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ABSTRACT 

' This repor t  supplements t h e  treatment of waste management. 
i s s u e s  provided i n  t h e  Generic Environmental Statement on t h e  
use of r ecyc le  pluton5um i n  mixed oxide f u e l  i n  l i g h t  water 
cooled r e a c t o r s  (GESMO, NUREG-0002). Three recycle  and t h r e e  ' 

no-recycle opt ions  a r e  described i n  t h i s  document. Management 
of t h e  r a d i o a c t i v e  wastes t h a t .  would r e s u l t  from implementation 
of e i t h e r  type  of f u e l  .cycle a l t e r n a t i v e  is  discussed. . For f i v e  
of t h e  s i x  opt ions ,  wastes would be i n  deep geologic s a l t  

. . 

r e p o s i t o r i e s  f o r  which thermal c r i t e r i a  a r e  considered. Radia- . 
t i o n  doses t o  t h e  workers a t  t h e  r e p o s i t o r i e s  and t o  t h e  general  
populat ion a r e  discussed.  The , r epor t  a l s o  covers the  waste man- 
agement schedule,.  t h e  land and s a l t  conynitments, and t h e  economic 
c o s t s  f o r  t h e  management of wastes generated. 



1. INTRODUCTION 

L igh t  water nuclear reactors are cu r ren t l y  fueled w i th  s l i g h t l y  enriched uranium. While the 
reactor operates, some o f  the  uranium i s  converted t o  plutonium, which f i ss ions  I n  place, 
providing about one-thi rd o f  the reactor 's  t o t a l  power output  over the useful  l i f e  o f  the fue l .  
Fuel burnup also creates other byproducts, which gradual ly impede the nuclear reaction, even 
though substant ia l  quan t i t i es  o f  f i s s i l e  uranium and plutonium s t i l l  remain I n  the fue l .  When 
the useful l i f e  o f  the  fue l  i s  over, the  remaining f l s s i l e  uranium and plutonium can be sepa- ' 

ra ted from the other mater ia ls i n  the spent fue l ,  converted I n t o  uranium and plutonium oxides, 
and recycled i n t o  the reactor as fue l .  The.process o f  ex t rac t i ng  and reusing the elements i n  
t h i s  fashion i s  known as " f u l l  recycle," and fue l  contain ing recycled plutonium I s  termed "mixed 
oxide" fue l .  The ex t rac t ion  i t s e l f  i s  known as.fue1 reprocessing. I n  the "Purex" process, 
which has been used successful ly  f o r  many years, the spent f ue l  rods are f i r s t  chopped up and 
the fue l  i s  dissolved i n  n i t r i c  ac id  and separated from the inso lub le  cladding'. Then by a 
ser ies o f  ex t rac t ion  processes the uranium and plutonium are f i r s t  separated from the n i t r i c  
ac id  so lu t ion  and then from each other. The remaining so lu t ion  contains h igh -ac t i v i t y  waste,. 
the f i s s i o n  products, and the long- l ived alpha emitters--the act in ides.  

The U.S. Nuclear Regulatory Commission (NRC) and i t s  predecessor, the  U.S. Atomic Energy Comis- 
s ion (AEC), determined t h a t  widescale recovery and recycle o f  plutonium fue l  i n  l i g h t  water 
cooled nuclear power reactors warranted analysis apart  from tha t  given f o r  the  l i cens ing  o f  any 
s ing le  recyc le  f a c i l i t y ,  and t h a t  adoption o f  ru les  governing such widescale use would cons t i t u te  
a major Federal ac t ion  which would have the po ten t i a l  t o  significantly a f f e c t  the q u a l i t y  o f  the 
human environment. Accordingly, pursuant t o  the National Environmental Po l icy  Act o f  1969 
(NEPA), Section 102(2)(C), NRC has prepared a f i n a l  Generic Environmental Statement on the Use 
o f  Recycle Plutonium i n  Mixed Oxide Fuel i n  L ight  Water Cooled Reactors (GESMO)' t o  assess the 
impacts o f  the implementation o f  plutonium recycle. 

I n  reviewing the  GESMO document, the  hearing board established by the NRC found def ic ienctes i n  
those sections concerning the proposed management o f  wastes from the back-end o f  the  various 
fue l  cycles addressed. The repo r t  presented here, o r i g i n a l l y  comnissioned t o  supplement t h a t  
treatment o f  waste management issues provided i n  the GESMO Statement and i n  the GESMO proceeding, 
was prepared i n  1977 and r e f l e c t s  the informat ion ava i lab le  a t  t h a t  time. Obviously, new i n f o r -  
mation on costs and technology i s  now avai lable.  However, no attempt has been made t o  incorporate 
t h i s  new information. 

1.1 SCOPE 

The i n i t i a l  scope o f  t h i s  study was mandated by the GESMO hearing board. The board's c r i t i c i s m s  
regarding the waste management sections o f  GESMO can be grouped i n t o  fou r  general categories: 

1. More fue l  cyc le  opt ions should have been considered; 
2. More d e t a i l  should have been given i n  the descr ipt ions o f  the  options and t h e i r  

environmental ef fects;  
3.  There was not  enough cont ras t  between the options c i ted;  and 
4. The post-2000 waste management scenarios were not  described. 

To address the f i r s t  c r i t i c i sm,  two no-recycle options were added t o  the no-recycle deep geolog- 
i c  storage opt ion described i n  GESMO, and another recycle opt ion was added t o  the two recycle 
options covered i n  GESMO. These addi t ions brought t o  s i x  the t o t a l  number o f  options addressed. 
[Thus, f o r  the purposes o f  t h i s  document, two basic a1 ternat ives  (recycle andbno-recycle) are 
involved, and f o r  each a l te rnat ive ,  three possible courses o f  ac t ion  o r  "options" are considered.] 

To address the second c r i t i c i sm,  more d e t a i l  was added under top ics  such as waste amounts and 
packaging, f a c i l i t y  descript ions, procedures, rad ioact ive  releases, doses, and natural  resource 
comitments f o r  the  various o ~ t i o n s .  

The t h i r d  c r i t i c i s m  was addreised throughout the document by e x p l i c a t i o n  o f  the. d i f ferences i n  
a l l  major areas between the options. 



To address the fou r th  c r i t i c i s m ,  i t  was assumed t h a t  a t  the year 2000, the nuclear indust ry  
would have grown t o  507 g igawat ts -e lec t r ic  (GWe) o f  capaci ty and tha t  a f t e r  the year 2000, no 
new reactors would be b u i l t .  Each reactor was assumed t o  have a l i f e t i m e  o f 3 0  years. A l l  
waste generated up t o  the year 2030, when the l a s t  reactor  i s  assumed t o  be shut down, was 
accounted fo r ,  thus g i v ing  the t o t a l  waste management p ic ture .  f o r  each option. The wastes are 
assumed t o  be disposed i n  Federal repos i to r ies .  

The tasks defined by the scope o f  this.document are ca r r i ed  ou t  i n  the fo l lowing sections. !a 
the  remainder o f  Section 1, the  s i x  options considered are del ineated and the assumptions upon 
which t h i s  document i s  based are presented. The wastes and the f a c i l i t i e s  and procedures t o  be 
used a t  the waste repos i to r i es  f o r  the options considered are described i n  Section 2. The 
thermal analysis used t o  ca l cu la te  the spacing o f  ce r ta in  waste types i n  the underground s a l t  
repos i to r ies  i s  described i n  Section 3. I n  Section 4, dose ca lcu la t ions and rad ioact ive  releases 
f o r  normal operations and accidents a t  the  repos i tor ies  are presented f o r  each o f  the s i x  options. 
The nuclear power generation schedule and waste inventory f o r  the  years 1960-2040 are deta i led  
i n  Section 5. Natural resource commitments f o r  each opt ion  are given i n  Section 6. Economic 
considerations f o r  the various waste management options are given i n  Section 7. Four appendices 
f o l l o w  the main body o f  t he  tex t .  The i so top i c  character is t ics  o f  various waste types are given 
i n  Appendix A. Some o f  t he  major proper t ies  o f  the calc ined high- level  s o l i d i f i e d  waste are 
given i n  Appendix 8. The estimated quan t i t i es  o f  waste t o  be handled f o r  the various fue l  cyc le  
options, as calculated through a computer program, are given i n  Appendix C. Some geological 
requirements f o r  underground disposal o f  nuclear wastes are described i n  Appendix D. 

1.2 DELINEATION OF OPTIONS 

Three recyc le  and three no-recycle opt ions are considered i n  t h i s  document. The recycle options 
are: 

1. Recycle o f  uranium only, w i th  the plutonium stored below ground i n  a re t r i evab le  form 
f o r  possible fu tu re  use as an energy resource; 

2. Recycle o f  uranium only, w i th  the plutonium considered t o  be a waste mater ia l ;  and 
3. F u l l  recyc le  o f  both uranium and plutonium. 

The no-recycle options are: 

1 . Surface storage o f  spent f ue l  ; 
2. Deep geologic emplacement o f  spent f ue l  so t h a t  i t  could be re t r i eved  a t  some fu tu re  

' date (stowaway opt ion);  and 
3 .  Deep geologic emplacement o f  spent f ue l  w i t h  no i n t e n t  o r  designed features o f  

r e t r i e v a b i l  i t y  (throwaway opt ion).  

Surface storage o f  spent f u e l  would be on ly  an i n te r im  solut ion.  It eventual ly  would be neces- 
sary t o  dispose t h i s  spent fue l ,  e i t h e r  by reprocessing and burying the resu l tan t  wastes o r  by 
burying the i n t a c t  spent f ue l  assemblies. The f i n a l  d i spos i t i on  o f  the  spent f ue l  assemblies 
fo l l ow ing  surface storage i s  not  considered i n  t h i s  document. The other f i v e  options invo lve  
emplacement o f  the wastes i n  deep geologic s a l t  formations. Because o f  repos i to ry  design 
s i m i l a r i t i e s ,  the two r e t r i e v a b i l  i t y  options (plutonium and spent f ue l  ) can be e a s i l y  converted 
t o  the respective non - re t r i evab i l i t y  modes o f  operation. 

1 .3 ASSUMPTIONS 

The nuclear power indust ry  growth assumed f o r  t h i s  document i s  based upon the Energy Research 
and Development Administrat ion (ERDA) mid-1976 forecast  o f  507 GWe i n  the year 2000. No new 
reactors are assumed t o  come on l i ne  a f t e r  t h a t  year. The reactors are assumed t o  produce power 
i n  a r a t i o  o f  2 PWR:l BWR. It i s  assumed t h a t  a PWR (pressurized water reactor )  f ue l  assembly 
i s  char ed wi th  0.45 met r ic  ton (MT) C0.50 short  ton  (ST)] o f  fue l ,  and a BWR ( b o i l i n g  water 
reactor7 assembly i s  charged w i t h  0.20 MT (0.22 ST). 

Every reactor i s  assumed t o  have a 30-year operational l i f e t i m e ,  and a l l  reactors are assumed t o  
have a fue l  burnup o f  33 gigawett-days per met r ic  ton o f  heavy metal (GW-days/MTHM)* and a 
thermal e f f i c i ency  o f  32.7%. The maximum p lan t  capaci ty f ac to r  a t ta ined over the l i f e  o f  the 
reactor  i s  assumed t o  be 0.8, and the'average i s  assumed t o  be s l i g h t l y  lower. This would 
r e s u l t  i n  an annual discharge r a t e  o f  about 26 MT (29 ST) o f  f ue l  per GWe. The number o f  BWR 
and PWR bundles discharged each year can be calculated from the fue l  discharge rate,  the reactor 
type r a t i o ,  and the bundle weights. For each GWe, 38.5 PWR and 43.3 BWR assemblies would be 
discharged annually. This i s  a spent f ue l  assembly r a t i o  o f  1 PWR:1.125 BWR. 

*Heavy metal re fe rs  t o  the t o t a l  ac t in ides charged t o  the reactor.  
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The fue l  -loading model used i n  t h i s  repo r t  i s  shown i n  Table 1 .l. It i s  assumed tha t  f ue l  i s  
not  discharged from a reactor  dur ing the f i r s t  two years o f  operation, nor i s  the reactor 
reloaded dur ing the l a s t  two years o f  operation. A double discharge occurs a t  the time o f  
reactor shutdown t o  account f o r  the ex t ra  fue l  l e f t  i n  the core. 

A l l  wastes are assumed t o  have been out  o f  the reactor f o r  a t  l e a s t  ten years before a r r i v i n g  
a t  the reposi tory.  This ten-year out-of-reactor t ime could invo lve  ten years o f  storage as 
unreprocessed spent fuel ,  o r  any t ime combination o f  spent f ue l  storage and post-reprocessing - 
storage as reprocessing wastes (e.g., f i v e  years storage as unreprocessed spent f ue l  , f o l  lowed 
by reprocessing and then f i v e  years storage as reprocessing wastes). 

Table 1.1. Reactor Model--Amount (MT) o f  Fuel per GWE 

L i fe ,  years New Fuel Discharged Fuel 

1 87 0 

2 0 0 

3-28 26 26 

29-30 0 26 

31 - 35 

1.3.1 Recycle Options 

For the  reprocessing schedule f o r  a l l  th ree recyc le  opt5ons, the A1 1 l ed  General Nuclear Services 
(AGNS) Reprocessing Plant  (Barnwell) i s  assumed t o  s t a r t  operat ion i n  1982 w i th  a throughput 
capacity o f  300 MTHM/yr. The capaci ty i s  assumed t o  be increased by 300 MTHMIyr u n t i l  the f i n a l  
operating capacity o f  1500 MTHM/yr i s  achieved. A second reprocessing p l a n t  i s  assumed t o  s t a r t  
operation i n  1986 w i t h  an i n i t i a l  capacity o f  500 MTHM/yr, increasing by 500 MTHM/yr u n t i l  the 
f i n a l  operating capacity o f  3000 MTHM/yr i s  reached. A t h i r d  reprocessing p lan t  i s  assumed t o  
begin operation i n  1991, w i t h  the same capacity and staging as the second f a c i l i t y .  A l l  f ue l  
f o r  any o f  t he  three recyc le  options i s  assumed t o  be reprocessed a f t e r  being out  o f  the reactor . 
core a t  l e a s t  160 days. The plutonium and a l l  wastes generated f o r  any o f  the recycle options 
are assumed t o  be out  o f  the  reactor a t  l eas t  ten  years before f i n a l  d isposi t ion.  

1 .3.1.1 Uraniun-On1 y Recycle 

The basic assumptions f o r  t he  uranium-only (U-only) recycle options are: 

1. Spent f ue l  i s  reprocessed as soon as reprocessing p l a n t  capacity becomes avai lable;  
2. The oldest  spent f ue l  i s  reprocessed-f i rst ;  
3. Reprocessing continues a t  f u l l  capaci ty u n t i l  the  year 2030; 
4. A l l  wastes are shipped t o  the Federal repos i to ry  when they are a t  l eas t  ten years o l d  

(age i s  based on years a f t e r  discharge from the reactor) ;  
5. The backlog o f  spent f ue l  no t  reprocessed by the year 2030 i s  considered waste and 

w i l l  be disposed when ten years old. 

1.3.1.2 F u l l  Recycle 

The basic assumptions f o r  the  f u l l  recyc le  option, re fe r red  t o  as mixed oxide (MOX)* reprocess- 
i n g  are: 

1. The MOX f ue l  i s  as defined i n  GESMO f o r  a 1.15 SGR (sel f -generat ing reactor).** 

*Mixed oxide, o r  MOX, r e fe rs  t o  fresh reactor fuel consist ing o f  a combination o f  plutonium 
dioxide and uranium dioxide. 

"A self-generating reactor i s  an equ i l  ib r ium cond i t ion  i n  which the amount o f  plutonium 
recovered from reprocessing MOX and U02-only fuel rods i s  equal t o  the amount o f  plutonium 
i n  the MOX f ue l  rods o r i g i n a l l y  loaded i n t o  the reactor.  A 1.15 SGR i s  one which requires 
15% more plutonium from other sources i n  add i t i on  t o  t h a t  recovered from reprocessing the 
spent f ue l  t o  be a t  equ i l ib r ium (see Ref. 1). 



Three generations o f  MOX fue l s  are used. The GESMO analysis ind ica ted t h a t  a f t e r  
three recycles i n  an LWR, the MOX fue l  would have b u i l t  up enough neutron-absorbing 
isotopes t o  requ i re  uneconomic uranium enrichment t o  maintain r e a c t i v i t y .  MOX wastes 
a lso  have d i f f e r e n t  decay character is t ics  and iso top ic  compositions than U02 fue ls .  
A l l  f ue l s  undergo a four-year BWR reactor cycle. This assumption i s  used because the 
maximum amount o f  t ime between f u l l - c o r e  replacement i s  four  years. 
MOX fue l s  are reprocessed about 160 days a f t e r  removal from a core. 
The t o t a l  turn-around t ime between #OX generations i s  two years. This al lows t ime 
f o r  reprocessing, fabr ica t ion ,  and shipment. 
A reactor can s t a r t  on MOX fue l s  i f  i t  i s  between three and ten years o l d  and i t  
continues on MOX f ue l s  u n t i l  shutdown. The i n i t i a l  t ime i s  based on assumptions 
regarding s t a b i l i z a t i o n  o f  reactor  systems, and the f i n a l  age i s  based on the t o t a l  
MOX-fuel -stabi  1 i z a t i o n  t ime o f  16 years. 
The reprocessing schedule i s  determined by demand f o r  f ue l  f o r  those reactors o l d  
enough t o  begin using MOX fue l .  No more f u e l  i s  reprocessed than can be used. The 
demand w i l l  d i c t a t e  the r a t e  o f  decrease i n  reprocessing as the  reactors shut down due 
t o  age. 
Reprocessing i s  based upon a p r i o r i t y  system. Higher generation MOX spent f ue l  (MOX 2 
and MOX 1 )  are reprocessed f i r s t ,  fol lowed by U02 spent fue l .  The t o t a l  reprocessing 
amounts are  kept w i t h i n  the const ra in ts  o f  assumption 7. 
A maximum o f  40% o f  t h e  core can be MOX f ue l ,  w i th  the remaining 60% being enriched 
U02 fue l .  The MOX fue l  i s  assumed t o  have a maximum plutonium content o f  4.5%, g i v ing  
a maximum core average o f  1.8% plutonium. 
The amount o f  spent f ue l  t ha t  w i l l  be reprocessed w i l l  be t h a t  required t o  meet the 
projected needs o f  the nuclear power industry.  Because o f  these project ions,  there 
w i l l  be spent f ue l  which w i l l  no t  be reprocessed. This spent f ue l  w i l l  be t reated as 
waste and w i l l  be disposed when it i s  ten  years old.  

1.3.2 No-Recycle Options 

Once-through spent nuclear fue l ,  s t i l l  i n  reactor assemblies, w i l l  be the major waste f o r  a l l  
th ree no-recycle options. The discharge r a t e  o f  spent f ue l  i s  governed by the burnup assumptions, 
and the number o f  spent f ue l  assemblies i s  governed by the discharge r a t e  and the PWR t o  BWR 
power r a t i o  (two PWRs f o r  each BWR). 

Reference 

1. "Final  Generic Environmental Statement on the Use o f  Recycle Plutonium i n  Mixed Oxide Fuel 
i n  L igh t  Water Cooled Reactors" (GESMO) , U .S. Nuclear Regulatory Commission, NUREG-0002, 
August 1976. 



2. DESCRIPTION AND MANAGEMENT OF WASTES 

Management o f  the rad ioact ive  wastes tha t  would r e s u l t  from implementation o f  the two general 
types o f  fue l  cyc le  al ternat ives--recycle o r  no-recycle--is discussed i n  t h i s  section. The 
wastes are described and means for  t h e i r  f i n a l  d ispos i t ion  are discussed. 

2.1 DESCRIPTION OF WASTES 

For the purposes o f  t h i s  discussion, the wastes o f  concern are the spent nuclear fue l  and the 
various types of rad ioact ive  mater ia ls t h a t  would r e s u l t  from the reprocessing o f -  nuclear fue l  
under the three recycle options. The reprocessing wastes generally can be grouped i n t o  s i x  
categories: h igh- level  s o l i d i f i e d  waste (HLSW), fuel bundle residues (hu l l s ) ,  plutonium dioxide 
(Pu02) spiked w i t h  f i s s i o n  products, transuranic intermediate-level waste (TRU-ILW), transuranic 
low-level waste (TRU-LLW), and nontransuranic low-level waste (non-TRU) .* 
Under the three no-recycle options, the spent f ue l  would be l e f t  i n  the fue l  assemblies removed 
from a reactor,  and thus only one type o f  waste--spent fuel--would have t o  be dea l t  with. Under 
the various recycle options, however, a l l  types of wastes mentioned above, inc lud ing spent 
fuel ,** would be present and would have t o  be considered i n  any waste management program. A 
summary o f  the types o f  wastes t h a t  would be handled f o r  each o f  the s i x  options considered i s  
given i n  Table 2.1. 

Table 2.1. Types o f  Wastes f o r  the Six Fuel Cycle Options 

Waste Type 

SF SF . , HLSW HLSW Spiked TRU- TRU- 
Fuel Cycle Option (U02) (MOX) (U02) (MOX) PuOp Hul l  s ILW LLW 

No-recycle, 
surface storage X 

No-recycle, 
deep geologic 
stowaway X 

No-recycle, 
deep geologic 
throwaway X 

U-recycle, 
Pu stored 

U-recycle, 
Pu disposed X 

F u l l  recycle, 
deep geologic 
reposi t i n g '  X 

*The non-TRU low-level wastes general ly  have been rou t i ne l y  bur ied i n  various comnercial 
landf i 11-type operations. Such operations are not  considered i n  t h i s  report .  

**Because o f  scheduling and reprocessing capacity, there would be some spent f ue l  t h a t  would not  
be reprocessed under a l l  the recycle options (see Sec. 5). 

. . 



2.1.1 Spent Fuel 

Upon discharge from a reactor ,  the  i n t a c t  f ue l  assemblies are  rad ioac t ive  because o f  f i s s i o n  
products and a c t i v a t i o n  products formed dur ing reac tor  operation. The l eve l  o f  r a d i o a c t i v i t y  
and the  f i n a l  composition o f  the  spent f u e l  are d i r e c t l y  re la ted  t o  the type o f  f ue l  charged t o  
the  reactor ,  the l eng th  o f  t ime t h a t  the assemblies were i n  the reactor ,  and the  reac tor  power 
l e v e l .  Iso top ic  mixes o f  spent f u e l  ten years and 160 days out  o f  the core f o r  the  U-only 
recyc le  and the  no-recycle opt ions are shown i n  Table A.2 o f  Appendix A. 

For the f u l l  recyc le  option, the reactors would be gradual ly  charged w i t h  a greater  percentage 
o f  recycled plutonium u n t i l  the 1.15 SGR equ i l i b r i um leve l  was achieved. The spent f ue l  and 
subsequent wastes from the 1.15 SGR equ i l i b r i um leve l  would be more rad ioac t ive  and give o f f  
more heat than the wastes from pre-equi l ibr ium leve l s  o f  operation. Iso top ic  mixes f o r  spent 
f u e l  from t h i s  equ i l i b r i um l e v e l  ten years p lus 160 days o u t  o f  core are given i n  Table A.5 o f  
Appendix A. 

2.1.2 High-Level Waste 

High- level  'waste i s  def ined as tt ie r a f f i n a t e  from the f i r s t  solvent  ex t rac t i on  step a t  a repro- 
cessing p lan t .  ' I n  pract ice,  add i t iona l  1 i q u i d  wastes r e s u l t i n g  from f u r t h e r  reprocessing o f  
the spent f ue l  could be merged w i t h  t h i s  high-level l i q u i d  waste and the resu l t an t  mixture s t i l l  
would be c a l l e d  high- level  waste.2 For a l l  three recyc le  cases, t h i s  waste stream i s  assumed t o  
conta in  0.5% o f  both the uranium and plutonium and 98.5% o f  the f i s s i o n  products and other 
ac t in ides  t h a t  were o r i g i n a l l y  i n  the spent fue l .  The remaining 1.5% o f  the f i ss ion  products 
would be l e f t  i n  the  plutonium f o r  safeguards reasons. This would produce a spiked PuOz mixture 
t h a t  by weight would be 95% Pu02 and 5% f i s s i o n  products. I n  the reprocessin9 operation, the 
v o l a t i l e  f i s s i o n  product gases xenon and krypton would be released, as would most o f  the iodine, 
bromine, and t r i t i u m  (H-3). 

It cu r ren t l y  i s  genera l ly  considered t h a t  before u l t ima te  disposal, l i q u i d  h igh- leve l  wastes 
should be s o l i d i f i e d  so as t o  reduce t h e i r  po ten t i a l  f o r  environmental impact and t o  increase 
the  ease and sa fe ty  o f  handling. Therefore, i n  the  r e s t  o f  t h i s  repo r t  these wastes are assumed 
t o  be i n  a s o l i d i f i e d  form and are  re fe r red  t o  as high- level  s o l i d i f i e d  wastes (HLSW) o r  simply 
as high- level  wastes (HLW). 

Several methods f o r  sol i d i f y i n g  high- level  l i q u i d  wastes have been proposed and studied. For 
t h i s  report ,  use o f  a f l u i d i z e d  bed ca l c ina t i on  process i s  assumed. This calc ined HLSW i s  
assumed t o  be l e f t  as a powder ra the r  than being p u t  i n t o  a glass o r  metal matr ix ,  as has been 
considered i n  some studies. This i s  a,conservat ive assumption f o r  the analyzing o f  the occu- 
pa t iona l  and accident doses from the handling o f  3LSW because t h i s  powder i s  eas i l y  dispersable 
and h igh l y  resp i rab le .  Iso top ic  mixtures o f  t h i s  ca lc ine  are given i n  Tables A.l and A.4 i n  
Appendix A, and some o f  i t s  major propert ies are  given i n '  Appendix B. I t i s  assumed t h a t  the 
HLSW would be packaged i n  s ta in less  s tee l  canisters p r i o r  t o  disposal. 

2.1.3 Hu l l s  

Z i  r c a l  oy cladding, s ta in1  ess s tee l  and Inconel support rods, neutron absorbing rods, end fit- 
t ings ,  springs, and spacer elements would be l e f t  a f t e r  the spent f ue l  p e l l e t s  were dissolved i n  
the  f i r s t  n i t r i c  ac id  so lu t i on  a t  the reprocessing p lan t .  These wastes are c o l l e c t i v e l y  referred 
t o  as h u l l s .  The h u l l s  are assumed t o  be uncompacted and packaged i n  can is ters  o f  the same 
design as the HLSW canisters.  Although the h u l l s  would be leached i n  a n i t r i c  ac id  solut ion,  
they are assumed t o  r e t a i n  0.1% o f  the spent f ue l  isotopes. Because o f  the a c t i v a t i o n  o f  the 
h u l l s  along w i th  t h i s  res idua l  spent f ue l ,  sh ie ld ing  o f  the h u l l  can is ters  would be required. 

2.1.4 Transuranic Intermediate-Level Waste (TRU-ILW) 

TRU-ILW are transuranic wastes which requ i re  sh ie ld ing  f o r  p ro tec t ion  from the emit ted rad i -  
a t ion .  The TRU-ILW would come mainly from the reprocessing f a c i l i t y  and cons is t  o f  contaminated 
ion-exchange resins, f i l t e r s ,  clothes, rubber gloves, tools,  glassware, and s imi la r . i tems.  It 
i s  assumed t h a t  these wastes would be ne i t he r  compacted nor inc inerated.  The TRU-ILW would be 
packaged i n  containers s i m i l a r  t o  the HLSW canisters.  (The HLSW, hu l l s ,  and TRU-ILW types of 
waste are re fe r red  t o  as "canistered" wastes.) 

2.1 .5 Transurani c Low-Level Waste (TRU-LLW) 

The TRU-LLW consists o f  TRU wastes tha t  do n o t  requ i re  shie ld ing.  These also would be generated 
a t  the reprocessing f a c i l i t y .  The TRU-LLW i s  assumed t o  be packaged i n  55-gallon drums wi thout  
p re l im inary  compaction o r  inc inera t ion .  



2.1.6 Plutonium Dioxide (PuOz) 

It i s  assumed t h a t  plutonium recovered from reprocessing o f  spent fuel would be converted t o  the 
oxide PuO2 a t  the reprocessing p lan t  s ince pursuant t o  10 CFR 70.42,3 the Federal Government 
requires tha t  plutonium i n  excess o f  20 cur ies  per package be shipped as a so l i d .  Plutonium 
from U02 fuel, a t  33 GWd/MTU burnup, has a spec i f i c  a c t i v i t y  o f  about 0.5 cur ies  per gram (alpha).  
It i s  f u r t h e r  assumed t h a t  PuOn would be shipped and stored i n  containers hold ing about 6 kg 
(13 l b )  o f  PuO2, a quant i ty  which would present no. c r i t i c a l i t y  hazard i n . a  s u i t s b l y  designed 
container. 

In GESMO i t  was assumed t h a t  s u f f i c i e n t  f i s s ion  products would be l e f t  i n  the plutonium t o  pro- 
duce a rad ia t i on  l e v e l  t h a t  would discourage t h e f t  o r  d ivers ion  f o r  malevolent purposes. This 
could be achieved by "spik ing" t he  Pu02 w i t h  a small p a r t  o f  the high- level  waste (52 f i s s i o n  
products by weight). This spiked PuOn i s  assumed to  be placed i n  th in-wal led canisters 10 cm 
(4  inches) i n  diameter by 61 cm (2 f t )  long.4 The canisters are  assumed t o  be sealed i n  over- 
packs s i m i l a r  i n  s i ze  and shape t o  55-gallon drums and then stored i n  the r e p o s i t ~ r y . " , ~  The 
i so top i c  mix o f  t h i s  spiked plutonium i s  shown i n  Table A.3 o f  Appendix A. 

Some o f  the important cha rac te r i s t i cs  o f  these types o f  wastes f o r  uranium and MOX f u e l  re-  
processing are  shown i n  Table 2.2. 

2.2 WASTE MANAGEMENT 

I n  the recyc le  options, the recovered uranium would be recycled t o  a f ue l  f ab r i ca t i on  plant ,  and 
the recovered plutonium would be e i t h e r  recycled w i th  the uranium ( f u l l  recycle)  o r  stored i n  a 
re t r i evab le  mode o r  disposed (U-only recyc le) .  (Schematic diagrams o f  the f u l l  recycle, U-only 
recycle, and no-recycle opt ions are shown i n  Figs. 2.1 through 2.3.) It i s  assumed t h a t  the 
spent f ue l  and a l l  reprocessing wastes except the non-TRU low-level wastes would be sent t o  
Federal repos i to r ies  f o r  storage o r  disposal. 

Only a r e l a t i v e l y  b r i e f  descr ip t ion  o f  model repos i to r ies  i s  given here. More de ta i l ed  informa- 
t i o n  concerning proposed repos i to r ies  can be found i n  o ther  documents, such as,Reference 6. Two 
types o f  Federal repos i to r ies  are modeled f o r  t h i s  study: one f o r  reprocessing wastes and one 
f o r  unreprocessed spent fue l .  Repositories f o r  unreprocessed spent f ue l  would be needed f o r  
recyc le  and no-recycle options. Repositories f o r  reprocessing wastes would be required on ly  f o r  
the recyc le  options. 

2.2.1 Rebrocessing Wastes Disposal 

A f low diagram f o r  a reprocessing wastes repos i to ry  i s  shown i n  Figure 2.4, and a schematic 
drawing of such a repos i to ry  i s  shown i n  Figure 2.5. Plutonium storage/disposal f a c i l i t i e s  are 
assumed t o  be added i f  the f u l l  recyc le  opt ion  i s  no t  chosen. The Federal repos i to ry  i s  assumed 
t o  be i n  a rock s a l t  formation. Locations o f  rock s a l t  deposits i n  the United States are shown 
i n  Figure 2.6. A secured area o f  approximately 80 hectares (ha) (200 acres) would contain, the 
various aboveground f a c i l i t i e s  f o r  operat ion of the  ~ d e l  reposi tory.  An underground storage 
area w i t h  a f l o o r  area o f  about 800 ha (2000 acres) would be excavated f o r  the bu r i a l  o f  the 
nuclear wastes. A sa fe ty  b u f f e r  zone o f  an add i t iona l  1200 ha (3000 acres) would be established. 
No underground a c t i v i t y  would be permit ted w i t h i n  t h i s  2000-ha (5000-acre) area; however, some 
r e s t r i c t e d  surface a c t i v i t y  might be allowed. 

The model Federal repos i to ry  i s  described below i n  terms o f  procedures, and f a c i l i t i e s  f o r  the 
handling and storage of three types o f  wastes: (1 ) canistered wastes (HLSW, hu l l s ,  TRU-ILW), 
(2 )  TRU-LLW, and (3)  spiked Pu02. 

