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The Molten-Salt Breeder Reactor i s  being developed by t h e  Oak Ridge 

Nat ional  Laboratory as a thermal. breeder  r e a c t o r  t h a t  w i l l  produce low- 

cos t  e l e c t r i c a l  power, while  conserving the  n a t i o n ' s  f u e l  resources .  

Fuel f o r  t h i s  type of r e a c t o r  c o n s i s t s  of 233UF d isso lved  i n  a c a r r i e r  4 
'I s a l t  which has t h e  composition 72-16-12? mole $ LiF-&F - T ~ F  The 

2 4' ~ 

r e a c t o r  vesse l ,  hea t  exchangers, d r a i n  tank, piping, pumps, and most 

equipment which contac t  e i t h e r  t h e  fue l  salt o r  t h e  coolant  s a l t  a r e  

f ab r i ca t ed  of a modification of t h e  nickel-base a l l o y  Hastelloy-N. 

s a l t  i s  withdrawn from the primary r e a c t o r  system on a 10-day cycle f o r  

chemical. processing by f luo r ina t ion - reduc t ive  e x t r a c t i o n  to remove u ra -  

nium and t o  i s o l a t e  protact inium. The r e s u l t i n g  s a l t  i s  t r e a t e d  by t h e  

metal  t r a n s f e r  process, a sequence of reduct ive  e x t r a c t i o n  s t e p s  devel-  

oped a t  OW'L, t o  remove Sr, Y, B.a, and t h e  r a re -ea r th  fission products .  

The reduct ive  e x t r a c t i o n  s t e p s  c o n s i s t  of contac t ing  the  f u e l  salt o r  
7 t h e  metal  t r a n s f e r  acceptor  s a l t  ( L i C 1 )  with l i thium-bismuth so lu t ions .  

The cu r ren t  development program a n t i c i p a t e s  t h a t  t h e  v e s s e l s  f o r  t h e  

sa l t -me ta l  con tac to r s  w i l l  be constructed sf, o r  l i ned  with, molybdenum. 

The purpose of this r epor t  i s  t o  examine t h e  a v a i l a b i l i t y  of  m a t e r i a l s  

which a r e  required t o  sustain an expanding MSBR power economy, to indi- 

c a t e  mater ia%s f o r  which n a t u r a l  resources  a r e  i n  s h o r t  supply, and t o  

a n t i c i p a t e  t h e  poss ib l e  impact of such shor tages  on t h e  MSBR concept.  

Data f o r  t h e  world reserves  and world primary demands of va r ious  minerals  

have been obtained from U.S. Bureau of Mines''2 amd U.S, Geulogical Survey 

Reports. The author  would Hike t o  acknowledge the  generous cooperat ion 

of W. 0. Fulkerson, H. E.  Goeller,  P. R. Kasten, and R. C .  b b e r t s o n ,  of 

ORBTI,, i n  compiling t h e  information presented i n  t h i s  r epor t .  

Fuel 

2 
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2:40 MATEKIAL INVENTORIES IN AN MSBR l?oWER PLANT 

. .  <.;.;.;.;.;y . . ~ _  

The i nven to r i e s  of f u e l  s a l t  and Hastelloy-N i n  an  W B R  power p l an t  

have been considered previous ly  by Kasten and R ~ b e r t s o n . ~  The f u e l  f o r  

nominal composition 42-16-12 mole $ ' I  L ~ P - B ~ F  - T ~ F ~ .  Hastelloy-N i s  a 2 
nickel-base a l loy ,  designed s p e c i f i c a l l y  f o r  use  i n  molten f l u o r i d e  sys-  

tems, wi th  t h e  composition given i n  Table 1; 

Table 1. Chemical Composition of Modified Hastelloy-N 

f o r  Use i n  S B R ~ ~  

Element 

Nickel 

Molybdenum 

Chromium 

I ron  

Manganese 

S i l i c o n  

Boron 

T i t  an ium 

Hafnium o r  Niobium 

Cu, C s ,  P, S, C, W, A 1  ( T o t a l )  

Ba P ance 

12 

'I 
0 -4 

0.2 -0 e 5 
0.1 max 

0.001 max 

0.5-1 .o 

0.35 
a -2 

a MSR Program Semiann. Progr. Rept. Feb. 28$ 1970, QFNL- 
4548, p .  45. 

The amount of molybdenum requi red  to cons t ruc t  t h e  sa l t -me ta l  c o n t a c t s r s  

i n  t h e  processing p lan t ,  i n  a d d i t i o n  t o  t h e  amount of molybdenum a l r eady  

present i n  t he  Hastelloy-N, i s  est imated t o  be 16 tons .  

cess ing  flowsheet a l s o  r equ i r e s  a bismuth inventory of 17.4 tons ahd a 

s a l t  d i sca rd  r a t e  of  0.3 ft7/day. Table 2 summarizes t h e  inven to r i e s  

of va r ious  m a t e r i a l s  i n  an  MSBR power p lan t ,  and compares t h e  MSBR i n -  

v e n t o r i e s  wi th  t h e  est imated world r e se rves  and world resources  f o r  t h e s e  

The p resen t  p r s -  

4 
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Table 2- Mater ia l  Inventor ies  f o r  a lOOO-PIW(e) MSgK,and 
World Reserves arld Resources of MSBR Mater ia l s  

~~ ~ 

Element MSBR Inventory World Reserves Keserve t o  ~o r 1 d ~e sours e s 
( t O R S  ) ( t o n s )  Inventory ( tons  

Rat i o  

6 6 x logd 
5e 
7f 

4 
3 1.6 x 10 2.3 x I O ?  

5.9 x IO' 5 

Fuel S a l t  L i  17.9 7.5 x 4.2 x 10 
(225 tons )  Be 5.1 1.2 x 10 

Th 99.1 5.9 x 10 
F 102 -9 2.2 x lc! 

9.5 x 10 
4.4 x 10 

5e 
7f 2.1 x 10 

Has t e l  loy  -M M i  
(1.32 x Mo 

10 tons)  cr 
Fe 
m 
T i i  
Mb 
Bf 

7.4 x lo6 I 

5.4 x lo8 
8.0 x lolL 
1.0 x lo8 
7.3 x '08 

7 
5 

1.5 x 10 
1.0 x 10 
3.1 x 10 

4 e.5 x LO4 
3.6 x lo7 

3 1.0 x l o  
4.5 x lo8 

7 5.3 x 10 
2.7 x io6 
9.1 x IO5  
2.8 x 10 

3 8.2 x 10 4j 1.0 1 0 5 j  5-9 x 105 
1.4 x BO g 

7 Other Bi 17.4 
B 50 7.2 x lo  

alJ.S. Geological Survey, Geological Survey Profess iona l  Paper 600, "MineraE-Resource Appraisals" 
(w@)* 

bReserves a r e  known mate r i a l s  t h a t  may o r  may not be completely explored, but t h a t  way be quan- 
t i t a t i v e l y  estimated; considered t o  be economically exp lo i t ab le  a t  t he  time of t h e  es t imate .  

