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INTRODUCTION . 

. , 

~ u c l e a r ' e l e c t r i  c a l  ' power c a p a c i t y  i s  . p ro j ec ted  ' t o  inc rease  r a p i d l y  'n 
the  U n i t e d  S ta tes ,  from about  15,000 megawatts i n  1973 t o  about  96OY~OO11a) 

6 megawatts, by the. yea r  2000. The power r e a c t o r s  expected t o  be used i n c l u d e  

.., . 
/ " L i g h t  Water Reactors (LWRs) , H i  gh-Temperature Gas Cool ed Reactors .(HTGRs) . .  . 

and Fas t  Breeder Reactors  (FBRs) , p r i n c i p a l  l y  t h e  1  i q u i d  meta l  coo led  
type.  The nuc lea r  p r o j e c t i o n  by r e a c t o r  t ype  . is  shown i n  F igu re  I .. As 
shown, t h e  LWRs a r e  t h e  ma jo r  r e a c t o r  t ype  expected t o  be produc ing power. 

.',, ... - The a c t i v i t i e s .  i n  ' t h e  genera t ion  o f  nuc lea r  power a r e  w i t h i n  t h e  nuc lea r  
f ue'l cy.cl,.e'.' . , 

. .. .. . 

. . . .. The components of t h e  nuc lea r  f u e l  c y c l e  a r e  shown i n  F i g u r e  11, which ,, . ' 
' 

. .: b a s i c a l l y  represen ts  t h e  c y c l e  f o r  L i g h t  Water Power Reactors (LWRs). .The 
1og i . s t i c s  o f '  f u e l  i n  t h i s  c y c l e  s t a r t s  w i t h  t he  m in ing  o f  uranium, then  ...; 
goes on t o  t h e .  t h r e e  p rocess ing  s teps t o  upgrade t he  qua1 i ty  o f  t h e  fue l  . . 

( m i l  1  i ng ,  convers ion,  and enr ichment) ,  through t h e  f a b r i c a t i o n  f fue l  e l e -  
ments and use o f  these t o  prbduce e l e c t r i c a l  energy, t o  t h e  r e p r  54 ess ing  
of t h e  spent  f u e l  and t h e  d isposa l  o f  reprocess ing  res idues .  I n  t h e  p ro -  . . 

cess o f  p roduc ing  f u e l  e i t h e r  f rom min ing  and r e f i n i n g  uranium o r  i n  r e c y c l e  
o f  f i s s i o n a b l e  m a t e r i a l s  recovered i n  reprocess ing,  r a d i o a c t i v e  wastes a r e  

. . " generated .2 These wastes c o n s i s t  o f  such t h i n g s  as rags,  sweepings, boxes, 

. , 

' p i p i n g ,  f i1 ters ; 'spent  r e s i n s ,  e t c . ,  contaminated w i t h  smal l  amounts o f  
' ' uranium, .p lu ton ium and f i s s i o n  products .  However, t he  .average concentra-  

t i o n  o f  r a d i o a c t i v e  m a t e r i a l s  i n  ' these wastes w i l l  be low.. S i m i l a r  waste 
, . 

streams a r e  a l s o  generated a t  t h e  r e a c t o r  p l a n t s  an'd t he  , reprocess ing 
. ?  

f a c i l i t y .  The volume o f  t h i s  t ype  o f  non-h igh- leve l  waste generated i n  

*; the  va r i ous  s teps o f  t h e  f u e l  c y c l e  i s  severa l  hundred t imes l a r g e r  than 

a. Th i s  i s  a  r ecen t  downward r e v i s i o n  i n  AEC r e p o r t  WASH-1 139 (74 ) .  
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t he  volume of h igh- leve l  waste. Other r a d i o a c t i v e  waste streams associated 
w i t h  t h e  nuclear  fuel  c y c l e  inc lude c ladd ing h u l l s ,  used equipment and t h e  
h igh - leve l  waste t h a t  resu l  t s  from reprqcessing. The management of t h i  s  
l a t t e r  waste stream i s  the  sub jec t  of t h i s  r e p o r t .  

HIGH-LEVEL WASTE PROJECTIONS 

The i r r a d i a t e d  o r  "spent" fuel  discharged from nuclear  reac to rs  w i l l  
be chemical ly  processed a t  fuel reprocessing p lan ts  t o  recover the  s i g n i f i -  
cant  amount of va luable "unspent" f i s s i l e  and f e r t i l e  ma te r ia l s  f o r  recyc le .  
As an example, i r r a d i a t e d  enriched uranium L i g h t  Water Reactor (LWR) f u e l s  
t y p i c a l l y  conta in  about 30 percent of the  o r i g i n a l  f i s s i l e  uranium and t h e  
f i s s i l e  p lutonium t h a t  i s  produced b.y r e a c t o r  i r r a d i a t i o n .  Typ ica l  cons t im7  
tuents O f  high- l eve l  1 i q u i d  wastes from t h e  reprocessing of i r r a d i a t e d  f u e l s  
from LWR, LMFBR, and HTGR p l a n t s  are shown i n  Table I. This  t a b l e  was devel- 
oped f o r  aqueous a c i d i c  wastes from f i r s t - c y c l e  so lvent  e x t r a c t i o n  where 
the  a d d i t i o n  o f  chemicals t h a t  could be troublesome i n  subsequent s o l i d i f i -  
c a t i o n  'processes i s  minimized. Troublesome chemicals inc lude the' water 
soluble,  v o l a t i l e ,  o r  co r ros i ve  species o r  those t h a t  r e s u l t  i n  segregation 
o r  phase separat ion du r ing  s o l i d i f i c a t i o n .  

Under present regu la t i ons  , 3  t h i s  h igh- leve l  waste must be s o l i d i f i e d  
p r i o r  t o  shipment t o  a Federal repos i to ry .  By the  year 2000, about 480,000 
cubic f e e t  of s o l i d i f i e d  h igh - leve l  waste w i l l  be accumulated. Th is  amount 
of ma te r ia l  w i l l  generate approximately 600 megawatts of decay heat from 
some 140,000 megacuries of r a d i o a c t i v e  res idue.  The heat w i l l  decay t o  
e s s e n t i a l l y  i n s i g n i f i c a n t  l e v e l s  w i t h i n  t h e  f i r s t  1000 years; hnwever, t h e  
prles'ence o f  long-1 i ved  isotopes ( p r i m a r i l y  ac t i n ides )  extends the  per iod  
of waste management i n t o  a much longer t ime span--perhaps as much as a 
m i l l i o n  years. 

WASTE MANAGEMENT P L A E  

Present AEC plans  c a l l  fo r  t'he AEC t o  recei.ve and manage these wastes 
i n  r e t r i e v a b l e  and moni t o r a b l e  storage f a c i l  i t i e s  u n t i l  one o'r more methods 
f o r  u l t i m a t e  d i  sposa'l have, been selected a n d  developed .4 Permanent manage-. 
ment methods w i ' l l  be developed from var ious conc'epts now under study. The 
feas i  bi.1 i ty, technical .  s ta tus ,  sa fe ty  analysis, development requirements, 
schedules and.costs are  being projected t o  p roper l y  assess each concept 
and prov ide data f o r  s e l e c t i o n  o f  the most promising concepts. 

P a r t i t i o n i n g  p r i o r  t o  d isposal  i s  a key element i n  c e r t a i n  of t h e  con- 
ceptual  waste management systems. D i v i d i n g  the  h igh- leve l  waste i n t o  two 
f rac t ions ,  one i n  which the  major content  o f  r a d i o a c t i v e l y  t o x i c  ma te r ia l s  
w i l l  d im in i sh  t o  very  low l e v e l s  i n  about a thousand years and the  other ,  { 

much smal l e r  i n  q u a n t i t y  and heat generat ion r a t e ,  b u t  conta in ing  long-1 i v e d  



TABLE I 

TYPICAL MATERIALS IN HIGH-LEVEL LIQUID WASTE 

Reprocessi  nq 
Chemicals Hydrogen 

I r o n  
N i c k e l  
Chromi um 
S i  1  i c o n  
L i t h i u m  
Boron 
Molybdenum 
A1 umi num 
Copper 
Bora te  
F l i  t r a t e  
Phosphate 
S u l f a t e  
F l u o r i d e  

Grams/MT from Reactor  Tvne ( a )  

L~IR(.C ) H T G R ( ~ )  L M F B R ( ~ )  

S u b - t o t a l  63,500 452,000 3TUJDU 

Fuel  Pr d u c t  
L o ~ s e s ? ~ ~ g  Uranium 4,800 250 4,300 

Tho r i  um - - 4,200 - - 
P lu ton ium 4  0  1  ; 000 500 

Sub- t o t a  1  4,840 5,450 4,800 . . 

. . T ransuran ic  

~ l e l ! i e n t s ( g )  Neptunium 480 1,400 260 
Anier i c  i um 140 30 1,250 
Curium 4  0  10 50 

- . '  
Sub- t o t a l  660 1,440 - 1  ,560 

Other  ~ c t i n i d e s ( 9 ) .  c0.  001 2  0  .<0.001. 

. ~ o t a l  F i  s s i o n  Products  i h )  

TOTAL 103,000 538,000, . 419,000 

Water c o n t e n t  i s  n o t  shown; a l l  q u a n t i t i e s  a r e  rounded. 
Most c o n s t i t u e n t s  a r e  p resen t  i n  s o l u b l e ,  i o n i c  form. 
U-235 e n r i c h e d  PWR, us ing  378 l i t e r s  o f  aqueous waste p e r  m e t r i c  t on ,  33000 
MWd/MT exposure. ( I n t e g r a t e d  r e a c t o r  power i s  expressed i n  megawatt-days 
[Mwd] p e r  u n i t  o f  f u e l  i n  m e t r i c  t ons  [MT]. ) 
Combined waste f rom separa te  rep rocess inq  o f  " f r e s h "  f u e l  and f e r t i l e  p a r t i c l e s ,  
u s i n g  3,785 l i t e r s  o f  aqueous waste pe r  m e t r i c  t on ,  94,200 PIWd/MT exposure. 
Mixed co re  and b l a n k e t ,  w i t h  boron as s o l u b l e  po ison,  10% o f  c l a d d i n g  d i sso l ved ,  
1,249 1  i t e r s  pe r  m e t r i c  ton ,  37,100 MHd/Ml average exposure.  
0.5% p roduc t  l o s s  t o  waste. 
A t  t i m e  o f  rep rocess ing .  
V o l a t i  l e  f.i s s i o n  prnd11c.t.s ( t . r i  t.ilrm, nnh le  rlases, i o d i n e  and hromino) excluded. 



mate r i  a1 s, subs tan t i a l  l y  , increases the  waste management op t ions .  The sho r t -  
l i v e d  f r a c t i o n s  would then decay t o  become r a d i o a c t i v e l y  nontox ic  i n  r e l a -  
t i v e l y  s h o r t  t imes--t imes s h o r t  enough t o  perhaps consider  long-term s t o r -  
age such as i n  manmade s t ruc tu res .  The l o n g - l i v e d  f r a c t i o n  cou ld  be 

- considered f o r  t reatment  by o the r  management systems. To produce a sho r t -  
l i v e d  waste f r a c t i o n  which would decay t o  n e g l i g i b l e  r a d i o a c t i v e  t o x i c i t y  
i n  about 1,000 years would r e q u i r e  removal o f  t he  a c t i n i d e  elements, samar- 
ium, technetium, t i n ,  i od ine ,  and n i c k e l  ( r a d i o a c t i v e  n i c k e l  p resent  due t o  i 

d i s s o l u t i o n  o f  some noncore components). 

Sol i d i f i c a t i o n  o f  ~ i g h - ~ e v e l  Waste 

Present Federal r e g u l a t i o n s  r e q u i r e  t h a t  t h e  l i q u i d  h igh - leve l  waste 
f rom f u e l  reprocessing be converted t o  a s o l i d  m a t e r i a l  and be encapsulated 
p r i o r  t o  sh ipp ing  t o  a Federal r e p o s i t o r y  f o r  long-term management by the  
AEC. For conceptual design studies,  the s o l i d i f i e d  h igh- leve l  waste i s  
assumed t o  be encased i n  s t e e l  can i s te rs  t y p i c a l l y  12 inches i n  diameter 
and 10 fee t  long, each con ta ine r  ho ld ing  6.3 cub ic  f e e t  o f  s o l i d  waste. 
The p ro jec ted .and  annual accumulation r a t e s  o f  volumes o f  s o l i d i f i e d  
waste conta ined i n  can i s te rs  o f  t h i s  s i z e  a r e  shown i n  F igure  111.5 By 
t he  yea r  2000, t he  volume of s o l i d  h igh - leve l  waste i n  terms o f  t he  number 
of c a n i s t e r s  w i l l  number about 75,000. 