2.2.1.1 Canistered-Waste F a c i l i t y  

A cani stered-waste bu i l d i ng  on the surface would house receiv ing,  decasking, overpacking, and 
surge pool f a c i l i t i e s  and operations. There would be a sha f t  leading from t h i s  bu i l d i ng  t o  a 
mine-level rece iv ing  s t a t i o n  through which the canistered wastes would pass enroute t o  emplace- 
ment i n  holes d r i l l e d  i n  rooms i n  the s a l t  formation. The canistered-waste bu i l d i ng  would be 
composed of three major areas: a cask rece iv ing  and inspect ion area, a pool f o r  cask unloading 
and can is ter  surge storage, and an encapsulation area. Canistered wastes would be handled and 
processed remotely i n  e i t h e r  a i r  o r  water w i t h i n  shielded f a c i l i t i e s  constructed o f  re in forced 
concrete w i t h  sh ie ld ing  wal ls .  A l l  e f f l uen t  a i r  would be f i l t e r e d .  
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Table 2.2. Character is t ics  o f  Reprocessed UO2 and MOX Wastes 

Waste Canister, 
Waste Form ~ ~ / M T H M ~  kg/m3 ~ ~ / M T H M ~  W/MTHM~ m3/can 

. . - .  . .  . .  
. . 

U02 Wastes 

H L S W ~  123 2200 0.0559 1110 0.177 

H u l l  sc 326 1 OOod 0.326 28.4 0.177 

TRU-ILW~ 2430 1 OOod 2.43 0.324 0.177 
f 

TRU-LLW 972 1 OOod 0.972 0.197 0.167 

~ ~ 0 2 ~  10 2000 0.005 256 0.003 

MOX Wastes 

a M T ~ ~  refers t o  the me t r i c  tons of heavy metal reprocessed based on the assumptions: 
33 Gwd/MTHM, 30 MW/MTHM, 2/3 PWR, 1/3 BWR. 

b lOO% of H-3 and noble gas f i s s i o n  products, and 99.9% o f  I and Br released; 0.5% U 
and Pu remain. 

'includes '0.1% i r r a d i a t e d  f u e l  . 
d ~ a s t e s  uncompacted. 

e~nc ludes 0.89 grams o f  Pu/m3 and '0.025% o f  the  f i s s i o n  products. 

f~nc ludes  8.9 grams Pu/m3. 

g ~ n c l  udes 0.5 kg f i s s i o n  products per mHM reprocessed. 

Table based on informat ion from: 

J. 0. Blomeke and C. W. Kee, "Project ions o f  Waste t o  be Generated," presented a t  the 
In ternat iona l  Symposium on the Management o f  Wastes from the LWR Fuel Cycle, 
11 -16 J u l y  1976, Denver, Colorado, CONF-76-0701. 

C. W. Kee, A. G. Croff, and J. 0. Blomeke,' "Updated Project ions o f  Radioactive Wastes 
t o  be Generated by the U.S. Nuclear Power Industry," Oak Ridge National Laboratory, 
ORNL/TM-5427, December 1976. 

"A l te rnat ives  f o r  Managing Wastes from Reactors and Post-Fission Operations i n  the 
LWR Fuel Cycle," Volume 2, U.S. Energy Research and Development Administration, 
ERDA-76-43, May 1976. 

"Environmental Survey o f  Reprocessing and Waste Management Port ions o f  the LWR Fuel 
Cycle," U.S. Nuclear Regulatory Commission, NUREG-01 16, October 1976. 

"Final  Generic Environmental Statement on the- Use o f  Recycle. Plutonium i n  Mixed Oxide 
Fuel i n  L i g h t  Water Cooled Reactors," Chapter I V ,  U.S. Nuclear Regulatory Commis- 
sion, NUREG-0002, August 1976. 

B. L. Cohen, "The Disposal of Radioactive Wastes from Fission Reactors," S c i e n t i f i c  
American 236(6) :21-31, June 1977. 

J. W. Wachter, "Ef fect  o f  Fuel Recycling on Radioact iv i ty  and Thermal Power o f  High 
Level Wastes (Dra f t )  ," prepared for  the U.S. Nuclear Regulatory Comnission by the 
Oak Ridge National Laboratory, ORNL/NUREG/TM-146, December 1977. 
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Fig. 2.3. No-Recycle Fuel Cycle. (Fig. 3.1 i n  "Environmental Survey o f  the Reprocessing and 
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Fig.  2 .5 .  Schematic Diagram o f  Waste I s o l a t i o n  F a c i l i t y .  (From "Waste I s o l a t i o n  F a c i l i t y  Description - Bedded S a l t , "  
O f f i c e  o f  Waste Iso la t ion ,  Y/OWI/SUB-76116506, September 1976.) 



I 
Fig.  2 .6 .  Rock S a l t  Deposits i n  the United Stakes. [Fig. 4 i n  "Proceedings o f  the Symposium on Waste Management, Tucson, Arizona, 

October 3-6, 1976." CONF-761020, R .  6. Post ( e d i t o r ) ,  Un ivers i ty  o f  Arizona, the Arizona Atomic Energy Commission and 
the Western I n t e r s t a t e  Nuclear Board. ] 



It i s  assumed t h a t  the  waste canisters would be shipped by r a i l ,  one cask per r a i l  car. Upon 
rece ip t  a t  the canistered-waste f a c i l i t y ,  the surface o f  the casks and the i n te rna l  coolant 
would be checked f o r  rad ioact ive  contamination. Assuming no such contamination existed,* the 
cask would be placed i n  the cask unloading pool. Once the cask had been submerged i n  the water- 
f i l l e d  unloading pool, a special crane would be used t o  open the cask, remove the can is ter  and 
place i t  on a rack which would then be t ransferred through a water canal t o  the surge pool. The 
surge pool would provide a means o f  removing these wastes from shipping casks and temporari ly 
s to r i ng  canisters u n t i l  they could be packaged. . - 
Canisters would be t ransfer red from the surge pool t o  packing c e l l s  through one o f  two wet 
t ransfer  canals. I n  the packaging c e l l ,  the canisters would be d r i ed  w i t h  forced a i r  and placed 
i n  an overpack can is ter  by use o f  overhead cranes. The top o f  the overpack can is ter  would be 
welded i n  place. The space between the can is ter  and i t s  overpack would be evacuated o f  a i r  and 
charged w i t h  h e l i  wn. The overpacked canisters would be inspected f o r  contamination and leaks, 
then decontaminated and sealed i f  necessary. The overpacked canisters would then be t ransferred 
t o  the holding area by motorized carts. The can is ter  and overpack together would provide two 
containment barr iers.  I n  the event t h a t  the can is ter  were breached, a second, l a rge r  overpack 
would be placed over the f i r s t  overpack i n  order to maintain the two containment bar r ie rs .  

The encapsulated canistered wastes would be t ransferred from the cani stered-waste bui 1 ding t o  
the subterranean storage areas through a canistered-waste shaft. A t  the mine leve l ,  the shaf t  
would provide access t o  the TRU-ILW and h u l l s  disposal area a t  one elevat ion and t o  the HLSW 
disposal area a t  a lower elevation. These two leve ls  are assumed not  t o  overlap. This i s  a 
conservative assumption i n  assessing the bu r ia l  area required f o r  waste storage. The encap- 
sulated wastes would be transported through the .shaft by a special cage. Safety features would 
be incorporated t o  prevent the cage from f a l l i n g  t o  the bottom o f  the shaf t  i n  the case o f  
equipment fa i l u re .  

A f t e r  t ransport  through the shaf t  t o  the mine, a waste can is ter  would pass through a mine-level 
receiv ing s t a t i o n  before enter ing the storage area. The receiv ing s ta t i on  would be a shielded 
enclosure w i t h  a viewing gal lery.  A top view o f  the mine storage co r r i do r  and room arrangement 
i s  given i n  Figure 2.7. Each waste type would be placed i n  i t s  own sect ion o f  the mine. The 
spiked Pu02, hul ls ,  TRU-ILW, and TRU-LLW are assumed to be on one leve l ,  w i t h  the HLSW a t  a 
1 ower 1 eve1 . 
A special shielded t ransporter  vehic le would receive a can is ter  a t  the appropriate rece iv ing 
stat ion,  t ranspor t  i t  t o  the proper storage room, and deposit i t  i n  a hole o f  appropriate s i ze  
d r i l l e d  i n  the f l oo r .  For the f i r s t  few years of operation, the reposi tory probably would be 
operated as a p i l o t  f a c i l i t y  i n  a re t r i evab le  mode. During t h i s  time, the storage holes would 
be 1 ined w i th  a steel  sleeve and the storage rooms would not  be b a c k f l l l e d  (Fig. 2.8). This 
would a l low f o r  removal o f  the wastes i n  the event o f  abnormalit ies. I f  the reposi tory were 
operating according t o  plan a f t e r  t h i s  time, the re t r i evab le  mode would be ended--no sleeves 
would be used, and the storage rooms would be b a c k f i l l e d  w i th  mined s a l t  w i t h i n  90 days a f t e r  
they.were f i l l e d  w i th  waste canisters. 

The mine v e n t i l a t i o n  system would have t o  be s u f f i c i e n t l y  d iverse t o  accomodate ac t i ve  excava- 
t ion ,  disposal, and i n  the case o f  PuOp, storage and possibly recovery w i t h i n  about 25 years. 
Some o f  the heat generated by the canistered wastes would be t ransferred t o  the mine a i r ,  which 
would be monitored f o r  continuous work condit ions. Exhaust fans would always maintain negative 
pressures i n  the mine r e l a t i v e  t o  the' atmosphere so as t o  ensure (1) proper v e n t i l a t i o n  o f  the 
mine and (2)  proper f i l t r a t i o n  o f  a i r  e x i t i n g  the mine. To help maintain t h i s  negative pressure 
and t o  ensure t h a t  v e n t i l a t i o n  a i r  flowed only i n  the desired d i rec t ion ,  the e n t i r e  exhaust 
system would be f i t t e d  w i t h  backf low preventors. A f t e r  f i l t r a t i o n  through p r e f i  1 te rs  and high 
ef f ic iency pa r t i cu la te  a i r  (HEPA) f i l t e r s ,  the exhaust a i r  would be dlscharged t o  the atmosphere 
through a stack continuously monitored t o  detect  any r a d i o a c t i v i t y  o r  noxious gases i n  the a i r  
stream. This cent ra l  f i l t e r  stat ion,  operating i n  conjunction w i th  the mine a i r  supply system, 
would provide confinement f o r  a l l  the mine a i r .  I n  order t o  enhance d l l u t i o n  and dispersion, 
a l l  v e n t i l a t i o n  a i r  from the surface bu i ld ings contain ing waste o r  waste-handling f a c i l i t i e s  
a lso  would be exhausted through the v e n t i l a t i o n  exhaust f a c i l i t y  serving the mining area. 

The primary cool ing water and a i r  systems o f  the  canistered-waste bu i l d ing  would cons is t  o f  
closed loops designed t o  provide a pos i t i ve  b a r r i e r  against potent ia l  leaks o f  rad ioact ive  
mater ia ls t o  the environment and t o  personnel areas. The primary cool ing water system would be 
backed up by an emergency system supplying cool ing water f o r  emergency u t i l i t i e s  and system 
operation. Such an emergency heat s ink would provide ample cool ing i n  off-normal condit ions. 

*Casks found t o  have surface contamination o r  t d  contain breached waste canisters would be 
subjected t o  special handling and decontaminatijon procedures. These procedures are not  
deta i led  i n  t h i s  report. I 



Fig .  2 . 7 .  Mine Master Plan for  Reprocessing Wastes Repository. (From "Waste I s o l a t i o n  F a c i l i t y  Descript ion - Bedded Sa l t , "  
O f f  i c e  o f  Waste Iso la t ion ,  Y/OWI/SUB-76/16506, September 1976. ) 



Fig. 2.8. Retr ievable Emplacement. (From: "Waste I s o l a t i o n  
F a c i l i t y  Description - Bedded Sa l t , "  O f f i c e  o f  
Waste Is01 a t ion ,  Y/OWI/SUB-76/16506, September 
1976.) 



The heating, ven t i l a t i on ,  and a i r  cond i t ion ing  (HVAC) system f o r  the f a c i l i t y  would be designed 
t o  supply proper ly condi t ioned a i r  to operat ional  areas, t o  ensure t h a t  a i r  was r e s t r i c t e d  t o  
prescr ibed f low paths f o r  confinement, to pass the a i r f l o w  through f i n a l  f i l t e r s  o r  treatment 
systems, and then t o  discharge the f i l t e r e d  a i r  through a stack t o  the environment. The bu i l d i ng  
s t ruc tu res  and vent i  1 a t i o n  systems would provide confinement o f  rad ioac t ive  mater ia ls and ensure 
t h a t  personnel exposure was maintained as low as reasonably achievable. 

The operat ion o f  t he  surge pool would generate both .  1 i q u i d  and 'sol  i d  rad ioac t ive  wastes, which 
would have t o  be col lected,  treated, packaged, stored, and disposed. A number o f  a u x i l i a r y  
systems would be devoted so le l y  t o  the handling and treatment o f  such wastes i n  an environ- 
menta l ly  safe manner. These wastes are  assumed t o  be low-level, nontransuranic. 

The major sources o f  l i q u i d  and semi l iqu id  rad ioac t ive  wastes would be the water treatment 
system and the cask cool-down and decontamination system. The next  most important source o f  
contaminated waste would be equipment and f a c i l i t y  decontamination and f l ush  solut ions.  The 
l i q u i d  rad ioac t ive  wastes and f i l t e r  sludges would be concentrated i n  a waste evaporator, and 
the  concentrates, as we1 1 as spent ion-exchange res ins  and contaminated a i r  f i l t e r  cart r idges,  
would be immobilized i n  a s o l i d  mat r ix  o f  cement o r  other su i t ab le  mater ia l .  The waste and 
s o l i d i f i c a t i o n  agent would be mixed and packaged i n  a container, such as a 55-gallon drum, and 
capped. The container then would be stored ons i t e  to await f i n a l  disposal. Radioactive gases 
released from cask decontamination o r  f ue l  pool operations would be co l l ec ted  through HEPA 
f i l t e r s ,  condensers, o r  advanced systems. 

2.2.1.2 TRU-LLW F a c i l i  t i e s  

It i s  assumed t h a t  t ransuranic low- level  waste (TRU-LLW) would be generated by the reprocessing 
o f  spent f ue l .  The TRU-LLW would be loaded i n  55-gallon drums wi thout  f i r s t  being compacted o r  
inc inerated.  Pa l l e t i zed  loads of the containers would be shipped t o  the TRU-LLW rece iv ing  
b u i l d i n g  by t ruck o r  r a i l .  The c a r r i e r  would enter  the bu i l d i ng  and be placed on a t rans fe r  car 
f o r  t ranspor t  through an a i r l o c k  to the unloading room, where the c a r r i e r  would then be emptied. 
L i f t  t rucks would t ranspor t  the p a l l e t s  o f  waste containers t o  the mine shaf t .  The TRU-LLW mine 
s h a f t  would provide access f o r  t ranspor t  o f  the waste p a l l e t s  from the surface bu i l d i ng  t o  the 
TRU-LLW subterranean rece iv ing  stat ion,  where the p a l l e t s  would be loaded onto a t ransporter  and 
moved t o  the storage area. The mine fo r  low-level waste would be very s i m i l a r  t o  t h a t  f o r  
canistered waste. However, i n  the  case o f  TRU-LLW, the waste containers would be stacked i n  the 
rooms ra the r  than bur ied  i n  holes i n  the f l 'oor .  

2.2.1 .3 Pl utoni um Storage/Di sposal Faci 1 i ti es 

To date, there are  no conceptual designs f o r  a deep geologic storage f a c i l i t y  for PuO,. Surface 
storage o f  pure Pu0z has been described f o r  the U-only recyc le  cases i n  GESM0.4 The exact 
methods and procedures f o r  storage o r  disposal o f  the spiked Pu02 assumed f o r  t h i s  study have 
n o t  been considered i n  d e t a i l ;  however, a hypothet ical  underaround f a c i l i t y  i s  ou t l i ned  below. 

The bu lk  o f  Pu02 shipment t o  date has been by t ruck.  It i s  expected t h a t  61-cm ( 2 - f t )  long con- 
t a ine rs  packed w i t h  6 kg (13 pounds) of Pu02 would be used. The overpacking, s i m i l a r  i n  s i ze  
and shape t o  a 55-gallon drum, would be designed t o  prevent c r i t i c a l i t y  i n  any packing geometry. 
It i s  assumed t h a t  a Pu02 f a c i l i t y  would cons is t  o f  a separate rece iv ing  bu i ld ing ,  handling 
f a c i l i t y ,  hoist ,  shaft,  and mine. The support bu i ld ings  and systems o f  the main repos i to ry  
would be used f o r  the  Pu02 f a c i l i t i e s ,  w i t h  the possib le exception o f  the v e n t i l a t i o n  system. 

For the  system conceptualized f o r  t h i s  report ,  each 6-kg (13-pound) can i s te r  o f  spiked PuOz 
would be stored i n  a meta l - l ined underground cav i t y  (much l i k e  the arrangement used f o r  canis- 
t e red  waste) wh i l e  s t i l l  overpacked. The geometry o f  co r r i do rs  and storage c a v i t i e s  would be 
s i m i l a r  t o  the canistered-waste mines, except the distance between c a v i t i e s  would have t o  be 
d i f f e r e n t  t o  accommodate the d i f f e r e n t  heat loading. A f t e r  being loaded w i t h  a u n i t  o f  spiked 
PuO,, a cav i t y  would be temporar i ly  sealed a i r t i g h t .  I f  r e t r i e v a l  o f  the PuO, was l a t e r  desired, 
the a i r  i n  the cav i t y  would be tes ted t o  ensure t h a t  the i nne r  can is ter  and overpack had not  
f a i l e d .  I f  both had fa i l ed ,  the u n i t  would remain i n  the cav i t y  and await b a c k f i l l i n g  wh i le  
o ther  u n i t s  were reinoved. I f  the ba r r i e r s  had n o t  f a i l ed ,  the u n i t  would be transported t o  the 
handl ing f a c i l i t i e s  f o r  shipment. 

If recyc le  o f  PuO, d i d  no t  occur w i t h i n  a su i t ab le  per iod  (depending on the predicted i n t e g r i t y  
o f  the un i ts ) ,  then the mine would be b a c k f i l l e d  and the f a c i l i t i e s  decomnissioned. Assuming 
recyc le  d i d  occur, two opt ions would be ava i l ab le  f o r  mine ven t i l a t i on ,  the choice o f  which 
would a f f ec t  recovery. If v e n t i l a t i o n  o f  a c o r r i d o r  ceased a f t e r  t h a t  co r r i do r  was f u l l ,  a 
cool-down time might be necessary before recovery procedures could begin. Such a cool-down 
per iod  would n o t  be necessary i f  v e n t i l a t i o n  o f  a co r r i do r  continued a f t e r  the co r r i do r  was 
f u l l .  
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The storage o r  disposal o f  PuO, i n  a geologic medium would present specia l  problems o f  c r i t i -  
ca l  i t y .  For c r i t i c a l i t y  to occur, the canisters and overpacks bearing the spiked Pu02 would 
have t o  be leached, w i t h  enough Pu02 leaking ou t  o f  the canisters and coming together t o  form a 
c r i t i c a l  mass. Even though t h i s  event i s  h igh ly  improbable, analyses have been done t o  f i n d  the 
minimum thickness o f  a s lab and the minimum radius o f  a sphere t o  achieve c r i t i c a l i t y  f o r  various 
Pu02 solut ions i n  s a l t .  Graphs o f  these analyses are  shown i n  Figures 2.9 and 2.10. These 
f igures  are  f o r  pure PuOz i n  s a l t  so lu t ions  and do not  inc lude the 5% f i s s i o n  products i n  the 
spiked Pu02 mixture. These. ca lcu la t ions  are app l icab le  on ly ,  i n  the absence o f  neutron-absorbing 
f i s s i o n  products. Even a small amount o f  f i s s i o n  products would increase the mass requirement 
f o r  c r i t i c a l i t y .  Thus, Figures 2.9 and 2.10 should be viewed as being conservative ca lcu la t ions  
f o r  storage o f  the Pu02 i n  the manner assumed i n  t h i s  report .  Events which would cause the  Pu02 
t o  come together i n  the  amounts necessary f o r  c r i t i c a l i t y  are h igh l y  un l i ke l y ,  even over the 
long t ime per iod i n ~ o l v e d . ~  

2.2.2 Spent Fuel Storage/Disposal 

The spent f u e l  assemblies are assumed t o  be e i t h e r  stored near the.surface o f  the ground o r  
bur ied  i n  deep geologic s a l t  formations. For e i t h e r  type o f  storage, the spent f ue l  would be 
handled as shown i n  Figure 2.11'. 

  he‘ f a c i l i t i e s  and processes i n  the rece iv ing  b u i l d i n g  a t  the repos i to ry  would be s i m i l a r  t o  
those described f o r  the repos i to ry  f o r  reprocessing wastes i n  Section 2.2.1. The spent f ue l  
assemblies would be subject  t o  the same general handling procedures previously described, except 
fo r  the surface storage opt ion.  I n  t h a t  option, the assemblies would be stored near the  ea r th ' s  
surface ra the r  than i n  deep geologic formations. 

I 

2.2.2.1 Surface Storage o f  Spent Fuel. 

Dry caisson storage i s  considered as the model i n t e r i m  surface storage method f o r  packaged spent 
A 

fue l .  The dry  caisson design adapted f o r  t h i s  repor t  i s  i l l u s t r a t e d  i n  Figure 2.12. This 
concept i s  under study by the  A t l a n t i c  R i ch f fe ld  Company.' One fue l  assembly (PWR o r  BWR) would 
be sealed i n  a s tee l  can is ter  w i t h  a 40-cm (15-inch) di.ameter. The packaged f u e l  would be 
f i l l e d  w i th  an i n e r t  gas. (such as helium) t o  prevent ox ida t ion  o f  the canister ,  t o  promote 

, increased heat transfer, and t o  provide a method o f  detect ing leaks. This temporary storage 
mode could permit  i n t e r i m  storage (up t o  25 years)  wh i le  a decis ion was being made on whether t o  
t r e a t  the spent f ue l  as a resource f o r  reprocessing o r  as a waste requ i r i ng  permanent d isposal .  

There would be three confinement ba r r i e r s  f o r  t h i s  method o f  storage: the fue l  cladding, the 
fue l  canister ,  and the hole l i n e r  and sh ie ld  plug. The hole l i n e r  and sh ie ld  p lug would provide 
pro tec t ion  against  en t ry  o f  water. The hole l i n e r  would cons is t  o f  corrosion-resistant  mater ia ls,  
such as concrete. Caisson storage would u t i l i z e  the ear th  f o r  passive cool ing and sh ie ld ing  by 
p lac ing  nuclear mater ia l  i n t o  l ined.  holes i n  the ear th 's  surface. The decay heat t rans fer red t o  
the ear th  would eventual ly  be conducted t o  the earth 's surface and then diss ipated t o  the atmos- 
phere. 

The can is ter  would be stored i ns ide  a carbon-steel wel l  casing, o r  caisson, which might range 
from 50 t o  100 un (20 t o  40 inches) i n  diameter. Larger diameters might be used t o  reduce the 
heat  f l u x .  i n t o  the earth. To provide adequate shielding, the caisson would extend about 7.6 m 
(25 f t )  i n t o  the ground and would be f i t t e d  w i t h  a high-density metal o r  concrete sh ie ld ing  
plug. Caisson covers could be sealed by any o f  several methods t o  provide pro tec t ion  against  
unauthorized removal. The caissons are assumed t o  be placed 7.6 m (25 f t )  apart  i n  a square 
array. A secu r i t y  fence would surround the storage area. 

The thermal cha rac te r i s t i cs  o f  the geologic features o f  the surface i n t e r i m  storaae s i t e  would 
a f f ec t  the  capaci ty o f  the  caisson to d iss ipa te  heat. Caissons probably would be located i n  
areas where the water t a b l e  was subs tan t i a l l y  lower than the caisson. I n  addi t ion,  the area 
should not  be suscept ib le t o  f looding, seismic, tornado, o r  sabotage events. I so la ted  a r i d :  
regions would probably be we l l  su i ted  f o r  caisson storage yards. 

The f i n a l  design o f  d ry  storage f a c i l i t i e s  would be subject  t o  s i t i n g  and l i cens ing  procedures. 
Design standards would have t o  accomnodate e f f i c i e n t  and economical p l a n t  operation. However, 
the  f a c i l i t y  might  contain i n  excess o f  109 cur ies  o f  f i s s i o n  products, so the design o f  systems, 
st ructures,  and components a1 so would have t o  account f o r  the possib i  1 i t y  o f  uncontro l led 
releases of radionuclides. I n  general, the safe storage o f  i r r a d i a t e d  fue l  depends on the 
i n t e g r i t y  o f  t he  f u e l  c ladding as the primary b a r r i e r  t o  the release o f  radionucl ides.  

For t h i s  report ,  i t  i s  assumed t h a t  the surface area o f  a surface-storage spent f ue l  repos i to ry  
would be the same as f o r  an underground reprocessing wastes repos i to ry .  That i s ,  the spent 
fuel  storage area would be 800 ha (2000 acres) and would be surrounded by a b u f f e r  zone o f  an 



Pu02 at Theoretical Density 

25  vollo Pu02 , 75 vollo NaCl 

A 25 vollo Pu02 , 15 vollo Fe, 60 vollo NaCl with 5 wtlo H z 0  

SLAB THICKNESS (cm.) 

Fig.  2.9. Keff fo r  PuOp i n  a S a l t  Repository, Slab Geometry. [Fig. 4.12 i n  "Public Comnents and Task Force Responses 
Regarding the Environmental Survey o f  the Reprocessing and Waste Management Portions o f  the LWR Fuel Cycle 
(NUREG-01 16) ," U.S. Nuclear Regulatory Commission, NUREG-0216. March 1977.1 
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Fig. 2.10. bff f o r  Pu02 i n  a Sa l t  ~ e p o s i t o r ~ ,  Sphere Geometry. (Fig. 4.13 
i n  Environmental Survey o f  the Reprocessing and Waste Management 
Port ions o f  the LWR Fuel Cycle," U.S. Nuclear Regulatory Commis- 
sion, NUREG-0116, October 1976. ) 



Fig. 2.11. Flow Diagram f o r  Spent Fuel (SF) Repository. 
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addi t iona l  1200 ha (3000 acres). Hence, the t o t a l  areal  al lotment t o  a dry, surface-storage 
repos i tory  would be 2000 ha (5000 acres). 

Heat d i ss ipa t i on  ra tes  f o r  caisson storage would be a funct ion o f  the t ime the spent fuel  had 
been i n  pool storage, the thermal conduct iv i ty  o f  the s o i l  a t  the s i t e ,  and the diameter o f  the 
caisson. Prel iminary analysis indicates tha t  the ground could safety d iss ipate  approximately 
1.5 k i l owa t t s  thermal per caisson wi thout exceeding 370°C (700°F) a t  the cladding. This heat 
l e v e l .  i s  equivalent t c  the decay heat generated by a PWR assembly four years ou t  o f  tne core o r  
a BWR assembly two years o u t  o f  the core.8 A prel iminary analysis o f  the heat d i s t r i b u t i o n  f o r  
caisson storage recent ly  performed by the A t l a n t i c  R ich f i e ld  Hanford Company may provide approxi- 
mations o f  the heat d i s t r i b u t i o n  near the c a i s s ~ n s . ~  The resu l t s  are based upon Hanford s o i l  
temperature data. 

Maximum can is ter  temperatures are shown i n  Figure 2.13 as a funct ion  o f  spacing f o r  PWR fue l  a t  
three, f i v e ,  and ten ears a f t e r  discharge. For ten-year-old spent f ue l  a t  a can is ter  spacing 
o f  about 5.5 m (18 ft!, the maximum can is ter  temperature would be about 175OC (350°F). This 
corresponds t o  a maximum cladding temperature of about 245°C (475°F). Since the can is ter  spac- 
i n g  i n  the model caisson storage f a c i l i t y  i s  assumed t o  be 7.6 m (25 f t ) ,  a 5.5-m spacing calcu- 
l a t i o n  w i l l  conservat ively account f o r  the  area needed f o r  roadways, equipment, etc. The 
isotherms r e s u l t i n g  from ten-year-old fue l  spaced a t  5.5 m i s  i l l u s t r a t e d  i n  Figure 2.14. Based 
on an 18°C (64°F) ambient s o i l  temperature, the r i s e  i n  surface tem erature as a r e s u l t  o f  ten- 
year-old PWR fuel stored i n  a caisson would be less  than 12°C (20°F!. The temperature r i s e  
would be even less f o r  ten-year-old BWR fue l .  

2.2.2.2 Deep Geological Storage of Spent Fuel* 

Spent f ue l  can be stored i n  deep geological repos i to r ies ,  e i t h e r  i n  re t r i evab le  (stowaway) o r  
nonretr ievable (throwaway) modes. The re t r i evab le  mode would permit removal o f  the spent f ue l  
i n  the future for  reprocessing. For re t r i evab le  storage, the storage rooms would not  be back- 
f i l l e d ,  and l i n e r s  would be inser ted i n  the holes d r i l l e d  i n  the f l o o r  o f  the storage rooms. 
For the nonretr ievable disposal o f  spent fue l ,  there would be no l i n e r s  i n  the holes and the : 

rooms would be back f i l l ed .  The geological storage f a c i l i t y  f o r  both options would be s i m i l a r  
t o  t h a t  f o r  reprocessing wastes. 

The deep storage f a c i l i t y  would contain separate storage rooms f o r  BWR and PWR spent fuel, 
haulageways, access shafts, v e n t i l a t i o n  tunnels and shafts, serv ice areas, and temporary holding 
f a c i l i t i e s .  There could a lso  be a storage area f o r  nontransuranic low-level waste; however, 
such a storage area i s  not  included i n  the model f a c i l i t y  f o r  t h i s  report .  

The mine layout and storage sequence f o r  the spent f ue l  storage f a c i l i t y  would be o f  a conven- 
t i o n a l  room-and-pillar design incorporat ing the requirements o f  mine ven t i l a t i on ,  mine opening 
s tab i  1 i ty ,  heat d ispersal ,  and e f f i c i e n t  use o f  mining and t ranspor t  equipment. The f a c i l i t y  
would cons is t  of a dendr i t i c  pa t te rn  o f  waste storage rooms and cor r idors  surrounding a set  o f  
f i v e  shafts (Fig. 2.15). A l l  wastes would be lowered through a special sha f t  connected t o  
haulageways f o r  t ranspor t  o f  waste t o  e i t h e r  the BWR o r  the PWR storage areas. The spent f ue l  
canisters would be transported from the spent f ue l  bu i l d ing  through the shaf t  t o  the emplace- 
ment holes i n  a manner very s i m i l a r  t o  t h a t  described e a r l i e r  f o r  the canistered wastes a t  the 
reprocessing wastes reposi tory.  

For the f i r s t  few years o f  repos i to ry  operat ion i n  the throwaway option, a l l  wastes would be 
re t r ievab le .  During t h i s  t ime the storage holes would be l i n e d  w i t h  a s tee l  sleeve and the 
storage rooms would no t  be backf i l led .  This would al low f o r  removal o f  the  spent fuel i n  the 
event of abnormalit ies. I f  the repos i tory  was operating according t o  plan a f t e r  t h i s  t h e ,  the 
re t r i evab le  mode would be ended and no sleeves would be used. I n  addi t ion,  the storage rooms 
would be back f i l l ed  w i t h  mined s a l t  w i t h i n  90 days a f t e r  they were f i l l e d .  

Engineering precautions would have t o  be taken i f  r e t r i e v a b i l i t y  was t o  be maintained f o r  a t  
l e a s t  25 years (stowaway opt ion).  I n  t h i s  option, the spent f ue l  assemblies would be emplaced 
i n  a manner s im i l a r  t o  t h a t  used f o r  the  throwaway option. That i s ,  the storage holes would be 
l i n e d  w i th  steel  and the storage rooms would not  be back f i l l ed .  The s tee l  l i n e r s  would a t  l eas t  
temporar i ly  pro tec t  the canisters against the corr-osive s a l t  environment, and the c y l i n d r i c a l  
shape and the freespace around the 1 iners  would provide pro tec t ion  against the squeezing ac t ion  
expected t o  be exerted by the heated sal t .**  Rooms f i l l e d  w i th  re t r i evab le  wastes would be 

*Much o f  the informat ion used i n  t h i s  sect ion was obtained from keference 9. 

