i o n a l l y  r o u t e  s c r a p  produced from any r e f a b r i c a t i o n  s t e p  

t o  e i t h e r  t h e  c r u s h e r s ,  t h e  pr imary f lu id ized-bed  b u r n e r ,  a r o l l  c r u s h e r  

( o r  o t h e r  S i c  c o a t i n g  removal equipment) o r  t o  a d i s s o l v e r  as t h e  e n t r y  

p o i n t  f o r  s c r a p  recovery.  F igu re  10  shows t h e  forward flow of material  

through t h e  v a r i o u s  s t e p s  assumed f o r  recovery .  A s  i n d i c a t e d  on t h e  d ia -  

gram, r e j e c t e d  rods  w i l l  probably b e  carbonized  b e f o r e  e n t e r i n g  t h e  crush-  

i n g  equipment and a l o g i c a l  e n t r y  p o i n t  f o r  r e j e c t e d  f u e l  e lements  would 

b e  d i r e c t  e n t r y  t o  t h e  c r u s h e r s .  There i s ,  of cour se ,  t h e  proposed whole 

b lock  b u r n e r 7  as an a l t e r n a t e  t o  t h e  c rusher - f lu id ized-bed  bu rne r s  f o r  use 

i n  t h e  main chemical  p l a n t  which might a l s o  f i n d  a p p l i c a t i o n  i n  s c r a p  
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Table 1. General  o u t l i n e  f o r  s c r a p  management 

I. Uncoated Kernels 

a )  Nonmixed f i s s i l e  k e r n e l s  

1. Oxidize i n  fu rnace  
2. Disso lve  ( l e a c h )  
3 .  Cent r i fuge  t o  remove s o l i d s  
4 .  Separa t e  o u t  decay p roduc t s  ( i f  2 3 2 U  i s  p r e s e n t )  

b)  Mixed (Th+U) f i s s i l e  k e r n e l s  

1. Oxidize i n  fu rnace  
2.  D i s so lve  ( l e a c h )  
3. Cen t r i fuge  t o  remove s o l i d s  
4 .  Separa t e  o u t  thorium ( a l s o  decay p roduc t s  i f  232U is p r e s e n t )  

c )  F e r t i l e  p a r t i c l e s  ( f r e s h  thorium only)  

1. Oxidize i n  fu rnace  
2. Disso lve  ( l each )  
3. Cen t r i fuge  t o  remove s o l i d s  

11. BISO-Coated Kernels  ( o r  TRISO b e f o r e  app ly ing  S i c  c o a t i n g )  

a )  Same s t e p s  as ( I )  above f o r  a p p r o p r i a t e  k e r n e l  type .  Oxida t ion  
s t e p  removes carbon c o a t i n g s  and o x i d i z e s  k e r n e l s  

111. TRISO-Coated Kernels  

a )  I f  a p p l i e d ,  remove o u t e r  p y r o l y t i c  c o a t i n g  ( h e a t  i n  fu rnace )  
b )  Remove S i c  c o a t i n g  
c )  F u r t h e r  p rocess ing  same as f o r  BISO-coated k e r n e l s  

IV. Rejec ted  Fuel  Rods 

a )  Carbonize ( conve r t  p i t c h  t o  g r a p h i t e )  
b)  
c )  Burn (removes e x t e r n a l  g r a p h i t e ,  leaves S i c  c o a t i n g ,  whole 

d) Separate  ( c o n t e n t s  of  f i s s i l e  and f e r t i l e  p a r t i c l e s  assumed 

e )  

f )  

Crush (produces d e s i r e d  fragment s i z e  f o r  burn ing)  

k e r n e l ,  o r  a sh )  

mechanica l ly  s e p a r a b l e )  
F u r t h e r  p rocess ing  of TRISO-coated p a r t i c l e s  beg in  w i t h  111-b 
above 
F u r t h e r  p rocess ing  of BISO-coated p a r t i c l e s  beg in  wi th  d i s -  
s o l v i n g  s t e p  Ia-2,  Ib-2, o r  IC-2 f o r  a p p r o p r i a t e  k e r n e l  

V. Re jec ted  Fuel  Elements (from assembly) 

a )  Reject occur s  b e f o r e  in-block ca rbon iza t ion .  Assume rods  can 
be removed from e lements  - s ta r t  s c r a p  management wi th  s t e p  I V - a  

b) Reject a f t e r  c a r b o n i z a t i o n  - star t  s c r a p  management w i t h  s t e p  
IV-b 
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recovery .  Whereas k e r n e l s  and coa ted  p a r t i c l e s  are shown i n  F ig .  10 as 

e n t e r i n g  t h e  f i r s t  b u r n e r  ( f u r n a c e ) ,  t h e  u s e r  may o p t i o n a l l y  r o u t e  some o r  

a l l  of t h i s  s c r a p  t o  any o t h e r  e n t r y  p o i n t  shown on t h e  f i g u r e ,  i f  d e s i r e d .  

A s  i n d i c a t e d  i n  Table  1, fo l lowing  t h e  d i s s o l v i n g  and c e n t r i f u g e  pro- 

c e s s ,  i t  may b e  d e s i r e d ,  o r  n e c e s s a r y ,  t o  c l e a n  up t h e  b r e d  uranium and /o r  

t o  s e p a r a t e  thor ium from uranium p r i o r  t o  r e f a b r i c a t i o n  of s c r a p .  Both 

i o n  exchange8 and s o l v e n t  e x t r a c t i o n ’  have been used t o  s e p a r a t e  thorium 

from uranium. 

Heavy-metal l o s s  t o  waste i s  computed from u s e r - s p e c i f i e d  waste f r a c -  

t i o n s  s i m i l a r  t o  t h o s e  d e s c r i b e d  i n  t h e  d i s c u s s i o n s  on chemical  reprocess-  

i ng .  

The program assumes t h a t  s c r a p  w i l l  be  recovered  on a ba tchwise  b a s i s  

and e f f e c t i v e l y  r e c y c l e d  a ( u s e r )  s p e c i f i e d  number of t i m e s  p e r  y e a r ;  i . e . ,  

i n  r e f a b r i c a t i n g  t h e  f u e l  i n i t i a l l y ,  a c e r t a i n  amount of  s c r a p  w i l l  be  pro- 

duced, t h e  heavy metal w i l l  be  rec la imed i n  s c r a p  recovery  and r e t u r n e d  t o  

r e f a b r i c a t e  more e l emen t s ,  p roducing  more s c r a p ,  e tc .  Scrap  remaining 

a f t e r  t h e  n t h  r e c y c l e  i s  assumed t o  be c o n t r i b u t e d  t o  t h e  mass of  s c r a p  t o  

be  recovered  du r ing  t h e  n e x t  s u c c e s s i v e  y e a r .  

I f  a s c r a p  recovery  sys t em is  n o t  s p e c i f i e d ,  t h e n  masses of heavy m e t a l  

from a l l  rejects accumulate  i n  s t o r a g e  ove r  t h e  h i s t o r y  of a c a l c u l a t i o n .  

Fresh Fuel  F a b r i c a t i o n  

The major s t e p s  r e q u i r e d  i n  f a b r i c a t i n g  f r e s h  f u e l  i s  e s s e n t i a l l y  t h e  

same as r e f a b r i c a t i o n  w i t h  t h e  fo l lowing  excep t ions :  

a )  The f r e s h  f u e l  f a b r i c a t i o n  p l a n t  w i l l  n o t  r e q u i r e  heavy s h i e l d i n g  

and remote hand l ing  l i k e  t h e  r e f a b r i c a t i o n  p l a n t .  

b )  Fresh  uranium (93.15% 2 3 5 U )  w i l l  p robably  b e  r e c e i v e d  as UFg 

from a d i f f u s i o n  cascade.  The equipment i n  uranium f e e d  p r e p a r a t i o n  w i l l  

pro-bably be  somewhat d i f f e r e n t  from t h e  f e e d  p r e p a r a t i o n  equipment i n  re- 

f a b r i c a t i o n  which may receive bred  uranium i n  s o l u t i o n  from s o l v e n t  ex- 

t r a c t i o n .  

c )  A l l  f e r t i l e  p a r t i c l e s  f o r  f r e s h  f u e l  f a b r i c a t i o n  and r e f a b r i c a t i o n  

are assumed t o  be  produced i n  t h e  f r e s h  f u e l  p l a n t .  Fresh  thor ium may b e  

r ece ived  as an  oxide .  The p rocess  and equipment r e q u i r e d  t o  produce t h e s e  
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f e r t i l e  p a r t i c l e s  may b e  d i f f e r e n t  from t h e  p rocess  and equipment r e q u i r e d  

t o  produce f i s s i l e  p a r t i c l e s  i n  e i t h e r  t h e  f r e s h  f u e l  p l a n t  o r  t h e  re- 

f a b r i c a t i o n  p l a n t .  

d)  I t  i s  a l s o  assumed t h a t  t h e  f r e s h  f u e l  p l a n t  would have i t s  own 

s c r a p  recovery sys tem (even though i t  w a s  a l s o  assumed t o  be l o c a t e d  ad- 

j a c e n t  t o  a r e f a b r i c a t i o n  p l a n t )  i n  o r d e r  t o  avoid  product  contaminat ion .  

The p r e s e n t  v e r s i o n  of t h e  code a l lows  a u s e r  t o  o p t i o n a l l y  r e c y c l e  

f r e s h  thorium recovered  from s c r a p  produced i n  f a b r i c a t i o n  and r e f a b r i c a -  

t i o n ;  s p e n t  thorium recovered  i n  t h e  main chemical p l a n t  from s p e n t  f u e l  

e lements  i s ,  of cour se ,  assumed t o  accumulate i n  s t o r a g e .  

Subrou t ines  which c a l c u l a t e  heavy m e t a l  throughput f o r  a f r e s h  f u e l  

p l a n t  r e c e i v e  feedback in fo rma t ion  from s u b r o u t i n e s  which c a l c u l a t e  uranium 

throughput i n  r e f a b r i c a t i o n .  Uranium con ten t  i n  r e f a b r i c a t e d  f u e l  elements 

reduces  t h e  amount of f r e s h  en r i ched  uranium r e q u i r e d  i n  f r e s h  f u e l  f a b r i c a -  

t i o n  of makeup e lements .  

I n i t i a l  ( f i r s t )  c o r e  f a b r i c a t i o n  

A s  can be  s e e n  i n  Fig.  6 ,  t h e  code treats f r e s h  f u e l  f a b r i c a t i o n  of 

f i r s t  c o r e  elements s e p a r a t e  from f r e s h  f u e l  f a b r i c a t i o n  of makeup elements .  

It i s  assumed t h a t  most HTGRs w i l l  r e q u i r e  i n i t i a l  c o r e  f a b r i c a t i o n  t o  b e  

completed,and a l l  f u e l  e lements  d e l i v e r e d  t o  t h e  r e a c t o r  s i t e  some t i m e  

p r i o r  t o  a c t u a l  r e a c t o r  s t a r t u p  t o  a l low t i m e  f o r  l o a d i n g  and preopera- 

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

( r e a c t o r  "type" dependent) t o  b e  used i n  t h e  bookkeeping. 

The u s e r  can o p t i o n a l l y  s p e c i f y  t h i s  i n i t i a l  de l ay  t i m e  

The number of f r e s h  f u e l  e lements  t o  b e  f a b r i c a t e d  f o r  f i r s t  c o r e  

load ing  w i l l  b e  approximately f o u r  (or  s i x )  t i m e s  as many as t h e  t o t a l  num- 

b e r  of f u e l  elements t o  b e  f a b r i c a t e d  ( i n c l u d i n g  r e f a b r i c a t i o n )  f o r  each 

r e l o a d .  

d i s t r i b u t e d  over  some d e s i r e d  number of y e a r s  ( c a l l e d  "spread t ime").  

F i r s t  co re  f a b r i c a t i o n  beg ins  a t  de l ay  t i m e  p l u s  t h e  s p r e a d  t i m e  p r i o r  t o  

r e a c t o r  s t a r t u p .  

A u s e r  may o p t i o n a l l y  s p e c i f y  t h a t  f i r s t  c o r e  f a b r i c a t i o n  i s  t o  be 

Another r eason  f o r  c a l c u l a t i n g  heavy m e t a l  th roughputs  s e p a r a t e l y  f o r  

f i r s t  c o r e  l o a d i n g  is  because  those  e lements  c o n t a i n  somewhat d i f f e r e n t  

masses of uranium and thorium than  f r e s h  makeup f u e l  e lements .  These 
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d i f f e r e n c e s  i n  load ing  can b e  s e e n  by comparing t h e  d a t a  g iven  i n  Table 2 .  

These d a t a  w e r e  o b t a i n e d  from s a f e t y  a n a l y s i s  r e p o r t s 1 y 2  and a p r o g r e s s  

iceport, l o  and i n d i c a t e  t h a t  f i r s t  c o r e  e lements  are loaded  h e a v i e r  i n  tho- 

rium and l i g h t e r  i n  e n r i c h e d  uranium than  f r e s h  makeup f u e l  e lements .  The 

d a t a  a l s o  show some d i f f e r e n c e  i n  average  l o a d i n g s  p e r  f u e l  e lements  be- 

tween t h e  F o r t  S t .  Vrain r e a c t o r  and t h e  Summit Power S t a t i o n .  To account  

f o r  d i f f e r e n c e s  i n  f u e l  l o a d i n g s  d e s c r i b e d  above, a u s e r  s p e c i f i e s  f o r  

each r e a c t o r  "type" (up t o  a maximum of f o u r  types )  i n i t i a l  c o r e  load ing  

per f u e l  element s e p a r a t e  from f r e s h  makeup l o a d i n g s .  Kilograms of thorium 

and e n r i c h e d  uranium i n  f r e s h  f u e l  f a b r i c a t i o n  of i n i t i a l  c o r e  e lements  are 

t a b u l a t e d  s e p a r a t e l y  from masses o f  thorium and e n r i c h e d  uranium f a b r i c a t e d  

i n  f r e s h  makeup f u e l  e lements .  

- Hleavy metal d i scha rged  from f i r s t  c o r e  element 

The mass of heavy m e t a l  ( thor ium and uranium) d i scha rged  i n  s p e n t  

f : i r s t  c o r e  f u e l  e lements  is  a l s o  d i f f e r e n t  from t h e  mass of heavy metal 

d i scha rged  from makeup f u e l  e lements .  There are two reasons  f o r  t h e s e  

d i f f e r e n c e s :  (a) as d e s c r i b e d  i n  t h e  s e c t i o n  above, f i r s t  c o r e  e lements  

are i n i t i a l l y  loaded  d i f f e r e n t  from t h e  f r e s h  makeup e l emen t s ,  and (b) n o t  

a l l  f i r s t  c o r e  f u e l  e lements  r e c e i v e  a f u l l  4-year ( o r  6-year) r e s i d e n c e  

t i m e  i n  r e a c t o r  p r i o r  t o  removal. 

f o u r t h  ( o r  one - s ix th )  of t h e  t o t a l  f u e l  e l emen t s ,  has  r e s i d e d  i n  t h e  c o r e  

t h e  e q u i v a l e n t  of 292 f u l l  power days,  assuming 80% c a p a c i t y  f a c t o r  p r i o r  

t o  removal. The second b a t c h  of f i r s t  c o r e  e lements  has  r e s i d e d  i n  t h e  

c o r e  584 f u l l  power days p r i o r  t o  removal; t h e  t h i r d  b a t c h ,  876 f u l l  power 

days,  e t c . ,  u n t i l  t h e  s p e c i f i e d  4-year ( o r  6-year) f u e l  l i f e t i m e  has  been 

re,ached. The re fo re  on ly  t h e  l as t  b a t c h  of f irst  c o r e  e lements  w i l l  have 

r e c e i v e d  t h e  same i n - r e a c t o r  exposure  as re loaded  f u e l  e lements .  All o t h e r  

f i r s t  c o r e  e lements  have r e s i d e d  i n  t h e  r e a c t o r  somewhat s h o r t e r  t i m e  p e r i -  

ods p r i o r  t o  removal. 

nium d e p l e t e s ,  as a f u n c t i o n  of  in -core  r e s i d e n c e  t i m e .  The amount of b red  

uranium, s p e n t  e n r i c h e d  uranium, and s p e n t  thorium which can be  e x t r a c t e d  

from t h e s e  f i r s t  c o r e  e lements  i n  r e p r o c e s s i n g ,  t h e r e f o r e  varies from re- 

1oa.d t o  r e l o a d  as t h e  f i r s t  c o r e  f u e l  e lements  are be ing  removed from t h e  

The first b a t c h ,  approximate ly  one- 

Bred uranium b u i l d s  up, and thorium and en r i ched  ura- 

f 

' 
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Table 2. Comparison of f i r s t  c o r e  l o a d i n g  
w i t h  f r e s h  makeup l o a d i n g  

F o r t  S t .  Vrain Reac tor  

F i r s t  ( I n i t i a l )  Core; 1482 Elements 

Thorium, kg 
Uranium, kg 
Th/U (average)  

Average load ing  p e r  e lement  

Thorium, kg 
Uranium, kg 

15913.9 
774.3 
20.55 

10.738 
0.522 

Reload Segments;Average Based on 240 Elements 
Thor i  um, kg 2306.7 
Uranium, kg 202.9 
Th/U 11.24 

Average l o a d i n g  p e r  e lement  

Thorium, kg 
Uranium, kg 

Summit Power S t a t i o n  (Delmarva) 

F i r s t  ( I n i t i a l )  Core; 2744 Elements 

Thorium , kg 
Uranium, kg 
Th/U 

Average load ing  p e r  e lement  

Thorium, kg 
U r  an  i um , k g 

Reload Segments; Average 

Tho r ium , kg 
Uranium, kg 
Th/U 

Average load ing  p e r  e lement  

Th o r i um , kg 
Uranium, kg 

9 .61  
0.85 

26080 
1237 
21.08 

9 .5  
0.45 

5870 
527 
11.06 

8 .6  
0 . 7 7  

\All uranium shown i s  en r i ched  t o  93.15% 2 3 5 U .  
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core .  F igu re  11 shows t y p i c a l  amounts of b r e d  uranium, s p e n t  makeup (en- 

r i c h e d )  uranium, and s p e n t  thor ium d i scha rged  du r ing  f i r s t  c o r e  r ep lace -  

ment re la t ive  t o  "equi l ibr ium" d i scha rges .  The r e s u l t s  shown i n  F ig .  11 

were c a l c u l a t e d  from m a s s  b a l a n c e s l l  f o r  a s i n g l e  1160 MW(e), four - re load  

segment,  HTGR o p e r a t i n g  nonrecyc le .  

To c a l c u l a t e  t h e  masses of heavy m e t a l  d i scha rged  d u r i n g  approach t o  

I 1  equ i l ib r ium"  r e q u i r e s  t h e  fo l lowing  u s e r  i n p u t  da t a :  ( a )  average  d i s -  

charged masses on a p e r  e lement  b a s i s  a t  e q u i l i b r i u m ,  and (b)  r a t i o s  of 

heavy m e t a l  d i scha rged  a t  t h e  end of each c y c l e  re la t ive t o  e q u i l i b r i u m ,  

i . e . ,  such  as shown i n  F ig .  11. 

This  method o f  c a l c u l a t i n g  heavy metal d i scha rged  a p p l i e s  d u r i n g  t h e  

t i m e  t h a t  t h e  f i r s t  c o r e  e lements  are b e i n g  removed and p r i o r  t o  f u e l  re- 

cyc le .  

F igu re  1 2  shows t h a t  f i r s t  c o r e  e lements  can be  a l a r g e  pe rcen tage  of 

t h e  t o t a l  f u e l  e lements  removed from a l l  r e a c t o r s ,  annua l ly ,  ove r  t h e  

h i s t o r y  of a c a l c u l a t i o n .  

r e f l e c t  a n  HTGR growth schedu le  such as i n  F ig .  3 and numerous assumptions 

on r e a c t o r  f u e l  management. C l e a r l y ,  o t h e r  assumptions on HTGR growth and 
f u e l  management can  produce somewhat d i f f e r e n t  d i s t r i b u t i o n s  than  shown i n  

Fig.  1 2 .  

These d a t a  are f o r  i l l u s t r a t i v e  purposes  o n l y  and 

COST CALCULATIONS 

Not a l l  of  t h e  r o u t i n e s  f o r  c a l c u l a t i n g  c o s t s  have been completed.  

The s e c t i o n s  which follow d e s c r i b e  t h e  methods, e q u a t i o n s ,  e t c . ,  which have 

been programmed. 

Equipment Costs  

The only r eason  f o r  c a l c u l a t i n g  p rocess  throughputs  i n  t h e  f r e s h  f u e l  

f a b r i c a t i o n  p l a n t ,  r e p r o c e s s i n g  p l a n t ,  and r e f a b r i c a t i o n  p l a n t  is  t o  pro- 

v i d e  in fo rma t ion  which could  serve t o  estimate p l a n t  equipment c o s t s .  

th roughputs  have been c a l c u l a t e d  on an annua l  b a s i s  under t h e  assumption 

t h a t  if t h e  r e a c t o r s  o p e r a t e  as p lanned ,  i f  t h e  p rocess  re jec t  rates and 

waste l o s s  rates are r ea l i s t i c ,  and i f  t h e  f a b r i c a t i o n  p l a n t ,  r e p r o c e s s i n g  

All 
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p l a n t  and r e f a b r i c a t i o n  p l a n t  are b u i l t  ( o r  expanded) as needed o r  as pre-  

planned,  t hen  each major p rocess  i n  f a b r i c a t i o n  and r e f a b r i c a t i o n  ( e .g . ,  

microsphere p r e p a r a t i o n ,  microsphere c o a t i n g ,  e t c . )  w i l l  be  r e c e i v i n g  and 

d i scha rg ing  a c a l c u l a t e d  amount of  heavy m e t a l ,  o r  producing a g ross  num- 

b e r  of  f u e l  e lements  ( o r  f u e l  rods)  du r ing  each s u c c e s s i v e  yea r .  Likewise,  

t h e  r ep rocess ing  p l a n t  w i l l  b e  p rocess ing  some average  number o f  s p e n t  ele- 

ments t o  reclaim some amount of uranium f o r  r e f a b r i c a t i o n  and producing a 

volume of waste and unrecovered heavy m e t a l  each s u c c e s s i v e  y e a r .  

Using in fo rma t ion  from p l a n t  concep tua l  des igns  and a s s o c i a t e d  de- 

t a i l e d  c o s t  i n fo rma t ion ,  t o g e t h e r  w i th  t h e  c a l c u l a t e d  annual  process-  

dependent th roughputs ,  one must arrive a t  t o t a l  equipment c o s t s .  Within 

each p rocess  t h e r e  w i l l  b e  several p i e c e s  of major equipment. It i s  as- 

sumed t h a t  each p i e c e  of  major equipment w i l l  b e  des igned  t o  o p e r a t e  ove r  

some range of  c a p a c i t y  ( i . e . ,  up t o  X ki lograms of  heavy m e t a l  p e r  day o r  

up t o  N f u e l  e lements  p e r  day,  e t c . ) .  It i s  a l s o  assumed t h a t  i f  t h e  de- 

s i g n  c a p a c i t y  f o r  a p a r t i c u l a r  machine i s  exceeded, t hen  m u l t i p l e  u n i t s  

w i l l  be  i n s t a l l e d  t o  meet t h e  a c t u a l  p rocess  requi rements ;  i . e . ,  s c a l i n g  

w i l l ,  i n  most cases, b e  accomplished by u s i n g  m u l t i p l e  u n i t s  of i d e n t i c a l  

equipment as opposed t o  des ign ing  l a r g e r  u n i t s .  

For each p r o c e s s ,  t h e  u s e r  p repa res  a l i b r a r y  of c o s t  and o p e r a t i n g  

d a t a  a p p l i c a b l e  t o  each p i e c e  of  equipment. 

subd iv ide  a l l  equipment i t e m s  i n t o  n o t  more than  30 d i s c r e t e  c a t e g o r i e s .  

For each ca t egory ,  t h e  fo l lowing  in fo rma t ion  i s  supp l i ed :  

For each p r o c e s s ,  t h e  u s e r  may 

1. A d a i l y  throughput  ( e .g . ,  kglday,  e lements lday ,  e t c . )  assuming 

t h a t  t h e  equipment is  o p e r a t i n g  as a s e p a r a t e  u n i t .  

2 .  An a v a i l a b i l i t y  o r  o p e r a t i n g  f a c t o r  which is t h e  f r a c t i o n  of  t i m e  

t h a t  t h e  machine may be  i d l e  because  of i t s  proximi ty  w i t h i n  t h e  o v e r a l l  

p rocess .  The " t rue"  throughput  becomes t h e  product  of t h e  f i r s t  two items. 

3 .  Unit  c o s t  d a t a  ( d o l l a r s  f o r  each machine) broken down i n t o  sepa-  

rate e n t r i e s  f o r  ( a )  materials, (b) l a b o r ,  ( c )  eng inee r ing ,  and (d)  i n s t a l -  

l a t i o n .  These s u b d i v i s i o n s  of c o s t  d a t a  are d e s i r a b l e ,  i f  known, i n  o r d e r  

t o  b e s t  r e p r e s e n t  c o s t s  of m u l t i p l e  u n i t s ;  f o r  example, eng inee r ing  c o s t s  

on t e n  p roduc t ion  u n i t s  w i l l  n o t  n e c e s s a r i l y  be  t e n  t i m e s  t h e  e n g i n e e r i n g  

c o s t  f o r  one p r o t o t y p e  u n i t .  
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4 .  An estimate of t h e  p r o j e c t e d  f l o o r  area p e r  u n i t .  These d a t a  are 

used t o  estimate t h e  t o t a l  p l a n t  (and c e l l )  f l o o r  area. The u s e r  must con- 

s i d e r ,  where a p p l i c a b l e ,  t h a t  some equipment i t e m s  may be  s t a c k e d  v e r t i -  

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

I t e m s  5 ,  6 ,  and 7 are components of d a i l y  o p e r a t i n g  c o s t s .  

5 .  An estimate of d a i l y  man-hours f o r  o p e r a t i n g  each machine o r  c a t e -  

gory of equipment.  

6 .  An estimate of d a i l y  maintenance man-hours p e r  machine o r  ca t egory  

of equipment.  

7 .  An estimate of t h e  d a i l y  d o l l a r  v a l u e  f o r  consumable i t e m s  a s s o c i -  

a t e d  w i t h  t h a t  ca t egory  of  equipment.  

To account  f o r  scheduled  o u t a g e s ,  p rep lanned  maintenance,  e t c . ,  an 

o v e r a l l  p l a n t  o p e r a t i n g  ( o r  "capac i ty")  f a c t o r  i s  a l s o  s p e c i f i e d .  This  

f a c t o r  i s  t o  b e  a p p l i e d  t o  a l l  equipment w i t h i n  a p l a n t .  Thus, t h e  num- 

b e r  of equipment items (each ca t egory )  i s  computed by d i v i d i n g  t h e  annua l  

throughput  by t h e  product  of t h e  p l a n t  o p e r a t i n g  f a c t o r ,  t h e  equipment 

th roughput ,  and t h e  equipment o p e r a t i n g  f a c t o r ,  rounded up t o  t h e  nex t  

whole number. 

P l a n t  Expansion 

A s  shown ea r l i e r  i n  F igs .  5 and 6 ,  as more HTGRs come on- l ine ,  t h e  an- 

n u a l  p l a n t  th roughput  w i l l  be  i n c r e a s i n g  ove r  most of t h e  h i s t o r y  of  a 

c a l c u l a t i o n .  P rocess  th roughpu t s ,  amount of equipment,  and s i z e  of each 

p l a n t  w i l l  a l s o  have t o  change i n  p r o p o r t i o n  t o  t h e  o v e r a l l  p l a n t  i n p u t  o r  

o u t p u t  (F igs .  5 and 6 ) .  It i s  ve ry  u n l i k e l y  t h a t  t h e s e  f a b r i c a t i o n ,  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  p l a n t s  w i l l  each  be  expanded, o r  new p l a n t s  

b u i l t ,  on a year - to-year  b a s i s  t o  e x a c t l y  fo l low e s t i m a t e d  annual  through- 

pu t s .  It i s  assumed t h a t  t h e  p l a n t s  w i l l  be  expanded accord ing  t o  some 

preplanned  schedu le  and s i z e d  f o r  maximum throughputs  between expansion 

d a t e s .  The u s e r  s p e c i f i e s  t h e  p l a n t  expansion schedu le  ( c a l e n d a r  d a t e s )  

and t h e  code s e a r c h e s  f o r  maximum annua l  th roughputs  between expansion 

d a t e s .  Equipment c o s t s ,  bo th  i n i t i a l  and f o r  a d d i t i o n ,  are based  on t h e s e  

maximum throughputs .  

a 

. 
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Hardware Cos ts  

, 

Hardware c o s t s  are d e f i n e d  as t h e  c o s t s  a s s o c i a t e d  wi th  t h e  purchase  

of f i n i s h e d  g r a p h i t e  b locks  f o r  u se  i n  f u e l  e lement  assembly. 

t i o n  i s  made t h a t  f i n i s h e d  hexagonal  g r a p h i t e  b locks  n o t  y e t  loaded  wi th  

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

r e f a b r i c a t i o n  p l a n t  as needed a t  some s p e c i f i e d  u n i t  c o s t .  