'Resources a r e  ma te r i a l s  o the r  than K ~ S ~ K V ~ S  t h a t  may be u l t ima te ly  exp lo i t ab le ;  they include 
undiscovered but geologica l ly  pred ic tab le  depos i t s  of ma te r i a l s  s i m i l a r  t o  present  reserves  
a s  well as known depos i t s  whose exp lo i t a t ion  awaits more favorable  economic o r  technologic 
condi t ions .  

dIncludes depos i t s  containing a t  l e a s t  l$ equivalent bery l  (C.1$ BeB) .  

eores from which Tho2 i s  recoverable f o r  $10/ lb .  

which conta in  a t  l e a s t  35$ CaF o r  equivalent value i n  combined f luo r spa r  and m e t a l l i c  2 s u l f i d e s .  

%ate not ava i l ab le .  

hklybdenurn inventory includes 16.0 tons required f o r  sa l t -meta l  con tac t a r s  i n  processing 

i 

'F0 H. Persse, Bismuth i n  the  United States,  USBM I r i fomat ion  Ci rcu lar  8439 (1970). 

p lan t .  

Niobium and hafnium are being considered as a l t e r n a t e  add i t ives  f o r  modified Bs te l loy -N.  

. .  . . . . . . . 
%.>? 
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m a t e r i a l s  Throughout t h i s  repor t ,  t h e  d e f i n i t i o n s  of "reserves"  and 

' E ~ e ~ ~ ~ ~ c e ~ s '  given by t h e  U.S. Geological Survey a r e  employed. Reserves 

a r e  known mate r i a l s  t h a t  may o r  may not  be completely explored, but t h a t  

may be q u a n t i t a t i v e l y  estimated, and t h a t  a r e  considered t o  be economi- 

c a l l y  e x p l o i t a b l e  a t  t h e  time of t h e  es t imate .  Resources a r e  m a t e r i a l s  

o t h e r  than  reserves  t h a t  may be u l t ima te ly  exp lo i t ab le .  Resources i n -  

c lude  undiscovered but  geo log ica l ly  p red ic t ab le  depos i t s  of m a t e r i a l  

s i m i l a r  t o  present  reserves  a s  we l l  a s  known depos i t s  whose e x p l o i t a t i o n  

awai t s  more favorable  economic o r  technologic  condi t ions .  The r a t i o  of  

t h e  world reserves  of a m a t e r i a l  t o  t h e  MSBR inventory of t h a t  element 

can be i n t e r p r e t e d  a s  t h e  number of lQOO-MW(e) MSBRs t h a t  could be b u i l t  

i f  t h e  e n t i r e  world reserves  of t h e  var ious  elements were committed t o  

MSBR cons t ruc t ion ,  and i f  no ma te r i a l s  were recyc led .  The world r e se rves  

of beryll ium, bismuth, and thorium a r e  adequate t o  cons t ruc t  only a few 

thousand MSBRs, whi le  t he  world reserves  o f  l i thium, n icke l ,  and molyb- 

denum a r e  s u f f i c i e n t  t o  cons t ruc t  a few t ens  of thousands of MSBR power 

p l a n t s  

2 

The world resources  of t h e  elements Pithiurn and beryl l ium a re  q u i t e  

Parge, and t h e s e  el.ements w i l l  be a v a i l a b l e  f o r  use  i n  BEBRs, a l though 

a t  an  increased p r i c e .  world resources  of $ l ~ / l b  t h o r i a  a r e  es t imated 

t o  be equal ly  a s  l a r g e  a s  t h e  world reserves ,  and h igher  pr iced  thorium 

o res  a r e  very p l e n t i f u l .  

but  t h e  fo re ign  p o t e n t i a l  bismuth resources  a r e  not  we l l  known. World 

resources  of MSBR materials are s u f f i c i e n t  t o  cons t ruc t  many hundreds of 

thousands of r e a c t o r s  i f  t h e  processing flowsheet i s  modified t o  reduce 

t h e  bismuth inventory.  

Bismuth resources  a r e  not  reported t o  be la rge ,  

5.0 WORLD PRIMARY DEMAND FOR NSBR MATERIALS 

I n  a d d i t i o n  t o  t h e  consumption of n a t u r a l  resources  by t h e  MSR pro- 

gram, t h e  present  and f u t u r e  non-MSBR uses  of  t hese  m a t e r i a l s  must a l s o  

be considered.  Table 5 compares t h e  world primary demand f o r  MSBR mate- 

r ials i n  the year  1968 with the  known world r e se rves  of t hese  materials. 

The da ta  show t h a t  t he  world reserves  of f l uo r ine ,  beryll ium, and bisnuth 

a r e  being r ap id ly  deple ted .  In t he  case  of f l uo r ine ,  t he  wor ld  reserves 
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w i l l  be depleted i n  about twelve years  based on the  1968 primary demand, 

and t h e  est imated world resources  of o r e s  conta in ing  35% f l u o r s p a r  w i l l  

be consumed i n  25 yea r s .  The Bureau of Mines a n t i c i p a t e s ,  however, t h a t  

as f l u o r s p a r  reserves  a r e  depleted,  t echnologica l  advances w i l l  be made 

i n  explor ing f o r  f l u o r s p a r  

rock, so t h a t  U.S. production w i l l  be maintained t o  t h e  year  2000 a t  

approximately t h e  cu r ren t  r a t i o  of product ion t o  demand. 

pa t e s  approximately a 338 increase  i n  t h e  c o s t  of f l uo r ine ,  however. 

and i n  recovering f l u o r i n e  from phosphate 

The USBM a n t i c i -  

Table 3 .  Year 1968 World Primary Demand f o r  MSBR Mate r i a l s  and World 
Reserves of MS.BR Mate r i a l s  

1968 World a USGS Estimatedb Reserve t o  

( tons/year  ( t o n s  ) Ratio 
Element Primary Demand World Reserves Demand 

F u e l  S a l t  L i  
Be 
Th 
P 

I-bstelloy-N N i  
Mo 
C r  
Fe 
k 
T i  
Fib 
Hf  

Other Bi 
B 

4400 
478 

1.8 x 10 
268 6 

4.7 x IO4 5 
6.9 x lo6 

2 x lo8 
4.3 x bo6 
8.2 x lo6 
1.4 x LO4 
4.4 x l o  

43 

3800 5 
2.4 x 10 

5 

5 
7 5.9 x BO 

7 

7.5 x 104 
1.2 x 10 

2.2 x PO 

9.4 x lo6 
5.4 x lo8 

1 x io8 
9.3 x 108 
1.5 x l o  

1 107 
3.1 x 10 

7.2 x BO 

8.0 x POll 

5 

5 
7 g.0 x l o  

170 
25 

goo0 
12 

a U.S. Bureau of Mines, Mineral Fac t s  and Problems, B u l l e t i n  650, 1970 
ed. 