**These problems could be o f  such magnitude t h a t  i f  long-term r e t r i e v a b i l i t y  were t o  be an 
option, a reposi tory constructed i n  igneous rock might be preferred. 
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Fig.  2.13. Canister Temperature vs. Spacing f o r  PWR Fuel (caisson storage). [From "Spent Unreproceaed Fuel '  
F a c i l i t y ,  Engineering Study o f  Storage Concepts ( D r a f t ) , "  prepared by A t l a n t i c  R i c h f i e l d  Hanford 
Company f o r  U. S. Energy Research and Development Administration, 1 June 1977.) 
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Fig.  2.14. Caisson I s o t h e n s  f o r  PWR Fuel Ten Years a f t e r  Discharge (spacing o f  5.5 m). 

[Adapted from "Spent Unreprocessed Fuel F a c i l i t y ,  Engineering Study o f  
Storage Concepts (Dra f t )  ," prepared by A t l a n t i c  Richf  i e l d  Hanford Company 
f o r  U.S. Energy Research and Development Agency, 1 June 1977.1 
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sealed from the remainder o f  the mine. Except f o r  inspect ion o r  r e t r i e v a l  o f  waste, no f i l l e d  
storage room would be vent i la ted .  

The r e t r i e v a l  procedure could be accomplished i n  two steps. F i r s t ,  the end o f  the storage room 
would be opened. The a i r  then drawn i n t o  the rooms would cool the room and d i l u t e  the radio-  
a c t i v e  gases which might  have accumulated. The time necessary f o r  cool i n g  the room t o  the l e v e l  
t h a t  men and machinery would be able t o  r e t r i e v e  can is ters  would be p r i m a r i l y  a func t ion  o f  the 
can i s te r  power and gross heat loadings. '0  The second step, actual  r e t r i e v a l  o f  the waste canis- 
t e r s ,  would simply be a reversal  of the emplacement procedure. 

The v e n t i l a t i o n  supply f o r  the mine would be provided through v e n t i l a t i o n  supply ducts i n  the 
shaf ts.  The supply a i r f l o w  r a t e  would be monitored and an alarm would be ac t iva ted i f  f low f e l l  
below an al lowable minimum. The e n t i r e  f a c i l i t y  would be operated a t  a negative a i r  pressure 
r e l a t i v e  t o  atmospheric by adjustment o f  the supply fan  pressures r e l a t i v e  t o  the exhaust pres- 
sures. Exhaust a i r  would be f i l t e r e d  and vented t o  the surface. 

General corrosion i n  the s a l t  mine environment could be a po ten t i a l  problem. I f  corrosion d i d  
occur, i t  i s  l i k e l y  t h a t  f i r s t  canisters,  then fue l  claddings would f a i l  i n  a random combination. 
For regu lar  occurrences o f  t h i s  nature, i t  would be necessary t o  t r e a t  the mine v e n t i l a t i o n  a i r  
t o  remove the ai rborne radionucl ides when the re t r i evab le  storage areas were purged f o r  the pur- 
pose o f  recla iming the spent f u e l  a f t e r  can i s te r  corrosion. Careful v e n t i l a t i o n  system design, 
jud ic ious  decisions on the order o f  repos i to ry  rooms t o  be f i l l e d ,  and prompt b a c k f i l l i n g  would 
minimize any contamination o f  the mine from rad ioac t ive  gases. If monitor ing ind ica ted t h a t  a 
problem was developing, temporary a i r t i g h t  seals could be placed a t  the j unc t i on  o f  the branch 
co r r i do rs  w i t h  the main cor r idors .  

Because o f  the presence o f  f i s s i l e  elements (uranium and plutonium) i n  spent f ue l  assemblies, 
precautions would have t o  be t a k e n t o  avoid a c r i t i c a l i t y  inc ident .  The handling o f  spent fuel 
assemblies p r i o r  t o  emplacement should be done i n  a safe and expedient manner. Much experience 
does e x i s t  i n  the handling and storage o f  spent f u e l  assemblies. Designs incorpora t ing  such 
features as neutron-absorbing racks, separation between spent f u e l  assembl ies, and 1 im i ta t i ons  
i n  neutron moderation should make the chances o f  a c r i t i c a l i t y  i nc iden t  remote. 

For c r i t i c a l i t y  t o  occur a f t e r  emplacement, i t  would be necessary f o r  the f i s s i l e  elements t o  
migrate towards a cent ra l  loca t ion .  The mass requirement f o r  c r i t i c a l i t y  would depend upon the 
s p e c i f i c  isotopes involved, the presence o f  neutron-absorbing f i s s i o n  products, the presence o f  
water f o r  moderation, and the cha rac te r i s t i cs  o f  the repos i to ry  medium. The concentrating o f  
f i s s i l e  elements i n  the repos i to ry  could r e s u l t  from e i t h e r  a catastrophic event (earthquake) o r  
from a l a rge  i n f l u x  o f  water. Repository s i t e  se lec t ion  should minimize the po ten t i a l  f o r  such 
events. I n  any case, i t  would be necessary f o r  the can is ter  and fuel cladding both t o  f a i l  
before the  f i s s i l e  elements could migrate. Even w i t h  the. f a i l u r e  o f  the can is ter  and cladding, 
the p o s s i b i l i t y  o f  c r i t i c a l i t y  would be remote. 

2.2.3 Experience 

There has been recent  experience i n  emplacement o f  nuclear wastes i n  deep geologic media, both 
i n  the Uni ted States and West Germany. The most extensive work done i n  the United States was 
P ro jec t  S a l t  Vaul t  near Lyons, Kansas. l 1  I r r ad ia ted  f u e l  assemblies from the Engineering Test 
Reactor i n  Idaho were placed i n  h o l e s - i n  the f l o o r  o f  an abandoned s a l t  mine. Over a per iod  o f  
19 months, spent f u e l  assemblies were shipped, t ransferred,  stored, monitored, and eventual ly  
removed. A f te r  removal, the  assemblies were returned t o  the Idaho Chemical Processing Plant .  
Th is  demonstration was conducted between 1963 and 1968. 

The purpose o f  P ro jec t  S a l t  Vau l t  was t o  demonstrate the  technology t o  sa fe ly  handle and s tore  
spent f u e l  assemblies and a l so  t o  examine the e f f e c t s  on the s a l t  from the high rad ia t i on  f i e l d .  
The p r o j e c t  was successful i n  both regards. The canister-handl ing equipment was operated sa fe l y  
w i thout  any major d i f f i c u l t i e s .  Also, considerable data were co l lec ted on the e f f e c t s  o f  
emplacing so l id ,  h igh l y  rad ioac t ive  sources i n  a salt-mine environment. A sumary o f  the exper i -  
ments conducted and o f  the r e s u l t s  i s  g iven i n  Reference 11. 

West Germany has accrued.extensive experience i n  disposal o f  rad ioac t ive  waste through i t s  Asse 
sa l  t-mine pro jec t .  Containers o f  s o l i d  low-level waste have been stored i n  t h i s  mine s ince 
disposal  operations began i n  1967, and drums o f  intermediate- level  waste have been stored since 
1972. A proposal has been made t o  s tore  a l i m i t e d  number o f  burned carbide f u e l  elements from 
the  AVR pebble-bed t e s t  reac tor  a t  J u l i c h  i n  the Asse s a l t  mine. A s o l i d i f i e d  high- level  waste 
t e s t  disposal i s  expected i n  the near fu ture .  l2 



Surface storage o f  spent f ue l  and rad ioac t ive  wastes has been used i n  the United States and 
Canada. The CANDU* concept developed i n  Canada i s  i l l u s t r a t e d  i n  Figure 2.16. This mode i s  
used t o  s tore  spent fuel a t  Chalk River, Ontario.13 

Fuel from Peach Bottom 1 (a prototype high-temperature, gas-cooled reac tor )  i s  stored i n  a sub- 
surface vau l t  o r  caisson s t ruc ture  a t  the Idaho Chemical Processing P lant  i n  the Idaho National 
Engi'neering Laboratory (INEL). The Peach Bottom 1 fuel consists o f  thorium carbide and uranium 
carbide i n  a graphi te matr ix .  This f ue l  must be kept d ry  because the carbide w i l l  r eac t  i f  
exposed t o  water. l 4  A diagram o f  a' storage hole and container i s  shown i n  Figure 2; 17. A f t e r  a 
sa fe ty  analysis of the  Peach Bottom storage procedure, i t  was concluded t h a t  the dry sealed 
v a u l t  and f u e l  can is ters  (composed o f  an aluminum a l l o y  outer  wa l l  and a s tee l  l i n e r )  provide 
more than adequate f u e l  containment f o r  long-term storage. l4 

The storage hole/caisson concept has also been used f o r  h igh- level  rad ioac t ive  wastes a t  the 
Argonne National Laboratory Radioactive Scrap and Waste Faci 1 i t y  a t  INEL. The waste mater ia l  
consists p r i n c i p a l l y  of metal from fuel-handl ing and re fab r i ca t i on  operations. The f a c i l i t y  was 
f i r s t  used i n  1965, and through 1974 had received waste contain ing about 10 m i l l i o n  cur ies  o f  
r a d i o a c t i v i t y .  The waste i s  remotely loaded i n t o  a s tee l  waste can which i s  then sealed and 
placed i n  a top-loading, bottom-unloading, shielded waste-hand1 i n g  case f o r  placement i n  a waste 
hole by a specia l  t ransporter .  The storage containers can be re t r ieved.  A de ta i l ed  examination 
o f  an underground tube and container a f t e r  54 years o f  use ind ica ted t h a t  the i n t e g r i t y  o f  the 
container was we1 1 preserved. l4 

*The CANDU reactor  i s  a heavy water, na tura l  uranium-reactor  developed i n  Canada. a 
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Fig. 2.16. Typical Concrete T i l e  Hole f o r  the'surface Storage o f  CANDU Fuel. (Fig. 6 i n  
J. A. Morrison, "AECL Experience i n  Managing Radioactive Wastes from Canadian 
Nuclear Reactors," Atomic Ener y o f  Canada Limited, Chalk River Nuclear Labora- 
to r ies ,  AECL-4707, March 1974.3 
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Fig. 2.17. Peach Bottom 1 Spent Fuel Storage Vault. (From J. D. Hamnond, 
R. S. PIPool and R. 0. Morrow, "Safety Analysis Report f o r  
Peach Bottom 1 Core 1 Fuel Storage Fac i l i t y , "  Idaho Nuclear 
Corporation f o r  U. S. Atomic Energy Commission, June 1971. ) 



References 

1. Code o f  Federal Regulations, T i t l e  10 (Energy), Par t  50, Appendix F, revised as o f  
1 January 1977. 

2. "A l te rnat ives  f o r  Managing Wastes f o r  Reactors and Post-Fission Operations i n  the LWR 
Fuel Cycle," Volume 1-3, U.S. Energy Research and Development Administrat ion, ERDA 76-43, 
May 1976. 

Code o f  Federal Regelations, T i t l e  10 (Energy), Par t  70, revised as o f  1 January 1977. 

"F ina l  Generic Environmental Statement on the  Use o f  Recycle Plutonium i n  Mixed Oxide Fuel 
i n  L i g h t  Water Cooled Reactors" (GESMO) , Volume 3, U.S. Nuclear Regulatory Comission, 
NUREG-0002, August 1976. 

E. E.. L i nk  (ed i t o r ) ,  "Reactor Technology, Selected Reviews - 1965," U.S. Atomic Energy 
Conmission, D i v i s i on  of Technical Information, TID-8541, 1965. 

"Waste I s o l a t i o n  F a c i l i t y  Descr ip t ion  - Bedded Salt," O f f i c e  o f  Waste Iso la t ion ,  
Y/OWI/SUB-76/16506, September ,1976. 

"Caisson Concept. A Concept f o r  Passive Long-Term Safeguarded Storage o f  Spent Nuclear 
Fuel ," A t l a n t i c  Ri chf  i e l d  Company booklet  (undated). 

"Spent Unreprocessed Fuel Fac i l  i t y  - Engineering Study o f  Storage Concepts" (D ra f t ) ,  
A t l a n t i c  Richf i e l d  Hanford Co., Richland, WA, June 1977. 

"Waste I s o l a t i o n  F a c i l i t y  Descr ipt ion f o r  the Spent Fuel Cycle," Office o f  Waste I so la t f on ,  
Y/OWI/SUB-77/16543, May 1977. 

"Thermal Analysis o f  a Vent i la ted  High Level Waste Repository," O f f i ce  o f  Waste I so la t i on ,  
Y/OWI/SUB-76/16527, A p r i l  1977. 

R. L. Bradshaw and W. C. McClain (ed i t o rs ) ,  "Pro jec t  S a l t  Vault:  A Demonstration o f  the 
Disposal of H igh -Ac t i v i t y  S o l i d i f i e d  Wastes i n  Underground S a l t  Mines," Oak Ridge National 
Laboratory, ORNL-4555, Apr i  1 1971. 

K. Kuhn and J. Hamstra, "Geologic I s o l a t i o n  of Radioactive Wastes i n  the Federal Republic 
of Germany and the Respective Program i n  the Netherlands," presented a t  the In ternat iona l  
Symposium on the  Management o f  Wastes from the LWR Fuel Cycle, Denver, Colorado, 
11 -1 6 Ju l y  1976, CONF-76-0701. 

13. J. A. Morrison, "AECL Experience i n  Managing Radioactive Wastes from Canadian Nuclear 
Reactors," Chalk River Nuclear Laboratories, AECL-4707, Chalk River, Ontario, March 1974. 

14. J. 0. Hammond, R. J. PIPool and R. D. Modrow, "Safety Analysis Report f o r  Peach Bottom 1 
Core 1 Fuel Storage Fac i l i t y , "  Idaho Nuclear Corp., IN-1465, 1971. 

15. "D ra f t  Environmental Statement ,. Waste Management Operations a t  Idaho National Engineering 
Laboratory, Idaho," U.S. Energy Research and Development Administrat ion, ERDA-1536, 1976. 

Add i t iona l  Bib l ioqraphy 

J. W. Wachter, "Effect of Fuel Recycl ing on Rad ioac t i v i t y  and Thermal Power o f  High Level 
Wastes" (Draf t ) ,  prepared fo r  the  U.S. Nuclear Regulatory Commission by the Oak Ridge National 
Laboratory, ORNL/NUREG/TM-146, December 1977. 

"Environmental Survey o f  the  Reprocessing and Waste Management Port ions o f  the LWR Fuel Cycle," 
U .S. Nuclear Regulatory Comission, ' NUREG-0116, October 1976. 

"Determination o f  Performance C r i t e r i a  f o r  High-Leve? .Sol i d i f  i e d  Nuclear Waste," U.S. Nuclear 
Regulatory Comission, NUREG-0279, Ju l y  1977. 



3. THERMAL ANALYSIS 

For f i v e  o f  the s i x  options considered i n  t h i s  report, wastes would be placed i n  deep geologic 
s a l t  repos i to r ies .  The actual  number o f  such repos i to r ies  needed would depend on the amount o f  
each type of waste and the  spacing ( o r  dens i ty )  o f  the waste can is ters  i n  the storage areas. 
Because o f  the heat produced by rad ioac t ive  decay, the emplacement densi ty o f  f i v e  types o f  
wastes would be determined by thermal c r i t e r i a . *  The discussion o f  these c r i t e r i a  i n  t h i s  
sec t ion  i s  sumnarized from Reference 1. 

Waste. emplacement densi ty i s  estimated by considering: (1  ) a reference s i t e  w i t h  an assumed 
s t ra t ig raphy and se t  o f  thermal propert ies,  (2) f i v e  types o f  wastes, and (3)  a comparative 
c r i t e r i o n  i nvo l v ing  maximum thermal energy. Re la t ive  emplacement dens i t ies  are  then ca lcu la ted 
using t h i s  comparative c r i t e r i o n  f o r  various waste types. 

The reference s i t e  assumed involves f i v e  unbounded hor izonta l  layers.** The disposal horizon 
. is assumed t o  be i n  the middle of a bedded s a l t  l aye r  50 meters (160 f t )  t h i c k  (see Fig. 3.1). 
The a l l - s a l t  l aye r  i s  assumed t o  be- bounded above and below by 250-meter (820- f t )  layers  con- 
s i s t i n g  o f  s a l t  (50%) interbedded w i t h  anhydrite; shale, and dolomite. The 300-meter (980- f t )  
top  l aye r  and the 3150-meter (10,300-ft) bottom laye r  are assumed t o  be mixtures o f  limestone, 
sandstone, and shale. The assumed. thermal propert ies o f  the reference s i t e  are given i n  Table 3.1. 
These proper t ies  correspond to the "reference case" i n  Reference 1. 

Table 3.1. Thermal Propert ies o f  Reference ~i tea 

Thermal 
Density, Spec i f i c  Heat, Conducti v i  ty ,  

Layer kg/m3 J/kg-OC W / m - O C  

Layer 3 
( a l l  s a l t )  

Layers 2 & 4 
(1/2 salt., 1/2 o ther )  2300 900 

Layers 1 & 5 
(no s a l t )  2500 900 1.81 

a ~ a s e s  o f  assumptions made i n  t h i s  t ab le  are: 
*. Approximate dens i t ies  o f  s a l t  and "others" are from References 8 and 9. 

S a l t  conduct iv i ty  i s  from Reference 10. 

Conduct iv i ty  o f  "others" ( layers  1 & 5) i s  assumed t o  be 40% o f  s a l t  
conduct iv i ty  (based on Reference 8) .  
Conduct iv i ty  .of layers  2 & 4 i s  estimated by homogenizing conduc t i v i t i es  
of s a l t .  and "others" using the methods o f  Reference 10. 

Spec i f i c  heat,assumptions are from Reference 10. 

*For other wastes, emplacement dens i t ies  would be determined by mechanical c r i t e r i a .  
*Strat igraphic assumptions i n  t h i s  sec t ion  are based on informat ion provided i n  References 2-7. 
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Fig. 3.1. Reference Site and Thermal Model Characterfstics. 



The f i v e  waste types considered are: (1)  HLW (U02) - high- level  waste r e s u l t i n g  from LWR obera- 
t i o n  w i t h  U-only recycle, (2)  SF (U02) - spent fuel from the U-only o r  no-recycle options, 
(3 )  HLW (MOX) - high- level  waste r e s u l t i n g  from LWR operat ion w i t h  t h i r d  recycle mixed oxide 
fue l ,  ( 4 )  SF (MOX) - spent f u e l  from the same fuel cycle, and (5)  SPK PU - spiked plutonium as 
a waste r e s u l t i n g  from LWR operat ion i n  an equ i l i b r i um U-only recyc le  f ue l  cycle. The calcu- 
l a t e d  thermal power and the t ime- integrated thermal energy release ten years a f t e r  discharge f o r  
the f i v e  waste types are  shown as funct ions of waste age i n  Figures 3.2 and 3.3. (The waste 
radionucl ide inventor ies  assumed f o r  the f i v e  waste types are given i n  Appendix A). 

Repository thermal design c r i t e r i a  are  selected p r i n c i p a l l y  t o  ensure t h a t  the i s o l a t i o n  capa- 
b i l i t y  o f  the disposal formation w i l l  be maintained. Secondary fac tors  are operat ional  con- 
s t r a i n t s  and economics. The thermal design c r i t e r i o n  used i n  Reference 1 and summarized i n  
t h i s  sec t ion  i s  based on the maximum thermal energy (MTE) tha t  would be stored i n  the geologic 
formations. Thermal energy would be added to  the geologic formations by the rad ioac t ive  decay 
heat from the wastes. For the assumptions used i n  t h i s  ca l cu la t i on  ( v e r t i c a l  heat f low only, 
no aqu i fe rs  present, etc. ) the  only way heat would leave the geologic formations would be 
through the  surface. Hence MTE would occur when the heat f l u x  leav ing the surface equaled the 
heat f l u x  due t o  waste emplacement. The heat f l u x  from the waste and the heat f l u x  a t  the  
surface f o r  HLW (UOn) and SF (UOn) wastes i s  shown i n  Figures 3.4 and 3.5. The t ime a f t e r  
emplacement f o r  MTE i s :  d i f f e r e n t  f o r  these two waste types. S imi la r  p l o t s  f o r  the o ther  waste 
forms are given i n  Reference 1. 

The thermal energy added t o  the geologic formations by the waste can be re la ted  t o  po ten t i a l  
physical  displacements and s t ra ins  induced withim o r  between s t ra ta  surrounding the reposi tory.  
These displacements and s t ra ins  could lead t o  the c reat ion  o f  water pathways through over ly ing  
formations o f  low permeabi l i ty .  I f  t h i s  were t o  occur, i t  would represent one event i n  a 
sequence which could 1 ead t o  a release o f  radionuclides from the reposi tory.  

The KTE stored i n  the geologic media would depend on: (1 )  waste emplacement density, (2) waste . 
type, (3 )  dimensions and thermal p roper t ies  o f  the i nd i v i dua l  s t ra ta ,  (4 )  emplacement depth from 
the surface, and (5)  the presence o f  thermal sinks, such as aqui fers.  For the ca lcu la t ions  
described here, i t  has been assumed t h a t  (1)  no thermal sinks are  present, (2)  the reference 
s i t e  condi t ions (dimensions, thermal propert ies,  disposal depth) a re  as def ined i n  Table 3.1 
and Figure 3.1, and (3)  the value o f  waste emplacement dens i ty  f o r  each type o f  waste ( t en  
years o l d )  i s  such t h a t  the MTE i s  equivalent  t o  t h a t  f o r  ten-year-old HLW (U02) emplaced a t  
136 kW/acre. This HLW (U02) emplacement densi ty was chosen because i t  i s  more conservative ( i n  
terms o f  disposal area requirements) than the 150 kW/acre value given i n  Reference 11 and i n  
NUREG-0002 (GESMO) and NUREG-0116 (5-3) area estimates and because i t  i s  used i n  a recent  
descr ip t ion  o f  a bedded s a l t  repository.*12 

The thermal model used t o  ca lcu la te  the MTE f o r  each waste type employed a one-dimensional 
f i n i t e  d i f fe rence heat t r ans fe r  code13 s imulat ing the  thermal response t o  a 5-meter ( 1 5 - f t )  
t h i c k  homogenous l aye r  heat source. The calculated thermal response t o  a homogenous l aye r  heat 
source includes a l l  o f  the  energy released by . the  waste, bu t  does not  inc lude the two-dimensional 
thermal gradients near waste canisters.  Ver t ica l  temperature p r o f i l e s ,  surface heat f luxes,  
and the thermal energy stored i n  a 1-m2 cross-section column [extending from the surface through 
the  disposal horizon a t  575 meters (1890 f t )  t o  a maximum depth o f  4000 meters (13,000 f t ) - -see 
Fig. 3.11 have been ca lcu la ted f o r  a l l  waste types a t  emplacement dens i t ies  def ined by equivalent  
MTE. These i n i t i a l  emplacement dens i t ies  and the  area requirement r a t i o s  between the waste 
types and HLW (UO ) are  given i n  Table 3.2. Selected r e s u l t s  o f  the thermal analyses f o r  HLW 
(U02) and SF ( ~ 0 ~ f  are presented i n  Figures 3.4 t h ru  3.10. A more de ta i l ed  d i S ~ ~ S S i 0 n  o f  
assumptions, techniques, and r e s u l t s  i s  ava i lab le  i n  Reference 1. 

I n  Figure 3.6 the average disposal horizon temperature r i s e  over ambient i s  shown as a func t ion  
of t ime a f t e r  emplacement fo r  HLW (UOa) and SF (UOz). These average temperature r i s e s  do no t  
inc lude short-term, near- f ie ld,  two-dimensional gradients near waste canisters, and correspond 
t o  the emplacement dens i t ies  ind ica ted i n  Table 3.2 f o r  the respect ive waste types. The energy 
content o f  each geologic l aye r  as a func t ion  o f  t ime a f te r  emplacement i s .  shown i n  Figures 3.7 
and 3.8. Since the v e r t i c a l  d istance between l i n e s  ind ica tes  the energy content o f  each layer,  
the t o t a l  energy content i s  ind ica ted by the height  o f  the top l i n e .  The maximum value f o r  
each waste type i s  3.34 x . l O 1 O  J/m2, i nd i ca t i ng  app l ica t ion  o f  the maximum thermal energy 
c r i t e r i o n  used t o  ca lcu la te  r e l a t i v e  emplacement density. For both waste types, energy f i r s t  
i s  deposited i n  l aye r  3, then d i f f used  i n t o  layers  2 and 4, then a f t e r  a few hundred years, 
i n t o  layers  1 and 5. Ve r t i ca l  temperature p r o f i l e s  a t  lo1, lo2, l o 3 ,  and l o 4  years a f t e r  
emplacement are ind ica ted i n  Figures 3.9 and 3.10. 

'32 c a n i s t e r s / m m  and gross room dimensions o f  78 f t  by 590 f t  (page 111-2 o f  Reference 121, 
combined w i t h  3.5 kW/canister (page i of Reference 12) y i e l d s  106 kW/acre. 
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F ig .  3.2. Thermal Power o f  the F ive  Waste Types as a 
Function o f  Waste Age. 
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Fig.  3.3. Integrated (10 years t o  "N" years)  Thermal Energy 
Output o f  the F ive  Waste Types. 



Fig.  3.4. Heat Flux from Waste and Heat Flux a t  Surface 
for HLW (U02) Emplaced a t  106 kW/Acre. 

F ig .  3 .5 .  Heat Flux from Waste and Heat Flux a t  Surface 
for SF (U02) Emplaced a t  23.5 kW/Acre. 



Table 3.2. Emplacement Density cha rac te r i s t i cs  f o r  the Five Waste Types i n  the Reference S i te  

-- 

Thermal Power Approximate Estimated Estimated 
o f  Waste a t  Emplacement Time A f te r  Emplacement Disposal Estimated Disposal 

Assumed Empl ace- Thermal Flux f o  Emplacement ~ e n s i  ty ,b Area ,b 6 
Area Ratio, 

ment Timea Equivalent MTE, f o r  MTE, MTHM( fue l  ) m 2 / M ~ ~ M  m2/MTHM(fuel ) 
Waste Type kWIMTHM(fue1) kW/acre years /acre ( f u e l )  m2/MTHM(fuel ) -HLW (U02) 

HLW (U02) 1 .ll 

SF (uO2) 1.21 

SPK PU 

HLW (MOX) 

SF (MOX) 
- - -- 

a HLW (UO ) ,  SPK-PU, and HLW (MOX) are assumed t o  be emplaced ten years a f t e r  reprocessing, which i s  assumed t o  occur 160 days out  o f  core. 
SF ( u o ~ ~  and SF (MOX) are a l so  assumed t o  be emplaced ten years and 160 days out  o f  core. 

b ~ h e  values i n  these columns scale w i t h  the assumed 106-kW/acre i n i t i a l  emplacement thermal f l u k  fo r  HLW (U02). The r e l a t i v e  values are 
independent o f  t h i s  assumption, as are the values i n  the estimated disposal area r a t i o  column. A l l  o f  the values are subject  t o  the assump- 
t i ons  discussed i n  t h i s  t e x t  and i n  Reference 1. 
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Fig. 3.6. Average Temperature Rise a t  Waste Disposal Level f o r  HLW (U02) 
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Emplaced a t  106 kW/Acre and SF (U02) Emplaced a t  23.5 kW/Acre. 
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F ig .  3.7. Energy Stored i n  Geologic Layers f o r  HLW (U02) 
Emplaced a t  106 kW/Acre. 

Fig.  3.8. Energy Stored i n  Geologic Layers f o r  SF (U02) 
Empl aced a t  23.5 kW/Acre. 



Fig .  3 .9 .  Ver t ica l  Temperature P r o f i l e s  f o r  HLW (UOz) 
Empl aced a t  106 kW/Acre. 

Fig.  3.10. Ver t ica l  Temperature P r o f i l e s  f o r  SF (U02) 
Empl aced a t  23.5 kW/Acre . 



The homogenized l aye r  thermal source used i n  the  analysis does not  simulate short-term, near- 
can is ter  thermal gradients. Near-canister gradients f o r  SF (UOp), SPK-PU, and SF (MOX) would 
general ly  be smaller than f o r  HLW (U02) and hence would not  1 i m i t  emplacement density. However, 
nea r - f i e ld  e f fec ts  might con t ro l . t he  can is ter  size, the geometry, o r  the emplacement densi ty f o r  
HLW (MOX) waste since t h i s  waste has about two times the spec i f i c  power o f  HLW (U02) waste C2.29 
versus 1.1 1 kWIMTHM ( f u e l  )I .  These ca lcu la t ions f o r  r e l a t i v e  emplacement densi ty o f  various 
waste types are only approximate. For instance, the r a t e  and amount o f  subsidence are not  taken 
i n t o  account since these fac tors  would depend on mine design and emplacement technique. The KE 
c r i t e r i o n  a lso  does not  take i n t o  account operational const ra in ts  ( r e t r i e v a b i l i t y  times, working 
temperature l i m i t s ,  etc.)  on emplacement density. I n  some ways the c r i t e r i o n  and ca lcu la t iona l  
procedures are conservative. The equivalent  MTE c r i t e r i o n  includes the assumption t h a t  HLW (U02) 
emplacement densi ty i s  l i m i t e d  by an al lowable MTE. This l i m i t  i s  s i t e  spec i f i c .  I f  the 
emplacement densi ty o f  HLW (U02) f o r  a spec i f i c  s i t e  i s  not  MTE-limited, the  al lowable emplace- 
ment dens i t ies  o f  o ther  waste types might be higher, and the estimated disposal area r a t i o s  
presented i n  Table 3.2 lower. The longer- l ived thermal output waste forms would produce more 
rad ia l  heat d i f f u s i o n  from the reposi tory,  thus t h i s  one-dimensional ca lcu la t ion  i s  conservative. 
The MTE f o r  long- l ived wastes peak when much o f  t he  energy i s  i n  layers 1 and 5, which have a 
much lower volumetric expansion c o e f f i c i e n t  than layers  2, 3, and 4 (27 x 10-6I0C f o r  1 and 5, 
73.5 x 10-6/0C for  2 and 4. 120 x 10-6/0C f o r  3),.9 Hence, the maximum surface u p l i f t  i s  less  
f o r  longer- l ived thermal output  waste types when, emplacement dens i t ies  are ca lcu la ted using the 
MTE c r i t e r i o n .  Since the t ime t o  MTE i s  longer, the  geologic s t r a i n  ra tes  are a lso  lower f o r  
long- l ived thermal output  wastes. The lower s t r a i n  ra tes  might a l low creep mechanisms t o  absorb 
l a rge r  t o t a l  s t ra ins  wi thout c reat ing  po ten t i a l  water pathways. Rate-dependent phenomena, such 
as creep, have no t  been included i n  the presentana lys is .  
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4. RADIOLOGICAL IMPACTS 

4.1 INTRODUCTION 

Ind iv idua ls  could be exposed t o  r a d i a t i o n  as a r e s u l t  o f  normal operations o r  accidents a t  waste 
repos i to r ies .  The exposed i nd i v i dua l s  could be workers a t  the repos i t o r i es  ( rece iv ing  occupa- 
t i o n a l  exposure) o r  members o f  the  general populat ion ( rece iv ing  the  populat ion exposure). 
Calculat ions o f  doses t o  both groups f o r  normal operat ion and doses t o  the general populat ion 
f o r  accidents are  described i n  t h i s  section. 

4.2 ASSUMPTIONS AND PARAMETERS 

Pr inc ipa l  assumptions and parameters used i n  the  analysis o f  rad io log i ca l  impacts are ou t l i ned  
i n  Table 4.1. They are based on cur rent  technology and on the  extensive l i t e r a t u r e  concerning 
design and operat ing experience o f  e x i s t i n g  fue l  and waste handling and treatment f a c i l i t i e s .  
I n  cases where necessary in format ion  could n o t  be obtained from experience a t  operat ing f a c i l i t i e s , ,  
p red ic t ions  were made on. the basis o f  in format ion  ava i l ab le  f o r  p ro jec ted f a c i l i t i e s .  Dose 
estimates were adjusted t o  apply over the  per iod  1980-2140, w i t h  allowances made f o r  operat ional  
occurrences and f o r  p lan t  aging e f f e c t s  over t h i s  t ime period. The year 2140 was used as the 
endpoint f o r  these estimates t o  a l low f o r  a 100-year observation per iod  fo l l ow ing  respos i to ry  
closure. 

I n  t r e a t i n g  dispersions and e f f e c t s  , equi 1 i b r a t i  on between geosphere , hydrosphere, and atmosphere 
(e  .g., resuspension o f  t e r r e s t r i a l  r ad ioac t i v i t y ,  aqueous deposi t ion o f  atmospheric species, 
migra t ion  v i a  ocean cur rent  and groundwater), as we l l  as among various t roph i c  l eve l s  w i t h i n  t h e  ' 
biosphere, was considered. Such considerations were p a r t i c u l a r l y  important because many o f  the 
rad ioac t ive  species, although produced a t  r e l a t i v e l y  constant rates,  a l so  tend t o  decay and t o  
e x h i b i t  various other forms o f  t ime dependency i n  t h e i r  e q u i l i b r a t i o n  w i t h  the environment. 