There are two g e n e r a l  c a t e g o r i e s  of f u e l  b locks :  

The assump- 

r e g u l a r  f u e l  ele- 

ments and c o n t r o l  f u e l  e lements .  F igu re  13  shows t h e  d i s t r i b u t i o n  of  

r e g u l a r  f u e l  e lements  and c o n t r o l  f u e l  e lements  r e q u i r e d  i n  t h e  r e l o a d i n g  

sequence of a s i n g l e  HTGR. Four d i f f e r e n t  s i z e  HTGRs are shown f o r  com- 

p a r i s o n .  F i r s t  o r  i n i t i a l  c o r e  load ing  i s ,  of  cour se ,  t h e  sum of a l l  seg- 

ments f o r  a p a r t i c u l a r  r e a c t o r .  The f i r s t  r e l o a d  f o r  each s i z e  r e a c t o r  

shown i n  Fig.  13 i s  r e p r e s e n t e d  by t h e  le f t -most  b a r .  The number of f u e l  

e lements  and c o n t r o l  f u e l  e lements  r e q u i r e d  f o r  each r e l o a d  can be ob ta ined  

by  r ead ing  from l e f t  t o  r i g h t  and r e p e a t i n g  t h e  p a t t e r n  throughout  r e a c t o r  

l i f e t i m e .  Not ice  t h a t  one r e l o a d  segment f o r  each  r e a c t o r  s i z e  r e q u i r e s  a 

somewhat d i f f e r e n t  number of f u e l  e lements  and c o n t r o l  f u e l  e lements  t han  

t h e  o t h e r  segments.  

i n g  i n  F ig .  13 w e r e  o b t a i n e d  from s a f e t y  a n a l y s i s  r epor t s .1 -3  

With t h e  excep t ion  of t h e  l a r g e  r e a c t o r , 1 2  d a t a  appear-  

Approximately 15% of t h e  t o t a l  r e a c t o r  f u e l  e lements  w i l l  be  t h e  con- 

t r o l  f u e l  e lements .  Both r e g u l a r  and c o n t r o l  f u e l  e lements  have p h y s i c a l  

dimensions which are ~ 3 1 . 2 2  i n .  l ong  and 14 .17  i n .  a c r o s s  f l a t s .  Con t ro l  

f u e l  e lements  have two l a r g e  h o l e s  ( 4 . 0  i n .  diam) d r i l l e d  through a x i a l l y  

f o r  t h e  con t ro l - rod  p a i r  and one 3.75-in.-diam h o l e  d r i l l e d  through a x i a l l y  

f o r  reserve o r  emergency shutdown poison .  

would o the rwise  b e  a v a i l a b l e  f o r  f u e l ;  hence,  c o n t r o l  f u e l  e lements  w i l l  

have fewer d r i l l e d  h o l e s  f o r  f u e l  and coo lan t  passages  than  r e g u l a r  f u e l  

e lements .  When t h e  r e a c t o r  is loaded ,  t h e  f u e l  e lements  are s t a c k e d  one 

above t h e  o t h e r  t o  form e i t h e r  c o n t r o l  e lement  o r  r e g u l a r  e lement  columns. 

These columns may be  s t a c k e d  e i t h e r  s i x  h igh  as i n  t h e  F o r t  S t .  Vrain 

r e a c t o r  o r  e i g h t  h igh  as proposed f o r  t h e  l a r g e r  r e a c t o r s .  The column con- 

t a i n i n g  t h e  c o n t r o l  f u e l  e lements  are u s u a l l y  sur rounded by s i x  columns of 

r e g u l a r  f u e l  e lements  and t h i s  c l u s t e r  of seven  columns is c a l l e d  a r eg ion .  

A few r e g i o n s  a t  t h e  c o r e - r e f l e c t o r  i n t e r f a c e  may have less than  seven  

These h o l e s  occupy space  which 



40 

N
 

W
 
W
 

In
 

r.
 m
 I 

u I 
-I 
z
 

n
 

0
 

z 

v
) 
I- 
z
 

w
 

z w
 
1
 

w
 
1
 

w
 

U
 

3
 

- a 5 3
 

u w
 
a
 
c
 

a
 

0
 

I- 
V
 

a
 

5 - 
a 

m 
3
 

5
 
0
 

0
 

In
 

7
 

v
) 
I- 
z
 

w
 

5, 1 
w

 
1
 

Lu 
3
 

U
 
1
 

0
 

a
 

I- 
z
 

0
 

i 

n
 

0
 

m
 

6
 

a n
 

m
 

W
 

0
 
0
 

‘f 
0
 

0
 

N
 

- 
0
 

8 - 
0
 
0
 

W
 

0
 

0
 

d
 

0
 
0
 

(D
 

0
 
0
 

N
 

0
 

!- z I
 

u w
 

v
) 

w
 

2 U
 

t -1 

U
 

n
 

u
 C aJ 

r
l 
a, 5 v
 

r
l 
a, 2 
w

 

m
 

r
l 

. 



41 

. 

columns t o  p r e s e r v e  t h e  approximate c y l i n d r i c a l  act ive c o r e  c o n f i g u r a t i o n .  

The e lements  i n  t h e  c e n t r a l  column ( c o n t r o l  f u e l  e lements )  are p o s i t i o n e d  

downward w i t h  r e s p e c t  t o  e lements  i n  t h e  su r round ing  columns, i n  o r d e r  t o  

key each  r eg ion  and minimize p o s s i b i l i t y  f o r  r a d i a l  c o r e  movement. A s  a 

r e s u l t ,  bot tom c o n t r o l  f u e l  e lements  i n  each r e g i o n  of t h e  F o r t  S t .  Vra in  

r e a c t o r  have f u e l  h o l e s  d r i l l e d  s h o r t e r 1  than  t h e  l e n g t h  of t h e  f u e l  bed 

i n  o t h e r  e lements  t o  a l l o w  t h e  a c t i v e  c o r e  t o  t e r m i n a t e  i n  a common p lane  

a t  t h e  bottom. These ' ' short ' '  c o n t r o l  f u e l  e lements  c o n s t i t u t e  %2.5% of  a l l  

f u e l  e lements  i n  t h e  F o r t  St. Vrain r e a c t o r .  It is  n o t  c e r t a i n  t h a t  "shor t"  

c o n t r o l  f u e l  e lements  w i l l  a l s o  b e  used i n  t h e  l a r g e r  r e a c t o r s . 2 , 3  

For t h e  purpose of c a l c u l a t i n g  hardware c o s t s ,  a u s e r  s p e c i f i e s  t h e  

u n i t  c o s t s  ($ /e lement )  f o r  r e g u l a r  f u e l  e lements  and f o r  c o n t r o l  f u e l  ele- 

ments. Shor t  c o n t r o l  f u e l  e lements  are neg lec t ed .  Unit  c o s t s  are a l s o  

s p e c i f i e d  acco rd ing  t o  r e a c t o r  type  t o  account  f o r  any c o s t  d i f f e r e n c e s  i n  

e i t h e r  r e g u l a r  f u e l  e lements  o r  c o n t r o l  f u e l  e lements ,  i f  a p p l i c a b l e .  Cost 

e s c a l a t i o n  can a l s o  be  cons ide red  i f  d e s i r e d .  The u s e r  s p e c i f i e s  t h e  y e a r  

i n  which t h e  u n i t  c o s t s  are t o  b e  r e fe renced ,  i . e . ,  e v a l u a t e d  i n  19XX dol-  

l a r s ,  and two annua l  e s c a l a t i o n  r a t e s .  The f i r s t  e s c a l a t i o n  ra te  a d j u s t s  

t h e  u n i t  c o s t s  from r e f e r e n c e  y e a r  t o  t h e  d a t e  a t  which t h e  c o s t  c a l c u l a -  

t i o n  i s  t o  beg in ;  t h e  second e s c a l a t i o n  ra te  i s  a p p l i e d  du r ing  t h e  h i s t o r y  

of a c o s t  c a l c u l a t i o n .  

The code l i s t s  hardware c o s t s  s e p a r a t e l y  by r e a c t o r  t ype  and f o r  reg- 

u l a r  f u e l  e lements  and c o n t r o l  f u e l  e lements .  Hardware c o s t s  are a l s o  

summed and l i s t e d  on a summary table.  

Annual hardware c o s t s  w i l l  b e  t r e a t e d  as t a x  d e d u c t i b l e  expense i n  

l a t e r  d i scoun ted  cash  f low a n a l y s e s .  

Uranium Costs  

F u l l y  e n r i c h e d  uranium (93.15% 235U) i s  f eed  material t o  t h e  f r e s h  

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

f r e s h  p l a n t  w i l l  e n t e r  t h e  waste stream dur ing  s c r a p  recovery .  Therefore ,  

i n  c o s t i n g  f u e l  f a b r i c a t i o n ,  i t  i s  d e s i r a b l e  t o  keep r eco rds  on f u e l  va lues  

i n  w a s t e  streams. The p l a n  i s  n o t  t o  i n c l u d e  t h e s e  c o s t s  i n  de r ived  f a b r i -  

c a t i o n  u n i t  c o s t s ,  b u t  t o  d i s p l a y  t h e  va lues  as economic i n c e n t i v e s  f o r  

op t imiz ing  t h e  uranium recovery  systems.  
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Another uranium c o s t  which shou ld  b e  c a l c u l a t e d ,  b u t  n o t  n e c e s s a r i l y  

inc luded  i n  f a b r i c a t i o n  u n i t  c o s t s ,  i s  f a b r i c a t i o n  p l a n t  i nven to ry  charges .  

We assume t h a t  t h e  u t i l i t i e s  ( o r  t h e  f a b r i c a t i o n  p l a n t  o p e r a t o r s )  w i l l  

purchase  f r e s h  f e e d  a t  some l e a d  t i m e  p r i o r  t o  complet ion of  f a b r i c a t i o n ,  

and t h a t  from t h e  t i m e  of purchase  u n t i l  complet ion of f a b r i c a t i o n ,  t h e r e  

w i l l  be  an  i n t e r e s t  charge  p l a c e d  on a l l  uranium va lues .  Within t h e  f a b r i -  

c a t i o n  p l a n t  t h e r e  w i l l  be  i n t e r n a l  r e c y c l e s  ( s c r a p  recovery)  c o n t a i n i n g  

amounts of uranium which a l s o  w i l l  a cc rue  i n t e r e s t  c o s t s .  

To i l l u s t r a t e  how i n v e n t o r y  c o s t s  and waste c o s t s  can va ry  w i t h  pro- 

cess reject  rates i n  f a b r i c a t i o n  and waste f r a c t i o n s  i n  s c r a p  r ecove ry ,  l e t  

us c o n s i d e r  an ex t remely  s imple  model, shown i n  F ig .  1 4 ,  having  only  one 

source  of re jects  and on ly  one p l a c e  i n  s c r a p  recovery  where uranium can 

e n t e r  waste. More r e a l i s t i c  s c r a p  recovery  models are d e s c r i b e d  i n  Appen- 

d i x  A. 

In F ig .  1 4 ,  f a b r i c a t i o n  occur s  AB w i t h  a ba tch  of f u e l  c o n t a i n i n g  x 

k i lograms of uranium. A t  p o i n t  B ,  (1 - f ) x  leaves f a b r i c a t i o n  as f i n i s h e d  

product  and f x  e n t e r s  s c r a p  r ecove ry ,  where f i s  t h e  re jec t  f r a c t i o n .  A t  

p o i n t  C ,  an  amount of f l f x  of t h e  uranium i n  s c r a p  recovery  e n t e r s  t h e  

waste stream and is n o t  r e t u r n e d  t o  f a b r i c a t i o n .  The remaining p o r t i o n  

(1- f l ) f x  i s  r e t u r n e d  t o  f a b r i c a t i o n  and mixed wi th  incoming f e e d ,  F,  a t  

p o i n t  A.  The waste f r a c t i o n  i s  f l .  

W e  assume i n  t h i s  example t h a t  each b a t c h  of f u e l  be ing  f a b r i c a t e d  

c o n t a i n s  t h e  s a m e  amount of uranium, x. W e  a l s o  assume e q u i l i b r i u m ,  such  

t h a t  R + F = x, and expres s  t h e  feed-to-product  r a t i o  i n  t e r m s  of t h e  re- 

j e c t  f r a c t i o n  and w a s t e  f r a c t i o n ,  

F /P  = [l - f ( 1  - f 1 ) ] / ( 1  - f )  . 
This  equa t ion  i n d i c a t e s  t h a t  i f  t h e  waste f r a c t i o n  i s  zero  ( f l  = 0 ) ,  

t h e  feed-to-product  r a t i o  i s  u n i t y  and independent  of t h e  re jec t  f r a c t i o n ,  

f .  

f r a c t i o n  and t h e  waste f r a c t i o n .  

I f  f 1  # 0 ,  feed-to-product  r a t i o  v a r i e s  d i r e c t l y  w i t h  bo th  t h e  re jec t  

L e t  U be  d e f i n e d  as t h e  u n i t  c o s t ,  $ /kg ,  f o r  e n r i c h e d  uranium. The 

d o l l a r  v a l u e  f o r  uranium con ta ined  i n  t h e  w a s t e  stream p e r  k i logram of  

uranium l e a v i n g  i n  f i n i s h e d  p roduc t  i s :  

L 

w = U f l f / ( l  - f )  . U 
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The c o s t  f o r  uranium n o t  recovered  i n  t h e  s c r a p  recovery  sys tem varies 

d i r e c t l y  w i t h  bo th  t h e  waste f r a c t i o n  and t h e  re ject  f r a c t i o n .  

I f  w e  i g n o r e  compounding, t h e  u n i t  i nven to ry  cha rge ,  C ,  which one must 

pay would be  t h e  p roduc t  of t h e  u n i t  c o s t  of uranium, U, t i m e s  a n  i n t e r e s t  

irate, r .  Represent  t h e  t i m e  r e q u i r e d  f o r  t h e  uranium t o  pas s  through t h e  

f a b r i c a t i o n  p r o c e s s ,  A t o  B ,  by t l ;  t h e  t i m e  r e q u i r e d  f o r  re jec ts  t o  arr ive 

a t  C (from B) by t 2 ;  and t h e  t i m e  r e q u i r e d  f o r  t h e  rec la imed rejects t o  

r e t u r n  t o  f a b r i c a t i o n ,  C t o  A ,  by t 3 .  The inven to ry  cha rges ,  I ,  p e r  k i l o -  

gram of uranium l e a v i n g  i n  f i n i s h e d  product  a r e :  

I = C ( t l  + f t2 + f ( 1  - f l ) t 3 ) / ( 1  - f )  . 
It should  b e  e v i d e n t  t h a t  reducing  t h e  turn-around t i m e  ( t 2  + t 3 )  i n  

.scrap recovery  h a s  t h e  e f f e c t  o f  r educ ing  inven to ry  cha rges ,  a l l  o t h e r  

c o n d i t i o n s  unchanged. It can a l s o  be seen  t h a t  t h e  inven to ry  charges  va ry  

d i r e c t l y  w i t h  t h e  re ject  f r a c t i o n s .  A s  t h e  w a s t e  f r a c t i o n  f l  -+ 0 ,  a l l  

o t h e r  c o n d i t i o n s  f i x e d ,  t h e  v a l u e  of  t h e  t h i r d  t e r m  i n  t h e  above i n v e n t o r y  

c o s t  e q u a t i o n  i n c r e a s e s ,  i . e . ,  approaches f t 3 .  Recall t h a t  f o r  c o n d i t i o n  

of z e r o  w a s t e ,  a t  e q u i l i b r i u m ,  t h e  feed-to-product  r a t i o  w a s  minimum ( u n i t y )  

and t h e  va lue  of uranium con ta ined  i n  w a s t e  w a s ,  of cour se ,  zero .  Unless 

t 3  i s  very  l a r g e  (of  t h e  o r d e r  of  y e a r s ) , t h e  i n c r e a s e  i n  inven to ry  cha rges  

as f l  dec reases  t o  f i  w i l l  b e  much less than  t h e  cor responding  s a v i n g s  

which r e s u l t  from t h e  r e d u c t i o n  of u ran ium c o n t e n t  i n  w a s t e .  The sav ings  

i n  W would b e  U f ( f l  - f i ) / ( l  - f )  Z K. 

ven to ry  charges  ( i g n o r i n g  compounding) would be  K r t 3 .  The re fo re ,  i n  t h i s  

example, i f  r t 3  5 1 (e .  g . ,  i f  r = 0.15 p e r  annum and t 3  5 6 . 6 7  y e a r s ) ,  t h e  

i n c r e a s e  i n  inven to ry  charges  w i l l  b e  less than  t h e  sav ings  from reduced 

uranium va lues  i n  w a s t e .  

The cor responding  i n c r e a s e  i n  in-  U 

For a l l  p r a c t i c a l  purposes ,  minimizing w a s t e  f r a c t i o n s ,  re jec t  f r a c -  

t i o n s ,  and turn-around t i m e  i n  s c r a p  recovery  ( a s  w e l l  as t o t a l  f a b r i c a t i o n  

t ime)  a l l  reduce  uranium charges  i n  f a b r i c a t i o n  and r e f a b r i c a t i o n .  

Unit  c o s t  f o r  en r i ched  uranium 

Unit  c o s t s  f o r  e n r i c h e d  uranium ($ /kg  of  e n r i c h e d  U)  r e c e i v e d  from a 

gaseous d i f f u s i o n  p l a n t  a t  beg inn ing  of each accoun t ing  p e r i o d  N are com- 

puted  by t h e  fo l lowing  e q u a t i o n :  
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The s e p a r a t i o n  p o t e n t i a l s  f o r  gaseous d i f f u s i o n  p l a n t  product  ( p ) ,  feed  

( f ) ,  and t a i l s  (w), r e s p e c t i v e l y ,  are: 

Other d e f i n i t i o n s  are: 

= o r e  c o s t  as U308, $ / l b  U 3 O 8 ,  (U308) 

C = U3O8 t o  U F g  convers ion  c o s t ,  $/kg U, 
(c )  

(SW) 
= e n r i c h i n g  c o s t ,  $/SWU, 

= weight  f r a c t i o n  of 2 3 5 U  i n  product  ( e .g . ,  0 .9315) ,  

= weight  f r a c t i o n  of 235U i n  n a t u r a l  f eed  ( e .g . ,  0.00711),  

= weight  f r a c t i o n  of 2 3 5 U  i n  t r a n s a c t i o n  t a i l s  ( e .g . ,  0 .002) ,  

x 

x 

x 

r = e s c a l a t i o n  rate a p p l i e d  t o  f eed  c o s t ,  f ract ion/annum, 

P 

f 

W 

f 

r = e s c a l a t i o n  rate a p p l i e d  t o  e n r i c h i n g  c o s t ,  f ract ion/annum. 

The code computes u n i t  c o s t s  f o r  en r i ched  uranium on a year-by-year 

sw 

b a s i s  throughout  t h e  h i s t o r y  of a c a l c u l a t i o n .  

d a t a  above under o t h e r  d e f i n i t i o n s .  

t h e  equa t ion  t o  a l low a u s e r  t o  i n c r e a s e  f eed  c o s t s  and i n c r e a s e  c o s t s  f o r  

e n r i c h i n g  s e r v i c e s ,  bo th  on a year-by-year b a s i s  i f  d e s i r e d .  A zero  e n t r y  

f o r  t h e s e  e s c a l a t i o n  rates y i e l d s  a c o n s t a n t  u n i t  c o s t  f o r  en r i ched  uranium 

The u s e r  i n p u t s  a l l  of  t h e  

The e s c a l a t i o n  rates are inc luded  i n  
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Thorium Cos t s  

Uni t  c o s t s  ($/kg of thorium) f o r  f r e s h  f eed  thorium are  c a l c u l a t e d  on 

a year-by-year b a s i s  w i t h  t h e  fo l lowing  equa t ion :  

where 

C" = $/kg Tho2 ( u s e r  i n p u t ) ,  
(Th) 

(Th) 
= e s c a l a t i o n  ra te ,  f rac t ion /annum ( u s e r  i n p u t ) ,  

1.13793 = molecular  weight  r a t i o ,  kg ThOZ/kg Th. 

Thorium u n i t  c o s t s  may b e  i n c r e a s e d  on a year-by-year b a s i s  by t h e  

(Th) ' a z e r o  e n t r y  f i x e s  thorium u n i t  c o s t  p r o p o r t i o n a l  u s e r ' s  cho ice  of r 

t o  t h e  u s e r ' s  v a l u e  f o r  C" as shown above. 
(Th) 

Thorium v a l u e s  i n  waste and inven to ry  charges  on thorium are  computed 

by t h e  code i n  a manner s imi l a r  t o  t h a t  d i s c u s s e d  f o r  en r i ched  uranium. 

SPENT FUEL ELEMENT HEAT SOURCE 

Es t imated  f i s s ion -p roduc t  decay h e a t  i s  c a l c u l a t e d  by t h e  code. The 

purpose of  t h e  c a l c u l a t i o n  i s  t o  p rov ide  a rough estimate of t h e  expec ted  

g ross  h e a t  l o a d  from s t o r e d  s p e n t  f u e l  e lements .  The r e s u l t s  are in t ended  

t o  b e  used i n  e s t i m a t i n g  t h e  c o s t  of h e a t  removal equipment and n o t  f o r  

des ign  purpose.  

F iss ion-product  decay h e a t  is  computed by t h e  Way-Wigner formula'  

shown below: 

where 

P = f i s s ion -p roduc t  power g e n e r a t i o n  t seconds a f t e r  r e a c t o r  shutdown, 

Po = r e a c t o r  power g e n e r a t i o n  d u r i n g  i r r a d i a t i o n ,  

T = i r r a d i a t i o n  p e r i o d ,  sec. 

The u s e r  s p e c i f i e s  a v a l u e  f o r  t which i s  a p p l i c a b l e  t o  a l l  r e a c t o r s  

and unchanged throughout  t h e  h i s t o r y  of a c a l c u l a t i o n .  The i r r a d i a t i o n  

p e r i o d  i s  a u t o m a t i c a l l y  c a l c u l a t e d  by t h e  code from d a t a  i n p u t  by t h e  u s e r  



41 

on f u e l  r e s i d e n c e  t i m e ,  assuming an 80% c a p a c i t y  f a c t o r .  Adjustments i n  

i r r a d i a t i o n  pe r iod  t o  r e f l e c t  f i r s t  c o r e  replacement  are cons idered  i n  or -  

d e r  t o  account  f o r  t h e  f i r s t  few b a t c h e s  of s p e n t  f u e l  which have n o t  re- 

mained i n  c o r e  a f u l l  r e s i d e n c e  t i m e .  

The u s e r  i s  caut ioned  t h a t  t h e  s imple  s t a t i s t i c a l  formula above is  

claimed t o  g i v e  r e s u l t s  which are c o r r e c t  on ly  w i t h i n  a f a c t o r  of two f o r  

decay t i m e s  between 10 sec and 100 days .13  Values  of f i s s ion -p roduc t  de- 

cay h e a t  o u t p u t  by t h e  code are  g r o s s  maxima and do n o t  a l low f o r  extended 

low-power o p e r a t i o n ,  and a l s o  assumes s imul taneous  d i s c h a r g e  from a l l  re- 

a c t o r s  i n  a g iven  y e a r .  

WORK REMAINING TO BE DONE 

Mainstream f lows  of heavy material i n  f a b r i c a t i o n ,  r ep rocess ing ,  re- 

f a b r i c a t i o n ,  and s c r a p  recovery  are reasonably  w e l l  de f ined .  Uni t  c o s t  

d a t a  f o r  equipment i n  f u e l  e lement  assembly, f u e l  rod manufacture  and 

microsphere c o a t i n g  have been prepared  from concep tua l  d e s i g n  r e p o r t s  and 

d e t a i l e d  c o s t  estimates f o r  t h e  HTGR f u e l  r e f a b r i c a t i o n  p i l o t  p l a n t .  S i m -  

i l a r  u n i t  c o s t  d a t a  have y e t  t o  b e  prepared  f o r  microsphere  p r e p a r a t i o n  

and f e e d  p r e p a r a t i o n  f o r  bo th  f r e s h  f u e l  f a b r i c a t i o n  and r e f a b r i c a t i o n .  

The u n i t  c o s t  d a t a  f o r  f u e l  e lement  assembly and f u e l  rod manufacture  have 

been used i n  t h e  s u b r o u t i n e s  which c a l c u l a t e  equipment c o s t  and components 

of o p e r a t i n g  c o s t .  

B a s i c  c o s t  d a t a  m u s t  be prepared for chemical  r e p r o c e s s i n g  and s c r a p  

recovery .  Maintenance f a c i l i t i e s ,  w a s t e  hand l ing  f a c i l i t i e s  and c o s t s  as- 

s o c i a t e d  wi th  q u a l i t y  c o n t r o l ,  environmental  p r o t e c t i o n  and sa fegua rds  are  

s u b j e c t s  which have y e t  t o  b e  addressed .  

The requi rements  f o r  s p e n t  thorium s t o r a g e ,  s p e n t  f u e l  e lement  s t o r a g e ,  

and bo th  f r e s h  and r e f a b r i c a t e d  f u e l  e lement  s t o r a g e  can now be  c a l c u l a t e d ,  

b u t  as of y e t  no procedure  has  been programmed f o r  c o s t i n g  s t o r a g e .  

The mathematics f o r  a d i scoun ted  cash  f low a n a l y s i s  have been s t u d i e d  

and procedures  worked o u t  f o r  implementing t h i s  method i n  c a l c u l a t i n g  u n i t  

f a b r i c a t i o n ,  r ep rocess ing  and r e f a b r i c a t i o n  c o s t s .  The s u b j e c t  of c o s t  

e s c a l a t i o n  d u r i n g  t h e  c o n s t r u c t i o n  pe r iod  and du r ing  t h e  p l a n t  o p e r a t i n g  
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h i s t o r y  has  a l s o  been s t u d i e d .  

g r e e  of m o d i f i c a t i o n  b e f o r e  be ing  coupled t o  t h e  main program. 

These c o s t  packages w i l l  r e q u i r e  some de- 

CODE INPUT INSTRUCTIONS 

The fo l lowing  pages document t h e  c a r d  i n p u t  i n s t r u c t i o n s  d e s c r i b i n g  

t h e  d a t a  which must b e  punched on c a r d s  t o  run  a case wi th  t h i s  code. 

These i n s t r u c t i o n s  were a p p l i c a b l e  a t  t h e  t i m e  t h a t  t h i s  p re l imina ry  re- 

p o r t  w a s  be ing  d r a f t e d  (1975) ,  b u t  are  s u b j e c t  t o  change as t h e  program 

develops .  The INPUT FORMAT i s  s p e c i f i e d  i n  pa ren theses  immediately t o  

t h e  r i g h t  of each c a r d  i d e n t i f i c a t i o n  number. Only IBM FORTRAN I V  l an -  

guage h a s  been used i n  programming. Inpu t  d e v i c e  is  LOGICAL U N I T  5;  ou t -  

put  d e v i c e  i s  LOGICAL U N I T  6;  no o t h e r  110 dev ices  are p r e s e n t l y  r e q u i r e d .  

'The program r e q u i r e s  276K (4-byte words) of d i r e c t l y  a d d r e s s a b l e  c o r e  

:s torage on t h e  IBM-360 series computers.  

. 
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CARD 0: (514) - General  Con t ro l  Informat ion  
- IYEAR - 

NTIME 

NTYPE 

NDECAY 

NPROCS 

Cards 1 through 25 

25 apply  t o  f i r s t  ( I = l )  

Calendar  y e a r  i n  which t h e  h i s t o r y  i s  t o  begin .  

(Reac tor  b u i l d  schedu les  are indexed from t h i s  

e n t r y ;  e . g . ,  1975, 1980, e t c . )  

P l a n t  h i s t o r y  beg ins  i n  YEAR=IYEAR and ex tends  t o  

YEAR=IYEAR+NTIME. (NTIME 20) 

Number of  s e p a r a t e  r e a c t o r  s p e c i f i c a t i o n s  to b e  

combined i n  f i n a l  r e s u l t s  (NTYPE 4 ) .  

Spent f u e l  e lement  decay t i m e  (days)  a t  r e a c t o r  

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

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

Year i n  which s p e n t  f u e l  r e p r o c e s s i n g  i s  t o  begin .  

Normally, IYEAR NPROCS 5 (IYEAR+NTIME); i f  

NPROCS=O, only  f r e s h  makeup f u e l  i s  f a b r i c a t e d .  

must b e  r epea ted  NTYPE t i m e s ;  i . e . ,  c a r d s  1 through 

r e a c t o r  s p e c i f i c a t i o n ;  c a r d s  26 through 50 apply  t o  

second ( I=2)  r e a c t o r  s p e c i f i c a t i o n ,  e t c .  

CARD 1 (18A4) 
- TITLE ( I )  - 

CARD 2 (314,5E12.5) 
- NDLY ( I )  - 

NSPRD (I) 

LRES (I) 

XNO ( I ,  1) 

Any d e s i r e d  in fo rma t ion  t o  i d e n t i f y  r e a c t o r  TYPE(1). 

F i r s t  co re  f a b r i c a t i o n  i s  t o  be  completed NDLY 

y e a r s  p r i o r  t o  r e a c t o r  s t a r t u p .  (Suggest u s ing  0 

o r  1.) 

F i r s t  c o r e  f a b r i c a t i o n  m a y  be  s p r e a d  over NSPRD 

y e a r s ,  i . e . ,  begin  f a b r i c a t i n g  f i r s t  c o r e  e lements  

NDLY+NSPRD y e a r s  p r i o r  t o  a c t u a l  r e a c t o r  s t a r t u p .  

The on ly  l i m i t a t i o n  i s  t h a t  NTIME+NDLY+NSPRD 5 32. 