U . S .  Geological Survey, Geological Survey Profess iona l  Paper 600, 
Wineral-Resource Appraisals"  (1968'). 

b 

The cumulative world demand f o r  beryl l ium and bismuth a l s o  cannot 
1 be met by known world r e s e r v e s -  

niques must be  developed t o  rep lace  t h e  present  hand-cobbing of pegmatite 

Heindl concludes t h a t  mechanical tech-  

. . . . . . . . %.:.x." 
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o r e s  t o  recover  beryl ,  i f  t h e  cumulative world demand €or  beryl l ium t o  

t h e  year  2000 i s  t o  be met. Such improved mining techniques would make 

a v a i l a b l e  PQQ,QOO tons  of beryl l ium a t  o r e  p r i c e s  504 g r e a t e r  than t h e  

present  c o s t .  

Current world reserves  of bismuth a r e  inadequate t o  meet t h e  cumu- 

l a t i v e  world demand t o  t h e  year  2000. 

concent ra t ion  i n  the  e a r t h ' s  c r u s t  

r e f i n i n g  o t h e r  metals,  p r i n c i p a l l y  lead  and copper. In orde r  t o  meet 

t h e  demand, it i s  necessary t h a t  new base  meta l  ores,  from which by- 

product bismuth can be obtained, be developed, and t h a t  more e f f e c t i v e  

recovery and r ecyc le  techniques be employed. Current o r e  r e se rves  a r e  

inadequate  t o  m e e t  t h e  h igh  range of t h e  cumulative 1968-2008 primary 

demand f o r  lead, so  t h a t  development of new base metal  o r e s  may be ex- 

pected t o  occur .  It should be noted, however, t h a t  t h e  development sf 

t h e s e  a d d i t i o n a l  lead  resources  w i l l  r e q u i r e  a continued expansion of 

t he  use of t e t r a e t h y l  lead  i n  gasol ine,  which i s  i n  c o n t r a d i c t i o n  t o  

cu r ren t  t r ends  

Bismuth does not  occur  i n  high 

and i s  recovered a s  a byproduct i n  

4 -0  PREDICTED GROWTH I N  DEMAND FOR MSBR MATERIALS 

Table 4 summarizes; t he  est imated growth i n  MSBR i n s t a l l e d  e l e c t r i -  

c a l  capaci ty ,  and the requirements for Hastebloy-N and c a r r i e r  ezilt,  

through the year  2880. ?Me MSBR installed e l e c t r i c a l  capac i ty  i s  assumed 

t o  grow according t o  the  r e l a t i o n :  

where P i s  t h e  megawatts ( e l e c t r i c a l )  generated by mol ten-sa l t  b reeder  

r e a c t o r s  a t  t i m e  T, i n  years ,  a f t e r  195. This  func t ion  i s  an  at tempt  

t o  r ep resen t  growth i n  MSR genera t ing  capac i ty  p red ic t ed  by t h e  Systems 

Analysis  Task Force f o r  a power economy i n  which gas-cooled f a s t  b reeder  

r e a c t o r s  and plutonium-fueled mol ten-sa l t  conve r t e r  r e a c t o r s  c o n s t i t u t e  a. 

l a r g e  f r a c t i o n  of t h e  genera t ing  capac i ty .5  

resources  i n  the  year  2000 a s  a r e s u l t  of t h i s  growth func t ion  i s  com- 

pared wi th  t h e  est imated world demand f o r  t hese  m a t e r i a l s  i n  Table 5. 
Except f o r  the two elements thorium and hafnium, the MSBR demand f o r  

The MSBR dernand f o r  n a t u r a l  



Table 4. Estimated Growth of M§BR Installed Electrical Capacity and Demand for 
Hastellay-N and Carrier Salt to the Year 2000 

Fue Saltb 
3 

Year New Capacity 
[lQ3 m(e)1 

Installed Capacity (10 tons) 

[IQ3 W(e)1 Per year Cumulative Per year Cumulative 

1986 5 5 5-6 5.6 1.2 1.2 

1990 16 58 18.1 63.2 4.0 14.1 

1995 24 a64 26.7 176 -3 6.6 43.6 G 

2000 30 301 33 -6 323 -7’ P-1 91.6 

aIncludes 1.12 x 103 tons of Hastelloy-N per 1000 W(e) installed capacity plus re- 
placement of reactor vessel head every four years* 

b Includes 225 tons of salt inventory of nominal composition 72-16-12 mole $ LiF-BeF2- 
ThFl plus replacement of 8.8 tons/yr of fuel salt per 1000 M(e) installed capacity 
opetating at a 0.8 load factor. 
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.... . ... . (ii ..... ... . ..- Tabhe 5 .  Range of Year 2 0  Estimated World Primary Demand f o r  
MSBR Mate r i a l s  

USBM Estimatedb 
MSBR Demanda World Primary Demand MSBR Demand 
(tons/year ) ( t sns /year  ) World Demand 

Element 

Fuel Salt L i  

Be 

Ti% 
P 

Haste 1 Poy -N N i  

No 

6r  

Pe 

Pin 

T i  

Nb 

H .E 

Other B .i 

B 

4 1.5-2.1 x 10 
3 1.6-3.0 x i o  

6 

6 

(1.2-8.1 x noS)C 

2.2-3.0 x EQ 5 

7.0-9.3 x 10 

1.1-1.6 x PO 

2.7-5.6 x 10 6 
8 

I 

b 0.7-1.1 x i o  

3.4-4.8$ 
w 3 $  

lC9$ 
0.04 -0.06% 

1.5 -2 .0$ 

d 

0 e 16 -0 26% 

0.04% 
-lo -4$ 
0 002% 

0 .osg$ 
0.12 -0.26% 

2 1 4 5 %  

6.3 -10 ~ 3 %  
0.1-0 -2% 

a Roy C. Robertson,, O W L  Reactor Division, personal  communication, e s t i -  
mates 30 new MSBRs i n s t a l l e d  i n  the  year  2000. 

U.S. Bureau of Mines, Mineral  Fac ts  and Problems, 1970 ed. 

Low f o r e c a s t  assumes t h e  absence of nuc lear  r e a c t o r s  opera t ing  on t h e  
thorium f u e l  cyc le .  High f o r e c a s t  a n t i c i p a t e s  an  expanding nuc lear  
economy based on t h e  thorium cyc le .  

b 

c 

dKatio i s  based on high range of f o r e c a s t  wor ld  primary demand. 