Without leaks i n  the containment ba r r i e r s  there would be no release o f  r a d i o a c t i v i t y  t o  the 
environment. Thus, on analysis, the primary considerat ion i n  minimiz ing such releases would be 
the q u a l i t y  cont ro l  o f  b a r r i e r i n t e g r i t y ,  both short '  and long term. For purposes o f  assessment 
i t  was assumed t h a t  each waste fohn was contained by one i n t a c t  b a r r i e r  before en t r y  i n t o  the 
surge pool and by two i n t a c t  b a r r i e r s  before en t r y  i n t o  i t s  intended repos i to ry  f a c i l i t y .  
Without such containment, even the  most extensive system o f  subsequent r e s t r a i n t s  (e.g., m u l t i p l e  
HEPA f i l t e r s ,  scrubbers) would be unable t o  maintain releases a t  an acceptably low l eve l .  

It was assumed t h a t  reprocessing operations would begin i n  1982, and t h a t  i n i t i a l  operations 
would begin w i t h  the backlog o f  spent f ue l  ava i lab le  a t  t h a t  time. A l l  rad ioac t ive  mater ia l  
would have been aged ten years before r e c e i p t  a t  a repos i to ry .  The f u e l  product ion schedule 
assumed herein i s  based on an i n s t a l l e d  nuclear generating capaci ty r i s i n g  t o  507 GWe i n  2000, 
w i th  new p lants  being added both t o  increase capaci ty and t o  replace r e t i r e d  plants.  I n s t a l l a -  
t i o n  o f  new capaci ty was assumed t o  cease a t  the year 2000, and the  amount o f  f u e l  being discharged 
would drop as p lan ts  reached the  end o f  t h e i r  operat ing l i f e t i m e ,  w i t h  the l a s t  p l a n t  c l os ing  i n  
2030. Waste would continue t o  move through the repos i t o r i es  u n t i l  2040 (see Sec. 5).  

4.3 WASTE AND FACILITY DESCRIPTIONS 

The various types o f  wastes t h a t  could be handled a t  a reposi tory,  as described i n  Section 2, 
are spent f ue l  assembiles (SF); h igh- level  s o l i d i f i e d  waste (HLSW) ; fue l  bundle residues ( h u l l s )  ; 
transuranic intermediate- level  waste (TRU-ILW); t ransuranic low- level  waste (TRU-LLW); and 
spiked PuOz. The important p roper t ies  o f  these wastes re levant  t o  rad io log i ca l  impact are 
summarized i n  Table 4.2. 

A l l  o f  the waste types were.taken i n t o  account f o r  ca l cu la t i on  o f  the doses from normal opera- 
t ions .  For the accident  analysis, on l y  the spent f ue l  and high- level  s o l i d i f i e d  wasteswere 
considered 's ince the impacts from accidents i nvo l v ing  these two types o f  waste would be much 
more s i g n i f i c a n t  than f o r  the o ther  types. 



Table 4.1. P r i nc ipa l  Assumptions and Parameters Used i n  Computation o f  Releases and Doses 

Fuel Basis: 

Burnup 
Spec i f i c  power 
Reactor mix, PWR:BWR 
Leakage coe f f i c i en t ,  each b a r r i e r  
Leakage coe f f i c i en t ,  each fue l  rod  
Cooling time, t o  a r r i v a l  
Pu02 f i ss ion-product  add i t i on  

Waste Treatment and Dispersion: 

Noble gas, H and C transmission 
Iod ine transmission 
Semivo la t i le  transmission 
P a r t i c u l a t e  transmission 
Stack he ight  
Stack f l ow  
Stack ve loc i t y  
Stack exhaust temperature, above ambient 
Center t o  c o n t r o l l i n g  s i t e  boundary 
I n i t i a l  s p e c i f i c  power 

Surge Pool Basis: 

A c t i v i t y ,  t o t a l  
A c t i v i t y ,  cornposi t i o n  

In - f l ow  
F i l t e r  f l ow  
Cation/anion exchanger f l ow  
Heat 1 oad 
Mean fue l  load 

Repository Operations (as required by a l t e r n a t i v e ) :  

Maximum.fue1 throughput 
Maximum high- level  waste throughput 
Maximum Pu02 throughput 
Mean 8-hour workdays 
Mean employment, 1982-2040 
Mean employment , 2041 -21 41 

Demography: 

Low populat ion zone (LPZ), uni form dens i ty  
LPZ t o  80 km, uni form dens i ty  
Population cha rac te r i s t i cs  

3.3 x 104 MWdIMTHM 
30 MW/MTHM 
2:l 
1 10-31yr 
1 x 10'51yr 
10 y r s  
5% (by weight) 

1 
1 x 10-3 
1 x 10" 
1 10-9 
1 x 102 m 
1 x 102 m3/sec 
8 m/sec 
5 deg K 
2 x 103 m 
9 x 105 kW/m2 

1 x 10-3 Ci,/m3 
60% CS-137/1 34, 25% CO-60/58, 
9% H-3, 5% Ni-63, 1% a l l  
o ther  0-y, 0.01% alpha 
3 x l o 2  1 i t e r l d a y  
4 x 103 1 i t e r /m in  
2 x 103 l i t e r / m i n  
1 MW 
8 x l o 2  MTHM 

30 assemblies/day 
3 canisters/day 
20 can is ters lday  
1 103/y: 
500/reposi tory 
2O/reposi t o r y  

5/ km2 
100/ km2 
U.S. Census 1970 

A f l ow  diagram o f  the basic steps involved i n  the rece ip t ,  handling; and emplacement o f  the 
waste a t  a waste respos i to ry  i s  presented i n  Figure 4.1. I n  performing the rad io log i ca l  analyses, 
the  s t a f f  assumed t h a t  the basic f a c i l i t i e s  required f o r  each opt ion  would be colocated and 
interconnected t o  f a c i l i t a t e  waste handling and t o  minimize the chance o f  accidents. (Releases 
dur ing  t ranspor t  o f  the wastes t o  the f a c i l i t y  were not  considered). As shown i n  the f igure, 
there  are four  basic types o f  f a c i l i t i e s :  

(1)  Surge pool f a c i l i t y .  Spent PWR and BWR fue l  elements, h igh- level  s o l i d i f i e d  waste 
lRSW), and o ther  canistered wastes would be received here f o r  i n t e r i m  storage. This 
f a c i l i t y  would be s i m i l a r  f o r  both the no-recycle and the recyc le  a l te rnat ives ,  w i t h  
the primary d i f f e rence  between the two being the type o f  racks placed i n  the  pool. f o r  
hold ing e i t h e r  spent f ue l  assemblies o r  canistered wastes. It i s  assumed t h a t  a 
reference surge pool would be 76.2 m (250 f t )  long by 18.3 m (60 f t )  wide and f i l l e d  
t o  a depth o f  12 m (40 f t )  w i t h  1.7 x l o 7  l i t e r s  (4.4 m i l l  i on  ga l lons)  o f  water. It 
i s  f u r t h e r  assumed t h a t  the  b u i l d i n g  housing the pool and rece iv ing  f a c i l i t i e s  would 
be maintained a t  a negat ive pressure r e l a t i v e  t o  atmospheric and t h a t  the  a i r  would be 
exhausted through two stages o f  HEPA f i l t r a t i o n .  
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Table 4.2. Propert ies o f  Waste Streams f o r  Radiological Impact Analysis 

Waste Volume Waste Weight 
per Con- per Con- Gross C i  Heat Gen- Location i n  

Waste Form ta iner ,  m3 ta iner,  kg Content erated, W Fig. 4.1 

PWR  SF^ 
( U02 ) 0.20 600 i79,OOO 545 A.8.C 

b 

PWR SF 
( MOX 1 

BWR SF 
(U02 ) 

BWR SF 
(MOX 1 

HLSW 
( uo2 1 

HLSW 
(MOX ) 

Hu l l  s 

TRU-LLW 

TRU- ILW 
-- - 

a~~ = spent f ue l  (received i n  i n t a c t  spent f ue l  assembl i es ) .  

b ~ t  C i n  Figure 4.1, the assemblies are i n  canisters;  a t  A & B, they are uncanistered. 

' ~ t  F i n  Figure 4.1 the canisters are contained i n  overpacks; a t  D & E they are not  overpacked. 

Encapsulation/overpack f a c i l i t y .  This would be a shielded hot  c e l l  i n  which spent 
Fuel assemblies and canistered wastes would be overpacked when they were received a t  
t h e f a c i l i t y .  A l l  t ransfers  o f  spent f ue l  o r  canistered waste from the rece iv ing 
casks t o  the surge pool and from the pool t o  the encapsulation/overpack c e l l  would be 
performed underwater v i a  t rans fe r  canals. It has been assumed t h a t  the  a i r  atmosphere 
i n  the hot  c e l l s  would be maintained a t  a negative pressure and t h a t  a l l  exhausted a i r  
would pass through two stages o f  HEPA f i l t r a t i o n .  Upon receipt ,  leaking waste contain- 
ers.would be sent d i r e c t l y  t o  the encapsulationloverpack c e l l ,  where they would be 
doubly cani stered and then. sent. to .  the empl acement area. 

(3) Caisson surface storage f a c i l i t y .  This f a c i l i t y  would be used fo r .  i n te r im  storage o f  
canistered spent f u e l  assemblies. 

(4)  Underground deep mine storageldisposal. A l l  wastes, except any. spent f ue l  stored i n  
the caisson. surface f a c i l  i ty,  would be placed f n underground deep mine. f a c i l  i t i e s  f o r  
storageldi  sposal . 

4.4 NORMAL OPERATIONAL RELEASES 

Population and occupational doses associated w i t h  each fuel cyc le  opt ion  under normal operating 
condi t ions are summarized i n  Table 4.3. The doses given are upper bounds and are the sums o f  
those t o  the most c r i t i c a l  organs o r  t i ssue f o r  radionucl ides o r  rad ia t ions involved. I n  the 
case o f  the no-recycle options, the u'pper bound proved t o  be the dose t o  the sk in  from Kr-85, 
For the various recyc le  options, the c r i t i c a l  doses were about equal ly d iv ided between bone 
(Sr-90) and lung (plutonium and transplutonium nucl ides).  Occupational doses were i nva r iab l y  
dominated by d i r e c t  rad ia t ion ,  w i t h  genet ica l ly  s i g n i f i c a n t  dose as the  determinant. The values 
given i n  Table 4.3 are average annual doses f o r  the operational per iod (through 2040) and f o r  
the postoperational century of repos i to ry  management (2041-2141). Values given are f o r  the  
population w i t h i n  80 km (50 mi les) o f  each repos i tory  and f o r  workers a t  the repos i tor ies  summed 
for  a l l  repos i to r ies .  Background values are included f o r  comparison and are given f o r  a mean 
natural  dose r a t e  o f  0.1 rem per year. 
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F ig .  4.1. Flow Diagram f o r  Haste Streams i n  Waste Management Radiological Impact Analysis. 
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Table 4.3. Radiological  Doses Associated w i t h  Waste Management Options, 
Normal Operating Conditions 

Population Dose, man-remlyr a Occupational Dose, man-remlyr a 

Fuel Cycle Option Through 2040 2041 -21 41 Through 2040 2041 -21 41 

U-recycle, Pu stored 4 10-3 3 x 10-lb 4 x l o 3  4ob 
U-recycle, Pu disposed 3 10'3 1 x 10-1 3 103 30 

F u l l  recyc le  5 x 10-3 1 x lo-'2 8 x 102 6 

NO-recycle, surface storage 3 0 7 4 103 40' 

No-recycle, deep stowaway 4 5 x 10- lb 3 103 1 ob 
No-recycle, deep throwaway 1 4 x 10-1 1 x 103 10 

Background, 9 repos i t o r i es  6 x l o 5  6 x 105 2 x 102 6 

Background, 14 resposi t o r i e s  1 x 106 1 x 106 3 x l o 2  10 

a~veraged values over the t ime per iod  involved. 

b ~ o r  the two re t r i evab le  storage options, i t  i s  assumed t h a t  the storage rooms would be back- 
f i l l e d  a f t e r  an i n t e r i m  period. The doses shown here do not  account f o r  any sh ie ld ing  e f f e c t s  
o f  t h i s  b a c k f i l l .  

 or the surface storage option, the spent f ue l  assemblies u l t ima te l y  would be disposed o f  f o l -  
lowing t h i s  i n t e r i m  storage.period. The doses shown here are based on t h e  assumption t h a t  the 
spent f ue l  assemblies would be l e f t ' i n  the surface storage f a c i l i t i e s  u n t i l  2140. These doses 
are 'given f o r  comparative purposes only. 

Present regu la t ions  se t  maximum permissib le doses a t  0.5 rem per year to.ariy member o f  the 
pub l i c  and 5 rem per year t o  any employee; however, cur rent  experience ind ica tes  actual  values 
o f  l ess  than 0.005 and 1.5 remlyr, respect ively,  f o r  f a c i l i t i e s  o f  t h i s  kind. For . fu ture  f a c i l i -  
t i e s  these values can be expected t o  be reduced even fu r ther .  Thus, i t  i s  estimated t h a t  f o r  
each option, the ove ra l l  dose t o  the pub l i c  would be many orders o f  magnitude below t h a t  r e s u l t -  
i n g  from the natura l  background, and the dose t o  the workers (occupational dose) would be w i t h i n  
an order o f  magnitude above background. 

4.5 ACCIDENTAL RELEASES 

I n  t h i s  section, rad ioac t ive  mater ia ls  ava i lab le  f o r  release are l i s t e d ,  po ten t i a l  accidents are 
described and assigned.probabi l i t ies,  and releases and doses are ca lcu la ted f o r  the most l i k e l y  
accidents. 

4.5.1 Source Terms 

A l l  waste forms are assumed t o  have aged ten years before rece ip t  a t  the waste repos i to ry .  The 
nature and magnitude o f  the r a d i o a c t i v i t y  ava i lab le  f o r  release vary considerably over the 
spectrum o f  waste forms. The forms contain ing f i s s i o n  products are most radioact ive,  as shown 
i n  Table 4.4. 

4.5.2 Accident Descript ions 

Nine po ten t i a l  accidents t h a t  could r e s u l t  i n  releases o f  s i g n i f i c a n t  amounts o f  r a d i o a c t i v i t y  
a t  a waste repos i t o ry  are  analyzed i n  the  fo l lowing sections. 

4.5.2.1 Container Drop Accident 

The l i k e l i h o o d  of a container drop accident would depend upon the handling times and procedures, 
and the consequences would depend on the form o f  the waste. A l l  waste forms would enter  the 
repos i to ry  w i t h  a t  l e a s t  one i n t a c t  containment layer .  Wastes contain ing f i s s i o n  products would 
be stored o r  disposed on ly  a f t e r  being surrounded by two nonleaking containment ba r r i e r s .  This 
defense-in-depth philosophy would provide pro tec t ion  from leak ing containers and provide strength 
t o  maintain containment i n t e g r i t y  f o r  a l l  bu t  the most severe shocks and blows. 
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Table 4.4. Source Terms f o r  Ten-Year-Old Waste Forms Used i n  Accident Calculationsa . 

-- - - pp -- pp 

Spent Fuel (CiIMTHM) High-Level Waste (C i lcan i  s te r )  
Spiked Pu02 

Radionucl ide  ~ O P  MO X uo2 MOX (C i lconta iner )  

Gases 

H- 3 4.04 x l o 2  4.04 x 102 - - - - - - 
Kr-85 5.95 x 103 5.95 x 103 - - - - - - 
1-129 3.71 x 3.71 x - - - - - - 
Total  6.35 x l o 3  6.35 x 103 

Vo la t i l es  

7.82 x 103 7.82 x 103 2.45 x 104 2.45 x 104 6.84 x 10' Cs -1 34 

CS-137 8.57 x l o 4  8.57 x l o 4  2.68 x l o 5  2.68 x 105 7.50 r 102. 

Total  9 . 3 5 . ~  l o 4  9.35 l o 4  2.92 x 105 2.92 x 105 8.18 x l o 2  

Par t icu la tes  

Sr-90 

Y-90 

Pu-238 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

Am-241 

Am-243 

Cm-242 

Cm-244 

Total  2.01 x l o 5  3.53 x l o 5  3.78 x l o 5  4.85 x l o 5  4.41 x 10" 

a ~ h e  nucl ides selected correspond w i th  those considered " b i o l o g i c a l l y  s i g n i f i c a n t "  i n  Appendix 3 
o f  "Determination of Performance C r i t e r i a  f o r  High-Level S o l i d i f i e d  Nuclear Waste," Lawrence 
Livermore Laboratory, LLL-NUREG-1002, A p r i l  1977. Data have been extracted from Appendix A of 
t h i s  repor t .  

It i s  assumed t h a t  w i t h i n  a reposi tory,  wastes contain ing f i s s i o n  products would be moved w i th  
cranes having a nominal drop p r o b a b i l i t y  o f  3 x drops per hour o f  handling.' Hand1 ing  time 
f o r  each movement i s  assumed t o  be 20 minutes. An exception i s  t ha t  a 30-minute handling time 
i s  assumed f o r  t ranspor t  o f  canistered spent f u e l  assemblies w i th in  the caisson storage area. 

Spent fuel assemblies might be dropped (1) dur ing underwater removal from the shipping cask and 
t ransfer t o  the sur e pool; (2) dur ing t rans fe r  t o  the encapsulation area o r  wh i le  undergoing 
encapsulation; and 73) dur ing t rans fe r  t o  surface o r  underground storage. The HLSW canisters 
a l so  would be t ransfer red through the surge pool and overpack f a c i l i t y  and t o  underground 
disposal .  (Releases from the drop o f  a shipping cask are not  considered since Department of 
Transportation regu la t ions requ i re  t h a t  th2 casks be able t o  withstand, wi thout rupture, much 
more severe handling accidents than might occur i n  the waste f a c i l i t y . )  Both the spent fuel and 
HLSW would be most vulnerable i n  the encapsulation/overpack c e l l  since there they would be 
ne i ther  underwater nor w i t h i n  two layers o f  containment. Check mechanisms and t e s t  and mainte- 
nance programs fo r  the  elevator t o  the underground storage/disposal area are assumed suf f ic ien t  
t o  preclude any drop o f  the  elevator o r  o f  i t s  contents. 



4.5.2.2 Drop o f  a Heavy Object on a Waste Container 

Waste containers stored i n  surge pools o r  awai t ing storage o r  disposal could be damaged i f  a 
heavy ob jec t  f e l l  on them; however, t r ans fe r  cranes would be the on ly  heavy machinery allowed 
over the surge pools, and i t  i s  assumed t h a t  adequate stops and checks would be b u i l t  i n t o  
the  crane cont ro l  system t o  preclude c o l l i s i o n s  o f  waste cans i te rs  o r  inadvertent  attempts 
t o  p lace can is ters  o r  assembl i es  i n  occupied spaces. The nominal p r o b a b i l i t y  o f  an ob jec t  
heavy enough t o  cause fuel c ladding o r  HLSW can is te r  rup ture  f a l l i n g  i n t o  the surge pool i s  
assumed t o  be l o e 4  per year. 

4.5.2.3 Loss o f  Surge Pool Cooling 

As seen i n  Table 4.2, waste forms contain ing f i s s i o n  products would generate substant ia l  amounts 
o f  heat. A f t e r  ten years o f  decay, i nd i v i dua l  spent f ue l  assemblies o r  HLSW can is ters  could be 
cooled s u f f i c i e n t l y  by f r e e  a i r  convection, bu t  i n  the  close-packed surge pool conf igurat ion,  
coo l ing  water would have t o  be cont inuously c i r cu la ted  t o  prevent overheating and rupture  o f  the 
waste containers o r  assemblies. For analysis o f  t h i s  type o f  accident, it i s  postulated t h a t  
(1 ) the pool coo l ing  system f a i l s ;  (2) because o f  i nc red ib le  circumstances coolant  f l ow  cannot 
be- reestablished; ( 3 )  the  surge. pool i s  f i l l e d  t o  capacity; and (4)  the on ly  heat removal mechan- 
isms ava i lab le  are  heat ing and b o i l i n g  o f  the  surge pool water. If f i l l e d  w i t h  U02 spent f ue l  
assemblies, the  nonc i rcu la t ing  pool water would heat up a t  a r a t e  o f  about 0.1' K/hr (0.2OF/hr) 
and would eventua l ly  b o i l  a t  a r a t e  o f  3400 l i t e r s / h r  (120 f t 3 / h r ) .  I n  about 80 days, the  water 
l eve l  would reach the tops o f  spent f ue l  assemblies, causing some cladding f a i l u r e s .  

The p r o b a b i l i t i e s  o f  the  l oss  o f  coo l ing  t o  a spent f u e l  storage pool a t  a reac tor  s i t e  and o f  
subsequent f a i l u r e  o f  operators t o  recognize the need f o r  makeup water are discussed i n  the 
Reactor Safety Study.' The nominal p r o b a b i l i t y  o f  f a i l u r e  o f  the pool-water coo l ing  system i s  
estimated a t  0.1 per year. Fa i l u re  t o  recognize the need f o r  makeup water i n  the closed spent 
f ue l  pool f o r  a per iod o f  several weeks.af ter  l oss  o f  coo l ing  i s  estimated t o  occur w i t h  a 
p r o b a b i l i t y  o f  However, the surge pool envisioned i n  t h i s  repo r t  would be under c loser  
and more f requent inspection, as we1 1 as heavier instrumentation, than a spent f ue l  pool. Thus, 
i t  i s  assumed t h a t  once coo l ing  had been interrupted,  the p r o b a b i l i t y  o f  no t  being able t o  
res to re  coo l ing  by repa i r i ng  the coo l ing  system o r  adding makeup water from an a1 te rna t i ve ,  
source would be an order o f  magnitude lower, o r  10''. Thus, the  ove ra l l  p r o b a b i l i t y  o f  releases 
due t o  coolant  b o i l o f f  i s  10-e/year. 

4.5.2.4 Earthquake Greater than Safe Shutdown Earthquake (SSE) 

The nuclear waste f a c i l i t y  would be designed t o  Class 1 standards and would withstand an SSE 
without. re leas ing r a d i o a c t i v i t y .  Furthermore, the f a c i l i t y  would be constructed i n  an area o f  
minimum seismic a c t i v i t y .  However, an earthquake more severe than the SSE could occur, causing 
surge pool drainage-and overheating and rupture  o f  the containers stored. there.  The surge pool 
bu i l d i ng  could a lso  be ruptured. The p r o b a b i l i t y  o f  the occurance o f  an earthquake o f  t h i s  
st rength i s  taken as per year, and i t  i s  assumed t h a t  there i s  a.0.1 p r o b a b i l i t y  t h a t  the 
severe earthquake would r e s u l t  i n  a pool drainage.' This would r e s u l t  i n  an ove ra l l  p r o b a b i l i t y  
o f  l om6  per year. 

4.5.2.5 A i r c r a f t  Impact 

Radioactive ma te r i a l s  could be released by the impact, and subsequent f i r e  damage, o f  a l a rge  
a i r c r a f t  crashing i n t o  the  waste f a c i l i t y .  Only those wastes on the surface would be af fected.  
Also, regu lar .  a i r  routes and m i l i t a r y  t r a i n i n g  f l i g h t s  would be p roh ib i t ed  i n  the  a i r  space over 
the  f a c i l i t y ,  making such an accident  h igh l y  un l i ke l y .  The p r o b a b i l i t y  o f  an a i r c r a f t  crashing 
i n t o  the surge pool i s  estimated t o  be 6.8 x 10'14 per year.2 

The p r o b a b i l i t y  o f  an a i r c r a f t ' s  crashing i n to .  a spent f u e l  caisson storage area w i t h  su f f i c i . en t  
impact t o  breach a stored assembly i s  ca lcu la ted t o  be 3.7 x 10'14 per,caisson [based on a 
7.6-m (25 - f t )  spacing between  caisson^].^ 

4.5.2.6 F i r e  o r  Explosion 

The use and accumulation o f  combustible mater ia ls  would be kept t o  a low l eve l  i n  a l l  areas o f  
the waste f a c i l i t y .  The water cover of the  surge pool and t rans fe r  canals and the  mu1 t i p l e  
layers  o f  containment around the  waste forms would make. it. very u n l i k e l y  t h a t  a f i r e  o r  explosion 
would cause any release o f  rad ioac t i v i t y .  



A po ten t i a l  explosion hazard inherent i n  t h e  surge pool would be the generation o f  radio1yti.c 
hydrogen from the water. It has been estimated t h a t  the pool could generate about 0.001 m3/s 
(2.5 f t3 /min)  o f  h y d r ~ g e n . ~  The minimum hydrogen f lammabi l i ty  l i m i t  i n  a i r  i s  about four  volume 
percent. Accordingly, i f  hydrogen were allowed t o  accumulate wel l  above t h i s  l i m i t  i n  some 
po r t i on  o f  the  bu i ld ing,  an explosion could resu l t .  Therefore, the  pool bu i l d ing  would include 
both normal and Class 1 v e n t i l a t i o n  systems t o  ensure t h a t  the  hydrogen concentrations were 
always we l l  below the flanunabil i t y  1 im i t .  

. * . . 

4.5.2.7 Tornado 

The p r o b a b i l i t y  of a tornado s t r i k e  i s  s i t e  dependent. A l oca t i on  conforming t o  NRC s i t e  c r i t e r i a  
would have a low p r o b a b i l i t y  f o r  a tornado. The waste f a c i l i t y  structures would be designed t o  
Class 1 requirements and, therefore, could withstand tornadoes. A metal-sided surge pool 
bu i ld ing,  however, could be penetrated by tornado-generated missi les.  For example, a tornado- 
generated missile--assumed t o  be a 0.3-m (12-inch) diameter by 6.1-m (20- f t )  long pole weighing 
286 kg (630 l b ) ,  t r a v e l i n g  a t  44.7 m/sec (100 mph)--directed v e r t i c a l l y  downward i n t o  the surge 
pool would be slowed down by the water so t h a t  i t  would on l y  crack, no t  crush, one o r  more waste 
containers.  I f  these containers were spent fue l  assembl ies, t he  gaseous f i s s i o n  products would 
be released and the  surge pool water would become contarnlnated. 

Tornado-generated miss i les  could a lso  cause damage t o  the surge pool cool ing system and, i n  
p a r t i c u l a r ,  t o  the coo l ing  towers on the secondary coo l ing  c i r c u i t .  The releases from such an 
accident would be s i m i l a r  t o  those f o r  t he  loss  o f  pool c i r c u l a t i o n  wi thout the  a b i l i t y  t o  
rees tab l i sh  cooling. Since the  p r o b a b i l i t y  o f  such an event i s  much lower than the normal 
system f a i l u r e  r a t e  o f  10-I  per year, t he  overa l l  releases from a tornado-caused f a i l u r e  o f  the  
coo l ing  system would be very much less  than those f o r  the loss  o f  c i r c u l a t i o n  accident. Further- 
more, the very long t ime ava i lab le  (approximately 80 days before the coolant bo i led  o f f  a surge 
pool f i l l e d  w i th  U02 spent f ue l  assemblies) would give ample t ime f o r  repa i r i ng  the damaged 
coo l ing  system. 

The p r o b a b i l i t y  o f  the  tornado-caused event would be much lower than the p r o b a b i l i t y  o f  the 
heavy ob jec t  drop accident, and since the  consequences would be s imi la r ,  the expected dose* would . 

be much less.  . . 

4.5.2.8 Flood 

The waste f a c i l i t y  would be located a t  an e levat ion  s a t i s f y i n g  NRC s i t i n g  c r i t e r i a ;  therefore, 
occurence o f  a f l ood  t h a t  endangered the f a c i l i t y  would be an i nc red ib le  event. However, i n  
cases where the surge pool coo l ing  water supply was from a r i v e r  o r  a t  an e levat ion  suscept ib le 
t o  f l ood  damage, an emergency water supply, such as a wel l ,  would be provided. 

I 4.5.2.9 C r i t i c a l i t y  

The considerations regarding nuclear c r i t i c a l i t y  i n  the waste f a c i l i t y  are essen t ia l l y  the  same 
as those i n  fue l  storage pools a t  reactor  s i tes .  This problem has been solved a t  the l a t t e r  
f a c i l i t i e s  by proper spacing o f  storage racks and; i n  some cases, by using racks contain ing 
neutron-absorbing materials. The same types o f  procedures would be used i n  the waste f a c i l i t y ,  
thus making accidental c r i t i c a l i t y  o f  f u e l  assemblies h igh l y  improbable, even i n  the face o f  
gross human er ror .  

I 4.5.3 Releases o f  Rad ioact iv i ty  

I The amount o f  rad ioact ive  mater ia l  released i n  an accident would depend on several var iables.  

(1) Contents o f  waste f a c i l i t y .  For t h i s  analysis, the  surge pool and other locat ions o f  
the f a c i l i t y  are assumed t o  be f i l l e d  t o  capacity. A f u l l  surge pool i s  assumed t o  
contain 1500 MTHM o f  spent f u e l  o r  481 HLSW canisters.  

(2)  Rad ioact iv i ty  ava i lab le  i n  the  waste form. The values assumed here have been pre- 
sented i n  Section 4.5.1. 

q h e  "expected dose" i s  def ined i n  Section 4.5.4. 



(3 )  Magnitude o f  damage. The sever i ty  o f  an accident and the e f fec ts  on the waste 
canisters could vary great ly .  For each accident analysis, an expected number o f  waste 
canisters a f fec ted i s  assumed. For example, f o r  the drop o f  an uncanistered spent 
f ue l  assembly i t  i s  assumed t h a t  20% o f  the. fuel rods are breached. I n  contrast ,  the 
loss  o f  c i r c u l a t i o n  cool ing accident might r e s u l t  i n  the rupture o f  a l l  the waste 
containers i n  the surge pool. 

(4)  Escape mechanisms. The r e l a t i v e  v o l a t i l i t i e s  o f  the nuclides a v i i l a b l e  f o r  release 
would determine how much o f  each entered the bu i l d ing  atmosphere o r  escaped the waste. 
f a c i l i t y .  Also, the  accident environment--in a i r  o r  underwater--would a f f e c t  the 
release o f  v o l a t i l e  and pa r t i cu la te  mater ia ls.  

(5)  Fa i l u re  o f  other systems. Systems such as the bu i l d ing  heating, vent i la t ion ,  and a i r  
condi t ioning (HVAC) system, w i th  i t s  m u l t i p l e  f i l t r a t i o n  un i ts ,  could be expected t o  
reduce the releases from many o f  the accidents considered. I n  the spec i f i c  case o f  
the  HVAC system, a p r o b a b i l i t y  o f  was assumed f o r  i t s  f a i l u r e  dur ing any accident 
which had not  already damaged t h i s  system t o  render i t  inoperable. 

Release fac tors  f o r  each type o f  radi.oactive mater ia l  and f o r  each stage o f  an accident were. 
estimated on the basis o f  published informat ion o r  assumptions by the s t a f f .  These release 
fac tors  are presented i n  Table 4.5. Only the accidents and waste forms l i s t e d  i n  the tab le  were 
considered beyond t h i s  point ,  since other accidents were scoped by t h i s  set  e i t h e r  because o f  
the r e l a t i v e l y  h igh p robab i l i t i es ,  as i n  the drop accidents, o r  because o f  the la rge amounts o f  
r a d i o a c t i v i t y  avai lable,  as i n  the whole pool accidents. Using the source terms and release 
fac tors  presented, the s t a f f  calculated the r a d i o a c t i v i t y  releases f o r  each accident.considered. 

4.5.4 Radiation Doses 

An analysis s i m i l a r  t o  t h a t  i n  Section 4.4 was used t o  ca lcu la te  rad ia t i on  doses t h a t  would be 
received a t  the  fence l ine  o f  the  waste f a c i l i t y  from the releases calculated f o r  the  accidents 
considered. These doses are sumnarized i n  Table 4.6. The la rge di f ferences i n  ~ g n i t u d e  resu l ted 
from comparing accidents i nvo l v ing  s ing le  containers w i t h  accidents invo lv ing the whole surge 
pool. 

The. t o t a l  rad ia t i on  doses expected from accidents i n  the waste f a c i l i t i e s  were calculated. by 
mul t ip ly ing. the doses obtained above by the p r o b a b i l i t i e s  o f  the various accidents and by e i t h e r  
(1)  the t o t a l  throughput o f  the  waste form, taken from Appendix C, f o r  accidents invo lv ing 
s ing le  containers, o r  (2)  the estimated number o f  " f a c i  1 i t y  years" o f  operation f o r  accidents 
invo lv ing whole f a c i l i t i e s .  For each option, the  expected doses from appl icable accidents were 
summed t o  obtain a t o t a l  expected dose. The resu l t s  are presented i n  Table 4.7. 