Normal f u e l  r e s i d e n c e  t i m e  (yea r s )  exc lud ing  f i r s t  

c o r e  e lements ;  i . e . ,  f o r  p r e s e n t  HTGRs,  LRES = 4 

o r  6.  

Number of f u e l  s t i c k s  p e r  c o n t r o l  f u e l  e lement .  

This  number should  be a weighted averaged t o  ac- 

count  f o r  s h o r t  bot tom e lements .  
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XNO( I, 2) = Number of f u e l  s t i c k s  p e r  (normal) f u e l  e lement .  

(Don't  f o r g e t  t h a t  t h e  f u e l  bed l e n g t h  may b e  s h o r t  

under dowels . )  

REJT ( I, 1) = Fue l  e lement  assembly r e j e c t i o n  ra te  ( f r a c t i o n a l ,  

i . e . ,  0 .01 f o r  1%) f o r  f r e s h  f u e l  assembly of 

c o n t r o l  f u e l  e lements .  

REJT(I,2) = Fue l  e lement  assembly r e j e c t i o n  rate ( f r a c t i o n a l )  

f o r  f r e s h  f u e l  assembly of r e g u l a r  f u e l  e lements .  

REJT (I,  3 )  = Fue l  rod manufacture  r e j e c t i o n  ra te  ( f r a c t i o n a l )  

f o r  f r e s h  f u e l  s t i c k  product ion .  

CARD 3 : (I4,8X, 5E12.5) 

KJ(1) = Extend f i r s t  c y c l e  o p e r a t i o n  by KJ(1) y e a r s .  

XCAP ( I = Reactor  e l ec t r i ca l  o u t p u t  (MW). (Note: 39% e f -  

f i c i e n c y  i s  assumed by t h e  code i n  c a l c u l a t i n g  

r e a c t o r  thermal  o u t p u t . )  

W T H ~  ( I ,  1) = F i r s t  c o r e  thor ium load ing .  Average k i lograms of  

thor ium p e r  c o n t r o l  f u e l  e lement .  

WTHl ( I ,  2)  = F i r s t  c o r e  thorium load ing .  Average ki lograms of 

thor ium p e r  r e g u l a r  f u e l  e lement .  

wu1 ( I ,  1) = F i r s t  c o r e  uranium load ing .  Average ki lograms of 

uranium p e r  c o n t r o l  f u e l  e lement .  

W l J l  (I ,  2 )  = F i r s t  core uranium load ing .  Average k i lograms o f  

uranium p e r  r e g u l a r  f u e l  e lement .  

C4RD 4: (214,4X,5E12.5) 

ICOATl(1,l) = F i r s t  c o r e  f i s s i l e  p a r t i c l e  c o a t i n g  s p e c i f i c a t i o n .  

I f  B I S O  e n t e r  0 ;  i f  TRISO e n t e r  1. Note: Spec i fy  

d e s i r e d  c o a t i n g  on a l l  subsequent  c o a t i n g  s p e c i f i -  

c a t i o n s  by e n t r i e s  of  e i t h e r  0 o r  1. 

ICOAT1(1,2) = F i r s t  c o r e  f e r t i l e  p a r t i c l e  c o a t i n g  s p e c i f i c a t i o n  

( B I S O  o r  TRISO). 

THTUl  ( I )  = F i r s t  c o r e  f i s s i l e  p a r t i c l e  ( k e r n e l )  thorium/ura-  

nium r a t i o  ( i . e . ,  0 .0 ,  4.25, 8 .0 ,  e t c . ) .  

Note: Must n o t  exceed t h e  average  Th/U r a t i o  f o r  

t h e  e n t i r e  e lement .  

[ Col. 13-24] 
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REJT(I,8) = F i r s t  co re ,  B I S O  c o a t i n g  r e j e c t i o n  rate ( f r a c -  

t i o n a l )  . 
REJT ( I ,  9 )  = F i r s t  c o r e ,  TRISO c o a t i n g  r e j e c t i o n  ra te  ( f r a c -  

t i o n a l ) .  

REJT(1,lO) = F i r s t  co re ,  f e r t i l e  microsphere ( k e r n e l )  r e j e c t i o n  

ra te  ( f r a c t i o n a l ) .  

REJT(1, l l )  = F i r s t  c o r e ,  f i s s i l e  microsphere ( k e r n e l )  r e j e c t i o n  

rate ( f r a c t i o n a l ) .  

CARD 5 :  (4E12.5) - Applies  t o  Annual Fresh Makeup F a b r i c a t i o n  

WTH2 ( I ,  1 )  = Thorium load ing  i n  f r e s h  makeup c o n t r o l  f u e l  ele- 

ment (average ki lograms Th p e r  e lement ) .  

WTH2(1,2) = Thorium load ing  i n  f r e s h  makeup r e g u l a r  f u e l  ele- 

ment (average ki lograms Th p e r  e lement ) .  

wu2 ( I ,  1 )  = Uranium load ing  i n  f r e s h  makeup c o n t r o l  f u e l  ele- 

ment (average ki lograms uranium p e r  e lement ) .  

Wu2 ( I , 2 )  = Uranium load ing  i n  f r e s h  makeup r e g u l a r  f u e l  ele- 

ment (average ki lograms uranium p e r  e lement ) .  

CARD 6 :  (214,4X,5E12.5) 

ICOAT2 (I,  1 )  = Speci fy  c o a t i n g  type  (BISO o r  TRISO) f o r  f i s s i l e  

p a r t i c l e s  i n  f r e s h  makeup elements  ( s e e  i n s t r u c -  

t i o n s ,  ca rd  4 ) .  

ICOAT2 ( I ,  2) = Speci fy  c o a t i n g  type  f o r  f e r t i l e  par t ic les  i n  f r e s h  

makeup elements  (BISO o r  TRISO). 

THTU2 (I) = F i s s i l e  par t ic le  ( k e r n e l )  thorium/uranium r a t i o ,  
[Col. 13-24] 

REJT (I,  4) * = B I S O  c o a t i n g  r e j e c t i o n  ra te  ( f r a c t i o n a l ) ,  f r e s h  

f r e s h  makeup elements .  

makeup element f a b r i c a t i o n .  

R E J T  ( I ,  5)  * = TRISO c o a t i n g  r e j e c t i o n  rate ( f r a c t i o n a l ) ,  f r e s h  

makeup element f a b r i c a t i o n .  

REJT ( I ,  6)  * = F e r t i l e  microsphere ( k e r n e l )  r e j e c t i o n  ra te  ( f r a c -  

t i o n a l ) ,  f r e s h  makeup element f a b r i c a t i o n .  

REJT(I,7) = F i s s i l e  microsphere ( k e r n e l )  r e j e c t i o n  rate ( f r a c -  

t i o n a l ) ,  f r e s h  makeup element f a b r i c a t i o n .  

*Also apply  t o  f e r t i l e  p a r t i c l e  product ion  f o r  r e f a b r i c a t e d  e lements .  
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The d a t a  on c a r d s  7 ,  8, 9 ,  and 10 d e f i n e  thorium, b red  uranium, and 

s p e n t  makeup uranium d i scha rged  i n  s p e n t  f u e l  e lements  du r ing  t h e  t i m e  t h a t  

t h e  r e a c t o r s  are o p e r a t i n g  no r e c y c l e .  The d a t a  on c a r d  7 shou ld  be a t  

e q u i l i b r i u m , "  w h i l e  t h e  d a t a  on c a r d s  8 ,  9 ,  and 10 a d j u s t  f o r  f l u s h i n g  t h e  

f i r s t  c o r e  on approach t o  e q u i l i b r i u m  c o n d i t i o n s  ( s e e  s e c t i o n  on f i r s t  c o r e  

elements i n  t e x t ) .  

CARD1 7 :  (6E12.5) - Equi l ib r ium Masses 

11 

WTHD ( I ,  1) 

WTHD ( I ,  2) 

WBUD ( I ,  1) 

WBUD ( I ,  2) 

WSUD(1,l) 

WSUD (I,  2) 

CARD 9 :  (6E12.5) 

FBUD( ( I ,  J) , 
J=1, N) 

= Average k i lograms ( s p e n t )  thor ium d i scha rged  p e r  

c o n t r o l  f u e l  e lement .  

= Average k i lograms ( s p e n t )  thor ium d i scha rged  p e r  

r e g u l a r  f u e l  e lement .  

= Average k i lograms b r e d  uranium d i scha rged  p e r  

c o n t r o l  f u e l  e lement  ( 2 3 3 ~  + 2 3 4 ~  + 2 3 5 ~  + 2 3 6 ~ ) .  

= Average k i lograms b red  uranium d i scha rged  p e r  reg- 

u l a r  f u e l  e lement .  

= Average k i lograms s p e n t  makeup uranium d i scha rged  

p e r  c o n t r o l  f u e l  e lement  ( 2 3 4 ~  + 2 3 5 ~  + 2 3 6 ~  + 
2 3 % ) .  

= Average ki lograms s p e n t  makeup uranium d i scha rged  

p e r  r e g u l a r  f u e l  e lement .  

= Spent  thorium approach t o  e q u i l i b r i u m  f a c t o r s  f o r  

r e f u e l i n g s  1 through N ,  r e s p e c t i v e l y ,  where N is  

f u e l  r e s i d e n c e  t i m e  ( y e a r ) ,  i . e . ,  m a s s  of thorium 

d i scha rged  a t  f i r s t  r e f u e l i n g  from (1) c o n t r o l  f u e l  

e lement  = WTHD(I,l)*FTHD(I,l); thor ium from (1) reg- 

u l a r  e lement  = WTHD(I,2)*FTHD(I,l), e t c . ,  f o r  each 

o t h e r  r e f u e l i n g .  Zero ( o r  b l ank)  e n t r i e s  are s e t  

t o  1 . 0  a u t o m a t i c a l l y .  

= Bred uranium approach t o  e q u i l i b r i u m  f a c t o r s  f o r  

r e f u e l i n g s  1 through N ,  r e s p e c t i v e l y ;  s a m e  meaning 

as c a r d  8 ,  b u t  a p p l i e s  t o  b red  uranium. 

. 

t 
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* 

CARD 10: (6E12.5) 

FSUD( (I, J )  9 

J=1, N) 
= Approach t o  e q u i l i b r i u m  f a c t o r s  f o r  d i scharged  

s p e n t  makeup uranium f o r  r e f u e l i n g s  1 through N ,  

r e s p e c t i v e l y ;  same meaning as c a r d  8, b u t  a p p l i -  

c a b l e  t o  s p e n t  makeup uranium. 

The d a t a  on c a r d  11 apply  a f t e r  r e c y c l e  beg ins  w i t h  f u e l  e lements  

c o n t a i n i n g  r ecyc led  f u e l  be ing  d ischarged .  

p l i e d  by t h e s e  f a c t o r s  t o  r e p r e s e n t  s t e p  changes i n  mass d i scha rged  du r ing  

t r a n s i t i o n  from no r e c y c l e  t o  r e c y c l e  o p e r a t i o n .  

CARD 11: (3E12.5) 

The d a t a  on ca rd  7 are mul t i -  

FTHDF ( I )  = This  f a c t o r  i s  m u l t i p l i e d  by bo th  WTHD(1,l) and 

WTHD(1,Z). Ra t io  of  thor ium d i scha rged  du r ing  re- 

c y c l e  o p e r a t i o n  t o  thorium d i scha rged  du r ing  no re- 

c y c l e  o p e r a t i o n .  

FBUDF ( I )  = Applied t o  bo th  WBUD(1,l) and WBUD(1,Z). Ra t io  of 

b r e d  uranium d i scha rged  du r ing  r e c y c l e  o p e r a t i o n  

t o  b r e d  uranium d i scha rged  du r ing  no r e c y c l e  opera-  

t i o n .  

FSUDF ( I )  = Applied t o  bo th  WSUD(1,l) and WSUD(1,Z). R a t i o  of 

s p e n t  uranium d i scha rged  du r ing  r e c y c l e  o p e r a t i o n  

t o  s p e n t  uranium d i scha rged  du r ing  no r e c y c l e  oper- 

a t i o n .  

CARD 12: (6E12.5) - Cont ro l  Fue l  Element Data 

W ( I , 1 ,  K) = Number of c o n t r o l  f u e l  e lements  r ep laced  du r ing  re- 

Refue l ing  sequence f u e l i n g  of  each  r e l o a d  segment. 

K=I, LRES (I) . 
CARD 13: (6E12.5) - Regular  Fuel  Element Data 

w ( I , 2 ,  K) = Number of f u e l  e lements  r e p l a c e d  du r ing  r e f u e l i n g  

of each  r e l o a d  segment. 

LRES ( I )  . 
Refue l ing  sequence K = l ,  

CARDS 1 4  and 15: (18E4.2) - Reactor  Bui ld  Schedule  

B(( I ,L)  , = Number of  r e a c t o r s  of  t h i s  t ype  ( I )  which are b u i l t  

and on- l ine  du r ing  y e a r  L. 

each  y e a r  up t o  M=NTIME+NDLY(I)+NSPRD(I). 

Calendar  y e a r ,  IYEAR ( ca rd  01, cor responds  t o  L = l .  

Supply t h i s  d a t a  f o r  

Note: 

L=I, M) 
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CARD 16: (314,5E12.5) - The 23R Fue l  S p e c i f i c a t i o n  

ICOAT3(1,1) = F i s s i l e  p a r t i c l e  c o a t i n g  s p e c i f i c a t i o n .  

ICOAT3(1,2) = F e r t i l e  p a r t i c l e  c o a t i n g  s p e c i f i c a t i o n .  

Note: Spec i fy  B I S O  o r  T R I S O  c o a t i n g .  See i n s t r u c -  

t i o n s  on c a r d  4 .  

THTU3 ( I )  = F i s s i l e  k e r n e l  thorium-to-uranium weight  r a t i o .  

THTU4 ( I )  = Thorium-to-uranium weight  r a t i o  i n  f i n i s h e d  f u e l  

e lement  (average  v a l u e ) .  

CARDS 1 7 ,  18,  1 9  and 20: (6E12.5) -Waste F r a c t i o n s  f o r  P rocesses  i n  Main 

Chemical P l a n t  and Scrap  Recovery. Express  a l l  v a l u e s  below as f r a c t i o n a l  

non-recoverable  t r a n s f e r  t o  waste streams. 

WCHEM2 ( I ,  1) 

WCHEM2(1,2) 

WCHEM2 ( I ,  3) 

WCHEM2 ( I ,  4 )  

WCHEM2 (I, 5) 

WCHEM2(1,6) 

WCHEM2 ( I ,  7)  

WCHEM2 ( I ,  8) 

WCHEM2(1,9) 

App l i e s  t o  a l l  thorium, b red  uranium, and s p e n t  

uranium i n  f u e l  e lement  c rush ing .  

Appl ies  t o  c o n t e n t s  of  f i s s i l e  p a r t i c l e s  i n  f i r s t  

c o r e  e lements  o n l y ,  during* pr imary burn ing .  

Appl ies  t o  c o n t e n t s  of  f i s s i l e  p a r t i c l e s  i n  s p e n t  

makeup e lements  o n l y ,  during* pr imary burn ing .  

Appl ies  t o  c o n t e n t s  of f i s s i l e  p a r t i c l e s  i n  23R 

e lements  o n l y ,  dur ing*  pr imary burn ing .  

App l i e s  t o  c o n t e n t s  of f e r t i l e  p a r t i c l e s  of  a l l  

e lement  t ype  ( f i r s t  c o r e ,  s p e n t  makeup and 23R) 

dur ing*  pr imary burn ing .  Does n o t  apply  t o  s c r a p  

recovery .  

Appl ies  t o  s c r a p  recovery  of c o n t e n t s  i n  f i s s i l e  

p a r t i c l e s  during* pr imary burn ing .  

Appl ies  t o  s c r a p  recovery  of  c o n t e n t s  of  f e r t i l e  

p a r t i c l e s  during" primary burn ing .  

Appl ies  t o  c o n t e n t s  of  f i s s i l e  p a r t i c l e s  i n  f i r s t  

c o r e  e lements  on ly ,  du r ing  secondary bu rn ing  ( a p p l i -  

c a b l e  i f  TRISO c o a t e d ) .  

App l i e s  t o  c o n t e n t s  of f i s s i l e  p a r t i c l e s  i n  s p e n t  

makeup e lements  on ly ,  du r ing  secondary bu rn ing  

( a p p l i c a b l e  i f  T R I S O  coa ted ) .  

" Inc luding  n o n - s e p a r a b i l i t y  i n  gas c l a s s i f i e r .  
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WCHEM2(1,10) = Appl ies  t o  c o n t e n t s  of  f i s s i l e  p a r t i c l e s  i n  23R 

e lements  on ly ,  du r ing  secondary bu rn ing  ( a p p l i c a b l e  

i f  T R I S O  coa ted ) .  

WCHEM2(1,11) = Appl ies  t o  c o n t e n t s  of a l l  f e r t i l e  p a r t i c l e s  (ex- 

c e p t  s c r a p )  du r ing  secondary burn ing .  (Used only  

i f  TRISO c o a t i n g  h a s  been s p e c i f i e d . )  

WCHEM2(1,12) = Appl ies  t o  s c r a p  recovery  of  c o n t e n t s  of TRISO- 

coa ted  f i s s i l e  p a r t i c l e s  du r ing  secondary burn ing .  

WCHEMZ(I,13) = Appl ies  t o  s c r a p  recovery  of c o n t e n t s  of  TRISO- 

coa ted  f e r t i l e  p a r t i c l e s  d u r i n g  secondary burn ing .  

A l l  waste f r a c t i o n s  below are 

both  main chemical 

WCHEMZ ( I ,  14) 
WCHEM2(1,15) 

WCHEM2 (I, 1 6 )  

WCtiEMZ (I, 17) 

WCHEM2 (I, 18) 

WCHEM2 (I, 20) 

CARD 21: (6E12 .5 )  

REJT2 (I ,  1) 

REJT2 (I ,  2) 

REJT2 ( I ,  3 )  

REJT2(1,4) 

p l a n t  and s c r a p  

= Appl ies  t o  

= Appl ies  t o  

= Appl ies  t o  

= Appl ies  t o  

c a b l e .  * 
= Appl ies  t o  

a p p l i c a b l e  t o  heavy m e t a l  r ec la imed i n  

recovery  systems:  

thorium dur ing  d i s s o l v i n g .  

b red  uranium dur ing  d i s s o l v i n g .  

s p e n t  uranium dur ing  d i s s o l v i n g .  

thorium dur ing  e x t r a c t i o n ,  i f  a p p l i -  

b red  uranium dur ing  e x t r a c t i o n ,  i f  

a p p l i c a b l e . *  

= Appl ies  t o  s p e n t  uranium dur ing  e x t r a c t i o n ,  i f  

a p p l i c a b l e .  * 
= Heavy metal w a s t e  f r a c t i o n  i n  feed  p r e p a r a t i o n  

( p r i o r  t o  r e f a b r i c a t i o n ) .  

R e j e c t  D a t a  f o r  23R Fue l  E l e m e n t  R e f a b r i c a t i o n  

( F e r t i l e  p a r t i c l e s  are f a b r i c a t e d  i n  f r e s h  f u e l  

p l a n t .  ) 

= Cont ro l  f u e l  element r e j e c t i o n  rate ( f r a c t i o n a l ) .  

= Regular  f u e l  element r e j e c t i o n  rate ( f r a c t i o n a l ) .  

= Fue l  rod r e j e c t i o n  rate ( f r a c t i o n a l ) .  

= F i s s i l e  p a r t i c l e  c o a t i n g  r e j e c t i o n  rate ( f r ac -  

t i o n a l )  . 

* A p p l i c a b i l i t y  i n  s c r a p  recovery  depends on f i s s i l e  p a r t i c l e  spec i -  
f i c a t i o n  f o r  thorium/uranium r a t i o ;  y e s  f o r  mixed k e r n e l s ,  and no o the r -  
w i s e .  
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REJT2(1,5) = Microsphere p r e p a r a t i o n  ( f i s s i l e  p a r t i c l e )  re- 

j e c t i o n  ra te  ( f r a c t i o n a l ) .  

CARD 22: (514) - Scrap Routing t o  Scrap Recovery System f o r  Refab r i ca t ed  

Fue l  

Spec i fy  a 1 i f  s c r a p  i s  t o  e n t e r  c r u s h e r s ,  2 i f  s c r a p  e n t e r s  pr imary 

bu.rners ( f u r n a c e ) ,  3 i f  s c r a p  e n t e r s  secondary b u r n e r s ,  and 4 if s c r a p  

e n t e r s  d i s s o l v e r  ( l e a c h e r ) .  

NROUT (I ,  1) = Scrap produced i n  f u e l  e lement  assembly. 

NROUT ( I ,  2) = Scrap produced i n  f u e l  rod  manufacture  ( a f t e r  

c a r b o n i z a t i o n ) .  

NROUT ( I ,  3 )  = Scrap produced i n  c o a t i n g  o p e r a t i o n .  

NROUT (I ,  4) = Scrap produced i n  microsphere p r e p a r a t i o n .  

CARD 23: (314,5E12.5) - The 25R Fue l  S p e c i f i c a t i o n  

IC04T4(1,1) 

ICOAT4(1,2) 

THTU5 (I) 

THTUG (I) 

CARD 24: (6E12.5) 

REJT3(1,1) 

REJT3(1,2) 

REJT3(1,3) 

REJT3(1,4) 

R E J T 3  (I, 5) 

= F i s s i l e  p a r t i c l e  c o a t i n g  s p e c i f i c a t i o n .  

= F e r t i l e  p a r t i c l e  c o a t i n g  s p e c i f i c a t i o n .  

Note: Spec i fy  B I S O  o r  TRISO c o a t i n g .  See  

i n s t r u c t i o n s  on c a r d  4. 

= F i s s i l e  k e r n e l  Th/U weight  r a t i o .  

= Thorium-to-uranium weight  r a t i o  i n  f i n i s h e d  f u e l  

e lement  (average  v a l u e ) .  

Reject Data f o r  25R Fue l  Element R e f a b r i c a t i o n  

( F e r t i l e  p a r t i c l e s  are f a b r i c a t e d  i n  f r e s h  f u e l  

p l a n t .  ) 

= C o n t r o l  f u e l  e lement  r e j e c t i o n  rate ( f r a c t i o n a l ) ,  

i f  a p p l i c a b l e .  

= Regular  f u e l  e lement  r e j e c t i o n  ra te  ( f r a c t i o n a l ) .  

= Fue l  rod  r e j e c t i o n  ra te  ( f r a c t i o n a l ) .  

= F i s s i l e  p a r t i c l e  c o a t i n g  r e j e c t i o n  rate ( f r a c -  

t i o n a l ) .  

= Microsphere p r e p a r a t i o n  ( f i s s i l e  p a r t i c l e )  re- 

j e c t i o n  rate ( f r a c t i o n a l ) .  

CARD 25: (14,8X,4E12.5) - Hardware Cost Data 

IHWR ( I )  = Hardware u n i t  c o s t  d a t a  are r e f e r e n c e d  t o  t h i s  

c a l e n d a r  y e a r .  Spec i fy  t h e  y e a r  ( i . e . ,  19xx). 

, 
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ESCHWl ( I )  

ESCHW (I) 

RlJT(1 ,2)  

= Hardware u n i t  c o s t s  are t o  be  e s c a l a t e d  a t  t h i s  

annua l  rate from y e a r  IHWR(1) t o  s tar t  of  h i s t o r y ,  

y e a r  ISTART. 

= Hardware u n i t  c o s t s  are t o  be  e s c a l a t e d  a t  t h i s  

annua l  rate s t a r t i n g  i n  y e a r  ISTART through 

h i s t o r y  of c a l c u l a t i o n .  

UCCFE ( I )  = Unit  hardware c o s t  ($ /e lement )  f o r  unfue led  con- 

t r o l - r o d  e lements .  

UCFE (I) = Unit  hardware c o s t  ($ /e lement )  f o r  unfue led  r e g u l a r  

f u e l  e lement .  

REPEAT THE DATA ON CARDS 1 THROUGH 25 FOR EACH REACTOR SPECIFICATION, i . e . ,  

NTYPE TIMES. 

Card A 1  below beg ins  w i t h  c a r d  number 1+25*NTYPE. 

Cards A 1  through A5 are a p p l i c a b l e  t o  f r e s h  f u e l  f a b r i c a t i o n  only .  

CARD A l :  (2E12.5) - Feed P r e p a r a t i o n  Waste F r a c t i o n s  

R l J T  (1,l) = Waste f r a c t i o n  f o r  en r i ched  uranium i n  feed  prepara-  

t i o n ,  i . e . ,  conve r t ing  UF6 t o  microsphere  prepara-  

t i o n  f e e d .  

= Waste f r a c t i o n  f o r  f r e s h  thorium dur ing  feed  prep- 

a r a t i o n ,  i . e . ,  conve r t ing  t o  microsphere  prepara-  

t i o n  f e e d .  

The d a t a  on c a r d s  A 2 ,  A 3 ,  A 4 ,  and A5 are used t o  estimate inven to ry  

charges  and w a s t e  charges  i n  t h e  f r e s h  f u e l  p l a n t .  Scrap recovery of f r e s h  

f u e l  i s  p r e s e n t l y  computed by a cont inuous  e q u i l i b r i u m  model ( i . e . ,  s i m i l a r  

t o  t h a t  shown i n  Fig.  1 4  of t h e  t e x t )  as opposed t o  a b a t c h  recovery  model 

used f o r  t h e  r e f a b r i c a t i o n  p l a n t .  Fresh  f u e l  s c r a p  recovery model w i l l  

probably undergo f u t u r e  r e v i s i o n s ;  t h e  i n p u t  below i s  a p p l i c a b l e  on ly  t o  

t h i s  p re l imina ry  v e r s i o n  of t h e  code. 

CARD A2: (6E12.5) - Thorium "Fast  Scrap" F r a c t i o n s  

F a s t  s c r a p  i s  t h a t  f r a c t i o n  of re jects  produced i n  each f a b r i c a t i o n  

p rocess  which t h e  u s e r  b e l i e v e s  can be  recovered  and r e f a b r i c a t e d  i n t o  

f i n i s h e d  product  du r ing  t h e  s a m e  accoun t ing  p e r i o d  ( y e a r ) .  The remaining 

p o r t i o n  (one minus t h e  f a s t  s c r a p  f r a c t i o n )  i s  cons ide red  t o  be slow s c r a p  

and c a r r i e d  i n t o  t h e  nex t  accoun t ing  pe r iod .  

FASTSC (1,l) = Appl ies  t o  thorium r e j e c t e d  i n  f r e s h  f eed  prepa- 

r a t i o n .  
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FASTSC(1,Z) = Appl i e s  t o  thor ium r e j e c t e d  i n  microsphere  prepa- 

r a t i o n .  

FASTSC (1 3)  = Appl i e s  t o  thor ium r e j e c t e d  i n  microsphere coa t ing .  

FASTSC ( 1  4 )  = Appl ies  t o  thor ium r e j e c t e d  i n  f u e l  rod manufac- 

t u r e .  

FASTSC ( 1  5) = Appl ies  t o  thor ium r e j e c t e d  i n  f u e l  e lement  as- 

s emb l y  . 
CARD A3: (6E12.5) - More "Fas t  Scrap" F r a c t i o n s  

These are a p p l i c a b l e  t o  uranium re jec ts  -- d e f i n i t i o n  s a m e  as on c a r d  A2 

FASTSC (2 1) 

FASTSC (2 2) 

FASTSC (2 ,3)  

FASTSC (2 ,4)  

FASTSC (2,5) 

CAIUI A4: (6E12.5) 

= Appl ies  t o  e n r i c h e d  uranium r e j e c t e d  i n  f r e s h  f e e d  

p r e p a r a t i o n .  

= Appl ies  t o  e n r i c h e d  uranium r e j e c t e d  i n  microsphere 

p r e p a r a t i o n .  

= Appl ies  t o  e n r i c h e d  uranium r e j e c t e d  i n  microsphere  

c o a t i n g  . 
= Appl i e s  t o  e n r i c h e d  uranium r e j e c t e d  i n  f u e l  rod 

manufacture .  

= Appl ies  t o  e n r i c h e d  uranium r e j e c t e d  i n  f u e l  ele- 

ment assembly.  

Thorium Scrap  Recovery Waste F r a c t i o n s  - 
These are g r o s s  w a s t e  f r a c t i o n s  and are a p p l i e d  t o  bo th  rejects i n  a 

g iven  accoun t ing  p e r i o d ,  p l u s  s low s c r a p  from t h e  p reced ing  accoun t ing  

pe r iod .  

WASTE(1,l) = Appl ies  t o  thor ium r e j e c t e d  i n  f r e s h  f e e d  prepa- 

rat ion .  

WASTE ( 1  y 2)  = Appl ies  t o  thor ium r e j e c t e d  i n  microsphere prepa- 

r a t i o n .  

WASTE(lY3) = Appl ies  t o  thor ium r e j e c t e d  i n  microsphere coa t ing .  

WASTE(lY4) = Appl ies  t o  thorium r e j e c t e d  i n  f u e l  rod f a b r i c a t i o n .  

WASTE(lY5) = Appl ies  t o  thor ium r e j e c t e d  i n  f u e l  e lement  assem- 

b l y  . 
CARD A5: (6E12.5) -More Waste F r a c t i o n s  

These are a p p l i c a b l e  t o  uranium rejects - d e f i n i t i o n  same as on c a r d  A4 



59 

WASTE (2  , 1) = A p p l i e s  t o  e n r i c h e d  uranium r e j e c t e d  i n  f r e s h  f e e d  

p r e p a r a t i o n .  