.. . .... .....:...% .... :.xw 
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m a t e r i a l s  c o n s t i t u t e s  only a small f r a c t i o n  of t h e  est imated world de- 

mand. The f a c t  t h a t  NSBRs would account f o r  49% of the  world consump- 

t i o n  of thorium i s  simply the  r e s u l t  of t he  assumption t h a t  MSBRs would 

r ep resen t  a l a r g e  f r a c t i o n  of the  e l e c t r i c a l  genera t ing  capac i ty  i n  t h e  

year  2000. 

nium t h a t  would r e s u l t  from t h e  assumed MSR economy r e f l e c t s  t h e  f a c t  

t h a t  t h e  world demand f o r  hafnium i s  very small a t  p resent  and i s  not  

expected t o  grow rap id ly .  Hafnium i s  obtained i n  q u a n t i t i e s  f a r  ex- 

ceeding world demand from o r e s  from which zirconium i s  recovered. It is  

a n t i c i p a t e d  t h a t  MSBR requirements would not, of themselves, p lace  a 

severe  s t r a i n  on t h e  world capac i ty  t o  produce any of t h e  raw m a t e r i a l s  

shown i n  Table 5 .  

The r e l a t i v e l y  l a r g e  f r a c t i o n  of t he  world demand f o r  ha f -  

The cumulative world demand f o r  c e r t a i n  MSBR m a t e r i a l s  during the  

r e s t  of t h i s  century is  predic ted  t o  be q u i t e  l a r g e .  Table 6 compares 

t h e  cumulative requirements f o r  n a t u r a l  resources  necessary t o  s u s t a i n  

t h e  assumed MSBR economy, and t o  s a t i s f y  t h e  a n t i c i p a t e d  range of t h e  

world primary demand. Again, except f o r  thorium and hafnium, t h e  MSBR 
cumulative demand i s  expected t o  represent  only a small  f r a c t i o n  of t h e  

world demand. However, t h e  world demand f o r  f luo r ine ,  beryll ium, and 

bismuth i s  expected t o  exceed t h e  known world r e se rves  of t h e s e  ma te r i -  

a l s ,  and t h e  world demand f o r  s e v e r a l  o t h e r  m a t e r i a l s  (no tab ly  830, Nn, 

N i ,  and L i )  i s  expected t o  severe ly  d e p l e t e  world reserves. 

cases  of f l u o r i n e  and bismuth, t h e  cumulative demand may even exceed t h e  

a n t i c i p a t e d  w o r l d  resources  - 

I n  t h e  

5 * Q  DISCUSSION OF RESULTS 

A survey has  been made of t h e  r e se rves  of ,  and f u t u r e  demand for ,  

n a t u r a l  resources  of p a r t i c u l a r  importance t o  t he  MSBR program. These 

da t a  have been compared wi th  m a t e r i a l  requirements necessary t o  s u s t a i n  

a growing MSBR power economy. It was found t h a t  s u f f i c i e n t  r e se rves  of 

beryll ium, bfsmuth, and thorium a r e  a v a i l a b l e  t o  b u i l d  only a few thou- 

sand MSBRs, even i f  all t h e  reserves  of t hese  m a t e r i a l s  a r e  committed t o  

KSBR cons t ruc t ion .  Also, reserves  of f l u o r s p a r  ore,  t h e  p r i n c i p a l  raw 
.<. . . ... u., 
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Table 6. Period 1968-2000 Estimated World Primary Demand for %BW Materials 

Cumulative 
Cumulative World Demand 

Element MSBR 1985 -2000 World 1968-2000 MSBR Demand World Demand World Resources + 
Cumulative Demand Cumtulati-ve Demand a 

World Demand World Reserves World Reserves 
(tons) (tons) ($1 ($1 ($1 

Fuel Salt %i 
Be 
Th 
F 

Ni 
MO 

Cr 
Fe 
Mn 
Ti 
Nb 
Bf 

Other Bi 
B 

7.3 x 10 
2.1 x 

4.0 

lQlc 5 

x 
4.2 

1Q4 
x 10 

2.5 x 10: 
3-Y x ‘04 
2.3 x 10 
6.5 x 10 3 

6.5 x lo2 
1.6 x 103 
3.2 x 10~ 
3.2 x 10’ 

5.2 x 10; 
1*5 x 10 

2.7-3.3 x 10; 
3.0-4.3 x 104 
2.3-8.4 x 10 
1.2-1.4 x lo8 

2.4-2ey x 10; 
4.2-5.0 x 108 
o.y-l-1 x lOlO 
1.7-2.1 x 108 
3.9-4.6 x ‘cl6 
1.9-4.4 x 10 
2.7-4.0 x 105 
1.9-2-y x 10 3 

2-3 
5-7 

4gb 
0.03-0.04 

0.8-1.~ 
0.8-0.9 

0 2 
Cl0 :e 

<IO -5 
0.04-0.08 
~1.08-0.12 

11-17 

1.4-1.8 x 10~ 
1.4-1.8 x 107 

2.9-3*7 
0.08-0.1 

36-44 
250-360 
4.5-16 
500 -600 

?I; 1;; 
11-14 
17-21 
53 -63 

1.2-2.9 
2.7-4.0 
0.6-0.9 

140 -180 
20-25 

1.9-2.‘( 
a.7-6.3 
180 -210 

3 -4 
2-3 

78 -100 

"U-Se Bureau of Mines, Mineral Facts and Problems, 1970 ed. 

bRatiio based on high range of forecast world cumulative demand. 



mate r i a l  f o r  recovery of f luo r ine ,  a r e  being r ap id ly  depleted by non- 

MSBR app l i ca t ions .  The following sec t ions  summarize United S t a t e s  

Bureau of Mines information on reserves ,  mining technology, appl ica t ions ,  

and p o t e n t i a l  resources  of t hese  fou r  m a t e r i a l s .  

5 - 1 Beryllium 

Beryllium occurs  a t  an average concent ra t ion  of about 6 p a r t s  per  

m i l l i o n  i n  t h e  e a r t h ' s  c r u s t ,  and i s  an e s s e n t i a l  c o n s t i t u e n t  i n  some 

40 minera ls .  Beryl, be r t r and i t e ,  phenacite,  b a r y l f t e ,  and chrysoberyl  

a r e  t h e  most common beryl l ium minerals ,  but  be ry l  (gBeO*Al 0 ~6si0,) i s  

t h e  s o l e  c o m e r c i a l  source of beryl l ium. When pure, be ry l  con ta ins  

about 1476 beryl l ium oxide o r  about 5% bery l l ium metal .  

is hand so r t ed  t o  o b t a i n  c r y s t a l s  and lumps of be ry l  conta in ing  about 

11% BeB, o r  4% beryl l ium. 