The doses.calculated are a l l  of the, same magnitude. The smallest dose would occur f o r  the  f u l l -  
recycle option, wh i le  the highest would occur f o r  surface caisson storage. It i s  important t o  
note t h a t  surface caisson storage i s  not  a "closed" option, since whatever decis ion i s  made on 
f i n a l  d ispos i t ion  o f  the spent fuel assemblies, add i t iona l  processing through a waste f a c i l i t y  
would be required. This would increase the expected dose by an amount s im i l a r  t o  t h a t  f o r  one 
o f  the  other .options. 
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1 .  Table 4.5. Release Factors Used i n  Accident Analysis Calculations 

Type o f  Radioact iv i ty 

H-3, Kr-85 1-1 29 .Vo la t i les  Pqrt iculates 
Source Bui ld ing Atmosphere Bui ld ing'  Atmosphere Bui ld ing Atmosphere Bui ld ing Atmosphere 

Fuel Assembly 

Drop i n  pool 0.2 1 .O 0.2 0.0110.5~ 0 - - 0 - - 
Drop i n  encapsulation c e l l  0.2 1 .O 0.2 0.0110.5 2 x 1 0 - 3  10-910.01 2 x 10-810.01 

Drop during surface emplacement 0.2 1 .O 0.2 0.5 0 -- 0 -- 
Drop during deep mine emplacement 0.2 1 .O 0.2 0.0110.5 0 -- . 0 - - 
Heavy object drop onto spent 
assembly i n  pool 1 .O 1.0 1 .O 0.01/0.5 0 -- 0 -- 
A i r c r a f t  impact--surface caisson 1 .O 1.0 1 .O 1 .O 10-3 1 .O 10-4. 1 .O 

1 Spent Fuel Surge Pool P 
d 

Loss o f  c i r cu la t ion  cooling 1 .O 1 .O 1 .O 0.0110.5 l o -3  IO'9 lO.Ol  10-4 10-810.01 0 

Earthquake 1 .O 1 .O 1 .O 0.0110.5 10-3 0.1 lo+  0.1 
A i r c r a f t  impact 1 .O 1 .O 1 .O 0.0110.5 10-3 0.1 l o +  0.1 

HLSW Canister 

Drop i n  overpack c e l l  

HLSW Surge Pool 

Loss o f  c i r c u l a t i o n  cool ing -- -- -- - - lo -3  10-9/0.01 10-4 10-810.01 

Earthquake -- - - - - -- 10-3 0.1 lo-'+ 0.1 

A i r c r a f t  impact - - - - -- -- 10'3 0.1 1 o - ~  0.1 

a~.01/0.5 means a release o f  0.01 when the f i l t r a t i o n  system works and a release o f  0.5 when i t  f a i l s .  



Table 4.6. Radiation Doses from Accidents 

Dose (rem) 

H-3 Kr-85 1-129 Cs Sr-90 a-emitters 
~ c c i d e n t ~  (whole body) (sk in)  ( thyro id)  ( lung) (bone) ( lunq) 

SFAa Drop i n  Surge Pool 
F i l t r a t i o n  system works 
F i l t r a t i o n  system f a i l s  

Drop o f  Heavy Object i n  SFA Surge Pool 

Loss o f  SFA Surge Pool Cooling 
F i l t r a t i o n  system works 
F i l t r a t i o n  system f a i l s  

Earthquake Damage t o  SFA Surge Pool 

A i r c r a f t  Impact on SFA Surge Pool 

Drop o f  SFA i n  Encapsulation Cel l  
F i l t r a t i o n  system works 
F i l t r a t i o n  system f a i l s  

Drop o f  SFA i n  Surface Caisson F a c i l i t y  

A i r c r a f t  Impact on SFA Caisson Storage 
F a c i l i t y  

Drop o f  SFA i n  Underground Storage 
F a c i l i t y  

F i l t r a t i o n  system works 
F i l t r a t i o n  system f a i l s  

LOSS o f  H L S W ~  pool Cooling 
F i l t r a t i o n  system works 
F i l t r a t i o n  system f a i l s  

Earthquake Damage t o  HLSW Storage Poql 

A i r c r a f t  Impact on HLSW Storage Pool 

HLSW Canister Drop i n  Overpack Cel l  
F i l t r a t i o n  system works 
F i l t r a t i o n  system f a i l s  

a~~~ = spent f ue l  assembly 
HLSW = high- level  s o l i d i f i e d  waste 



Table 4.7. Total Radiation Doses Expected from Accidents 
a t  Waste Repositories 

Option Expected io ta1  Dose, rem 

(1 ) U-only recycle,  Pu stored 0.054 

( 2 )  U-only recycle,  Pu disposed 0.054 

( 3 )  Fu l l  recycle 0.045 

( 4 )  No-recycle, surface storage 0.108 

(5 )  No-recycl e ,  deep stowaway 0.107 

( 6 )  No-recycl e ,  deep throwaway 0.107 



5. WASTE INVENTORY* 

The waste management schedule used i n  t h i s  repor t  and i n  a computer program designed t o  calcu- 
l a t e  the amounts o f  wastes produced and the time frames f o r  discharge and movement o f  the wastes 
t o  repos i to r ies  i s  described i n  t h i s  sect ion.  The number o f  repos i to r ies  t h a t  would be required 
and the r e s u l t i n g  land and s a l t  commitments (Sec. 6) were ca lcu la ted fo r  each opt ion  on the 
basis o f  the r e s u l t s  o f  these computer ca lcu la t ions .  

The program r e s u l t s  are contained i n  n ine computer output  sections (reproduced i n  Appendix C). 
Output sec t ion  1 i s  f o r  the no-recycle options; sections 2-5 are the outputs f o r  the U-only 
recyc le  options; and sections 6-9 are the outputs fo r  the f u l l  recyc le  opt ion.  The r e s u l t s  are 
summarized graph ica l ly  i n  Figures 5.1 through 5.3. I n  these f igures,  the curves f o r  reprocess- 
i n g  wastes are given i n  terms o f  the amount o f  f ue l  reprocessed, not  the amount o f  waste pro- 
duced from reprocessing. For example, i t  i s  ind ica ted i n  Figure 5.2 (U-only recycle)  t h a t  
237,000 MT (260,000 tons) of spent fuel would have been reprocessed up t o  the year 2020. This 
does not  mean t h a t  237,000 MT of wastes would have accumulated from reprocessing. 

5.1 NO-RECYCLE OPTIONS 

By d e f i n i t i o n ,  the no-recycle waste schedule involves on ly  spent PWR and BWR fue l  assemblies--no 
reprocessing wastes. The predicted spent f ue l  assembly inventory i s  contained i n  sec t ion  1 o f  
the computer output i n  Appendix C. The on ly  assumptions fo r  t h i s  op t ion  invo lve  the PWR t o  BWR 
r a t i o  and the nuclear reac tor  growth schedule. 

The bui ldup o f  spent f ue l  discharged from power reactors and subsequently stored i n  repos i to r ies  
a f t e r  a ten-year cool ing per iod i s  shown graph ica l ly  i n  Figure 5.1. The values shown have been 
used t o  determine the number of Federal repos i to r ies  t h a t  would be needed t o  s tore  the spent 
f u e l  assemblies (Sec. 6) .  

5.2 U-ONLY RECYCLE 

Under t h i s  option, the spent fuel would be reprocessed and the recovered uranium used as fue l .  
The plutonium recovered would be e i t h e r  stored o r  disposed. The cumulative amount o f  wastes 
produced, the status o f  spent fuel assemblies, and the annual and cumulative shipments o f  wastes 
t o  Federal repos i to r ies  are shown i n  sections 2 through 5 o f  the computer output (Appendix C). 
The spent fuel  assembly backlog, the amount of f ue l  reprocessed, and the shipment of reprocessing 
wastes t o  Federal repos i to r ies  are shown i n  Figure 5.2. 

5.2.1 Spent Fuel Status 

The spent f u e l  status fo r  the uranium-only recycle opt ions and the reprocessing schedule 
developed are contained i n  output  sect ion 2. The spent f ue l  assembly "status" re fe rs  t o  the  
cumul a t i v e  number and amount (metr ic  tons) o f  spent assembl i e s  remaining i n  storage a f t e r  
reprocessing o f  the amounts speci f ied.  The number o f  assemblies i n  storage can be determined on 
the basis o f  the amount o f  uranium i n  storage and the r a t i o s  f o r  BWR and PWR fue l  assemblies per 
MTHM reprocessed. Examination o f  output  sect ion 2 ind ica tes  t h a t  by the year 2005 there would 
be a ten-year backlog o f  spent f ue l  awai t ing reprocessing. Thus, f ue l  discharged a f t e r  2005 
would not  be reprocessed u n t i l  i t  had been out  o f  the reactors f o r  a t  l e a s t  ten years, and as a 
resu l t ,  add i t iona l  storage time f o r  the reprocessing wastes from t h i s  f ue l  would not  be required 
(see Fig.  5.2). Since reprocessing i s  assumed t o  terminate i n  the  year 2030, the spent f ue l  no t  
reprocessed by then would requ i re  permanent d isposal .  
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Fig. 5.1 : Spent Fuel Inventory fo r  the No-Recycle Options. 
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Fig. 5.2. Spent Fuel and Reprocessing Schedule fo r  the U-Only Recycle Options. 
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Fig. 5 . 3 .  Spent Fuel and Reprocessing Schedule for the Full Recycle Option. 



5.2.2 . Cumulative Wastes Produced by Uranium Recycle 

.The cumulative amounts o f  wastes produced dur ing the U-only recycle options are shown i n  output 
sect ion 3. These values are. the  end-of-year f igures  and do not  contain any time-delay factors.  
The waste categories are: 

(1) High-level waste (HLW), 

(2! Hulls, 

(3)  Transuranic-contaminated wastes (TRU) , and 

(4) Plutonium. 

HLW would contain 98.5% o f  the  f i s s i o n  products and ac t in ides i n  the spent f ue l  (w i th  the excep- 
t i o n  o f  100% o f  the t r i t i u m  and noble gases, and 99.9% o f  the iod ine and bromine) and 0.5% o f  
the uranium and plutonium. The remaining 1.5% o f  the f i s s i o n  products and ac t in ides would be 
l e f t  i n  the plutonium. The HLW would be processed i n t o  a calc ined form and placed i n t o  canisters 
C0.177 m3 (6.3 f t 3 )  o f  calc ined waste per can is ter  a t  80% capacity]. This HLW would be gener- 
ated a t  a r a t e  o f  0.0559 m3/MTHM reprocessed. 

The hu l ls ,  the fue l  cladding, and associated fue l  assembly hardware are assumed t o  be contami- 
nated w i th  0.1% o f  the fue l .  A f t e r  being chopped and uncompacted the h u l l s  would have a densi ty 
o f  1000 kg/m3. Hu l l  waste would b e  generated a t  the r a t e  o f  0.326 m3/MTHM reprocessed. The 
h u l l s  a lso would be packed i n t o  waste canisters.  

There are two types o f  transuranic wastes (TRU)--the TRU intermediate-level wastes (TRU-ILW) and 
the TRU low-level wastes (TRU-LLW). The TRU-ILW requ i re  shielded handling, and the TRU-LLW do 
not. The TRU-ILW would be produced a t  a r a t e  o f  0.283 m3/kg o f  plutonium processed, wh i le  the 
TRU-LLW would be produced a t  a r a t e  o f  0.113 m3/kg o f  plutonium processed. The TRU wastes would 
a1 1 be t reated uncompacted and unincinerated w i th  a densi ty of 1000 kg/m3. The TRU-ILW. would be 
placed i n  waste canisters, and the TRU-LLW would be placed i n  55-gallon drums. 

The plutonium waste would contain 95% plutonium (by weight) and 5% HLW. It i s  assumed t h a t  
10 kg (22 l b )  o f  t h i s  spiked lutonium would be produced per MTHM reprocessed. The plutonium 
would be packaged 6 kg (13 l b f  per container. 

Also included i n  output sect ion 3 i s  an est imat ion o f  the amount o f  uranium recovered. This 
est imat ion i s  based on the iso top ic  content o f  the spent f ue l .  

5.2.3 Waste Receiving Schedules 

Output sections 4 and 5 invo lve  the waste rece iv ing schedule a t  the Federal repos i to r ies .  It i s  
assumed t h a t  the  wastes would be a t  l e a s t  ten  years o l d  before they would be accepted a t  a 
repos i to ry .  This ten-year period i s  based on the overa l l  out-of-reactor t ime f o r  the mater ia l ,  
no t  o.n the post-reprocessing time. The amount of wastes shipped i s  based upon the p a r t  o f  the  
schedule which re la tes  t o  reprocessing. 

Output sect ion 4 shows the amount o f  wastes tha t  would a r r i v e  a t  the waste repos i tor ies  annually. 
Output sect ion 5 presents an accounting o f  the cumulative amount o f  wastes a t  the  repos i tor ies  
( t h i s  i s  shown i n  Fig. 5.2). Up u n t i l  the year 2015,. i t  would be necessary t o  s tore  the repro- 
cessing waste f o r  an ' i n te r im  per iod u n t i l  i t  had been out  o f  t he  reactor f o r  ten  years. A f te r  
2015, t h i s  i n te r im  storage would not  be required because the spent f ue l  would have been out o f  
the reactor f o r  a t  l eas t  ten  years before being reprocessed. Output sect ion 5 i s  o f  importance 
f o r  two reasons: (1)  it agrees w i t h  the r e s u l t s  o f  output  sect ion 3 as t o  the f i n a l  amounts o f  
waste i n  storage, (2)  i t  i s  useful  i n  determining the schedules f o r  construct ion and the capacity 
and number o f  Federal repos i to r ies  required (Sec. 6). 

5.3 FULL RECYCLE OPTION 

Under t h i s  option, both the uranium and plutonium recovered from reprocessing would be used as 
nuclear fuel. The schedule f o r  the f u l l  recycle option', re fe r red  t o  as mixed oxide (MOX) 
reprocessing, is 'conta ined i n  output  sections 6 through 9. The spent f ue l  assembly backlog, the 
amount o f  f u e l  reprocessed, and the shipment o f  these reprocessing wastes t o  Federal repos i to r ies  
are shown graph ica l ly  i n  Figure 5.3. 



5.3.1 MOX Fuel Status 

The pro jec ted MOX f u e l  s ta tus  for  each generation of MOX fuels i s  shown i n  output  sect ion 6. 
Both the generation ra tes  of MOX f ue l s  (MOX 1, MOX 2, and MOX 3) and the decrease i n  reprocess- 
i n g  t h a t  occurs w i t h  the dec l ine  i n  demand are i l l u s t r a t e d .  

The demand value ( i n  MT) f o r  any year i s  obtained from output  sec t ion  6 by mu l t i p l y i ng  26 MTHM 
per GWe by the "GW OK f o r  MOX" value two years hence, a t  which t ime the reprocecsed MOX ncu ld  be 
ava i l ab le .  However, the amount of MOX fuel  a c t u a l l y  loaded might be l ess  than t h i s  demand 
value, depending upon the reprocessing c a p a b i l i t i e s .  The "GW OK for  MOX" value i s  der ived from 
the output  sect ion 1 schedule, w i t h  the const ra in ts  f o r  using MOX f ue l  given i n  Section 1.4.1.2. 
To begin the  f u l l  recyc le  scenario, only those reactors between three and ten years o l d  would be 
ab le  t o  use MOX f u e l  once reprocessing began. Thus, i n  1982 the t o t a l  operat ing capaci ty (GWe) 
of reac tors  three t o  ten years o l d  would be: 62.0 - 7.4 = 54.6. The value fo r  each subsequent 
year i s  obtained by adding the  new capaci ty from three years previous. Thus, f o r  the year 1983, 
the  value would be: 54.6 + 8.0 = 62.6 GWe. For ca lcu la t ions  f o r  the  year 2000 and a f t e r ,  i t  i s  
necessary t o  subt rac t  the capac i ty  of reac tors  more than 28 years o ld.  

It should be noted t h a t  th ree o ther  spent f ue l  waste types would occur under t h i s  opt ion:  
MOX 1, MOX 2, and MOX 3. The respect ive cumulative t o t a l s  would be 7923, 5688, and 56,148 MT. 
These values are r e a d i l y  obtained from the  " t o ta l s '  l i n e  o f  output  sec t ion  6. The MOX 1 and 
MOX 2 wastes would be the  r e s u l t  of an excess i n  MOX supply over demand as reac tors  shut down 
because o f  age. I n  addi t ion,  the  t o t a l  amount o f  unreprocessed U02 spent f u e l  i n  t h i s  op t ion  
can be ca1,culated by subt rac t ing  the  t o t a l  amount under the MOX reprocessing scenario (output  
sec t ion  6)  from the t o t a l  amount required. Hence, the amount o f  unreprocessed U02 spent f u e l  
would be: 390,240 - 99,181 - 84,520 - 65,274 - 56.148 = 85,117 MT. The f i r s t  i tem i n  t h i s  
c a l c u l a t i o n  i s  the cumulative amount of discharged U02 from output  sec t ion  1. The f o u r  numbers 
subtracted from t h i s  amount come from output  sec t ion  6 and are  the  amount o f  U02 reprocessed and 
the amount o f  MOX 1, MOX 2, and MOX 3 produced. 

5.3.2 F u l l  Recycle Waste Output 

Output sec t ion  7 contains the  schedule of waste amounts produced f o r  the  f u l l  recyc le  option. 
It i s  a cumulative year-end accounting o f  the major waste streams. The wastes considered are: 

(1 )  High-level wastes (HLW) - from U02 and MOX fuels,  

( 2 )  Hul ls ,  

( 3 )  Transuranic-contaminated wastes (TRU). 

The HLW i s  separated i n t o  two categories. The f i r s t  type, HLW-U02, consists o f  h igh- level  waste 
r e s u l t i n g  from the reprocessing o f  normal uranium oxide fue ls .  The HLW-MOX waste r e s u l t s  from 
the reprocessing o f  MOX fue ls .  The amounts o f  HLW produced are  approximately 0.0565 m3/MTHM f o r  
both HLW-U02 and HLW-MOX. 

The h u l l s  waste i s  generated a t  a r a t e  o f  0.326 m3/MTHM and i s  chopped and uncompacted. 

The TRU wastes are  separated i n t o  two categor ies as def ined above. The TRU-ILW are produced a t  
a r a t e  o f  0.283 m3/kg o f  plutonium processed. The TRU-LLW are produced a t  a r a t e  o f  0.952 m3/kg 
o f  plutonium processed. 

5.3.3 Federal Repository Waste-Receiving Schedule 

Output sections 8 and 9 conta in  the  pred ic ted schedule f o r  the shipment of wastes t o  Federal 
r epos i t o r i es .  The reprocessing wastes a re  assumed t o  have been ou t  of the reac tor  ten  years 
before shipment t o  a repos i to ry .  To s i m p l i f y  the inventory, i t  i s  assumed t h a t  the o ldes t  MOX , 

fue ls  would be reprocessed f i r s t .  The MOX fue l s  would be reprocessed imnediately and the 
wastes produced would be stored a t  the reprocessing f a c i l i t y  u n t i l  the ten-year t o t a l  t ime 
requirement was f u l f i l l e d .  As shown i n  output  sect ion 7, reprocessing o f  spent MOX f ue l  would 
beg in  in the year 1988, and the r e s u l t i n g  wastes would no t  be received a t  a Federal repos i to ry  
u n t i l  1998. However, reprocessing wastes from U02 f u e l  would be a t  a Federal repos i to ry  as ea r l y  
as 1982 (see Fig. 5.3). 

The predict ion; i n  output  sect ions 6 and 9 are usefu l  i n  determining the number o f  Federal 
r epos i t o r i es  required (Sec. 6). 
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6. LAND AND SALT COMMITMENTS 

The amount o f  land and s a l t *  commttted f o r  the storage o f  nuclear wastes would depend on the 
f u e l  cyc le  opt ion  chosen. To assess these con i tments ,  the s i x  opt ions considered can be 
grouped i n t o  four  categories: 

two no-recycle deep geologic options, 
two U-only recyc le  options, 
the f u l l  recyc le  option, and 

' the no-recycle surface storage option. 

The number o f  repos i t o r i es  needed and the land and s a l t  committed f o r  these four  categor ies 
w i l l  be compared i n  t h i s  section. 

6.1 DEEP GEOLOGIC STORAGE 

The s i ze  o f  each waste repos i to ry  would be about the same f o r  a l l  f i v e  deep geologic b u r l a l  
options. The small d i f fe rences t h a t  would occur, such as l a rge r  mine rooms being required f o r  
the spent f ue l  can is ters  than for  the reprocessing wastes canisters,  are ignored i n  t h i s  analysis.  
However, because the rad ioac t ive  and thermal cha rac te r i s t i cs  o f  the waste mater ia l  produced 
would d i f f e r  under the various options considered, the bu r i a l  densi ty and amount o f  waste 
mater ia l  t o  be handled also would vary, and thus the number o f  waste repos i to r ies  required 
would depend upon the fue l  cyc le  chosen. 

Each deep geologic waste repos i to ry  would be an underground excavation w i t h  a f l o o r  area of 
approximately 800 ha (2000 acres). Surface and subsurface a c t i v i t y  would be s t r i c t l y  moni- 
tored. Surrounding the 800 ha surface zone above the deep storage area would be a r e s t r i c t e d  
area o f  an add i t iona l  1200 ha (3000 acres). A l l  underground a c t i v i t i e s  and c e r t a i n  above- 
ground a c t i v i t i e s  would be con t ro l l ed  w i t h i n  t h i s  bu f fe r  zone. Thus, the surface land com- 
m i t t e d  f o r  each waste repos i to ry  would t o t a l  approximately 2000 ha (5000 acres). The t o t a l  
land commitment f o r  the various opt ions can be determined by ca l cu la t i ng  the number o f  waste 
repos i t o r i es  required and then mu l t i p l y i ng  t h i s  value by 2000 ha per reposi tory.  The t o t a l  
amount o f  rock s a l t  committed i s  taken t o  be t h a t  s a l t  under the 2000 ha o f  surface area com- 
m i t t ed  f o r  each reposi tory.  The amount o f  s a l t  no t  used f o r  b a c k f i l l i n g  would be very small 
compared w i t h  the t o t a l  amount o f  s a l t  comnitted and is ,  therefore, no t  taken i n t o  account. 

For the no-recycle options, the spent f ue l  assemblies would be l e f t  I n t a c t  and would cons t i t u te  
the waste o f  concern. Based on information presented i n  Section 3, the emplacement dens i ty  
o f  spent f u e l  f o r  a no-recycle U02 fuel cyc le  can be ca lcu la ted t o  be 48.0 MTU/ha (19.4 MTU/acre). 
Based on the pro jec ted nuclear power growth estimates given i n  Section 1.4, storage space would 
be required f o r  a t o t a l  o f  about 390,000 MT o f  spent f u e l  t h a t  would be discharged from power 
reactors by the  year 2030 (see Sec. 1 o f  App. C) .  Since a waste repos i to ry  would have a f l o o r  
area o f  800 ha i n  which spent f ue l  could be stored, a 48.0 MTUIha storage dens i ty  would a l l ow  
storage o f  about 39,000 MTU a t  each reposi tory.  Hence, ten repos i to r ies  would be required t o  
handle the  spent fuel discharged from nuclear power reactors by the year 2030. This would 
r e s u l t  i n  a t o t a l  o f  20,000 ha (50,000 acres) o f  land being committed f o r  the storage o f  spent 
f ue l .  Based on the s t ra t ig raphy given I n  Section 3, a t o t a l  o f  1.3 x 101° iff (1.4 x 101° ST) 
o f  rock s a l t  would be committed f o r  waste storage purposes a t  each repos i to ry .  For ten reposi-  
t o r i es ,  the t o t a l  amount o f  rock s a l t  committed would be 1.3 x 10" MT (1.4 x 10" ST). Since 
the ava i lab le  s a l t  reserves i n  the  United States are estimated a t  5.5 x 1013 WT (6.: x 1013 ST),' 
0.23% would be committed t o  the storage o f  nuclear wastes. 

*~omnitment o f  s a l t  would be the  r e s u l t  o f  using underground s a l t  formations as the 
locat ions  o f  waste repos i to r ies .  



For the two U-only recyc le  options, the plutonium would be stored o r  disposed. The types o f  
reprocessing wastes handled would be (1)  h i  h- level  s o l i d  waste (HLSW), (2 )  hu l l s ,  ( 3 )  trans- 
uran ic  intermediate- level  waste (TRU-ILW) , 74) t ransuranic low-level waste (TRU-LLW), and 
(5)  spiked PuOz. The storage dens i t ies  f o r  the HLSW and spiked PuOz would be determined by 
thermal considerations (see Sec. 3) .  Since these two types o f  wastes would have d i f f e r e n t  
i s o t o p i c  compositions, t h e i r  storage dens i t ies  would be d i f f e r e n t .  The storage dens i t ies  f o r  
thn 3 ther  type; wol;ld be determined by mechanical considerations and are taken from Refer- 
ence 2. The storage dens i t ies  are shown i n  Table 6.1. 

Table 6.1. Storage Densi t ies o f  
Wastes from Uranium Reprocessing 

Storage Density 
Waste Type (cans/acre) 

HLSW 30.2 

H u l l s  748 

TRU-ILW 748 

TRU-LLW 6625a 

PuO, 37.1 

a ~ r u m s  stacked i n  moms. 

On the basis o f  the nuclear power gmwth pro jec t ions  used i n  t h i s  repo r t  and the storage den- 
s i t i e s  shown i n  Table 6.1, 12 waste repos i to r ies  would be required t o  handle the reprocessing . 
wastes from nuclear power generation through the year 2030. Because of the l i m i t e d  capaci ty o f  
the reprocessing plants,  no t  a.11 of the spent uranium would be reprocessed by the year 2030, 
which i s  the projected end of the commercial LWR nuclear power indust ry  (see Fig. 5.2). It i s  
assumed t h a t  t h i s  unreprocessed spent f ue l  would be stored i n  deep geologic s a l t  formations. 
Two such repos i to r ies  would be required, for  a t o t a l  of 14 waste repos i to r ies .  This would 
r e s u l t  i n  a land commitment of about 28,000 ha (70,000 acres) and a rock s a l t  commitment o f  
1.8 x 10" MT (2.0 x 10" ST). This rock s a l t  comitment i s  0.33% o f  the t o t a l  s a l t  reserves 
i n  the Uni ted States. 

The t h i r d  category considered, f u l l  recyc le  o f  plutonium and uranium, would r e s u l t  i n  waste 
types s i m i l a r  t o  those fo r  the  U-only recyc le  case, except t h a t  the PuOz would be t rea ted as a 
fue l  source, no t  as a waste mater ia l .  The composition o f  the HLW would be d i f f e r e n t  because o f  
the  use of  recycled plutonium. This would increase the amount o f  ac t in ides  i n  the fuel, which 
would make the high- level  waste more rad ioac t i ve  than f o r  the U-only recyc le  options. Hence, a 
lower storage densi ty o f  the HLSW from the MOX f ue l  reprocessing would be required t o  maintain 
comparable heat loads. The HLSW from the recycled uranium fue l  could be bur ied a t  the same 
dens i ty  as t h a t  used f o r  U-only recyc le  shown i n  Table 6.1. The storage dens i t ies  o f  the waste 
mater ia ls  from MOX f ue l  reprocessing are shown i n  Table 6.2. 



Table 6.2. storage Densi t ies o f  
Wastes from Mixed Oxide 

. . Fuel Reprocessing 
, . , . . . .  

Storage Density 
Waste Type (cans/acre) 

HLSW ' 11.8 

Hu l l  s 748 

TRU-ILW 748 

TRU-LLW 6 6 ~ 5 ~  

. allrums. stacked i n  rooms. 

Seven repos i to r ies  would be required to handle the reprocessing wastes w i t h  the f u l l  recyc le  of 
uranium and plutonium; however, the amount o f  rlOX fue l  obtained from the recycled uranium and 
plutonium would not  be s u f f i c i e n t  to fue l  the operat ing nuclear power p lants,  and i t  thus would 
be necessary to augment t h i s  f ue l  cyc le  w i t h  add i t iona l  uranium. The def ic iency  t n  t1OX fue l  i n  
the recyc l i ng  streams would be due to  (1 )  l i m i t e d  reprocessing f a c i l i t i e s ,  (2 )  the growth o f  
the nuclear industry, and (3)  the supplemental plutonium required f o r  the 1.15 SGR MOX ,fuel 
cyc le  assumed. The spent fuel from t h i s  add i t iona l  uranium, along w i t h  the unreprocessed spent 
MOX fuel ( a l l  MOX 3, p lus MOX 1 and MOX 2 i n  excess o f  t h a t  needed f o r  producing add i t iona l  
f ue l )  would have t o  b e  stored i n  spent f ue l  repos i to r ies  (see Fig. 5.3). Since the spent MOX 
fuel  would have a greater  bui ldup o f  ac t in ides  because o f  the use o f  recycled plutonium as a 
fuel, the spent MOX fuel would produce more decay heat than would the spent uranium fuel. '  It 
there fore  would be necessary t h a t  the b u r i a l  concentration o f  the tX)X fue l  be lower than tha t .  
used f o r  the uranium fue l .  Based on informat ion presented i n  Section 3, the  b u r i a l  dens i t ies  o f  
spent uranium and MOX f ue l s  a re  ca lcu la ted t o  be 48.0 MTHM/ha (19.4 MTHM/acre) and 21.4 MTHM/ha 
(8.67 MTHMIacre), respect ively.  Based on these bu r i a l  densi t ies,  s i x  repos i to r ies  would be 
needed f o r  the  disposal o f  the spent unreprocessed fue l ,  r e s u l t i n g  i n  a t o t a l  o f  13 waste 
repos i to r ies .  The land and s a l t  commitments i n  t h i s  op t ion  would be 26,000 ha (65,000 acres) o f  
land and 1.7 x 10" MT (1.9 x 10" ST) o f  rock sa l t ,  which i s  0.31% o f  .the t o t a l  ava i l ab le  s a l t  
reserves i n  the Uni ted States. 

6.2 NO-RECYCLE SURFACE STORAGE 

I n  add i t i on  t o  deep geologic b u r i a l  o f  unreprocessed spent fue l ,  surface storage i n  caissons 
a l so  i s  considered i n  t h i s  report .  I n  t h i s  method, the spent f ue l  assemblies would be bur ied 
i n  l i n e d  holes on the ear th 's  surface. As i n  the deep geologic b u r i a l  o f  spent fue l ,  the 
assemblies would be l e f t  i n tac t .  The decay heat generated by the spent f ue l  assemblies would 
be conducted to the ear th 's  surface and d iss ipa ted t o  the atmosphere. 

To determine the land commitment i n  t h i s  method o f  s to r i ng  spent f ue l ,  a surface waste repos i t o ry  
i s  assumed t o  have the same area l  ex tent  as t h a t  used f o r  deep geologic b u r i a l .  That i s ,  
800 ha (2000 acres) i n  each repos i t o ry  would be used t o  s tore  spent f ue l ,  bu t  the t o t a l  land 
commitment would be 2000 ha (5000 acres). Based on the  GESMO p ro jec t i on  o f  507 GWe nuclear 
power generation by the  year 2000, a t o t a l  o f  approximately 1,230,000 spent f u e l  assemblies 
would requ i re  stora e by the  year 2030 (see Sec. 1 o f  App. C). Since the caissons would be 
placed 7.5 m (25 ftq apart  i n  the reposi tory,  a t o t a l  o f  n ine repos i t o r i es  would be required. 
This would r e s u l t  i n  a t o t a l  land commitment o f  ?8,000 ha (45,000 acres). 

I n  summary, the t o t a l  land and s a l t  commitments involved i n  s to r i ng  the  wastes from the nuclear 
power indust ry  would be r e l a t i v e l y  small. Depending on the fue l  cyc le  chosen, 9 t o  14 reposi- ,  
t o r i e s  would be required to s tore  the  wastes from nuclear power generation through the year 
2030 (see Tab1 e 6.3). The natura l  resource commitment . i n  the storage o f  nuclear wastes would 
no t  be s u f f i c i e n t l y  l a rge  t o  preclude any option. 
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Table 6.3. Land and S a l t  Commitments f o r  Waste Repositories 

Fract ional  ~ r e a ~  o f  
Land Cormit- Hanford and Savannah 

Number Of  ment. (acres) Reposi - River ~ i t e s b  S a l t  Commit- % o f  Total  U.S. 
Option t o r i e s  B u r i a l  Total  Hanford Savannah 2. ment (MTj Sa l t  ~ese rves  

No-recycle - deep 10 20,000 50,000 0.05 0.10 1.3 x 1011 0.23% 
geologic b u r i a l  

U-on1 y recyc le  14 28,000 70,000 0.08 0.15 1.8 x 1011 0.33% 

F u l l  recyc le  13 26,000 65,000 0.07 0.14 1.7 x 1011 0.31% 

No-recycle - 9 18,000 45,000 0.05 0.09 --- -- 
surface storage 

a ~ n l y  the  bu r i a l  areas are  considered i n  these calculat ions.  

b ~ i g h - l e v e l  defense wastes are s tored a t  the  Hanford and Savannah River s i t es .  The Hanford s i t e  
i s  570 square mi les  and the  Savannah River s i t e  i s  300 square miles. 