Appl ies  t o  en r i ched  uranium r e j e c t e d  i n  microsphere 

p r e p a r a t i o n .  

WASTE (2 , 2) = 

WASTE(2,3) = Appl ies  t o  en r i ched  uranium r e j e c t e d  i n  microsphere 

c o a t i n g .  

WASTE(2,4) = Appl ies  t o  en r i ched  uranium r e j e c t e d  i n  f u e l  rod 

manufacture.  

WASTE(2,5) = Appl ies  t o  en r i ched  uranium r e j e c t e d  i n  f u e l  ele- 

ment assembly. 

THE NEXT TWO CARDS ARE INPUT DATA REQUIRED I N  COMPUTING THE U N I T  COSTS FOR 

ENRICHED URANIUM AND U N I T  COSTS FOR FRESH THORIUM. SUGGEST THAT THE U N I T  

COST DATA BE APPLICABLE TO FIRST YEAR OF THE HISTORY AND ESCALATED ACCORD- 

I N G  TO INPUT ESCALATION RATES. 

CARD B 1 :  (6E12.5) 

U308 

UF6 

SWU 

XP 

XF 

xw 
CARD B2: (6E12 .5 )  

EFEED 

ESWU 

ETH 

CTH 

AUC 

= O r e  c o s t  ( $ / l b  U308). 

= U3O8 t o  UF6 convers ion  c o s t  ($/kg of U). 

= Gaseous d i f f u s i o n  p l a n t  e n r i c h i n g  c o s t  ($/SWU). 

= Weight f r a c t i o n  of 2 3 5 U  i n  product  from gaseous 

d i f f u s i o n  p l a n t .  

Weight f r a c t i o n  of  2 3 5 U  i n  d i f f u s i o n  p l a n t  f e e d  

( n a t u r a l  U = 0.00711). 

Weight f r a c t i o n  of 235U i n  t r a n s a c t i o n  t a i l s .  

= 

= 

= Annual c o s t  e s c a l a t i o n  ra te ,  f r a c t i o n a l ,  t o  be  

a p p l i e d  t o  f e e d  c o s t s  ( i . e . ,  o r e  p l u s  conve r s ion ) .  

= Annual c o s t  e s c a l a t i o n  rate, f r a c t i o n a l ,  t o  be  

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

= Annual c o s t  e s c a l a t i o n  ra te ,  f r a c t i o n a l ,  t o  b e  

a p p l i e d  t o  thorium u n i t  c o s t s .  

= Thorium u n i t  c o s t  ($/kg as Th02). 

= Annual i n t e r e s t  ra te ,  f r a c t i o n a l ,  t o  b e  a p p l i e d  t o  

e n r i c h e d  uranium. 

c o s t s .  

Used i n  c a l c u l a t i n g  inven to ry  
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ATC = A n n u a l  i n t e r e s t  rate, f r a c t i o n a l ,  t o  be a p p l i e d  t o  

fresh t h o r i u m .  Used i n  ca l cu la t ing  inventory costs .  

THE NEXT SET OF CARDS ARE INPUT INFORMATION REQUIRED TO COMPUTE EQUIPMENT 

COSTS I N  THE FRESH FUEL FABRICATION PLANT. 

CARD C 1 :  ( E 1 2 . 6 )  

FPLF = Plan t  a v a i l a b i l i t y  factor .  T h e  n u m b e r  of ope ra t ing  

days p e r  a n n u m  is  3 6 5 . 2 5 * F P L F .  

CARD C2:  (514) 

I E Q Y R ( ( J ) , J = l ,  = P l a n t  i n i t i a l  cons t ruc t ion  and subsequent expansion 

dates. E x p r e s s  dates i n  years. M) 

THE FOLLOWING CARDS OF T H I S  SET PROVIDE THE EQUIPMENT UNIT COST DATA, I N -  

FORMATION USED I N  COMPUTING COMPONENTS OF OPERATING COST AND OTHER PROBLEM 

CONTROL INFORMATION. EACH SET OF DATA I S  APPLICABLE TO A S P E C I F I C  FABRICA- 

TION PROCESS STARTING WITH FUEL ELEMENT ASSEMBLY, THEN FUEL ROD MANUFACTUR- 

ING (EXTENT OF PRESENT VERSION).  

OPTIONALLY PREPARE MULTIPLE SETS OF DATA FOR A GIVEN PROCESS, EACH WITH I T S  

OWN I D  NUMBER, FOR COSTING ALTERNATES. 

SUBDIVIDING EQUIPMENT I N  EACH PROCESS INTO MANY SUBSYSTEMS (30 MAXIMUM). 

CARD C C 1 :  ( 4 I 4 , 8 X Y 2 E 1 2 . 5 )  

THE BASIC PLAN I S  TO ALLOW A USER TO 

ALSO TO PROVIDE THE CAPABILITY FOR 

NS ET 

NSUB 

IESTYR 

KIND 

AFTRB 

BLDC 

CARD CC2:  ( 1 8 A 4 )  

T I T L E  1 

= S e t  I D  number. 

= Number of subsystems f o r  t h i s  process.  

= Year (19xx) t o  w h i c h  u n i t  costs  are t o  be refer- 

enced. 

= S p e c i f y  1 f o r  a s s e m b l y ,  2 fo r  f u e l  rod  m a n u f a c t u r -  

i ng  - l a te r  KIND w i l l  be  used t o  reference through- 

p u t s  t o  a l ternate  u n i t s ,  e .g . ,  e l e m e n t s  p e r  u n i t  

t i m e ,  rods pe r  u n i t  t i m e ,  e tc .  

= L e a v e  blank - reserved f o r  f u t u r e  use. 

= L e a v e  blank - reserved f o r  f u t u r e  use.  

= Name o r  i d e n t i f i c a t i o n  of t h i s  process .  

. 
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CARDS CC3+: (6312.614312.6) - Begin w i t h  F i r s t  Subsystem ( J = l )  

FA(J) = P r o j e c t e d  f l o o r  area ( s q . f t . )  r e q u i r e d  f o r  one u n i t  

o f  t h i s  equipment i t e m .  B e  s u r e  t o  cons ide r  t h a t  

t h i s  p i e c e  of  equipment may o r  may n o t  b e  s t a c k e d  

above a n o t h e r  equipment i t e m .  

= Dai ly  u n i t  throughput  f o r  one u n i t  of equipment i f  

o p e r a t e d  a t  f u l l  c a p a c i t y .  (Uni t s  i n  p r e s e n t  

v e r s i o n  are e lements lday  f o r  assembly and rods lday  

f o r  f u e l  rod  mfg.) 

SMC ( J )  = Materials c o s t  ($)  f o r  one u n i t  o f  t h i s  equipment.  

XLC (J) = Labor c o s t  ($) t o  manufacture  one u n i t  o f  t h i s  

equipment. 

SEC ( J )  = Engineer ing  c o s t  ($) a s s o c i a t e d  w i t h  t h e  manufac- 

t u r e  o f  one u n i t  o f  t h i s  equipment.  

X I C  ( J )  = I n s t a l l a t i o n  c o s t  ($) r e q u i r e d  i n  s e t t i n g  up one 

u n i t  o f  t h i s  equipment.  

NOTE: The t o t a l  u n i t  c o s t s  are t h e  sum of t h e  above f o u r  i t e m s .  Sub- 

d i v i d i n g  c o s t s  i n t o  t h e s e  c a t e g o r i e s  p rov ides  a mechanism f o r  a d j u s t i n g  

u n i t  c o s t s  from p r o t o t y p e  t o  m a s s  p roduct ion ,  assuming each c o s t  ca t egory  

i s  known. 
- XCC ( J )  - 

- XSH (J)  - 

URF (J) 

Cost f o r  a l l  consumable i t e m s  ($) p e r  u n i t  p e r  

o p e r a t i n g  day, i . e . ,  t o  produce TP(J). 

Man-hours p e r  o p e r a t i n g  day r e q u i r e d  t o  o p e r a t e  

one u n i t  of equipment. This e n t r y  should  i n c l u d e  

t o t a l  s t a f f  t i m e  devoted e n t i r e l y  t o  t h i s  equip- 

ment i t e m  t o  produce T P ( J ) .  

Maintenance man-hours p e r  o p e r a t i n g  day p e r  one 

u n i t  of equipment. Should b e  d a i l y  average  in-  

c l u d i n g  a l l  c r a f t s ,  bo th  scheduled  and unsched- 

u l ed  maintenance. 

Equipment u t i l i z a t i o n  f a c t o r .  S e t  t o  1 . 0  i f  l e f t  

b lank .  The " t rue"  throughput  f o r  t h i s  u n i t  of 

equipment i s  t h e  product  of TP(J)*URF(J). This  

e n t r y  i s  provided  t o  s p e c i f i c a l l y  account  f o r  t i m e  

de l ays  encountered  by t h i s  equipment i n  w a i t i n g  f o r  

o u t p u t  from o t h e r  equipment i n  t h e  system. 
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REPFAT CARD C C 3 ,  NSUB-1 TIMES TO DESCRIBE EQUIPMENT ITEMS J=2,3 ,  .... NSUB. 

RE'TURN TO CARD C C 1  AND PREPARE DATA FOR THE NEXT SET OR THE NEXT SYSTEM. 

NOTE: The c o s t  s e c t i o n  of t h e  code is  under development. The above 

i n s t r u c t i o n s  are a p p l i c a b l e  on ly  as of t h i s  w r i t i n g .  Users shou ld  o b t a i n  

updated i n p u t  i n s t r u c t i o n s  b e f o r e  s e t t i n g  up t h e i r  own problem. 
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Appendix A 

SCRAP RECOVERY MODELS FOR FABRICATION 
AND REFABRICATION PLANTS 

. 

I n  f r e s h  f u e l  f a b r i c a t i o n  and i n  r e f a b r i c a t i o n  of r e c y c l e  f u e l  t h e r e  

are  s e v e r a l  p rocesses  A ,  By C y  e t c , ,  r e q u i r e d .  P rocess  A i s  t h e  f i r s t  

s t e p .  Material (heavy metal)  o u t p u t  from A is  i n p u t  t o  B y  o u t p u t  from B 

i s  i n p u t  t o  C ,  e t c . ,  on through t h e  p l a n t .  L e t  u s  assume t h a t  material  i s  

expressed  i n  u n i t s  of k i lograms of uranium, o r  k i lograms of thorium, o r  

kilograms of thorium p l u s  uranium; t h a t  is ,  some c o n s i s t e n t  u n i t  of mass 

flow. I n  each f a b r i c a t i o n  p rocess  assume t h a t  some amount of material i s  

r e j e c t e d ,  Ray \, Rc,  e tc . ,  from p rocess ing  an i n i t i a l  q u a n t i t y  of f e e d ,  F: 

F B C etc. 

Consider f a b r i c a t i o n  p rocess  A, t h e  f i r s t  f a b r i c a t i o n  p rocess  i n  t h e  

series, and assume b a t c h  s c r a p  recovery  keeping  each cus tomer ' s  f u e l  sep- 

a r a t e d .  A l l  rejects produced i n  A from p r o c e s s i n g  F w i l l  pa s s  through a 

recovery  system and t h e  rec la imed heavy m e t a l  w i l l  be  r e t u r n e d  t o  A f o r  

subsequent p rocess ing .  This  sequence of p r o c e s s i n g  and recovery  is  as- 

sumed t o  b e  r epea ted  some f i n i t e  number of t i m e s  as i n d i c a t e d  below: 

Pl  

t 
p2 

Each pass  through A y i e l d s  p roduc t  o u t p u t  PI, P2, P3, e tc . ,  t o  t h e  n e x t  

f a b r i c a t i o n  p rocess  B. Each recovery  d e p o s i t s  W1, W2, e tc . ,  i n  t h e  waste 

stream. 
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The mass of material pas s ing  a l t e r n a t e l y  through t h e  f a b r i c a t i o n  

p rocess  and recovery  system is  shown schemat i ca l ly  below: 

L e t  

f E f r a c t i o n a l  rejects from t h e  p rocess  (process  A ) ,  

f l  5 f r a c t i o n a l  waste produced i n  recovery .  

I n i t i a l l y ,  w e  process  XI = F; producing p roduc t ,  P I :  

P I  = (1 - f )Xl  , 

and rejects R1 ,  

I n  recovery  some of R1 enters w a s t e  stream as W1: 

An amount x2 r e e n t e r s  t h e  f a b r i c a t i o n  p rocess :  

x2 = ( 1  - f1) fXl  

fr0.m which more f i n i s h e d  p roduc t ,  P2, r e s u l t s  

P2 = X l f ( 1  - f l ) ( l  - f )  . 
More rejects, R2 ,  occur :  

These rejects, R2 ,  are r e t u r n e d  f o r  recovery  and t h e  procedure  above 

can be  r epea ted  any d e s i r e d  number of t i m e s .  

n t h  t i m e  through t h e  s c r a p  recovery  system is  6.  

f inai l  recovery ,  then  6 = R g  i n  t h e  f i g u r e  above; i f  t h e r e  were f i n a l  

Res idua l  heavy metal a f t e r  t h e  

Note t h a t  i f  t h e r e  w e r e  no 
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recovery,  t h e n  6 = R3 - W3. The t o t a l  amount of heavy m e t a l  p a s s i n g  

through t h e  f a b r i c a t i o n  p r o c e s s ,  i n c l u d i n g  t h a t  r e t u r n e d  from s c r a p  re- 

covery,  i s :  

x = XI + x 2  + x 3  + .... y 

The t o t a l  amount of heavy m e t a l  f a b r i c a t e d  i n t o  f i n i s h e d  p roduc t  ( l e a v i n g  

t h e  p rocess )  : 

P = P1 + P 2  + P 3  + .... y 

P = X l ( l  - f )  

J = O  

The t o t a l  amount of heavy metal r e j e c t e d :  

R = R1 + R2 + R3 + .... 

T o t a l  amount of heavy metal e n t e r i n g  waste stream: 

w = w1 + w2 + .... y 

The r e s i d u a l  heavy m e t a l  remaining a f t e r  N t i m e s  through t h e  recovery  sys-  

t e m  (assuming no f i n a l  r ecove ry ) :  

N N 6 = R = x l f  (1- f1 )  , N # 0 . 
(N) 

O v e r a l l  product-to-feed r a t i o ,  F X I :  

(5) 
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The summation t e r m  i n  b r a c e s  f o r  J f O  r e p r e s e n t s  product  produced 

from rec la imed s c r a p .  

M u l t i p l e  P rocesses  i n  Scrap Recovery 

I n  t h e  development above, w e  have assumed t h a t  t h e r e  i s  only  one p l a c e  

i n  recovery  i n  which waste, W ,  may b e  produced i n  r ec l a iming  t h e  s c r a p ,  

i.12., t h e  s imple  model w a s  as shown s c h e m a t i c a l l y  below: 

@--@ Recovery returned to fabrication process. 

t 
w; f, 

I n  t h e  a c t u a l  s c r a p  recovery  sys tem t h e r e  may b e  several recovery  s t e p s  

( o r  recovery  p r o c e s s e s ) ,  each perhaps  having  a waste f r a c t i o n  f fbY f c 9  

etc:. , from recovery  s t e p s  S I ,  S 2 ,  S 3 ,  r e s p e c t i v e l y ,  as shown below: 

(1  - f a )  (1  - f a )  ( 1  - f,) 
- - - +@ returned to fabrication 

process. 

@@ w,; f a  w,; f, 

In the s i m p l e  m o d e l  we have: 

R' = R ( l  - f l )  and W = R f l  . 
I n  t h e  "ac tua l "  recovery  sys tem w e  have: 

R '  = R(l - f )(1 - f b ) ( l  - f c )  .... , 
a 

W = R[fa + (1 - f a ) f b  + (1 - f a ) ( l  - f b ) f c  + . . . . I  . 

Solve f o r  f l  by e q u a t i n g  t h e  two equa t ions  above f o r  R ' :  

1 - f l  = ( 1  - f )(1- f b ) ( l  - f ) .... , a C 

+ f b  + f c  + . . *  - f a f b  - f  a f - f  b f - . . .  f 1 =  1 - 1  + f 
a 

. 

+ f f f + ... 
a b c  
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Solve f o r  f l  by e q u a t i n g  

f l  = f a  + (1 - f a )  

t h e  two equa t ions  above f o r  W: 

+ (1 - f a ) ( l  - f ) f  + ... ' 
D b c  

... + f f f + ... 
a b c  

- f l  = f + f b  + f + ... - f a fb  - f a f c  - f b f c  a C 

We can compress t h e  "ac tua l "  recovery sys tem t o  t h e  s imple  model by 

f i r s t  e v a l u a t i n g  f ,  i n  t e r m s  of t h e  ' ' ac tua l"  waste f r a c t i o n s  ( f  f f a '  b '  c '  
e t c . ) .  Assuming w e  have J s c r a p  recovery  p rocesses  and n o t i n g  t h a t  t h e  

numer ica l  i ndex  on f below are r e s p e c t i v e l y  e q u i v a l e n t  t o  f f f e t c . ,  

then t h e r e  are two d e f i n i n g  expres s ions  f o r  fl which can be  used: 
a '  b '  c '  

J 

i= 1 
f l  = 1 - n (1 - f i )  

o r  

.T J-1 J .T-2 J-1 J 

( 7 )  

i= 1 k = l  i = k + l  R=l k=R+1 i=k+ l  

<T-3 5-2 
- 2 2 f f f f  m R k i  +. . . .  ( 8 )  

m = l  R=m+l k=R+1 i=k+ l  

Values f o r  f l  computed by e i t h e r  Eq. ( 7 )  o r  Eq. (8) can b e  s u b s t i t u t e d  

i n t o  E q s .  (1) through ( 6 )  t o  account  f o r  m u l t i p l e  p l a c e s  i n  which waste can 

occur  i n  s c r a p  recovery.  

The d e r i v a t i o n  above is  a p p l i c a b l e  t o  re jects  produced from a s p e c i f i c  

f a b r i c a t i o n  p rocess  r e q u i r i n g  s p e c i f i c  s c r a p  recovery  s t e p s  ( o r  p rocesses )  

w i th  a s s o c i a t e d  known w a s t e  f r a c t i o n s .  Scrap recovery  p rocesses  r e q u i r e d  

t o  reclaim rejects  from some o t h e r  f a b r i c a t i o n  p rocess  may b e  somewhat d i f -  

f e r e n t .  

from each f a b r i c a t i o n  p rocess  i n  t h e  p l a n t .  

Hence, f ,  should  b e  c a l c u l a t e d  s e p a r a t e l y  f o r  recovery  of s c r a p  

M u l t i p l e  F a b r i c a t i o n  P rocesses  and 
M u l t i p l e  Recovery P rocesses  

So f a r ,  w e  have only  looked a t  t h e  f i r s t  f a b r i c a t i o n  p rocess  i n  t h e  

series (p rocess  A) r e c e i v i n g  f r e s h  f eed  F. We have ignored  t h e  rec la imed 
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s c r a p  c o n t r i b u t i o n  t o  A from t h e  o t h e r  f a b r i c a t i o n  p r o c e s s e s .  W e  expand 

t h e  d e r i v a t i o n  by c o n s i d e r i n g  some o t h e r  f a b r i c a t i o n  p rocess  (The - Rth) ,  

and assume t h a t  rec la imed s c r a p  from t h e  L t h  p rocess  i s  a l s o  r e t u r n e d  t o  

p rocess  A as i n d i c a t e d  below: 

There are reje'cts R a ,  E$, e t c . ,  d e f i n e d  r e s p e c t i v e l y  by reject  f r a c t i o n s  

f a ,  f b ,  e t c . ,  i n  f a b r i c a t i o n  p r o c e s s e s  A ,  B ,  ... preced ing  p r o c e s s  R .  

I n i t i a l l y ,  f eed  F e n t e r s  p rocess  A and f eed  F '  e n t e r s  p rocess  R ,  i . e . ,  

F' = F[(1 - f a ) ( l  - f b )  . . . . I  . 

Rejects R are produced by p r o c e s s  %,and  R '  i s  r ec l a imed  and r e t u r n e d  t o  

p rocess  A. R a b '  
e tc .  The re jec ts  so produced i n  A also e n t e r  s c r a p  recovery  and w h a t  

r e t u r n s  c o n s t i t u t e  a n o t h e r  s o u r c e  t o  A. The s a m e  i s  t r u e  f o r  p r o c e s s  B ,  

C ,  D ,  e t c . ,  through t h e  p l a n t .  

R R 
P rocess  A t hen  re jects  RLfa, p rocess  B re jec ts  R ' ( 1  - f ) f  

L e t  

B E l - f  f 5 f r a c t i o n a l  re jects  from p rocess  A ,  b a '  a 

B E (1 - f )(1 - f b )  , f f f r a c t i o n a l  re jects  from p rocess  B. 
C a b 

e t c .  

Define 

z E f (1 - f l a )  + Bbfb( l  - fib) + P c f c ( l  - f Q  + .... , a 

whe-re f l a ,  fib, f l c ,  ... are t h e  e f f e c t i v e  waste f r a c t i o n s  f o r  s c r a p  
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recovery of re jects  from A ,  B ,  C ,  r e s p e c t i v e l y ,  computed by us ing  e i t h e r  

E q .  ( 7 )  o r  E q .  (8 ) .  

heavy meta l  which passed through p rocess  A ,  i n c l u d i n g  a l l  c o n t r i b u t i o n s  

from s c r a p  recovery of s c r a p  produced i n  A and a l l  o t h e r  p rocesses  i n  t h e  

p l a n t ,  i s :  

A f t e r  M t i m e s  through t h e  s c r a p  recovery  system, t h e  t o t a l  amount of 

J = O  

T o t a l  heavy m e t a l  p a s s i n g  through t h e  o t h e r  f a b r i c a t i o n  p rocesses  are: 

M 
X = F B b  c zJ , Process  B 

( B )  
J = O  

J = O  

The - Rth p rocess  i s  h e r e a f t e r  assumed t o  be  t h e  l a s t  f a b r i c a t i o n  p rocess .  

T o t a l  amount of product  l e a v i n g :  

M 
P = F(1-f ) zJ 9 Process  A 

a 
J = O  

(A)  

J= 0 

T o t a l  amount of re jects  produced by each f a b r i c a t i o n  p rocess :  

M 
R = F f a  c zJ , Process  A 

( A )  
(11 

contd)  
J = O  
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M -  
R = F Bbfb E zJ , Process  B (B) 

J= 0 

M 
R = F BRfR zJ , Process  R 
(R) 

J = O  

I f  w e  assume t h a t  t h e  f i n a l  s t e p  i s  recovery ,  t h e  cumulat ive deposi-  

t i o n  i n  was te  s t r eam i s :  

w = w = .... = w = 0.0 , M=O (no s c r a p  recovery)  a b  R 

J= 0 

J = O  

From process  A r e j e c t s  (M#O) 

Froin process  B r e j e c t s  (M#O) 

From process  R r e j e c t s  (M#O) 

J= 0 

I f  we assume t h a t  t h e  f i n a l  s t e p  i s  t h e  f a b r i c a t i o n  p r o c e s s ,  i . e . ,  

las t  rejects a r e  n o t  recovered:  

w = w  = .... = WR = 0.0 , M=O (no s c r a p  recovery)  a 

W = F f l f  
a a a  From process  A r e j e c t s  (M#O) 

From p rocess  B r e j e c t s  (MZO) I+-' J 
W b = F B  b f l  b b z Z  f ' 

J = O  

From p rocess  R rejects (M#O) 

J = O  4 
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Res idua l  heavy m e t a l  remaining a f t e r  l a s t  recovery ,  f i n a l  s t e p  i s  re- 

covery : 

= F(f,  + Bbfb + B f + ...) , M=O (no s c r a p  r e c o v e r y ; r e j e c t s  c c  
(13a) 

s t o r e d )  (0) 
6 

M+1 = F Z  
( M )  

6 9 M#O 

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

i s  : 

(13b) 
M 6 = F Z [fa + 6 f + B f + ...I , M=0,1,2, ... b b  c c  

Overall product - to- feed  r a t i o  i s  t h e  t o t a l  p roduct  l e a v i n g  t h e  &th f a b r i c a -  

t i o n  p rocess  t o  f r e s h  feed  e n t e r i n g  p rocess  A ;  M s c r a p  r e c o v e r i e s :  

M 5 
- = B , ( l  - f a )  zJ . 

a J = O  F 

Numerical Example 1. 

We have f o u r  f a b r i c a t i o n  p rocesses  A ,  B ,  C ,  D w i th  r e j e c t  f r a c t i o n s ,  

r e s p e c t i v e l y ,  0 . 1 2 ,  0.09, 0.005 and 0.01.  For each f a b r i c a t i o n  p rocess  

assume f o u r  i d e n t i c a l  s c r a p  recovery  p rocesses  S I ,  S 2 ,  S 3 ,  S4 w i th  waste 

f r a c t i o n s  of  0 .01  each.  

Compute p l a n t  p r o d u c t l f e e d  r a t i o  a f t e r  0 ,  1, 2 and 3 s c r a p  r e c o v e r i e s ,  

and check t h e  o v e r a l l  p l a n t  mass ba lance  f o r  agreement a f t e r  t h e  t h i r d  re- 

covery.  

From E q .  ( 7 )  : 

(1- €1 ) = .... = (1- f l  ) = 0.9606 . 
a d 

The terms below a r e  de f ined  on page 68 .  

ab = 0.8800 ; B c  = 0.8008 ; B d  = 0.7968 ; Z = 0.20285 . 
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Produc t / f eed  r a t i o ;  Eq .  (14): 
0.78883 M=O 
0.94884 M= 1 

'dlFa - 0.98130 M= 2 - I  0.98789 M= 3 

Assuming recovery w a s  t h e  l a s t  s t e p .  

Waste produced i n  recovery (Eq.  12a ;  M=3,F=l): 

W = W + W + W + W = 0.01042 . 
a b  C d 

Res idua l  heavy (Eq .  13a ;  M=3,F=l): 

6 = Z4 = 0.00169 . 
Balance : 

W + P + 6 = 1 . 0  , f eed  = F = 1.0 . d 

Assuming t h a t  t h e  f a b r i c a t i o n  p rocess  w a s  t h e  l a s t  s t e p .  

Waste produced i n  r ecove ry  (Eq.  1 2 b ;  M=3,F=1): 

W = W + W + W + W = 0.01035 . a b  C d 

Res idua l  heavy (Eq .  13b;  M=3,F=l): 

6 = 0.00176 . 
Balance : 

W + P + 6 = 1.0  , f e e d  = F = 1 . 0  . d 

Accounting f o r  Waste Produced i n  F a b r i c a t i o n  P rocesses  

Now l e t  us assume t h a t  w e  expand t h e  model t o  i n c l u d e  heavy m e t a l  

e n t e r i n g  waste d u r i n g  t h e  f a b r i c a t i o n  p r o c e s s  as w e l l  as i n  s c r a p  recovery.  

We assume t h a t  w e  can have waste produced bo th  upstream and downstream from 

product  re ject  as shown: 
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etc.  

. 

Waste f r a c t i o n s  fa' and f a 2  app ly  upstream and downstream, r e s p e c t i v e l y ,  

from t h e  re jects  ( f  f r a c t i o n a l  r e j e c t s )  i n  p rocess  A ;  l i k e w i s e ,  f o r  

p rocesses  B ,  C ,  e t c . ,  throughout  t h e  p l a n t .  
a 

Define : 

e t c .  e t c .  

6; = 1.0 , 

a1 a2  b l  b2 6; B B B B (1 - faH1 - f b >  , 

e t c .  

a1 a2  a1 K E [ f  + f 6 (1 - fa)]@: , 
a 

e t c .  
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where f f I b ,  e t c . ,  are each computed by E q s .  ( 7 )  o r  ( 8 ) .  

A f t e r  M t i m e s  through t h e  recovery system, t h e  t o t a l  amount of heavy 

m e t a l  p a s s i n g  through each p r o c e s s ,  i n c l u d i n g  a l l  c o n t r i b u t i o n s  from s c r a p  

recovery of s c r a p  produced by t h a t  p rocess  and a l l  o t h e r  p r o c e s s e s  i n  t h e  

p l a n t ,  i s :  

M 
X a .  = F x Y J ,  P rocess  A 

J = O  

M 
X , , = F B i  x yJ , Process  B 

: J = O  

M 
x = F B ’  c yJ , Process  R R R 

J = O  

T o t a l  amount of p roduc t  l e a v i n g  each p r o c e s s :  

= F p  a1 ( l - - a )  P rocess  A 
a2  

a 
5=o 

J = O  

J = O  

Tot.al  amount of r e j e c t s  produced i n  each f a b r i c a t i o n  p r o c e s s :  

(15) 

J-0 
(17 

contd)  
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M b l  % = F a B;fb 1 yJ , Process  B 

J = O  

M R 1  R~ = F BLf, yJ , Process  R 

J= 0 

Waste gene ra t ed  w i t h i n  each f a b r i c a t i o n  p r o c e s s :  

M 
w" = F K yJ , Process  A 

a a 
J= 0 

M 
w!; = F % c yJ , Process  B 

b 
J = O  

M 
WS; = F K c yJ , Process  R R R 

J = O  

Waste gene ra t ed  i n  t h e  recovery system assuming t h a t  t h e  f i n a l  s t e p  i s  

recovery : 

Wa = F Balfl f 
a a  

J = O  

b b b  p y J '  b l  Wb = F B ' f l  f 

5=o 

J = O  

M=O (no s c r a p  r ecove ry )  

From p r o c e s s  A re jec ts  (M#O) 

From p rocess  B rejects (M#O) 

From p rocess  R re jects  (M#o)  

Residual  heavy m e t a l  remaining a f t e r  f i n a l  r ecove ry ,  f i n a l  s t e p  i s  recovery:  

b l  c l  
6 = F(galfa + B Bifb + B uLfc + . . .) , M=O (no s c r a p  r ecove ry ;  

rejects s t o r e d )  

M + 1  6 = F Y  7 M# 0 
(20) 
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I f  w e  assume t h a t  t h e  f i n a l  s t e p  i s  t h e  f a b r i c a t i o n  p r o c e s s ,  i . e . ,  

l a s c  re jec ts  are n o t  recovered, w a s t e  gene ra t ed  i n  recovery system i s :  

W = Wb = W = . . . = WI1 = 0.0 , M=O (no scrap  r ecove ry )  
a C 

M-1 
From p rocess  A re jec ts  ( M f O )  

a 
J = O  

(21) 

From p rocess  B r e j e c t s  (?!#O) 
E-1 b l  Wb = F 6 B'f f b 51 b yJ ' 
J= 0 

M-1 
From p r o c e s s  R r e j e c t s  (MZO)  R 1  W k  = F B'f Q k l R E Y J '  f 

J= 0 

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

aEter M r e c o v e r i e s  i s :  

M a1 b l  6 = F Y (6 f + @ i f b  + R B'f + ...) , M=0,1,2,3 . . .  
a c1 c c 

M.20 i s  t h e  c o n d i t i o n  f o r  no s c r a p  r ecove ry ;  a l l  r e j e c t s  are s t o r e d .  