Four so l  i d i  fi c a t i o n  processes have been developed i n  the  Uni ted States 
t o  t h e  p o i n t  o f  r a d i o a c t i v e  demonstrat ion on an engineer ing scale:6 

Spray S o l i d i f i c a t i o n  

0 F l u i d i z e d  Bed C a l c i n a t i o n  

s Pot Calcination 

e Phosphate Glass S o l i d i t i c a t i s n  

In .  a1 1 f o u r  processes,. heat i s  app l i ed  t o  d r i v e  o f f  v o l a t i l e  cons t i  tu'ents ,. 
p r i m a r i l y  water and n i t r a t e s ,  r e s u l t i n g  i n  e i t h e r  a ca l c ined  s o l i d  o r  a 
lnel t t h a t  w i  11 - coo l  t o  .a mono1 i t h i  c s o l  i d .  

The Waste F i x a t i o n  Program (WFP),7 an AEC Program i n  progress a t  t he  
P a c i f i c  Northwest Laboratory t o  develop and demonstrate s o l i d i f i c a t i o n  of  
h igh - leve l  waste, has as i t s  c h i e f  goal t o  p rov ide  technology fo r  repro-  
cessors by developing and eva lua t i ng  f i n a l  waste forms and developing 
app rop r ia te  waste so l  i d i  f i ca ti on techno1 ogy . Developed systems w i  11 be 
taken a l l  t h e  way through a r a d i o a c t i v e  demonstrat ion phase. S o l i d  waste 
forms from these demonstrat ions w i l l  be s tud ied  t o  determine the  e f fec ts  
o f  t ime  and envi ronment. 

' 

The cu r ren t  emphasis o f  the  WFP i s  t o  p rov ide  e a r l y  ~ o l l d l f l c a t l o n  
technology by work ing w i t h  s i l i c a t e  g lass o r  ceramic systems. As these 
s o l i d s  have had the  g rea tes t  development e f f o r t  on a worldwide basis ,  
development.of .. -. . acceptable systems t o  . produce . .. . . . -- t he  s o l i d s  should be near- 
term. The s i l i c a t e  s o l i d s  should o f f e r  a vas t  improvement i n  waste 
management safety over l i q u i d s  o r  ca l c ined  s o l i d s .  



I n  an e f f o r t  p a r a l l e l  t o  the  s i l i c a t e  s o l i d ,  development s tud ies  are  
aimed a t  determin ing and developing a waste form w i t h  even b e t t e r  conf ine-  
ment p rope r t i es .  An example of t h i s  would be a m u l t i p l e - b a r r i e r  m a t e r i a l .  
This  cou ld  i n v o l v e  5over ing small pieces of s o l i d  waste w i t h  a p r o t e c t i v e  
coat ing.  The coated s o l i d s  cou ld  then be dispersed i n  a p r o t e c t i v e  ma t r i x .  
Fur ther  p r o t e c t i o n  could be prov ided by ou ter  wrappers. 

R e t r i  evabl e Surface Storage Faci 1 i ty (RSSF) 

For ' r e t r i e v a b l e  and moni t o r a b l e  s torage'  o f  sol'idi f i e d  .high-1 eve1 waste 
i n  a sur face f a c i  1  i t y ,  several  a1 t e r n a t i v e  RSSF concepts based on the  
enclosed bas in  o r  v a u l t  t.ype o f  s torage w i t h  a i r  o r  water c o o l i n g  of t h e  
waste a re  being developed by the A t l a n t i c  R i c h f i e l d  .Hanford Company f o r  the  
~ ~ c . 8 . 9  s e l e c t i o n  of a f i n a l  concept and s i t e  i s  a n t i c i p a t e d  l a t e r  t h i s  year .  

The Ret r ievab le  Surface Storage Faci 1 i ty (RSSF) w i  11 comprise f a c i  1  i - 
t i e s  f o r  r e c e i v i n g  and i nspec t i ng  packaged wastes from fuel  processors and 
f a c i l i t i e s  f o r  safe ly  s t o r i n g  these wastes. The f a c i l i t y  w i l l  be designed 
t o  h o l d  sa fe l y ,  f o r  a t  l e a s t  100 years, if necessary, a l l  of t h e  commercial 
h igh - leve l  waste produced i n  the  Uni ted States a t  l e a s t  through the  year  
2000. . ' 

B a s i c a l l y  t h ree  RSSF concepts a re  under cons idera t ion  by the  AEC, the 
Water Basin Concept, t he  Air-Cooled Vau l t  Concept, and the  Sealed Cask 
Concept. 

I n  t he  Water Basin Concept, the  can is te rs  a re  s'tored i n  w a t e r - f i l l e d  
s ta in less -s tee l  -1 ined concrete basins. The concept cons i s t s  of th ree  major 
elements: the waste r e c e i v i n g  and handl i n g  f a c i l i t y ;  the storage f a c i l i t y ,  
a  se r i es  o f  w a t e r - f i l l e d  concrete basins i n  which t h e  wastes would be . 
placed fo r  c o o l i n g  and long-term su rve i l l ance ;  and the  heat r e j e c t i o n  . 
f a c i l  i t i e s  , ( fo rced-dra f t  c o o l i n g  towers).  

I n  t he  ~ i r - c o o l e d '  Vau l t  Concept, the  waste can is te rs  would be sealed 
by weld ing them i n s i d e  another carbon s t e e l  conta iner .  This  assembly i s  
then placed i n s i d e  concrete v a u l t s  t o  be cooled by na tu ra l  d r a f t  convec- 
t i o n .  The th ree  major  elements o f  ' the concept a re  t h e  waste r e c e i v i n g  and 
handl i n g  f a c i l i t y ,  the '  welding and t e s t i n g  f a c i l i t i e s ,  and the  c a n i s t e r  
storage c e l l  s  . . . 

I n  t h e  sealed Storage Cask Concept, the  can is te rs  would be sealed i n  
'steel, .-casks wh ichwou ld  be s to red  outdoors on concrete pads and i n s i d e  
concrete neutron sh ie lds  .as shown i n  F igure  I V .  Heat would be d i s s i p a t e d  
from the  casks by n a t u r a l  convect ion a i r f l o w ,  through the  annul us between 
the  cask and the  neutron s h i e l d .  The th ree  major elements of the  concept 
a re  the4 waste r e c e i v i n g  and handl i n g  f a c i  1  i ty , the  storage cask weld ing 
and t e s t i n g .  f a c i  1  i ty , and the  outdoor waste cask storqge areas. 



P o t e n t i a l  Future A1 t e r n a t i v e s  

A v a i l a b i l i t y  o f  a safe storage mode f o r  storage o f  wastes f o r  per iods 
on the  order  of 100 years w i l l  prov ide adequate t ime f o r  development of an 
u l  t ima te  disposal concept. 

For t h i s  reason, an extensive program i s  under way t o  i d e n t i f y ,  evaluate 
and p p s s i b l y  demonstrate f e a s i b l e  a l t e r n a t i v e - d i s p o s a l  techniques f o r  l a t e r  
use. Studies of d isposal  i n  bedded and domed s a l t  formations as w e l l  as 
dispos,al i n  o ther  geologic 'media have been and are  being conducted by Oak 
Ridge Nat ional  Laboratory f o r  the  A E C . ~ O , ~ ~  Studies o f  o the r  a l t e r n a t i v e s  
for-managing h igh- leve l  waste are  being conducted by B a t t e l l e ;  P a c i f i c  

' # .  ~ o r t h w e s t  Laborator ies ( ~ a t t e l  l e - ~ o r t h w e s t )  f o r  t he  AEC . I2  There a re  l a r g e  
depos i ts  o f  .rock s a l t  i n  var ious l oca t ions  i n  the  U.S. The s a l t  mine con- , 

c.ept i s  based upon the  p r i n c i p l e .  o f  i s o l a t i n g  the  hi,gh-level wastes i n  a , 
.s,tablee' underground s a l t  formation. Studies are  under way t o  evaluate and 

, .'demonstrate safe and competent, r e c e i v i n g  , hand1 i ng, emplacement, and 
r e t r i e v a l  operat ions as w e l l  as p rov id ing  means t o  demonstrate the  ade- 
quacy.o f  a n a l y t i c a l  techniques used t o  p r e d i c t  t h e  long-term s t a b i l i t y  o f  
s a l t  and o ther  geologic formations when they conta in  heat-producing' waste. 

. .ADVANCED WASTE STUDIES CONDUCTED BY BATTELLE-NORTHWEST 

The AEC has commissioned B a t t e l l  e-Northwest t o  make a comprehensive 
' evaluat l ion o f  a l l  p o t e n t i a l l y  a t t r a c t i v e  d isposal  concepts. The purpose o f  
' th ' i  s e v a l u a t i o n i  s t o  i d e n t i f y  f e a s i b l e  and p o t e n t i a l  l y  f e a s i  b1.e long- 
term waste management systems and t h e i r  components, evaluate the  s a f e t y  o f  
these sysfems, i d e n t i f y  the  research and development necessary f o r  t h e i r  
establ ishment, and estSmate the  schedule and costs associated w i t h  se lec ted 
systems. , . This work has been publ ished i n  summary form13 and i n  d e t a i l  .I4 

Three basic types o f  waste management concepts are  under study: 
- ( I )  d isposa l  on ear th,  ( 2 )  d isposal  i n  space, and (3 )  conversion by nuclear  
processes c a l  l e d  transmutat ion. The e a r t h  d isposal  concepts i n v o l  ve use o f  
geologic formations, i c e  sheets and the  seabed. The space d isposal  concept 
i nvo lves  t ranspor t i ng  waste t o  var ious o r b i t s  o r  t r a j e c t o r i e s  i n  space. 
Transmutation invo lves  e l i m i n a t i o n  o f  some o f  t he  more o f fens i ve  waste 
nucl  ides  by nuclear  t r a n s i t i o n .  A1 te rna t i ves  w i t h i n  these categor ies are  
1 i s t e d  ' i n  Table 11. 

Study '~e t t i o ' do l  ogy 

The o v e r a l l  method o f  ana lys i s  by which each d isposal  concept and i t s  
waste management system elements were s tud ied i s  presented b r i e f l y  i n  t h i s  
sect ion.14 The r e l a t i o n s h i p s  among the  major study elements a re  shown i n  
F igu re  V .  



TABLE I 1  

CONCEPTS UNDER STUDY FOR HIGH-LEVEL 
RADIOACTIVE WASTE MANAGEMENT 

A. PROCESSING 

P a r t i t i o n i n g  ( a )  

Geologic 

Mined C a v i t y  
Nuclear  Cav i t y  
Deep Ho 1 e 
D r i l l e d  Hole M a t r i x  
Manmade S t r u c t u r e s  i n  

0 Geologic Formations 
Hydraul  i c  F r a c t u r i n g  

B. DISPOSAL ON THE EARTH 

Seabed I c e  Sheet 

S tab le  Deep Sea F l o o r  I c e  B u r i a l  - Free Flow 
Subduct ion Zones and Ice Bur , ia l  - Anchored 

Deep Trenches I c e  Sur face  Fac i  1 i ty  
Rapid Sedimentat ion 

Areas 

C. DISPOSAL OFF THE EARTH 

E x t r a t e r r e s t r i a l  

S o l a r  Impact 
E a r t h  and So la r  O r b i t  
So la r  Escape t o  Deep Space 

D. . ELIMINATION 

Transmu t a t i o n  

Accel e r a t o r  
F i s s i o n  Reactor 
Nucl ear  Expl o s i  ve 
Cont ro l  1 cd Thcrmonucl ear  Reactor 

(Fus ion  Reactor)  

a. P a r t i t i o n i n g  i s  a chemical sepa ra t i on  o f  waste c o n s t i t u e n t s  i n t o  two 
f r a c t i o n s : .  one which con ta ins  t h e  l o n g - l i v e d  a c t i n i d e  elements and 
one which con ta ins  t h e  f i s s i o n  products .  V a r i a t i o n s  f rom t h i s  bas ic  
d e f i n i t i o n  a r e  a l s o  i nc l uded  i n  t he  s tudy.  



The waste management concepts were f i r s t  developed t o  t h e  d e t a i l  needed . t o  d e s c r i b e  them f o r  o v e r a l l  i n v e s t i g a t i o n s  and i n  genera l  were s t u d i e d  on 
a  sys temat ic ,  gener ic  bas i s .  Concepts were g e n e r a l l y  developed on t h e  r e f e r -  
ence b a s i s  o f  hav ing  t h e  c a p a b i l i t y  t o  handle t h e  waste f rom a  p l  n t  which 
reprocesses 5  m e t r i c  t ons lday  (1825 MT/yr) o f  spent  nuc lea r  fue l .?a)  Th i s  
r e f e r e n c e  c a p a c i t y  was then  sca led  up as a  f u n c t i o n  of  t ime  t o  accommodate 
t h e  t o t a l  need f o r  t h e  U.S. nuc lea r  economy through t h e  yea r  2000. 

A f t e r  t h e  va r i ous  d i sposa l  concepts were def ined,  t h e  t e c h n i c a l  fea-  
s i b i l i t y  o f  each p o t e n t i a l  concept was determined i n  t h i s  s tudy  by answering 
t h e  ques t i ons :  

1 )  Can t he  d i sposa l  concept  be implemented u s i n g  t oday ' s  technology? 

2 )  O r  can t h e  d i sposa l  concept be implemented w i t h  f u t u r e  technology 
based upon c u r r e n t  t heo ry?  