2 3  

Commercial b e r y l  

The wor ldDs  p r i n c i p a l  commercial sources  of b e r y l  a r e  heterogeneous 

g r a n i t e  pegmatites,  where t h e  mineral  occurs  i n  r i c h  zones, u sua l ly  con- 

t a i n i n g  only a few thousand tons  of pegmati te  rock. Occasional ly  peg- 

m a t i t e s  a r e  mined f o r  be ry l  alone, but more o f t e n  be ry l  i s  recovered a s  

a byproduct of fe ldspar ,  mica, and o t h e r  minera ls .  Pegmatite depos i t s  

a r e  mined by d r i l l i n g  o r  b l a s t ing ,  then  hand-cobbing t h e  b l a s t e d  rock, 

a procedure by which bar ren  rock i s  broken o f f  wi th  hand hammers and 

discarded,  and t h e  va luable  minerals ,  inc luding  bery l ,  recovered. 

Beryl, fe ldspar ,  and some o t h e r  pegmati te  minera ls  have d e n s i t i e s  so 

nea r ly  t h e  same t h a t  i t  i s  d i f f i c u l t  t o  s epa ra t e  b e r y l  by mechanical 

means. Thus, all commercial be ry l  i s  hand-cobbed, and c r y s t a l s  l e s s  

than  one inch i n  s i z e  a r e  not  u sua l ly  recovered. It i s  est imated t h a t  

only one-third of t h e  be ry l  i n  an average depos i t  i s  recovered by t h e  

hand methods now i n  use .  

The United S t a t e s  primary demand f o r  bery l l ium i n  1968 was 328 
tons; and t h e  rest-of- the-world demand was 150 tons.  The range sf t h e  

United S t a t e s  demand f o r  beryl l ium i n  t h e  year  2000 i s  expected t o  be l % g O  

to 1740 tons,  and the range of rest-of-the-world primary dema~d. i n  t h e  y e a r  

2000 i s  predic ted  t o  be 400 t o  1300 tons .  Beryllium i s  used, p r i n c i p a l l y  
. . . . . . . ...... ~... . I 
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i n  t h e  form of beryll ium-copper a l loys ,  i n  switchgear,  welding appara-  

tus ,  computer equipment, and r ad io  and t e l e v i s i o n  equipment. Few d a t a  

a r e  a v a i l a b l e  on world beryl l ium reserves ,  which a r e  roughly est imated 

t o  be 12,000 tons .  Domestic reserves  of pegmatite o r e s  c o n t a i n i n g . a t  

l e a s t  I$ b e r y l  a r e  only about 400 tons .  

tons  of  beryl l ium contained i n  lower-grade pegmatite o r e s  found i n  North 

Carolina,  and 27,000 tons  of contained bery l l ium i n  b e r t r a n d i t e  d e p o s i t s  

i n  Utah. I n  t h i s  country, a t t e n t i o n  i s  being given t o  recovering b e r y l -  

lium from these  l a t t e r  depos i t s .  It is est imated t h a t  15,000 tons  of 

t h e  bery l l ium i n  b e r t r a n d i t e  a t  Spor Mountain, Utah,could be recovered 

a t  no change i n  o r e  pr ice ,  and t h a t  an a d d i t i o n a l  25,000 tons  could be 

recovered a t  a i nc rease  i n  o r e  p r i ce .  The cos t  of t h e  o r e  i s  a 

small  p a r t  of t h e  cos t  of t h e  metal ,  so t h a t  t h e  p r i c e  of t h e  meta l  i s  

a c t u a l l y  expected t o  decrease  about 20% by t h e  yea r  2000 a s  t h e  r e s u l t  

of improved e x t r a c t i v e  technology and from economies of s c a l e .  The c o s t  

of t h e  f luo r ide ,  which i s  in te rmedia te  between t h e  c o s t  of t h e  contained 

beryl l ium i n  t h e  o r e  and t h e  cos t  of t h e  re f ined  metal ,  should show no 

l a r g e  p r i c e  inc rease  during t h i s  per iod.  

However, t h e r e  a r e  some g0,OOO 

5 * 2  Fluor ine  

 he p r i n c i p a l  f luor ine-conta in ing  minera ls  a r e  f l u o r s p a r  ( C ~ P  >, 2 
c r y o l i t e  (Na A1F6), and phosphate rock. 

r i n e  mineral ,  i s  mined i n  this country and abroad, wi th  domestic re- 

sources  of about 5.4 m i l l i o n  tons  of contained f l u o r i n e  and r e s t - o f - t h e -  

world resources  of 33.4 m i l l i o n  tons .  

depos i t  a t  I v i g t u t ,  Greenland, was exhausted i n  1963, but s tockp i l ed  o r e  

i s  a v a i l a b l e  t o  supply needs f o r  15 t o  20 years .  F luor ine  compounds may 

be recovered from phosphate rock, but,because of t h e  high cos t  of recov- 

e r i n g  t h e  f luo r ine ,  most of t h i s  m a t e r i a l  is neu t ra l i zed  and d iscarded .  

Th i r ty - f ive  percent  of  t h e  f l u o r i n e  consumed i n  1968 was used i n  t h e  

form of HF t o  manufacture f luorocarbon compounds. Th i r ty - th ree  percent  

of t h e  fluoi-ine consumed was i n  t h e  form of f l u o r s p a r  f o r  use  as  a f l u x  

i n  t h e  s t e e l  industry,  where from 3 t o  12 l b  of f l u o r s p a r  i s  requi red  

p e r  t o n  of  s t e e l  produced, depending on t h e  process .  Fluorine,  i n  t h e  

Fluorspar ,  t h e  p r i n c i p a l  f l u s -  3 

The only known n a t u r a l  c r y o l i t e  



form of c r y o l i t e ,  i s  used by the  aluminum indus t ry  t o  d i s s o l v e  alumina 

f o r  e l e c t r o l y s i s .  This  use accounted €or  18 percent  of t h e  1968 fluq- 
r i n e  demand. 

and i s  expected t o  r i s e  t o  2 * 1  t o  2.7 m i l l i o n  tons  by t h e  yea r  2000. 

Rest-of-the-world demand f o r  f l u o r i n e  i n  1968 was 1.2 m i l l i o n  tons  and 

i s  expected t o  r ise  t o  5.0 t o  6.6 m i l l i o n  tons.  Domestic resources  s f  

f l u o r i n e  a r e  expected t o  be depleted i n  25 years ,  and rest-of- the-world 

resources  a r e  expected t o  be exhausted i n  l e s s  than  20 y e a r s e  &wearer, 

i t  i s  bel ieved t h a t  technologica l  advances i n  explor ing f o r  f l u o r s p a r  

depos i t s  w i l l  be made so t h a t  a s u f f i c i e n t  supply of f l u o r s p a r  w i l l  be 

a v a i l a b l e  t o  meet t h e  demand through t h e  year  2006 a t  an inc rease  i n  o r e  

c o s t  of  about 33%. 