The o v e r a l l  product- to-feed r a t i o ,  i . e . ,  t o t a l  product  l e a v i n g  f a b r i c a -  

tl-on p rocess  R t o  f r e s h  f e e d  e n t e r i n g  p rocess  A ;  M s c r a p  r e c o v e r i e s :  

5 YJ . p R  R 1  R2 
- = a p  B (1 - f a )  
Fa J= 0 

- Numerical Example 2 

Assume t h e  same number of f a b r i c a t i o n  p r o c e s s e s ,  recovery p r o c e s s e s ,  

same reject  f r a c t i o n s ,  and waste f r a c t i o n s  i n  recovery as i n  Numerical 

Example 1. Only p rocess  A i s  assumed t o  have w a s t e  l o s s e s  fa' = fa2  = 

0.01;  hence,  Bal  = Ba2 = 0 . 9 9 .  

Compute p l a n t  p r o d u c t l f e e d  r a t i o s  a f t e r  0 ,  1, 2 ,  3 s c r a p  r e c o v e r i e s  

and check o v e r a l l  b a l a n c e  f o r  agreement a f t e r  t h i r d  recovery:  

E$', = 0.86249 ; B k  = 0.78486 ; 6: = 0.78094 , 
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K = 0.01871 ; \ = K = Kd = 0 . 0  , a C 

Y = 0.19996 . 
Product / feed  r a c i o  ( E q .  (23) : 

0.77313 M=O 
0.92772 M = l  
0.95863 M=2 
0.96481 M = 3  

_ -  'd - 
a 

F 

Waste genera ted  i n  f a b r i c a t i o n  p r o c e s s  A (M=3;F=1): 

W9: = 0.02335.. a 

Assuming t h a t  recovery w a s  t h e  f i n a l  s t e p :  

Waste genera ted  i n  recovery (M=3;F=1) : 

W = 0.01024 . 
Residual  heavy remaining (M=3;F=1) : 

6 = 0.00160 . 
Balance : 

W5: + w + 6 + P = 1.0 , feed  = F = 1.0 . 
a d 



. 
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Appendix B 

SAMPLE OUTPUT 

c 

a 



? 

* 
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R k A C T O R  T Y P E  3 F U L T O N  T Y P E  R E A C T O R S  I1160 H U E  STATIONI 
R E J E C T I O N  R A T E S I F R A C T I O N A L )  
F U E L  t L E M E N T S ~ O . O l O v C O N T R O L  F U E L  E L E H t N T S ~ O ~ O 1 O ~ F U E L  S T I C K  WFG.=O-OOS 
F U E L  S T I C K S / C O N T R O L  F U E L  E L E M E N T =  1 0 8 4 . 0 1 F U E L  S T I L K S / F U E L  E L E M E N T S  1902.0 

* F U E L  F A M R I C A T I O N  R E O U I R E H E N T S  FOR REACTOR R c F U E L I N i P  * S P E N T  E L E M E N T S  D I S C H A R G E D +  
CONTROL FUEL T O T A L  NO. coNraiiL F U E L  

YEAR F U E L  E L E M E N T S  E L E M E N T S  T O T A L  O F  F U E L  STICKS F U E L  E L E M E N T S  E L E M E N T S  T O T A L  
1976 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1977 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1978 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1979 0.0 0.0 0.0 0.0 0.0 0.3 0.0 
1980 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1981 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1982 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1983 153.5 921.2 1074.7 1983167.0 0.0 0.0 0.0 
1984 452.5 2666.7 3119.2 5751291.0 152.0 912.U 1064.0 
1985 743.4 4315.1 5058.6 9316796.0 448.0 2640.0 3088.0 
1986 880.8 5042.4 5923.2 10902539.0 736.0 4272.0 5008.0 
1987 1341.4 7806.1 9147.5 168!~3840.0 872- 0 4992.0 5864.0 
1988 1632.3 9454.5 11006.9 20421344.0 1328.0 7728.0 9056.0 
1989 1923.2 11103.0 13026.3 2398M048.0 1616.0 93bO.J 10976.0 
1990 2359.6 13575.8 15935.3 29340112.0 1904.0 10992.0 12896.0 
1991 3280.8 19103.0 22383.8 41242720.0 2336.0 13440.0 15176.0 
1992 4000.0 23127.3 27127.3 49961472.0 3248.0 18912.0 22160.0 
1993 4727.3 27248.5 31975.8 58880256.0 3960.0 zzn96.5 26856.0 
1994 5301.0 3 0 4 4 8 . 5  3 5 74 9.5 6581>2b4.0 4680.0 26976 .0 31656.0 
1995 6391.9 3 7090.9 43482.8 8010 1664.0 5248.0 30144.0 35392.0 

I N I T I A L  CORE F A B R I C A T I O N  
I N I T I A L  CORE TO BE C O M P L E T E D  1 Y E A H I S )  P R I O R  TO REACTOR S T A R T U P  
CORE F A B R I C A T I O N  ASSUMED D l S T R l 8 U T E D  O V t R  2 Y E A R t S J  

* F U E L  F A B R l C A T l O N  R E P U l R E n f N i S  F O R  I N l i I A L  C U R E *  
R E A C T O R S  C U M U L A T I V E  I N S T A C L E O  

Y E A R  B U I L T  NO.ON L I N E  C A P - I M W E )  
1976 0.0 0.0 0.0 
1977 0.0 0.0 0.0 
1978 0.0 0.0 0.0 
1979 0.0 0.0 0.0 
1980 0.0 0.0 0.0 
1981 0.0 0.0 0.0 
i9nz 0.0 0.0 0.0 
1983 1.0 1.0 1160.0 
1984 2.0 3.0 3480.0 
1985 2.0 5.0 5800.0 
1986 1.0 6.0 6960. 0 
1987 3.0 9 -0 1 0440.0 
1988 2.0 11.0 12760.0 
1989 2.0 13.0 15080.0 
1990 3.0 16.0 1d560.0 
1991 6.0 22.0 25520.0 
1992 5.0 27.0 31320.0 
1993 5.0 32.0 37120.0 
1994 4.0 36.0 41760.0 
1995 7.0 43.0 49800.0 

CONTROL 
F U E L  E L E M E N T S  

0.0 
0.0 
0.0 
0.0 

294.9 
884.8 
1179.8 

884.8 
1179.8 
1474.7 
1179.8 
1474.7 
2654.5 
3244.4 
2949.5 
2654.5 
3244.4 
4424.2 
5014.1 
5309. I 

F U E L  
E L E M E N T S  

0.0 
0.0 
0.0 
0.0 

1697.0 
5090.9 
6787.9 
5090 -9 
6767.9 
6484.0 
6781.9 
6484.8 
15272.7 
18666.7 
16969.7 
13272.7 
lb666.7 
25454.5 
26848.5 
30545.5 

T O T A L  
0.G 
0.0 
0.0 
0.0 

1991.9 
5975.8 
7967.7 
5975.a 
7067.7 
9959.0 
7967.1 
9959.6 
17327.3 
21011.1 
19919.2 
17927.3 
21911.1 

33862.6 
35854.5 

29678.8 

1 O T A L  NU. 
OF F U E L  S T I C K S  

0.0 
0.0 
0.0 
0.0 

3667516.0 
i10@2545 -0 
14670060.0 
11002545.0 
14670060.0  
18337568.0 
14670060.0 
18337568.0 
33007632.0 
40342672 -0  
36675136.0 
33007632.0 
40342672.0 

62347716.0 
66015280.0 

ssoiz 736. o 
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YEAR 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991  
1992 
1993 
19514 
19415 

YEAR 
1976 
1977 
1978 
1Y7'9 
1980 
1981 
1982 
1983 
1984 
1985' 
19868 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

***SUMMARY TABLE-REFUELING WEOUIREMENTS.ALL H t A C T L H S * * *  

*FUEL F A B R I C A T I O N  R E O U I R E M E h l S  FUR REACTOR R t F U E L I N G *  *SPtNT KLEMENTS 01 SCHARGEO* 
CON TROL 

F U E L  t L E M E N T S  
36.4 
36.4 
36.4 
36.4 
42.4 

149.5 
149.5 
416.2 
707.1 

1006.1 
1343.4 
1806.1 
2290.9 
2969.1 
3826.3 
4731.3 
5626.3 
6533.3 
1575.8 
8626.3 

F U E L  
ELEMENTS 

206.1 
206- I 
206.1 
206.1 
242.4 
804.0 
804.0 

2323.2 
4004.0 
5717.2 
7612.1 

10404.0 
13183.8 
17159.6 
22088.9 
27551.5 
32b14.1 
37830.3 
43745.4 
50193.9 

REACTOKS C U M U L A T I V E  I N S T A L L E D  
B U I L T  

1.0 
0.0 
0.0 
0.0 
0.0 
1.0 
0.0 
2.0 
2.0 
2.0 
2.0 
3.0 
3.0 
4.0 
5.0 
b. 0 
6.0 
6.0 
6.0 
7.0 

NO.ON L I N E  CAP.IMWE1 
1.0 330.0 
1.0 330.0 
1 .o 330.0 
1.0 330.0 
1.0 330.0 
2.0 l loo .u  
2.0 1100.0 
4.0 3010.0 
6.0 5350.0 
8.0 7670.0 

10.0 10330.0 
13.0 13810.0 
16.0 17630.0 
20.0 22950.0 
25.0 29430.0 
31.0 36390.0 
37.0 43690.0 
43.0 50990.0 
49.0 58630.0 
56.0 66150.0 

TOTAL NO. CONTRUL FUEL 
TOTAL OF k U E L  S T I C K S  F U E L  ELEMENTS ELEMENTS 

242.4 71U826.7 0.0 0.0 
242.4 110926.7 36.0 204.0 
242.4 710026.7 30.0 204.0 
242.4 71bB26.7 36.0 204.0 
284.8 835656.9 30.0 204.0 
953.5 2013106.0 42- 0 240.0 
953.5 20 13206.0 146.0 796.0 

2739.4 5299356.0 14d.0 196.0 
4711.1 8936604.0 412.0 2300.0 
6723.2 12634385.0 TOO. 0 3364.d 
8955.5 167d5024.0 99b.O 56bO.U 

12210.1 22747776.0 1330.0 7516.0 
15474 .7 287>7360.0 1788.0 10300.0 
20129.3 31330480.0 2266 -0 13052.0 
25915.1 479a~520.0 2940.0 16988.0 
322d2.8 59747356.0 378d.O 218b8.U 
38240.4 70751344.0 4684.0 27276.0 
44363.6 81578592.0 5570.0 32288.0 
51321 - 2  ~+77no64 .0  6466.0 3 7452.0 
Ddd20-2 10863b064.0 7300.0 43308.0 

* F U t L  F A d R I C A T I O N  H t D U I R E M t Y T S  FOR I N l I I A l  CORE* 
CONTROL k U € L  T O T 4 L  NO. 

F U E L  ELEMENTS ELtMENTS TOTAL OF F U E L  S T I C K S  
0.0 
0-0 

222.2 
222.2 
517.2 

1107.1 
1179.0 
1276.8 
1571.7 
1866.7 
2355.6 
3042.4 
3438.4 
3636.4 
3733.3 
3830.3 
4028.3 
4424.2 
5014.1 
5309.1 

0.0 
0.0 

1163.6 
1163.6 
2860. 6 
6254.5 
6187.9 
7C18.2 
Y115.1 

1011 12.1 
13I69.7 

19927.3 
20993.9 
21624.2 
22254.5 
23321.2 
25454.5 
26848.5 
30545.5 

~7793.9 

0.0 
G . 0  

1385.9 
1385.9 
3377.8 
7361.6 
7967.7 
8694.9 

10686.9 
12478.8 
16125.2 
20836.4 
23165.4 
24630.3 
25357.0 
26084.8 
27349.5 
29678.0 
33602.6 
35854.5 

0.0 
0.0 

2536625.0 
2536b25.0 
620~141.0 

13539176.0 
14670060.0 
16018573.0 
19686080.0 
23353584.0 
29718128.0 
36401680.0 
4301968U. 0 

46707184.0 
46055712.0 
5037*720.0 
55012736.0 
62347776.0 
66015280.0 

4535a686.0 

TOTAL 
0.0 

240.3 
240.0 
240.0 
243.0 
z81.0 
944.0 
944.0 

2712.0 
4664.0 
bb56.0 
8866.0 
1238d.0 
153L0.0 
19928 0 
25656.0 
j lYbO.0 

43920.0 
50608.0 

37858.0 

. 
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b 

YEAR 
1916 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1584  
1985 
1986 
1981  
1988 
1989 
1990 
1991 
1932 
1993 
1994 
1995 

YEAR 
1376 
1911 
1978 
1919 
1980 
1981 
1982 
1'383 
1984  
1985 
1986 
1987 
1988 
1989 
1990 
l Y Y l  
1992 
1993 
1994 
1995 

ANNUAL 
( K G / Y R )  

0.0 
2248.8 
2183.3 
2141.5 
2100.8 
2235.4 
8469.2 
8218.0 

42512.3 
59149.2 

l06713.5 
1339 14.4 
173761.9 
223362.8 
216860.4 
326151.3 
3 72633.0 
431439.8 

24727.2 

19289.7 

.~ 
CUMULAT I V E  

( K C )  
0.0 

2248.8 
4432.1 
6573.b 
8614.4 

10909.8 
19378.9 
27656.9 
52384.1 
94896.4 

154645.6 
233935.3 
340708.8 
474623.2 
648391.1 
811153.9 

1148614-0  
1414111 -0 
1850404.0 
2281843.0 

A N i W A L  
f KG/ Y r( 1 

0.0 
36.2 
55.1 
67.6 
75.4 
79.9 
173.8 
230.6 
232.4 
972.9 

1502.3 
2134.2 
2939.8 
3 l 8 5 . 8  
4895.9 
6320.2 
8021.3 

10383.4 
12505.9 
14524.8 

* * *SUMMARY T A d C E - F U E L  ELEME1UTS 4ND F U E L  I N V € : i T b R l L S  U I S C H L H G z O  TL HEAD END REPAOiESSING*** 
-...SPENT MAlt fUP. .  . .... THORIUW.... . . . .MKLO u * U r i I U N .  .. . 

CUHULA T I  V f  I N N U A L  
( K G )  

0.0 
36.2 
91.9 

159.5 
234.9 
314.8 
48d.7 
719.3 

1251.7 
2224.6. 
3726.9 
5861.1 
8800  -9 

12586.7 
17482.1 
23813.6 
31832.1 
42215.6 
54521 - 4  
69046.3 

( K G I Y R  1 
0.0 

62.5 
47.1 
39.4 
34.0 
62.8 

236.0 
192.6 
629.0 

1028.3 
1419.5 

2491.G 
4185.3 
4201.9 
5405.0 
6703.3 
6699.0 
7629.0 
8b20.3 

1779.9 

CUMULAT I V E  
E L E H E N T S  

0.0 
240.0 
480.0 
720.0 
960.0 

1242.0 
2186.0 
3130.0 
5842.0 

10506.0 
17162.0 
26028.0 
38116.0 
53436.0 
7 3364.0 
99020.0 

130980.0 
168838.0 
212758.0 
263566.0 

... T O T A L  
ANNUAL 
( K I ; / V R l  

0.0 
2347.5 
2286.7 
2248.5 
2210.2 
2318.2 
8878.9 
8101.2 

25888.7 
44513.5 
62671.0 

112204.3 
140885.4 
182865.8 
235095.9 
291585.0 
343239.7 
395567.9 
454584.9 

83203.8 

H E A V Y  METAL. .  . 
C U M U L A T I V E  

( K G )  
0.0 

2347.5 
4b34.2 
b882.7 
9032.9 

11471.0 
20350.0 
2905 1.2 
54Y39.9 
99453.3 

162124.3 
245328.1 
357532.3 
498'117.8 
681263.5 
916319.4 

1207Yb4.0 
1551L63.0 
194b770.0 
240 1354.0 

t l S S l O N  PROOUCT DECAY H t A T ( K W ) *  
w l  r H w r  Y / 4 N N U I L  

R E P R O C E S S I N G  R E P R U C E S S I N G  

CUHULAT I V E  
( K G )  

0.0 
62.5 

110.2 
149.6 
183.6 
246.4 
482.4 
675.0 

1304.0 
2332.4 
3151.8 
5531.7 8022. I 

11208.0 
15409.9 
20814.9 
27518.3 
34217.3 
41816.3 
50466.6 

0.0 
89.6 

142 -6  

22d.7 
294.2 
646.1 
867.8 

1912.8 
3517.1 
5611 .S 
8119.7 

11725.1 
15793.4 
20910.3 
27505.3 
35461 - 1  
44069.4 
53511.9 

181.7 

0.0 
89.6 

118.3 
134.9 
140.3 
182.0 
492.9 
599.0 

1516.1 
2158.7 
4212.8 
5835.1 
8122.9 
3175.8 
3570.4 
7504.5 
2175.3 
b691.2 
1451.1 

64109.2 367b3.5 

* T H E S E  OATA A P P L Y  T O  THE O N - S I T E  F U E L  E L E M E N T  STURAGE F A C I L I T Y .  
A S S U M E 0  90 D A Y S  C O D L I N G  AT REACTOR S1TE 
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R t P C T O R  T Y P E  3 FULTON TYPE REACTORS I 1 1 6 0  WHt S T A T I O N I  

**ORE0 URANIUM BALANCE I N  C H E M I C A L  R t P R O C t S S I N G  P L A N T * *  
R E P R O C E S ~ I N G  ASSUMED TO nEciN IN ~ Y B B  

KILOGRAHS ERE0 U R A N I U M  E N T E R I h G  P R O C E S S I E A C L U O I N C  R E C Y C L E 0  SCRAP) 
soLvEqr E x r .  

O.C 
Y t A R  
1976 
1977 
1978 
1979 
1980 

1982 
1983 
1984 
1985 
1980 
198 7 
19813 
198'3 
1990 
19911 
1992 
19Y3 
1994, 
1995 

i 9 a i  

CRUSHERS 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

5346.4  
2741.0 
3301.5 
4036.9 
5349.0 
7208.1 
8758.6 

10 157. b 

URANIUM L O S T  TO Y A S T t  
19 76 0.0 
1977 0.0 
lY78 0.0 
1979 0.0 
1980 0.0 
1981 0.0 
1982 0.0 
1983 0 -0 
1984 0.0 
1985 0.0 
1986 0.0 
1987 0.0 
1988 2.7 
1989 1.4 
1990 1.7 
1991 2.0 
1992 2.7 
1993 3.6 
1994 4.4 
1995 5.1 

P. BURNER 
0.0 
0 -0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 -0 
0.0 
0.0 
0 .o 
0.0 

5343.7 
2139.7 
3299.9 

5346 -4 
7204.5 
8754.3 

10152.5 

4034.0  

5 .  8URhER 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 

1073.0 
1267.0 
1539.1 

D I S S O L V E R  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

5236.8 
2684.9 
3233.9 
3954.1 
523'3.4 
7049.6 
856b.5  
9934.1 

( K G I Y R . 1  FROH RESPT.PROCESS AbOVE 
0.0 0.0 
0.0 0.0 
0.0 0 .o 
0.0 0.0 
0.0 0.0 
0.0 0 .o 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 .o 0.0 

106.9 0.0 
54.8 0.0 
66.0 0 . 0  
80 .7  0.0 

106.9 0.0 
144.1 10.7 
175.1 12.7 
203.1 15.4 

0 -0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
2.6 
1.3 
1.6 
2.0 
2.6 
3.5 
4.3 
5 . 0  

W A S T E  F R A C . = 0 . 0 0 0 5  0 .ozoo 0.0100 0.0005 

0.0 
0.0 
0.c 
0.0 
0.0 
0.0 
0.0 
0.b 
b.0 
0.0 
0.0 

5234.2 
Lb83.5 
3232.3 
3942.2 
5236.8 
7340.1 
8562.2 
JYZ'). 1 

0.0 
c.0 
0.0 
0.0 
0.0 
0.0 
0.9 
C.C 
0.0 
0.0 
0.0 
0.0 

52.3 
26.8 
3 2 . 3  
39.5 
5L.4 
70.5 
05.6 
9Y.3 

0.0lOS 

I A a L E  1 uF 4 

F E E 0  PREP. 
0.u 
0 .u  
0.u 
0.u 
0.0 
0.3 
0.0 
0.b 
0.3 
0.d 
11.0 
0.b 

5181.J 
2656.7 
319Y.9 
3 9 1 2 . 6  
5184.4 
6975.6 
8 4 1 6 . 6  
9a29.n 

0.0 
0 .iJ 
0. J 
0.0 
0.0 
0. J 
0.0 
0 - 3  
0. J 
0.0 
0.u 
O.v 
2.6 
1.3 

2.0 

3.5 
4.2 
4.9 

1 . b  

2 . b  

0.0005 

L 

a 
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. 

RcACTOR T Y P t  3 F U L T O h  TYPE REACTORS I l l 6 0  Wkt S l A T I U d I  

KILOGRAMS d i t 0  UI(At4IUM FROM RCCVCLEO SCRAP E N l k R I N ;  EACH PAUCESS 
GROSS SCKAP FROH I ( t F A 8 . P L A N T  A S S U M t C  RkCVCLEO 4 TlMES/YK.  

Y t A R  
1976 
1977 
1978 
1979 
1980 
1981 
1982 
lY83 
1984 
1985 
1986 
1987 

1Y89 
1990 
1Y91 
19Y2 
1993 
1994 
1995 

l o a 8  

CKLSHCHS 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

76.9 
40.1 
47.8 
58.5 
77.4 

104.2 
126.7 
146.9 

P. MURNEA 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0 -0 
0.0 
0.0 
0 .o 
0.0 
0.0 

2270.1 
1182.2 
1411.4 
1725.5 
2285.2 

3730 -3 
4336.5 

3074.4 

5. MUHNEH 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 -0 
0.0 
0.0 

1182.0 
b21.5 
738.0 
902.1 

1194.4 
1606.8 
1954.6 
2267.8 

01  SSOLVEH 
J.0 
3.0 
0.0 
C . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
d .O 
0.0 

2202.4 
1147.0 
1369.3 
1674.1 
2217.1 
2982.8 
3626.3 
4207.3 

U R A N I U M  LOST TO WASTt l K G / V R . )  FHOH RESPT.PROCESS AtIOVE 
lY76  0.0 0 .o 0.0 
1977 0.0 0.0 0.0 
19 78 0.0 0.0 0.0 
1979 0.0 0.0 0.0 
1980 0.0 0.0 0.0 
1981 0.0 0.0 0.0 
1982 0.0 0 .o 0.0 
1983 0.0 0.0 0.0 
19M4 0.0 0.0 0.0 
i 9 n s  0.0 0 .o 0.0 
1Y86 0.0 0.0 0.0 
1987 0.0 0.0 0.0 
19138 0.0 45 .c 11.8 
1989 0.0 23.6 6.2 
1990 0.0 28.2 I .  4 
1991 0.0 34.5 Y.0  
1992 0.0 45.7 I 1 . Y  
1993 0.1 61.5 16.1 
19Y4 0.1 74.8  19.5 
1995 0.1 86.7 22.7 

3.0 
4.0 
0.0 
1.0 
0 .O 
G.0 
0.0 
0.0 
6.0 
(1.0 
J.0 
0.0 
1.1 
J . 6  
0.7 
L’. R 
1.1 
1.5 

2.1 
1.a 

UASTE F R A C . = 0 . 0 0 0 5  0.0200 0.0100 0.003s 

SOLVENl E X l .  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0 . G  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0100 

1At)LE 2 OF 4 

F E E 0  PREP. 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 

2201.3 
1146.4 
1368.7 
1673.2 
2216.0 
2981.3 
3625.1 
4205.2 

0.0 
0.0 
0 .0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .u 
0.0 
0.0 
0.0 
1.1 
0.6 
0.7 
0.8 
1.1 
1.5 

2. I 
1.8 

o.ooo> 
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REACTOR TYPE 3 FULTON TYPE REACTORS (1160 HNE S T A r l O L )  

4 r t M R E O  URANIUM BALANCE I N  R E F A 8 R I C A I l O N  PLANT** 
K G  ENrERING PROCESS PER YEAH E I C L U S I V E  UF RECYCLED SCRAP 
MICROSPHEHE PREPARATION MICHUSPHERE COATING FUEL ROO 

YEAR ITH-U M I X . )  I U  ONLY) I T R I S O 1  I B I S O )  FIB. 
1976, 
1977 
1978 
19791 
1980' 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 0.0 0.0 
0.0 5179.2 4428.3 
0.0 2655.4 2270.3 
0.0 3198.3 2734.6 
0.0 3910.7 3343.6 
0.0 5181.8 4430.5 
0.0 6972.2 5961.2 
0.0 8472.3 7243.9 
0.0 9824.9 8400.3 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 

0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 -0 
0.0 

*4~URANIUM RECLIIMEO FROM RECYCLING SCRAP** 
NICROSPHERE PREPARATION MICRDSPHERE COATING 

1976 0.0 0.0 0 -0 0.0 
1977 0.0 0.0 0.0 0.0 
1978 0.0 0.0 0.0 0 .o 
1979 0.0 0.0 0.0 0.0 
1980 0.0 0.0 0.0 0.0 
1981 0.0 0.0 0.0 0.0 
1982 0.0 0.0 0.0 0.0 
1983 0.0 0.0 0.0 0.0 
1984 0.0 0.0 0.0 0.0 
1985 0.0 0.0 0.0 0.0 
1986 0.0 0.0 0.0 0.0 
1987 0.0 0.0 0.0 0.0 
1988 0.0 2200.2 1881.2 0 .o 
1989 0.0 1145.8 979.7 0.0 
1990 0.0 1368.0 1169.6 0.0 
1991 0.0 1672.4 1429.9 0.0 
1992 0.0 2214.8 1893.7 0.0 
1993 0.0 2979-8 2547.7 0.0 
1994 0.0 3623.3 3097.9 0.0 
1995 0.0 4203.1 3593.6 0.0 

YEAR ITH-U MIX.) I U  ONLY) ITRISOJ i n I s o )  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 -0 
0.0 

3631.2 
1861.7 
2242.4 
2741.8 
3633.0 
4888.2 
5940.0 
6888.2 

FUEL ROO 
FA8. 