3 )  can  the  d i sposa l  concept  p r o v i d e  t h e  po. tent ia1 f o r  c o n f i n i n g  o r  
e l  i m i n a t i n g  t h e  waste over  t he  r e q u i r e d  t ime  pe r i od?  

4 )  Does t h e  concept  have a  favorab le  energy balance? 

Those few concepts t h a t  d i d  n o t  pass t h i s  t e c h n i c a l  f e a s i b i l i t y  t e s t  
( i  .e. , some t r ansmu ta t i on  and space d isposa l  v a r i a t i o n s )  were r e j e c t e d  f rom 
f u r t h e r  s tud ies .  Once t he  t e c h n i c a l  f e a s i b i l i t y  of  a  concept was es tab l i shed ,  
t h e  o t h e r  elements were s t u d i e d  i n  p a r a l l e l .  

The p o t e n t i a l  f o r  system s a f e t y  was scanned f o r  each concept.  A  sample 
sa fe ty  a n a l y s i s  was performed f o r  one gene r i c  t ype  of  geo log ic  d isposa l  con- 
c e p t  t o  develop and t e s t  t h e  s a f e t y  a n a l y s i s  methodology. 

S a f e t y  i s  a  ma jo r  c o n s i d e r a t i o n  i n  dec i s i ons  on t h e  use o f  any p o t e n t i a l  
d i s p o s a l  scheme. An accep tab le  o p t i o n  must p rov ide  adequate p r o t e c t i o n  du r -  

' i n g  o p e r a t i o n a l  phases and p rov ide  t h e  necessary i s o l a t i o n  d u r i n g  t h e  d i s -  
posa l  phase. For t h i s  s tudy  " sa fe t y "  i s  equated d i r e c t l y  t o  t he  p o t e n t i a l  
r i s k  t o  man t h a t  c o u l d  r e s u l t  i f  t h e  d isposa l  o p t i o n  were implemented. 

As shown i n  F i g u r e  V I ,  t h e  o v e r a l l  m a t r l x , s t a r t s  w i t h  d e f i n i n g  t h e  yen- 
e ra1  c h a r a c t e r i s t i c s  o f  t h e  d i sposa l  concept.  The n e x t  s t ep  i s  e v a l u a t ~ o n  
of t h e  most l i k e l y  sequences o f  f a i l u r e  events  l e a d i n g  t o  r e l ease  o f  r a d i o -  
a c t i v e  m a t e r i a l s  t o  man's environment and de te rm ina t i on  of  t h e  p r o b a b i l i t y  
o f  these sequences t a k i n g  p lace .  The n e x t  s t ep  f o l l o w s  t he  most l i k e l y  
sequences through t h e  p h y s i c a l  and chemical processes r e q u i r e d  t o  r e l ease  
t h e  waste c o n s t i t u e n t s  i n t o  man's immedfate envfronraent. The chdr.dcLer.isls'cs 
o f  t h e  waste must be d e a l t  w i t h  p a r a m e t r i c a l l y  a t  t h e  t ime  t h e  c r i t i c a l  

a. H igh - l eve l  waste produced i s  about 1900 l i t e r s / d a y  as aqueous waste. 
T h i s  q u a n t i t y  amounts t o  45,625 m e t r i c  tons o f  f u e l  reprocessed d u r i n g  
t he  assumed 25-year l i f e  o f  t he  p l a n t .  T o t a l  accumulated s o l i d  waste 
i s  i n  14,700 " t y p i c a l "  c a n i s t e r s  12 inches i n  d iameter  and 10 f e e t  l ong .  



event  takes p lace .  The gene r i c  s i t e  d e f i n e s  t h e  media ( g r a n i  t e ,  s a l t ,  sha le ,  
s o i l ,  a i r ,  water,  e t c . )  through which rad ionuc l  i des  must move. F i n a l l y ,  
based on t he  p o p u l a t i o n  as i n d i c a t e d  f o r  t h e  gene r i c  s i t e  and t h e  c a l c u l a t e d  
re l ease  r a t e ,  t h e  dose t o  t h e  sur round ing  p o p u l a t i o n  can be es t imated .  

The p r o b a b i l i s t i c  r i s k  t o  man can be determined by m u l t i p l y i n g  t he  
p r o b a b i l i t y  o f  t h e  event  t a k i n g  p l ace  t imes t h e  r a d i o l o g i c a l  dose if the  
even t  happened. By. comparing each of these doses w i t h  a p p r o p r i a t e  c r i t e r i a ,  
i t  can be determined whether o r  n o t  t he  r i s k  t o  man exceeds accep tab le  c r i -  
t e r i a .  I f  t h e  r i s k . l e v e 1  i s  unacceptably  h igh ,  changes c o u l d  be made i n . t h e  
concept . to  improve t h e  l e v e l  o f  r i s k .  I f  the  r i s k  f o r  a~  concept meets al.1 
c r i t e r i a ,  t he  concept w i l l  be cons idered t o  have met t h e  s a f e t y  requi rements.  

Environmental  cons ide ra t i ons ,  as i de  f rom t h e  p o t e n t i a l  r e 1  ease o f  r a d i o -  
a c t i v e  m a t e r i a l s ,  were reviewed such as o v e r a l l  e f f e c t s  on land ,  a i r ,  sea o r  
water  use. 

- The technology needs were assessed, and research  and development needs 
(scope, t ime,  and do1 l a r s )  were es t imated .  From the  research  and development 
t i m e  needs, the  t o t a l  t ime  f o r  implementat ion o f  each concept was es t imated .  

C a p i t a l  and ope ra t i ng  cos t s  were es t imated ,  us i ng  t h e  bas i c  assumption 
t h a t  . the necessary research  and development had been success fu l  l y  completed. 
Costs were es t imated  and summed f o r  t o t a l  waste management system a c t i v i t i e s .  
suc'h as p a r t i t i o n i n g ,  i n t e r i m  l i q u i d  and s o l i d  s torage,  sh ipp ing  and d i sposa l  

Major  p o l i c y  c o n f l i c t s  t h a t  a  concept would have w i t h  i n t e r n a t i o n a l  and 
n a t i o n a l  p o l i c i e s  were rev iewed such as agreements t h a t  p r o h i b i t  t he  use of  
the  oceans o r  the  A n t a r c t i c  c o n t i n e n t  f o r  waste d i sposa l .  The problems 
i n v o l v e d  w i t h  changes can then be weighed a g a i n s t  t h e  s a f e t y  and economic 
p o t e n t i a l s ' o f  . . a  p a r t i c u l a r  waste management concept.  

' The po ten t i ' a l  p u b l i c  response t o  a  chosen waste management scheme. was 
examined i n  a  p r e l i m i n a r y  p i l o t  t e s t .  Obvious ly  t h i s  i s  a  complex s u b j e c t  
and very  d i f f i c u l t  t o  eva lua te .  An i n i t i a l  s tudy  o f  methodology was designed 
t o ' i , d e n t i f y  those aspects  o f  t h e  waste management systems t h a t  m i g h t  be deemed 
most impo r tan t  by t h e  general  p u b l i c .  Wi th  f u t u r e  a n a l y s i s  i n  depth, in fo rma-  
t i o n  on p u b l i c  a t t i t u d e s  cou ld  be f a c t o r e d  i n t o  concept des ign.  The p u b l i c ' s  
acceptance o f  a  t e c h n i c a l l y  sound waste management system i s  a  most impo r tan t  
goa l .  ' ~ 

. , , .  

The f i n a l  p roduc t  o f  t h e  s tudy  i s  a  comp i l a t i on  o f  i n f o r m a t i o n  regard-  
i n g  t h e  e v a l u a t i o n  f a c t o r s  f o r  t h e  va r i ous  d isposa l  concepts.  The outcome 

. .6 f  each o f  these elements i s  descr ibed  i n  d i f f e r e n t  u n i t s .  Therefore,  t h e  
concepts canhot  be eva lua ted  by s imp l y  adding up t he  performance 1  eve1 by 
el'eiient's. Ins tead;  techniques a r e  be ing  developed f o r  f u t u r e  s tud ies  t o  
determine i f  a  d i sposa l  concept passes a  performance t e s t  f o r  each evalua-  
ti on' f a c t o r  1  i sted  . 



Geologic Disposal Concepts . . 

Geologic environments e x i s t  which have been phys ica l  l y  and chemical l y  
s t a b l e  f o r  mi 11 i ons  of years, are i s o l a t e d  from man's .environment, and can 
p o t e n t i a l l y  p rov ide  e f fec t i ve  b a r r i e r s  between waste and man's environment 
f o r  t he  t ime per iods required.  The basic requirement fo r  any geologic 
environment t o  be s u i t a b l e  f o r  d isposal  o f  r a d i o a c t i v e  waste i s  the  
c a p a b i l i t y  t o  sa fe ly  con ta in  the  emplaced r a d i o a c t i v e  ma te r ia l  u n t i l  decay 
has reduced the r a d i o a c t i v i t y  t o  nonhazardous l e v e l  s  . The geologic 
environment should (a)  be adequately f a r  removed from man's environment, 
(b )  n o t  permi t  waste t r a n s p o r t  r e a d i l y ,  ( c )  remain r e l a t i v e l y  s t a b l e  over 
geo log ic  t ime per iods,  and (d) adequately con ta ln  a h l g h l y  I m o b l l e  waste 
form. 

'The geologic d isposal  s tud ies  invo lved eva luat ion  o t  concepts w i t h  
v a r i a t i o n s  i n  emplacement systems and i n  geologic environments. The methods 
under cons idera t ion  f o r  d isposal  o f  r a d i o a c t i v e  waste i n  a given geologic 
fo rmat i  on inc lude:  

. . 

. ,  , .'I ) . P lac ing  s o l i d i f i e d  waste d i r e c t l y  i n t o  a geologic formation. 

. ,  . 2) P lac ing  s o l i d i f i e d  waste i n  manmade containment b a r r i e r s '  w i t h i n  
a geologic formation. 

. 3.) p l a c i n g  s o l i d i f i e d  waste i n  a geologic formation i n  a conf igura- 
t i o n  t o  a1 low t h e  waste t o  me1 t and form a rock-waste ma t r i x .  

. . ,  
Each o f  these bas ic  concepts has a number of va r ia t i ons ,  as l i s t e d  i n  
Table 111. Two pr imary d isposal  geometries, i .e., c a v i t i e s  and a d r i l l e d  
.hole, several  means f o r  forming c a v i t i e s ,  and several operat ional  mo.des 

, , 
were exami ned . 

I n  a l l  concepts t h e  f i n a l  waste form i s  a s o l i d .  I n  some concepts, 
waste i s  emplaced i n  the  geologic format ion as a l i q u i d  and converted i n -  
p lace t o  a s o l i d  form f o r  long-term disposal .  For concepts 5, 6, and 9, 
t h e  self-generated heat  w i t h i n  the  l i q u i d  waste i s  used t o  d r y  and me1 t 
t h e  waste and some of t h e  surrounding rock  which, when cooled, forms a 
s o l i d  waste-rock ma t r i x .  I n  concept 10, t he  1 i q u i d  waste i s  incorpora ted 
w i t h i n  a s e l f - c u r i n g  cement. 

Because o f  t he  p o t e n t i a l  hazards of shippinq aqueous h igh- leve l  waste, 
the  l i q u i d  emplacement concepts r e q u i r e  l o c a t i n g  the  fuel  reprocessing 
p l a n t  a t  t h e  d isposal  s i t e .  The s o l i d  emplacement concepts i nvo lve  t rans-  
p o r t a t i o n  o f  t h e  waste, a l ready converted t o  a s o l i d  a t  t he  f u e l  repro-  
cess i  ng p l  ant,  cross-country t o  a c e n t r a l  Federal d l  sposal s l  t e  , assumed 
t o  be separate from the  reprocessing p l a n t .  

Disposal o f  p rev ious l y  s o l i d i f i e d  waste i n  a convent iona l ly  mined cav- 
i t y ,  shown i n  Figure V I I ,  i s  one o f  the  more basic concepts under study and 



TABLE I 1 1  
. . ,  . . 

.+. .. 

CHARACTERISTICS OF GEOLOGIC DISPOSAL CONCEPTS 

Waste Form 
a t  Time o f  F l u i d  Waste-Rock 

. .' a concept Type o f  C a v i t y  Empl acement 

. . .. . , .. . 
Cool ing React ions 

,: " . , '  1 '  Mined Sol i d  No . . No . 
. . 