The domestic demand f o r  f l u o r i n e  was 646,000 tons  i n  1968 

Bismuth i s  a r e l a t i v e l y  r a r e  element, occur r ing  i n  t h e  e a r t h ? s  

c r u s t  a t  a concent ra t ion  of about O e l  p a r t  p e r  m i l l i o n .  It i s  found i n  

t h e  minera ls  bisrnite ( B i  0 > and b ismuth in i te  ( B i  S >, which occur  i n  
2 3  2 3  

low concent ra t ion  i n  o r e s  throughout t h e  world. A s  a r e s u l t  of t h e  low 

concent ra t ion  of bismuth i n  most o resg  depos i t s  a r e  not  mined f o r  t h e  

bismuth content  a lone.  Most bismuth i s  recovered a s  a byprsduct of t h e  

mining and processing of o t h e r  minera ls  conta in ing  small  amounts of b i s -  

muth. The technology of bismuth e x t r a c t i o n  and r e f i n i n g  i s  we l l  e s t a b -  

l i s h e d  i n  connection wi th  l ead - re f in ing  p l a n t s .  The bismuth i n  lead 

ores ,  concentrates ,and f l u e  dus t  i s  c o l l e c t e d  i n  t h e  lead bul l ion ,  from 

which it i s  recovered. About 50$ of t h e  bismuth consumed i s  used a s  am 

a l loy ing  m a t e r i a l  i n  f u s i b l e  a l loys ,  s p e c i a l t y  aluminum, and mal leable  

iron and s teel .  

pharmaceut icals  and cosmetics.  The United S t a t e s  and rest-of- the-world 

primary demands f o r  bismuth i n  t h e  yea r  1968 were 1100 and 2700 tons,  

r e spec t ive ly .  The range of t h e  U.S. primary demand f o r  bismuth i n  t h e  

year  2000 i s  expected t o  be 1400 t o  2300 tons .  

requirements f o r  t h e  year  2000 a r e  expected t o  grow t o  5400 t o  5300 tons .  

GJorld r e se rves  of  bismuth a r e  es t imated t o  be 100,800 tons,  a q u a n t i t y  

which i s  i n s u f f i c i e n t  t o  s a t i s f y  t h e  cumulative world demand far bismuth 

Another 40$ of t h e  bismuth csnsumption i s  f o r  use  i n  

The rest-of- the-world 
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t o  t h e  yea r  2000. P o t e n t i a l  bismuth resources  i n  t h e  U.Se and f i f t e e n  

fo re ign  coun t r i e s  surveyed by the  Bureau of Mines t o t a l  82,000 t a n s .  

I n  o rde r  t o  meet t h e  cumulative world demand f o r  bismuth through t h e  

year  2000, i t  i s  necessary t h a t  new base metal  o r e  r e se rves  (from which 

bismuth i s  obtained a s  a byproduct) be developed. Domestic r e se rves  of 

bismuth from lead o r e s  t o t a l  l 4 , O O O  tons .  

resources  of $000 tons  a r e  a s soc ia t ed  wi th  marginal lead  ores ,  and add i -  

t i o n a l  resources  t o t a l i n g  14,000 tons  a r e  assoc ia ted  wi th  o t h e r  base 

meta l  o r e s .  The production of bismuth i s  c l o s e l y  r e l a t e d  t o  t h e  demand 

f o r  lead, so t h a t  it is  necessary f o r  t h e  demand f o r  lead  t o  inc rease  

i n  o r d e r  t h a t  a d d i t i o n a l  lead  and a s soc ia t ed  bismuth resources  be deve l -  

oped. 

t e t r a e t h y l  lead  in gasol ine,  t h e  t rend toward low-lead gaso l ine  may r e -  

t a r d  t h e  development o f  bismuth resources .  

would have t o  be met by developing resources  a s soc ia t ed  wi th  copper and 

z inc  o r e s .  

P o t e n t i a l  domestic bismuth 

Since 20$ of t h e  lead demand i n  t h e  year  I968 was f o r  use a s  

I n  t h i s  case, bismuth demand 

5.4 Thorium 

Thorium i s  a widely d i s t r i b u t e d  element, having an abundance of BO 

t o  20 p a r t s  pe r  m i l l i o n  i n  t h e  e a r t h ' s  c r u s t .  It i s  found i n  t h e  form 

of t h e  minera ls  t h o r i a n i t e ,  Tho2, and t h o r i t e ,  ThSiOlt, and may be asso-  

c i a t e d  wi th  varying amounts of UO and UO Monazite, an important 

thorium-bearing mineral ,  i s  a r a r e - e a r t h  phosphate which may a l s o  con- 

t a i n  up t o  18$ Tho2. 
Aus t ra l i a ,  Ceylon, Indonesia, Malagasy Republic, Malaysia, t h e  Republic 

of South Afr ica ,  Canada, and t h e  United S t a t e s .  Pasnsazite i s  gene ra l ly  

recovered from r i v e r  and beach sands by p l a c e r  mining methods. The men- 

a z i t e  i s  concentrated,  chemical ly  processed t o  sepa ra t e  t h e  r a r e  ea r ths ,  

and p u r i f i e d  by so lvent  e x t r a c t i o n .  The p r i n c i p a l  uses  of thorium a r e  

i n  t h e  manufacture of  incandescent gas  mantles, t h e  paoduction of magne- 

sium-thorium a l loys ,  o t h e r  m e t a l l u r g i c a l  app l i ca t ions ,  and a s  a c a t a l y s t  

i n  t h e  petroleum and chemical i n d u s t r i e s .  World primary demand f o r  

thorium i n  1968 t o t a l e d  200 tons .  Should nuc lea r  r e a c t o r s  opera t ing  an  

t h e  23*Th-237hT f u e l  cyc le  prove successfu l ,  t h e  high range of t h e  w o r l d  

2 3' 

Monazite d e p o s i t s  a r e  found i n  India ,  Brazi l ,  



thorium demand f o r  t h e  year  2080 i s  predic ted  t o  be 8100 tons,  and the  

cumulative demand f o r  t h e  per iod 1968-2000 i s  expected t o  be 84,000 tons.  

World r e se rves  of thorium a t  $10 pe r  pound of ThQ 

world resources  a t  t h i s  p r i c e  a r e  p red ic t ed  t o  be almost one m i l l i o n  

tons .  Although it i s  apparent  t h a t  inexpensive thorium o r e s  w i l l  be a v a i l -  

ab l e  w e l l  i n t o  t h e  next  century,  even l a r g e r  q u a n t i t i e s  of thorium w i l l  be 

a v a i l a b l e  a t  h ighe r  p r i c e s .  

thorium resources  i n  t h e  United S t a t e s  as a func t ion  of t h e  c o s t  sf ThQ 
mibe da ta  on t h e  amount of ore a v a i l a b l e  i n  fo re ign  coun t r i e s  a t  h igher  

p r i c e s  a reno t  ava i lab le ,  i t  i s  be l ieved  t h a t  analogous q u a n t i t i e s  would 

be recoverable  a t  increased p r i c e s .  

a r e  590,000 tons,  and 2 

Table 9 s u m a r i z e s  t h e  magnitudes of t h e  

2’ 

8 

2 Table 7. Domestic Thorium Resources a s  a Funct ion s f  P r i ce  of ThQ 

Pr ice  Range pe r  Pound Reasonably Assured Estimated To ta l  
of Tho2 Re source s Ressurces 

($1 ( t o n s  1 (tons) 

under 10 

l o  -30 

30 -100 
BOO -500 

100,000 400,000 

100,000 200,660 

7,000,000 3 5 y 000,000 

l,00Oy 000,000 3 000 080 000 

as 
f 

Feb. 20 and 213 1963. 