0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 

1542.6 
803.3 
959.1 
1172.5 
1552.8 
2089-1 
2549.3 
2946.8 

BLOCK PKGOUCT IO 
ASSEMoLV REACIORS 

J. 0 0.0 
0.0 0.0 
0.0 0 .0  
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

3613.0 3570.9 
1852.4 1833.8 
2231.1 ZZOb.8 
2728.1 2700.8 
3614.8 357d.7 
4863.7 4815.1 
59 10.3 5851.2 
6853.8 6785.3 

BLOCK PRODUCT TO 
ASSEMCLY RE4CTORS 

0.0 0.0 
0.0 0.G 
0.0 0.0 
0.0 0.0 
0.0 0.0 
(r.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
G.0 0 .0  
G.0  0.0 
c. 0 0.0 

1534.9 151Y.5 
799.3 791.3 
954.3 94*.  7 
1166.6 1152.0 
1545.1 1529.6 
207M.7 2057.9 

SLbW 
SCRAP 

u.0 
b.0 
0.0 
c.0 
0.0 
0.0 
b.O 
U.0 
0.0 
0.0 
0 .o 
0 .0  

15.0 
6 .  
n.1  
9. b 

13.0 
17.2 

2521.6 2502.3 21.3 
293L.0 2902.1 24.7 

CUHULA 11 V t  
S TU i( LO 

9.0 
0.0 
0.0 
1j.9 
0.0 
0.0 
a. 3 
u.0 
0.0  
0.3 
0.0 
0 .0  
0.0 
1j.0 

0 . 0  
0.0 
0.0 
0.0 
0 .0  
0.0 

' 
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REACTOR TYPE 3 F U L T U N  TYPE REACIORS I l l 6 0  C I * t  S T A T I O N )  

* * r H O K I U N  BALANCE I N  C H t M I C A L  REPROCESSIIJC P L A N T - X R A P  RECOYERY** 
I O A T A  APPLY ONLY 10 R L F A ~ . E L E U E ~ I S  L O A O t O  MlIH R t C Y . t ) A t O  UI TOTAL THORIUM U4STE FRUM .... K I L O G R A h S  OF THOAlUM ENTERING t 4 C H  PRUCtSS.... PROCESSING P A R T I C L t  1YPE 
V E I R  CHUSHERS P.r)UKNEK b.8URWER O I S S O L V t R  S O L V - E X T -  F I S S I L E  F i R T l L E  
1976 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1977 0.0 0.0 0.0 u .o 3 -0 0.0 0.0 
1978 0.0 0.0 0.0 0.0 0.0 u.0 lJ.0 
1919 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1980 
1981 
1Y82 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1Y91 
1992 
1993 
1994 
1995 

YEAR 

1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1Y88 
1989 
1990 
1991 
1992 
1993 
1994 
19Y5 

1976 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

769.1 
400.5 
478.2 
584.6 
774.2 

1041.6 
1266.5 
1469.2 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

768.7 
400.3 
477.9 
584.3 

1041.1 
1265.9 
1468.4 

773.n 

0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

753.3 
392.3 
469.4 
572.6 

102u.2 
1240.6 
1439.1 

75n.3 

3 .O 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 

0.0 
0.0 
0.0 
J. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
b. 0 
0.0 
0.0 
0.0 
0.0 

F R E S H I O R  SCRAP K L C L A l M E O t T H O R l U H  8 A L A N L t  1N R t F * a H I C 4 T I D N  PL4Nl .KG-ELEMrNTS ..... t I S S I L E  PARTICLES..... . .Fu tL  RuU NANUFACTUl t . .  FUtL t L t M .  
KERNEL P K t P .  MICROSPHERE C O n T l N G  F t K l . P A R r .  I Y  F 1 S .  AS>tNt )LY 

I F t t D J  I T K I S O I  ( a i s 0 1  I F t t U l  P A R T l C L t  I T O T A L )  
0.0 0.0 0.0 U.0 d.0 u- 0 
0.0 0.0 0.0 lJ.0 0.0 u.0 
0.0 0.0 0.0 U.O 0.0 3.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 (1.0 3.0 0.0 
0.0 0.0 0.0 6.0 CJ-0 0.0 
0.0 0.0 0.0 u.O 3.0 0.0 
0.0 0.0 0.0 3.0 0 -0 0.0 
0.0 0.0 0.0 u.0 0.0 0.0 
0.0 0.c 0.0 V . 0  0.0 0.0 
0.0 0.0 0.0 0.0 0 .J 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 21737.5 3.0 3~478.8 
0.0 0.0 0.0 26650.1 0.0 26516.8 
0.0 0.0 0.0 32014.5 1 .0  31854.4 
0.0 0.0 0.0 39142.8 0.0 38947.1 
0.0 0.0 0.0 5185n.i 0.0 >L59d.8 
0.0 0.0 0.0 (19773.0 d - 0  09424.2 
0.0 0.0 0.1, 8480L.4 0.0 343113.4 
0.0 0.0 0.0 9d34Y.9 d.0 97828.2 

u.0 
ii -0 
0.0 
0.0 
C.0 
0.0 
0.0 
0.0 

16.1 
(1.4 

10.0 
12. J 
16.2 
21.9 
20.6 
33.6 

I A d L E  4 UF 4 

TU 
S I u K A L c  UK 

". 0 
J.J 
U.0 
b.J 
b.O 
b.0 
lJ.0 
0.0 
0-0 
0.0 
b.0 
0.0 

753.0 
3YL.1 
468.1 
57L.3 
158.0 

lUIY.7 
1239.9 
1438.4 

K E C Y C L r  

L U N I A I N I I L  t l 9 E O  U1(4141UM OdLY**  
. & L C U U .  12( T f l I A L  

SLUM vu 4 - d t L . Y .  TU 
SCKAP ScKAP , l L U C  I O R S  

0.0 u.0 0.0 
u.0 0.0 I). 0 
3.0  ( I - U  0.0 

0.3 (1.0 0.0 
0.0 v .0 U.0 
u. 0 u.u J.0 
J.0 u.0 0.0 
0.0 u.0 0.0 
u. 0 u. 0 0.0 
0.0 u . O  0.0 
0.0 0.0 3.3 
4.c U.U >G9b4.U 

u . 0  LbZ>1.6 L.3 
2.7 (1.3 31>35.8 

b.O 38>>7.6 3.3 
4 -4 L.U 51UtlL.8 
5.v U.3 b0123.Y 
7.2 0.0 83534.b 

U. 0 0.6 1j.1) 

8.4 u.u vbb79.6 
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*+SUMMARY TABLE - ALL REACTORS i l N C L U O I N G  SCRAP KECUVERV)** 

**BRED URANIUM 
YL AR CRUSHER5 
1976 0.0 
1977 0.0 
1978 0.0 
19179 0.0 
19180 0.0 
1981 0 .a 
1982 0.0 
1983 0.0 
1984 0.0 
1985 0.0 
1986 0.0 
1987 0.0 
1988 8927.4 
1989 3841.3 
I990 4966.8 
19Y1 6419.8 
1992 6137.4 
19'93 10533.5 
1934 12483.8 
1995 14734.8 

BALANCE I N  REPKUCtSSlNG 
P.UURNER S.8URNER 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0 .0  
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

12530.0 2730.3 

6985.3 1160.1 
9028.6 1479.8 
11444.7 1858.3 
14808.1 3656.9 
17552.1 4718.1 

b421.2 928.9 

20716.2 5781.8 

PLANT - KIL06RAMS TO EACH PROCESS BELUU** 
OISSOLVER SOLV-EXT. F E E 0  PHEP. UASTE 

0.0 0.0 (1.0 0.0 
0.0 3.0 0.0 0.0 
0.0 0 .0  0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0 . 0 
0.0 0.0 I). 0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 3. U 
0.0 0 - 0  0.0 0.0 
0.0 0.0 0.0 0.0 

12235.0 8608.4 i2142.8 380.0 
52Yb.l 3705.7 5256.4 162.0 
6824.4 4792.b 6173.1 2 0 8 . 5  
8820.9 6194.7 8754.5 269.3 

11181.6 7852.4 11091.5 341.2 
14453.1 10150.1 14344.3 455.9 
17129.9 1202U.O 17001.0 541.8 
20215.7 14194.6 20063.6 641.7 

**dREO URANIUM 8ALANCE I N  REFA8RICATlUN PLANT - KILLISRAMS 10 EACH PROCESS BELOU+U 
MICROSPHtRt PRtPARATICN MlCRUSPHtRE COATING FUEL ROO BLOCK PRODUCT TU 

Y t A H  iTH-U M I X . )  I U  ONLY) I T H I S U J  in iso)  FAB. AShEYbLY RCACTOKS 
197 6 
1977 
1978 
1979 
19f10 
19ti1 
19tl2 
IY63 

1985 
1986 

1988 
1 9 8 9  
1990 
1991 
1932 
1993 
1994 
1995 

1984 

1987 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 .0  0.0 
0.0 0.0 
0.0 12136.7 
0.0 5253.8 
0.0 6769.7 
0.0 8750.1 
0.0 11091.9 
0.0 14337.2 
0.0 16992.5 
0.0 20053.6 

0.0 
0.0 
0.0 
0 .a 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0376.Y 
4492.0 

7481.4 
9483.6 
2258.3 

7145.8 

578n.i 

6528.6 

0.0 
0.0 
0.0 
0 -0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0 .a 
0.0 
0.0 
0.0 
0.0 

0 .O 
0.0 
u.0 
0 -0  
0.0 

0 . 0  

0.0 
0 .o 
0.0 
0.0 
3.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 

8509.0 
3683.4 
4146.2 
6134.7 
1116.5 

10051.8 
11913 - 4  
1405Y.6 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

8466.5 
3665.0 
$ 7 2 2 . 5  
6104 .0  
7 1 3 1 . 1  

10001.5 
11853.9 
13983.3 

0.0 
0 .0  
u.0 
U. 0 
0.0 
0.0 
0.0 
u.0 
0.0 
3.0 
0.0 
0.0 

8 3 8 1 . 8  
3 6 2 8 . 3  
4 6 7 5 . 3  
6043.0 
r660.3 
9901.2 
11735.3 
13849.4 

5LOU 
SCRAP 

0.0 
0.n 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
21.3 
9.3 
11.9 
15.4 
1y.6 
25.3 
30.0 
35.4 

C U M U L A I l V t  
S T O R E 0  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3.0 
0.0 
0.0  
0.0 
0.0 
0.0 
3.0 
0.0 
0 .3  
3.0 
0.0 
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**SUMMIRY TABLE-FRESH THORIUM H t O U l U t O  I N  R E F I B - O F  BRED U ELE#iN lS. INCLUOlN;  SCRAP r (cCOVtUY**  

1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
lY88 
1989 
1990 
1991 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1264.9 
554.7 
708.7 
916.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1264.2 
554 .4  
708.3 
915.5 

**THORIUM MALANCE I N  CHEMICAL REPROCESSING PLANT-SCRAP RECOVERV** 
(OAT*  APPLY GNLY TO RtFA8.ELEMENTS LUAOEO WITH RECV.BK€O U I  T i l l A L  THOdIUM UASTE FRUM .... KILOGRAMS OF THORIUM E i Y r t R I N G  € A C H  PROCcSS.... PROCCSSING P A H T I C L t  r Y Y t  
YEAR CRUSHERS P-MURNER S.BURNER OISSOLVER SOLV-EXT. F I S S I L E  F t R T l L E  

0.0 0 .o 0.0 0.0 0.5 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0 .O 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0 .o 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0 .O 0.0 0.0 0.0 
2.0 i23r.8 0.0 0.0 27-7 
0.4 543.3 0.0 0.0 11-7 
Y.6 694.1 0.0 0.0 15.0 
9.6 897.1 0.0 0.0 19.3 

1992 1161.2 1160.6 9.6 1137.3 0.0 0.0 24.5 
1993 1500.8 1500.1 11.2 1469.9 0.0 0.0 31.6 
1994 1779.5 1778.6 9. b 1742.9 0.0 0.0 37.4 
1995 2100.1 2099.0 11.6 2056.9 0.0 0.0 44.2 

111 
STUHAGE OH 

R E C Y C L t  
U. 3 
c.0 
U. 0 
V.0  
0.0 
U.3 

0.0 
U.0 
0.0 
u.0 
0.0 

lL37.2 
543.0 
693.7 
896.6 
1136.7 
1409.2 
1742.0 
2 0 5 Z . Y  

u.u 

YEAR 
1976 
1977 
1978 
1979 
1980 
lY8l 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

I F E E O I  I r R I s o I  
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

(8 i sc i I  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

( F E E G I  
0 .0  
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 

36834.1 
47462.3 
61347.1 
77 165.5 
100517.7 
1 1 Y  134.4 
140595.8 

ns090.2 

F R E S H I O R  S C R I P  R i C L A l M E O I T h O R I U M  BALANCE I N  R E F A 8 R l C A T l U N  PLANT.KG-cLEWENTS C O N I A I N I N L ;  h R t 0  UllhiYIUo4 ONLY** ..... F I S S I L E  PARTICLES..... ..FUtL ROD MANUFACTURE.. F U E L  ELEW. ACCuI4.lN T J T A L  
KERNEL PKEP. HICROSPHERE C O A T I N G  F t K I - P A R T .  I N  F I S S .  A S S t M B L V  S L 0 Y  NIJN-r l tCV- I U  

( r n r u l  SCkAP SCHAP & t A C  TURS 
0.0 L - 0  0.0 c.0 
0.0 0.0 O.U ll.O 

P A R T I C L E  
0 ; o  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 -0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
3.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

84664.8 
36650.0 

61040.5 
T7376.6 

1000 15. I 
118530.8 
13989L. 8 

4r225.0 

0.0 
0.0 
3.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
7.2 
3.2 

5 . 2  
6 .6  
0.6 
LO. 2 
12.0 

4.0 

0.0 0.0 
u.0 11.0 
11.0 9.0 
U.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 -0 0 -0 
0.0 0.0 
0.0 0.0 
0.u d 3 U l t l . l  
0.0 36283.5 
0.0 46732.7 
0.0 00430.0 
U.0 76002-Y 
0.0 99014.9 
u.O 1 1 7 3 5 3 . 3  
0.0 1311493.9 
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**'SUMMARY TABLE-SPENT T H O R I U M  FRLM REPRGCFSSI r4J  F l K S T  LORE AN0 X E C Y C L t O  F U E L  E L E C E N T S * *  

YEAR 

1977 
1978 
1979 
19110 
1981 
19112 
1983 
1984 

19886 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

1 9 ~  

i9e15 

.... K I L O G R A M S  OF S P E N I  THONlUM 
CRUSHERS P-BURNER S.6URhEK 

0.0 0.0 3.0 
0.0 0.0 0.0 
0.0 0.0 3.0 
0.0 0.0 0 .O 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 J.0 

340708.9 340538.4 24051.1 
133914.4 133847.4 1862.5 
173767.9 173681.0 1862.5 
223362.8 223251.0 1862.5 
276860.3 276721.8 1862.5 
326157.3 325994.1 2181)-b 
375632.9 375445.1 1862.5 
431439.7 43 1223.9 1862.5 

TO c4CH PKOCtSS.. . .  
O I S S U L Y E R  S O L V - E X T .  

3 .O 0.0 
0.0 0.0 
0.0 0.0 
J -0 0.0 
0.0 3.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 .O 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

33348r.1 333320.3 
131151 -8 131066.2 
1701tJt). 7 170103.6 

271168.7 271033.0 
319452.3 319292.5 
367Y17.4 367733.4 
422580.6 422369.3 

2 1876 I .  3 218 657.9 

TO 
S l O R A 3 E  

0.0 
0-0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

329987.1 
129775.3 
168402.6 
216471.3 
268322.6 
31b099.4 
364050.1 
41 8143.5 

WASTE 
I IOTAL J 

0.0 
0 .O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. i) 
0.0 
0.0 

9873.7 
3400. 3 
4310.9 
5493.8 
b621.0 
7622.2 
841b.7 
9225.8 

ACL UHUL A TED 
i r d  STORAGE 

ti. 0 
0.0 
0.0 
G.0 
U.0 
0.0 
0.0 
b.0 
0 .o 
0.0 
0.0 
0 .0 

329987.1 
459762.4 
628164.9 
844b36.3  

1429057 .O 
11931 13.0 

1112950.0 

221125n.o 

* * T H O R I U M  R E C U I R E M E N T S ( 1 N  FRESH F U E L  P L A N T J F U K  K E f 4 8 R I C A T I N i  F U E L  E L E H E N l S  C O N T A I N I N G  t)RED URANIUC(** 
TOTAL KLLOGRAWS F R E S H  TH TO EACH bELUI I .  

MICROSPHERE C 9 A T I N G  MICROSPHEKE R E J T .  TOTAL SLOY 
YEAR I T R I S O J  
197'6 0.0 
1 9 7 I  0.0 
197~3 0.0 
19 79 0.0 
1980 0.0 
198.1 0.0 
1982 0.0 
1983 0.0 
198h 0.0 
1985 0.0 
1986 0.0 
1987 0.0 
198.8 9378.7 
19851 817.0 
1990 796.5 
1991 796.3 
1992 79b. 3 
1993 935.8 
1994 796.7 
1Y95 96b.6 

l t 3 I S O J  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

09479.4 
31808.3 
54114.6 
70166.6 
89147.4 

115318.3 
136972.4 
161622.1 

P R t P .  
4.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
J.0 

115023.4 
49854.2 
64223.5 
82997.6 

10S197.3 
l3596Y.6 
161133.3 
190162.2 

R t C L .  
0.0 
0.0 
0 - 0  
0.0 
3.0 
0 -0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 

31701.2 
13523.6 
17410.0  
22488.& 
28494 .4 
36825.4 
43626.6 
51487.3 

YASTE 
D -0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0 -0  
0.0 
0.0 
0 .o 
0.0 
0 . 0  

634.0 
270.5 
340.2 
449.8 
569.9 
736.5 
872.5 

102Y.7 

SCRAP 
0.0 
0.0 
0.0 
u.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
ti.0 

10853.8 
4600.7 
5931.5 
766d.2 
9704.5 

12541.2 
14855.2 

F E E D  
PREP. 
0.0 
0.0 
0.0 
0.0 
0.0 
G. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

116791.3 
50357.7  
64872.2 
03035.9 

106259.Y 
137343.1 
162 76'0.7 
192082.9 

NET 
F t E D  
0.0 
0 .o 
0. 0 
0.0 
0 .0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Y5340.6 
30316. b 

62bZ9.0 
79242.8 

102621 -6 
120578.Y 
142246.3 

48439.5 
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R E A C T O R  TYPE 3 FULTON TYPE REACIOAS (iiao W Y L  S T A T I O Y I  

* *SPENT MAKEUP U R A N I b H  8ALAElCE I h l  C H E M I C A L  R E P R O C t S S l h G  P L A N l * *  
REPROCESSING S l A K l S  I N  1988 

K J  SPENT MU URANIUM E N T E R I N G  P R O C E 5 S ( E X C L U O I N G  RECYCLE0 SCRAP) 
Y t A R  CRUSHERS P. BURNER S.8URNEW O I S S O L V E R  
1Y76 0.0 0.0 0.0 0.0 
1977 0.0 0 .o 0.0 0.0 
l Y 7 8  0.0 0.0 0.0 0.0 
1979 0.0 0.0 0.0 0.0 
1980 0.0 0 .o 0 .0  0.0 
l Y 8 l  0.0 0.0 0.0 0.0 
1982 0.0 0.0 0.0 0.0 
1983 0.0 0 .o 0.0 0.0 
1984 0.0 0.0 0.0 0.0 
1985 0.0 0.0 0.0 0.0 
1986 0.0 0 .o 0.0 0.0 
1987 0.0 0.0 0.0 0.0 
1988 5080.2 5077.7 4976.1 4926.4 
1989 2247.0 2245.9 2200.9 2178.9 
19YO 2662.8 2661.C 2608.2 2582.1 
1991 3245.3 3243.7 3178.8 3147.0 
1992 4846.8 4844.4 4747.5 4700.1 
1993 4829.8 4827.C 4730.8 4603 .5  
1994 5481.3 5478.5 5368.9 5315.3 
1995 5911.9 5909 -0 5190.8 5732.9 

URANIUM L O S T  ro Y A S T E  (KGIYR.) FROM K E S P T . P K O C ~ S S  A ~ O V E  
1976 0.0 0.0 0.0 0.0 
1977 0.0 0.0 0.0 D .o 
1978 0.0 0.0 0.0 0.0 
lY79 0.0 0 .o 0.0 0.0 
1980 c.0 0.0 0.0 0 .o 
l Y 8 1  0.0 0.0 0.0 0.0 
1982 0.0 0 .o 0.0 0.0 
l Y 8 3  0.0 0.0 0.0 0.0 
1984 0.0 0.0 0.0 0.0 
1985 0.0 0 .o 0.0 0.0 
1986 0.0 0.0 0.0 0.0 
1987 0.0 0.0 0.0 0.0 
1988 2.5 0.0 49.8 2.5 
1Y89 1.1 0.0 22.0 1.1 
1990 1.3 0.0 26.1 1.3 
1991 1.6 0.0 31.8 1.6 
19Y2 2.4 0.0 47.5 2.4 
1993 2.4 0.0 47.3 2.3 
1994 2.7 0.0 53.7 2.7 
1995 3.0 0 .o 57.9 2.9 

WASTE FRAC.=O. 0005 0.0200 0.0100 0.0005 

TAirLc I OF L 

. 

SOLVENT € X I .  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.G 

+923.9 
2177.8 
2580.8 
3145.4 
4697.7 
+681-2 
5312.6 
5730.0 

0.0 
0.0 
0.C 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
49.2 
21.8 
25.8 
31.5 
47.0 
46.8 
53.1 
57.3 

0.0100 

FEED PREP.  
0.3 
0. 0 
0.0 
0.u 
0.u 
0.u 
0 .U 

0. u 
0.1j 

0.9 
0.0 
0.0 

4874.7 
2156.1 
2555.0 
3114.0 
4650.1 
4634.4 
5259.5 
5672.7 

0.0 
0.0 
0 .u 
0.b 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
2 -4 
1.1 
1.3 
1.6 
2.3 
2.3 
2.6 
2.8 

0.0005 

, 
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RtACTOR TYPE 3 FULTON TYPE REACIURS I l l I O  MUC STATION) 

**SPENT MAKEUP URANIUM BALANCE IN RtFAbRlCATlON Pl.INT.* 

ac PER **.ENTERING PROCESSIEXCLUOING RECYCLED SCRAP) 
MICROSPHERE PREPARATION MICROSPHERE COATING FUEL ROO 

YEAR ITM-U MIA.) IU  O N L Y )  ITRISO) I 6 1 S O )  FA8. 
1976 
1911 
1918 
1919 
i9no 
i w  
1982 
1083 
1984 
1985 
1986 
1981 
1988 
1989 
lY90 
I991 
1992 
LY93 
:I994 
1995 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

4812.2 
2155.0 
2553.1 
3112.4 
4648.4 
4632- 1 
5256.8 
5669.9 

0.0 
0.0 
0.0 
J.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

4165.8 
1842.5 
2183.4 
2661.1 
3914.4 
3960.4 
449*.6 
4841.1 

5.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
G.0  
0.0 
0.0 
0.0 
0.0 
0 .0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0 .0  

**URANIUM HECLAIMEO FROM RECYCLING SCRAP** 
MICKOSPHERE PREPARilTION MILRUSPMLRE COATING 

I ' t A R  ITH-U M I X . )  I U  ONLY) I T R I b O )  I 8 1 S O )  
1916 
1911 
1978 
1919 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1'387 
1'388 
1989 
1990 
1'391 
lP92 
1'193 
1994 
1995 

n -0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

3415.9 
1510.9 
1790.4 
2182.1 
3259.0 
3241.5 
3685.6 
3975.1 

FUEL ROD 
FIB.  

rAdLE 2 OF 2 

BLOCK PKCOUCT rd 
ASSEM6LV REACTORS 

0.0 u.0 
0.0 0.0 
cl. 0 0.0 
0.0 0.0 
u.0 0.0 
0.0 0.0 
0.0 0.0 
G.0 0.0 
G.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0 -0 

1503.3 i48n.3 
3398.8 3364.9 

1181.5 1163.7 
2111.2 2149.5 
3242.1 3210.3 
3231.3 3199.0 
3661.1 3630.5 
3955.3 3915.1 

BLOCK PRooucr  ri) 
ASSEMbLV REAGIOPI  

SLUM CUMULATIVE 
SCUAY STURtD 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0  0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
6.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 c.0 
0.0 150'9.5 
0.0 2119.1 
0.0 2Y74.3 
0.0 3942.8 
0.0 5304.6 
0.0 bL34.0 

0.0 10265.9 
0.0 a282.8 

. 
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**SUMMARY I A 8 I . t  - ALL R E A C I O K L  ( I Y C L U O I N G  SCUAP K L L U V t 4 V I * *  

SPENT MAKEUP U 
YtAW CRUSHkRS 
1976 0.0 
1977 0.0 
1978 0.0 
1979 0.0 
1980 0.0 
1981 0.0 
1982 0.0 
1983 0.0 
1984 0.0 
1985 0.0 
1986 0.0 
1987 0.0 
1988 8022.7 
1989 3185.3 
1990 4201.9 
l p 9 l  5405.0 
1992 6703.3 
1993 6699.0 
1994 7629.0 
1995 8620.3 

UALANCE I N  REPPUCES5ING 
P-LURNER S . B U K N E R  

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0 .o 

8018.7 705d.3 
3183.7 312G.O 
4199.0 4115.8 
5402.3 5294.3 
6700.0 6566.0 
6695.7 6561.7 
7625.2 7471.7 
8616.0 8443.7 

PLANI - KILOGRAYS TU t a c k i  P a u c t s s  &€Lon.  
D i s s u L v m  s u L v . E x r .  FEEO PREP. 

0.0 CI . 0 l,-C 
0.0 ca.0 0.0 
u.0 3.5 5.0 
0.0 9.0 5.0 
6.0 0.0 3.0 
u .o 3.0 0.0 
0.0 3 .O u.0 
G.0 C .O 0.0 
0.U 0.0 0.0 
0.0 3.0 0.0 
L.3 J . 0 U.0 
0.0 G.0 0.0 

7773 .7  7 7 7 5 . 9  7698.1 
308n.O 3087.3 3056.4 
4014.6 4072.6 4C31.9 
5241.3 5238.7 5186.3 
650u. 3 6491.1 6432.1 
649b. 1 6492.9 6627.9 
73YM.O 7394.3 7325.3 
8359.3 8355.1 8271.5 

**SPENT MAKEUP U BALANCE I Y  
MICRUSPHERE P R t P A R A T I O N  

YEAR ( T H - U  M I X . )  I U  ONLY1 
1976 
1977 
1978 
1979 
1980 
1981 
LY82 
1983 
1984 
1985 

1987 
1988 
1989 
1990 
1991 
1932 
1993 
1994 
1995 

i 9 a a  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

7694.2 
3054.9 
4029.v 
5183.7 
6428.9 
6424.7 
7316.6 
8267.4 

Y A S l E  
0.0 
0.0 
u.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 

168.1 
bb.7 
88.0 

113.2 
140.4 
140.4 
15Y.8 
180.6 

R t F A t ) .  PLANT - KG.10 EACH PRUCESS 
MICRUSPHEKE LOATLNG HJtL  R O D  
I l H I b O I  IBISOI FAB. 

0.0 0.0 3.0 
0 .o 0.0 0.0 
0.0 J .O o .n 
0 .O 0 -0 0.0 
0.0 0 -0 3.0 
0.0 0.0 0.0 
0.0 0.0 n.0 
0.0 0.0 0 * 0 
0.0 0.0 0 .0 
0.0 0.0 0.0 
0.0 0.0 0.0 

6578 .6  0.0 5394.4 
2611.9 u.0 2141.M 

4432.1 0.0 3634.3 
5496. 7 0.0 4501.3 
5493-1 0.0 4504.4 
6255.7 n .o 5129.7 
7068.6 0.0 5796-3 

u -0 0 .o n.0 

3442.5 0.0 za25.j 

tlELOh*. 
RLUCK PUUDUCI  TU 

ALSEWBLY R t 4 C T O U S  
3.0 0.0 
G.0 0.0 
0.0 u.0 
0.0 0.0 
0.0 3.0 
0.0 0.0 
0.0 U.0 
0.0 0. 3 
J.0 0.0 
J.0 0.0 
0.0 0.0 
0.0 0.0 

536? .5  5313.8 
2131.1 2109.8 
ZR11.2 2783.1 
3b lo. 1 3580 .0  
44b4.7 4439.9 
4481.9 4431.0 
5104.1 5053.0 
5761.3 5709 .6 

SLUW 
SCSAP 

u.O 
J. U 
b.0 
c1.0 
U. 0 
0.0 
U .0 
0.0 
U.O 
b .U 
3.0 
0.0 
0.0 
0 -0 
u.0 
0.0 
0 .U 
U.O 
0.0 
5.1; 

L U M U L A r l  VE 
STUKEU 

0 .0 
9.0 
0 . 3  
0.0 
0.0 
0.0 
0 . u 
u.0 
0.0 
0.0 
0.0 
0.0 

23db.2 
3333.6 
4537.3 
6 1 4 7 . 7  
d l Y b . 0  

lOLU8.9 
12534.5 
15102.6 

. 