A summary o f  the amounts o f  waste a t  the waste repos i t o r i es  i n  the years 2000 and 2040 i s  given 
i n  Tables 6.4 through 6.8. Tables 6.4 through 6.6 show the amount o f  land required f o r  each 
type o f  waste mater ia l  f o r  the  no-recycle (Table 6.4), U-only recyc le  (Table 6.5), and f u l l  
recyc le  (Table 6.6) opt ions i n  the  years 2000 and 2040. It should be noted t h a t  f o r  the year 
2000, on l y  the wastes from the f u e l  discharged up t o  1990 would be i n  the repos i t o r i es  s ince 
there  would be a ten-year coo l i ng  per iod from discharge t o  disposal. A comparison o f  the land 
commitments f o r  the  s i x  f ue l  cyc le  opt ions i s  given i n  Tables 6.7 and 6.8, which cons is t  o f  
sumnaries o f  the data from Tables 6.4 through 6.6 f o r  the years 2000 (Table 6.7) and 2040 
(Table 6.8). 



Table 6.4. Types and Amounts o f  Nuclear Wastes a t  the Repositories 
i n  the Years 2000 and 2040--No-Recycle 

-- 

Waste Type 

Dry Surface 
Retr ievable Storage 

o f  .Spent Fuel . . 
Assemblies MT 

Deep, Geologic 
Reposi t i n g  o f  

Spent Fuela 

Assembl i e s  MT 
-- 

Year 2000b 

Spent Fuel 

BWR 
PWR 

' Total  

Repository Acres Required 

~ u r i a l '  
Total  

Number o f  ~ e p o s i  t o r i &  

Year 2040d 

Spent Fuel 

BWR 
PWR 
T ~ t a l  

Repository Acres Required 

Bur ia l  

Total  

Number o f  Repositories 9 10 

a 
Retr ievable and non-retr ievable modes included. 

b@nly the  fue l  discharged from reactors up t o  1990 w i l l  reach the repns i to r ies  by 2000. 

'since the t o t a l  a rea .o f  a-. repos i to ry  i s -  5000 acres, w i t h  an underground b u r i a l  area o f  2000 
acres, 2.5 t o t a l  acres are required f o r -  each b u r i a l  acre. 

d ~ h e  yea r  2040 i s  used as the. end f o r  repos i to ry  b u r i a l  s ince there. i's a 10-year delay from d i s -  
charging spent f u e l  t o  u l t ima te ,  disposal. 

e~umbers. i n  brackets correspond t o  the  a rea -o f  an. in teger  number o f  ' r e p o i i  t o r i es .  



Table 6.5. Types and Amounts o f  Nuclear Wastes a t  the Repositories 
i n  the Years 2000 and 2040--U-Only Recycle 

Waste Type 
Number o f  
Canisters 

- 

Repository Acres Required 

Bu r ia l  Totala 

Year 2000b 

HLSW 
H u l l  s 
TRU-ILW 
TRU-LLW 
PuO, 

Total  3240 81 00 

Number o f  repos i t o r i es  required: 1.62 

Year 2040C 

Unreprocessed 
spent f u e l  

BWR 
PWR 

HLSW 
Hu l l s  
TRU- I LW 
TRU-LLW 
PuOp 

Total  

Number o f  Reposi tor ies Required: 14 
- - -- - - 

a 
Since the t o t a l  area o f  a repos i to ry  i s  5000 acres, w i t h  an underground b u r i a l  area o f  2000 
acres, 2.5 t o t a l  acres are required f o r  each b u r i a l  s i t e .  

b ~ o t  inc luded are the amounts o f  f ue l  dischakged bu t  not  y e t  reprocessed (48,732 MT) and the 
amounts o f  reprocessed fue l  l ess  than ten  years ou t  o f  the reac tor  (44,578 MT). This backlog 
o f  spent f u e l  w i l l  be reprocessed a f t e r  the year 2000, and the reprocessing wastes w i l l  be 
bur ied  when they are ten years o ld.  

 he year 2040 i s  used as the  end f o r  repos i t o ry  b u r i a l  s ince there i s  a ten-year delay from 
discharge o f  spent f ue l  t o  u l t ima te  disposal. 

d ~ a l u e s  i n  parentheses are  amount o f  f u e l  (met r ic  tons).  

e ~ a l u e s  i n  brackets correspond t o  the area o f  an. in teger  number o f  repos i to r ies .  



Table 6.6. Types and Amounts of Nuclear Wastes at the Repositories 
in the Years 2000 and 2040--Full Recycle 

Waste Type 

Repository Acres Required 
Number of Canisters Burial Totala 

Year 2000b 

Spent MOX 3 fuel ' 

HLSW 
From UOz reprocessing 13,222 
From MOX reprccessing 490 

Hulls 
From U02 reprocessing 76,290 
From MOX reprocessing 2,827 

TRU- ILk' 

TRil-LLW 

Total 

Number. of repositories required: 0.82 

Year 2040' 

Unreprocessed spent fuel 

U02 assemblies 
BWR 142,930 (28,5861~ 1,500 3,750 
PWR . 127,051 (57,173) 2,900 7,250 

MOX assembl iese 
. BWR 
PWR 

HLSW 
From UO, reprocessing 31,659 , 1,000 2,500 . , 

From MOX reprocessing 43,471 3,700 9,250 

Hulls 
From U02 reprocessing 182,670 
From MOX reprocessing 250,824 

TRU- ILW 

TRU-LLW 

Total 

Number of repositories required: 13 

a 
Since the total area of a repository is 5000 acres, with an underground burial. area of 2000. 
acres, 2.5-total acres are required for each burial acre. 

b ~ o t  included are the amount of' fuel discharged but not yet reprocessed (48,527 MT) , the 
amount of spent MOX 3 fuel less than ten years out of the reactor (205 MT), and the amount 
of reprocessed spent. fuel less than ten years out of the reactor (43,043 MT). 

 he year 2040 is used as the end for repository burial since there is a ten-year delay from 
discharge of spent fuel to ultimate disposal. 

d ~ a l  ues in parentheses are amount of fuel (metric tons). 
e Includes all soent MOX 3 fuel olus the amount of unreprocessed MOX 1 and MOX 2. . . 

f~alues in brackets correspond to the area of an integer number of repositorie;. 



Table 6.7. Acreages Connnitted f o r  Nuclear Waste 
Storage F a c i l i t i e s  i n  the  Year 2000a 

Option 

No-Recycl e- No-Recycl e- Ful 1 Recycle- 
No-Recycl e- Oeep Geologic Oeep Geologic U-Recycl e, U-Recycle, Deep Geologic 

Waste Type Surface Storage Stowaway Throwaway Pu Stored Pu Disposed Reposit ing 

HLSW 

H u l l  s 

uo2 
MOX 

TRU- ILW 

TRU-LLW 

Pu02 

Bu r ia l  1900 2100 21 00 3240 3240 1044 
acres 

Total  4750 5250 5250 81 00 81 00 41 10 
acresb 

Number of 0.95 1.05 1.05 1.62 1.62 0.82 
reposl t o r i  es 
requi  red  

a 
Not inc luded i n  the no-recycle opt ions i s  the amount o f  spent f u e l  discharged since 1990. Not 
inc luded i n  the recyc le  opt ions are  the amount o f  spent f u e l  no t  y e t  reprocessed and the 
amount o f  reprocessing wastes l ess  than ten years o u t  o f  the reactor .  

b ~ h e  t o t a l  acres are ca lcu la ted by m u l t i p l y i n ?  the b u r i a l  acres by 2.5. 
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Table 6.8. Acreages Committed f o r  Nuclear Waste 
Storage F a c i l i t i e s  i n  the Year 2040 

Ootion 
No-Recycl e- No-Recycl e- F u l l  Recycle- 

No-Recycle- Deep Geologic Deep Geologic U-Recycle, U-Recycle, Deep Geologic 
Waste Type Surface Storage Stowaway Throwaway Pu Stored Pu Disposed Reposi t i n g  

Spent Fuel 

UOz 17,600 20,100 20,100 4,100 4,100 4,400 
MOX 0 0 0 0 0 8,100 

HLSW 
uo2 3,300 3,300 1,000 
MOX 3 0 3,700 

Hu l l  s 

uoz 800 800 200 
MOX 0 0 300 

TRU- I LW 5.700 5,700 6,100 

TRU-LLW 300 300 2,500 

Pu02 14,000 14,000 0 

Bu r ia l  17,600 20,100 20,100 28,200 28,200 26,300 
acres 

Total 44,000 50,250 50,250 70,500 70,500 65,750 
acresa 

Number o f  9 10 10 14 14 13 
repos i t o r i es  
required 

a ~ h e  t o t a l  acres are ca lcu la ted by mu l t i p l y i ng  the b u r i a l  acres by 2.5. 
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2. "Waste I s o l a t i o n  F a c i l i t y  Descr ipt ion - Bedded Salt," O f f i c e  o f  Waste I so la t i on ,  
YIOWIISUB-76116506, September 1976. 



7. ECONOMIC COSTS FOR M E  MANAGEMENT OF WASTES GENERATED 

Comparisons o f  the  economic costs. f o r  waste disposal f o r  the s i x  f ue l  cyc le  options are presented 
i n  t h i s  section. The comparisons have been developed i n  a manner which al lows a perspective view 
o f  the  waste management costs, both cap i t a l  and operating, i n  the years 2000 and 2040. The 
methods used a lso  a l low a comparison o f  the operat ing costs w i t h  the cumulated value o f  elec- 
t r i c i  t y  generated i n  those same years. The assumptions and methodology involved are described i n  
Section 7.4. 

7.1 IMPLICATIONS OF NUCLEAR WASTE DISPOSAL COSTS AS RELATED TO FUEL CYCLE OPTION 

The cumulated c a p i t a l  and operat ing costs i n  the years 2000 and 2040 f o r  the s i x  f ue l  cyc le  
opt ions are  summarized i n  Table 7.1. The most expensive choices a t  both po in ts  i n  t ime would be 
the two uranium-only recyc le  options, fo l lowed by the f u l l - r e c y c l e  option, the two no-recycle 
deep geologic b u r i a l  options, and the no-recycle, surface storage option. The cos t  estimate f o r  
the l a t t e r  op t ion  does not  inc lude any expenses f o r  the u l t ima te  disposal o f  the spent f ue l  .* 
The order ing of opt ions i s  the same regardless o f  whether only the cap i t a l  costs, on ly  the oper- 
a t i n g  costs, o r  both categor ies combined are being considered. Thls does not  hinge on how the 
estimates o f  costs were developed. The range o f  accuracy f o r  a l l  c a p i t a l  costs i s . +  30%; f o r  the 
operat ing costs the range i s  higher, on the order o f  100%. a l l  on. the p lus  side. 

Cap i ta l  and operat ing costs are  shown i n  Table 7.2. . For the U-only recyc le  options, the costs 
would be determined by the three types o f  repos i to r ies  required (spent fue l ,  Pu02, and HLSW 
repos i t o r i es ) .  For the  U-only recyc le  options, the disposal o r  storage o f  Pu02 would. make up 70% 
o f  the. cost  through the year 2000 and 75% o f  the cost . through the year 2040. The cos t  o f . d i s -  
posing o r  s to r i ng  PuO2 i s  very s i g n i f i c a n t  even consider ing the. po ten t i a l  e r r o r  i n  the cost  
estimates. This h igh cos t  would be due t o  the low weight per can is ter  f o r  Pu02 and the low 
storage dens i ty  (see Table 6.1). 

For the fu l l - r ecyc le .op t i on ,  the cos t  f o r  s to r i ng  e i t h e r  U02 spent f ue l  o r  MOX spent f u e l  t h a t  
has been recycled t o  the. po in t  t h a t  i t s  i so top i c  composition precludes f u r t h e r  economic use, 
would make up 50% o f  the  operat ing cos t  through 2040. Again, these cost  components are s i g n i f i -  
c a n t w i t h i n  the  inherent  est imat ion errors.  Disposal o f  spent MOX fue l  would cons t i t u te  80% o f  
the  disposal costs f o r  the  f u l l - r e c y c l e  option; t h i s  i s  due t o  the lower densi ty o f  storage 
required fo r  such spent fuel (150.7 cans/hectare fo r  spent U02 fue l  vs. 67.5 cans/hectare f o r  
spent MOX f u e l  ). The di f ferences among, disposal costs f o r  HLSW, hu l ls ,  TRU-ILW, and TRU-LLW 
(reprocessing wastes) between U-only recyc le  opt ions and the f u l l - r e c y c l e  opt ion  would be s ig -  
n i f i c a n t .  The- d i f f e rence  among these costs would be due t o  the higher thermal content o f  MOX 
wastes as compared w i t h  UO2 wastes. 

O f  the f i v e  disposal options, repos i t i ng  o f  spent f u e l  would be the l e a s t  expensive, and the 
d i f fe rences i n  operat ing costs of t h a t  op t ion  compared w i t h  the others would.be on ly  h igh enough 
t o  be bare ly  s i g n i f i c a n t  w i t h i n  the inherent  est imat ing errors.  The costs f o r  the recyc le  op- 
t i o n s  would be ra ised s i g n i f i c a n t l y  through year 2040 by the need t o  s to re  spent fue l ,  even 
though recyc le  of some of the spent fuel would reduce the amount t o  be stored, espec ia l l y  under 
the  f u l l  recyc le  option. 

The basic informat ion used t o  develop the costs given i n  Tables 7.1 and 7.2 i s  presented l a t e r  i n  
Tab1 e 7.4. 

*Assuming t h a t  t h i s  op t ion  would be employed on ly  as an i n t e r i m  means o f  storage pending f i n a l  
d ispos i t ion .  



Table 7.1. Cumulated Cap i ta l  and Operating Costs through the Years 2000 and 2040 
f o r  Disposal o f  Nuclear Wastes Generated by the Fuel Cycle Options Considered 

(1977 d o l l a r s )  

Cap i ta l  Costs, $ lo6  Operating ~ o s t s , ~  $106 
. Year Year Year Year 

Option 2000 2040 2000 2040 

U-only recycleb 800 6340 1550 18,300 

F u l l  recyc le  234 5170 580 11,780 

No-recycle - surface storage 238 2500 320 5,160 

No-recycle - deep geologic b u r i a l  C 
31 2. 31 20 390 7,150 

a ~ o  considerat ion o f  capf t a l  cost  included. 

b~nc ludes  cos t  of r e t r i e v a b i  l i t y  o f  PuOn. 

c~nc ludes  cos t  o f  r e t r i e v a b i l i t y  o f  spent fue l .  

Table 7.2. Land Requirements, Capi ta l ,  and Operating Costs f o r  the  Six .Fuel Cycle 
Options f o r  Disposal o f  Nuclear Wastes through the Years 2000 and 2040 

Capi ta l  Costs Operating Costsa 

Through Through Through Through 
2000 2040 2000 2040 - - 

Hectares $1 O6 Hectares $1 O6 $1 06 $1 O6 Option 

U-On1 y ~ e c ~ c l e b  

Spent f ue l  - U02 
HLSW 

' Hu l l s  
TRU-ILW 
TRU-LLW 
Pu02 

Total  

F u l l  recycleb 

Spent f ue l  - U02 
Spent fue l  - MOX 
HLSW - U02 
HLSW -. MOX 
Hu l l  s 
TRU- ILW 
TRU-LLW 

Total  

No-recycle - surface storage 

No-recycle - deep geologic 
b u r i a l  ( inc ludes r e t r i e v a b i l  i t y )  

a~ame area appl ies t o  operat ing and c a p i t a l  costs. 
L 

' ~ e p o s i t o r i e s  f o r  spent f u e l  and Pu02 would be separate from one another and from the HLSW 
repos i to ry ;  the HLSW repos i to ry  would a l so  conta in  hu l ls ,  TRU-ILW, and TRU-LLW. 



7.2 IMPLICATIONS OF NUCLEAR WASTE DISPOSAL COSTS AS RELATED TO THE VALUE OF POWER GENERATED 
THROUGH THE.YEARS 2000 AND 2040 

I n  Table 7.3, waste disposal costs are compared w i t h  the value o f  power generated through the 
years 2000 and 2040. The number o f  GWe-years o f  reac tor  operat ion obtained from the f u e l  i s  
compared t o  the  operat ing costs o f  waste disposal under the various options. The operat ing costs 
would no t  represent even 1% o f  the  power value f o r  any o f  the options. If the estimated operat- 
i n g  costs were low by a f a c t o r  o f  2, which :s the maximum e r r o r  p ro jec ted by the s t a f f ,  the 

, 

p r ices  o f  power would be ra ised by less  than 2%. 

Table 7.3. comparison o f  Waste Disposal Costs and Value of Power Generated 
through the Years 2000 and 2040 

Year Year 
2000 2040 

Cumulated gigawatt-years o f  e l e c t r i c a l  generationa 61 71 15,323. 

Cumulated k#e-hours o f  e l e c t r i c  energy represented by GWe-years 3.5 x 1013 8.7 x 1013 

Value o f  e l e c t r i c  energy generated @ $0.03/kWe-hour (1977 d o l l a r s )  $1.0 x 1012 $2.6 x lo1* 

Number of GWe-years equivalent  t o  waste. disposal costs 
(operat ing costs on ly )c  

U-only recyc le  
F u l l  recycle 
No-recycle, surface storage 
No-recycle, deep geologic storage 

a~!4e-year = 1 x l o6  .kWe-year = 1000 MWe-year. 
b ~ ~ e - y e a r  = 1 x 106 kWe-year x 8760 hr/year x 0.65 (p lan t  fac tor )  = 5.7 x l o 9  kble-hr; 
'operating costs from Table 7.1 d iv ided by $1.7 x lOe/Gwe-year der ived by 

( 1  x 106 x 8760 x 0.65 x 0.03 = $1.7 x 108/GWe-year). 

7.3 EFFECT OF INCLUSION OF THE COST OF CAPITAL ON TOTAL COSTS 

None o f  the comparisons based on operat ing costs i n  the tables o f  t h i s  sect ion contain any con- 
s i de ra t i on  o f  the c a p i t a l  costs. The c a p i t a l  costs are l i s t e d  separately i n  Tables 7.2 and 7.4. 
Present-value ca lcu la t ions  were no t  made t o  compare the opt ions because the ranking o f  opt ions 
would be the same whether c a p i t a l  and operat ing costs were considered separately o r  combined. An 
underground repos i to ry  i s  considered t o  be a permanent f a c i l i t y ,  so the per iod over which cap i t a l  
and operat ing costs would be considered f o r  f i nanc ia l  purposes remains an unset t led  question. 
Clear ly,  the longer a f a c i l i t y  i s  considered t o  have a "useful"  l i f e ,  the more important are the 
operat ing costs r e l a t i v e  t o  the c a p i t a l  investment. For these reasons, operat ing cost  appears 
t o  represent the area i n  which comparisons among opt ions are most l i k e l y  t o  change. Over 100 
years o r  more, the r e l a t i v e  i n i t i a l  c a p i t a l  cos t  required t o  implement each opt ion  i s  n o t  expected 
t o  a f f e c t  the  outcome o f  t h i s  analysis. 

7.4 ASSUMPTIONS AND METHODOLOGY 

7.4.1 Assumptions 

1. A1 1 assumptions presented i n  Sections. 1 and 2 o f  t h i s  repo r t  regarding types, amounts, 'and 
age o f  spent fue l ,  plutonium, and wastes were used i n  the cost  estimates, except t h a t  sur- 
face f a c i l i t i e s  o ther  than the rece iv ing  s t a t i o n  and ons i t e  t ranspor ta t ion  are  not  included 

..in the  cos t  estimates. 

I t was assumed f o r  a l l  repos i to ry  and storage f a c i l i t i e s  t h a t  the waste mater ia l  would 
a r r i v e  a t  the rece iv ing  f a c i l i t y  i n  i t s  proper can i s te r  and would have been tested f o r  
leaks. The costs given do no t  inc lude rack o r  can i s te r  costs, nor the costs o f  p u t t i n g  the 
spent f ue l  o r  wastes i n t o  the. proper container p r i o r  t o  repos i t ing .  These costs could be 
large; f o r  example, the costs f o r  spent f ue l  canisters through the  year 2040 could be as 
high as 91.5 b i l l i o n ,  which i s  about 1/5 o f  the f a c i l i t y  cost, and t h i s  does no t  inc lude the 
cos t  o f .  i n s t a l l i n g  and enclosing the fue l  assembly w i t h i n  the canister . '  It has been as-. 
sumed for  t h i s  analysis t h a t  these costs would be a t t r i b u t e d  t o  spent f ue l  storage ra the r  
than disposal . 



Table 7.4. Typical Schedules o f  Repository I n s t a l l a t i o n s  Required i n  Indicated Periods 
(used as base f o r  development o f  operat ing costs)  

Type o f  ~ e ~ o s i  to ryb  ' 

Spent Fuel a HLSW + Hul ls  + ILW + LLW PlutoniumC 

Cost Cost Cost 
f o r  Cumulated f o r  Cumulated f o r  Cumulated 

Number o f  per iodsd Cost, Number o f  ~ e r i o d , ~  Cost, Number o f  Period,e Cost, 
Period Repositories $ lo6  $1 06 Repositories $ lo6 $ lo6  Repositories $ lo6 . $ lo6  

Through 2000 

2000-2005 

2005-2010 

201 0-201 5 

201 5-2020 

2020-2025 

2025-2030 

2030-2035 

2035-2040 

a ~ h i s  schedule appl ies t o  the no-recycle, deep geologic b u r i a l  options. 

b ~ h i s  schedule appl ies  t o  the f u l l  - recycle option. 

 his schedule app l ies  t o  the U-only recyc le  options. 

d ~ t  $26 x 106 per repos i to ry  per year. 

e ~ t  $72 x l o 6  per repos i to ry  per year. 



3. The economic evaluations f o r  the no-recycle surface storage opt ion  are based on a storage 
area o f  130 hectares per repository, not  800 hectares as assumed elsewhere ' i n  the repor t .  
This assumption was d i c ta ted  by the a v a i l a b i l i t y  o f  information. 

7.4.2 Methodology 

A l l  s i x  opt ions discussed i n  t h i s  repo r t  are included i n  t h i s  economic evaluation. The costs fo r  
the re t r i evab le  storage o f  spent f ue l  i n  the  no-recycle opt ion  and the re t r i evab le  storage o f  
plutonium f o r  the U-only recyc le  opt ion  were assumed t o  be the same as f o r  the respect ive non- 
r e t r i e v a b l e  modes o f  operation. Most o f  the e f f o r t  (and the costs)  envisioned f o r  the f a c i l i t i e s  
involved would be incur red i n  the bu i l d i ng  o f  the f a c i l i t y  and emplacement o f  the spent f ue l ,  
plutonium, o r  wastes. Ret r iev ing  these can is ters  would be a reversal  o f  receiv ing,  inspecting, 
and empl ac i  ng. 

The technique used t o  present the  costs, both c a p i t a l  and operating, was bas i ca l l y  the same as 
used i n  GESM0;2 i.e., t o  cumulate the costs through the years 2000 and 2040. Schedules f o r  the 
const ruc t ion  o f  repos i to r ies  were developed t o  match the spent f ue l  and waste discharge schedules, 
as described i n  Sect ion 5, and are shown i n  Table 7.4. This schedule establ ished a t ime f o r  
s t a r t  of operations as we l l  so t h a t  the number o f  operat ing years ' f o r  each o f  the repos i to r ies ,  
as they were required t o  come on1 ine, could be established. 

The b u r i a l  area f o r  spent fue l ,  reprocessing wastes, and plutonium repos i to r ies  was assumed t o  be 
800 underground hectares. For the no-recycle surface storage o f  spent fue l ,  the b u r i a l  area was 
assumed t o  be 130 hectares. Total  cap i t a l  and operat ing costs are the sum o f  such costs f o r  
i nd i v i dua l  repos i to r ies  required t o  handle the wastes generated. The do1 l a r  values per reposi-  
t o r y  are  shown i n  Table 7.5. Two years (2000 and 2040) were selected t o  dep ic t  the costs i n -  
curred. The year 2000 was selected t o  coincide w i t h  the f i n a l  year chosen i n  GESMO, and the year 
2040 was chosen because the reactors i n s t a l l e d  by the year 2000 would have completed t h e i r  l i f e  
by 2030 and a l l  f u e l  discharged by these reactors would have been reposi ted by 2040. A l l  d o l l a r  
values a r e  as o f  e a r l y  1977. The time. value o f  money i s  no t  expressed i n  these numbers. L ike- 
wise, the values do n o t  inc lude any allowance f o r  in f la t i 'on .  The amounts given are  useful  p r i n -  
c i p a l l y  f o r  comparing the costs o f  the d i f f e r e n t  opt ions.  Costs are  presented so t h a t  they could 
be escalated and discounted, i f  necessary. Capi ta l  costs are  t rea ted as being incur red over a 
r e l a t i v e l y  shor t  per iod .  ( t e n  years o r  less  i n  the case o f  nuclear f a c i l i t i e s ) .  

Capi ta l  costs f o r  the spent f u e l  and reprocessing wastes repos i t o r i es  ( includes HLSW, h u l l  s, TRU- 
ILW, and TRU-LLW) were taken from Reference 1. The e r r o r  i n  these estimates i s  + 20-30%. 

Capi ta l  cdsts f o r  the plutonium repos i to ry  compared w i t h  t h a t  f o r  spent f ue l  and reprocessing 
wastes repos i t o r i es  were developed on the basis o f . t he .a rea  required. 

There i s  no documentatlon ava i l ab le  concerning the operat ing costs o f  the repos i to r ies .  The 
actual  operat ing costs might be as much as double the estimates given here. For t h i s  report ,  
these annual operat ing costs were ca lcu la ted on the basis o f  the assumptions given above and the 
labor  requirements estimated as i n -  Reference 1. : The f i n a l  cost  estiniates were derived by the 
fo l l ow ing  steps: 

1. M u l t i p l y i n g  the number o f  workers from Reference 1 by an hour ly  ra te3  f o r  hour ly employees 
and using $20,000 per year f o r  sa lar ied  'employees. 

2. Both ra tes  ( i tem 1 ) were escalated by 35% f o r  f r i n g e  benefits." 

3. The number from i tern. 2 was mu1 t i p l i e d  by 2.2' ( r a t i o  o f  t o t a l  operat ing costs, no t  inc lud ing 
depreciat ion o r  taxes, t o  labor  costs. p lus  f r i n g e )  .4 

4 .  Since none o f  the mining costs taken from References 1 and 4 included the types o f  surface 
a c t i v i t y  contemplated a t  the repos i to r ies  (see Sec. 2). the mining costs determined i n  
i tem 3 were doubled t o  account f o r  t h i s  d i f fe rence and t o  ensure conservatism. No s p e c i f i c  
reference i s  ava i lab le  t o  support t h i s  procedure. The surface f a c i l i t i e s  a t  a repos i to ry  
would be designed f o r  an annual throughput consistent  w i t h  the peak spent f ue l  generation 
r a t e  o f  12,000 MT/year ( t o  occur i n  about year 2000). The underground f a c i l i t i e s  must be 
con t i nua l l y  expanded t o  accommodate the i n f l u x  o f  newly generated waste. 

Annual operat ing costs were estimated f o r  each type of underground repos i to ry .  Since the number 
o f  repos i to r ies  required through the year 2040 ~ o u l d  be determined by the reac tor  i n s t a l l a t i o n  
schedule (see Sec. 5 and Table 7.4), the t o t a l '  annual cos t  through the years 2000 and 2040 can be 
determined. 



Table 7.5. Size and Number o f  Repositories Required f o r  Dl sposal o f  Nuclear Wastes 
through the Years 2000 and 2040 

Number o f  Repositories 
Requi red Reposi t o r y  Repository 

Repository ~i ~ e , ~  Cap i ta l  Cost, Operating Cost, 
Repository o r  Storage Type hectares Options 2000 2040 $1 O6 $106/year 

- -  

Underground spent f u e l  repos i to ry  800 No-recycle- 
deep geologic b u r i a l  1 10 312 - UOn 26 - UOz 

Fu l l - recyc le  0 6 709 - MOI; .57  - MOX 

U-only recycle 0 4 

Surface storage o f  spent f u e l  

Underground reposi t o r y  f o r  
HLSW, Hul ls ,  ILW, LLW 

No-recycle 
surface storage 

800 Fu l l - recyc le  
U-only recyc le  

Underground repos i to ry  f o r  800 U-only recycle 1 7 640 72 v 
Plutonium QI 

a ~ o e s  no t  inc lude area se t  aside f o r  exclusion purposes; t o t a l  repos i to ry  s i ze  i s  2.5 x underground acres used. Does include access and 
a i  s l  eways. 



If there are cont inuing costs (as f o r  inspect ion and moni tor ing) a f t e r  a repos i to ry  has been 
f i l l e d  and the underground areas covered w i t h  s a l t  (o r  rock),  and i f  these costs are contemplated 
as cont inuing f o r  hundreds o f  years, then an appreciable e f f e c t  on u n i t  costs (do l l a rs  per cani- 
s te r )  can be envisioned. If, for  example, such inspect ion and monitoring costs were $3 m i l l i o n  
per year and continued f o r  1000 years, the u n i t  cost  could increase as much as 50%. I n  the case 
o f  spent f ue l ,  the t o t a l  cost  o f  repos i t i ng  through the year 2040 would be $18/kg [($7.15 x 109) 
5 (3.9 x l o e  kg)]. It would cost  an add i t iona l  $8/kg C(83.0 x l o 9 )  + (3.9 x 108kg)] t o  inspect 
and monitor over the next 1000 years. 
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Table A.1. Assumed Nuclide Inventory a t  Time o f  Emplacement f o r  HLW(U02) 

Nucl ide  

SF: 79 
S R  89 
S 2  9fl 

Y YO 

Grams Curies k W  
RlITHM(fue1) MTFIM(fue1) MTHM(fue1) 



Tab1 e A. 1 . HLW(U02) continued' 

G r a m s  
Nucl ide  MTFIM(fue1) 

C u r i e s  
MTHM(fue1) 



Table A. 1. HLw(u02) Continued 
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Nuclide MTI.IM(fue1) 
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Table A.2 .  Assumed Nuclide Inventory at Time of Emplacement for SF(U02) 
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Table A . 2 .  SF(U02) Continued 

G r a m s  C u r i e s  
Nuclide MTIIR,T(fuel) M1'I-IM(fue1) 



Tab1.e A. 2. SF(U02) Continued 

-- --- - 
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Table A.3. Assumed Nuclide Inventory at Time of Emplacement for SPK Pu 
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Table A.3. SPK Pu Continued 

Grams Curies 
N u c l i d e  MTIIM(fue1)  MTIIM(fue1)  
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Table A.3 .  SPK Pu Continued 
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Table A.4. Assumed Nuclide Inventory at Time.of Emplacement 
for HLW(M0X) 

G r a m s  C u r i e s  kW 
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C0113V 2 '  .i-- 2 .71E-55-"""- 

- S $4 1 13 '4 , .,,. k.Y3E-:7 2.19C-;3 
;-62E . 

2 ..31E-OJ 
S'Ji219' . 15z.-:2,1. .-------- 1.7;E-35 - 
S::1?3 . 3.i:E-12. . -  2.~13:-)6 q . a 5 ~ - 1 2  
S q l 2 5  Z.CJ i tC1  5 .9 lE -31  " - - -  t .33E-37 - 

. . Sq125. .. 7.05E-Ji.. 6.55E-Ci - . .  ..- - .  5.95E 402 ,a5E-,21. 2 e32E-23 
S 3 1  l5 . ?*61E-c5  .-.... 

- -. s l?l.?S '?.- 7',5Z'E-G9 . 5.91E-;l k .C3'c-C.6 
6,,c -.;2.-- 

..--- -. 
TF1Z5'1' t .  e,E ;;*...---- . '  lr , 95E- ]it"-'-- 
TC127 ., i .  53c-13 .46E'-l:" ' . '  ' 

4.1Sc'-27' 
21E -,j7 ' 

' -- 6.71E-13 
TX:27L1 2.32E-13, ' ' .  