2 Mined Sol i d  Water Me1 t 
( a >  ( 4  - 3 Mined Sol i d  A i r  No. 

4 Mined (a ) Sol i d  Water (') NO 

5 Mined L i q u i d  ( b )  No Me1 t 

6 Exploded L i q u i d  ( b )  No Me1 t 

a: ,.:!,,: . , 7 M a t r i x  o f  Sol i d  N o  No 
D r i  11 ed Hol es 

c . i . - I  . 8 . Deep Hole Sol i d  N o  No/Mel t 
( d  ) 

t ' .  . .  
..,, . .. . . 9 Deep Hole L i q u i d  ( b )  No Me1 t 

10 Hyd ro f rac tu re  L i q u i d  ( b )  No No 

a. I nc l udes  underground manmade s t r u c t u r e s .  
b. A l l  l i q u i d  emplacement concepts i n v o l v e  i n -p l ace  convers ion  

t o  a  s o l i d  form. 
'c. Coo l ing  i s  p rov ided  f o r  an i n t e r i m  p e r i o d  o f  tens  o f  years  

u n t i l  t h e  hea t  genera t ion  r a t e  has decreased t o  a  p o i n t  
t h a t  me1 t i n g  w i l l  n o t  occur .  

d .  Th i s  deep h o l e  concept i s  s t u d i e d  f o r  bo th  m e l t i n g  and " .  
nonmel t ing  cases. 



i s  used here  t o  i l l u s t r a t e  a  geo log i c  d i sposa l  a l t e r n a t i v e .  I t  would use a  
b u i l d i n g  above ground t o  r e c e i v e  t h e  waste c a n i s t e r s  and t - r ahs fe r  them t o  
t h e  underground area. The waste c a n i s t e r s  a r e  p laced i n  s to rage  pods l o c a t e d  d 

. .. i n  1  i n e d  tunnels.. The s to rage  pods a r e  a i r - coo led , '  though o t h e r  means o f  
c o o l i n g  appear f e a s i b l e .  A f t e r  an a p p r o p r i a t e  t ime  p e r i o d  ( g e n e r a l l y  tens  
o f  y e a r s ) ,  t he  c o o l i n g  system can 'be s h u t  down and t he  r e p o s i t o r y  permanent ly 
sealed.  

A l l  geo log i c  concepts appear t o  b e . t e c h n i c a l l y  f eas ib l e .  C a v i t i e s  and 
ho les  ' c o u l d . b e  made today w i t h  t h e  p o s s i b l e  excep t ion  o f  t h e  v e r y  deep ho le .  
A  deep h o l e  cou ld  p robab ly  be d r i l l e d  today i n  areas w i t h  v e r y  low geothermal 
g r a d i e n t s ,  b u t  new technology i s  r e q u i r e d  f o r  t h e  moderate ly  l a r g e  ho les  
needed a t  t h e  g r e a t  depth (10  m i l e s )  and f o r  t he  h i gh  down-hole temperatures 
encountered a t  g r e a t  depth.  

Nuc lear  e x p l o s i v e  technology i s  a v a i l a b l e ,  b u t  e v a l u a t i o n  o f  t h e  s 4 g n l f i  - 
cance o f  f r a c t u r e s  t h a t  w i l l  be produced by t h e  de tona t i on  would be most 
d i f f i c u l t .  I t i s  n o t  c e r t a i n  whether s u f f i c i e n t  technology e x i s t s  today f o r  
implement ing t h e  waste-rock m e l t i n g  concepts .  M e l t i n g  can c e r t a i n l y  be accom- 
p l i s h e d ,  b u t  t he  conduct o f  t h e  mo l ten  mass and i t s  e f f e c t  on t h e  sur round ing  
media a r e  n o t  y e t  c e r t a i n .  

F i n a l  s e a l i n g  o f  t h e  access ho les  i s  r e q u i r e d  f o r  geo log i c  concepts f o r  
t h e  l o n g  t ime  p e r i o d  o f  concern. Such h i g h - i n t e g r i t y  sea l i ng ,  necessary t o  
m a i n t a i n  long- te rm i s o l a t i o n  o f  t h e  waste f rom man's environment,  has n o t  
been cons idered  he re to fo re  by  i n d u s t r y .  E x i s t i n g  s e a l i n g  techniques,mus.t  be 
t e s t e d  (and improved if. necessary). f o r  r a d i o a c t i v e  waste.  d i sposa l  . 

Key f a c t o r s  t o  a v o i d  i n  s i t i n g 1 5  a r e  areas w i t h :  1  ) p o t e n t i a l  f d r  
h y d r o l o g i c  t r a n s p o r t ;  2 )  usab le  groundwater; 3 )  seism.ic p o t e n t i a l ,  including 
f a u l t  d e n s i t i e s ;  4) resource  p o t e n t i a l ;  and 5)  s i g n i f i c a n t  p o p u l a t i o n  d e n s i t y .  

Of  t h e  va r i ous  geoh.ydrologic f a c t o r s  cons idered i n  eval i ia, t ing p o t e n t i a l  
s i t e s  f o r  d i sposa l  t h e  most impo r tan t  i s  h y d r o l o g i c  i s o l a t i o n ;  t h i s  i s  t o  ' 

assure  t h a t  the  waste w i l l  be e f f e c t i v e l y  con ta ined  w i t h i n  an accep tab le  
r a d i u s  o f  t h e  emplacement zone. To achieve t h i s  degree o f  h y d r o l o g i c  i s o -  
l a t i o n ,  ' t h e  hos t  r o c k  f o r  t h e  waste should e x h i b i t  a  v e r y  low p e r m e a b i l i t y  
and t he  s i t e  should be v i r t u a l l y  f r e e  o f  geo log ic  f a u l t s .  ' 

h  most s u i t a b l e  rock  media f r the  va r i ous  concepts cons idered appear 
t o  be ta7  1 )  i t u s i v e  igneous iocks?b)  (e.g., g r a n i t e )  o r  c r y s t a l l i n e  meta- 
morphic  r o c k s l c r ( e . g .  ,. q u a r t z i t e )  because o f  t h e i r  low permeabi l i t i e s  and 

a. No o r d e r  o f  p re fe rence  was e s t a b l i s h e d  i n  t h i s  s tudy  n o r  i s  i t  i m p l i e d  
here.  Much more i n f o r m a t i o n  i s  a v a i l a b l e  rega rd ing  d isposa l  i n  s a l t  
than  i n  these o t h e r  r o c k  media. 

b. I n t r u s i v e  igneous rocks  a r e  those formed by c o o l i n g  and s o l i d i f i c a t i o n  
o f  a  mol ten r o c k  mass t h a t  invaded t h e  e a r t h ' s  c r u s t  b u t  d i d  n o t  reach  
t h e  surface. 

c .  C r y s t a l l i n e  metamorphic i s  a  genera l  term used here f o r  t h e  more g ranu la r ,  
coarse-g ra ined  rocks  t h a t  have been changed i n  t e x t u r e  o r  compos i t ion  by 
heat ,  pressure,  o r  chem ica l l y  a c t i v e  f l u i d s  a f t e r  t h e i r  format ion.  



h igh  mechanical s t rengths,  2) s a l t ,  e i t h e r  i n  s t a b l e  domes o r  t h i c k  beds. 
becguse . o f  i t s  low permeabi 1 i ty  and se l  f - sea l  i n g  proper ty ,  and 3)  t u f f  . 

C, ., (welded .vo lcanic .ash) ,and shale because o f  t h e i r  very 1 ow permeabi 1 i t i e s  . ' 

and h igh  ion-exchange capac i t i es .  Sedimentary rocks o the r  than shale and 
s a l t ,  and vo lcan ic  rocks, exc lus i ve  o f  t u f f ,  a re  considered genera l l y  
unsu i tab le  f o r  waste emplacement because of t h e i r  p o t e n t i a l  f o r  h igh  
permeab i l i t ies .15  

Areas appearing p o t e n t i a l l y  s u i t a b l e  as-waste r e p o s i t o r i e s  based on 
t h i s  study. have n o t  been def ined.  The numerous o the r  geologic  f a c t o r s .  . 

' 

. important for, 'waste d isposal  cannot be covered w i t h i n  the  scope o f  t h i s  
paper. 

Overa l l  , disposal  o f  r a d i o a c t i v e  waste i n  geologic  format ions has 
the  p o t e n t i a l  o f  i s o l a t i n g  the waste from man's environment f o r  extended 
t ime per iods  (m i l  1 ions  o f  years) .  Ce r ta in  geologic  format ions can serve 
as e f f e c t i v e . b a r r i e r s  because o f  t h e i r  known long-term phys i ca l  and chem- 

. i c a l  s t a b i l i t y  and t h e i r  i s o l a t i o n  from man's immediate envi rons.  

Seabed Disposal Concepts 

D isposa1,o f  h igh - leve l  waste w i t h i n  t h e  f l o o r s  o f  t he  w o r l d ' s  oceans 
o f f e r s  another p o s s i b i l i t y  f o r  permanent i s o l a t i o n  o f  the  waste from man's 
.environment. The depth t o  the  f l o o r  o r  seabed would prov ide  i s o l a t i o n ,  and . . - . . -  . ,.... . 

'safety from n a t u r a l  d i s a s t e r s .  s.uch..as. s,torms, .-as wel'l as \  from planned o r -  
unplanned. d is turbance by man. The l a r g e  volume of seawater cou ld  he1 p cool  
t he  waste. The known htgh ion-exchange capac i t y  o f  t he  seabed sediments ---l 

would a i d  i n  immobi l i z ing  waste ma te r ia l  i f  any waste escape should occur. - 
.. . 

A number o f  seabed d isposal  concepts a re  being evaluated, b u t  a l l  a re  
b a s i c a l l y  t h e  same except f o r  the  s i t e .  The f o l l o w i n g  g e o l o g i c a l l y  d i s -  

0, t i n c t  types o f  s i t e s  on t h e  seabed a re  being considered: 

1. Stable Deep Sea Floor--areas such as deep ocean basins and abyssal 
p la ins ,  which are  considered g e o l o g i c a l l y  s tab le .  The waste would be 
placed i n  the bedrock below the  unconsol idated sedimentary cover.  

2.. Subduction Zones/Deep Sea Trenches--areas where, accord ing t o  c r u s t a l  
p l a t e  tec ton i cs  theory, one edge o f  c e r t a i n  c r u s t a l  p l a t e s  i s  moving.under 
the  o the r  c r u s t a l  p l a t e s  and down i n t o  the  e a r t h ' s  mantle. . The waste would 
be placed i n . t h e s e  t rench areas t o  be c a r r i e d  down, o r  subducted, i n t o  t h e  
e a r t h ' s  mant le w i t h  the  c r u s t a l  p la te .  

3.  High Sedimentation Rate Areas--areas where major r i v e r s  are  b u i l d i n g  
d e l t a s  i n t o  the ocean. The waste would be placed i n  the  bedrock below 
the accumulating d e l t a i c  sediments. 

- .  



The r a d i o a c t i v e  waste would be i n  a  s o l i d  form and enc losed i n  a  du rab le  
sea led  c a n i s t e r .  To f u r t h e r  i s o l a t e  wastes, t h e  c a n i s t e r s  would be p laced  
i n  prepared ho les i n  t h e  basement r ock  under t he  sea, a f t e r  which t he  ho les  
would be sealed. The depth o f  t h e  prepared ho les  would depend on t h e  na tu re  

a 
o f  t h e  seabed a t  t h e  d i s p o s a l  s i t e .  

A  schematic d e s c r i p t i o n  o f  t h e  seabed concept i s  shown i n  F i g u r e  V I I I .  
The p r e v i o u s l y  s o l i d i f i e d  and canned b u l k  waste1 f rom t h e  reprocess ing  p l a n t  
would be t r anspo r ted  i n  p r o t e c t i v e  casks t o  spec ia l  p o r t s  o f  embarkat ion 
f o r  i n s p e c t i o n  and p o s s i b l e  sho r t - t e rm  s to rage .  The waste would then  be 
t r a n s p o r t e d  i n  p r o t e c t i v e  casks by sh ips  t o  t h e  d i sposa l  s i t e  where a  num- 
b e r  o f  waste c a n i s t e r s  would be p laced  i n  each p r e d r i l l e d  h o l e  i n  t he  base- 
ment r o c k  from a  s p e c i a l  d r i l l i n g  p l a t f o r m  and t h e  upper s e c t i o n  o f  each 
h o l e  would be f i l l e d  w i t h  a  sea lan t .  

Implementat ion of t he  seabed d i sposa l  concepts i n  t h e  s t a b l e  deep sea 
areas and i n  t h e  areas o f  r a p i d  sed imenta t ion  c o u l d  be a t t a i n e d  w i t h  t o d a y ' s  
technology,  b u t  a  number o f  years  wou I d  be r e q u i r e d  t o r  development t o  prove 
t he  s a f e t y  o f  t h e  concept.  S i g n i f i c a n t  development of d r i l l i n g  and emplace- 
ment technology would be r e q u i r e d  t o  implement d i s p o s a l  i n  t h e  . ve ry  deep sea 
areas o f  t h e  t renches and t h e  subduct ion zones. F i n a l  s e a l i n g  of  t h e  d i sposa l  
ho les  t o  m a i n t a i n  i s o l a t i o n  f o r  t h e  l o n g  t ime  p e r i o d s  o f  concern would need 
t o  be t e s t e d  (and improved i f  necessary) f o r  r a d i o a c t i v e  waste d i sposa l  . 