. 
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* * *FABRICATION PLANT AN0 R E F A 8 N I C A T l O n  PLANT OUJPUI I K G  H E I V V  METAL)*** 
I 

V E L R  
1976 
1977 
1918 
1979 
1980 
1981 

1983 
1984 
1985 

1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

1982 

1986 

YcAR 
14176 
15177 
1978 
14179 
1980 
1981 
151112 
19n3 

i w 5  
1')b4 

1'186 
1987 
1'388 
1989 
1'890 
1'391 
1'892 
1993 
1'394 
1995 

** I N I T I A L  COKE F A B K l C A l I U N  ** 
TnuRlUM URANIUM TOIAL 

0.0 0.0 0.0 
0.0 0.0 0.0 

13040.0 618.5 13b58.5 
13040.0 618.S 13658.5 
31 788.5 1517.9 33356.5 
69285.0 3466.8 72752.4 

81887.3 4146.9 8b034.1 
100635.7 5096.3 105732.0 
119384.3 6045 .8  
15191% I 7693.4 
196309.4 9941.4 
L20020.0 111 42.1 
231875 .4  11742.5 
238768.6 12091.5 
245661.7 12440.6 
257511.1 13041 -0 
281227.8 14241.7 
31n724.8 16140.6 
331473.3 17090.1 

74995.0 3797.8 78791.8 

125430.0 
I59 bl2.4 
206250.7 
231 162.1 
243617.8 
250060.1 
258102.3 

2'35469 - 5 
334bb5.4 
354563.4 

27055n.o 

* F R E S H  MAUEUP FUEL* 
THORIUM URANIUM TOTAL 

** FUEL F A B R I C A l l O N  REOUIREMENTS FOU INNUAC REtUELING ** 
*RtCYCLEO 8 K E O  t.UEI.8 *KECYCLEO MAKEUP FUEL+ 

I H O R I U M  URANIUM 1OrAL rnmiun  UK AN1 UM tut41 
2306.7 205.2 
2306.7 205.2 
2306.7 205.2 
2306.7 205.2 
2711.8 241.2 
8334 .4  786.1 
(1334.4 186 .1  

23418 .2  2210.2 
40160.9 3750.9 
57186.2 5328.2 
16087.5 7072.7 

103661.4 9627.1 
2bY69.0 526% 6 

121760.3 11262.8 
166397.1 15415.7 
206903.6 19110.7 
239931.3 22220.7 
268966.4 24903.3 
307972.0 28507.4 
340796.3 32287.6 

2511.9 
2511.9 
2511.9 
2511.9 
2953.0 
9120.5 
9120.5 

25688.4 
43911.8 

n31w.i 
1 ~ 3 2 8 a . 6  

62514.3 

62238.b 
133023.0 
181812.8 
226074.3 
262152.0 
293136'3.1 
336479.4 
38 1083 - 9  

0.0 0.3 
0 .o 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 .O 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 . 0  0.0 
0.0 0.0 

83616.1 8381 -8  
36203.5 3626.3 
46752.7 4615.3 

6043.0 60430.0 
76602. 9 7bb0.3 
'390 14 .  P 9901.5 

117353.3 11735.3 
138493.9 13849.4 

0.0 
0.0 
G-0 
J.0 
U. 0 
IJ.0 
0.0 
U. 0 
0.0 
C . 0  
0.0 
0.0 

92199.9 
399L1-8 
51428 .0  
66472.9 
r)42bJ-L 

~ 0 ~ 9 1 6 . 3  
129088.6 
15234L 3 

u.0 
0.0 
0.0 
0 .0 
0.0 
0.0 
u -0 
0.0 
0.0 
u.0 
0.0 
0.0 

1424.6 
4 5 3 6 . 0  
5983. 6 
1696.9 
3545.r )  
9539.6 
0 8 6 4 . 0  
2 2 1 5 . 7  

u.0 
0. 0 
0.0 
(1.0 
0.0 
0.0 
u.O 
0.0 
0.0 
u.0 
0.0 
0.0 

5313.0 
2109-0 

3580 .0  
4*39.9 
4431.0 
5053.0 
5109.6 

27~13.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

16138.4 
6 6 4 5 . 7  
876b.7 

l lL16. 9 
139b5.7 
13976. I 
1 5 9 1  1.0 
1 7 Y 8 5 . 3  
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* * * IN1  T I A L  CORE F A B R I C A T I O N I ~ R E S H  F t € D * * *  

** THORIUM BALANCE (KG E N T E R I N G  PROCESS)  ** 
ULOCK F U E L  ROO M I C H O S P H E R t  M I C R O S P H t R E  

YEAR 
1976 
1Y 77 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

YEAR 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1 9 9 4  
1995 

ASSEMBLY 
0.0 
0.0 

13171.7 
13171.7 
32109.6 
69985.4 
75751.5 
82714.4 

101652.2 
120590.1 
153453.5 
198292.1 
222242.4 
2342 17 5 
241 180.3 
2481 43.0 
26011802 
284068.4 
321944.3 
340882.1 

f A B R I C A T I  ON 
0.0 
0.0 

13237.9 
13237.9 

70337.1 
32271.0 

76132.1 
831 30.0 

102162.9 
121196.0 
154224.6 
199288.5 
223359.1 
235394.4 
242392.2 
249389.9 
261425.3 
285495.8 

342595.1 
323562.0 

C O A T I N G  
0.0 
0 .O 

15303.9 
15303.9 
3730 1.5 

88014.0 
96104.1 

1401 10.9 

81314.6 

118 107.4 

178294.3 
230391.3 
258218.6 

280222.2 
272132 - 3  

28831 1.Y 
302225.6 
330052.9 
374060.1 
396063 .6 

PREP. 
0.0 
0.0 

17899.3 
17899.3 
43634.5 
Y51U4.7 

102940.3 
112402.4 
138137.3 
163872.4 

269463.4 
302010.1 
318283.3 
327745.2 
337206.9 
3b3480.4 
366026.8 
437497.1 
463232.3 

20853 1.2 

** URANIUM BALANCE ( K G  ENTERLNG PROCPSS) ** 
BLOCK FUEL ROD MICROSPHERE MICROSPHERE 

ASSEMBLY F A B R I C A T I O N  
0.0 0.0 
0.0 0.0 

624.7 627.9 
624.7 627.9 

1583.8 1591.7 
3501.9 3519.5 
3836.2 3855.4 
4188.8 4209.8 
5147.8 5173.7 
6106.8 6137.5 
7771.1 7810.1 

10041.8 10092.2 
11254.6 11311.2 
11861.1 11920.7 
1221397 12275.1 
12566.3 12629.4 
13172.7 13238.9 
14385.6 14457.9 
16303.7 16385.6 
17262.7 17349 5 

COAT I N G  
0.0 
0.0 

765.7 
762.7 

1941.2 
4292.0 
4701 -7 
5133.9 
6309.3 
7484.8 
9524.6 

12301.6 

14537.4 
13794 1 

14969.6 
15401.7 
16145.0 
1763 1 e 6  
19902.4 
2 1157 09 

PREP. 
0.0 
0.0 

895.6 
895.6 

22 70.4 
50 19.9 
54Y9.1 
6004.  6 
7379.4 
8754.1 

11139.8 
14394.8 
16133.5 
17002.8 
17508.3 
180 13.7 
18883.1 
20621.7 
23371.3 
24746.0 

R E J E C T  LOSS 
RECL. TO W A S I E  

0.0 
0.0 

3176.9 
5040.1 
9607.8 

21422.0 
28170.4 
30665.5 
36210.1 
43464.6 
54069.7 
69533.2 
81652.5 
87928.9 
Y1302.2 
93966.4 
97839.7 

1053 10.3 
117833.5 
127759.0 

R E J E C T  

0.0 
0.0 

63.5 
100.8 
192.2 
428.4 
563.4 
613.3 
724.4 
t16Y.3 

1081.4 
1390.7 
1633.0 1758.6 

1820.0 
1879.3 
1956.8 
2106.2 
2356.7 
2555.2 

LOSS 
RECL. TO WASTE 

0.0 0.0 
0.0 u.0 

176.1 3.5 
286.1 >.7 
556.5 lL .1  

1266.1 25.3 
1698.0 34.0 
1856.3 37.1 
2188.7 4>. 8 
2628.0 52.6 
3266.0 65.3 
4199.2 LI4.0 
4940.8 98.  e 
5325.3 106.5 
5 5 3 1 - 5  110.6 
5693.0 113.9 
5926.0 118.5 
6474.7 127.5 
7129.0 142-6  
7731.1 154.7 

FEED 
0.0 
0.0 

14966.8 
13140 et3 
34659.6 
75071.8 
16373.0 
83485.5 

104038.9 
122932.3 
15 764’9.2 
204042.8 
225b42.3 
235328.0 
24 1573.6 
246525.9 
261168.1 
286721.9 
326439.4 
342707.6 

F E E D  
0.0 
0.0 

732.0 
624.2 

1747.9 
3823.8 
3890.6 
4246.1 

6267.2 
8051.7 

5308.9 

10425.1 
11454.4 
L1955.7 
12264.3 
12616.6 
13266.3 
14582.8 
16620.9 
17413.7 
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* * * I N I T I A L  C O X €  F4bRICATIONitHtSH FtklJ*** 

K I L O G R A M S  O F  T H O R I U M  A V O  U R A N I U M  D I S C H A R G E D  F R O H  H I C t U S P H E R E  i O h T E R  ....- THORIUM CONTENT I N  -...- u K A N I U H  C O V T t N r  I N  
F E R T I L E  P A R T I C L E S  F I S S I L E  P A R T I C L E S  F I S S I L E  P A R T I C L E S  

Y t A R  6ISO TKISO B I S O  T R I  so ti1 so T R I S O  
1976 0.0 0.0 0 00 0.0 0.0 0.0 
1977 0.0 0.0 0.0 0.0 0.0 0.0 
1978 13237.9 0.0 0.0 0.0 0.0 62 7 . 9  
1979 13237.9 0.0 0.0 0.0 0.U 627.9 
1980 32271.0 0.0 0.0 0.0 0.0 1591.7 
19,Bl 7033701 0.0 0.0 0.0 0.0 3513.5 
1982 76132.1 0.0 0 00 0 00 0.0 3855.4 
1983 83130.0 0.0 0. 0 0.0 0 00 4209 . M 
1984 102162.3 0.0 0.0 0.0 0.0 51 73.7 
i ~ a s  121196.0 0.0 0 -0 0.0 0.0 6137.5 

0.0 7810.1 19136 15422406 0.0 0.0 0.0 
19137 199288.5 0.0 0.0 0.0 0.0 10092.2 
1988 223359.1 0.0 0.0 0.0 0.0 l l311.2 
1989 23539404 0.0 0.0 0.0 0.0 11920.7 
1990 24239202 0.0 0.0 0.0 0.0 12215.1 
1991 249339.9 0.0 0.0 0.0 0.0 1262Y.4 

13533 285495.8 0.0 0.0 0.0 0.0 14457.9 
19514 323562.0 0.0 0.0 0.0 0.0 15385.6 
1995 342595.1 0.0 0 00 0.0 0.0 17349.5 

1992 261425.3 0.0 0.0 0.0 0.0 13238.9 

T H O R I U M  AND U R A I J I U H  D I S C H A R G E D  F R O H  M I C K O S P H t R E  P H E P A K A T I O N  
F E R 1  I L E  ..-.- F I S S I L E  P A R T I C L E S  -.... 

P A R T I C L E S  T H O R I U H - U R A N I U M ( M L X t D )  U R A N I U M l O N L Y )  
YEAR ( K G  TH) ( K G  TH) ( K G  U )  ( K G  U )  
1976 0.0 0.0 0. 0 0.0 
1977 0.0 0.0 0.0 0.0 
1978 15303 . 9 0.0 0.0 765.7 
1979 15303.9 0.0 0.0 765.7 
1980 37307.5 0.0 0.0 1941.2 
1981 81314.6 0.0 0.0 42Y2.0 
1982 880 14.0 0.0 0.0 4791.7 
1983 96104- 1 0.0 0.0 5133.9 
i9a4  i i a i o 7 . 4  0.0 0.0 6309.3 
1985 140110.9 0.0 0 -0 7484.8 
198,6 178294.3 0.0 0.0 9524.6 
1987 230391.3 0.0 0.0 1230 7.6 
1Y8B 258218.6 0.0 0.0 13744.1 
198'7 272132.3 0.0 0.0 14537.4 
1990 280222.2 0.0 0.0 14969.6 
199 1 28831 1.9 0 .o 0 -0 1540 1.7 
1992 302225.8 0.0 0.0 16145.0 
1993 330052.9 0.0 0.0 17631 -6 
199G 374060.1 0.0 0.0 19982.4 
1995 396063.6 0.0 0.0 21157.9 

f 

. 
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* * *FABKICATIOiJ  REQ. FUR ANNUAL R E F U ~ L I N G I F R E S H  FEED***  

YEAR 
1976 
1Y 77 
1978 
1979 
1980 
1981 
1982 
1983 
1Y84 
1Y85 
1986 
1987 
1988 
1989 
1990 
199 1 
1992 
1993 
1994 
1995 

Y E A R  
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
19Yl 
1992 
1993 
1994 
1995 

** THORIUM BALANCE ( K C  t N T t R I N t i  P R U C t S S l  ** 
BLOCK FUEL KO0 HICROSPHtRE HICKUSPHCRE 

ASSEMbLY FABRICATION COAT I NG 
2330.0 
2330.0 
2330.0 
2330.0 
2739.2 
8418.6 
8418.6 

23715.3 
40566.6 
57763.8 
76856.0 
104708.4 
57544.4 

122990.1 
168077.8 
208993.5 
242354.8 
271683.2 
311082.8 
352319.4 

2341 -7 
2341.7 
2341.7 
2341.7 
2752.9 
8460.9 
8460.9 

23834.5 
40770.4 
58054.1 
77242.3 

105234.7 
57833.6 
123608.1 
168922.4 
210043.8 
243572.6 
273048.4 
312646.0 
354089.8 

2855.7 
2855.7 
2855.7 
2855.7 
3357 -2 
9929.9 
9929.9 

27702.9 
47282.0 
67263.1 
89472.0 

121601.1 
66359.6 
142899.b 
l Y S 2 8 b .  0 
L42825.1 
28 1 6 1 9 . 8  
315756.6 
361542 -3 
409444.3 

** URANIUM BALANCE ( K G  LNTERINL; 
BLOCK FUEL HOD HICKOSPHtRE 

207.3 208.3 254.0 
207.3 208.3 254.0 
207.3 208.3 254.0 
207.3 208.3 254.0 
243.7 244.3 298.6 
794.0 798.0 973.2 
794.0 798.0 973.2 

2232.5 2243.8 2736.3 
3788.8 3807.8 4643.7 
5382.0 5409.0 6596.4 

8756.1 7144.1 7180.0 
9724.4 9773.2 1lYld.6 
5322.8 5349.6 6523.9 

11376.5 11433.7 13943.5 
15571.5 15649.7 19085.0 
19364.3 19461- 6 23133.7 
22445.2 22557 9 27509.7 
25154.8 25281.2 30830.8 

32613.7 32777.6 39972.7 

ASSEM8LV F A B R I C A T l O N  C O A T I i q G  

28795.4 28940.1 35292.8 

PREP. 
3340.0 
3340.0 
3340.0 
3340.0 
3926.6 

11613.9 
11613.9 
3240 1.0 
55300.5 
786 10.3 

104645.6 
142464.4 
781Y8.4 

167 134.0 
228404.6 
284005.9 
329379.8 
369336.0 
422356.4 
478882.2 

PROCESS) ** 
MICROSPHERE 

PREP. 
297.1 
297.1 
297.1 
297.1 
349.3 
1138.2 
1138.2 
3200.3 
5431.2 
7115.1 
1U241.0 
13939.8 
7630.3 

16308.2 
2232 1.6 
L775d. 7 
32175.1 
36059.4 

46751.7 
41278.1 

R E J t C f  LOSS 
RECL. TO YAbTE 
656.9 

1067.1 
1067.1 

2607.6 
3396.8 
7086.3 

13314.5 
13846.1 
26900.2 
36316.2 
28771.5 
37804.2 
51936.7 
74183.1 
88038.6 
998dt). 1 
113577.9 
129035.3 

10b7.1 

1182.4 

REJECT 

13.1 
21.3 
21.3 
2L.3 
23.6 
52.2 
67.9 
141.7 
26b. 3 
390.9 
536 -0 
72S.3 
575.4 
756.1 

115b.7 
i4n3.7 
17bd.8 
1997.8 
2271.6 
2581.9 

LOSS 
RECL. TO 

58.4 
94.9 
94.9 
94.9 

105.2 
266.8 
363.6 
769.2 

1461.2 
2184.4 
2961.6 
3999.3 
3212.6 
4 144.5 
6392.9 
8200.7 

11043.3 
12546.7 

9737.0 

14264- 1 

WASrE 
1.2 
1.9 
1.9 
1.9 
L. 1 
5.3 
7.3 

15- 4 
25.2 
43.7 
59.2 
80.0 
64.3 
82.9 

121.9 
164.0 
194.7 
220.9 
250.9 
285.3 

FEED 
2730.0 
2328.0 
2328.0 
2328.0 
2OG7.5 
9173.7 
8402.3 

25783.8 
42610.9 
60G15.7 
19340.3 

1Gd313.5 
367 32.2 

1 J L774.0 
L739 33.8 
2141  ?>.2 
246423.1 
2 15145.9 
315821.4 
357206.1 

FCtO 
242.8 
207.1 
207.1 
207.1 
249.7 
888.3 
793.4 

2478.8 
4u54.1 
5652.3 
7442.1 
10161.3 
459Y.O 
12411.4 
16282.1 
20502.4 
22957.8 
25601.2 
29 399.2 
33245.1 
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* * * F A B R I C A T I O N  REO. FOR ANNUAL R E F U t L I N G s F R E S H  FEED*** 

K I L O G R A M S  OF T H O R I U M  AND U R A N I U M  D I S C H A R G E D  FROM M I C R U S P H E R E  COATER 
o o o o o  THOKIUM CONTENT I N  ..... U R A N I U M  C O N T f N l  IN 

YEAR 
1976 
1977 

1979 
1,980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
15)89 
1990 
199 1 
1992 
1’393 
1994 
1995 

1978 

F E R T I L E  P A R T I C L E S  F I S S I L E  
i3I so 

0.0 
0.0 
0.0 
0.0 
0.0 

6119.1 
6119.1 

21492.8 
384280 7 
55712.3 
74489 3 

1028920 9 
5 7833 6 

123608 1 
1689221 4 
2 10043 8 
243053-8 
271569-3 
3 1 1038 -6 
3526390 1 

T R I S O  

1456.4 
1456.4 

1456.4 
1456.4 
1712.2 
1456.4 

1456.4 
1456.4 

1456.4 
1456.4 
1712.2 
1456.4 

0. 0 
0.0 
0.0 
0.0 

322.7 
9 19.9 
999.7 
902 03 

5ISU 
0.0 
0.0 
0 -0 
0.0 
0.0 
0 00 
0.0 
0 00 
0.0 
0.0 
0 00 
0.0 
0.0 
0 00 
0.0 
0.0 
0 00 
0.0 
0 00 
0 00 

P A R T I C L E S  F I SSI LE PART ICLES 
T R I S O  

885.3 
885.3 
885.3 

1040.8 
885.3 
885.3 

885.3 

885.3 
885 . 3 
8 8 5 .  3 

1040.8 
885 3 

0.0 
0.0 
0.0 
0.0 

L96.2 
559.2 
607.7 
548.5 

b I  SO 
0.0 
0.0 
0.0 
0-0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 
0.0 
0.0 
0.0 
0-0 
0.0 
0.0 
0.0 

T H O R I U M  AND U R A N I U M  D I S C H A R G E D  FROM MICRUSPHERE PREPARATION 
F E R T I L E  o-o.. F I S S I L E  P A R T I C L E S  o.... 

Y E 4 R  
1976 
I977 
1978 
1979 

1913 1 
19t32 
1983 
19134 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

1980 

P A R T I C L E S  
(KG T H I  

L776.1 
1776.1 
1776.1 
1776.1 
2088.0 
88500 3 
8850.3 

26623.3 
46202.3 
661 83 4 
88202, 8 

120727.5 
66859.6 

142899.6 
195286.0 

281380.5 
315074.8 

242825, 1 

f H O H I U M - U R A N I U M ( M I X t i 0 )  
( K G  TH) ( K G  11) 

1079.6 254 0 
1079.6 254.0 
1079.6 254.0 
1079.6 254 -0 
1269.2 296.6 
1079, 6 254.0 
1079.6 254.0 

1079.6 254.0 

1269.2 298 -6 
1079.6 2 5 4 . 0  

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0 -0 

239.2 56.3 
681.9 160.4 

1079-6 254.0 

1079.6 254.0 

URAN 1 UH ( ONLY 1 
( K G  UJ 

0.0 
0.0 
0.0 
0.0 
0.0 

71 9.2 
719.2 

2482.3 
4349.7 
6342.4 
8457.5 

11664.5 
6523.9 

1394 3 5 
19085.0 
23733.7 
27453.4 
30670.3 

36080 1 . 3 741.1 174.4 35 LL8.4 
408775.4 6680 8 157.4 39815.3 

TR I so 
208.3 
208.3 
208.3 
208.3 
244.9 
798.0 
798.0 

2243- 8 
3807.8 
5409 0 0 
7180.0 
9773.2 
5349.6 

11433.7 
15669-7 
19661 06 
22557.9 
2 5281 02 
289400 1 
32777.6 
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* * * I N I T I A L  COdE F A 8 K I C A r I U N * F R t S H  F U E L * * *  

TOTAL C O S T S  ARE I N  U N I T S  OF S/KC H.M.THROUGHPUT 
SLGW S C H A P I K G I  U - V A L U t  TH-VALUt  INVENTORY CHARCESsS TOTAL 

YEAR URANIUM THORIUM I S / K G - U I  O/Ki-THI URANIUM T H O R I U M  ( S / K G l  
1976 0. 0. 23702.7 30.11 0.0 0.0 0.0 
1977 0. 0. 24539.7 31.62 0.0 0.0 0.0 
1978 110. 1863. 25406.8 33.20 L45118.7 51374.2 21.71 
1979 110. 1803. 26305.1 34.86 258703.8 54163.7 22.91 
1980 279. 4542. 27235.8 36.60 671224.3 138307.0 24.27 

1982 675. 10715. 29199.3 40.35 1760304.0 360485.5  26.92 
1983 737. 11700. 30234.6 42.37 lY90458.0 413281.6 27.94 
1Y84 906. 14379. 31307.2 44.49 2528039.0 533084.4 28.95 
1985 1075. 17058. 32418.7 46. 71 3107212.0 664097.1 30.07 
1986 1368. 21707. 33570.4 49.04 4090026.0 887124.4 31.18 
1987 1768. 280.19. 34763.9 21.50 5471735.0 12035Yb.O 32.37 
1988 1981. 31438. 36000.5 54.07 6365150.0 1417102.0 33-67 
1989 2088. 33132. 37282.1 26.78 6954430.0 1568494.0 34-90 
1990 2150. 34116. 38610.1 59.61 74194J7.0 1696029.0 36.34 
1991 2212. 35101. 39986.4 62.59 7305805.0 1832247.0 37-73 
1992 2319. 36795. 41412.7 65.72 8>00017.0 2016554.0 39.17 
1993 2532. 40183. 42890.8 69.01 9697391.0 2311974.0 40.65 
1994 2870. 45541. 44422.7 72.46 11375664.0 2750874.0 42.19 
1995 3039. 48220. 46010.4 16.08 12490088.0 3059094.0 43.85 

lY81 616. 9900. 28200.2 3a.43 15333~i.o 316585.8 25.20 

***DATA FOR ANNUAL R t f U E L l N G ~ F R E S H  FUEL***  

TOTAL C O S T S  AH€ I N  U N I T S  OF JIKG H.M.THRUU;HPUT 
TH-VALUt  I N V E N I O R Y  CHbRGE.5. S 1 0 T A L  

YEAR 
1976 
1977 
1978 
lY79 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1Y94 
1995 

SLOW S C R A P I K G I  
URANIUM THORIUM 

36. 410. 
36. 410. 
36. 410. 
36. 410. 
43. 482. 
140. 1271. 
140.  1271. 
393. 3435. 
667.  5819. 
947. 8252. 
1258. 10966. 
1712. 14892. 
937. 8140. 
2003. 17398. 
2741. 23776. 
3409. 29563. 
3951. 34300. 
4428. 38482. 
5069. 44060. 
5741. 498a8. 

U - V A L U t  
I I / K G - U l  
23702.7 
2453'9.7 
25406.8 
26305.1 
27235.b 
28200.2 
29199.3 
30234.6 
3 1307 -2 
32418.7 
33570.4 
34763.9 
36000 .S 
37282.1 
38610.1 
39986.4 
41412.7 
42890.8 
44422.7 
46010.4 

l S / K G - T H I  
30.11 
31.62 
33.20 
34.86 
36.60 
38.43 
40.35 
42.37 
44.49 
46.71 
49.04 
51.50 
54.07 
56.78 
59.61 
62.59 
b5.72 
b9.01 
72.+6 
76.08 

UHANIUM THOKIUM ( S / K G )  
75865.7 8701.8 33.~7 
i30006.8 9101.0 35.93 
b2d95.9 9640.0 36.8+ 
R5826.9 10122.0 38.20 

104112.8 1248,.6 39.50 
347844.4 386Z9.4 42.38 
364978.0 40700.b 44.48 

1049566.0  118861.6 42.49 
185Lb64.0 213230.8 47.05 
L131170.0 318650.9 48.79 
3757696.0 44513Y.6 50.54 
5294832.0 636258.8 52.35 
3063969.0 308321.6 >5.15 
6609274.0 82201 1.4 55.86 
9415858.0 1180804.0 58.28 
12143771.0 1542118.0 60.54 
14594115.0 1878364.0 62.84 
16949392.0 2211628.0 65-20 
20088208.0 2658740.0 67.60 
23569344.0 3161674.0 70.14 

WASTE VALUE 0 1  TOTAL 
URANIUM THORIUM O / K G l  

0. u 0.0  0.0 
0.0 0.0 0.0 

89502.1 2109.2 6.71 
150227.7 3513.5 1 1 - 2 8  
303138.4 7032.6 9.30 
714088.6 16464.1 10-04 
9Ylbl6.8 22733.2 12.87 
1122473.0 25984.1 13.35 
1370465.0 32223.4 1>.27 
1703894.0 4G604.1 13-91 
2192813.0 53036.8 14.07 
2919573.0 71615.0 14.50 
3557452.0 88302.0 15.77 
3970190.0 99843.9 16.11  
4271439.0 108857.9 17.46 
4552837.0 117636.1 18.10 
4908254.0 128609.1 18-62 
5468328.0 145350.6 19.00 
6333819.0 170766.8 19.42 
7119716.0 194408.3 20.63 

WASTE VALUE 0 1  TOTAL 
URANIUM 

27701.4 
46587.0 
48233.2 
49938.6 
57295.5 
150452.8 
212363.5 
465137.1 
9 14932.4 
1416283.0 
1988460.0 
2780617.0 
2313083. U 
3090297.0 
49365Y6.0 
6558335.0 
8064695.0 
94731 18.0 
11147180.0 
I 3  1 2 5  944.0 

r H o K i u n  ISIKGI 
395.6 11.19 

708.5 19.48 
743.9 20.18 
8b5.5 19.70 

2004.1  16-72 
2141.2 23.58 
6004.> 18.34 

18540.0 22.95 
20386.3 24.23 
37403.5 24.87 
31114.5 37.66 
4292t.0 23.55 
6907b.8 21.53 
92869.4 29.42 
115725.6 31.20 
137866.0 32. 10 
164599.4 33.62 
196441.6 34-96 

674.1 18-82 

i1n46.0 21.11 

THE A8OVE COSTS WERE CUHPUTtO FRCM I H t  kOLLOWING O A I A . R t F E R E N C E 0  r0 YEAR l Y 7 6  
O u t  COST= 22.00S/LMIU30al. C O N V . C O S T I U j O 8  T G  U F b l =  j . Y O S / K G  U 
URANIUM ASSAY.PROUUCT= 0.Y315 N A T . F t E D =  0.00711 T A I L S =  0.0020 
KG U FEEO/KG U PRODUCT= 181.8982 KG SWUlKG PRODUCl= 235.9651 
E N R I C H I N G  COST= 53.35S/KG SWU.ESCALATC0 A I  0.04PER ANNUM THEREAFrER 
NA1.U F E t D  E S C A L L T t D  AT 0.03PER ANNUM 
TH COST= 26.46S/KG IHOZ. E S C . R A T t =  O.05OPER ANNUM 
INVENTORY C H A R J E S I P E R  YEAR)  ON U =  0.085 ON THLIRIUR= 0.085 
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HAROYARE COSTS FOR REACTOR TYPE 3 F U L T L N  T Y P E  R t A C I U * b  11160 HUE S T A T I O N I  
U V I T  COSTS K(EFERENCE0 TO YEAR 1973 c S C A L A T t 0  A T 0 . 0 1 0 / V r A R  TO 1976.AN00.043/YtAK T H t R t A F T E R  
CONTROL FUEL ELEMENTS= 600.0 SEACH. F U t L  ELEMENTS= b50.0 S EACH 

..CONTROL FUEL ELEMENTS- .  
VkAR NUM8ER U N I T  C O S T  C O S T I J )  
1976 0.0 
1977 0.0 
1978 0.0 
1979 0.0 
1980 294.9 
1981 884.8 
1982 1179.8 

1984 1632.3 

19d6 2060.6 
1'387 2816.2 
1988 4286.9 

1990 5309.1 
lY91 5935.4 
1992 7244.4 
1993 9151.5 
1994 10315.1 
19Y5 11701.0 

1983 1038.4 

1985 2218.2 

1989 5167.7 

735.02 
764.43 
795.00 
826.dO 
859.81 
894.27 
930.04 
967.24 

1005.93 
1046.16 
1088.01 
1131.53 
1176.79 
1223.86 
1272.81 
1323.72 
1376.67 
1431.74 
1469.01 
1548.57 

0 :o  
0.0 
0. 0 
0.0 

25361U.9 
791296.8 

1097255.0 
1004363.8  
1641990.0 
2320579 -0 
2241957.0 
318b566.0 
504473 7.0 
6324510.0 
6757483.0 
7856772.0 
9973225.0 

13102576.0 
15359339.0 
18119792.0 

.... FUEL ELtMENTS.. . .  
NUMBctt UNLT COST COS1 

0.0 
0.0 
0.b 
0.0 

1697.0 
5090.9 
6787.9 
0012.1 
9454.2 

1L800.0 
11830.3 
16290.0 
24727.3 
29769.7 
30545.r1 
34375.a 
4 179 3.9 
52703.0 
59297.0 
67636.3 

796.26 0.0 
~ 2 8 .  13 0.0 
tr6l.25 0.0 
b95.70 0.0 
931.53 1583775.0 
Y68.79 4932015.0 

1007.54 6839055.0 
1 ~ 4 7 . ~ 4 4  629Y74I.O 
1b89.75 10303118.0 
1133.34 14506709.0 
1178.68 1 3 w t o 9 3 . 0  
1225.dL 19969760.0 
1274.82 315236C8.0 
1325.&5 39470080.0 
1378.68 42118544.0 
1434.04 49296032.0 
1491.40 62331264.0 
1551.05 81145056.0 
1613.09 95651456.0 
1677.01 113467680.0 