C3134 . .  ... C. S 1E 4J.l . . 7.32E *C3 3.77E-Gl ..:-. 5.2dE-CZ. 
C S: 35 k. 27k *.;2 1.33E-27' . . 
CSi37'  - .. .. A if-5 -- . . 3 r 8 5 E t 3 2  3.57E+Jb 1 e435-31 

1 l 4 gz -J  j " 9'* ie , ; ,, 3 *i;E -)I-----. 
CEi-44 , . ,  3.07E-62' 9.92E+Gl 9.82E.+JL 9.J3E-.35 
P?~;c,  1.. 30E- jb  " - "  7 .6 lE-54 ' . -  

P Y : * b ,  . .  6 .9 iE+35 6.b+E+i3 3.32E-33 
sY131. 3. .3or+31 1.336 +33 " 1 .8ijE-53 " 

E U1 S? --.. ....... 2e7dE-.J2 5.40E+00 --7 ....'3 3E +33  "" 

9.73E-:I5 
E U l 5 4  5.li3E+31'-- j. 5 5 ~  -52 
EU155 4.34E-62 5.5iE+;l. 4 .6 jE-6s  . C01;3" p . -  1 . 73E - J 7 ' " -  "' 6 P 3E 34, ' " " 8 f 7 

. Y  -I . E-13 
T El50  1e53E-17 1.69E-13 1.445-18 5. 59E-04 . . . ... .. . . H31E53 l.c2E-j3 1.CdE-08 " . 



Table A.4. HLW(MOX) Continued 

G r a m s  
Nuclide MTFTM(fue1) 

. - .. 
nzo7  . i.oaz-l7 
r~206,-- ...: :<l.E-z* 
f ~ Z 0 9  q.ZSEt.19 -. 

pa209.-. 1.74:- 15 
P.3210 . , -  2 e e9E'- 10. ., 
,I' ii . --. 6.L6E-17' 
P32:Z 5 ..97E -.l I;.. . 
P 3 2 i 4  3 .68E-LS 
O I Z i G  1 -766 - 13 
d12ll. , . .  4.67E - 19 
JItlZ . , 5.5at- - -.. .. 12 .. - . 

.. dlz.i.?--- F.ZOE-  16 
i312i. --.2, ??E.-LS--- 
POL LC.  .. 4 .+CE- 12. 
P d Z i L  0. E . - 2 0  
Pi )Z lZ  a(. E-20 
P02L3 L1. F - Z a  
P'SZL4 .- .. . - . . C \ . E - =  
P 3 2 i S  a 1.E -W 
P 3 1 1 6  c 1 . S - 2 0  
p J ? ! j  - - . 4.25E-i6 . . 
~ ~ 2 1 ;  .( .66E-2i 
iil.(Z:9 1.57E-;3 
3 '4 2 15 I,\. E - 2 0  
a.qc'Z2 "- 7 . 6 3 E - 1 3  
F ~ L Z ~  +.USE-. 17 
F 3 i 2 . Z  7 19 
Z A 2 2 3  , 3 .33Z.-- l4. ,  
~ a z ; ,  Z . Z O E - ~ ~  
2 2225 2.93:  - 13' 
2l2.26- .' i . Z Z - - 3 ?  
A . . . 1.15:-13 - .. 
AC225  1.36S-1s 
A C Z Z ~  z.az1-:1. . - 
A C Z i 8  1.24i-i9 
TH227 S.35E- '-4 
~ ~ 2 2 8 ' - "  I .OLE- 0 7  
TC(Z i3  . . .  3.77E- 03 
Ti i232 1.. 19'5 - 03 
rq2 31  1 . 2 7 F - 1 0  , 

T d Z 3 2 .  ' 6 . 7 ~ : - 0 6  
T HZ 3u nZ5L--.-.' 6.7LT-05 ,... 

3 . 0 0 : - 0 7  
~ 1 . 2 3 3  1 gz.!.-. 03-- 
PALS4 7.83:-13 
P P 2 3 + > 1  2.26,-12 , 

UL 33 1 . ~ 2 - 0 3  

- J23b u2 35 - .--.- . 4.57: + 00 
3.13:+01 

. . 
lJ2 36 .- . . 2.37f 01 

Cur ie s  
MTIIM(lue1) 

2.0LE-09 
' ... . : .oo<-0-5 . 
i e74:- 1 0  
7 , s o < - O ? . , , - ,  . . . - . . . 
z . ~ g : - o a .  

-. . 2.02I-09-,,- 
8.331-05 

. . :.zit:-07 , , 

2.1sr-- a0 
Z . 0 Z Z,- 09 
6 .33 ; -  05 



Tab1 e A.4 .  HLW(MOX) Continued 

N u c l i d e  

' 0237.' 
UZ36 . 

N PZ 57 
ti VZ 59 
P C 2 3 6  
P L': 43-..-.. 
PU2-U. 
PUL-1  
P clz LZ 
A'* t ii. 
Prc2iZ 

,, A 32 -i $1. 
~ n z - 3 ;  
C.YZ*? 
c.42 4. 
c:12*5 
c:12.-5 

Grams 
MTHM(fue1)  

C u r i e s  
MTT.IM(fue1) 



Table A.5. Assumed Nuclide Inventory at Time of Emplacement 
for SF(M0X) 

-- - 

Grams Curies k W 
Nucl ide  MTIIM(fue1) MTIIM(fue1) MTITM(fue1) 



Table A.5. SF(M0X) Continued 

Grams 
Nuclide MTI1M(f~lel) 

Curies 
MTNM(fue1) 

---.-- 
4.03f - 07 
3.00<l:05 ..- ... .. 
1.78s-I0 
-8..07E-09 ,. 
3.75:- 08 



Table A.5 .  SF(M0X) Continued 

C r a m s  
Nuclide I \ I I T I T M ( ~ ~ ~ ~ )  

U 2  37 . - 5.40-05 
"238. 9.32::;05'-  

NPZJ7 5.78: 02 
Ni'239 . . .  .. 9.19f - 04 
P JZS% 6.0Z-I*0?..- 

.. P U Z 3 2  -.,-, 7.6qC+ 03 
P UZ 4 .4.76:*.05. . .  
P UL 91 1.8LL*03 
PUZ+L' .--2 - 0 3 i . t  03.- 

.. P V Z  -t ... . . . L . Z b i  + 0 3  
A l i t  .*Z 1.99:-04 

- .  . n: ,Z A_.--  L? . O S +  CG 
AY2v3 l.llE*C3.- 
CiCZL2 . 2 .191-02 
C P I ~ L ~  .. . . 4 , ~ . 4 b f + . ~ Z . _  
C U Z * S  , . 6.61: *0i 
SaiZ -6 5.57F+CO. . 

Curies 
itTTIIh1 (h~cl)  
- - . . .  
4.41i+OO 
3.11:-01.. . 
4.08:-01 
Z.LYi+ 02 - ,  

1.02: + 9Y 
'+ ..69<? 03_.-- 
leOSE+ 03 
I .aqE + 05 - 
7.915*00 
.q.?OS * .03 . - .  
8 .S3: 31 
8 . 8 3 +  01.- 
2.L;I'. 02  
i e Z P E +  J1.-- 
: ! . 3 7 1 + 0 4  
1.172*01 -, 

2 .C3i+ 00 

kW 
hTTIIiLl( fuel) 

2.935-06 
. . 7 86:- 0 6  --. 

I .ZOf - 05 
2 .39.Z-..OY.-,. 
3.37;-01 , 

.- . 1 -46: :-O?..- 
3.27: -  02 

. ? i6ZE.- 03-. 
2 -3Yi-09 
1 . I l l : . - O l . . . _  
1.18-04 

- .  2.51 L.- 05,. -- 
7 .aoi - 03 

. 2 -68 :  - 03-. - 
iolSi*OO 
2.671-,04-. ;. 
6 . 6 6 z - a 5  



APPENDIX B. PROPERTIES OF FLUIDIZED BED CALCINE 

Property Un i ts  F lu id ized Bed Calcine 

So lu t ion  ra te ,  
m2-sec 

Corrosion t o  c l ad  mater ia l ,  nrnlsec 

Residual n i t r a t e  and water, % 

V o l a t i l i t y  

m3 Spec i f i c  volume, 

m2 
FJJ 

Spec i f i c  area, 6 
Form 

St ruc tura l  q u a l i t y  

Porosity, % 

Density, 
m3 

Coe f f i c i en t  o f  l i n e a r  expansion 

W Thermal conductivity,.  

J Heat capacity, kg-OK 

,L iquidus temperature, K 

10 t o  100 

0 t o  10 

5 0.03 

1200 K a l l  Ru and Cs 

0.032 t o  0.040 

100 t o  5000 . 

Granular 

Sof t .  and crumbly 

45 t o  80 

2000 t o  2400 

8.3 x ' 

Reference: "Determination o f  Performance. C r i t e r i a  f o r  Hitah-Level Sol i d i  - 
f i e d  Nuclear Waste," U.S. Nuclear Regulatory Commission, NUREG-0279, 
J u l y  1977. 



APPENDIX C .  REACTOR WASTE MANAGEMENT SCHEDULE 



REACTOR WASTE MANAGEMENT SCHEDULE - Section 1 

Spent Fuel Assembly Status - No-Recycle Option 

I Assemblies Discharged 
I 

I annual I Cumulative 
I I 
I HT U Discharged I 
I I 

Year I New 
I 

Operating Discharging I 
I 

Total 

0 
0 

17 
32 
32 
4 1 
4 1 
4 1 
4 1 
4 1 
123 
229 
311 
606 
956 
1539 
2423 
2922 
3632 
4174 
4666 
5075 
5729 
6794 
a103 
9658 

Annual 

a 
1 
5 

10 
19 
13 
13 
13 
13 
13 
3 9 
7 3 
3 9 

192 
307 
489 
770 
928 
1144 
1326 
1487 
1612 
1828 
2158 
2574 
3068 

Cumulative I 
i 

0 I 
0 I 
5 1 
16 I 
25 1 



. -. . . 

. . 
: - -.. C13 

. . .- . . . - . - . . - - . - . . . . . - . -. - . - 
REACTOR WASTE MANAGEMENT SCHEDULE - Section 2 

Spent Fuel Assembly Status - U-Only Recycle 

I MT Uranium Spent Fuel I Spent Fuel 
I I 

Year I Reprocessed Remainin BWR 

14255 
16786 
19382 
22172 
25286 
27802 
30396 
33196 
36072 
38204 
40499 
42946 
45691 
48725 
52051 
55715 
60548 
66480 
73382 
81221 
90077 
99804 
109032- 
118014 
126458 
134670 
142503 
150018 
157257 
164325 
171122 
177400 
183029 
187806 
191905 
195140 
197290 
198529 
198889 
198255 
196661 
193928 
190070 
185095 
178949 
171589 
163159 
153790' 
143399 
132066 

Assemblies Remain 

PWR Total 

ing I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



REACTOR WASTE MANAGEMENT SCHEDULE - Section 3 

Cumulative Wastes from Reprocessing - U-Only Recycle 

Year 

1 9 8 1  
1982  
1983 
1984 
1985  
1986  
1987  
1988  
1989  
1990 
1 9 9 1  
1992  
1993  
1994 
1995  
1996  
1997 
1998  
1999  
2 0 3 ~  
Z P 0 l  
2002  
2003 
20d4 
2075 
2006 
2007 
2008' 
2009 
2018 
2 0 1 1  
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021  
2022  
2023 
2024 
2025 
2025 
2021  
2 ~ 2 a  
2029 
2030 

I  Uranium I  
I I  
I (MT) I  
I I  
I 0  I  
I 287 1 
I  959  1 
1 1719  1 
1 2865 1 
1 4775  1 
1 7163  1 
1 10029  1 
1 13370  1 
1 17668  1 
1 22443 1 
1 27695 1 
1 3 3 4 2 5 1  
1 39633 1 
1 46317  1 
1 53480  1 
1 5 0 6 4 2  1 
1 67805 1 
1 74967  1 
1 82130  1 
1 89292  1 
1 96455  1 
1 103618  1 
1 110780 1 
1 117943 1 
1 125185  1 
1 132268  1 
1 139430 1 
1 146593 1 
1 153755  1 
1 160918 1 
1 168080  1 
1 175242  1 
1 182495  1 
1 189567 1 
1 196730 1 
1 203892  1 
1 211055 1 
1 218217 1 
1 225380 1 
1 232542  1 
1 159795  1 
1 246867 1 
1 254930 1 
1 261192 1 
1 268355 1 
1 275517 1 
1 282680  1 
1 289842 1 
1 297005 1 

P l u t o n i u m  I  
I  

(MT) (Can) I 
I 

I I 
I  

(Can) I 
I 

0  I 
9 5  1 

284 1 
568 1 
947  1 

1579  1 
2369 1 
3316 1 
4 4 2 1  1 
5843  1 
7422  1 
9159  I 

11954 1 
13106 1 
15317 1 
17686 1 
20055 1 
22423 1 
24792  1 
27160 1 
29529 1 
31998 1 
34266 1 
36635 1 
39904 1 
41372  1 
4 3 7 4 1  1 
46116 1 
48478 1 
50847 1 
53216 1 
55584 i 
57953 1 
6 0 3 2 1  1 
62690  1 
65059 1 
67427  1 
69796  1 
72165  1 
74533 1 
7 ~ 3 0 2  1 
7 9 2 7 1  1 
81639  1 
84008  1 
86377 1 
88745 1 
91114  1 
93482  1 
9 5 8 5 1  1 
98220  1 

H u l l s  I  TRU 
I 
I (m3) 
I 
I  0  
1 732  
1 2196 
1 4392 
1 7320 
1 12200 
I  18300 
1 25620 
1 34160 
1 45140 
1 57340 
1 70760  
1 85400 
1 101260 
1 118340 
1 136640 
1 154940  
1 173240  
1 191540 
1 209840 
1 228140 
1 246440 
1 264740 
1 283840 
1 301340 
1 319640 
1 337940 
1 356240 
1 374540 
1 392840 
1 411140 
1 429448 
1 447740 
1 466040 
1 484340 
1 502646) 
1 520940 
1 539249 
1 557540 
1 575840 
1 594140 
1 612440  
1 630740 
1 649040  
1 667340 
1 685640  
1 703940  
1 722240 
1 740540 
1 758840  

- ILW I 
I 

(Can) I 
I  

a I 

TRU - LLW I  
1 

(m3) (Can) I 
1 



.. 
G 5 .  . '  

.. . .. . . _  ' . .  . 
.... . . . . . - . . . . . - . . 

REACTOR WASTE MANAGEMENT SCHEDULE - Section 4 

Annual Wastes to  Repository - U-Only Recycle 

.onium I 
I 

(Can)  I ( 
I 

0  I 
500 1 
323 1 
511 1 
815 1 

1283 1 
1547  1 
1907 1 
2210 1 
2470 1 
2687 1 
3033 1 
3597 1 
4290 1 
5113 1 
5850 1 
6750 1 
7800 1 
8710 1 
9632 1 

10628 1 
11613 1 
12746 1 
13867 1 
14993 1 
16163  1 
17333  1 
18432 1 
19403  1 

HLW . I 11s 

(Can)  

0 
553 
357 
565 
900 

1417 
1710 
2107 
2442 
2730 
2969 
3'352 
397 5 
4741 
5651 
6465 
7470 
8620 
9625 

10644 
L1745 
12834 
14085 
15324 
16569 
17862 
19155  
20369 
21441 
22476 
23601 
24562 
24012 
23739 
21533 
13814 
13814 
13814 
13814 
13814 
13814 
13814 
13814 
13814 
13814 
13814 
13814 
13814 
13814 
13814 

TRU 

( m 3 ~  

a 
732 
473 
749 

1193  
1879 
2265 
2791 
3235 
3616 
3933 
4441 
5266 
6281  
7486 
8564 
9897 

11419 
12751  
14101  
15560 
17032 
18660 
20301 
21950 
23663 
25376 
26984 
28405 
29775 
31266 
32540 
31810 
3 14 50 
28527 
18380 
18300 
18300 
18300 
18300 
18340 
18300 
18300 
18300 
18300 
18300 
18300 
18300 
18300 
18300 

- ILW TRU 

( m 3 )  

a 
292 
189 
298 
475 
748 
902 

1112 
1289 
1 4 4 1  
1567 
1769 
2098 
2502 
2982 
3412 
394 2 
4549 
5089 
5617 
6198 
6773 
7433 
8087 
8744 
9426 

10109 
10749 
11316 
11861 
12455 
12963 
12672 
12528 
11364 

7290 
7290 
7290 
7290 
7290 
7290 
7 290 
7290 
7290 
7290 
7290 
7290 
7290 
7290 
7290 

- LLW 
I 

: m  I ( c a n )  I 
I 

a 0 I 
17  9 5  1 
11 6 1  1 

' 17 97 1 
2 7 154 1 
4 3 243 1 
5 2 293 1 
64 361  1 
7 4 419 1 
8 3 468 1 
9 0 509 1 

102  575 1. 
1 2 1  682  1 
144 813 1 
172 969 1 
196 1119 1 
227 1 2 8 1  1 
262 1478 1 
292 1650 1 
323 1825  1 
356 2014 1 
390 2201 1 
427 2415 1 
465 2628 1 
503 2841 1 
542 3163 1 
581  3285 1 
618 3493 1 
6 5 1  3677 1 
682 3854 1 
716 4047 1 
745 4212 1 
729 4117 1 
7 2 1  4071  1 
654 3692 1 
419 2369 1 
419 2369 1 
419 2369 1 
419 2369 1 
419 2369 1 
419 2369 1 
419 2369 1 
419 2369 1 
419 2369 1 
419 2369 1 
419 2 3 6 9  1 
419 2369 1 
419 2369 1 
419 2369 1 
419 2369 1 

t o  R e p o s i t o r y  

Year (Can)  (Can)  

21482 1 
19486 1 
12500 I 
12500 1 
12500 1 
12500 1 
12500 1 
12500 1 
12500 1 
12500 1 
12500'  1 
12500 1 
12500 1 
12500 1 
12500 1 
12500 1 
12500 1 

s h i p m e n t s  

7 5 
7 5 
7 5 
7 5 
7 5 
7 5 
7 5 
7 5 
7 5 
7 5 
7 5 

more 



Year 

I P l u t o n i u m  
I 
I (MT) (C3n) 
I 
I 0  0  
1 3  500 
1 5  8 23 
1 8  1335  
1 1 3  2149 
1 21 3432 
1 30 4979 
1 4 1  6886 
1 55 9096 
1 69 11566 
1 8 6  14252 
1 104 17286 
1 1 2 5  20882 

REACTOR WASTE MANAGEMENT SCHEDULE - Section 5 

Cumulative Wastes to  Repository - U-On1 y Recycle 

(Can I 

111s I 
I 

(Can)  I 
I 

9 1 
553 1 
910 1 

1475  1 
2375 1 
3793 1 
5502 I 
7609 1 

l a 0 5 1  1 
12781  1 
15750 1 
19102  1 
23077 1 
27818 1 
33468 1 
39933 1 
47403 1 
56823 1 
65648 1 
76292 1 
88037 1 

100871  1 
114956 1 
130280 1 
146849 1 
164711  1 
183866 1 
284234 1 
225675 1 
248151 1 
271752 1 
296314 1 
320326 1 
344066 1 
365599 1 
379412 1 
393226 1 
407040 1 
420853 1 
434667 1 
448480 1 
462294 1 
476107 1 
489921 1 
503734 1 
517548 1 
531362 1 
545175 1 
558989 1 
,572802 I 

TRU - 
( m 3 )  

0  
732 

1205  
1954 
3147 
5024 
7289 

10081  
13316 
16932  
28865 
25306 
30572 
36852 
44338 
52903 
62799 
74218 
86970 

101071  
116631  
133632 
152292 
172593 
194543  
218207 
243583 
270566 
298972 
328747 
360013 
392553 
424363 
455813 
484340 
502640 
528940 
539240 
557540 
575840 
594140 
612440 
638740 
649840 
667340 
685640 
703940 
722240 
740540 
758840 

. ILW TRU 

( m 3 )  

- LLW I 
1 

(Can)  I 
1 

0 I 
1746 1 
2875 1 
4661 1 
7506 1 

11985 1 
17388 1 
24046 1 
31764 1 
40390 1 
49772 1 

. 60365 1 
72926 1 
87907 1 

105764 1 
126194 1 
149801 1 
177040 1 
207457 1 
241093 1 
278210 1 
318766 1 
363277 1 
411703 1 
454062 1 
520508 1 
581040 1 
645407 1 
713165 1 
784191 1 
858773 1 
936393 1 

1012273 1 
1087293 1 
1155341  1 
1198994 1 
1242647 1 
1286299 1 
1329952 1 
1373605 1 
1417257 1 
1460910 1 
1504563 1 
1548216 1 
1591868 1 
1635521  1 
1679174 1 
1722826 1 
1766479 1 
1818132 1 



I  
I 

Year I 
1981  I 
1982 1 
1983 .I 
1984 1 
1985 1 
1986 1 
1987 .I 

A n n u a l  MT Reprocessed  

REACTOR WASTE MANAGEMENT SCHEDULE - Schedule 6 

MOX Fuel Status 

I 4 n n u s l  YT Produced  
I 
I ~ 0 x 1  n o x z  m x 3  
I .  a.0 o.a 0.0 
I a.O 0.0 0.0 
I a.a 0.0 0.0 
1 255.7 0.0 0.0 
1 511.3 0.0 0.0 
1 767.0 0.0 0.0 
1 1 0 2 2 . 6  0.0 0.0 
1 1 7 0 4 . 3  0.0 0.0 
1 2 1 3 0 . 4  0.9 0.0 
1 2338.7 217.9 0.0 
1 2546.9 435.7 0.0 
1 3181.2 653.6 0.0 
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REACTOR WASTE MANAGEMENT SCHEDULE - Section 7 

Cumulative Wastes from Reprocessing - MOX Recycle Option 
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REACTOR WASTE MANAGEMENT SCHEDULE - Section 8 

Annual Repository Schedule: MOX Recycle Option 

I  HLW - UOX I  HLW - %OX I  HULLS I  TRU - ILW I  TRU - LLW I  
I  I  I  I I  I 

Year  I  (m3) (Can) I (m3) (Can) I (m3) (Can) I  (m3) (Can; I (m3) (Can) 1 
1 9 8 1  I 0 0 .I 0 0 I a ' .  0 I 0 .  a 0 
1 9 8 2  ' 1  17 9 6  1 0 0 I  3 8  553  1 740 4183 1 2430 14913 1 
1983 1 1 1  6 2  1 0 0 I  6 3 357 1 479 2705 1 1610 9644 1 
1984 1 17 9 8  1 0 0 I  100 565 1 757 4277 1 2547 1 5 2 5 1  1 
1985 1 2 8 156 1 0 0 1  159 900  1 1206 6815 1 4058 24298 1 
1986 1 43 246 I  0 0 I  2 5 1  1417 1 1899 1 3 7 3 0  1 6389 38256 1 



REACTOR WASTE MANAGEMENT SCHEDULE - Section 9 

Year 
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2005 
2006 
2007 
2008 
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31490 
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31659 
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31659 
31659 
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31659 
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31659 
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Cumul a t i v e  Repository Schedule: MOX Recycle Option 
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APPENDIX D. GEOLOGICAL CONSIDERATIONS FOR DEEP STORAGE 

Except f o r  surface storage o f  spent fuel ,  a l l  options considered i n  t h i s  repo r t  would requ i re  
e i t h e r  re t r i evab le  o r  nonretr ievable deep geological storage o f  rad ioac t ive  wastes. Deep geo- 
1 og ica l  formations are  being considered f o r  repos i to r ies  t o  ensure t h a t  rad ioac t ive  wastes a re  
contained, isolated,  and secured f o r  as long as they might pose a rad ia t i on  th rea t  t o  the bio-  
sphere. Nonretr ievable disposal i s  based upon the supposi t ion t h a t  nuclear waste can be disposed 
o f  i n  a formation so s tab le  and i so la ted  t h a t  ac t i ve  surve i l lance and management would no t  be 
needed a f t e r  waste emplacement. The rock o f  a geological repos i to ry  would p ro tec t  the waste from 
exposure and leaching, d iss ipa te  the decay heat; and contain the r a d i o a c t i v i t y  emit ted by the 
wastes. Formations used f o r  re t r i evab le  storage would have t o  have a l l  the q u a l i t i e s  necessary 
f o r  permanent disposal p lus a s t ruc tu ra l  competence t h a t  would permit  access t o  and removal o f  
the wastes up t o  25 years a f t e r  emplacement. 

D.1 FORMATION DESCRIPTIONS 

When geological  containment i s  to be permanent, human-engineered ba r r i e r s  cannot be depended upon 
t o  maintain t h e i r  i n t e g r i t y ;  instead, the repos i to ry  s i t e  must be selected so t h a t  continued 
i s o l a t i o n  o f  the wastes would be provided by the surrounding geologic materials.* The se lec t ion  

, o f  a host  formation and repos i to ry  design must be guided by the proper t ies  o f  d i f f e r e n t  rock 
types, the  r e l a t i v e  hazards o f  d i f f e r e n t  locat ions,  and the cha rac te r i s t i cs  o f  the wastes. Long- 
term i s o l a t i o n  and containment o f  spent fue l ,  h igh- level  waste, intermediate- level  t ransuranic 
waste, hu l ls ,  and plutonium may be accomplished by bury ing canisters i n  deep holes w i t h i n  the 
host  formation and b a c k f i l l i n g  the storage rooms w i t h  mined rock. I f  the host rock were p l a s t i c  
l i k e  sa l t ,  i t  would creep and rec rys ta l i ze  t o  i s o l a t e  the wastes. I f  the host  rock were c rys ta l -  
l i ne ,  care fu l  analysis should be made t o  ensure t h a t  any rock f r a c t u r i n g  around and over the 
mined openings would no t  breach the long-term i n t e g r i t y  o f  the formation. A rock o f  uni form 
composition i s  more l i k e l y  t o  provide long-term i n t e g r i t y .  The repos i to ry  should be deep enough 
t o  be i so la ted  from such surface phenomena as weathering, erosion, b i o l o  i c a l  processes, and 
c i r c u l a t i n g  water. Estimates o f  erosion r a t e  i nd i ca te  t h a t  about 250 m 7820 f t )  would be a 
reasonably safe minimum depth f o r  the upper horizon o f  a repos i to ry  formation.' The maximum 
depth would be l i m i t e d  by economics, the geothermal gradient, and l oca l  condi t ions o f  the  forma- 
t i on .  P l a s t i c  rocks such as s a l t  and shale may f low under extreme heat and pressure and are 
imprac t ica l  f o r  use as a repos i to ry  a t  depths greater  than 1500 m (4900 f t ) .  Openings i n  b r i t t l e  
rocks can be maintained a t  greater  depths. 

The required thickness and l a t e r a l  extent  o f  a po ten t i a l  host formation would have t o  be deter- 
mined f o r  each s p e c i f i c  repos i to ry  design and f o r  each formation. The formation would have t o  be 
l a rge  enough t h a t  the rock 's  q u a l i t i e s  would p ro tec t  the reposi tory,  even under adverse condi- 
t ions .  For example, i f  the host  rock were p las t i c ,  l i k e  sa l t ,  there should be s u f f i c i e n t  rock 
around the repos i to ry  t o  a l low f ractures to  seal. 

Stored radionucl ides are  suscept ib le t o  being leached by groundwater, and permanent i s o l a t i o n  o f  
wastes from c i r c u l a t i n g  water i s  d i f f i c u l t  t o  guarantee. If aqu i fe rs  were located s t ra t i g raph i -  
c a l l y  near the reposi tory,  the host  rock would have t o  be espec ia l l y  t h i ck ;  It has been sug- 
gested t h a t  stored waste should be separated from the nearest aqu i f e r  by a t  l e a s t  100 m (330 . f t )  
o f  rock.' Formation thicknesses proposed f o r  model repos i to r ies  i n  s a l t  range from 60 m (200 f t ) 2  
t o  a t  l e a s t  350 m (1  150 f t ) .  Highly permeable formations should be avoided because they may 
become aquifers i f  the  c l imate  changes o r  a recharge source i s  provided. Some rocks l i k e l y  t o  
have low permeabi li t ies ,  and which therefore might. make good repos i to ry  hosts, inc lude s a l t ,  car- 
bonates, shales, and massive igneous o r  metamorphic rocks. 

The host  formations a l so  would have t o  be s u f f i c i e n t l y  impermeable t o  prevent, o r  a t  l e a s t  
g rea t l y  r e s t r i c t ,  the release o f  gases from the reposi tory.  It i s  assumed t h a t  a l l  wastes 
disposed i n  deep geological repos i to r ies  would be i n  s o l i d  form, bu t  some rad ioac t ive  gases would 

*Herein re fe r red  to interchangeably as "host" o r  " repos i to ry"  rock o r  formation. 



be produced from decay of spent fuel and rad io l ys i s .  These gases include krypton-85 (Kr-85), 
carbon-14 (C-14), tri ti um (H-31, xenons, and iodine-129 (1-129). Waste can is ters  cannot be 
expected t o  be permanent ba r r i e r s  t o  the re lease o f  such gases. Only the impermeabil i ty o f  the 
host  rock and over ly ing  s t r a t a  would r e s t r i c t  the release o f  these gases from a sealed repos i to ry  
t o  the  atmosphere. D i f fus ion  through 250 m t o  1300 m (820 ft t o  4300 f t )  o f  overburden would 
g rea t l y  d i l u t e  any gases t h a t  d i d  escape. 

Sh ie ld ing  propert ies of the  host rock a lso  would be important, p a r t i c u l a r l y  when miners and waste 
t ranspo r t  operators were i n  the mine. During hand1 ing, canisters contain ing spent fue l ,  high- 
1 eve1 wastes, hu l l s ,  plutonium, and intermediate- level  t ransuranic wastes would be shie lded by 
casks, t r ans fe r  ga l l e r i es ,  and shie lded t ransporters.  Af ter  emplacement, the sh ie ld ing  would 
cons i s t  o f  the host  rock and a concrete plug. Several meters o f  most ear th  mater ia ls  would 
provide s u f f i c i e n t  shie ld ing.  

Heat released by the s tored nuclear wastes might a f f e c t  physical  and chemical p roper t ies  o f  the 
wastes and o f  the surrounding rock. Thermal e f f e c t s  t h a t  would in f luence the al lowable tempera- 
t u r e  r i s e s  and heat re lease rates inc lude (1)  the  thermal s t a b i l i t y  o f  wastes, (2 )  the  thermal 
s t a b i l i t y  of the host  formation, (3) migra t ion  o f  water contained i n  the pores o r  small c a v i t i e s  
o f  the  formation, (4) s t r u c t u r a l  i n t e g r i t y  o f  the  e n t i r e  formation, (5) temperature r i s e  i n  any 
nearby freshwater aquifer, (6)  heat ing o f  the ear th 's  surface-, and (7)  temperature increases 
beyond the  boundary o f  the  disposal area.' 

The most important var iab le  af fect ing the temperature d i s t r i b u t i o n  di f ferences among various 
p o t e n t i a l  host rocks would be the thermal conduct iv i ty  o f  the geologic medium. The thermal 
conduc t i v i t y  of s a l t  may be a fac tor  o f  two higher than t h a t  o f  some comnon rocks composed o f  
o ther  minera1.s;" hence, approximately twice the  .temperature r i s e  could be expected i n  o ther  rocks 
f o r  the same thermal output  from the waste. Water, brine, and gases trapped i n  the  pores o f  
repos i t o ry  rocks might  a lso  have a strong in f luence on thermal conduct iv i ty .  When the water 
contained i n  clays, shales, o r  mudstones i s  released by heating, the thermal conduct iv i ty  may be 
reduced by factors o f  two o r  three.' Fur ther  evaluat ion o f  the thermal p roper t ies  o f  these 
d e t r i t a l  rocks would be needed before they could be used as host  formations f o r  deep geological  
storage o f  rad ioac t i ve  wastes. 

0.2 STABILITY 

A geological  formation i,n which nuclear wastes are placed must be able t o  absorb the thermal, 
r ad io log i ca l ,  and chemical perturbat ions caused by the wastes, both nea r - f i e l d  and f a r - f i e l d .  
Repository s t a b i l i t y  i s  d i r e c t l y  a f fec ted by these i n te r re la t i onsh ips .  

A t  l e a s t  s i x  kinds o f  inc idents  could have the  po ten t i a l  f o r  breaching a sealed repos i to ry .  The 
r e s u l t s  could inc lude leaching o f  the wastes o r  even surface exposure. The types o f  inc idents  t o  
be described inc lude react ions o f  the host  formation t o  the wastes, f au l t i ng ,  volcanism, erosion, 
c ra ter ing ,  and d r i l l i n g .  The fo l l ow ing  discussions w i l l  describe ways t o  avoid some o f  the  l ess  
des i rab le  s i tua t ions .  