6 e 0 CQNCEUS IONS AND RECOMMENDAT PONS 

The elements beryll ium, bismuth, and f l u o r i n e  have been i d e n t i f i e d  

a s  m a t e r i a l s  whose mineral  r e se rves  a r e  i n s u f f i c i e n t  t o  s a t i s f y  t h e  g re -  

d i c t ed  w o r l d  demand f o r  t hese  elements by t h e  yea r  2000, t hus  c r e a t i n g  

an economic s i t u a t i o n  which might not  f avor  t h e  growth s f  an  NSBR power 

economy. Of t hese  t h r e e  elements, t h e  out look f o r  bery l l ium i s  most 

promising. The domestic demand f o r  bery l l ium i s  met, a t  p resent ,  almost 
. ... . . . . . . . . 
_..<+l 



e n t i r e l y  by imports of beryl ,  which i s  mined from pegmatite o r e s  by 

pr imi t ive ,  hand s o r t i n g  methods. 

resources  of hand-cobbable beryl,  t h e  mineral  b e r t r a n d i t e  i s  found i n  

l a r g e  quan t i tFes  i n  the  western p a r t  of t he  United S t a t e s .  

ba-trz.Adi:e occurs  i n d e p o s i t s  a s soc ia t ed  wi th  minera ls  whose d e n s i t i e s  

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

ques a r e  f e a s i b l e .  I f  t h e  western U. S .  b e r t r a n d i t e  d e p o s i t s  a r e  deve l -  

oped successfu l ly ,  t h e  demand f o r  beryl l ium through t h e  year  2000 can 

be met wi th  no increase  i n  t h e  c o s t  of  beryl l ium meta l  o r  bery l l ium 

f l uo r ide .  

While t h i s  country does not  have l a r g e  

Unlike beryl ,  

The element f luo r ine ,  i n  t h e  form of f l u o r s p a r  and c r y o l i t e ,  i s  

used ex tens ive ly  i n  the  s t e e l  and aluminum i n d u s t r i e s .  F luo r ine  i s  

mined i n  t h e  form s f  f luorspar ,  a mineral  whose mining technology i s  

a l r eady  wel l  developed and h ighly  mechanized, so t h a t  g r e a t e r  produc- 

t i o n  v i a  improved mining technology i s  un l ike ly .  The U. S. Bureau of 

Mines be l i eves  t h a t  t echnologica l  advances i n  explor ing  f o r  f l u o r s p a r  

d e p o s i t s  and recovery of f l u o r i n e  from phosphate rock w i l l  r e s u l t  i n  an 

adequate supply of f l u o r s p a r  t o  the  yea r  2000 a t  about a 33s i nc rease  

i n  p r i c e .  The resources  of f l u o r i n e  contained i n  phosphate rock de-  

p o s i t s  i n  t h i s  country alone a r e  es t imated a t  2.8 x 10 

t i t y  which f a r  exceeds t h e  resources  of f l u o r s p a r .  

f l u o r s p a r  increases, it  i s - l i k e l y  t h a t  more e f f i c i e n t  u se  of  t h e  miner- 

a l  w i l l  be made i n  t h e  s t ee l  industry,  where t h e  q u a n t i t y  of fluorspar 

consumed p e r  t on  of s t e e l  v a r i e s  from 3 t o  12 l b .  Within the  MSR Pro- 

gram, it w i l l  be necessary t o  make e f f i c i e n t  use of f l u o r i n e .  

complete recyc le  of f l u o r i n e  i n  t h e  uranium removal system of  t h e  p re s -  

e n t  f lowsheet  i s  an example of t h e  type  of improvements requi red .  

Considerat ion should a l s o  be g iven  t o  d i sca rd ing  a ch lo r ide  waste s a l t  

r a t h e r  than  a f l u o r i d e  s a l t .  I n  t h e  year  2000, replacement of discarded 

s a l t  w i l l  account f s r  25% of t h e  f l u o r i n e  consumed by t h e  MSR economy, 

based on t h e  p re sen t  f lowsheet .  Also, a t  t h e  end of t h e  thir tymyear  

l i f e  of a reac tor ,  t h e  c a r r i e r  s a l t  a s  we l l  a s  t he  f i s s i l e  m a t e r h l  

should  be recovered and seeyal.ed tQ o t h e r  r e a c t o r s .  

by means of low-pressure d i s t i l l a t i o n ,  a process  whose technology has  
6 been demonstrated by Hightower e t  a l .  

% tons,  a quan- 

A s  t h e  p r i c e  of 

The 

Recovery i s  poss ib l e  

-- 
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Bismuth reserves  a r e  a l s o  i n s u f f i c i e n t  t o  meet t he  world cumula- 

t i v e  demand f o r  t h i s  metal  through the  year  2000. 

c l o s e l y  l inked t o  and l i m i t e d  by resources  and product ion of lead and 

copper. The supply va r i e s ,  therefore ,  according t o  the  demand f o r  

t hese  metals,  r a t h e r  than  according t o  t h e  independent requirements f o r  

bismuth. The r e l a t i v e l y  l imi t ed  and i n e l a s t i c  supp ly  has  prevented use 

of bismuth f o r  a p p l i c a t i o n s  r equ i r ing  s u b s t a n t i a l  q u a n t i t i e s .  I n  o rde r  

t o  meet t h e  demand f o r  bismuth, more e f f e c t i v e  recovery techniques,  i n -  

creased secondary bismuth recovery, and development of new base metal  

o r e s  a r e  requi red .  S u b s t i t u t i o n  of a l t e r n a t e  m a t e r i a l s  f o r  bismuth i n  

pharmaceuticals and cosmetics may reduce demand somewhat. A l a r g e  f r a c -  

t i o n  of t h e  bismuth inventory i n  t h e  MSBR processing p l a n t  i s  employed 

t o  d i s s i p a t e  t h e  r ad ioac t ive  decay hea t  from t h e  r a r e - e a r t h  f i s s i o n  

products  i n  t h e  metal  t r a n s f e r  system. The bismuth inventory necessary 

t o  ope ra t e  t h e  metal  t r a n s f e r  process  could be s i g n i f i c a n t l y  reduced i f  

another  means i s  used f o r  d i s s i p a t i n g  the  f i s s i o n  product decay h e a t .  