HLRL)YAWL C O S I I S I  FbR F a o R l C A r I O N  Ot: 
~ I R S T  coat F R t w  MAKEUY r ( c c v c L t o  

41.0 0.0 0.0 
0. 0 0.0 b.O 
0.0 0.u 0,1) 
0.0 0.0 0.0 

1834393.0 0.3 0.0 
5723305.0 0.0 0.0 
79363 1C.  0 0.0 0.0 
6190317.0 1 113788.0 0.0 
858390C.O 3361215.0 O.L 

I 11>907(r.O 5b68292 .0 0.0 
9284338.0 b 90 1705.0 0. J 

1206964~l.O 11086689.0 0.0 
22594320.0 a769908.0 LiL04120.G 
28719888.0 1267b94Y.r, 4395745.0 
27153344.0 lbLL9970.0 5+Y271>.0 
25415488-0 24157072.0 b9bol9U.O 
32305904.0 3G377664.3 9b20908.0 
45815632.0 35567584.b 13464393.0 

59464976.0 51601728.0 2 ~ 5 2 0 8 1 6 . 0  
5400132~ .0  399a7200.0 17022224.0 

HAROUARE COSTS FOR REACTOR TYPE 4 LAWGE 150U MWE RtACTORS 
U N I T  COSTS REFERENCED TO YEAR 1973 t S C A L A T E 0  A r 0 . 6 7 3 / V t A R  TO 1 9 1 b . A N O 0 - 0 4 0 1 Y E A R  T H t R E A F T E R  
CONTROL FUEL E L E M E N I S =  600.0 JEACH. F U c L  E L t M t N l S S  650.0 S t A C H  

YEAR 
1976 
1977 
1978 
1979 
lY80 
1981 
1982 
1'383 
1984 
1985 

1987 
1988 
1989 
1990 
19Y1 
1992 
1993 
1994 
1995 

1986 

..CONTROL FUEL ELEMENTS..  
N U H 8 t R  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

391.9 
391.9 
391.9 

1769.7 
1187.9 
1175.8 
1996.0 
2363.6 
2149.5 
1 5 4 3 . 4  
2020.2 
1971.7 

1377.8 

U N I T  COS1 
735.02 
764.43 
795.00 
826.80 
059.87 

930.04 
967.24 

1005.93 
1046.16 
1088.01 
1131.53 
1176.79 

1272.81 
1323.72 
1376.67 
1431.74 
148Y.01 
1548.57 

~ 4 . 2 7  

1 ~ 2 3 . ~ 6  

' C O S T ( S 1  
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 

379076.8 
394241.6 
410011.1 

14990 34.0 
2002463.0 
1397832.0 
1 4 3 8 9 6 1 . 0  
2540484.0 
3128803.0 
2959 150.0 
2209795.0 
3008096.0 
3053337.0 

.... F U t L  t L E M t N T S . . . .  
NUMdEK 

0.0 
0.u 
0.0 
0.0 
0.0 
0.0 
0.0 

2327.3 
2327.3 
2327.5 
8177.8 

10505.0 
7046.5 
6 9 8 1 . 8  
lld30.3 
14028.3 
12767.7 
9179.8 

11959.b 
11 701.0 

U N l l  CUbT C O S T t S )  
796 .L t l  0.0 
d28.13 0.0 
d61.25 0.0 
895.70 0.0 
931.53 0.0 
968.19 0.0 

1307.54 0.0 
1547.84 243M611.0 
1689.75 2536153.0 
1133.34 2631598.0 
11 1 8 - 6 8  9638949.0 
lLZ5.8L 12877328.0 
lL74-kJ5 8983212.0 
1325.85 9256823.0 
1376.66 1631L578.0 
1 4 3 C . 0 4  20117040.0 
1491.40 lJ041648.0 
1>51.05 14238325.0 
1013.09 19291920.0 
1677.61 19629776.0 

HAROYARE C O S T 0 1  FOR F A a R l C A l l O N  OF: 
FIRST cunE FRESH MAKEUP 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

281 7689. D 
2930394.0 
304 I 6  09 -0 
95085 37.0 

13185167.0 
bR56276.0 
35652 62.0 
7415743.0 

1156854Y. 0 
80208 52.0 

0.0 
0.0 
0.0 

0.0 
0. U 
0.U 
0. 6 
0.0 
0.0 
0.0 
0 .c 
0.3 
0.0 

1629448.0 
lb94625.u 
2710139.0 
6171491.0 
Y562611 .I) 
Bcd8223.0 

1d014635.5 
11523608.0 

14964779.0 
16484545.a 

RECYCLE0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0 
0.0 
0 .0 
0.0 
0.0 
0.J 
0.0 

614679.2 
959036.3 

1874TU6.0 
3189C75.0 
3YbS.311.J 
40245 15 .0 
5 ~ 1 5 4 7 7 . 0  
7718340.0 
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* * *SUMMARY T A B L E - A N N U A L  H A R D Y A R E  COSTS***  

O l S f R l R U T I O N  O F  ANNUAL HARDYARE C O S T S - A L L  R E A C T O R S . R E J € C T E D  E L E M E N T S  I N C L U D E D .  
R E C Y C L E D  F U E L  TOrML *VI;. 
( J )  ( W K G I  ( $ 1  ( $ / K G 1  

0. 0.0 220420. 67.72 

0. 0.0 1464458, 90.56 
0. 0.0 3400769. 93.66 
0. 0.0 7987693. 97.56 
0. 0.0 8912188. 101.38 

0. 0.0 211942. n4.38 

0. 0.0 1408086. 87.08 

YEAR 
1976 
1977 
1978 
1979 
lY80 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
19Y 1 
1992 
1993 
1994 
1995 

I N I T I A L  COMES 
( $ 1  I J / K G )  

0. 0.0 
0. 0.0 

1178850. 86.31 
1226003. 89.76 
3109435. 93.22 
7049349, 96.90 
7936310. 100.73 
9008006. 104.70 

11514294. 108.90 
14206679. 113.26 
18792864. 117.74 
25254800. 122.45 
29450592. 127.40 
32285136. 132.52 
34569072. 137.80 
36984032. 143.29 
40326752. 149.05 
45815632. 155.06 
54001328. 161.26 
59464976. 167.71 

FHEsH MAKEUP 
( $ 1  ( $ / K G 1  

211942. 84.38 
220420. 87.75 
229236. 91.26 
238406. 94.91 
291354. 98.66 
938345. 102.88 
975878. 107.00 

2864711. 111.52 
5103596. 116.22 
7562089. 120.97 
10470641. 125.91 

8480047. 136.25 
18850432. 141.71 
26793024. 147.37 
34636096. 153.21 
41782768. 129.38 
48714496. 165.77 
58019232. 172.43 
68316480. 179.27 

14829643. 130.90 

0. 
0. 
0. 
0.  
0. 

110571b4. 
75702>0. 
8571625. 

111 74664. 
14649154 1. 
19357360. 
23869326. 
29292416. 

C A U T I O N - M l L L S / K W - H R  IS R E F E R E N C E D  TO I N S T A L L E D  C A P A C I T Y .  

1976 
1977 
1973 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

0. 
0. 

222. 
222. 
517. 
1107. 
1180. 
1277. 
1572. 
1967. 
2356. 
3042. 
3438. 
3636. 
3733. 
3830. 
4028. 
4424. 
5014. 
5309. 

0. 
0. 

1164. 
1164. 
2861. 
6255. 
6788. 
7418. 
9115. 
10812. 
13770. 
17794. 
19927. 
20994. 
21624. 
22255. 
23321. 
25455. 
28848. 
30545. 

36. 
36. 
3 6. 
36. 
42. 
149. 
14Y. 
416. 
707. 

1006. 
1343. 
1806. 
985. 

2107. 
2895. 
3579. 
4167. 
4675. 
5364. 
6038. 

206. 
206. 
206. 
206. 
242. 
804. 
804. 

2323. 
4004. 
5717. 
7612. 

10404. 
5743. 
12273. 
16759. 
20849. 
24163. 
27075. 
3099 8. 
35132. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0 .  
0. 
0. 

1306. 
8 0 3 .  
931. 

1152. 
1459. 
1858. 
2212. 
2580. 

0.0 
0.0 
0.0 
0.0 
0.0 

101.50 
162.60 
142.45 
143.73 
149.11 
157.51 
164.61 
171.98 

11872717. 
16617890. 
21768752. 
29263504. 
40084516. 
48981792. 
58 705808. 
69933728. 
821948dO. 
96759312. 

i 13887520. 
135889936. 
157073a40. 

~~ ~~~ ~ 

106.27 
111.05 
115.83 
120.54 
125.44 
121.76 
138.72 
141.89 
147.34 
153.35 
159.90 
b66.46 
173.38 

M I L L S /  
KY-HR+ 
0.0916 
0.0952 
0.6084 
0.6328 
1.4695 
1.0355 
1.1553 
0.5587 
0.4429 
0.4047 
0.4040 
0.4139 
0.3962 
0.3648 

0.3244 
0.3158 
0.3185 
0.3305 
0.3356 

0.3388 

O I S T R l 8 U f l O N  OF U N F U E L E O  E L E M E N T S  FOR A S S E M B L Y . A L L  R E A C T O R S . I Y C L U D E S  E L E M E N T S  R E J C C T E O  I N  A S S E R B L Y  
. . F I R S T  CORES.. - . F R E S H  MAKEUP..  - . . H E C Y C L E D  F U E L . .  ... ALL F I L I R I C A T I O N . . .  

YEAR CONTROL R E G U L A R  C C N T R C L  REGULAR CONTROL R E G U L A R  C O N l R O L  H E G U L A R  T O T A L  
0. 36. 2Ub. 242. 
0. 36. 206. 242. 
0. 259. 1370. 1628. 
0. 259. 1370. 1628. 
0. 560. 3103. 3663. 
0. 1257. 7059. 8315. 
0. 1329. 7592. 8921. 
0. 1693. 9741. 11434. 

0. 2873. 16529. 19402. 
0. 3699. 21382. 25081. 
0- 4848. 281913. 33046. 

744 1. 5729. 33111. 38040. 
4886. 6606. 38154. 44760. 
5330. 7560. 43713. 51273. 
6702, 8562. 49806. 58368. 
84>1. 9b55. 52935. 65590. 
0755. 10958. 63285. 74242. 
2747. 12590- 72594. 85184. 
5062. 13935. 80739. 94675. 

0. 2279. 131iy- 15398. 
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.... F R E S H  F U L L  A S S E M B L Y  C O S T S  .... 
C O S T  F O R  t Q U I P M E N T  I N S T A L L E D  I N  197brSILEO F U R  M A X I M U M  THROUGHPUr 1976 TC 19BS 
S U B S Y S T E M  = I 2 3 4  5 b 7 H 0 A O  11 12 13 14 15 - 
NO. I J N I T S  = 2. 2. 2. 1 .  I .  1 .  1. 1. 1. 

NO. I J N I T S  = 1. 1. 
COST fRAC.= 0.01 0.01 

MATERIALS c o s r ( s ) =  627705.0 
L A B O R  COST O b =  877831.0 
E N J I I Y E E R I N J  C O S T  = 920902.0 
I N S T A L L A T I O N  C O S T -  465389.0 

T I I T A L  COST I $ ) =  2891833.0 
F L O O R  A R E A  I F T Z )  = 789.5 

CONSIJMAMLESI ( I )  = 73225.3 
O P E R A T I O N  MAN-HRS= 12699.7 
M A I N  1 t N A N C E  MN-HR= 1743.3 

COST FOR A O O I T I O N A L  E Q U I P M E N T  I N  1 9 8 0 1 S l Z E O  F G R  M A X I M U M  THROUGHPUT 
Suns'rsTEM = 1 2 3 4 5 6  7 8 9  
NO. I J N I T S  = 19. 19. 19. 3. 5. 5. 3. 5 .  5.  
C O S T  FRAC.= 0.02 0.11 0.19 0.00 0.31 0 .03  0 .06  0.08 0.02 
S U B S f S T E M  = 16 17 
NO. IONITS = 3. 3. 
C O S T  FRAC.= 0.01 0.00 

MAT El2 I A L S  COS T ( J I = 2086885.0 
LAdOlR C O S T  ( J ) =  345941 1.0 
E N G I N E E R I N G  C O S T  = 3391812.0 
I N S T L L L A T I O N  COST= 1714057.0 

T O T A L  COST ( I ) =  10652165.0 
F L O O P  A R E A  ( F T Z )  = 2454.3 

C O N S l U M A B L t S t  ( I )  = 309439. b 
O P E R P T I O N  MAN-HRS= 50682.1 
M A l N T E N A N C t  MN-HR= 7304.6 

COST F O R  A D D I T I O N A L  E O U I P M E N T  I N  1985sSIZEO F O R  M A X I M U M  T H R O U S H P U l  
SUMSVSTEM = 1 2 3 4 5 b 7 8 9  
NB. U N I T S  = 32. 32. 32. 4. 9. 9 .  4 .  9 -  9 -  
COST FRAC.= 0.02 0.11 0.18 0.00 0.32 0 .03  0.05 0.08 0.02 
S U B S Y S T E M  = 16 17 
NO. U N I T S  = 6. 4. 
COST FRAC.= 0.01 0.00 

M A T E R I A L S  C O S T O l =  3650605.0 
L A B O R  C O S T  ( J ) =  6025473.0 
E N G I Y E E R I N G  C O S T  = 5917431.0 
I t 4 S r A L L A T  I O N  COST= 2990389.0 

T O T A L  C O S T  ( J ) =  18583888.0 
F L O O R  A R E A  ( F T Z )  = 4293.0 

CONSUMABLES. ( I )  = 5436oa.n 
O P E R A T I O N  MAN-HRSX 83799.3 
M A I N T E N A N C E  MN-HR= 12426.5 

COST F O R  A D D I T I O N A L  E Q U I P M E N T  I N  1990.SILEO F U R  M A X I M U M  THR0U;HPUT 
1 2 3 4  7 8  5 b S U M S Y S T E M  = 9 

NO. U I J I T S  = 43. 43. 43. 6. 12. 12. 6 .  12. 12. 
COST FRAC.= 0.02 0.11 0.18 0.00 0.32 0 . 0 3  0.05 0.08 0.02 
S U B S Y S T E M  = 16 17 
NO. U N I T S  = 8. 6. 

C O S T  FRAC.= 0.01 0.00 

M A T E I P I A L S  C O S T O ) =  502C820.0 
LA8OR C O S T  (SI= 8228722.0 
E N G I N E E R I N G  C O S T  = 8102843.0 
I N S T L L L A T I O N  COST= 4094794.0 

TIJTAL  C O S T  ( f ) =  25447168.0 
FLOOR A R E A  (FT2) = 5944.8 

C l J N S I J M h B L E S *  ( I )  z= 734941.2 
OPER 9 1 1  ON MAN-HRS= 11562b.Y 
U A I N T E N A N C E  MN-HR= 16972.4 

COST F R A C - X  0.01 0 - 0 4  0 -07  0-00 0 .23  0.02 b.08 0.06 0.01 
S U M S Y S T E M  16 17 

1. I. 1. 1. 1. 1. 
0.01 11.41 0.01 ;.ill 0.00 C.01 

1980 TO 1985 
10 11 12 13 14 15 
5. I. 3. 3. 3. 5. 

0.01 0.11 0.01 0.01 0.00 0.01 

1915 TO L9YO 
10 I1 12 13 14 15 
9. 2. 4 .  4. 4 .  9. 

0.01 0.13 0.01 0.00 0.00 0.01 

1990 10 1995 
10 11 12 

12. 3. 6 .  
0.01 0.14 0.01 

13 
6.  

0 -00 

14 
6. 

0 .uo 
15 

12. 
0.01 
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. . .a F U t L  ROO I r F G . r F R t S H  F U t L  .... 
COST FOR E O U I P M E N T  I N S T A L L E L ,  I N  1976rSILEO F U R  M A X I M U M  I H R O U G H P U r  1976 r 0  1980 
S U B S Y S T E M  = 1 L 3 4 5 6 7 8 9 1 0 1 1 1 2  
N O -  U N I T S  = 1. 1. 1. 1. 1- 1. 1. 1. 1- 1. 1. 1. 
C O S T  FRAC.= 0.09 0.02 0.08 0-02 0.01 0.05 0.08 0.04 0.05 0.06 0.09 0.03 

M A T E R I A L S  C O S T O l =  297445.0 
LAMOR COST l S l =  236 LOO -0 
E N G I N t E K I N G  C O S T  = 592000.0 
I N S T A L L A T I O N  COST= 238000.0 

T O T A L  COST I S ) =  1363595.0 
F L O O R  AREA IF121 = 227.0 

CUNSUMABLESe I S 1  = 534945.0 
O P E R A T I O N  MAN-HRS= 22645.5 
M A I N T E N A N C E  MN-HR- 2191.5 

C O S T  FOR A O D I T I O N A L  E Q U I P M E N T  I N  1980eS12EO FUR M A X I M U M  THROUGHPUT 1980 T U  1985 
S U B S Y S T E M  = 1 2 3 4 5 6 7 8 9 10 11 12 
N O . U N I T S =  2. 2. 3. 3. 3. 3. 3. 3. 3. 3. 3. 9. 
COST FRAC.= 0.03 0.01 0.04 0.01 0.00 0.03 0.05 0.02 0.03 0.03 0.05 0.04 

M A T E R I A L S  C O S T I S I =  1638255.0 
L A B O R  COST IS)= 1233300 -0 
E N G I N t E R I N G  C O S T  = 3184800.0 
I N S T A L L A T I O N  COST-  1280100.0 

T O T A L  COST (SI= 7336455.0 
F L O O R  AREA I F T 2 )  = 932.0 

CONSUMABLESs 0) 1699507.0 
O P E R A T I O N  MAN-HRS= 143908.5 
M A I N T E N A N C E  MN-HR= 9679.1 

COST FOR A O D I I I U N A L  E Q U I P M E N T  I N  1985.SIZEO FOR M A X I M U M  THROUGHPUT 1965 10 1990 
S U B S Y S T E M  = 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  
NO. U N I T S  = 3.  3. 6 .  6. 6. 6. 6 .  6. 6. 6. 6. 15. 
C O S T  FRAC.= 0.03 0.01 0.05 0.01 0.00 0.03 0.05 0.03 0.03 0.04 0.06 0.04 

M A T E R I A L S  C O S T l S l =  2852775.0 
LAMOR COST ( S I =  2167200.0 
E N G I N E E R I N G  C O S T  = 5568000.0 
I N S T A L L A T I U N  COST= 2238000.0 

T O l A L  COST O b =  12825975.0 
FLOOR AREA IF121 = 1521.0 

C O N S U M A B L t S t  I S )  3349049.0 
OPERAT I O N  MAN-HHS= 248735.3 
M A I N T E N A N C E  MN-HR- 17532.0 

COST FOR A O O I T I O N A L  E Q U I P M E N T  I N  1990,SlZED FOR M A X I M U M  T H R O U G H P U i  1990 10 1995 
s u e s r s i m  = 1 2  3 4 5 6 7 8 9 L 0 1 1 1 2  

C O S T  FRAC.= 0.03 0.01 0.05 0.01 0.00 0.03 0.05 0.03 0.03 0.04 0.06 0-04 

M A T E R I A L S  C O S T 1  $1. 3803700.0 
L A 8 O R  COST I S ) =  2889600.0 
E N G I N t E R l N G  C O S T  = 7424000.0 

NO.UNITS= 4. 4. 8. 8 .  e. 8 .  8. 8. e. 8 .  8. 20. 

I N S T A L L A T I O N  COST*  2984000.0 
T O I A L  COST O I =  17101296.0 

F L O O R  AREA IF121 = 2028.0 

CONSUMABLES. I S )  0 4465399.0 
O P E R A T I O N  MAN-HRS= 331647.0 
M A I N T E N A N C E  MN-HR= 23376.0 

13 
1. 

0.00 

13 
9. 

0.00 

13 
15. 

0.00 

13 
2 0 .  
0.00 

14 
1. 

0.30 

1 4  
V. 

0.50  

14 
1>. 

0.47 

14 
LO. 

0.47 

15 
1. 

0.VY 

15 
9. 

0.15 

15 
15. 

0.14 

15 
ZU. 

b.14 
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.... R E C Y C L E D  F U t L  A S S c H B L Y  C t i S T S  .... 
COST FOR t O U l P H E N T  
S U B S Y S T E M  = 1 
NU. U N I T S  = 0. 

S U B S Y S T E M  = 16 
NO. U N I T S  = 0. 
C O S 1  FRAC.= 0.0 

M A T C R I A L S  C O S T I S ) =  
L A S O K  C O S T  O ) =  
E N G I N E E R I N G  C O S T  = 
I N S I A L L A T I O N  COST= 

T O T A L  COST O)= 
F L O I I R  A R E A  I F T Z )  = 

CONSUMABLES.  0) = 
O P E R A T  I ON MAN-HHS= 
M A I N T t N A N C E  MN-HR= 

C O S T  FOR E Q U I P M E N T  
S U B l j Y S T E M  = 1 
NO. U N I T S  = 0. 

SUB! jYSTEM = 16 
NO. U N I T S  = 0. 

cosr FHAC.= 0.0 

cosir FRAC.= 0.0 

cosir FRAC.= 0.0 

M A T E R I A L S  C O S T ( $ ) =  
L A B O R  C O S T  IS)= 
E N G l N E E R I N C  COST = 
I N S l l A L L A T I O N  COST= 

l l O T A L  C O S 1  IS)= 
F L O O R  AHEA I F 1 2 )  = 

CONSUMAbLES.  I S )  = 
0 P t P . A T I O N  MAN-HRS= 
M A I M T E N A N C E  MN-HR= 

C O S 1  F O R  t Q U I P t 4 E N T  
S U I S , Y S T E M  = 1 
NO. U N l l S  = 12. 
C U S l  FRAC.= 0.02 
SUMSYSTEM = I 6  
NO. U N I T S  = 2. 
COST FRAC.= 0.01 

MA [ € R I A L S  C O S r l S l =  
L A B O R  C O S T  I S ) =  
E N G I N E E R I N G  COST = 
I N S T A L L A T I U N  COST= 

T O T A L  cosr i s ) =  
F L O O R  AREA ( F T Z I  = 

CONSUHABLES.  I S )  = 
O P t R A T I O N  MAN-HRS= 
H A l N I t N A N C E  MN-HR= 

I N S T A L L E U  1’4 197o.5ILtO FOR MAAlhU’ l  THROUGHPUT IY7‘ 10 193% 
2 3 4  5 6  7 8 Y 10 I 1  12 

0- 0. 0- 0. 0- 0. 0- 0. V. 0. 0. 

17 
0 .  

0.0 0.c 0.0 0.0 0.0 Ll.0 0.0 3.0 0 - C  J.0 3-i) 

0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

I N S r A L L E O  I N  lY8OvSIZEO FOR M A X I M U M  T H R O U G H P U r  I Y B G  IO 1Ydb 
2 3 4 5 6 7 8 9 1 O l I I 2  

o . o . o . o . 5 . o . o . o . u . o . o .  

17 
0. 

0.0 0.0 0.0 0.0 0.0 0 . 0  0.0 0-0 0.0 0.0 L - 0  

0 .o 

0 -0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

I N S T A L L E D  I N  1985nSILEO FOR M A X I M U M  THROUGHPUT 1985 10 1990 
2 3 4 5 6  7 8 9 10 11 IL 

1 2 - 1 2 .  2. 3. 3. 2. 3. 3. 3. 1. 2 .  
0.11 0.18 0.00 0.28 0.03 0.07 0.07 3 - 0 2  0.01 0.17 ‘ J - d l  

17 
2. 

0.00 

1396055.0 
2272499.0 
2243522.0 
1133769.0 
7 0 4 ~ 3 4 5 . 0  

1709.3 

19 1332.4 
32101.8 

4589.7 

1 3  I4 15 
J .  d .  b. 

d.0 ”.“ U.d 

I J  14 I5 
0.  u. 0. 

0 . J  0 . J  u.0 

13  L4 IS 
2 .  L .  3 .  

Ll.01 0.uo 0.01 

t 

C O S T  FOR A D D I T I O N A L  E O U I P M E N T  I N  IYYO.SIZE0 F O R  M A X l M U h  THROUGHPUT 1990 TU 1995 
S U B S Y S T t M  = 1 2  3 4  5 6 7  8 9 10 11 12 13 1 4  15 
NO. U N I T S  = 9. 9. 9. 1. 2. 2. 1. 2. 2. 1. I .  1. 1. I -  L -  
C O S T  FRAC.= 0.02 0.11 0.18 0.00 0.26 0 . 0 2  0.04 0.07 0.02 0.CI 0.23 0.01 0.00 0.60 0.01 
S U 8 S I S T t M  = 16 17 
NO. , U N I T S  = 2. 1. 

C U S T  FRAC.= 0.01 0.00 

MATE19 I A L S  cos r I S I =  1027510.0 
L A B O R  COST 1 0 =  1676412.0 
E N G l l Y t E R I N G  C O S T  = 1653586.0 
I N S T , t L L A  1 I ON C O S T =  635645.0 

T O T A L  COST 1 % ) -  5193153.0 
F L O O R  A R t A  I F T Z )  - 1337.8 

CONSIJRABLES. IS) = 128334.2 
O P E R A l I O N  WAN-HRS= 20698.1 
M A I N T E N A N C E  MN-HR- 3061.9 



10 5 

.... F U E L  ROO MFG.eRECYCLE0 F U t L  .... 
COST FOR t O U I P M E N T  I N S T A L L E O  I N  1 Y 7 6 . 5 I L E O  FOR M A X I M U M  T H R O U G H P U l  1976 T O  1980 
S U B S Y S T k M  = 1 2 3 4 5 6  7 8  9 10 I1  I 2  
NO. U N I T S  = 0. 0. 0. 0. 0. 0. i). 0. 0 .  0. 0 .  0 .  
C O S T  FRAC.= 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

4 

M A T E R I A L S  C O S T ( $ ) =  
L A B O R  COS1 I S ) =  
E N G I N E E R I N G  CO5T = 
I N S T A L L A  T I  ON COST= 

F L O O R  AREA l F T 2 )  = 
TOTAL cosr I S ) =  

CONSUMABLES.  IS1 = 
O P t R A T I O N  MAN-HRS= 
M A I N T E N A N C E  t IN-HR= 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

C O S T  F O R  E Q U I P M E N 1  I N S T A L L E O  I N  1 9 8 0 r S I L E O  FUR M A X I W H  T H R O U G H P U I  1 9 8 0  r0  1985 
S U B S Y S T t M  = 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  
N U . U N I T S =  0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 
C O S T  FRAC.= 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

H A T E R I A L S  C O S T 1  S I =  
LAMOR COST [SI= 
E N G I N E E R I N G  COST = 
I N S T A L L A T I O N  COST= 

T O T A L  C O S 1  O l =  
F L O O R  AREA (FT21 = 

CONSUMABLES. I S 1  
O P E R A T I O N  MAN-HKSX 
M A I N T E N A N C E  MN-HR= 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

COST FOR E O U I P M E N T  I N S T A L L E O  I N  1985vSIZEO F O R  M A A I M U M  T H R O U G H P U I  1985 TO 1990 
S U B S Y S T k M  = 1 2 3 4 5 6 7 B 9 IO 11 12 
NO. U N I T S  = 1. 1. 2. 2. 2. 2 .  2. 2. 2. 2. 2 -  6 .  
C O S T  FRAC.= 0 . 0 3  0.01 0 . 0 4  0.01 0.00 0 . 0 3  0 .05  0.02 0-03 0.03 U-05 0-04  

M A T E R I A L S  C O S T O l =  
L A B O R  C O S 1  I S ) =  
E N G I N E E R I N G  COST = 
I N S T A L L A T I O N  COST-  

T O T A L  C O S T  ( $ 1 .  
F L O O R  A R t A  IF121 = 

C O N S U M A ~ L E S I  IS) = 
OPERAT I O N  MAN-HRS= 
M A I N T E N A N C E  MN-HR= 

1080870.0  
814000.0  

2 10 1600 -0 
844  T O O .  0 

4841 170.0 
573.0  

1132420.0  
95695.5 

6391.9  

C O S T  FOR A D D I T I O N A L  E Q U I P M E N T  I N  1990,SILEO FOR M A X I M U M  THROUGHPUT 1990 TO 1995 
S U B S Y S T E M  = 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  
NU. U N I T S  zx 1. 1. 2. 2. 2 .  2. 2. 2. 2 -  2 .  2 -  4 -  
C O S T  FRAC.= 0.03 0.01 0.06 0 . 0 1  0.01 0.03  0.06 0.03 0 .03  0.04 0.01 0.04  

M A T E R I A L S  C O S T I S ) =  8209110.0 
L A B O R  COST ( S I =  6 3 0 8 0 0 . 0  
E N G I N t E R I N G  C O S T  = 1610400.0  
I N S T A L L A T I O N  COST= 647 300.0 

T O T A L  C O S T  IS)= 3709480.0  
F L O O R  AREA ( F T Z I  = 441.0  

CONSUHAMLES. I S 1  = 1100278.0  
O P t R A T I O N  MAN-HRS= 70128.0 
M A I N T E N A N C E  MN-HRs 5296.1 

13 
0. 

0.0 

13 
0. 

0.0 

13 
6 .  

0.00 

13 
4. 

0.00 

i4 
0 ,  

0 .0  

14 
0. 

0 .0  

14  
6 .  

0.50 

14 
4 .  

0 . 4 C  

15 
0. 

0.0 

15 
0. 

0.0 

15 
6. 

0.15 

15 
4. 

0.13  

n 
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