~ e c a u s e  o f  t h e i r  r e l a t i v e  geo log i c  s t a b i l i t y ,  t h e  s t a b l e  deep areas a r e  
considesred the  p r e f e r r e d  areas f o r  seabed d i sposa l ,  based upon p resen t  know- 
ledge.  , Proper s e l e c t i o n  o f  s i t e s  i n  these areas could,  p rov ide  p o t e n t i a l  
i s o l a t i o n c  o f  r a d i o a c t i v e  waste f o r  ve ry  l o n g  t ime  periods.. These s t a b l e  
seabed areas a r e  cons idered  t o  be among t h e  most s t a b l e  geophys ica l  f e a t u r e s  
i n  t h e  e a r t h .  

O v e r a l l ,  d i sposa l  o f  r a d i o a c t i v e  waste i n  t h e  seabed has t h e  p o t e n t i a l  
f o r  i s o l a t i n g  waste from man's environment f o r  pe r i ods  i n  t h e  o rde r  o f  m i l -  
l i o n s  o f  years,  dependi ng upon c o n f  i r m a t i  on of  i n f e r r e d  i nformat i  on by f u t u r e  
seabed e x p l o r a t i o n .  

I c e  Sheet Disposal  concepts 

Concepts f o r  r a d i o a c t i v e  waste d i sposa l  i n  t h e  ma jo r  i c e  sheets  of  t h e  
w o r l d  (Greenland and . A n t a r c t i c a )  a r e  be ing  evaluated.  P o t e n t i a l  .advantages 
a re  g r e a t  t h i c k n e s s e s , o f  i c e ,  remoteness f rom man's a c t i v i t i e s ,  and low 

' 

1  i k e l  i hood fo r  f u t u r e  development. The i c e  c o u l d  p r o v i d e  e f f e c t i v e  d i r e c t  ' 
c o o l i n g  f o r  the waste and, a t  t h e  same t ime,  m a i n t a i n  i s o l a t i o n  from man's.. _ env i ronment .  

Three p o t e n t i a l  d i s p o s a l  concepts a r e  be ing  eva lua ted  f o r  t h e  i c e  
shee t  areas such as A n t a r c t i c a  o r  Greenland. 

1. Meltdown o r '  Free F low-- the waste c a n i s t e r  would he p laced i n  an i n d i v i -  
dual  sha l l ow  d r i l l e d  h o l e  i n  t he  i c e  and a1 lowed t o  me1 t down through t h e  
i c e  shee t  t o  bedrock.16 



2. Anchqred Emplacement--the waste c a n i s t e r  would.be p laced  i n  an i n d i v i -  
dual  s h a l l o w . d r i l l e d  h o l e . i n  t h e  i c e  b u t  connected t o  su r f ace  anchors by 
cables o r  chains,  which s top  i t s  descent and m a i n t a i n  i t s  p o s i t i o n  (500 . t o  
1500" fee t  below t h e  i c e  su r f ace )  f o r  up t o  about  100 years .  ... . . 

3. Surface S to rage ID isposa l - - the  waste cani .ster would be p laced  i n  a  tem- 
po ra ry  h o t  . c e l l  t ype  of  s to rage  f a c i  1  i ty  w i t h  jack-up p i e r s  on t h e  i c e  shee t  
su r face .  A f t e r  about 50 years,  t he  f a c i l i t y  would be .  a1 lowed t o  become 
covered by; accumulat ing snow and would be e v e n t u a l l y  b u r i e d  i n  t h e  i c e  sheet  
f o r  . . f i n a l  d i sposa l .  

A schematic d e s c r i p t i o n  of  t h e  i c e  sheet  concept i s  shown i n  F igu re  I X .  
I t  c o n s i s t s  of  t r a n s p o r t i n g  p r e v i o u s l y  s o l i d i f i e d  and canned b u l k  waste i n  
p r o t e c t i v e  casks from the  reprocess ing  p l a n t  t o  s p e c i a l  embarkat ion p o r t s .  
The waste would then be t r anspo r ted  i n  p r o t e c t i v e  casks by sh ips  t o  t h e  
edge o f  t h e  i c e  sheet  when t he  waste c a n i s t e r s  and casks would be o f f - loaded 
t o  a  debarka t ion  f a c i l i t y  near  t he  edge o f  t h e  c o n t i n e n t .  Surface v e h i c l e s  
would p rov ide  ove r - i ce  t r a n s p o r t  t o  t h e  d i sposa l  s i t e .  

A l l  i c e  sheet  d i sposa l  concepts cou ld  be implemented w i t h  t o d a y ' s  tech-  
nology, b u t  a  number o f  years  would be r e q u i r e d  f o r  development t o  prove 
the  s a f e t y  o f  any concept.  C o n t a i n e r i z a t i o n  , t r a n s p o r t a t i o n ,  and empl ace- 
ment cou.ld a l l  be accomplished by m o d i f i c a t i o n  o f  technology.  I n  a l l  con- 

, ,  cep ts  - f i n a l  s e a l i n g  of t h e  waste would be performed by n a t u r a l  r e f r e e z i n g  
o f  t he  wate r  around t h e  waste. 

. . 
. . Overal.1, d i sposa l  o f  r a d i o a c t i v e  waste i n  i c e  sheets  i s  c o n s i d e r e d . t o  
have an u n c e r t a i n  p o t e n t i a l  f o r  i s01  a t i n g  waste from man's environment,  

, depending l a r g e l y  on i c e  f l o w  r a t e s  and l a c k  o f  c e r t a i n t y  t h a t  t h e  i c e  
sheet  w i l l  remain i n  ex i s tence  f o r  1000 t o  1,000,000 yea rs .  Assuming t h e  
key ques t ions  can be answered f avo rab l y ,  d i sposa l  o f  r a d i o a c t i v e  waste i n  
i c e  sheets cou ld  have t h e  p o t e n t i a l  f o r  i s o l a t i n g  waste from man's env i r on -  
ment f o r  l ong  t ime  pe r i ods .  

a, 
E i t k a t e r r e s t r i a l  D i  sposal 

. . 

~ i s ~ o s a l  . o f  r a d i o a c t i v e  waste by removing i t  from t h e  e a r t h  w i t h  
r ocke t s  i s'.another p o t e n t i a l  d i sposa l  concept.  I f  a  s t a b l e  non-ear th  
i n t e r c e p t  t r -a jec 1ur.y u r  o rb1  t Chn be assured, e x t r a t e r r e s t r i a l  d i sposa l  
o f fe rs  a  method f o r  t h e  complete removal of long-1ive.d nuc lear  waste con- 

. s t i t u e n t s  from t h e  e a r t h .  The p r imary  unfavorable f ea tu res  a r e  t h a t  t h e  
concept dea l s  w i t h  o n l y  p a r t  o f  t h e  waste, t h e r e  a r e  p o s s i b l e  launch  

. sa fe ty  problems, r e t r i e v a b i l  i ty and m o n i t o r i n g  a r e  . d i f f i c u l t ,  and t h e r e  
. i s '  p o s s i b i  1  i ty  f o r  I n t e r n a t i o n a l .  disagreement.. 

' . . E x t r a t e r r e s t r i a l  d i sposa l  o f  t h e  t o t a l  waste c o n s t i t u e n t s  and o f  o n l y  
t h e  a c t i n i d e s  a r e  bo th  cons idered.  However, p r i m a r i l y  because o f  t h e  h i g h  
t r a n s p o r t  c u s t  per  u n l t  o f  we igh t ,  space d i sposa l  o f  j u s t  t h e  a c t i n i d e s  i s  
be1 ieved  t h e  most, p r a c t i c a l  scheme. The remain ing waste would have t o  be 
d isposed,  o f .  by.  some o t h e r  means. 



The launch deployment sequence u s i n g  a  s h u t t l e  and .a  t u g  i s  shown i n  
F i g u r e  X .  T y p i c a l l y ,  t h e  s h u t t l e  would be launched i n t o  a  low c i r c u l a r  
e a r t h  o r b i t .  From t h i s  o r b i t ,  t h e  t ugs  o r  upper s t a  e ( s )  would be launched 7 7 t o  c a r r y  t h e  waste package t o  i t s  f i n a l  des t i ' na t i on .  

The imp lementa t ion  o f  space d i sposa l  of  a c t i n i d e  waste c o u l d ,  be 
achieved w i t h  c u r r e n t  techno logy , .bu t  t h e  sa fe ty  o f  t h e  concept  cannot  y e t  
be es tab l i shed .  T h i s  technology i s  cons idered  t o  i n c l u d e  t h e  space s h u t t l e  
( w i t h  s e p a r a t e l y  r e t r i e v a b l e  and reusab le  l i f t - o f f - a s s i s t  r o c k e t s )  and ' the  
space tug ,  which a r e  advanced v e h i c l e s  b u t  which w i l l  use e x i s t i n g  engineer-  
i n g  technology.  

" The d e s t i n a t i o n  cons idered most l i k e l y  w i t h  c u r r e n t  chemical  r ocke t s  
i s  escape from t h e  s o l a r  system. Impact i n t o  t h e  sun cannot  be done w i t h o u t  
advanced technology o r  ve ry  complex 'swing-by 's  o f  o t h e r  p l a n e t s .  Solar ,  o r  
h i g h  e a r t h  o r b i t s  cannot  c u r r e n t l y  be assured f o r  pe r i ods  g r e a t e r  than about  
000 years'. '  The development o f  advanced technology v e h l c l  es ( e  .g. , i o n  

. . . . r ocke t s ,  s o l a r  s a i  l s, e t c .  ) cou ld  perhaps change the  p o t e n t f a l  destinations 
i n  space. 

Transmutat ion C o n c e ~ t s  

- .  Another  p o s s i b l e  approach t o  t h e  management of  r a d i o a c t i v e  waste i s  t h e  
use o f  n u c l e a r  processes themselves t o  change ( t ransmute)  t h e  hazardous long-  
l i v e d  r a d i o a c t i v e  waste c o n s t i t u e n t s  i n t o  s h o r t - l i v e d  r a d i o a c t i v e  waste o r  
non rad ioac t i ve  i so topes .  Transmutat ion i s  g e n e r a l l y  def ined as any process 
whereby a  n u c l i d e  absorbs o r  em i t s  r a d i a t i o n  and i s  thereby  transformed i . n t o  
ano ther  n u c l i d e .  I t  i s  t h e o r e t i c a l l y  p o s s i b l e  through use of n u c l e a r  p ro -  
cesses themselves t o  ach ieve  t h e  t ransmuta t ion .  

T l ~ e  r e s u l  ts o f  t h e  eva l  u a t i  on f o r  t h e  va r i ous  t r ansmu ta t i on  a1 t e r n a t i  ves 
a r e  summarized i n  Tab le  I V .  The a c c e l e r a t o r  dev ices  f a i l e d  t o  meet t e c h n i c a l  
feas i  b i l  i t y  c r i t e r i a  f o r  t r ansmu ta t i on  f o r  e s s e n t i a l l y  a l l  ca tego r i es  o f  
r a d i o a c t i v e  waste. The o n l y  p o s s i b l e  excep t i on  i s  t h e  use o t  a  s p a l l a t i o n  
neu t ron  source f o r  t r ansmu ta t i on  o f  i ong-1 i ved f i s s i o n  p roduc ts .  L i  kewi se,  
use of neu t rons  f r om a  thermonuclear exp los ion  does n o t  appear t e c h n i c a l l y  
f e a s i b l e .  The use of  f i s s i o n  and fus ion  r e a c t o r s  appears f e a s i b l e  f o r  t r a n s -  
m u t a t i o n  o f  a c t i n i d e s .  Fus ion r e a c t o r s  a1 so may transmute se lec ted  f i s s i o n  
p roduc ts .  

~ a l c u l a t i o n s ~ ~ ~ ~ ~ ~ ~ ~  i n d i c a t e  t h a t  s i g n i f i c a n t  r educ t i ons  a r e  p o s s i h i e  
i n  t h e  cumula t i ve  t o x i c i t y  index  o f  a c t i n i d e s  by r e c y c l e  i n  f i s s i o n  r e a c t o r s .  
( T o x i c i t y  index  i s  d e f i n e d  as t h e  amount of  a i r  o r  wa te r  r e q u i r e d  t o  d i l u t e  
t h e  r e s e n t  amount o f  a  g i v e n  i s o t o p e  t o  l e v e l s  de f i ned  i n  t h e  Code o f  Federa l  
Regu ! a t i o n s ,  10 CFR - P a r t  20.1 The c a l c u l a t i o n s  i n d i c a t e  t h a t  us ing  e x i s t i n y  
sepa ra t i ons  e f f i c i e n c i e s  w i t h  r e c y c l i n g  o f  a c t i n i d e s  i n  L i g h t  Water Power 
Reactors  cou ld  ach ieve  an o r d e r  o f  magnitude decrease i n  t h e  sho r t - t e rm  a c t i -  
n i d e  t o x i c i t y  i n d i c e s  and about  a  f a c t o r  of  f i f t y  decrease i n  t h e  long- te rm 
t o x i c i t y  index.  These r e d u c t i o n  f a c t o r s  may be s i g n i f i c a n t l y  , improved by 
a c h i e v i n g  h i ghe r  sepa ra t i ons  e f f i c i e n c i e s ,  .by b e t t e r  o p t i m i z a t i o n  of  t h e  
r e a c t o r  i r r a d i a t i o n ,  o r  by r e c y c l i n g  i n  LMFBRs. 