D. 2.1 Thermal E f fec t s  

The greates t  nea r - f i e l d  impact o f  temperature increases probably would be on the pore water i n  
the host  rock. Pores i n  rock s a l t  general ly  contain br ine.  Experimental work has shown t h a t  the 
c rea t i on  o f  a thermal g rad ient  across a s a l t  mass causes these f l u i d  inc lus ions  t o  migrate. Those 
conta in ing  less than 10% vapor move upgradient. The higher temperature on one s ide  o f  these 
f l u i d  inc lus ions  increases d isso lu t ion ,  wh i l e  s a l t  p r e c i p i t a t i o n  occurs on the coo ler  side.5 
Br ine  inc lus ions  cons is t ing  o f  more than 10% vapor tend t o  migrate away from a heat source as 
evaporation on the  h o t t e r  s i de  o f  the i nc lus ion  i s  pa i red  w i t h  condensation and d i sso lu t i on  on 
the coo ler  side.= Migra t ion  o f  both types o f  c a v i t i e s  i s  apparently p ropor t iona l  t o  i nc lus ion  
s ize5 and requires a heat gradient. '  The environmental e f f ec t s  o f  the b r i ne  inc lus ions  would be 
numerous and varied. Br ine  inc lus ions  t h a t  migrated a l l  the way t o  a waste can i s te r  would 
produce an undesired water source i n  the storage area. The presence o f  the b r i ne  would accelerate 
can i s te r  corrosion. Any b r i n e  inc lus ions  which reached the surface o f  a waste storage hole and 
subsequently became resealed might  capture rad ioac t ive  gases. Those inc lus ions  would then 
migrate down the thermal g rad ient  and disperse the rad ioac t ive  gas.6 However, as distance from 
the heat source increased, the r a t e  o f  vapor - f lu id  i nc lus ion  migra t ion  would slow. Most such 
inc lus ions  would become trapped by s a l t  c r ys ta l  boundaries. It i s  expected t h a t  a l l  rad ioac t ive  
mater ia ls  w i t h i n  b r i ne  inc lus ions  would stay we l l  w i t h i n  the repos i to ry  format ion f o r  the 
hazardous 1 i f e  o f  the  mater ia l .  



At  temperatures greater  than about 250°C (480°F), the pressure caused by the thermal expansion o f  
b r i ne  becomes so great  as t o  cause an "explosionN i n  unconfined sa l t . '  To avoid t h i s  hazard i n  
Pro jec t  S a l t  Vault,  no more than 1% of the s a l t  i n  a u n i t  c e l l  around a waste can is ter  was 
allowed t o  exceed a temperature of 250°C. The u n i t  c e l l  i s  defined as a symnetrical u n i t  around 
an in-place can is ter  whose upper and lower boundaries are the planes o f  the can is ter  ends and 
whose rad ius  i s  h a l f  the distance t o  the center  o f  the nearest can is ter .  

Some minerals other than s a l t  a lso  reac t  by re leasing w a t e r a t  h igh temperatures.. Among these 
are some clays found i n  shales and mudstones and several hydrated sa l i ne  minerals t h a t  may e x i s t  
i n  evapor i te sequences. Gypsum i s  one o f  the most abundant and troublesome o f  these. I t  dehy- 
drates a t  atmospheric pressure a t  temperatures between 110" and 200°C (230" and 390°F). A cubic 
meter (35.3 f t 3 )  o f  gypsum may produce as much as 0.48 m3 (17.0 f t 3 )  o f  water.' The r a t e  o f  
dewatering and the mechanisms and pathways by which f reed water might escape o r  be recombined 
would have t o  be evaluated f o r  each host formation. 

The e f fec t s  o f  h igh temperatures on the s t rength  o f  the repos i to ry  rocks would be o f  special 
concern dur ing emplacement and r e t r i e v a l  o f  wastes. Problems could r e s u l t  from the tendencies o f  
p l a s t i c  rocks t o  creep and o f  c r y s t a l l i n e  rocks t o  f r ac tu re  and spa11 when heated. Shales might 
lose strength i f  they dehydrated, and f l o o r  heave and t h e . f a l 1  o f  roo f  rock might increase w i t h  
temperature. To l i m i t  room closure dur ing Pro jec t  S a l t  Vault, no more than 25% o f  the s a l t  i n  a 
u n i t  c e l l  was allowed t o  exceed 200°C (390°F).e This l i m i t  was somewhat s i t e - s p e c i f i c  because i t  
was based on the overburden pressure o f  the Lyons s i t e  [about 300 m (1000 f t )  o f  sediments]. 
This c r i t e r i o n  has no v a l i d i t y  f o r  other rock types.g 

The v a l i d i t y  o f  e x i s t i n g  guidel ines f o r  f a r - f i e l d  temperature increases i s  d i f f i c u l t  t o  substan- 
t i a t e .  The guidel ines are i n  p a r t  a response t o  environmental concerns, and i n  p a r t  merely a . 
spec i f i ca t i on  o f  l eve l s  o f  temperature increase t h a t  Pro jec t  Sa l t  Vaul t  d i d  not  exceed:lO. 

1. The temperature increase a t  the ground surface d i r e c t l y  above the bur ied  wastes 
i s  l ess  than 0.6"C ( l °F) .e  

2. The temperature increase 1500 m (4900 f t )  ho r i zon ta l l y  from the b u r i a l  sec t ion  o f  
the repos i to ry  i s  . less than 0.6"C (1°F).8 

3. Aqui fers a t  depths less  than 30 .m (10 f t )  do not  increase i n  temperature more than 
8°C (14°F) .lo 

4. Aqui fers a t  depths o f  90 m (295 f t )  do not  increase i n  temperature more than 38°C 
(68"F)."3 

The surface temperature c r i t e r i a  are inadequate because f l o r a  and other organisms are also depen- 
dent upon subsurface temperatures, and the l i m i t i n g  increases probably d i f f e r  w i t h  geographical 
regions. The hor izonta l  temperature r i s e  l i m i t  has y e t  t o  be j u s t i f i e d .  I t  i s  almost inconceiv- 
able t ha t  a repos i to ry  t h a t  met other design c r i t e r i a  would not  meet t h i s  one. The l i m i t s  on 
temperature increases i n  aqu i fe rs  should no t  be se t  a r b i t r a r i l y  as those given above, bu t  need t o  
be based on ecological  studies. However, i n  the absence o f  more r igorous ly  determined c r i t e r i a ,  
the above l i m i t s  on temperature increase a t  a repos i to ry  are s t i l l  the guidel ines.  

Potent ia l  repos i to ry  rock must be tested t o  determine i t s  thermal p roper t ies  and i t s  thermo- 
mechanical and thermochemical p e c u l i a r i t i e s .  I n  general, the greater  a rock 's  a b i l i t y  t o  d i s s i -  
pate heat, the more su i ted  i t  would be as host  f o r  a repos i to ry  f o r  nonretr ievable storage o f  
nuclear waste. 

D.2.2 Radiation Ef fec ts  

The rock adjacent t o  a waste can i s te r  would be exposed t o  extensive rad ia t i on .  It i s  possib le 
t ha t  rad ia t i on  energy might be stored i n  t h i s  rock because o f  the c rys ta l  l a t t i c e  damage by gamma 
i r r a d i a t i o n .  A sudden increase i n  temperature might release the stored energy as excessive heat 
and mechanical energy .' Few d e t a i l s  o f  r a d i a t i o n  energy storage are known f o r  any rocks except 
s a l t .  I n  s a l t  formations, thermal annealing a t  temperatures above 150°C (300°F) l i m i t s  the 
storage o f  energy i n  the s a l t  exposed most d i r e c t l y  t o  rad ia t ion .  Consequently, r ad ia t i on  
energy storage i s  no t  considered as a major problem i n  s a l t .  

Radiation e f f e c t s  a lso include the c reat ion  o f  gaseous e f f l uen ts  by rad io l ys i s .  Important rad i -  
o l y s i s  products from a s a l t  repos i to ry  would inc lude H2, 02, and possib ly C103- and Br03-.I1 
I f  present, Mg(Br03)* might g i ve  o f f  some Br2. Many o f  these react ions would occur w i t h i n  the 
b r i ne   inclusion^.^ Hydrolysis o f  MgC12, present i n  some brines, would produce HC1, which would 



increase corrosion of .  the canisters.  Corrosion react ions between the metal can i s te r  and water 
vapor might a lso produce l a rge  quan t i t i es  o f  HZ. Hydrogen explosions would be u n l i k e l y  unless 
the  storage hole p lug  were t i g h t  enough t o  permit  l a rge  pressures o f  hydrogen t o  develop i n  the 
waste ho le  i n  the presence of su f f i c i en t  oxygen. A hydrogen explosion i n  an abandoned storage 
room would no t  be a serious accident. 11 

D. 2.3 Faul t i n q  

Displacement r e s u l t i n g  from f a u l t i n g  through a waste repos i to ry  could pose a serious th rea t  t o  
containment if, as a r e s u l t  o f  the  displacement, the wastes were exposed t o  the surface o r  t o  an 
aqu i fe r .  However., f o r  displacement t o  be o f  consequence, the d ip  s l i p  o f  the f a u l t  would have t o  
equal the distance between the repos i to ry  and aqui fer ,  o r  surface, and the movement would have t o  
be completed dur ing the per iod  t h a t  rad ia t i on  o f  the wastes s t i l l  posed a th reat .  It i s  more 
l i k e l y  t h a t  the f a u l t i n g  would breach waste i s o l a t i o n  by c rea t i ng  a permeable zone t h a t  could 
expose the repos i to ry  t o  leachants. 

Most major f a u l t s  occur a lon  the boundaries o f  c rus ta l  p lates.  Known v e r t i c a l  o f f s e t s  on these 
f a u l  t s  a re  as l a rge  as 15 rn 749 f t )  ( t he  Great Alaskan Earthquake o f  1899), b u t  averaged over a 
long t ime period, displacements usua l ly  have a small annual average o f f se t .  U p l i f t s  o f  a few 
m i l l ime te rs  per year  are  the  maximum f o r  s tab le  p l a t e  i n t e r i o r s .  The average value i s  more on 
the  order  o f  0.1 mm (0.4 x 10'3 inch)  per year f o r  a 100,000-year t ime r e f e r e n ~ e . ~  Thus, i t  i s  
suggested t h a t  most f a u l t  a c t i v i t y  could be avoided by pos i t i on ing  the repos i to ry  on the i n t e r i o r  
o f  a t ec ton i c  plate.. 

Tectonic f a u l t i n g  i s  always accompanied by seismic a c t i v i t y .  Extensive maps have been developed 
which i nd i ca te  the frequency o f  measured seismic a c t i v i t y  (see Fig. D-1). This in format ion  could 
be used t o  help se lec t  a s tab le  repos i to ry  s i t e .  Regions o f  t ec ton i c  s t ress  which may develop 
f o l d s  o r  f a u l t s  must a l so  be avoided. Regions having dips o f  a few degrees o r  less  are the most 
l i k e l y  t o  be stable. 

The repos i to ry  might  induce stresses on the l oca l  rock structures.  D i f f e r e n t i a l  thermal expan- 
s i on  could cause l o c a l i z e d  f a u l t i n g  when rocks were r a p i d l y  heated. The bulg ing o r  subsidence 
which might appear a t  the surface i s  more l i k e l y  t o  be a gradual p l a s t i c  deformation. The maxi- 
mum surface displacement would be a func t ion  o f  the heat generated, the thermal p roper t ies  o f  the 
rocks, and the depth o f  the reposi tory.  

Any f a u l t  which connected an aqu i fe r  w i t h  a repos i to ry  might increase the hazard o f  the wastes' 
being 1 eached; however, 1 i ttl e damage would accrue unless the water were permit ted t o  c i r cu la te .  
One such s i t u a t i o n  would occur i f  a f a u l t  connecting an upper and lower aqu i fe r  passed through a 
repos i to ry .  Downward f l ow  could leach the wastes and contaminate the lower aqu i fe r .  If the 
repos i t o ry  were i n  a s a l t  formation, d i sso lu t i on  would eventual ly  expose more wastes to leaching 
and increase the contamination rate.  A1 though contamination o f  a deep aqu i fe r  i s  undesirable. i t  
might  be inconsequential.  Normal f low ve loc i t i es  may be on ly  a few ki lometers a year i n  deep 
aquifers, so only by d r i l l i n g  i n  o r  near the b u f f e r  zone could the  contamination be exposed. A 
much more dangerous s i t u a t i o n  would occur i f  the f low were upward and an ove r l y i ng  aqu i fe r  were 
contaminated. Potent iometr ic  heads i n  deep aqu i fe rs  t h a t  are capable o f  causing upward f low 
through a f a u l t  zone t o  the  l eve l  o f  an upper aqu i fe r  are not  common.l Should mater ia ls  leached 
from a repos i to ry  reach a shallow aquifer, the po ten t i a l  f o r  widespread contamination and inges- 
t i o n  by p lan ts  and animals would be great. Fortunately, the downward f l ow  cond i t ion  i s  more 
1 i ke ly  t o  occur. 

The volume. o f  water t h a t  can pass downward through a f a u l t  zone depends i n  p a r t  on faul t -zone 
permeabi l i ty ,  but  even more so on the  a v a i l a b i l i t y  o f  water. Potent ia l  recharge then becomes a 
factor. An increase i n  a v a i l a b i l i t y  o f  water due t o  c l imate  change, f looding,  o r  o ther  causes 
could con t r i bu te  t o  the decrease i n  repos i to ry  containment, espec ia l l y  i f  the host  formation were 
soluble, l i k e  sa l t .  When f l ow  through a f a u l t  i n  a s a l t  o r  shale formation i s  i n t e r m i t t e n t  o r  
very s l  igh t ,  the rock may r e c r y s t a l l i z e  and heal, thus prevent ing add i t i ona l  water c i r c u l a t i o n .  

I D.2.4 Volcanism 

A repos i t o ry  subjected t o  volcanic a c t i v i t y  would no t  on ly  exceed al lowable temperature ranges, 
b u t  i t s  containment would be breached t o  the extent  t h a t  rad ioac t ive  wastes might be l i b e r a t e d  
w i t h  h o t  gases, shards, o r  molten mater ia l .  Present ly  ac t i ve  volcanic areas are easy t o  avoid. 
They may be i d e n t i f i e d  by the presence o f  young volcanic rocks o r  by abnormally h igh aeothermal 
gradients accompanied by seismic and tilt a c t i v i t i e s .  Volcanism can usua l ly  be avoided by con- 
s i de r i ng  on l y  s i t e s  on the  i n t e r i o r  o f  cont inental  p lates.  Only 3% o f  a l l  h i s t o r i c a l l y  a c t i v e  
volcanoes a r e  i n  midcont inental  areas. Although the  r i s e  o f  magma i s  accompanied by extensive 



3 MAJOR 

Fig .  D.1. Seismic Risk Map o f  the United States. (F ig .  11-4 i n  "Final  Environmental Statement, Management of Intermediate- 
Level Radioactive Waste," U.S. Energy Research and Development Administration, ERDA-1553, September 1977. ) 



f a u l t i n g ,  many f a u l t  systems have no volcanic connections; thus, the probabi 1 i t y  o f  a repos'i t o r y  
s i t e  being subsequently subjected t o  volcanism i s  s i g n i f i c a n t l y  lower than the p r o b a b i l i t y  o f  
massive fau l t ing .  

0.2.5 Erosion 

The f a c t  t h a t  a shallow repos i to ry  may be exhumed by erosion was mentioned' p r e v i o i s l y  when the 
minimum repos i to ry  format ion depth was suggested t o  be no less  than 250 m (820 f t ) .  Any agent-- 
water, wind, o r  ice--may be responsible f o r  removing overburden. The s u s c e p t i b i l i t y  o f  an area 
t o  erosion depends upon the surface r e l i e f ;  vegetation, and cl imate, and might be subject  t o  
change dur ing  the per iod  t h a t  repos i to ry  wastes were hazardous. 

D.2.6 C ra te r i np  

A c r a t e r  i s  the depression produced by the  explosive impact o f  a meteorite, bomb, o r  o ther  device 
t h a t  shat te rs  the ea r th ' s  surface and causes fragments t o  become temporar i ly  airborne. The depth 
o f  a c r a t e r  extends from the ear th 's  surface t o  the bottom o f  the  breccia t h a t  rese t t l es  i n  the 
hole. Should an impact occur a t  a reposi tory,  the seriousness o f  the  event would depend upon the 
depth o f  the  c ra ter .  If the c r a t e r  reached o r  exceeded the depth o f  waste b u r i a l ,  i t  i s  conceiv- 
ab le  t h a t  some o f  t he  rad ioac t i ve  mater ia l  could become airborne. I f  on ly  the f r a c t u r e  zone 
reached the b u r i a l  s i t e ,  the overburden would be shat tered and groundwater could reach the  pro- 
t e c t i v e  formation, and possib ly the  wastes, but  no instantaneous release o f  radionucl  ides would 
occur. 3 

Geographic areas prone t o  .meteorite impact are d i f f i c u l t  t o  i d e n t i f y .  A t  the  cur rent  r a t e  o f  
bombardment, the probabi 1 i t y  o f  a repos i t o ry ' s  being penetrated by a meteor i s  small, regardless 
o f  geographical area. The best  p ro tec t ion  i s  the depth o f  b u r i a l .  

Impact by nuclear weapons may no t  be geographical ly random, and s u f f i c i e n t  repos i t o ry  depth may 
be the on l y  way t o  ensure waste i so la t i on .  Nuclear weapons cu r ren t l y  are o f  such a s i ze  t h a t  a 
surface bu rs t  would no t  penetrate a sealed repos i to ry  t h a t  i s  deeper than 500 m (1640 f t ) .  The 
l a r g e s t  deployed m i s s i l e  i s  reported t o  be capable of ca r r y ing  a 25-megaton warhead. A surface 
bu rs t  o f  t h i s  magnitude would generate a 270-m (885- f t )  deep c r a t e r  w i t h  a f r a c t u r e  zone down t o  
about 400 m (1312 f t )  i n  a geological  mater ia l  w i t h  the physical p roper t ies  o f  d ry  s o i l .  The 
c r a t e r  would be somewhat smaller i n  sa l t .  For a 50-megaton weapon, the po ten t i a l  c r a t e r  depth 
i n  dry  s o i l  would increase t o  only 340 m (1115 f t )  and the f rac tu re  zone t o  500 m (1640 f t ) .  
Thus, a nuclear explosion might be a hazard f o r  more shallow repos i to r ies  and might  be considered 
as a l i m i t i n g  f a c t o r  f o r  depth  election.^ 

D.2.7 D r i l l i n g  and Min ing  

A s t i p u l a t i o n  t h a t  no repos i to ry  be located i n  o r  near a mineral deposi t  o f  po ten t i a l  economic 
value would minimize the  chance t h a t  stored wastes would be exposed by subsequent d r i l l i n g  o r  
mining. The surface above a storage s i t e  would be marked w i th  monuments t h a t  i d e n t i f i e d  the 
repos i to ry  and del ineated a b u f f e r  zone. Even i f  the s i t e  was d r i l l e d  t o  the depth o f  the repos- 
i t o r y ,  the chance o f  h i t t i n g  w i t h i n  50 cm (20 inches) o f  a -can is ter  would be small . 3  Surface 
contamination r e s u l t i n g  from such d r i l l i n g  would probably be minimal and loca l ized.  

Another po ten t i a l  problem r e l a t e d  t o  d r i l l i n g  i s  the p o s s i b i l i t y  o f  f a i l u r e  o f  borehole plugs. 
Wells d r i l l e d  dur ing  exp lora tory  phases o f  repos i to ry  const ruc t ion  would have t o  be plugged i n  
the  best  ava i l ab le  manner. Special problems w i t h  d i sso lu t i on  might e x i s t  I f  a borehole passing 
through a po ten t i a l  s a l t  repos i to ry  formation intercepted both over ly ing  and under ly ing aquifers. 
This problem has been described i n  greater  d e t a i l  i n  connection w i t h  f a u l t  hazards (Sec. D.2.3). 

D.3 SECONDARY PROTECTION MECHANISMS 

Selec t ion  of candidate formations fo r  use as geological  repos i to r ies  f o r  nuclear wastes would 
i nvo l ve  making estimates of the  po ten t i a l  f o r  and consequences o f  radionucl ide migrat ion.  Release 
o f  radionucl ides from a repos i to ry  could r e s u l t  from two general types o f  events o r  processes: 
(1  ) catastrophic events, 1 i ke meteor i te impact, and (2)  degradation processes, 1 i ke erosion o f  
the  p ro tec t i ve  formation. Analyses of the  r i s k s  and consequences o f  these two types o f  events 
are somewhat d i f f e r e n t .  Catastrophic events are  usua l ly  assessed by the type and p r o b a b i l i t y  o f  
the i n i t i a t i n g  event. For degradation processes, phenomena which can release r a d i o a c t i v i t y  are 
f i r s t  assumed t o  occur, then emphasis i s  placed on analyzing the rates and cha rac te r i s t i cs  o f  
r e s u l t i n g  rad ionuc l ide  re lease and migrat ion.  



Except w i t h  d r i  11 i n g  o r  explosive breach o f  a. reposi tory,  the primary agent t h a t  would t ranspor t  
radionucl  ides i s  water. Evaluation o f  radionucl ide migra t ion  thus presumes t h a t  water enters the 
reposi tory,  acts t o  release the r a d i o a c t i v i t y  (e.g., by leaching),  and t ransports the radio-  
a c t i v i t y  through the surrounding media t o  the biosphere. An evaluat ion o f  radionucl  i de release 
and migra t ion  from a repos i to ry  int ruded by water involves analysis o f  (1  ) the release o f  the 
r a d i o a c t i v i t y  from the waste mater ia l  to the water and (2)  the subsequent movement through the 
surrounding media. Waste forms and containers can be designed t o  impede leaching, bu t  u l t ima te l y  
they would be breached, and the movement o f  the water contain ing r a d i o a c t i v i t y  would become a l l -  
important. 

Some geologic media surrounding a repos i to ry  could impede radionucl ide migra t ion  by sorpt ion.  
Sorpt ion includes such phenomena as adsorption, ion  exchange, c o l l o i d  f i l t r a t i o n ,  revers ib le  
p rec ip i t a t i on ,  and i r r e v e r s i b l e  mineral izat ion.  The r e s u l t  o f  these mechanisms i s  t h a t  nucl ides 
move. a t  a lower (o f t en  much lower) v e l o c i t y  than water through most media.' A few rocks, such as 
sa l t ,  have no so rp t i ve  c a p a b i l i t i e s  and al low radionucl ides to move a t  the same r a t e  as the 
water. 

Some radionuclides, such as the isotopes o f  uranium and thorium, are  s t rong ly  sorbed by media 
t h a t  have sorp t ion  capab i l i t y ;  others, such as stront ium and neptunium, are moderately sorbed. 
A few, such as technetium and iodine, a re  poor ly sorbed by most geologic media.' The sorp t ion  o f  
the isotopes o f  a p a r t i c u l a r  element i s  expressed as a sorption. equ i l i b r i um constant, K, t h a t  i s  
a r a t i o  o f  water v e l o c i t y  t o  nuc l ide  migra t ion  ve loc i ty .  For p a r t i c u l a t e  media, K = 1 + Kdp/c; 
where p i s  the bulk densi ty and E i s  the vo id  ra t i o .  Kd i s  a measure o f  the moles o f  the radio-  
nuc l ide  i n  the sorbed s t a t e  per u n i t  mass o f  the geologic medium d iv ided by the moles o f  radio-  
nuc l ide  i n  the dissolved s t a t e  per u n i t  volume o f  groundwater when the groundwater and medium are 
i n  equi l ibr ium. '  

For f au l t ed  media, K = 1 + KaR . Rf i s  the surface-to-volume r a t i o  o f  the f a u l t .  Ka f o r  f a u l t e d  
media i s  s i m i l a r  t o  Q f o r  p a r f i c u l a t e  media. 

The Kd and K values are  based on several parameters, inc lud ing the pH o f  the water, concentra- 
t i o n  o f  d issglved s a l t s  (such as NaCl), so lu t i on  temperature, and sometimes nuc l ide  concentra- + 

t i ons .  A1 though labora tory  modeling t h a t  resembles actual  condi t ions i s  d i f f i c u l t  t o  achieve, 
p red ic t ions  o f  rad ionuc l ide  discharge rates t o  the biosphere have been made using approximate K 
values. An example o f  such modeling i s  shown i n  Figure D-2. 

Predict ions f o r  rad ionuc l ide  migra t ion  from a p a r t i c u l a r  repos i to ry  must be based upon sorp t ion  
measurements. A1 1 such measurements i n  the past  have been conducted on near-surface mater ia ls .  
Based on the tes t s  conducted t o  date, the ions o f  greatest  concern are Tc-99, 1-129, Ra-226, 
U-234, Pu-238, and Np-237. 

The second important secondary pro tec t ion  mechanism i s  the long path t h a t  should e x i s t  between 
stored wastes and usable groundwater. Distance enhances so rp t i ve  cha rac te r i s t i cs  and d i f f us ion ,  
and lessens the chance o f  the radionucl ides ever reaching the groundwater. I n  the case o f  an 
aqu i fe r  over ly ing  a reposi tory,  head d i f f e r e n t i a l  would be another advantage o f  distance. 

0.4 REQUIREMENTS FOR RETRIEVABILITY 

I n  add i t i on  t o  a l l  the requirements f o r  permanent i s o l a t i o n  o f  wastes, a geologic formation con- 
t a i n i n g  a repos i to ry  f o r  the r e t r i e v a b l e  storage o f  nuclear wastes would have t o  be o f  such a 
nature as t o  permit  the safe removal o f  wastes f o r  a per iod up t o  25 years. The idea l  host  rock 
would maintain i t s  o r i g i n a l l y  mined dimensions and mechanical charac ter is t i cs .  The e f f e c t s  o f  
mine depth and wastelrock in terac t ions .wou ld  be i n s i g n i f i c a n t .  I dea l l y ,  host  rock f o r  a r e t r i e v -  
able storage reposi tory:  

would no t  be prone t o  accelerated creep o r  f low a t  h igh temperatures; 

would no t  expand so much when i t  was heated as to cause the stored wastes to be squeezed and 
frozen i n  place; 

would not  be prone t o  heaving, spal l ing,  o r  rock burs t  when exposed t o  h igh  temperatures; 

. would r e a d i l y  d i ss ipa te  the heat generated by the stored wastes; 

would provide a rad ia t i on  sh ie ld  and a t  the same t ime no t  s tore  l a rge  amounts o f  rad ia t i on  
energy;. and 

would no t  accelerate the  corrosion o f  waste containers. 



Charac ter is t i cs  o f  the PNL Geosphere Migra t ion  Model 

A l l  of the Year 2000 U.S. nuclear power economy waste i s  contained i n  a nonsal t  repos i to ry  
surrounded by a western U.S. desert  geologic medium. 

The waste i s  contacted by groundwater from a t y p i c a l  U.S. desert  s t a r t i n g  a t  vary ing times 
between the Year 2000 and the  Year 10,002,000. 

The waste i s  leached by t h a t  groundwater a t  varying rates between 0.00003.and-100%/year. 

The groundwater moves from the repos i to ry  through a one-dimensional column o f  the medium 
and discharges i n t o  a surface water body. 

The sorp t ion  equ i l  i brium constants are  based on measurements and estimations f o r  U .S. 
desert  subsoils. 

The groundwater v e l o c i t y  i s  1 f t /day .  

The path length  from the repos i to ry  t o  the  surface water body var ies from 0 t o  100 mi les.  

The a x i a l  d ispers ion  c o e f f i c i e n t  i s  0.008 cm2/min. 

LEACH TIME - WCH RATE-1 
(WASTE FORM ff FECTIVENESS) 

W 

TIME OF lN lT lAL  RELEASE 
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Fig. D. 2 .  Waste Management Control Surface f o r  Incremental Background Dose w i t h  No P a r t i t i o n i n g  . 
(Adapted from "A l te rnat ives  f o r  Managing Wastes from Reactors and Post-Fission Opera- 
t i ons  i n  the  LWR Fuel Cycle," U.S. Energy Research & Development Administrat ion, 
ERDA 76-43, May 1976. 



No known formation meets a l l  these c r i t e r i a .  S a l t  has a r e l a t i v e l y  h igh thermal conduct iv i ty  
and, consequently, would be subjected t o  lower temperatures. I t s  propert ies,  however, a re  
sens i t i ve  t o  temperature. Flow i s  a major problem. Flow which squeezed the waste can is ters  
might be combated w i t h  th ick,  mi ld -s tee l  sleeves, bu t  no su i t ab le  so lu t i on  has been. discovered 
f o r  f low which causes room closure. This problem alone might be severe enough t o  exclude s a l t  
formations from considerat ion f o r  a 25-year re t r i evab le  reposi tory.  

Grani te and basa l t  are under serious considerat ion f o r  long-term re t r i evab le  repos i to r ies  because 
' o f  t h e i r  s t ruc tu ra l  competence a t  h igh temperatures. They are, however, subject  t o  f r ac tu r i ng ,  

spa l l ing ,  and rock burs t  a t  extreme temperatures. This might make pro tec t ion  o f  workers, waste 
transporters, and stored wastes d i f f i c u l t  and cos t ly .  An igneous rock repos i to ry  would have t o  
be l a r g e r  than a s a l t  repos i to ry  because o f  lower thermal conduct iv i t ies .  Igneous rock may a lso  
be more cos t l y  t o  mine. However, igneous rock may be necessary t o  meet the requirements f o r  
competence f o r  a re t r i evab le  reposi tory.  

0.5 SUMMARY 

S a l t  rock has been studied care fu l1  and i s  considered by many, inc lud ing the National Academy o f  
Sciences-National Research counci l  ,{ t o  be one o f  the best  types o f  host  rocks fo r  a geological  
reposi tory.  This i s  because s a l t  i s  impermeable, p las t i c ,  and i n  t ime would make a very t i g h t  
waste container. A s a l t  formation a t  l e a s t  250 m (820 f t )  deep would be protected against  
erosion. At  a depth o f  a t  l e a s t  280 m (920 f t ) ,  and espec ia l l y  a t  350 m (1200 f t )  o r  deeper, a 
sa l t - hos t  repos i to ry  would be protected from nuclear attack. Because o f  s t ruc tu ra l  considera- 
t ions,  1500 m (4900 f t )  i s  probably the maximum p r a c t i c a l  depth f o r  a repos i to ry  i n  s a l t .  The 
minimum thickness must be determined for .  each s p e c i f i c  se t  o f  geologic and waste storage con- 
d i t i ons .  The formation should extend l a t e r a l l y  f o r  a distance great  enough t o  maintain s t ruc-  ' . 
t u r a l  i n t e g r i t y .  

A s a l t  repos i to ry  would be subject  t o  d i sso lu t i on  i f  water was able t o  c i r c u l a t e  through f ractures,  
d r i l l  holes, o r  any o ther  connection between enclosing aqui fers.  Radionucl ides could be removed 
by leaching, bu t  sorp t ive  tendencies o f  rocks adjacent t o  the s a l t  repos i to ry  might r e t a r d  the 
movement o f  these waste mater ia ls.  The distance between a repos i to ry  and an aqu i fe r  would pro- 
v ide  add i t iona l  passive protect ion.  Most water ava i lab le  f o r  leaching radionucl ides would no t  be 
l i k e l y  t o  have the potent iometr ic  head necessary f o r  contamination o f  a shallow aqu i fe r .  . 

The consequences o f  most na tura l  catastrophies could be avoided by care fu l  exploratory geology. 
I n  no case should a repos i to ry  be b u i l t  near the edge of a c rus ta l  p l a t e  o r  i n  an earthquake- 
prone, fault-prone, o r  vo l can i ca l l y  a c t i v e  area. Careful a t t en t i on  t o  the thermal p roper t ies  o f  
the rock and repos i to ry  design emplacement densi ty w i l l  minimize undesirable wastelrock react ions.  
Depth i s  s u f f i c i e n t  p ro tec t i on  against  impact o f  most meteorites o r  bombs. 

Provided t h a t  care were taken t o  ensure t h a t  the repos i to ry  was not i n  an area t h a t  might someday 
be economical t o  mine, inadvertent  d r i l l i n g  and excavation should not  be a po ten t i a l  problem. 
The surface above a repos i to ry  and b u f f e r  zones .around i t  should be marked w i t h  permanent markers 
which i d e n t i f y  the repos i to ry  and warn against d r i l l i n g .  Even i f  d r i l l i n g  occurred, the waste 
,canisters are no t  l i k e l y  t o  be penetrated. 
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