Bismuth supply i s  

Bismuth and f l u o r i n e  appear  t o  be t h e  two elements i n  t h e  MSBR 

f u e l  cyc le  which a r e  most vu lnerable  t o  dep le t ion  of l ow-cos t  n a t u r a l  

resources .  Present  e s t ima tes  by t h e  U. S .  Bureau of Mines a r e  t h a t  r e -  

s e rves  w i l l .  be expanded t o  meet t h e  demand f o r  t hese  m a t e r i a l s  through 

t h e  year  2QQ0. The a v a i l a b i l i t y  of t hese  materials beyond t h i s  po in t  

a t  p r i c e s  near  present  c o s t s  appears  q u i t e  unce r t a in .  Although b e r y l -  

lium reserves  which can be recovered by today 's  hand mining techniques 

a r e  small, l a r g e  resources  a r e  known t o  e x i s t ,  and it  i s  expected t h a t  

mechanical mining techniques can be developed t o  recover  bery l l ium from 

these  o r e s  a t  no increase  i n  t h e  c o s t  of beryl l ium f l u o r i d e  o r  b e r y l l i -  

um meta l .  

economy well beyond t h e  yea r  2000, end l a r g e  resources  of h ighe r  pr iced  

t h o r i a  a r e  ava i l ab le ,  so t h a t  f e r t i l e  m a t e r i a l  w i l l  not  be i n  s h o r t  

s u p p l y  i n  the  foreseeable  f u t u r e .  

Reserves of  $10/lb t h o r i a  a r e  adequate t o  supply an MSBR 

A l a r g e  f r a c t i o n  of t he  world r e se rves  of elements Li, $loJ N i ,  and 

Pan w i l l  a l s o  be consumed by the  year  2000. I n  a l l  cases,  t h e  MSBR de-  

mand €or  these  m a t e r i a l s  w i l l  be a small  f r a c t i o n  of t h e  world demand. 

Increases  i n  the  cos t so f  n i c k e l  and molybdenum t h a t  r e s u l t  when these  . .. . . . . . . . ~,....~, 
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r e se rves  a r e  depleted w i l l  have a g r e a t e r  adverse e f f e c t  on the  MSBR 

program than  on competing r e a c t o r  types,  because of t h e  r e l a t i v e l y  h igh  

conten t  of t hese  m a t e r i e l s  i n  Hastelloy-N and t h e  use of mol-jbdenuw a s  

a m a t e r i a l  of cons t ruc t ion  i n  the  processing p l a n t .  

W ( e )  LMFBR power p l an t  would r e q u i r e  about l 5$  of t h e  N i  and less  t h a n  

I$ of t h e  Mo i n  a n  MSBR.) It i s  possible ,  however, t h a t  r e se rves  of 

t hese  m a t e r i a l s  w i l l  be expanded s u f f i c i e n t l y  r ap id ly  t h a t  l a rge  i n -  

c r eases  i n  p r i c e  w i l l  not occur u n t i l  we l l  beyond t h e  year  2000. 

(A  t y p i c a l  1000- 

Considerat ion has  been given t o  the  e f f e c t  of l a rge  inc reases  i n  

the  p r i c e  of raw m a t e r i a l s  on the  f u e l  cyc le  cos t  of power produced by 

an  MSBW. The inventory and replacement charges  for a number of ma te r i -  

a l s  a r e  given i n  'Table 8 €or  a IQOQ-baW(e) MSBR a s  p re sen t ly  envisioned. 

Table 8. Inyentory and Replacement Charges f o r  
Mate r i a l s  i n  a ~OOO-MW(~) MSBR 

Mat 

...... ...,.,.,.. fl ... ._. 

Be 39 -2 5 - 1  0.2 0.010 b 

Th 8.6' 99.1 6.3 0 .ogo 
F 0.5 162.9 2 -9 Q .ow5 

Iilastelloy-N 10.80~ 1120 LO 0.514 

B i  6 17.4 0 0.004 

a Assume inventory charge of 14% per annum and 0.8 p l a n t  f a c t o r .  

bCost of contained bery l l ium based on a c o s t  of BeF of $7.50/lb. 2 
C Cost of contained thorium based on a cos t  of ThF4 of $6.5o/Ib. 

average cast sf H ~ S ~ ~ I I O ~ - N  based on f i n i s h e d  shapes coa t ing  $8 t o  
$20/lb a 

a 

These da t a  show t h a t  an increase  i n  t h e  p r i c e  of beryll ium, f l u o r i n e ,  OK 

bismuth by a n  o rde r  of magnitude would inc rease  t h e  f u e l  cyc le  C Q S ~  by 
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at most 0.1 mill/kWhr. 
c rease  i n  f u e l  cyc le  c o s t  would a l s o  be about 0.1 mill/kWhr. 

of n a t u r a l  l i t h i u m  i s  about $1/Lb which, compared t o  t h e  p r i c e  of 

i s o t o p i c  separa t ion ,  i s  q u i t e  small. An increase  of an o rde r  of magni- 

tude i n  t h e  cos t  of n a t u r a l  l i t h i u m  would r e s u l t  i n  an inc rease  i n  f u e l  

cyc le  c o s t  of only 0.1 mill/kWfar. 

nents  of Hastelloy-N, which has a va lue  of  about $E/Pb, bu t  which is 

es t imated  t o  cost  $8 t o  $20/lb when f ab r i ca t ed  into f in i shed  shapes4 

An i nc rease  of 100% i n  the  cos t  of n icke l ,  t h e  major c o n s t i t u e n t  of 

Hastelloy-N, would r e s u l t  i n  an increase  i n  f u e l  cyc le  c o s t  of on ly  

0.05 mill/kWhr. 

I f  t he  p r i c e  of Tho r i s e s  t o  $gQ/lb, t he  i n -  2 
The cos t  

The ease  i s  s i m i l a r  wi th  the compo- 

I n  summary, t h e r e  i s  no n a t u r a l  resource i n  such s h o r t  supply t h a t  

it would render  t h e  development of molten s a l t  r e a c t o r s  u n a t t r a c t i v e .  

World reserves  of some ma te r i a l s  requi red  f o r  the MSR Program a r e  being 

depleted,  bu t  new resources of these m a t e r i a l s  must be developed i n  

o r d e r  to supp ly  a w i d e  v a r i e t y  of consumers- Severa l  a r e a s  a r e  Fndi -  

ca ted  where e f f i c i e n t  r ecyc le  of m a t e r i a l s  w i th in  the  PER economy i s  

des i r ab le ,  but  such r ecyc le  i s  probably i n  the  d i r e c t i o n  of lower f u e l  

cyc le  c o s t s  even a t  p re sen t  market condi t ions ,  and w i l l  be included i n  

the MSR fuel. cyc le  for reasons o t h e r  than  conserva t ion  of n a t u r a l  re- 

sources .  
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