TABLE I V  
. . . . . . , . 

: .SUMMARY OF TRANSMUTATION DEVICE FEASIBILITY "; " . . . . 

. . . . Technica l  l y  Feasi b l  e  f o r  Transmutat ion 
. . .  

. . ., 
. ' .  F i s s i o n '  Products  ' ' A c t i n i d e s  

. . . , 

: Acce le ra to r s  
Category I ( a )  C i t e g o r y  Category 3(a! Category  3  

E l e c t r o n  Accel e r a t o r  No No N  o  No 
Pro ton  Accel e r a t o r  N  o  N  o  N  o  No 
Spa1 1  a t i o n  Accel  e r a t o r  N  o  P o s s i b l y  P o s s i b l y  Yes 

. .  . . . 

' ~ u c ' l e a r  Exp los ives  N  o  No Yes 

F i s s i o n  Reactors No. No P o s s i b l y  Yes 

Fusion Reactors ~ o s s i  b l y ( b )  P o s s i b l y  ( b )  yes Yes 

. . 

a. Ca tegory .1 :  Storage r e q u i r e d  . f o r  100 yea rs  
Category 2: Storage r e q u i r e d  f o r  100-1000 yea rs  

. . Ca.tegory: 3: S to rage  r e q u i r e d  f o r  1000 yea rs  
. . b. Separated i so topes  



C a l c u l a t i o n s  a l s o  show t h a t  neut ron- induced t r ansmu ta t i on  o f  a c t i n i d e s  
and f i s s i o n  p roduc ts  ' i n  t h e  b l anke t s  of  h y p o t h e t i c a l  C o n t r o l l e d  Thermo- 
n u c l e a r  Fus ion Reactors  ( C T R S ) ~ ~  cou ld  reduce t h e  cumula t i ve  t o x i c i  ty index  
o f  a c t i n i d e s  by a  f a c t o r  of 10 o r  more below t h a t  ach ievab le  i n  f i s s i o n  reac-  
t o r s .  These s t u d i e s  have a l s o  shown t h a t  l a r g e  reduc t i ons  i n  t h e  r e s p e c t i v e  
t o x i c i t y  i n d i c e s  a r e  p o s s i b l e  f o r  some f i s s i o n  p roduc t  elements.  For  o the rs ;  
n o t a b l y  s t r o n t i u m  and cesium, t h e  degre,e of t o x i c i t y  r e d u c t i o n  i s  min imal .  

. . A1 l . ' cons ide ra t i ons  o f  r ad ionuc l  i d e  t r ansmu ta t i on  i n  CTRs, o f  course, p re -  
. . suppose t h e  successful  accomplishment o f  c o n t r o l l e d  thermonuclear fus ion.  

. , 
. . .  . . 

S ince  i t  i s  t e c h n i c a l l y  f e a s i b l e  t o  t ransmute a c t i n i d e s  by r e c y c l e  i n  
f i s s i . on  r e a c t o r s  and CTRs and c e r t a i n  f i s s i o n  p roduc ts  i n  CTRs, these two 
r e a c t o r  techno1 og i  es combine t o  form a  p o t e n t i a l l y  v i a b l e  1  ong-term (year  
2000 o r  2010), t h e  a c t i n i d e s  separated from the  r e s t  of t h e  waste would con- 
t i n u e  t o  be r e c y c l e d  i n  f i s s i o n  r e a c t o r s  w i t h  t h e  f i s s i o n  p roduc ts  s to red  
i n  a  r e t r i e v a b l e  f a c i l i t y .  I n  t h e  long- term,  w i t h  t h e  advent  o f  CTRs, t h e  
f i s s i o n  p roduc ts  cou I d  be r e t r i e v e d  t rom s to rage  and r e c y c l e d  a long  w i t h  
t h e  a c t i n i d e s  i n  t h e  CTR. I n  e i t h e r  s t r a t e g y ,  some of t h e  f i s s i o n  p roduc ts  
and whatever "hee l "  o f  untransmuted waste a t  t h e  end of  t h i s  e ra  must be 
d isposed o f  by o t h e r  means. 

. . 
.'. Waste P a r t i  t i o n i  ng 

. . 
The e x t r a t e r r e s t r i a l  and t ransmuta t ion  schemes r e q u i r e  p a r t i t i o n i n g  

( s e p a r a t i o n )  o f  a c t i n i d e s  f rom t h e  rema in ing  waste c o n s t i t u e n t s  . .- 

For removal of a c t i n i d e s  from t h e  f i s s i o n  products ,  t he  sepa ra t i on  
requ i rements  a r e  n o t  c l e a r  because t h e  u l t i m a t e  answer t o  t h e  ques t i on  o f  
" a t  what r a d i o a c t i v i t y  l e v e l  can a  m a t e r i a l  be cons idered as n o t  r a d i o -  
a c t i v e "  depends h i g h l y  on t h e  s p e c i f i c  d i sposa l  techn ique  and s i t e .  I t  i s  

' . .  a1 so compl i c a t e d  by t h e  need f o r  h i ghe r  decontaminat ion ( sepa ra t i on )  f a c -  
t o r s  f o r  some a c t i n i d e s  than  f o r  o the rs .  The requ i ' red  sepa ra t i on  f a c t o r s  
can range from as low as 10 t o  as much as 106 t o  108, depending upon assump- 
t i o n s  and s p e c i f i c  case c o n d i t i o n s .  The more 1  i k e l y  case i s  somewhere i n  
t h e  m idd le  of  t h e  range and i s  b e l i e v e d  t o  be between 100 and 10,000. 

An overv iew s tudy  was made o f  a l l  chemical  separa t ions  processes which 
m i g h t  be a p p l i c a b l e  t o  p a r t i t i o n i n g  o f  a c t i n i d e s  f rom b u l k  l i q u i d  waste. 
The conc lus ions  i n d i c a t e  t h a t  s o l v e n t  e x t r a c t i o n  p a r t i t i o n i n g  o f  t h e  waste 
i s  f e a s i b l e  f o r  low t o  moderate sepa ra t i on  f a c t o r s  and i s  u n c e r t a i n  f o r  h i g h  
sepa ra t i on  f a c t o r s .  

S a f e t y  

For  t h i s  s tudy  " sa fe t y "  was equated d i r e c t l y  t o  t he  p o t e n t i a l  r i s k  t o  
man ( i n  terms o f  r a d i a t i o n  dose) t h a t  cou ld  r e s u l t  i f  a  d isposa l  o p t i o n  were 
implemented. The key elements i n  a  method o f  assess ing p o t e n t i a l  r i s k  were 
i l l u s t r a t e d  e a r l i e r  i n  F i g u r e  V I .  

Eva lua t i on  of t h e  s a f e t y  o f  any d i sposa l  concept  r e q u i r e s  i d e n t i f i c a t i o n  
of mechanisms and p robab i  1 i t i e s  o f  p o s s i b l e  r e l eases  o f  r a d i o a c t i v e  waste 
c o n s t i t u e n t s  t o  man's environment.  The f a u l t  t r e e  a n a l y s i s  technique was 



se lec ted  as t h e  method t o  ach ieve these requi rements.  The method p rov ides  
f o r  ca l cu la t i , ng  t h e  r i s k  t o  man ( i n  terms. o f  r a d i a t i o n  . . exposure i n  , th is  
s tudy )  on 'a p ' r o b a b i l i s f i c  ' bas i s .  

. . 

A  gene r i c  f a u l t  t r e e  was developed f o r  geo log i c  d i sposa l  i n  a  mined 
c a v i t y .  I n  ,all.,, 77 bas i c  f a i l u r e  events  w e r e ' i d e n t i f i e d  as p o s s i b l e  c.on- 
t r i b u t o r s  t o  'a waste r e l e a s e  f r om a  geo log i c  d i sposa l  s i t e .  One r e l e a s e  
sequence, ob ta ined  f rom t h e  geo log ic  f a u l t  t r e e  developed i n  t h e  s tudy  was 
analyzed, based on very  1  i m i  t e d  data.  

The example waste re l ease  sequence cons iders  t h e  r e l e a s e  o f  waste t o  
manl,s env i ronment  by wate r .  Th i s .  i s  cons idered t o  b e  one o f  t h e  more l i k e l y  
r e 1  ease sequences : 

. .  " ..... 

The re l ease  sequence s t a r t s  w i t h  t h e  premise of  "An A q u i f e r  i n  t h e  
Waste Disposal  Region" and r e q u i r e s  t h e  f o l l o w i n g  t h r e e  c o n d i t i o n s :  "Water 
F inds 'Pa th  i n t o  Disposal  S i t e , "  "Water I s  F lowing"  and "Water Flow Cannot 
be C o n t r o l l e d  by Man." A l l  t h r e e  c o n d i t i o n s  must occur  t oge the r  b e f o r e  a  
re l ease  o f  waste c o n s t i t u e n t s  can t ake  p lace .  

From t h e  a n a l y s i s ,  t h e  p r o b a b i l i t y  of r e l ease  of  waste f rom t h e  geo log i c  
r e p o s i t o r y  was es t imated  t o  be i n  t he  range of 10-14 t o  10-10 d u r i n g  t h e  
ope ra t i ona l  pe r i od ,  10-lO t o  10-6 d u r i n g  t h e  n e x t  1000 years,  and 10-6 t o  
10-3 d u r i n g  t h e  f i r s t  1,000,000 yea rs .  

Next,  assuming re l ease  o f  waste from these h y p o t h e t i c a l  f a i l u r e s ,  sam- 
p l e  t r a n s p o r t  decontaminat ion f a c t o r s  were c a l c u l a t e d  f o r  an a q u i f e r  10 m i l e s  
l ong  f l o w i n g  a t  1  f t / d a y  i n  t y p i c a l  western s o i l  t o  es t ima te  t h e  r a d i o n u c l i d e s  
which c o u l d  e n t e r  man's environment.  T h i s  c a l c u l a t i o n  assumed t h a t  an aqu i -  
f e r  pene t ra ted  a  f a i l e d  b a r r i e r  i n  a g o l o g i c  d i sposa l  s i t e .  Dose r e d u c t i o n  
f a c t o r s  were i n  t h e  range of 105 t o  10%; t h a t  i s ,  t h e  c a l c u l a t e d  doses t o  
man w i t h  s o i l  r e t e n t i o n  were 5  t o  6 o rde rs  o f  magnitude lower  than  those 
w i t h o u t  s o i l  r e t e n t i o n .  The s i g n i f i c a n c e  of t h i s  c a l c u l a t i o n  i s  t h a t  f o r  
p r o p e r l y  s i t e d  d i sposa l  concepts, t h e  e a r t h  i t s e l f  can p rov ide  major  safety.  
f ac to r s .  

Dose t o  man f rom t h e '  h y p o t h e t i c a l  r e l eases  was then  es t imated  us'ing a, 
comprehensive' do'se computat ional  model based on pathways o f  r ad ionuc l  i d e s  
w i t h i n  man's environment.  These ca ' lcu l  a t i o n s  showed maximum r a d i o a c t i v i t y  
dose t o  i n d i v i d u a l s  t o  be i n  t h e  range o f  0.4 mrem/year, and t o  a  l a r g e  
p o p u l a t i o n ' g r o u p  i n  t h e  range o f  30 man-rem/year f o r  t he  ope ra t i ona l  pe r -  
i od .  , Doses' d u r i n g  ' t he  l onge r  pe r i ods  would be s i g n i f i c a n t l y  l e s s  because 
o f  decay ' o f '  r a d i  onuc l  i des . 

Based on these c a l c u l a t i o n s ,  t he  maximum measure o f  r i s k  t o  an i n d i v i -  
dual  from the  g i ven  f a i l u r e  mechanisms and pathways would then be i n  t h e  
range o f  "10-14 t o  10-10 mremlyear t o  t he  whole body d u r i n g  t he  o p e r a t i o n a l  
pe r l od ,  10-10 t o  1 ~ - 6  mremlyear a t  1,000 years  a f t e r  d isposa l  , and 10-6 t o  
10-3. mr'em/year a t  1,000,000 years  a f t e r  d isposa l  . S i m i l a r l y  , t h  r i ' s k  t o  
t h e  a f f e c t e d  l a r g e  p o p u l a t i o n  group would be l e s s  than 10-8, and 10-1 
man- ' re~n/~ear '  f o r  t h e  salve r e s p e c t i v e  t h r e e  t ime i n t e r v a l s .  



These sample c a l c u l a t i o n s  demonstrate the  method01 ogy f o r  c a l c u l a t i n g  
the  p r , o b a b i l i s t i c  r i s k  t o  man from r a d i o a c t i v e  waste d isposa l .  For ac tua l  
appl i c a t i  on o f  r i s k  c a l c u l a t i o n s ,  analyses w i  11 be requ i red  f o r  s p e c i f i c  
concepts, si ' tes, and operat ions.  I n  add i t i on ,  the r i s k s  from a l l  major 
mechanisms and pathways must be summed t o  ob ta in  the  t o t a l  c a l c u l a t e d  r i s k .  

Research. Develo~ment .  and Timina 

A l l  o f  the p o t e n t i a l  a1 t e r n a t i v e  waste concepts r e q u i r e  research and 
development be fore  they can be implemented. The t ime requirement t o  com- 
p l e t e  t h e  research and development i n  a l l  concepts i s  t he  pr imary c o n t r o l -  
l i n g  f a c t o r  i n  t h e  t ime t h a t  the  concepts can be implemented. A summary 
o f  t h e  est imated research and development needs and the est imated near- 
e a r l y  t ime  f o r  Implementat ion o f  t he  d isposal  concepts o n  a  r o u t i n e  pro-  
d u c t i o n  bas i s  i s  presented i n  Table V.  The research and d,evelopment s tud ies  
f o r  a l l  concepts a re  assumed t o  te rminate  upon successful complet ion of 
p i l o t - s c a l e  demonstrat ions. 

The waste management research and development cos ts  fo r  i c e  sheet and 
seabed concepts a r e  be l ieved t o  be the  h ighest ,  based p r i m a r i l y  on need 
f o r  bas i c  geophysical data. Some geo log ic  d isposa l  concepts have est imated 
research and development cos ts  as low as $50 m i l l i o n ,  b u t  o thers  a re  as 
h igh  as $180 m i l l i o n ,  which almost spans the  est imated range f o r  space and 
t ransmuta t ion  concepts. 

Most concepts appear t o  r e q u i r e  an est imated 15 t o  35 years o f  research, 
development, and p i l o t  t e s t i n g  p r i o r  t o  r o u t i n e  operat ion.  

Waste Management Costs 

A h igH ly  ' p re l im ina ry  ana lys i s  o f  waste management cos ts  f o r  each d i s -  
posal concept was developed by  t a k i n g  i n t o  cons idera t ion  a l l  o f  t h e  neces- 
sary  components of a  complete waste management system. The system c o s t  
inc ludes ,  f o r  example, any added spent f u e l  t r anspor t ,  i n t e r i m  l i q u i d  
waste storage, waste s o l i d i f i c a t i o n ,  i n t e r i m  so1 i d  waste storage, and 
t r a n s p o r t  o f  s o l i d  waste can is te rs  t o  the  d isposal  s i t e  o r  p o r t  o f  embarka- 
t i o n  i n  t h e  case of seabed o r  i c e  sheet concepts. 

Disposal  cos ts  were developed i n  terms of l e v e l i z e d  u n i t  charges--the 
s i n g l e  charge t h a t  could be assessed over the  e n t i r e  l i f e  of a  p r o j e c t  
aga ins t  each u n i t  processed t h a t  would recover  a l l  opera t ing  expenses as 
w e l l  as t h e  i n i t i a l  investment p l u s  a  spec i f i ed  r a t e  of r e t u r n  on the  ' 

investment.  A 10% i n t e r e s t  r a t e  was employed. 

The r e s u l t a n t  p r e l i m i n a r y  cos t  est imates f o r  each o f  the  d isposal  con- 
cepts a r e  shown i n  Table V I .  Estimates a re  shown fo r  both the  d i r e c t  con- 
cep t  cos ts  and f o r  the  waste management system costs.  The d i r e c t  concept 
t o t a l  c a p i t a l  and ope ra t i ng  costs a re  shown i n  terms o f  est imated, l e v e l i z e d  
u n i t  charges present  worthed t o  t h e  t ime o f  reprocessing. The present  worth-  
i n g  somewhat obscures t h e  re1 a t i o n s h i p  between c a p i t a l  and opera t ing  cos ts  
and t h e  l e v e l i z e d  u n i t  charges because o f  d i f f e rences  i n  elapsed t ime from 
reprocess ing  t o  f i n a l  d isposal  f o r  some o f  the  concepts. 



.. . T.ABLE V ' 
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ESTIMATED RESEARCH AND DEVELOPMENT NEEDS 
. , . . '  . . . .  

.AND T I M I N G  TO ROUTINE OPERATION 
. . . . . .  . . . . . . . .  . . , . _. . .., . 

. . . . . -  . .  - 
. . . .  , 

I , _ .  . . . . .  T o t a l  Ranqe-0 . ., . . . .  . . .  . . . .  
Cost Range, 

. . . . .  . . . . M i l l  i o n s  Time Ranqe, 
-. ' . . M a j o r  A c t i v i t i e s  . - .' ' ' 'Concept. Type - e h -  o f  $ ' yea rs  

.: Geol.ogic Di'sposal ' Bas i c  g e o l o g i c a l ,  geophys ica l  ' 50-180 15-25 
s t u d i e s ;  s i t e  e v a l u a t i o n ;  . . . . . . . .  . . .. ! , . . emp.lac.ement systems deve lop-  ' 

ment; thermal and r a d i a t i o n  
e f f e c t  i ;  conta inment /conf  i n e -  

, .  . . . .  i: ! . .merit i n t e g r i t y ;  i ns t rumen ta -  
. . .  .. - 

t i o n  a u x i l i a r i e s ;  r ock  s e a l -  
i n g ;  demonstra t. inn 

Seabed Disposa l  '~asicgeological/geophysical 4 0 0 - 1 0 0 0 ( ~ )  25 
s t u d i e s ;  s i t e  e v a l u a t i o n ;  sea 
t r a n s p o r t ;  d r i l l i n g  and s e a l -  
i ng ;  emplacement system d e v e l -  

. ,, . . ... z .  

opment; i n s t r u m e n t a t i o n  and . .  
. . . . .  ... ? - s u x i l . i ~ r i e s ; .  d e ~ ~ ~ o n s t r a t i o n  

1 c 2 ~ h e b t  D i l p 'A id l  : ' B a s i c  g ~ o l o ~ i c a l / ~ e o p h y s i c a l  600 -1b00 (~ )  25 
' .  . I  ' . , . . .  . . . .  I s t u d i e s ;  s i t e  e v a l u a t i o n s ;  sea'  

. . . . . .  
. , and i c e  t r a n s p o r t ;  emplacement . , 

. .* .  . . . . sy5te.m development; ins t rumen-  
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. , . . 

h .  I n c l  iides t-esenrch and dcvclopmcnt t imc ;  
b. I c e  sheet and seabed c o s t s  a r e  ve ry  d i f f i c u l t  t o  es t ima te .  The es t ima ted  ranges g i ven  a r e  

h i g h l y  s p e c u l a t i v e .  About f o u r  t imes t h e  es t ima ted  c o s t s  shown here  w i l l  be r e q u i r e d  f o r  
bas i c  geo log i ca l / geophys i ca l  and r e l a t e d  e a r t h  sc ience  s t u d i e s ;  t h e  c o s t s  es t ima ted  i n  t h i s  
t a b l e  would be aimed s p e c i f i c a l l y  toward waste d i s p o s a l .  

c .  Space resea rch  and development c o s t s  do n o t  i n c l u d e  c o s t s  f o r  bas i c  f l i g h t  v e h i c l e  and aux- 
i l i a r i e s  development; these c o s t s  ( i n  many m i l l i o n s  o f  d o l l a r s ) ,  a r e  assumed'to be borne by 
NASA f o r  o t h e r  space f l i g h t  a c t i v i t . i e s .  Costs i n c l u d e  an es t ima ted  $100 m i l l i o n  f o r  space 
v e h i c l e  and t r a j e c t o r y - d e v e l o p m e n t  s p e c i f i c  t o  waste d i s p o s a l ,  and d i sposa l  o f  remain ing waste 
f r a c t i o n  by t h e  t e r r e s t r i a l  concept w i t h  l o w e s t  resea rch  and development cos t  ($50 m i l l i o n ) .  
Costs and t i m i n g  f o r  s o l a r  impact were n o t  es t ima ted .  

d.  I nc ludes  i n d u s t r i a l  p a r t i c i p a t i o n  es t ima ted  a t  50 m i l l i o n  d o l l a r s  and d i sposa l  o f  r ema in ing  .. 

waste f r a c t i o n  by t h e  t e r r e s t r i a l  concept w i t h  t h e  l owes t  resea rch  and development c o s t  
($50 mi 11 i o n ) .  

e.  For  t r ansmuta t i on  o f  a c t i n i d e s  i n  f i s s i o n  r e a c t o r s .  Research and development f o r  f us ion  
r e a c t o r s  was n o t  eva lua ted .  Requirements a r e  d i c t a t e d  by advent  and eng inee r i ng  o f  f us ion  
r e a c t o r s .  Research and development f o r  a c c e l e r a t o r  t r a n s m u t a t i o n  was n o t  eva lua ted .  Fea- 
s i b i l i t y  o f  concept  i s  u n c e r t a i n .  



TABLE V I  

SUMMARY OF DISPOSAL CONCEPT COSTS 

D i r e c t  Leve l ized T o t a l  Level i zed Was e 

Disposal Costs, 
$/MT Fuel 

i Management system Costs a,e) .. 

.. . 
Concept Type $/MT Fuel (a)  mi l ls /kW-hr  

. .  . 

Geologic Disposal 700-8,500 ' 6,300-1 7,000 0.024-0.064 
. - 
seabed Disposal 5,000-8,000 14,000-1 7,000 0.052-0.063 

I c e  Sheet Disposal 12,000-15,000 20,000-24,000 0.077-0.090 

E x t r a t e r r e s t r i a l  
Disposal yd) 30,000-80,000 - 40,000-90,000 0.15-.0.34 

L 

a. Cost present  worthed t o  t ime of reprocessing. 
b. In the  case of Transmutat ion and E x t r a t e r r e s t r i a l  d isposal  concepts, 

t h e  concept cos t  g iven i n  t h i s  t a b l e  inc ludes  the  cos t  o f  d ispos ing  
a c t i n i d e s  and transuraniums on ly .  A d d i t i o n a l  cos ts  o f  d ispos ing  o f  
the  remaining waste must be added t o  ob ta in  t o t a l  waste management 
cos ts .  A rep resen ta t i ve  c o s t  f o r  t e r r e s t r i a l  d isposal  o f  t he  
remaining waste f r a c t i o n  o f  $1OY000/MT o r  0.04 mi l ls /kW-hr  i s  
added t o  the  t ransmuta t ion  and e x t r a t e r r e s t r i a l  cos ts  and l i s t e d  
i n  t h e  l a s t  column t o  show a t o t a l  waste management system cos t .  

c .  Costs f o r  Transmutat ion and E x t r a t e r r e s t r i a l  d isposal  concepts 
were obta ined somewhat d i f f e r e n t l y  than f o r  t e r r e s t r i a l  concepts. 
Transmutat ion cos ts  assume the use o f  commercially owned f a c i l i t i e s .  

d. Range f ~ r  space d i sposa l  i s  f o r  h igh  e3rt.h o r h i t .  ( lower values) and 
escape from the  s o l a r -  saystem (h igher  va lues)  . 

e. System cos t  i n c l  udes e x t r a  t ranspor t  costs,  i n t e r i m  1 i q u i d  storage, 
p a r t i t i o n i n g ,  s o l i d i f i c a t i o n ,  e tc .  



These es t imates  conclude t h a t  t h e  l e v e l i z e d  u n i t  c o s t  f o r  t he  most expen- 
s i v e  concept ( e x t r a t e r r e s t r i a l  s o l a r  escape d isposa l  ) i s  l e s s  than  f i v e  pe rcen t  
o f  c u r r e n t  nuc lea r  e l e c t r i c  power cos t s ;  most concepts a re  i n  t he  range o f  
0.4 t o  1 .0  percen t ;  and two concepts a re  i n  t he  range o f  0.2 percen t .  Con- 
sequent ly ,  none of  t h e  d isposa l  concepts i s  es t imated  t o  i nc rease  t he  c o s t  o f  
nuc lea r  e l e c t r i c  power by ma jo r  amounts. 

Non rad io l og i ca l  ~ n v i  ronmental  Cons idera t ions  

.-: Exc l  u s i v d  o f " t he  p o s s i b l e  dose consequences o f  r ad ionuc l  i d e  re lease, .  
from t h e ' w a s t e , ' i n  o n l y  a  few s p e c i f i c  cases were any s i g n i f i c a n t  e n v i -  . 

ronmental  e f f e c t s  i nd i ca ted .  Environmental  e f f e c t s  a r e  es t imated  f o r  
d isposa l  i n  t h e  year  2010 . f o r  t h e  waste accumulated i n  t h e  U.S.  th rough  

't,he .. . y e a r  -. '2000. . 
. . 

'Ge 1' g'ic concepts would comrni t t y p i c a l  l y  about 130 square k i  lometers  9 9 o f  l and  a  ' b u t  h a v e ' l i t t l e  o t h e r  impact  o t h e r  than d i sposa l  o f  m in ing  
s p o i l s .  Some t r a n s p o r t a t i o n  impact  would r e s u l t  f rom an es t imated  12,500 
shipments t o  t he  d isposa l  s i t e  by t h e  year  2010. 

, . 

Because t he  ecology o f  t h e  i c e  sheet reg ions  i s  f r a g i l e ,  ca re  would be 
r e q u i r e d  t o  ensure t h a t  t h e  t r a n s p o r t a t i o n  and emplacement ope ra t i ons  d i d  
n o t  : se r i ous l y  d i s r u p t  i t  T o t a l  i c e  sheet area used would be about. 80,000 

. '  . 'square. k i l ome te rs .  Up . t o  t e n  t r i p s  p e r  yea r  would be r e q u i r e d  f o r  over-  
ocean s h i p  t r a n s p o r t .  

Seabed concepts would r e q u i r e  t h e  i s o l a t i o n  o f  an area o f  some 2,000 
square k i l o m e t e r s  f rom o t h e r  seabed a c t i v i t i e s .  Truck o r  r a i  1  shipment would 
be r e q u i r e d - t o  t h e  p o r t  o f  embarkat ion. An es t imated  60 annual round t r i p s  

* t o  t h e  d r i  11 i n g  p l a t f o r m  would be r e q u i r e d  f o r  movement o f  personnel,  smal l  
m a t e r i a l s ,  and supp l i es .  Up t o  t e n  t r i p s  p e r  yea r  would be r e q u i r e d  f o r  
t r a n s p o r t i n g  waste t o  t h e  p l a t f o r m .  

I ( 

... . .. . . 
,! ~ x t r a t e r t 6 s t k i a l  launches o f  ' t r a n s u r a n i c  elements e n t a i l  some env i ron-  

.'-men'tal : impact. . .Probably t he  most severe , o f  these a r e  t he  n o i s e  l e v e l  d u r i n g  
' l'aunch' and r e - e n t r y  o f  t he  s h u t t l e  and con tamina t ion  o f  t he  upper '  atmosphere 

from the  chemical r ocke t s .  The environmental  e f f e c t s  o f  d isposa l  o f , t h e  
remai'ning waste w i l l  have t o  be added t o  t h a t  o f  t he  space- re la ted  ope, rat ions.  
Another :  launch  . . s.i t e  .'comparable t o  t h e  e x i s t i n g '  Kennedy Space Center w i  11 be 

. .. requ  i red. . . .  '. . . . . 

The ' incremental  env i ronmenta l  impact o f  a c t i n i d e  t r ansmu ta t i on  i n  LWRs 
would be min ima l .  Most e f f e c t s  can be a t t r i b u t e d  t o  t he  a d d i t i o n a l  l oad  on 
t h e  n u c l e a r  f u e l  cyc le .  S ince more f i s s i l e  m a t e r i a l  i s  r e q u i r e d  t o  t ransmute 
t he  a c t i n i d e  elements, more uranium must be mined, more enr ichment and pro-  
cess ing  f a c i l i t i e s , a n d  t r a n s p o r t a t i o n  a r e  requ i red ,  e t c .  As i n  t h e  case o f  
e x t r a t e r r e s t r i a l  d i sposa l ,  a d d i t i o n a l  env i ronmenta l  impacts would be i n v o l v e d  
i n  t h e  d isposa l  o f  the  f i s s i o n  p roduc ts .  

a; " The l a n d  use i s  g e n e r a l l y  c o n t r o l  l e d  by t he  s i z e  o f  t he  " b u f f e r "  o r  zone 
o f  i s o l a t i o n  around the  a c t u a l  d isposa l  s i t e .  I n  t h i s  s tudy,  t h i s  zone 
was assumed t o  be 3.2 k i l ome te rs  wide, which i s  i n  t h e  range o f  1.6 t o  
8 k i l o m e t e r s  s tud ied  a t  ORNL f o r  a  geo log i c  s a l t  r e p o s i t o r y .  



P o l i c y  C o n f l i c t s  

Both n a t i o n a l  and i n t e r n a t i o n a l  p o l i c i e s  which might  'apply  to ,  t h e  di,s- 
posal o f  nuc lear  waste were examined, a l though the  r e s u l t s  o f  these s tud ies  & 

'were n o t  f ac to red  i n t o  t h e  f i n a l  program ana lys i s . .  . . 

The r u l e s  and r e g u l a t i o n s  as es tab l i shed  by t h e  Atomic Energy Commis- 
, s i o n  i n  10 CFR 50 (Appendix F )  have the  most immediate na t i ona l  impact. 

These r e g u l a t i o n s  c l e a r l y  a f f e c t - a l l  l i q u i d  waste/melt ing d isposal  concepts, ' 
a l l  e x t r a t e r r e s t r i a l  and i c e  sheet concepts and, most probably, t he  seabed 
cor i~epfs ' .  -:However, t he  AEC r u l e s  and regu la t i ons  appear t o  be more e a s i l y  
mod-ifi 'ed ' than i n t e r n a t i o n a l  t r e a t i e s .  . . . . 

The A n t a r c t i c  Treaty  o f  1959 i s  an i n t e r n a t i o n a l  agreement s p e c i f  i c a l  ly 
p r o h i b i t i n g  any d isposal  o f  r a d i n a c t i v e  was te  m a t e r i a l  i n  the A n t a r c t i c .  
This  would c l e a r l y  a f f e c t  a l l  i c e  sheet d isposa l  concepts env i s ion ing  use 
of t he  A n t a r c t i c .  This  t r e a t y  i s  i n  e f f e c t  u n t i l  1989, a t  which t ime any 
of t h e  p a r t i c i p a n t s  may suggest amendments. 

I f  the  Greenland i c e  sheet were considered as a waste repos i to ry ,  nego- 
t i a t i o n s  must be e f fec ted  w i t h  Denmark. 

' The Nuclear Test .Ban Treaty  might  a f f e c t  the  concepts us ing  nuclear  
explosives' .  Any re lease o f  r a d i o a c t i v e  m a t e r i a l s  across i n t e r n a t i o n a l  bounda- 
r i e s '  i s  p roh ib i ted . .  

The N o n p r o l i f e r a t i o n  Treaty cou ld  conceivably impinge on any o f  the  con- 
cepts s ince  i t  provides f o r  the safequarding o f  a l l  source and s p e c i a l . f i s -  . . 
s ionab le  ma te r ia l s .  The t r e a t y  s p e c i f i e s  t h a t  I n t e r n a t i o n a l  ~ t o m i c  Energy . ., 
Agency safeguard standards must. be observed i n  a1 1  peaceful nuc lear  a c t i v i -  
t i e s  whether w i t h i n  a  s t a t e  o r  under i t s  c o n t r o l  anywhere. 

The Treaty on Outer Space.of 1967 and t h e  Convention on I n t e r n a t i o n a l  . . 

L i a b i l i t y  f o r  Damage Caused by Space Objects o f  1972 (no t  y e t  r a t i f i e d  by 
t h e  U.S.) would a f f e c t  a l l  e x t r a t e r r e s t r i a l  conceDts. These t r e a t i e s  d e f i n e  
the  r e s p o n s i b i l i t i e s  o f  p a r t i e s  t o  the  t r e a t y  i n  any space launch operat ions.  

The seabed and i c e  sheet d isposal  concepts would most probably be 
impacted by the Convention on the  High Seas and the  Convention on the  Con- 
t i n e n t a l  She l f  o f  1958. These t r e a t i e s  p r o t e c t  the h igh  seas and the  con- e 
tinental respect ive1.y from p o l l u t i o n  by r a d i o a c t i v e  waste. Add i t ion-  
a l  l y  , t h e  Un i ted  Sta tes '  Marine P ro tec t i on ,  Research, and Sanctuaries Ac t  
of 1972 pr0h.i b i  t s  t r a n s p o r t a t i o n  and d isposa l  a t  sea. . o f  r a d i o l o g i c a l  war- 
f a re  agents and h igh - leve l  r a d i o a c t i v e  waste. 

P u b l i c  Response 

A method f o r  measurement of t h e  major e l  elnents o f  publ i c  percept ion  o f  
r i s k  associated w i t h  nuc lear  waste was developed as p a r t  o f  t h i s  study. 
From t h e '  recommendations o f  a  s p e c i f i c a l l y  assembled task  f o r c e  of adv isors  
on r i s k  and publ i c  acceptance, seven major elements o f  perceived r i s k  were 



I identified: distance, population density, emplacement operations, s t ab i l -  
a i ty ,  detectabili  ty  of leaks, retrievabil  i t y ,  and protective reaction in 

'event of a release of waste; 
, . 

A research design questionnaire' given before' and a f t e r  information 
regarding the waste disposal concepts was used ' i n  a p.tel iminary pi l o t  study 
based upon these seven elements of perceived r i sk .  Five generic methods 
of nuclear waste disposal (geologic, ice sheet,  seabed, high earth o rb i t ,  
and surface retrievable storage) were used t o . i l l u s t r a t e  a wide range of 
character is t ics .  

A1 though th i s  experiment was administered to  a small group and the 
resu l t s  have 1 imited significance, some of the ' resu l t s  a re  interesting'. 
Some judgments changed between the pre-test and post-test .  After exposure 
to  the information on the disposal concepts by videotape, the respondents 
perceived geologic dis-posal as being safer  with respect t o  the elements 
of distance and s t a b i l i t y  b u t  as.more dangerous with respect t o  retr iev-  
a b i l i t y  and protective reaction. Similarly, the ice  sheet disposal method 
was perceived as being more dangerous for  a l l  elements of r i sk  a f t e r  infor- 
mation was presented. The standard deviation of the .responses was almost 
universally less  in the post-test  than in the pre-test .  All of these 
resul t s  suggest that  the respondents have objective a t t i tudes  on r isk which 
are  subject to change with more detailed information. 

Mu1 t i  ple regression analysis of the p i  l o t  survey resu l t s  was inconcl u- 
'sive. However, i t  was concluded tha t  t h i s  analytical technique can indi- 
rect ly  measure the respondents' a t t i tudes .  The technique could prove to  
be a useful approach towards measurement of public response to  waste dis- 
posal concepts and perceived r i sk  elements i f  the survey were administered 
to  larger and more representative groups. With such information based on 
in depth analysis,  public a t t i tudes  could be factored into concept design. 

SUMMARY OF HIGH-LEVEL RADIOACTIVE WASTE MANAGEMENT 

High-1 eve1 radioactive waste in the U . S. w i  11 be converted to .  an encap- 
sulated sol id and shipped to  a Federal repository for  retr ievable .  storage 
f o r  extended periods. Meanwhi 1 e the AEC i s actively pursuing the development 
of concepts for  ultimate disposal of the waste which the Federal Government 
would manage. A number of promi sing concepts have been proposed, for  which 
there Ds high confidence tha t  one or more will be sui table  fo r  long-term, 
ultimate disposal . 

In i t i a l  evaluations 'of technical (or theoretical ) f eas ib i l i t y  fo r  the 
various waste disposal concepts show that  in the broad category, ( i  .e. ,  
geologic, seabed, ice  sheet,  ex t r a t e r r e s t r i a l ,  and transmutation) a l l  meet 
the c r i t e r i a  fo r  judging f eas ib i l i t y ,  though a few a1 ternatives within these 
categories do not. 



Pre l im ina ry  c o s t  est imates show t h a t ,  a l though many m i l l i o n s  o f .  do l -  
l a r s  may be required,  t he  cos t  f o r  even the  most e x o t i c  concepts. i s  small 
r e l a t i v e  t o  t h e  t o t a l  c o s t  o f  e l e c t r i c  power generat ion. For example, . t h e  
c o s t  est imates f o r  t e r r e s t r i a l  d isposal  concepts a re  l ess  t.han 1% o f  t h e  
t o t a l  generat ing costs. The c o s t  f o r  a c t i n i d e  t ransmutat ion i s  est imated 
a t  around 1% o f  generat ion costs, wh i l e  ac t i n ide 'e lemen t  d isposal  i n  
space i s  l ess  than 5% o f  generat ing costs.  

Thus n e i t h e r  techn ica l  f e a s i b i l i t y  nor  c o s t  seems t o  be a no-go f a c t o r  
i n  s e l e c t i n g  a waste management system. The seabed, i c e  sheet, and space 
d isposal  concepts face i n t e r n a t i o n a l  p o l i c y  cons t ra in ts .  The in fo rmat ion  
being developed c u r r e n t l y  i n  safety, environmental concern, and p u b l i c  
response w i l l  be impor tant  f a c t o r s  i n  determining which concepts appear 
most promising f o r  f u r t h e r  development. 



FIGURES 

I. PROJECTED U. S .  NUCLEAR ELECTRICAL GENERATING CAPACITY 

11. NUCLEAR FUEL L O G I S T I C S  

111. CAN.I.STERS OF S O L I D  HIGH-LEVEL WASTE . - ,  

IV. RETRIEVABLE SURFACE STORAGE FACILITY STORAGE UNIT 

. . 
. . VI. ..' . .  INTERRELATIONSHIPS AMONG PATHWAY, P R O B A B I L I T Y  AND R I S K  

V I I .  CONCEPT FOR S O L I D  WASTE EMPLACEMENT I N  A MINED TUNNEL 
WITH NATURAL CONVECTION A I R  COOLING 

V I I I .  OPERATIONS I N  SEABED DISPOSAL 
, . 

I X .  OPERATIONS I N  I C E  SHEET DISPOSAL 
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